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Abstract Background and aim: Alkaptonuria (AKU) clini-
cal manifestations resemble severe arthritis. The Suitability
of Nitisinone in Alkaptonuria 1 (SONIA 1) study is a dose-
finding trial for nitisinone treatment of AKU patients. We
tested a panel of serum and urinary biomarkers reflecting
extracellular matrix remodelling (ECMR) of cartilage, bone
and connective tissue in SONIA 1 patients to identify
non-invasive and diagnostic biomarkers of tissue turnover
in AKU.

Methods: Fasted serum and urine were retrieved from 40
SONIA 1 patients and 44 healthy controls. Established
biomarkers of bone remodelling (CTX-I, P1NP, OC),
cartilage remodelling (CTX-II, C2M, AGNx1) and inflam-
mation (CRPM) as well as exploratory biomarkers of
ECMR (C6M, VCANM, MIM, TIM) were measured at

baseline in serum and urine by means of enzyme-linked
immunosorbent assays (ELISAs) or automated systems
(Elecsys 2010).

Results: The levels of bone resorption (CTX-I) and
cartilage degradation (C2M) were elevated in AKU patients
as compared to controls (p > 0.0001 and p ¼ 0.03,
respectively). Also tissue inflammation (CRPM) was
elevated in AKU patients (p ¼ 0.01). In addition all four
exploratory biomarkers of ECMR (C6M, VCANM, MIM,
TIM) were elevated in AKU patients compared to healthy
controls. CTX-II was the only biomarker to be reduced in
AKU patients. TIM was the only marker that showed a
higher concentration than the normal assay range in AKU
patients.

Conclusions: We have identified new potential bio-
markers for assessment of cartilage, bone and cardiovascu-
lar remodelling in AKU and demonstrated the robustness of
the assays used to measure the biomarker concentration in
biological fluids.

Introduction

Alkaptonuria (AKU, OMIM disorder accession number
203500) is an ultra orphan autosomal recessive disorder
caused by the deficiency of the enzyme homogentisate 1,2-
dioxygenase (HGO). HGO is responsible for the break-
down of homogentisic acid (HGA) into 4-maleylacetoace-
tate during the tyrosine and phenylalanine catabolism.
Accumulated HGA can be oxidised to a melanin-like
polymeric pigment via benzoquinone acetic acid (BQA),
which in turn is deposited in connective tissues in a process
termed ochronosis. Cartilage appears to be a preferred site
for ochronosis, and one of the earliest and most severe
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clinical manifestations is a premature osteoarthropathy
resembling osteoarthritis, which begins to occur around
the age of 30 years. Progressive arthritic pain affects the
spine and weight-bearing joints, which develops into
kyphoscoliosis, impaired spinal and thoracic mobility disc
disease/prolapse and vertebral and long bone fractures.
Hearing loss, cardiac arrhythmias and congestive cardiac
failure also occur in 40, 40 and 10%, respectively of all
AKU patients (Ranganath et al. 2013). AKU has an
incidence of 1:250,000–1,000,000, which increases to
1:19,000 in restricted communities, e.g. in Slovakia
(Zatkova 2011). AKU is diagnosed by urine homogentisic
acid measurement following clinical suspicion in case of
symptoms such as dark urine, staining of nappies in babies
and pigmentation in the ears and eyes.

Because of the similarities and the differences of joint
destruction in AKU and osteoarthritis and the rapid
progression of joint disease in AKU, we decided to
investigate biomarkers previously tested in arthritis in
AKU. Several protease-dependent ECM remodelling bio-
markers (neo-epitope) of cartilage degradation and bone
resorption have been described in arthritis-related literature;
the most characterised and validated are CTX-II (matrix
metalloproteinase (MMP)-dependent type II collagen deg-
radation) indicating subchondral remodelling (Dam et al.
2009a) and CTX-I (cathepsin K-dependent type I collagen
degradation) and OC (osteocalcin) indicating bone resorp-
tion and formation, respectively (Garnero et al. 2003;
Rosenquist et al. 1995). Other cartilage and bone bio-
markers have shown promising results in arthritis, such as
AGNxI (aggrecanase-mediated aggrecan degradation),
C2M (MMP-mediated type II collagen degradation) (Sie-
buhr et al. 2014; Dorleijn et al. 2014; Bay-Jensen et al.
2014) and P1NP (type I collagen formation) (Siebuhr et al.
2012). Moreover, since the pathology of ochronosis may
involve the cardiac cartilage, with clinical manifestations
such as cardiac arrhythmias and congestive cardiac failure,
our interest was to investigate also potential biomarkers of
cardiac and vascular remodelling. TIM (MMP-mediated
titin degradation) is a biomarker for cardiac remodelling
(Vassiliadis et al. 2012), and VCANM (MMP-mediated
versican degradation) and MIM (MMP-mediated mimecan
degradation) were previously associated with atherosclero-
sis (Barascuk et al. 2013; Barascuk et al. 2011). The
biomarker for MMP-mediated type VI collagen remodel-
ling C6M and the inflammatory biomarker CRPM (MMP-
mediated degradation of C-reactive protein) (Veidal et al.
2011; Skjot-Arkil et al. 2012) were also considered as
possible AKU diagnostic biomarkers. Type VI collagen is a
prominent component of articular cartilage (Soder et al.
2002), and CRPM was shown as a biomarker for local
inflammation in another articular disease, ankylosing
spondylitis (Skjot-Arkil et al. 2012).

