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Proteomics and Protein Markers

Quantification of Urine and Plasma Porphyrin Precursors
Using LC-MS in Acute Hepatic Porphyrias: Improvement
in Routine Diagnosis and in the Monitoring of Kidney
Failure Patients

Antoine Poli,>?“? Hana Manceau,“® Anvi Laetitia Nguyen,<J| Boualem Moulouel,”
Nathalie Dessendier,? Neila Talbi, Hervé Puy,®®< Christophe Junot,® Laurent Gouya,*"<
Caroline Schmitt,> and Thibaud Lefebvre®:<d*

BACKGROUND: The quantification of delta-aminolevu-
linic acid (ALA) and porphobilinogen (PBG) in urine
are the first-line tests for diagnosis and monitoring of
acute hepatic porphyrias (AHP). Ion-exchange chroma-
tography (IEC), which is time- and staff-consuming and
limited to urine, is still the preferred method in many
specialized laboratories, despite the development of
mass spectrometry-based methods.

METHODS: We describe a new LC-MS method that al-
lows for rapid and simple quantification of ALA and
PBG in urine and plasma with an affordable instrument
that was used to analyze 2260 urine samples and 309
blood samples collected in 2 years of routine activity.
The results were compared to those obtained with
IEC, and urine reference ranges and concentrations in
asymptomatic carriers were determined. Plasma concen-
trations were measured in healthy subjects and sub-
groups of symptomatic and asymptomatic AHP carriers.

RESULTS: In urine, the clinical decision limits were not
impacted by the change of method despite discrepancies
in low absolute concentrations, leading to lower normal va-
lues. Two-thirds of asymptomatic AHP carriers (with the
exception of coproporphyria carriers) showed an increased
urine PBG concentration. Urine and plasma levels showed
a good correlation except in patients with kidney disease in
whom the urine/plasma ratio was relatively low.

CONCLUSION:  We described an LC-MS based method
for the routine diagnosis and monitoring of AHP that

allows for the detection of more asymptomatic carriers
than the historical method. Blood analysis appears to
be particularly relevant for patients with kidney disease,
where urine measurement underestimates the increase in

ALA and PBG levels.

Introduction

Porphyrias are inherited metabolic diseases caused by a
defect in a specific enzyme in the heme synthetic path-
way. Three autosomal dominant acute hepatic porphyrias
(AHP) are defined by the occurrence of acute neurovisceral
attacks: acute intermittent porphyria (AIP), the most fre-
quent, variegata porphyria (VP), and hereditary copropor-
phyria (HCP) (1, 2). Acute attacks are characterized by
acute autonomic neuropathy with abdominal pain, dysau-
tonomic symptoms, and, in the most severe cases, acute
peripheral and central neuropathy (3). Their diagnosis is
based on the measurement of 2 biomarkers in urine:
delta-aminolevulinic acid (ALA) and porphobilinogen
(PBG) (4, 5), which are considered neurotoxic (6). Both
metabolites are precursors of porphyrins, the tetrapyrrolic
intermediates of heme biosynthesis. ALA results from the
condensation of glycine and succinyl-CoA. Two ALA mo-
lecules react together to form a PBG molecule. Precursors
accumulate strongly in biological fluids during an acute
attack of porphyria (AAP) (7). PBG is pathognomonic of
acute porphyrias, while ALA concentration can also be in-
creased in lead poisoning (8).
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Elevated levels of ALA and PBG during AAP are
due to hepatic induction of ALA synthase 1 (ALAS1),
the first enzyme of the heme synthesis pathway, when
heme demand increases. In such circumstances, the ac-
tivity of the impaired enzyme downstream of ALASI
in the pathway becomes limiting, leading to an accumu-
lation of the upstream ALA and PBG metabolites (7).

To date, urine ALA and PBG measurements are the
front-line tests when AAP is suspected. Historically, meas-
urement was based on the use of a pyrrole-specific reagent,
the Erhlich reagent, allowing detection by colorimetry (9).
ALA and PBG are first separated by ion-exchange chroma-
tography (IEC), and then, ALA is converted to a pyrrolic
derivative before reacting with Erhlich reagent. This meth-
od is still used in many porphyria reference laboratories
around the world but suffers from several limitations.
The sensitivity of the method limits its application to
urine only, excluding blood samples. This limitation can
impact care in situations such as oligo- or anuria or kidney
failure which is common in AIP (10).

