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Abstract: Alkaptonuria (AKU) is an ultra-rare metabolic disease caused by the accumulation of
homogentisic acid (HGA), an intermediate product of phenylalanine and tyrosine degradation. AKU
patients carry variants within the gene coding for homogentisate-1,2-dioxygenase (HGD), which are
responsible for reducing the enzyme catalytic activity and the consequent accumulation of HGA
and formation of a dark pigment called the ochronotic pigment. In individuals with alkaptonuria,
ochronotic pigmentation of connective tissues occurs, leading to inflammation, degeneration, and
eventually osteoarthritis. The molecular mechanisms underlying the multisystemic development of
the disease severity are still not fully understood and are mostly limited to the metabolic pathway
segment involving HGA. In this view, untargeted metabolomics of biofluids in metabolic diseases
allows the direct investigation of molecular species involved in pathways alterations and their
interplay. Here, we present the untargeted metabolomics study of AKU through the nuclear magnetic
resonance of urine from a cohort of Italian patients; the study aims to unravel molecular species and
mechanisms underlying the AKU metabolic disorder. Dysregulation of metabolic pathways other
than the HGD route and new potential biomarkers beyond homogentisate are suggested, contributing
to a more comprehensive molecular signature definition for AKU and the development of future
adjuvant treatment.

Keywords: rare diseases; alkaptonuria; ochronosis; phenylalanine and tyrosine metabolism; serine;
glycine; and one-carbon metabolism; TCA cycle; trace amines; untargeted metabolomics; nuclear
magnetic resonance

1. Introduction

Alkaptonuria (AKU; OMIM 203500) is a painful multisystemic disease [1] with a preva-
lence of one in 250,000, caused by the accumulation of homogentisic acid (HGA). HGA is
an intermediate product of phenylalanine and tyrosine degradation. Both amino acids, in
physiological conditions, are oxidized to fumaric and acetoacetic acids in a subpathway
(KEGG module hsa_M00044) of tyrosine metabolism (see Figure 1). The aromatic ring is
opened and oxidized by the hexameric homogentisate-1,2-dioxygenase (HGD) [2]. AKU
patients carry homozygous or compound heterozygous variants within the gene coding
for HGD. To date, 252 different HGD variants are reported by the HGD mutation database
(http:/ /hgddatabase.cvtisr.sk/ (accessed on 7 November 2022)) [3] from the DNA sequenc-
ing of approximately 730 AKU patients. HGD variants affect the catalytic activity in multi-
ple ways [4-7], causing the accumulation of HGA. Such accumulation leads to the formation
of a dark pigment (the ochronotic pigment) and the development of alkaptonuria [4,8]; it
also triggers inflammatory [9-12] and secondary amyloidosis [13,14] processes. The kidney
removes HGA leading to gram quantities in the urine, which assumes a dark color once in
contact with air [15], a process speeded up by adding strong bases. Indeed, alkaptonuria
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is named after the term Alkapton, coined in 1859 by Boedeker [16] from the Greek alkali
“alkali” and kapton, “to gulp down”, after he noticed an unusual reducing property and
dark coloring upon the alkalinization of the urine in a patient suffering from AKU. In 1866,
ochronosis was described and named for the first time by Virchow [17], who observed
a dark pigment under microscopy, which appeared to be ochre in color. The compound
responsible for the development of the dark color was identified in 1891 by Baumann and
Wolkow [18] as the homogentisic acid. The mechanism leading HGA to ochronotic pigment
has been recently elucidated [19] and reported to proceed via radical intermediates to a
large, rigid molecule on the nanometer scale. From the third to fourth decade of life, severe
consequences of such ochronotic processes are observed, such as valvular heart disease,
spondyloarthropathy, or the rupture of ligaments/muscles/tendons.
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Figure 1. Phenylalanine and tyrosine degradation pathway (KEGG module hsa_M00044); concerning
AKU, the critical step is opening the aromatic ring of homogentisate, catalyzed by the enzyme
homogentisate dioxygenase (HGD), resulting in the acyclic 4-maleylacetoacetate. In AKU, variants of
the HGD gene lead to a dysfunctional enzyme and subsequent substrate accumulation, leading to the
formation of a dark pigment (the ochronotic pigment).

Sir Archibald Garrod, in 1902, defined AKU as an “inborn error of metabolism” be-
cause he noticed the inheritance through which the pathology appeared. Indeed, AKU
is one of the first pathologies that confirms the principles of Mendelian recessive inheri-
tance [20]. Nowadays, the (known) countries affected by this disease are only 40, with some
areas, for example, Slovakia or the Dominican Republic, showing a much higher frequency
than the rest [20]. Based on the results of the SONIA 2 (Suitability of Nitisinone in Alkap-
tonuria 2) clinical study [21], the European Medicines Agency (EMA) recently approved
the use of Orfadin® (nitisinone) for the treatment of adult patients with AKU. Nitisinone,
a drug approved by the U.S. Food and Drug Administration for tyrosinemia type 1, can
decrease urine HGA by more than 80%, arrest ochronosis, and reduce AKU’s progression
rate [22-25]. Nitisinone is a benzoylcyclohexane-1,3-dione that reversibly inhibits the en-
zyme before HGD, the 4-hydroxyphenylpyruvate dioxygenase (HPPD), hence reducing the
production of homogentisic acid (Figure 1). The effects of nitisinone treatment have been
well characterized from a metabolomic point of view [23,26-28]. The main side effect of
nitisinone administration is the elevation of plasma tyrosine levels analogous to tyrosine-
mia type 2, which might cause eye pathology in AKU patients [29]; moreover, the effect
of nitisinone on already-developed ochronosis is limited [1]. Thus, alternative/adjuvant
treatment decreasing HGA without causing tyrosinemia is an urgent need in AKU to be
addressed with a better understanding of the mechanisms underlying ochronosis [13] and
variability in the disease severity [30]. In this view, untargeted metabolomics of biofluids
allows the direct investigation of the involvement and interplay of molecular species in
metabolic diseases. Here, we present the untargeted metabolomics study of AKU via nu-
clear magnetic resonance of urine from a cohort of Italian patients aiming to unravel other
molecular mechanisms and molecular species underlying the AKU metabolic disorder.
New potential biomarkers beyond homogentisate are suggested, contributing to a more
comprehensive molecular signature for AKU and future adjuvant treatment.
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2. Results and Discussion
2.1. NMR Spectroscopy

Urine samples of 34 AKU patients (non-treated) and one under nitisinone adminis-
tration have been analyzed by NMR experiments, and a total of 61 metabolites have been
detected and quantified. However, seven metabolites were excluded because they were
drug metabolites or constituents of a vehicle for drug administration (salicylate, mannitol),
belonged to microbial metabolism (methanol, methylamine, dimethylamine, trimethy-
lamine), or had unreliable quantification such as urea [31] because suppression of the water
NMR signal by pre-saturation may lead to resonant suppression of the urea peak due to
proton exchange with the solvent [32]. A control set of 34 samples from healthy individuals
with matched age/sex has been similarly characterized. Multivariate analysis, biomarker
analysis, and enrichment analysis have been carried out to obtain the whole metabolic
profiling of AKU.