The currently available treatment is mostly palliative,
with lifelong analgesia and joint surgery. Suitability of
Nitisinone in Alkaptonuria 1 (SONIA 1) is a randomised
clinical study for nitisinone dose selection to treat AKU
patients (Ranganath et al. 2014). Nitisinone is a competitive
inhibitor of the enzyme 4-hydroxyphenylpyruvate dioxyge-
nase, which metabolises 4-hydroxyphenylpyruvate to HGA,
which therefore prevents HGA formation. A recent study
has demonstrated that nitisinone blocks the formation of the
ochronotic pigment in a mouse model of AKU (Preston
et al. 2014). Here we analysed the mentioned biomarkers of
extracellular matrix remodelling in the serum and urine of
SONIA 1 patients, in order to identify possible biomarkers
of disease status.

Methods

Clinical Cohort

SONIA 1 is a randomised, open-label, parallel-group study
with a no-treatment control group. The study was con-
ducted at two sites, Liverpool (United Kingdom) and
Piešťany (Slovakia).

Patients were recruited if they were 18 years and older,
with proven increased homogentisic acid excretion in the
urine. Ochronosis was not a requirement for participation;
however, 80% of the patients presented observable signs of
ochronosis in the ears, eyes or skin at enrolment. Forty
AKU patients were randomised into five groups (eight
patients per group) to receive either 1, 2, 4 or 8 mg
nitisinone once daily or no treatment (control) for 4 weeks.
Serum and urine (first morning void) were collected at
baseline, 2 weeks and 4 weeks. Detailed information on the
study has previously been published (Ranganath et al.
2014). Forty-four healthy individuals were used as a control
group. Serum and urine (first morning void, 40 samples)
were collected in Denmark from healthy volunteers and
elderly women enrolled in a variety of studies at CCBR,
Ballerup (Dam et al. 2009b). Demographics of the patients
enrolled in the study that were considered for this work and
of healthy controls are detailed in Table 1.

Measurements

Selected biomarkers for extracellular matrix remodelling
were measured in the serum and urine of AKU patients
(SONIA 1 baseline) and healthy controls to detect which of
the biomarkers had increased concentration in AKU in
order to profile the turnover of cartilage and bone in AKU
patients. Established biomarkers of bone formation and
resorption and cartilage remodelling were measured
together with more exploratory biomarkers for extracellular
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matrix remodelling. The biomarkers measured in the study
and the bibliographic references for the corresponding
assays are listed in Table 2. All commercial assays were
run following manufacturer’s instructions. b-CrossLaps
Elecsys 2010 was used for the measurement of CTX-I, U-
CartiLaps ELISA for the measurement of CTX-II, N-MID
Osteocalcin Elecsys 2010 for the measurement of OC and
P1NP Elecsys 2010 for the measurement of P1NP. All other
assays (C2M, AGNx1, C6M, CRPM, TIM, VCANM,
MIM) were competitive ELISAs developed at Nordic
Bioscience and performed according to the protocols
detailed in the indicated references. CTX-II was measured
in the urine, and CTX-I was measured in both the serum
and urine. The concentration of the urinary biomarkers was
normalised for urine creatinine. All other biomarkers were
measured only in the serum.