Over the past 2 decades, liquid chromatography
coupled with mass spectrometry (LC-MS) has become
widely used in clinical metabolic biochemistry laborator-
ies and has greatly facilitated the development of small-
molecule quantitative methods. Several methods of ALA
and PBG measurement using LC-MS have been de-
scribed in the literature (11-14); however, to date, few
laboratories have adopted this technology in routine
practice (8, 15, 16). Indeed, except in university medical
centers, laboratories specializing in porphyria may have
limited access to mass spectrometry.

Based on a 2-year experience in the routine medical la-
boratory at the French Porphyria Centre, we present here a
fast, economical, robust, and easy-to-handle method for the
measurement of both ALA and PBG in biological fluids,
which can be performed on a single quadrupole LC-MS.

Material and Methods

SAMPLES AND PATIENTS

All procedures were conducted in accordance with the
Helsinki Declaration of 1975, as revised in 2000.
Clinical and biological data presented in this article
were collected as part of patients’ routine care, and all
samples were anonymized (online Supplemental Fig. 1).

Urine.  Urine samples (n = 2260) were collected over a
2-year period (2020 to 2021) from the routine labora-
tory of the French Porphyria Centre. Method correl-
ation was assessed using 217 urine samples for which
ALA and PBG were measured both by IEC (RECIPE)
and LC-MS (see below). In this batch, 40 pathological
samples were selected for high PBG (>9 pmol/mmol
creatinine). Reference values were determined on 1565
samples sent to the laboratory for investigation of

possible AAP that did not lead to the diagnosis of por-
phyria. In asymptomatic porphyria carriers, ALA and
PBG levels were determined in 158 urine samples
from AIP, 60 from VP, and 14 from HCP. Moreover,
246 urine samples from AIP patients and asymptomatic
carriers (AC, patients with an HMBS mutation who
never had an AAP) were collected along with blood
samples.

Blood. For the determination of plasma levels, speci-
mens were taken from 37 healthy donors, 97 asymptom-
atic AIP carriers, and 116 symptomatic AIP patients. In
AIP patients, blood was collected outside of an attack
period in 85 AIP patients (104 samples) with a mild
phenotype (less than one attack per year) and in 31
with a severe phenotype (at least one attack per year).
In the AIP patient group, 30 samples were also collected
during an AAP episode. Plasma samples were collected
in EDTA tubes (centrifugation 2500Xg, 10 min at
room temperature). Blood samples collected in lithium-
heparin, clot activator, and serum gel tubes were also
tested during the development phase. All samples col-
lected are summarized in a flowchart (Supplemental
Fig. 1).

REAGENTS

Water and solvent (mass spectrometry, MS, grade) were pur-
chased from Biosolve Chimie. 5-Aminolevulinic acid hydro-
chloride, 5-aminolevulinic acid-["*Cs, °N] hydrochloride,
and sulfosalicylic acid (SSA) were purchased from Sigma—
Aldrich. Porphobilinogen and  porphobilinogen-[ 3C,)
were obtained from Frontier and Isosciences, respectively.
The AccQ-Tag Ultra Derivatization Kit Reagent was pur-
chased from Waters.