The NMR signals of homogentisate, the hallmark biomarker of AKU, dominate the
spectra of AKU samples (Figure 2). HGA is characterized by the sharp singlet of methylene
at 3.47 ppm and the aromatic system at 6.70, 6.71, and 6.80 ppm. The latter peaks lie in a
region almost free from signals of other metabolites, allowing accurate quantification and
high sensitivity for HGA.
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Figure 2. Proton 1D spectrum of a urine sample from the AKU non-treated patient with the lowest
HGA concentration (AKU.356, 2.7 mM); even at the lowest concentration, HGA signals dominate the
spectrum both upfield (CH, singlet at 3.47 ppm) and downfield (aromatic system from hydrogens 3,6
and 4 at 6.70, 6.71 and 6.80 ppm); at the same time, low concentration metabolites (e.g., tyrosine and
4-hydroxyphenilacetate, see inset) are detected and quantified. Signals of other relevant metabolites
among the sixty identified are labeled.

AKU samples show the metabolite in the tens of millimolar range (Table 1), orders
above all the other molecules (except for creatinine). In contrast, controls show no detectable
peaks to the limit of detection (LoD, see Materials and Methods).

Table 1. The concentration of homogentisate in the urine of AKU patients.

Patient Code Cuga (mM) S.D. Patient Code Cuga (mM) S.D.
AKU.303 11.33 0.04 AKU.413 21.36 0.17
AKU.304 14.07 0.08 AKU 414 52.98 0.35
AKU.305 11.22 0.04 AKU 418 15.80 0.03
AKU.338 14.89 0.03 AKU.420 14.49 0.13
AKU.350 37.25 0.12 AKU.423 11.48 0.08
AKU.356 2.77 0.02 AKU.425 33.69 0.29
AKU.364 17.12 0.14 AKU.426 38.77 0.38
AKU.367 16.17 0.13 AKU.427 2442 0.26
AKU.369 24.22 0.26 AKU.430 10.78 0.02
AKU.370 11.19 0.08 AKU.433 13.38 0.02
AKU.371 35.77 0.37 AKU.434 14.04 0.02
AKU.379 21.36 0.15 AKU 435 17.11 0.02
AKU.381 16.12 0.12 AKU.436 15.51 0.02
AKU.385 12.38 0.11 AKU.443 64.62 0.08
AKU.390 23.01 0.17 AKU.447 34.41 0.06
AKU.410 12.19 0.08 AKU.449 15.88 0.03
AKU 411 23.39 0.03 AKU.450 15.28 0.02
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2.2. Multivariate Analysis

To investigate inter- and intra-group variation, a supervised approach to multivariate
dimensionality reduction, such as orthogonal PLS-DA, has been adopted (Figure 3). The
T score/o-T score plot shows how AKU and control groups are well differentiated, while
intra-group variation is narrow in both groups but for a few points in AKU; here, the
variability is to be ascribed to the large excess of HGA in some samples; e.g., of the nine
negative T-score points, six are the topmost concentrated in HGA with values exceeding
30 mM. Multivariate statistics suggest that the untargeted NMR study has the potential
to investigate new potential biomarkers beyond homogentisate, leading to a molecular
signature for AKU.
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Figure 3. Orthogonal PLS-DA for AKU/CTL groups. An excellent differentiation between groups
(T score) is apparent. Intra-group variation (o-T score) is very limited in controls; it is also narrow in
AKU but for a few points, to be ascribed to the considerable variation in HGA concentrations (see
Table 1).

2.3. Pathway Analysis

The role of metabolites other than HGA in AKU has been evaluated by fold change
analysis (Table 2 and Figure 4), and their significance, given their role in metabolic pathways,
is discussed in the following paragraphs.
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Figure 4. Volcano plot of the fold change vs. p-value for the metabolite dataset; the binary logarithm
of fold change is used to increase the dynamic range. Significant metabolites (p < 0.05) are labeled
and colored according to the increase (red) or decrease (blue) for AKU vs. controls. Homogentisate
values from Table 2 have been omitted for clarity because of their high range.
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Table 2. Fold changes for metabolites in AKU showing a p-value lower than 0.05 are reported (see
Figure 4 for a graphical representation). Fold change is reported as a binary logarithm, and the
direction of change is reported as arrows; metabolites are assigned to the relevant pathway.

Metabolite Log,(FC) Up/Down Pathway

Homogentisate ? 12.04 p< 1013 T Phenylalanine and tyrosine metabolism
trans-Aconitate 211 p < 0.00001 T TCA cycle

Trigonelline 1.78 p < 0.00001 T SGOC P metabolic unit

Tyramine 1.34 p <0.0001 T Phenylalanine and tyrosine metabolism
O-Acetylcarnitine 1.18 p<0.01 T Acetyl-CoA conversion
Guanidinoacetate 113 p <0.0001 T SGOC metabolic unit

Tyrosine 1.12 p <0.001 T Phenylalanine and tyrosine metabolism
Hippurate 1.08 p <0.0001 T Modulator of metabolic acidosis (MAC)
Creatine 0.99 p <0.001 T SGOC metabolic unit

2-Furoylglycine 0.80 p<0.01 T Minor fatty acid metabolite
4-Hydroxyphenylacetate 0.76 p<0.01 T Phenylalanine and tyrosine metabolism
Glycine 0.76 p<0.05 T SGOC metabolic unit

Tryptophan 0.71 p <0.05 T Tryptophan metabolism

Taurine 0.69 p <0.05 T Taurine metabolism

Acetone 0.62 p<0.01 T Acetyl-CoA conversion
3-Hydroxyisovalerate 0.61 p <0.05 T Leucine degradation

Formate 0.44 p <0.05 T SGOC metabolic unit

cis-Aconitate —0.70 p <0.0001 1 TCA cycle

2 FC of homogentisate has been evaluated using the experimentally determined LoD value of 5 uM for control
samples since no peaks arise from the baseline background noise for such samples. ® SGOC: serine, glycine, and
one-carbon metabolism.

After HGA, the most significant increase in AKU is shown by another acid, the trans-
aconitic acid (TAA, log,(FC) = 2.11), although to a lower extent, ca. 0.15 mM on average.
TAA has been recently reported as one of the top metabolites that significantly increased
and associated with laboratory variables indicative of liver and kidney disease severity [33];
in the same study, TAA also resulted among the five metabolites predicting mortality
from cirrhosis, making it a significant marker in hepatorenal dysfunction. TAA is also
known to play a role in the TCA cycle where it inhibits the aconitase (ACO), the enzyme
converting citrate to isocitrate via cis-aconitic acid (CAA) intermediate [34-36]. Consistently,
cis-aconitate shows a significant decrease in AKU (log,(FC) = —0.70).

The impairment is even more evident when looking at the average CAA /TAA ratio,
which scores 20 for healthy subjects, and dramatically reduces to four in AKU. The down-
regulation of the TCA-related metabolites has already been reported for animal models of
AKU [28]. When TAA accumulates, the cells clear it through methylation or transport to
avoid inhibition and maintain the TCA cycle at work.

Another significant increase in AKU regards trigonelline (log,(FC) = 1.78). It is the
product of N-methylation of nicotinate (part of B3 vitamin forms) and an endpoint metabo-
lite excreted with the urine. Together with other molecules within one-carbon metabolism,
e.g., guanidinoacetate and formate [37] (incremented by log,(FC) = 1.13 and 0.44, respec-
tively), it has been suggested to represent the daily turnover and oxidation of amino
acids in the lean tissues [38]. Nicotinate has a key role in NAD+ synthesis, where it
reacts with phosphoribosyl diphosphate (PPRP) to produce nicotinate ribonucleotide.
Nicotinate can be derived from tryptophan, which also significantly increases in AKU
(log2(FC) = 0.71). Both trigonelline and tryptophane increase maybe then related to nicoti-
nate/nicotinamide metabolism.