Robustness Analysis

The robustness of the biomarkers in this cohort was
evaluated by observing their dependence from demographic
parameters, such as age, gender and BMI, from collection
site and from collection time. To explore this last point, we
used repeated samples from six SONIA 1 patients collected
over 24 h: two baseline samples, two samples after 1 month

of treatment with 8 mg/day nitisinone and two samples after
1 month in the non-treated arm. The variation is shown as
% change from time 0. A % change <20% was considered
in the limits of intrinsic variation of the assay. This
evaluation was performed in serum assays only, since the
24 h collection of urine was done by acidifying the urine
and this procedure was incompatible with the assays used.
The concentration range of normal samples (normal range)
specified in the ELISA protocols was used as standard to
compare the values of the biomarkers measured in the
study.

Creatinine Assessment

The urinary biomarkers were normalised for levels of urine
creatinine. Since AKU patients have high levels of homoge-
ntisic acid (HGA) in their urine, the possibility that HGA
could interfere with the enzymatic creatinine assay was
explored. In order to assess the possible interference of HGA
with the creatinine assessment, the creatinine levels
measured by a creatininase-based reaction assay and by a
Jaffé-based reaction assay were compared. Creatinine was
assessed in first void morning urine of AKU patients using
two different commercial assays. Urine creatinine was
measured on the Siemens Advia 1800 analyser, using an

Table 2 Biomarkers measured in the SONIA 1 study

Biomarker Matrix Specification Indication References

AGNx1 Serum Aggrecan degradation mediated by aggrecanase Cartilage remodelling Wang et al. (2009)

C2M Serum Collagen type II degradation mediated by MMPs Cartilage remodelling Bay-Jensen et al. (2011)

CTX-II Urine C-telopeptide of collagen type II Cartilage remodelling Dam et al. (2009a)

C6M Serum Collagen type VI degradation mediated by
MMPs

Cartilage remodelling Veidal et al. (2011)

P1NP Serum Collagen type I pro-peptide Bone formation Leeming et al. (2010)

OC Serum Osteocalcin Bone formation Rosenquist et al. (1995)

CTX-I Serum and urine Collagen type I degradation mediated by
cathepsin K and cross-linking

Bone resorption Garnero et al. (2003)

CRPM Serum C-reactive protein degradation mediated by
MMPs

Local inflammation Skjot-Arkil et al. (2012)

MIM Serum Mimecan degradation mediated by MMPs Cardiovascular remodelling Barascuk et al. (2011)

TIM Serum Titin degradation mediated by MMPs Cardiovascular remodelling Vassiliadis et al. (2012)

VCANM Serum Versican degradation mediated by MMPs Cardiovascular remodelling Barascuk et al. (2013)

Table 1 Demographics of SONIA 1 population and controls

Parameter AKU pts Liverpool AKU pts Piestany Controls (serum) Controls (urine)

Number 15 25 44 40

Age (mean; min–max) 48.3; 32–60 47.1; 19–63 58.6; 22–79 46.9; 22–68

Gender (male/female) 12/3 15/10 3/41 6/34

BMI (mean; min–max) 27.6; 19.6–40.3 28.0; 21.3–42.3 – –
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enzymatic creatinine assay, based upon the conversion of
creatinine to glycine, formaldehyde and hydrogen peroxide,
catalysed by creatininase and sarcosine oxidase. Urine
creatinine was also measured using the creatinine Jaffé
method on the COBAS 701 analyser where creatinine forms
a yellow-orange complex with picrate at an alkaline pH.

Assessment of HGA Interference with Hydroxyperoxidase-
Based ELISAs

To assess the possible interference of HGA with the
peroxidase-based detection system in the ELISAs, three
serum samples (one with no HGA, one with low HGA and
one with high HGA) and three urine samples (one with no
HGA, one with low HGA and one with high HGA) were
spiked with twofold diluted HGA starting from 20 mM.
The recovery of the analyte was investigated in the CRPM
ELISA for serum and in the U-CartiLaps ELISA (CTX-II)
for urine, taken as representative assays for serum and urine
measurements, considering as 100% the concentration of
the sample without HGA added.

Results

Robustness Analysis of the Biomarkers

P1NP, N-MID and VCANM showed a good stability over
24 h, presenting an average variation <10%. C6M, CRPM
and TIM presented an average variation <20%, but they
presented outliners that showed a higher variation. AGNx1,
CTX-I, C2M and MIM showed an average variation >20%
during the day. None of the biomarkers were age dependent.
Only CTX-II/creatinine was significantly more elevated in
the urine of female AKU patients than male. The same trend
was observable in the control group although the difference
was not significant (p ¼ 0.06). Only CTX-I measured in the
serum was significantly lower in obese patients compared to
patients with normal weight. A similar tendency, although
not significant, was observed in urine levels of CTX-I. Urine
CTX-I and serum TIM levels were significantly different in
patients enrolled in Liverpool and in Piešťany. The results
of the robustness analysis are summarised in Fig. S1 and
Table S1 of the supplementary data.