CALIBRATION AND QUALITY CONTROL

A calibration scale was adapted depending on the biological
fluid studied, by diluting stock solutions of ALA and PBG
at 2 mmol/L in 0.1 M HCL. For the urine assay, the cali-
bration consisted of the following 5 concentrations: 0.5,
1, 5, 100, and 350 pmol/L. For blood monitoring, the
scale was shifted to lower concentrations: 0.05, 0.1, 0.5,
1, 5, and 25 pmol/L. Calibration levels and reagent blanks
were diluted in 0.1 M HCL. Calibration curves were built
from the instrument response ratios of standards using 1/x
weighted least-squares regression analysis. Curve fitting was
linear for ALA and quadratic for PBG. In urine, 2 levels of
Clincheck quality controls (RECIPE) were used: level 1
ALA and PBG (32.3; 7.9 pmol/L, respectively); level 2
ALA and PBG (142.0; 69.7 pmol/L, respectively). For
plasma, 2 pools of samples were used as control: low nor-
mal pool (1.31; 0.26 pmol/L, for ALA and PBG, respect-
ively) and high pathological pool (13.91; 6.75 pmol/L for
ALA and PBG, respectively).
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Fig. 1. Optimized LC-MS workflow. A 10 microliter volume of urine, plasma/serum, quality control, or ca-
librant sample was added v/v with sulfosalicylic acid solution for protein precipitation, containing ALA and
PBG internal standards (IS), 5-aminolevulinic acid-['3Cs, "°N], and porphobilinogen-[13C2], respectively.
After mixing and centrifugation, 5 pL of supernatant was added to 40 pL of AccQ-Tag buffer directly
into a vial and vortexed. Then, 5 pL of AccQ-Tag reagent was added to the mixture. After another vortex
step, the same vial was incubated at 55°C for 10 min prior to injection into the LC-MS system.

LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY
The method for urine sample analysis was developed and
validated on an H-Class PLUS coupled with a single
quadrupole QDa instrument (Waters) and compared
to the historical IEC method. For the blood assay,
both a single quadrupole and a triple quadrupole mass
spectrometer Xevo TQ-MS (Waters) were used.

The analytes were separated on a BEH C18 column
(2.1 mm X 50 mm) (Waters) containing particles 1.7 pm
in diameter at 45 °C. Mobile phases were composed of
0.1% formic acid (A) and acetonitrile with 0.1% formic
acid (B). After injection of 2 pL of sample, a gradient elu-
tion program, detailed in the online Data Supplement,
was applied at a constant flow rate of 0.5 mL/min for
5 min (Supplemental Table 1). Derivatized analytes
were detected in positive ionization mode by selected
ion recording (SIR) or multiple reaction monitoring
(MRM) depending on the kind of mass detector (single
or triple quadrupole, respectively). The mass spectrom-
etry parameters are reported in online Supplemental

Table 2.

STATISTICAL ANALYSIS

Correlations were assessed using a Pearson test. The
methods were compared by a Bland—-Altman analysis
with determination of 95% limits of agreement.
Medians or means were compared using a Mann—
Whitney nonparametric test or Student parametric
t-test when possible. Significance was set as two-sided
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P<0.05. All statistical analyses and graphs were per-
formed using Prism 7 (GraphPad software).

Results

DEVELOPMENT AND ANALYTICAL VALIDATION OF ALA AND
PBG ASSAYS IN URINE AND PLASMA FOR AAP SCREENING
Pretreatment of urine or plasma samples, to ensure pro-
tein precipitation and derivatization, was optimized
using the recommendations of the derivatization reagent
manufacturer as indicated in Fig. 1, the aim being to
achieve sufficient sensitivity and optimize ease of hand-
ling. The pipetting volumes, 10 pL and then 5 pL, were
optimized to minimize volumes of biofluid and
AccQ-Tag reagent, respectively. ALA and PBG concen-
trations could be easily measured in both urine and plas-
ma within 30 min. This assay was initially developed and
validated for urine monitoring on an easy-to-use single
quadrupole, the QDa detector (Waters) coupled with
an ultra performance liquid chromatography (UPLC).
For both ALA and PBG assays, the lower limit of quan-
tification (LLOQ) was determined to be 0.5 pmol/L,
and the upper limit of quantification (ULOQ) reached
350 pmol/L (R* > 0.99 for ALA and PBG). No matrix ef-
fect was found when comparing calibration in urine and
in 0.1 M HCI (online Supplemental Table 3). The limit
of detection (LOD) was set at 0.1 pmol/L (signal-to-noise
ratio, S/N > 3). The linearity range was mainly limited by
PBG, which exhibits quadratic behavior over a wider
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range. However, this range was sufficient to detect the
specific rise in ALA (10-fold) and PBG (100-fold) con-
centrations in an AAP, both in urine and plasma.
Intra-assay CVs were £4.9% (ALA) and £4.6% (PBG).
Inter-assay CVs reached 3.5% and 4.2%, respectively
(online Supplemental Table 4). ALA was stable in urine
for 8 days at room temperature or 4°C in darkness or nat-
ural light. PBG was equally stable only in darkness at 4°C
(online Supplemental Fig. 2).