O-Acetylcarnitine (log,(FC) = 1.18) is an acetyl-CoA conversion product that partic-
ipates in endogenous carnitine homeostasis together with heavier acyl-carnitines and
L-carnitine [39]. Such molecules are highly regulated through reabsorption (98%) in
the renal tubules and distribution in the tissues via the organic cation/carnitine trans-
porters [40,41]. The increased o-acetylcarnitine level is a buffer mechanism between glucose
oxidation and fat oxidation, referred to as metabolic flexibility [42,43]. Persistent elevated
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o-acetylcarnitine concentrations may represent a signal of metabolic inflexibility [39]. It has
been suggested that acetylcarnitine provides a disposal route for excess acetyl-CoA [44];
accordingly, another acetyl-CoA product, acetone, is increased in AKU. Interestingly, the
aforementioned study on the AKU animal model [28] demonstrated an increase in the range
of acetylated conjugates, indicating increased acetyl-CoA activity. Such collective findings
allow speculation that acetyl-CoA misregulation may be linked to TCA cycle malfunction.

Hippurate (HIP, log,(FC) = 1.08) is synthesized in the liver through the conjugation of
glycine and benzoate; the latter is produced by gut bacteria [45] from the degradation of
unabsorbed phenylalanine to 3-phenylpropionic acid (PPA), which is normally esterified
with CoA in the liver and oxidized to benzoyl-CoA in a reaction catalyzed by mitochon-
drial Medium-chain acyl-Coenzyme A dehydrogenase (MCAD). Benzoyl-CoA is rapidly
converted to hippuric acid by condensation with glycine and is excreted in the urine [46].
Although hippurate participates in correcting metabolic acidosis [47], a condition triggered
by metabolic complications in patients with Alkaptonuria [48], it must be considered that
the diet is the primary source of the benzoate precursor [49]; further investigation is then
needed on this metabolite.

The glycine metabolism pathway shows a significant increase in the glycine/
guanidinoacetate/creatine axis. Creatine is synthesized endogenously from arginine
and glycine through arginine-glycine amidinotransferase (AGAT) and guanidinoacetate
methyltransferase (GAMT) [50,51]. Together with one-carbon species, it is referred to as
SGOC metabolic unit (Serine, Glycine, and One-Carbon). An increase in urinary crea-
tine excretion, as well as for taurine, has been observed in destructive and inflammatory
muscle disorders [52,53]. The increase in creatine, its precursor guanidinoacetate, and
taurine may be ascribed to muscle damage from AKU condition and be connected to the
higher risk of muscle complications that AKU patients carry with respect to others with
osteoarthritis disease [54,55].

The phenylalanine and tyrosine degradation pathway is represented by four metabo-
lites: tyrosine, homogentisate, tyramine, and 4-hydroxyphenylacetate (HPAA). Deficiency
in homogentisate dioxygenase in AKU causes a tremendous fold change in HGA urine
levels (logy(FC) = 12.04) as described in the introduction, also reflected in tyrosine level in-
crement (logy(FC) = 1.12) due to clearance impairment of the transamination axis (Figure 5).
Transamination is not the only way of tyrosine degradation: as it has been shown that in kid-
neys, decarboxylation may occur by aromatic-1-amino decarboxylase (AADC) producing
tyramine [56]. Because of its high sensitivity to oxidation by MAQO, endogenous tyramine
levels are very low; indeed, it is one of a group of biogenic amines (BAs) which are referred
to as “trace amines” [57,58], together with 3-phenylethylamine, tryptamine, p-octopamine,
and some of their metabolites. Our analysis showed a log,(FC) = 1.34 for tyramine (a value
even superior to that of tyrosine), inferring upregulation of the decarboxylation axis. A
tyramine increment has also been observed for Tyrosinemia type II [59], where, similarly,
the pathway is interrupted at the step catalyzed by tyrosine transaminase. Interestingly,
AADC has long been regarded as an unregulated enzyme. Still, extensive studies showed it
is regulated both pre- and post-translation [60], e.g., AADC has several conserved protein
kinase A (PKA) and protein kinase G (PKG) recognition sites [61,62]. Consistently with
tyramine increment, its oxidative deaminated product 4-hydroxyphenylacetate also shows
a significant increase (log,(FC) = 0.76). Its production is catalyzed by aldehyde dehydroge-
nase (ALDH), with ALDH3 isozyme preferentially oxidizing aromatic aldehyde substrates.
Eventually, a saturation of the transamination axis pathway leads to urine level increments
of other aromatic species.

Eventually, metabolomic profiling identified multiple metabolic routes (Table 2) as
influenced by AKU; however, the sole NMR analysis does not cover the full metabolome,
and different approaches are needed to expand the picture. In this view, the only other
study on untreated AKU to date was conducted by mass spectrometry analysis on a mouse
model [28], and the results are worth comparing. Both studies agree on the elevated levels
of tyrosine metabolites, particularly 4-hydroxyphenylacetate, although only NMR reveals
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detects HGA elimination metabolites (e.g., HGA-sulfate and -glucuronide), while NMR
reports SGOC metabolites increase. The two studies agree on the misregulation of the TCA
cycle and increased acetyl-CoA availability. Indeed, data integration from different mod-
els/techniques contributes to expanding the picture in a rare disease such as alkaptonuria
and may overcome some limitations. For example, renal metabolism may contribute to the
urine metabolomic profile [63], suggesting the inclusion of further metabolomics analysis
of, e.g., intact serum/plasma [64]. Moreover, damage to joints in alkaptonuria appears to
be correlated with HGA or its metabolites directly attacking structural proteins by, e.g., free
radical attack [19], suggesting further molecular studies directed at the damaged tissues
are needed.
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Figure 5. Alternative ways for tyrosine degradation via transamination (top) and decarboxylation
(bottom) and their behavior in AKU (metabolites fold change is reported in blue color as binary
logarithm). The transamination axis is interrupted at the homogentisate dioxygenase step, leading
to a dramatic increase in homogentisate concentrations in urine samples. Tyrosine levels are also
doubled as a consequence. The impairment of the transamination axis leads to a stimulation of the
decarboxylation axis with a similar increase of tyramine and 4-hydroxyphenylacetate levels in urine.

2.4. NMR Metabolic Profile of a Nitisinone-Treated Patient

One patient, excluded from the analysis above, was in treatment with nitisinone, a
drug inhibiting 4-hydroxyphenylpyruvate-dioxygenase (HPPD), thus limiting the step that
brings to homogentisate and subsequently its accumulation (Figure 6). Despite the single-
point measure, significant observations can be reported. HGA level for non-treated patients
ranges from 3 mM to 65 mM, while for the treated one, the value is as low as 0.13 mM,
as expected for HPPD blockade. The other metabolites involved, tyrosine, tyramine, and
4-hydroxyphenylacetate, show levels similar to non-treated patients. This is consistent
with nitisinone action, stopping the pathway just one enzymatic step before HGD and not
changing the upstream dysregulation in AKU. The other significant change in the treated
patient is the sudden appearance of 4-hydroxyphenyllactate (HPLA, from non-detectable
to a remarkable 3.5 mM) and of its precursor 4-hydroxyphenylpyruvate (HPPA, from non-
detectable to 0.4 mM). Such behavior of HPLA and HPPA, observed in our NMR analysis
of urine of a nitisinone-treated patient, follows that observed for serum in the nitisinone
administration regime [65] by LC/MS analysis.
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Figure 6. Inhibition of 4-hydroxyphenylpyruvate-dioxygenase by nitisinone makes two new
metabolites detectable in AKU urine, the 4-hydroxyphenylpyruvate and its reduction product
4-hydroxyphenyllactate. The latter has been proved by NMR to be a non-reactive species when
exposed to alkali.