Interference of HGA with Enzyme-Based Assays

Figure S2 of the supplementary data shows the correlation
between the creatinine concentration obtained using the two
assays for creatinine measurement in urine samples with
HGA/creatinine levels >600 mmol/mmol and in urine
samples with HGA/creatinine <600 mmol/mmol. While
the creatinine levels measured in the two assays were

strongly correlated in samples containing HGA at very low
levels (Fig. S2b), the creatininase-based assay underesti-
mated the concentration of creatinine in samples with high
HGA content (Fig. S2a). The Jaffé-based reaction assay
was then used in the assessment of urine creatinine used to
normalise the urinary marker CTX-II.

Table S2 and S3 show the recovery of analyte
concentration in the assay for urinary CTX-I and serologi-
cal CRPM. The average recovery was within the accepted
values in the presence of decreasing concentrations of HGA
spiked in the samples. This was particularly valid in
alkaptonuric patient samples, in which HGA was already
present. The initial concentration of 20 mM represents the
maximum concentration present in the urine of AKU
patients.

Diagnostic Markers of ECM Remodelling in AKU

As summarised in Table 3, the biomarkers for cartilage
degradation C2M and C6M, for bone resorption CTX-I, for
chronic inflammation CRPM and for cardiovascular remod-
elling MIM, TIM and VCANM were significantly more
elevated in SONIA 1 patients than in healthy controls. The
biomarker for subchondral cartilage remodelling CTX-II was
less concentrated in the urine of SONIA 1 patients than in
healthy urine. TIM was the biomarker that showed the best
separation between the two groups, with an area under the
receiving operating curve close to 0.9 (Fig. 1). All biomarker
concentration was within the concentration range indicated
in the assay protocol, which is based on measurement on
serum and urine from the normal population (Table 3),
except TIM in SONIA 1 patients, which was markedly more
elevated than the highest concentration range.

None of the biomarkers changed following 1 month of
treatment with nitisinone at any dose (Table S4).

Discussion

This is the first study exploring the protease-dependent
cartilage and bone extracellular matrix remodelling in AKU
patients. We have observed the basal levels of ECM
turnover in patients with AKU enrolled in the SONIA 1
clinical study. We could not detect any change in the levels
of the biomarkers following treatment, probably due to the
short observation period; however, we were able to identify
some promising diagnostic biomarkers, which can describe
ochronosis features with respect to bone and cartilage
remodelling.

To investigate the robustness of our biomarkers for their
use in clinical studies, we evaluated the possible depen-
dence of the biomarkers from age, BMI, gender and site of
sample collection. The biomarkers were not different in
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various age and gender groups. CTX-I, a biomarker for
bone resorption, was decreased in obese patients, suggest-
ing that obese AKU patients present a reduced bone
remodelling. Urinary levels of CTX-I were reduced, and
serological levels of TIM were increased in patients
enrolled in Liverpool compared to patients enrolled in
Piešťany. The patients enrolled in Liverpool came from
different European nations, and it is therefore not possible
to identify a common trait in different lifestyle and eating
habits that could explain the difference in the biomarkers.
We evaluated the circadian variation of the biomarkers and
showed that most of the serum biomarkers had little to none
variation in the serum of SONIA 1 patients in 24 hours. The
only biomarkers which showed a variation not imputable to

the assay normal variation were AGNx1, CTX-I, C2M and
MIM. This information is novel for the exploratory
biomarkers MIM and for AGNx1 and C2M, but this
tendency has already been demonstrated and discussed for
CTX-I (Karsdal et al. 2008). It is possible to conclude that
such variation did not affect the present study, since the
sampling was performed at the same time in all patients and
in all visits, but it must be taken into consideration in case
of different study designs.