VALIDATION OF ALA AND PBG ASSAYS FOR AHP FOLLOW-UP
IN PLASMA

This LC-MS method allows for the measurement of
both biomarkers in different matrixes, such as urine, ser-
um, or plasma. To adapt the analytical scale to plasma
monitoring, the calibration was shifted to lower concen-
trations: 0.05 to 25 pmol/L (R?>0.99 for ALA and

PBG). As for urine, serum and plasma did not induce
matrix effects (Supplemental Table 3). To achieve suffi-
cient sensitivity and validate the method, plasma tests
were performed on a triple quadrupole coupled to
UPLC. Inter- and intra-assay CVs, assessed in the
same way as urine, were determined to be £7.06%
and 5.70% for ALA and £4.46% and 11.02% for
PBG, respectively (online Supplemental Table 5).

ALA and PBG concentrations of samples collected
in lithium-heparin, EDTA, or clot activator tubes were
not significantly different from the serum-separated
tube (SST) with a gel separator (online Supplemental
Fig. 3A and B). Regarding stability in whole blood sam-
ples, mimicking the shipping conditions, ALA and PBG
levels did not show significant differences after storage at
4°C in the dark for 8 days. At room temperature, PBG
and ALA concentrations decreased over time. The median
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PBG level reached 75% of the initial concentration on
Day 3 with or without light protection. ALA was more
stable, as the median level decreased below the threshold
of 75% on Day 5 (light exposure) or Day 6 (in the dark)
at room temperature (Supplemental Fig. 3C-E).

COMPARISON BETWEEN THE LC-MS AND IEC METHODS IN
URINE

The LC-MS assay was compared with the standard IEC
assay in urine. Absolute ALA concentrations showed a
very high correlation (R> 0.995). The correlation was
slightly lower for PBG (R>0.985) (Fig. 2A and B).

Both slopes of the linear regression were close to 1

(>0.9) with a significant bias (—8.365 for ALA,
+11.09 for PBG). The Bland—Altman diagram high-
lighted the limitations of the correlations between the
2 methods. For ALA and PBG, very low concentrations
were highly discordant with concentrations determined
by IEC, reaching more than double the mean concentra-
tion (Fig. 2C and D). This deviation occurred below the
upper reference limit of the column test (i.e., ALA:
38 ymol/L; PBG: 9 pmol/L) and therefore had no
impact on interpretation and clinical management.
Beyond these extremely low levels, the differences in
concentrations were much smaller and more homogen-
ous across the data set for both parameters.
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Fig. 3. Impact of the method on decision thresholds in clinical practice. (A, B), Paired comparison of ALA
and PBG urine concentrations normalized for creatinine (umol/mmol creatinine) in AIP patients. The mean
differences were —1.7 and 0.3 pmol/mmol creatinine. This was statistically significant for ALA only. Paired
t-test comparing IEC measurements with LC-MS measurements (ns: not significant). (C, D), Bland-Altman
plot of ALA (C) and PBG (D) creatinine-normalized concentrations in urine of AIP patients. Data are ex-
pressed as the difference in normalized concentrations. The upper and lower horizontal black dotted lines
indicate the 95% limits of agreement. For A, B, C, and D, all the creatinine-normalized concentrations can
be converted to pmol/g creatinine by multiplying by a conversion factor of 8.84.
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The impact of the change in method on patient care
was assessed based on creatinine normalized concentrations
within the clinical interpretation range. ALA and PBG
measurements were both used to diagnose an acute attack
of porphyria and to monitor symptomatic AHP patients.
In patients with urine PBG levels greater than 9 pmol/
mmol creatinine (Cr) (79.6 pmol/g Cr), PBG concentra-
tions did not show a significant difference, and 90%
(36/40) of the differences did not exceed 5 pmol/mmol
Cr (Fig. 3A and B). ALA concentrations were significantly
higher with the IEC method, but the 95% limits agree-
ment of Bland-Altman analysis was very close, from
—0.61 to 4.00 pmol/mmol Cr (Fig. 3C and D).