2.5. Reactivity of HPAA and HPLA

Both HGD and HPPD enzyme activity impairment has demonstrated significant
increment of alternative tyrosine pathway routes toward 4-hydroxyphenylacetate and
4-hydroxyphenyllactate. Their increment in urine, although to a much lesser extent with
respect to homogentisate, has not been evaluated for reactivity similar to their parent com-
pound homogentisate in aciduria studies. Both HPAA and HPLA have been tested under
alkaline conditions following the procedure from Bernini et al. [19]. NMR analysis showed
neither change in molecular structure nor in concentration (See Supplementary Material,
Figures S1-53), inferring the two compounds to be insensitive to full deprotonation or
decarboxylation. Such a condition, on the contrary, leads homogentisate to react and to
discoloration [19]. Such evidence confirms that the two metabolites, as expected, do not
contribute to ochronosis-like processes.

3. Materials and Methods
3.1. Biological Samples

Adult patients (1 = 35, 19 females and 16 males, aged 53 on average) were studied after
the clinical diagnosis of AKU was established. None of the patients was under a specific diet
or treatment, but one under the administration of nitisinone, not included in the statistics.
Age-matched controls of both sexes with no arthropathies or metabolic disorders were
also analyzed (n = 34). Urine samples were obtained from patients and control subjects
after overnight fasting and promptly stored at —80 °C. Patients and controls gave written
informed consent before inclusion. The whole study was conducted following the approval
of the Siena University Hospital Ethics Committee. The informed consent and protocols
conformed to the standards set by the latest revision of the Declaration of Helsinki.

3.2. Sample Preparation

Dipotassium hydrogen phosphate (K,HPOy), monopotassium phosphate (KH;POy),
and trimethylsilylpropionic acid-d4 (TSP) have been purchased from Merck (MerckKGaA,
Darmstadt, Germany). Deionized water was purified using a Milli-Q® System from Mil-
lipore (Burlington, MA, USA). A stock solution of phosphate buffer 333 mM (PB) was
prepared from KoHPO4 and KH,POy, and pH was adjusted to 7.0 with NaOH 1M. NMR
samples were prepared with 300 pL of urine, 30 uL TSP and 270 pL PB to final concentra-
tions of 0.5 mM TSP and 150 mM PB. NaN3 0.2% (p/p) was added to samples to prevent
microbial proliferation.
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3.3. 'H NMR Spectroscopy

All experiments were performed on a Bruker Avance™ 600 spectrometer (Bruker
Biospin AG, Féllanden, Switzerland) operating at 14.1 T. An optimized-PURGE [66]
pulse sequence was used. The NMR data were processed with the TopSpin 4.0.8 soft-
ware and analyzed with Chenomx 9.02 (Edmonton, AB, Canada). All the 1D proton spectra
were acquired with a spectral width of 16 MHz and 32 scans digitalized over 32k points
and RG of 128. Solvent signal removal was achieved with pre-saturation power of 55 dB
during repetition delay (4s). The following metabolites were identified and quantified
(see Supplementary Table S1 for details): 1-methylnicotinamide, 2-aminoadipate, 2-
furoylglycine, 2-hydroxyisobutyrate, 3-aminoisobutyrate, 3-hydroxyisovalerate, 3-indoxylsulfate,
4-hydroxybutyrate, 4-hydroxyphenylacetate, 4-hydroxyphenyllactate, 4-hydroxyphenylpyruvate,
acetate, acetoacetate, acetone, cis-aconitate, trans-aconitate, alanine, betaine, carnitine,
choline, citrate, creatine, creatinine, dimethylamine, erythritol, ethanol, ethanolamine,
formate, galactarate, glucose, glutamine, glycine, glycolate, guanidinoacetate, hippurate,
homogentisate, hypoxanthine, myo-inositol, isobutyrate, isoleucine, lactate, mannitol,
methanol, methylamine, N-phenylacetylglycine, O-acetylcarnitine, pyroglutamate, sali-
cylate, succinate, sucrose, taurine, trigonelline, trimethylamine, trimethylamine N-oxide,
tryptophan, tyramine, tyrosine, uracil, urea, valine, xylose.

The limit of detection (LoD) for HGA in urine in the present experimental conditions
has been evaluated by adding known amounts of the acid from a stock solution to control
samples. An added concentration as low as 5 pM (0.8 ng/mL) raises detectable peaks at
6.70/6.71 ppm (see Supplementary Materials). None of the controls showed such peaks
indicating HGA is absent or negligible in control vs. AKU. Statistical analysis and pathway
analysis have been performed using MetaboAnalyst 5.0 [67].

4. Conclusions

Metabolic research on alkaptonuria and nitisinone treatment usually focuses on the
metabolic route involving homogentisate because its accumulation triggers ochronosis
and subsequent disease development. In search of a more comprehensive molecular
signature of AKU, we have carried out the first metabolome-wide comparison of un-
treated AKU patients versus non-AKU subjects. The NMR untargeted study suggests
other metabolic pathways to be misregulated in connection with the disease. Noticeably,
the SGOC metabolic unit, which includes serine, glycine, and one-carbon metabolism, is
particularly affected. SGOC metabolism integrates nutritional status from amino acids,
glucose, and vitamins, and generates diverse outputs, such as biosynthesis, the mainte-
nance of redox status, and the substrates for methylation reactions. The impairment of
hepatorenal functions is suggested by a large increase of biomarkers such as trans-aconitate
and hippurate, while elevated acetylcarnitine and acetone concentrations may represent a
signal of excess acetyl-CoA possibly linked to TCA cycle malfunction. A major involvement
of phenylalanine and tyrosine obviously emerges in AKU for a reason described at the
beginning of the section. Nonetheless, new observations arise from our study. In addition
to the concentration increase expected for the species belonging to the transamination axis
(Figure 5), a significant increase is reported for the species belonging to the decarboxylation
axis in non-treated AKU patients. Like an upstream overflow mechanism, the decarboxyla-
tion axis activates to help drain the transamination axis from homogentisate in exchange
for 4-hydroxyphenylacetate, an endpoint, non-reactive species. Such a mechanism will be
worth further investigation from the genomics and proteomics point of view, as enzymatic
activity modulation can possibly be exploited for alternative/adjuvant treatments aiming
to decrease HGA accumulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms232415805/s1.


https://www.mdpi.com/article/10.3390/ijms232415805/s1
https://www.mdpi.com/article/10.3390/ijms232415805/s1

Int. . Mol. Sci. 2022, 23, 15805 10 of 12

Author Contributions: Conceptualization, A.B. and D.G.; methodology, D.G., G.I., L.P. and S.G.; vali-
dation, B.M. and M.G.; formal analysis, D.G.; data curation, D.G.; writing—original draft preparation,
A.B. and D.G.; writing—review and editing, A.B. and A.S.; visualization, M.G. and S.G.; supervision,
A.B.; funding acquisition, A.B. and A.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Finanziamento PNRR D.D. ECS00000017_0001050: Progetto
THE (Tuscany Health Ecosystem) CUP B63C22000680007.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. The informed consent and protocols conformed to the standards set by the latest revision of
the Declaration of Helsinki.