As part of the robustness analysis, we also investigated,
following indications from previous literature (Curtis et al.
2014), whether the presence of high concentration of HGA
in the urine of AKU patients could interfere with the
enzymatic reaction of the creatininase used in the creatinine

Fig. 1 Diagnostic potential of TIM. (a) Concentration levels in the serum of SONIA 1 patients and healthy controls; (b) AUROC for TIM
(cut-off: 161.9 ng/ml)

Table 3 Concentration of the serological and urinary biomarkers in SONIA 1 patients (baseline levels) and in healthy controls. Normal range of
the biomarkers in serum and urine samples according to the assay protocol and statistical difference among the two groups calculated by
Mann–Whitney test

Biomarker (measured in)a AKU Controls Normal range p-value AUROC (cut-off)

AGNx1 (serum) 11.04 (12.68) 8.14 (7.13) 2.3–37 0.21

C2M (serum) 0.30 (0.17) 0.24 (0.08) 0.16–0.94 0.03 0.632 (>0.21)

C6M (serum) 12.75 (5.04) 9.24 (4.22) 6.0–25.4 0.001 0.755 (>8.6)

CRPM (serum) 10.30 (2.72) 8.92 (2.22) 4.8–11.7 0.01 0.663 (>9.9)

CTX-I (serum) 0.52 (0.20) 0.31 (0.12) 0.025–1.008 <0.0001 0.837 (>0.35)

CTX-I/Cre (urine) 2.94 (3.15) 2.34 (1.51) – 0.28

CTX-II/Cre (urine) 0.51 (0.48) 0.78 (0.70) 0.65–1.17 0.05 0.643 (�0.6)

MIM (serum) 25.27 (13.06) 12.48 (4.17) 4.58–32.76 <0.0001 0.880 (>13.4)

OC (serum) 26.99 (10.49) 24.53 (7.01) 11–46 0.22

P1NP (serum) 68.85 (29.31) 57.72 (18.75) 15.13–73.87 0.047

TIM (serum) 231.21 (63.37) 133.23 (56.81) 111–197 <0.0001 0.898 (>161.9)

VCANM (serum) 1.51 (0.32) 1.38 (0.24) 0.94–1.52 0.043 0.633 (>1.5)

a Biomarkers measured in ng/ml except CTX-I/Cre and CTX-II/Cre, mg/mmol creatinine
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assay and of the peroxidase used in the ELISAs. The
correlation analysis of the creatinine levels measured with a
creatininase-based assay and a Jaffé-based assay, which is
not influenced by HGA, demonstrated that high urinary
HGA levels interfere with the creatininase, leading to a
lower signal and an underestimation of creatinine concen-
tration. Therefore, a Jaffé-based assay is to be used for a
correct estimation of urine creatinine in AKU patients,
especially pre-nitisinone when urine HGA is greatest. On
the contrary the peroxidase-based serum and urine assays
seemed not to be affected by high levels of HGA, as
demonstrated by the spiking experiment.

In AKU it is commonly held that cartilage is the
predominantly affected tissue, whereas unbalanced bone
remodelling is limited. However, recent evidences suggest
that changes within the bone compartment occur in AKU
patients (Taylor et al. 2012a). Furthermore, these changes in
bone were more frequent in AKU (100%) than OA (70%)
(Taylor et al. 2012a). CTX-I and OC have been heavily
studied as a measure of bone balance in arthritis. In
ankylosing spondylitis CTX-I and OC separately were
shown to be associated with disease duration, and an
association between the biomarkers indicated the skewed
turnover of bone in ankylosing spondylitis (Arends et al.
2012). CTX-I alone was studied in RA numerous times and
was associated with disease progression and disease activity
(Syversen et al. 2009). However, in OA the results on CTX-
I were contrary (Karsdal et al. 2010). In arthritis CTX-II
was shown to be related to joint erosions and revealed a
predictive value for radiographic progression (Hashimoto
et al. 2009). In addition, CTX-II was associated with
disease activity of ankylosing spondylitis (Pedersen et al.
2011) and correlated with inflammation (Vosse et al. 2008).
The cartilage biomarker, C2M, was shown to be able to
discriminate between early responders and nonresponders
in RA patients treated with tocilizumab (Bay-Jensen
et al. 2014).