REFERENCE INTERVAL OF HEME PRECURSORS IN URINE IN
HEALTHY PEOPLE AND ASYMPTOMATIC CARRIERS
Considering the discrepancies observed in the low-
concentration ranges between the 2 methods, we report
urine ALA and PBG levels measured by LC-MS in a clin-
ical context in which low values are relevant. The 95%
range ALA concentrations from 1565 nonporphyric sub-
jects covered 1.2 to 24 pmol/L and 0.3 to 2.1 pmol/
mmol Cr (2.7 to 18.6 pmol/g Cr) (Fig. 4A and B). For
PBG, normal values were less than 1.4 pmol/L and
0.2 pmol/mmol Cr (1.8 pmol/g Cr), without a detectable
lower limit. In AIP AC (n=158), ALA concentrations
ranged from 1.68 to 451 pmol/L with a median of
13.72 pmol/L, or 0.48 to 39.42 pmol/mmol Cr with a
median of 1.595. The distributions were similar in VP
AC patients (n=60), with ALA median of 16.6 pmol/
L [1.94-155.4] or 1.68 pmol/mmol Cr [0.448-9.77].
In HCP patients (n = 14), the medians were lower than
those in VP and AIP AC patients, with no significant dif-
ference from control individuals. In the 3 AHP, the me-
dian ALA concentrations of AC subjects were under the
upper limit of normal (95%). Urine PBG levels were
widely dispersed with a median and range of
5.90 pmol/L [0-478.3] and 0.64 pmol/mmol Cr [0-
35.5] in AIP patients, 4.27 pmol/L [0-151.3] and
0.36 pmol/mmol Cr [0-21.4] in VP patients, and
0 pmol/L [0-100.5] and 0 pmol/mmol Cr [0-6.6] in
HCP patients (Fig. 4A and B). In contrast to ALA, the
median PBG concentrations were above the upper limit
of normal, meaning that the majority of AC (65% of
AIP, 68% for VP) exhibited high PBG concentrations.
For comparison, 181 PBGs measured in AC by IEC dur-
ing 2018 to 2019 showed that only 21% of the results
were above the reference value. PBG levels in HCP car-
riers were lower, but significantly higher than those in

controls (Fig. 4C and D).

ALA AND PBG PLASMA LEVELS: IMPACT OF CKD
Urine and plasma were collected simultaneously from
AIP patients. The concentrations in the 2 fluids were

positively correlated with R at 0.78 and 0.70 for ALA
and PBG, respectively (Fig. 5A and B). However, the
presence of many outliers highlighted the limitations
of these correlations. In Fig. 5C, the concentration ratio
of ALA and PBG urine/plasma (U/P) is shown accord-
ing to the stage of chronic kidney disease (CKD) using
kidney disease improval global outcome (KDIGO) cri-
teria (17). These results revealed a decrease in the U/P
when the glomerular filtration rate drops. With normal
renal function, the ratios were 10 and 8 for ALA and
PBG, respectively. The decrease was significant from
CKD stage 3, with a ratio of approximately 5. These
ratios fell below 2 at CKD stages 4/5. Thus, the U/P
could be used as a conversion factor (CF) to
express a urine equivalent of a plasma concentration
in normal renal conditions (glomerular renal function
>90 mL/min/1.73 m?) according to the formula
[Urine] = CF X [Plasma] (Fig. 5D). These results
demonstrate the underestimation of heme precursor
levels in CKD porphyria patients when measured
in urine.

IN AIP PATIENTS, PLASMA LEVELS OF ALA AND PBG IN THE
ASYMPTOMATIC PERIOD DEPEND ON THE SEVERITY OF THE
DISEASE

In healthy individuals, the plasma concentration of
ALA ranged from 0.05 pmol/L to 0.14 pmol/L with a
median of 0.08 pmol/L. The reference range of 95%
of the cohort was from 0.05 to 0.13 pmol/L. There
was no detectable PBG in plasma in this control group
(Fig. 6).