Acknowledgments: A.S. thanks MISE Bando Fabbrica Intelligente Agrifood e Scienze della Vita,
Fondo Crescita Sostenibile, Lab 4.0 per la produzione di Farmaci. A.B. thanks Monica Tiezzi for the
helpful discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

Zatkova, A.; Ranganath, L.; Kadasi, L. Alkaptonuria: Current Perspectives. Appl. Clin. Genet. 2020, 13, 37. [CrossRef] [PubMed]
Fernandez-Canon, J.M.; Penalva, M.A. Molecular Characterization of a Gene Encoding a Homogentisate Dioxygenase from
Aspergillus Nidulans and Identification of Its Human and Plant Homologues. J. Biol. Chem 1995, 270, 21199-21205. [CrossRef]
Zatkova, A.; Sedlackova, T.; Radvansky, J.; Polakova, H.; Nemethova, M.; Aquaron, R.; Dursun, I; Usher, J.L.; Kadasi, L.
Identification of 11 Novel Homogentisate 1,2 Dioxygenase Variants in Alkaptonuria Patients and Establishment of a Novel
LOVD-Based HGD Mutation Database. JIMD Rep. 2012, 4, 55-65. [CrossRef] [PubMed]

Ascher, D.B.; Spiga, O.; Sekelska, M.; Pires, D.E.V.; Bernini, A.; Tiezzi, M.; Kralovicova, J.; Borovska, I.; Soltysova, A.; Olsson,
B.; et al. Homogentisate 1,2-Dioxygenase (HGD) Gene Variants, Their Analysis and Genotype—Phenotype Correlations in the
Largest Cohort of Patients with AKU. Eur. J. Hum. Genet. 2019, 27, 888-902. [CrossRef] [PubMed]

Bernini, A.; Galderisi, S.; Spiga, O.; Amarabom, C.O.; Santucci, A. Transient Pockets as Mediators of Gas Molecules Routes
inside Proteins: The Case Study of Dioxygen Pathway in Homogentisate 1,2-Dioxygenase and Its Implication in Alkaptonuria
Development. Comput. Biol. Chem. 2020, 88, 107356. [CrossRef] [PubMed]

Bernini, A.; Galderisi, S.; Spiga, O.; Bernardini, G.; Niccolai, N.; Manetti, F.; Santucci, A. Toward a Generalized Computational
Workflow for Exploiting Transient Pockets as New Targets for Small Molecule Stabilizers: Application to the Homogentisate
1,2-Dioxygenase Mutants at the Base of Rare Disease Alkaptonuria. Comput. Biol. Chem. 2017, 70, 133-141. [CrossRef]

Braconi, D.; Millucci, L.; Bernini, A.; Spiga, O.; Lupetti, P.; Marzocchi, B.; Niccolai, N.; Bernardini, G.; Santucci, A. Homogentisic
Acid Induces Aggregation and Fibrillation of Amyloidogenic Proteins. Biochim. Biophys. Acta BBA Gen. Subj. 2017, 1861, 135-146.
[CrossRef] [PubMed]

Spiga, O.; Cicaloni, V.; Bernini, A.; Zatkova, A.; Santucci, A. ApreciseKUre: An Approach of Precision Medicine in a Rare Disease.
BMC Med. Inform. Decis. Mak. 2017, 17, 42. [CrossRef]

Braconi, D.; Bernardini, G.; Paffetti, A.; Millucci, L.; Geminiani, M.; Laschi, M.; Frediani, B.; Marzocchi, B.; Santucci, A.
Comparative Proteomics in Alkaptonuria Provides Insights into Inflammation and Oxidative Stress. Int. ]. Biochem. Cell Biol.
2016, 81, 271-280. [CrossRef]

Spreafico, A.; Millucci, L.; Ghezzi, L.; Geminiani, M.; Braconi, D.; Amato, L.; Chellini, F; Frediani, B.; Moretti, E.; Collodel,
G.; et al. Antioxidants Inhibit SAA Formation and Pro-Inflammatory Cytokine Release in a Human Cell Model of Alkaptonuria.
Rheumatology 2013, 52, 1667-1673. [CrossRef]

Millucci, L.; Bernardini, G.; Marzocchi, B.; Braconi, D.; Geminiani, M.; Gambassi, S.; Laschi, M.; Frediani, B.; Galvagni, F,;
Orlandini, M.; et al. Angiogenesis in Alkaptonuria. | Inherit Metab Dis 2016, 39, 801-806. [CrossRef] [PubMed]

Millucci, L.; Bernardini, G.; Spreafico, A.; Orlandini, M.; Braconi, D.; Laschi, M.; Geminiani, M.; Lupetti, P.; Giorgetti, G.; Viti,
C.; et al. Histological and Ultrastructural Characterization of Alkaptonuric Tissues. Calcif. Tissue Int. 2017, 101, 50-64. [CrossRef]
[PubMed]

Millucci, L.; Ghezzi, L.; Paccagnini, E.; Giorgetti, G.; Viti, C.; Braconi, D.; Laschi, M.; Geminiani, M.; Soldani, P.; Lupetti, P; et al.
Amyloidosis, Inflammation, and Oxidative Stress in the Heart of an Alkaptonuric Patient. Mediat. Inflamm 2014, 2014, 258471.
[CrossRef] [PubMed]

Millucci, L.; Ghezzi, L.; Braconi, D.; Laschi, M.; Geminiani, M.; Amato, L.; Orlandini, M.; Benvenuti, C.; Bernardini, G.; Santucci,
A. Secondary Amyloidosis in an Alkaptonuric Aortic Valve. Int. |. Cardiol. 2014, 172, e121-e123. [CrossRef] [PubMed]

Hughes, A.T.; Milan, A.M.; Christensen, P; Ross, G.; Davison, A.S.; Gallagher, ].A.; Dutton, J.J.; Ranganath, L.R. Urine Homogen-
tisic Acid and Tyrosine: Simultaneous Analysis by Liquid Chromatography Tandem Mass Spectrometry. Journal of Chromatography
B 2014, 963, 106-112. [CrossRef]

Boedeker, C.W. Uber Das Alcapton; Ein Neuer Beitrag Zur Frage: Welche Stoffe Des Harns Kénnen Kupferreduktion Bewirken?
Z. Ration. Med. 1859, 7, 130-145.