In SONIA 1 patients’ serum CTX-I was elevated when
compared to healthy control and the biomarker could
separate efficiently the two groups (AUROC: 0.837). The
levels of the biomarker in SONIA 1 patients were the same
as previously observed in RA patients (data not shown).
P1NP, a biomarker for bone formation, was elevated in
AKU patients compared to controls despite the magnitude
of the difference was not as elevated as for CTX-I. These
results support the histological findings that pathological
bone turnover is a feature of AKU. Nevertheless, OC was
not elevated in this population, which is consistent with the
focal uncoupling of resorption and formation in subchon-
dral trabecular bone. Among the cartilage degradation
biomarkers, C2M and CTX-II levels were significantly
different between AKU patients and controls. C2M

increased in AKU patients, with levels comparable to those
observed in noninflammatory OA and early RA, but lower
than those observed in inflammatory OA and severe RA
(data not shown). The same observation can be done
regarding the levels of CRPM, a biomarker for local
chronic inflammation which, despite being more elevated
in AKU patients than in the controls, presented lower levels
than in other rheumatologic disease such as inflammatory
OA and RA (data not shown). The urinary levels of CTX-II
were on the contrary lower in SONIA 1 patients. This is
likely to be related to the extensive pigmentation of
cartilage making it resistant to proteolytic degradation.
Histological studies on joints obtained from AKU patients
at arthroplasty (Taylor et al. 2011), and from AKU mice
(Preston et al. 2014; Taylor et al. 2012b), have in fact
revealed that the earliest deposition of ochronotic pigment
is in isolated chondrons in calcified cartilage. Subsequently
the pigmentation proliferates into the hyaline articular
cartilage and eventually to the articular surface. Pigmenta-
tion makes the cartilage stiff and resistant to proteolysis.
Once the cartilage is extensively pigmented, there are
severe focal changes in bone remodelling possibly as a
result of stress shielding from the stiffened ochronotic
cartilage. The subchondral plate can be completely resorbed
by osteoclastic action (Taylor et al. 2011), and there is a
focal uncoupling of resorption resulting in the formation of
trabecular excrescences (Taylor et al. 2012a). However, a
limitation of this study lies in the different ratio of female/
male in the AKU group compared to the control group. Due
to limitation in sample availability, the control cohort
included mostly females, while SONIA 1 patients were
prevalently males. This could have led to a misinterpreta-
tion of the CTX-II results, since this marker is the only one
affected by gender, being higher in the urine of females.
The higher mean values of CTX-II in the control group
could then potentially be a consequence of such difference
in the two groups. Moreover, despite it is not known
whether females have different ochronosis levels, it is
known that generally females develop arthropathy later than
males. This has been taken into account by having an older
control cohort for the serum marker measurements, but not
for the urine measurements, and this could further have
affected the CTX-II results. Another limitation lies in the
use of controls and patients from different nations. Given
the differences in some markers in patients enrolled in the
two study sites, it is not possible to exclude that cultural
differences, such as dietary habits, could influence the
marker levels in serum and urine also in the control cohort.

A longitudinal study including measurements of disease
severity will be required to investigate the burden of disease
and prognostic potential of these biomarkers and observe
similarity and differences with other rheumatic diseases.
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Cardiovascular implications have been described in
AKU for more than 20 years (Kenny et al. 1990). The
working hypothesis is that the deposition of the pigment
could lead to injury to the vascular endothelium causing
formation of atheroma (Lok et al. 2013). The versican
fragment VCANM was associated with the remodelling of
the atherosclerotic plaque in patients with cardiovascular
diseases (Barascuk et al. 2013). MIM, a fragment reflecting
the MMP-mediated degradation of the proteoglycan mim-
ecan, was also preliminarily associated with the cardiovas-
cular remodelling in a mouse model of atherosclerosis
(Barascuk et al. 2011). Therefore, the elevation of these
biomarkers in the serum of SONIA 1 patients can reflect
the atheroma remodelling occurring in AKU. TIM is a
biomarker for heart remodelling, and it was found elevated
in patients with coronary calcifications and other cardio-
vascular morbidities (Vassiliadis et al. 2012). We observed
an elevation of this biomarker in the serum of AKU
patients, and this finding is in accordance with previous
reports of calcifications in the cardiac valves due to the
accumulation of the ochronotic pigment and presence of
inflammatory cells (Millucci et al. 2014a; Millucci et al.
2014b), which may produce the proteases responsible
for the cleavage of the titin fragment identified by the
TIM assay.

Conclusions

In this study we have presented robust and well-charac-
terised tools to measure the levels of pathological extracel-
lular matrix turnover related to bone, cartilage and
cardiovascular remodelling in ochronotic patients. The
biomarkers that showed an elevation in SONIA 1 patients
may be used in a successive clinical study investigating the
suitability of nitisinone treatment for a longer period. Such
longitudinal study would allow identifying possible bio-
markers of treatment efficacy and biomarkers for disease
progression, to be used for personalised healthcare and
patient management in the future.
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Synopsis
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cartilage, bone and cardiovascular remodelling in alkapto-
nuria patients.
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