In patients, plasma ALA concentrations were sig-
nificantly different between each AIP subgroup studied.
The median ALA and PBG concentrations increased
with the severity of AIP clinical presentation, with values
of 0.38, 1.03, 2.34, and 4.14 pmol/L (ALA) and 0.80,
2.42, 5.19 and 6.87 uymol/L (PBG) for AC, mild pa-
tients, severe patients, and during an acute attack, re-
spectively (Fig. 6). Unlike ALA, the difference in PBG
concentrations between groups was not consistently sig-
nificant, notably between AC and control on the one
hand and severe patients and acute attack on the other
hand. Furthermore, we noted that only 61% of AC
had PBG concentrations above the upper limit of the
normal range.

Discussion

Here, we present a rapid and semi-automated method to
measure ALA and PBG to meet the daily routine analyt-
ical needs of a clinical laboratory. Previously described
LC-MS assays highlighted sensitivity and ability to be
performed on plasma, but routine clinical laboratory
considerations were not taken into account. For
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instance, adding a solid-phase extraction step prior to
analysis greatly improves sensitivity but makes sample
preparation more complex and not suitable for emer-
gency hospital use (12, 18). Hydrophilic interaction
liquid chromatography (HILIC) has also been pro-
moted, allowing for the retention of highly polar ALA
(13). During our method development, the trade-off be-
tween ease of handling and analytical performance led us

1192 Clinical Chemistry 69:10 (2023)

to optimize sample preparation using a protein precipi-
tation step followed by fast but robust derivatization.
Thus, ALA can be retained on a conventional reversed-
phase separation while maintaining a high level of sensi-
tivity by increasing ionization efficiency. This allowed
for the elimination of a time-consuming extraction or
classical derivatization (e.g., butylation), including a
drying and incubation step. In addition, the coupling
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of the UPLC and the easy-to-use MS detector increased
the speed of analysis, automation, and connection to the
laboratory information management system (LIMS).
Finally, this method can be combined with amino acid
profiles for which the derivatization process was initially
developed (19, 20). In previously published methods, a
better sensitivity has been described in urine (e.g.,
LLOQ =0.044 pmol/L in Agarwal et al), but
the linearity range of our method was suitable for
use in clinical practice, both in urine and plasma
samples (18).

Comparison with the historical IEC method showed
a strong correlation at clinically relevant concentrations

but displayed discordance at low normal concentrations.
This could be explained by the lack of specificity in the
Mauzerall and Granick method (9). The switch in meth-
od had no impact on the diagnosis and follow-up of pa-
tients because concentration differences were negligible.
However, this divergence in the lower levels shifted the
lower reference interval downwards. Reference concentra-
tions were mainly determined from nonporphyric pa-
tients. This reference cohort may appear to be different
from healthy volunteers used in other studies. However,
in the other published methods, the urine ALA concen-
trations ranged from 0.152 to 2.30 (18), 0.09 to 3.0
(14), and below 2.6 pmol/mmol Cr (13), and the PBG
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respectively).

concentrations ranged from 0.00234 to 0.185 (18), below
1.1 (14), or below 0.5 pmol/mmol Cr (13), therefore,
very close to our data (ALA: 0.3 to 2.1 pmol/mmol Cr;
PBG <0.2 pmol/mmol Cr).

ALA and PBG are well-recognized biomarkers of an
acute attack of porphyria, but we show that this new
method allows the detection of 3 times more asymptom-
atic AIP and VP subjects compared to IEC (65% and
68% above the reference threshold vs 21%, see Results
section). In HCP, AC have low ALA and PBG concen-
trations and cannot be reliably detected in the general
population. Agarwal et al. assessed the ability of the
upper limit of normal (ULN) to differentiate healthy in-
dividuals from AIP patients (18). However, the tested
cohort was only composed of asymptomatic chronic
high excretors and severe patients. The full spectrum
of HMBS mutation carriers were not fully represented.
Thus, with our method the sensitivity to screen AC is
not limited by the analytical sensitivity but by the bio-
logical phenotypes of AHP.