http://doi.org/10.2147/TACG.S186773
http://www.ncbi.nlm.nih.gov/pubmed/32158253
http://doi.org/10.1074/jbc.270.36.21199
http://doi.org/10.1007/8904_2011_68
http://www.ncbi.nlm.nih.gov/pubmed/23430897
http://doi.org/10.1038/s41431-019-0354-0
http://www.ncbi.nlm.nih.gov/pubmed/30737480
http://doi.org/10.1016/j.compbiolchem.2020.107356
http://www.ncbi.nlm.nih.gov/pubmed/32823072
http://doi.org/10.1016/j.compbiolchem.2017.08.008
http://doi.org/10.1016/j.bbagen.2016.11.026
http://www.ncbi.nlm.nih.gov/pubmed/27865997
http://doi.org/10.1186/s12911-017-0438-0
http://doi.org/10.1016/j.biocel.2016.08.016
http://doi.org/10.1093/rheumatology/ket185
http://doi.org/10.1007/s10545-016-9976-3
http://www.ncbi.nlm.nih.gov/pubmed/27671890
http://doi.org/10.1007/s00223-017-0260-9
http://www.ncbi.nlm.nih.gov/pubmed/28271171
http://doi.org/10.1155/2014/258471
http://www.ncbi.nlm.nih.gov/pubmed/24876668
http://doi.org/10.1016/j.ijcard.2013.12.117
http://www.ncbi.nlm.nih.gov/pubmed/24456888
http://doi.org/10.1016/j.jchromb.2014.06.002

Int. . Mol. Sci. 2022, 23, 15805 11 0f12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Benedek, T.G. Rudolph Virchow on Ochronosis. Arthritis Rheun 1966, 9, 66-71. [CrossRef]

Wolkow, M.; Baumann, E. Uber Das Wesen Der Alkaptonurie. Z. Physiol. Chem. 1891, 15, 228-285.

Bernini, A.; Petricci, E.; Atrei, A.; Baratto, M.C.; Manetti, F.; Santucci, A. A Molecular Spectroscopy Approach for the Investigation
of Early Phase Ochronotic Pigment Development in Alkaptonuria. Sci. Rep. 2021, 11, 22562. [CrossRef]

Mistry, J.B.; Bukhari, M.; Taylor, A.M. Alkaptonuria. Rare Dis. 2013, 1, €27475. [CrossRef]

Ranganath, L.R.; Psarelli, E.E.; Arnoux, J.B.; Braconi, D.; Briggs, M.; Bréijersén, A.; Loftus, N.; Bygott, H.; Cox, T.E; Davison,
AS,; et al. Efficacy and Safety of Once-Daily Nitisinone for Patients with Alkaptonuria (SONIA 2): An International, Multicentre,
Open-Label, Randomised Controlled Trial. Lancet Diabetes Endocrinol. 2020, 8, 762-772. [CrossRef] [PubMed]

Norman, B.P; Davison, A.S.; Hughes, ].H.; Sutherland, H.; Wilson, PJ.; Berry, N.G.; Hughes, A.T.; Milan, A.M; Jarvis, J.C,;
Roberts, N.B.; et al. Metabolomic Studies in the Inborn Error of Metabolism Alkaptonuria Reveal New Biotransformations in
Tyrosine Metabolism. Genes Dis. 2021, 9, 1129-1142. [CrossRef] [PubMed]

Olsson, B.; Cox, T.F,; Psarelli, E.E.; Szamosi, J.; Hughes, A.T.; Milan, A.M.; Hall, A K.; Rovensky, J.; Ranganath, L.R. Relationship
Between Serum Concentrations of Nitisinone and Its Effect on Homogentisic Acid and Tyrosine in Patients with Alkaptonuria.
JIMD Rep. 2015, 24, 21-27. [CrossRef] [PubMed]

Ranganath, L.R.; Milan, A.M.; Hughes, A.T.; Dutton, ].].; Fitzgerald, R.; Briggs, M.C.; Bygott, H.; Psarelli, E.E.; Cox, T.F,; Gallagher,
J.A.; et al. Suitability of Nitisinone in Alkaptonuria 1 (SONIA 1): An International, Multicentre, Randomised, Open-Label,
No-Treatment Controlled, Parallel-Group, Dose-Response Study to Investigate the Effect of Once Daily Nitisinone on 24-h Urinary
Homogentisic Acid Excretion in Patients with Alkaptonuria after 4 Weeks of Treatment. Ann. Rheum. Dis. 2016, 75, 362-367.
[CrossRef] [PubMed]

Laschi, M.; Bernardini, G.; Dreassi, E.; Millucci, L.; Geminiani, M.; Braconi, D.; Marzocchi, B.; Botta, M.; Manetti, F.; Santucci, A.
Inhibition of Para-Hydroxyphenylpyruvate Dioxygenase by Analogues of the Herbicide Nitisinone as a Strategy to Decrease
Homogentisic Acid Levels, the Causative Agent of Alkaptonuria. ChemMedChem 2016, 11, 674-678. [CrossRef]

Ranganath, L.R.; Milan, A.M.; Hughes, A.T.; Davison, A.S.; Norman, B.P.; Bou-Gharios, G.; Gallagher, J.A.; Imrich, R.; Arnoux,
J.B.; Rudebeck, M.; et al. Determinants of Tyrosinaemia during Nitisinone Therapy in Alkaptonuria. Sci. Rep. 2022, 12, 16083.
[CrossRef]

Davison, A.S.; Strittmatter, N.; Sutherland, H.; Hughes, A.T.; Hughes, J.; Bou-Gharios, G.; Milan, A.M.; Goodwin, R.J.A,;
Ranganath, L.R.; Gallagher, ].A. Assessing the Effect of Nitisinone Induced Hypertyrosinaemia on Monoamine Neurotransmitters
in Brain Tissue from a Murine Model of Alkaptonuria Using Mass Spectrometry Imaging. Metabolomics 2019, 15, 68. [CrossRef]
Ranganath, L.R.; Khedr, M.; Milan, A.M.; Davison, A.S.; Hughes, A.T.; Usher, J.L.; Taylor, S.; Loftus, N.; Daroszewska, A.; West,
E.; et al. Nitisinone Arrests Ochronosis and Decreases Rate of Progression of Alkaptonuria: Evaluation of the Effect of Nitisinone
in the United Kingdom National Alkaptonuria Centre. Mol Genet Metab 2018, 125, 127-134. [CrossRef]

White, A.; Tchan, M.C. Nitisinone-Induced Keratopathy in Alkaptonuria: A Challenging Diagnosis Despite Clinical Suspicion.
JIMD Rep. 2018, 40, 7. [CrossRef]

Zatkova, A.; Olsson, B.; Ranganath, L.R.; Imrich, R. Analysis of the Phenotype Differences in Siblings with Alkaptonuria.
Metabolites 2022, 12, 990. [CrossRef]

Eisner, R.; Stretch, C.; Eastman, T.; Xia, J.; Hau, D.; Damaraju, S.; Greiner, R.; Wishart, D.S.; Baracos, V.E. Learning to Predict
Cancer-Associated Skeletal Muscle Wasting from 1H-NMR Profiles of Urinary Metabolites. Metabolomics 2011, 7, 25-34. [CrossRef]
Saude, E.J.; Sykes, B.D. Urine Stability for Metabolomic Studies: Effects of Preparation and Storage. Metabolomics 2007, 3, 19-27.
[CrossRef]

Mindikoglu, A.L.; Opekun, A.R.; Putluri, N.; Devaraj, S.; Sheikh-Hamad, D.; Vierling, ].M.; Goss, ].A.; Rana, A.; Sood, G.K ; Jalal,
PK.; et al. Unique Metabolomic Signature Associated with Hepatorenal Dysfunction and Mortality in Cirrhosis. Transl. Res. 2018,
195, 25-47. [CrossRef] [PubMed]