The method described here provides the ability to
easily measure the concentrations of ALA and PBG in
plasma, which provides 2 main advantages. First,
blood is easier and faster to collect than urine for
emergency screening of AAP. Second, as CKD is a
common feature in AHP, measurement in plasma
samples allows for screening and/or follow-up in an-
uric or oligoanuric patients (10). Other studies based
on LC-MS have reported the measurement of ALA/

1194 Clinical Chemistry 69:10 (2023)

PBG in plasma but only on a small number of patients
(11, 21, 22). For the first time, data from a large cohort
(300 specimens), including healthy donors, ACs, and pa-
tients, during or outside of an AAP, were collected and
compared. Plasma ALA and PBG concentrations do not
show the same distribution between subgroups.
Significant differences in ALA levels between each pheno-
typic subgroup might reflect different levels of ALAS1 ac-
tivation. PBG concentrations during an acute episode were
less discriminating, especially between severe patients dur-
ing or outside of an attack.

Urine was historically used for porphyrin measure-
ment because the IEC method was limited to a noncom-
plex biological matrix. However, urine can be collected
by the patient themselves and directly sent to the labora-
tory. As porphyria reference laboratories are quite scarce,
this advantage makes urine testing a key tool in the diag-
nosis and monitoring of acute hepatic porphyria. Urine
and plasma concentrations are relatively well correlated
for both ALA and PBG except in cases of renal failure.
A decrease in estimated glomerular filtration rate
(eGFR) alters the excretion of ALA and PBG. We
showed that the U/P (CF) ratio is influenced by the stage
of CKD. In patients with normal renal function, ALA is
10 times and PBG 8 times less concentrated in plasma
than in urine. When the CKD reached stage 3 (eGFR
< 60 mL/min), the CF was halved and divided 5-fold
at CKD stage 4/5. For the first time, we demonstrate
an underestimation of heme precursor levels in CKD
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AIP patients when using urine measurement. To assess
the exposure of the nervous system to ALA and PBG tox-
icity, the metabolite levels in blood may be more relevant
than those in urine, especially in CKD patients. The preva-
lence of CKD, defined as eGFR <60 mL/min per
1.73 m?, in AIP patients was estimated to be 59% com-
pared to 11% in AC patients (23). Thus, the measurement
of circulating ALA and PBG is underestimated in more
than half of AIP patients. In addition, during AAP, the oc-
currence of acute renal failure caused by ALA and PBG
toxicity has been suggested (10). Therefore, screening for
AAP could be impacted by underestimated precursor ex-
posure. In the case of CKD complicated by acute renal fail-
ure during AAP, the usual threshold in urine defining an
acute attack would become completely unreliable, and
the efficacy of hemin treatment would be more difficult
to assess. As serum sodium levels must be monitored in
AAP, measurements of ALA and PBG concentrations
can be added easily to the same blood sample (4).

Finally, the availability of a new treatment, Givosiran,
based on an interfering RNA approach, generates a new
requirement for plasma monitoring in the follow-up of
treated AHP patients (24). Several patients receiving
Givosiran treatment presented with side effects undetected
during the phase 3 study (25). These findings led to spa-
cing of the injection based on the individual evaluation of
heme precursor concentrations. Plasma monitoring would
be more appropriate in those patients treated with
Givosiran who frequently have impaired renal function
(26). These plasma assays hence contribute to the develop-
ment of a personalized medicine approach.

The diagnosis and follow-up of AHP can benefit
from the spread of mass spectrometry observed in
clinical laboratories over the last 20 years. This
easy-to-handle and fast LC-MS/MS method, requir-
ing a small sample volume, meets the needs of ALA
and PBG assays, which must be performed routinely
and often urgently. This method is compatible with
amino acid profiles performed on many metabolomic
platforms. In addition, mass spectrometry enables
plasma testing, allowing a single sample to be used
for multiple tests, as well as quantifying ALA and
PBG in CKD and oligoanuric patients. The specific
ALA and PBG measurements in plasma can be used
as a complementary tool in the follow-up and perso-
nalized monitoring of severe patients for whom new
therapies, such as Givosiran, are indicated.
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