Du, C,; Cao, S.; Shi, X.; Nie, X.; Zheng, J.; Deng, Y.; Ruan, L.; Peng, D.; Sun, M. Genetic and Biochemical Characterization of
a Gene Operon for Trans-Aconitic Acid, a Novel Nematicide from Bacillus Thuringiensis. . Biol. Chem. 2017, 292, 3517-3530.
[CrossRef] [PubMed]

Saffran, M.; Prado, J.L. Inhibition of aconitase by trans-aconitate. J. Biol. Chem. 1949, 180, 1301-1309. [CrossRef] [PubMed]
Villafranca, ].J. The Mechanism of Aconitase Action: Evidence for an enzyme isomerization by studies of inhibition by tricarboxylic
acids. J. Biol. Chem. 1974, 249, 6149-6155. [CrossRef] [PubMed]

Brosnan, M.E.; Brosnan, ].T. Formate: The Neglected Member of One-Carbon Metabolism. Annu. Rev. Nutr. 2016, 36, 369-388.
[CrossRef]

Stretch, C.; Eastman, T.; Mandal, R.; Eisner, R.; Wishart, D.S.; Mourtzakis, M.; Prado, C.M.M.; Damaraju, S.; Ball, R.O.; Greiner,
R.; et al. Prediction of Skeletal Muscle and Fat Mass in Patients with Advanced Cancer Using a Metabolomic Approach. J. Nutr.
2012, 142, 14-21. [CrossRef]

McCann, M.R.; de la Rosa, M.V.G.; Rosania, G.R.; Stringer, K.A. L-Carnitine and Acylcarnitines: Mitochondrial Biomarkers for
Precision Medicine. Metabolites 2021, 11, 51. [CrossRef]

Reuter, S.E.; Evans, A.M. Carnitine and Acylcarnitines. Clin. Pharmacokinet. 2012, 51, 553-572. [CrossRef]

Evans, A.M.; Fornasini, G. Pharmacokinetics of L-Carnitine. Clin. Pharmacokinet. 2012, 42, 941-967. [CrossRef] [PubMed]


http://doi.org/10.1002/art.1780090108
http://doi.org/10.1038/s41598-021-01670-z
http://doi.org/10.4161/rdis.27475
http://doi.org/10.1016/S2213-8587(20)30228-X
http://www.ncbi.nlm.nih.gov/pubmed/32822600
http://doi.org/10.1016/j.gendis.2021.02.007
http://www.ncbi.nlm.nih.gov/pubmed/35685462
http://doi.org/10.1007/8904_2015_412
http://www.ncbi.nlm.nih.gov/pubmed/25772318
http://doi.org/10.1136/ANNRHEUMDIS-2014-206033
http://www.ncbi.nlm.nih.gov/pubmed/25475116
http://doi.org/10.1002/cmdc.201500578
http://doi.org/10.1038/s41598-022-20424-z
http://doi.org/10.1007/s11306-019-1531-4
http://doi.org/10.1016/j.ymgme.2018.07.011
http://doi.org/10.1007/8904_2017_56
http://doi.org/10.3390/metabo12100990
http://doi.org/10.1007/s11306-010-0232-9
http://doi.org/10.1007/s11306-006-0042-2
http://doi.org/10.1016/j.trsl.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29291380
http://doi.org/10.1074/jbc.M116.762666
http://www.ncbi.nlm.nih.gov/pubmed/28087696
http://doi.org/10.1016/S0021-9258(19)51244-3
http://www.ncbi.nlm.nih.gov/pubmed/18139222
http://doi.org/10.1016/S0021-9258(19)42233-3
http://www.ncbi.nlm.nih.gov/pubmed/4422090
http://doi.org/10.1146/annurev-nutr-071715-050738
http://doi.org/10.3945/jn.111.147751
http://doi.org/10.3390/metabo11010051
http://doi.org/10.1007/BF03261931
http://doi.org/10.2165/00003088-200342110-00002
http://www.ncbi.nlm.nih.gov/pubmed/12908852

Int. . Mol. Sci. 2022, 23, 15805 12 0of 12

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Bruls, YM.; de Ligt, M.; Lindeboom, L.; Phielix, E.; Havekes, B.; Schaart, G.; Kornips, E.; Wildberger, ].E.; Hesselink, M.K.; Muoio,
D.; et al. Carnitine Supplementation Improves Metabolic Flexibility and Skeletal Muscle Acetylcarnitine Formation in Volunteers
with Impaired Glucose Tolerance: A Randomised Controlled Trial. EBioMedicine 2019, 49, 318-330. [CrossRef] [PubMed]
Muoio, D.M. Metabolic Inflexibility: When Mitochondrial Indecision Leads to Metabolic Gridlock. Cell 2014, 159, 1253-1262.
[CrossRef] [PubMed]

Schroeder, M.A.; Atherton, H.].; Dodd, M.S.; Lee, P.; Cochlin, L.E.; Radda, G.K,; Clarke, K.; Tyler, D.]. The Cycling of Acetyl-CoA
through Acetylcarnitine Buffers Cardiac Substrate Supply: A Hyperpolarised 13C Magnetic Resonance Study. Circ Cardiovasc
Imaging 2012, 5, 201. [CrossRef] [PubMed]

Dall’Asta, M.; Calani, L.; Tedeschi, M.; Jechiu, L.; Brighenti, F.; del Rio, D. Identification of Microbial Metabolites Derived from in
Vitro Fecal Fermentation of Different Polyphenolic Food Sources. Nutrition 2012, 28, 197-203. [CrossRef]

Lehotay, D.C.; Clarke, J.T.R. Organic Acidurias and Related Abnormalities. Crit. Rev. Clin. Lab Sci. 1995, 32, 377-429. [CrossRef]
Dzurik, R.; Spustova, V.; Krivosikova, Z.; Gaziikova, K. Hippurate Participates in the Correction of Metabolic Acidosis. Kidney Int.
2001, 59, S278-5281. [CrossRef]

Davison, A.S.; Milan, A.M.; Gallagher, J.A.; Ranganath, L.R. Acute Fatal Metabolic Complications in Alkaptonuria. J. Inherit.
Metab. Dis. 2016, 39, 203-210. [CrossRef]

Pallister, T.; Jackson, M.A.; Martin, T.C.; Zierer, ].; Jennings, A.; Mohney, R.P.; MacGregor, A.; Steves, C.J.; Cassidy, A.; Spector,
T.D,; et al. Hippurate as a Metabolomic Marker of Gut Microbiome Diversity: Modulation by Diet and Relationship to Metabolic
Syndrome. Sci. Rep. 2017, 7, 13670. [CrossRef]

Joncquel-Chevalier Curt, M.; Voicu, PM.; Fontaine, M.; Dessein, A.E; Porchet, N.; Mention-Mulliez, K.; Dobbelaere, D.; Soto-Ares,
G.; Cheillan, D.; Vamecq, J. Creatine Biosynthesis and Transport in Health and Disease. Biochimie 2015, 119, 146-165. [CrossRef]
Wyss, M.; Kaddurah-Daouk, R. Creatine and Creatinine Metabolism. Physiol. Rev. 2000, 80, 1107-1213. [CrossRef] [PubMed]
Chung, Y.L.; Wassif, W.S.; Bell, ].D.; Hurley, M.; Scott, D.L. Urinary Levels of Creatine and Other Metabolites in the Assessment of
Polymyositis and Dermatomyositis. Rheumatology 2003, 42, 298-303. [CrossRef] [PubMed]

Liu, D.; Zhao, L,; Jiang, Y.; Li, L.; Guo, M.; Mu, Y.; Zhu, H. Integrated Analysis of Plasma and Urine Reveals Unique Metabolomic
Profiles in Idiopathic Inflammatory Myopathies Subtypes. J. Cachexia Sarcopenia Muscle 2022, 13, 2456-2472. [CrossRef]
Al-Ajlouni, ].M.; Alisi, M.S.; Yasin, M.S.; Khanfar, A.; Hamdan, M.; Halaweh, A.A.; al Hawamdeh, H,; Elessi, K.; Alsbou, M.S.
Long-Term Outcomes of the Knee and Hip Arthroplasties in Patients with Alkaptonuria. Arthroplast Today 2020, 6, 689-693.
[CrossRef] [PubMed]

Ranganath, L.R.; Jarvis, ].C.; Gallagher, ].A. Recent Advances in Management of Alkaptonuria (Invited Review; Best Practice
Article). J. Clin. Pathol. 2013, 66, 367-373. [CrossRef]

Brier, M.E.; Bowsher, R.R.; Mayer, P.R.; Henry, D.P. Conversion of P-Tyrosine to p-Tyramine in the Isolated Perfused Rat Kidney:
Modulation by Perfusate Concentrations of p-Tyrosine. Life Sci. 1991, 48, 901-907. [CrossRef]

Gainetdinov, R.R.; Hoener, M.C.; Berry, M.D. Trace Amines and Their Receptors. Pharmacol. Rev. 2018, 70, 549-620. [CrossRef]
Berry, M.D. Mammalian Central Nervous System Trace Amines. Pharmacologic Amphetamines, Physiologic Neuromodulators.
J. Neurochem. 2004, 90, 257-271. [CrossRef]

Hoag, G.N.; Hill, A.; Zaleski, W. Urinary P-Tyramine in Hereditary Tyrosinemia: II. Origin of Urinary p-Tyramine. Clin. Biochem.
1977, 10, 26-28. [CrossRef]

Berry, M.D.; Juorio, A.V.; Li, X.M.; Boulton, A.A. Aromatic L-Amino Acid Decarboxylase: A Neglected and Misunderstood
Enzyme. Neurochem. Res. 1996, 21, 1075-1087. [CrossRef]

Duchemin, A.M.; Neff, N.H.; Hadjiconstantinou, M. Aromatic L-Amino Acid Decarboxylase Phosphorylation and Activation by
PKGI«in Vitro. J. Neurochem. 2010, 114, 542-552. [CrossRef] [PubMed]

Duchemin, A.M.; Berry, M.D.; Neff, N.H.; Hadjiconstantinou, M. Phosphorylation and Activation of Brain Aromatic L-Amino
Acid Decarboxylase by Cyclic AMP-Dependent Protein Kinase. . Neurochem. 2000, 75, 725-731. [CrossRef] [PubMed]
Ranganath, L.R.; Milan, A.M.; Hughes, A.T.; Khedr, M.; Davison, A.S.; Shweihdi, E.; Norman, B.P.; Hughes, ]. H.; Bygott, H.;
Luangrath, E.; et al. Homogentisic Acid Is Not Only Eliminated by Glomerular Filtration and Tubular Secretion but Also Produced
in the Kidney in Alkaptonuria. J. Inherit. Metab. Dis. 2020, 43, 737-747. [CrossRef] [PubMed]

Grasso, D.; Pillozzi, S.; Tazza, I.; Bertelli, M.; Campanacci, D.A.; Palchetti, I.; Bernini, A. An Improved NMR Approach for
Metabolomics of Intact Serum Samples. Anal. Biochem. 2022, 654, 114826. [CrossRef]

Ranganath, L.R.; Milan, A.M.; Hughes, A.T.; Davison, A.S.; Khedr, M.; Norman, B.P,; Bou-Gharios, G.; Gallagher, J.A.; Gornall,
M.; Jackson, R.; et al. Characterization of Changes in the Tyrosine Pathway by 24-h Profiling during Nitisinone Treatment in
Alkaptonuria. Mol. Genet. Metab. Rep. 2022, 30, 100846. [CrossRef]

le Guennec, A.; Tayyari, F; Edison, A.S. Alternatives to Nuclear Overhauser Enhancement Spectroscopy Presat and
Carr—Purcell -Meiboom —Gill Presat for NMR-Based Metabolomics. Anal. Chem. 2017, 89, 52. [CrossRef]

Pang, Z.; Chong, J.; Zhou, G.; de Lima Morais, D.A.; Chang, L.; Barrette, M.; Gauthier, C.; Jacques, PE.;Li,S; Xia, J. MetaboAnalyst
5.0: Narrowing the Gap between Raw Spectra and Functional Insights. Nucleic Acids Res. 2021, 49, W388-W396. [CrossRef]


http://doi.org/10.1016/j.ebiom.2019.10.017
http://www.ncbi.nlm.nih.gov/pubmed/31676389
http://doi.org/10.1016/j.cell.2014.11.034
http://www.ncbi.nlm.nih.gov/pubmed/25480291
http://doi.org/10.1161/CIRCIMAGING.111.969451
http://www.ncbi.nlm.nih.gov/pubmed/22238215
http://doi.org/10.1016/j.nut.2011.06.005
http://doi.org/10.3109/10408369509084689
http://doi.org/10.1046/j.1523-1755.2001.59780278.x
http://doi.org/10.1007/s10545-015-9902-0
http://doi.org/10.1038/s41598-017-13722-4
http://doi.org/10.1016/j.biochi.2015.10.022
http://doi.org/10.1152/physrev.2000.80.3.1107
http://www.ncbi.nlm.nih.gov/pubmed/10893433
http://doi.org/10.1093/rheumatology/keg084
http://www.ncbi.nlm.nih.gov/pubmed/12595626
http://doi.org/10.1002/jcsm.13045
http://doi.org/10.1016/j.artd.2020.07.037
http://www.ncbi.nlm.nih.gov/pubmed/32875021
http://doi.org/10.1136/jclinpath-2012-200877
http://doi.org/10.1016/0024-3205(91)90037-C
http://doi.org/10.1124/pr.117.015305
http://doi.org/10.1111/j.1471-4159.2004.02501.x
http://doi.org/10.1016/S0009-9120(77)90406-4
http://doi.org/10.1007/BF02532418
http://doi.org/10.1111/j.1471-4159.2010.06784.x
http://www.ncbi.nlm.nih.gov/pubmed/20456015
http://doi.org/10.1046/j.1471-4159.2000.0750725.x
http://www.ncbi.nlm.nih.gov/pubmed/10899948
http://doi.org/10.1002/jimd.12181
http://www.ncbi.nlm.nih.gov/pubmed/31609457
http://doi.org/10.1016/j.ab.2022.114826
http://doi.org/10.1016/j.ymgmr.2022.100846
http://doi.org/10.1021/acs.analchem.7b02354
http://doi.org/10.1093/nar/gkab382

	Introduction 
	Results and Discussion 
	NMR Spectroscopy 
	Multivariate Analysis 
	Pathway Analysis 
	NMR Metabolic Profile of a Nitisinone-Treated Patient 
	Reactivity of HPAA and HPLA 

	Materials and Methods 
	Biological Samples 
	Sample Preparation 
	1H NMR Spectroscopy 

	Conclusions 
	References

