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a  b  s  t  r  a  c  t

Alkaptonuria  (AKU)  is  an  ultra-rare  inborn  error  of metabolism  associated  with  a defective  catabolism  of
phenylalanine  and tyrosine  leading  to increased  systemic  levels  of  homogentisic  acid  (HGA).  Excess  HGA
is partly  excreted  in  the  urine,  partly  accumulated  within  the  body  and  deposited  onto  connective  tissues
under  the  form  of  an  ochronotic  pigment,  leading  to  a range  of  clinical  manifestations.  No  clear geno-
type/phenotype  correlation  was  found  in AKU,  and  today  there  is the  urgent  need to  identify  biomarkers
able  to  monitor  AKU  progression  and  evaluate  response  to treatment.  With  this  aim,  we  provided  the
first  proteomic  study  on  serum  and plasma  samples  from  alkaptonuric  individuals  showing  pathological
SAA,  CRP  and  Advanced  Oxidation  Protein  Products  (AOPP)  levels.  Interesting  similarities  with  proteomic
studies  on  other  rheumatic  diseases  were  highlighted  together  with  proteome  alterations  supporting  the
existence  of  oxidative  stress  and inflammation  in  AKU.  Potential  candidate  biomarkers  to assess  disease
severity,  monitor  disease  progression  and  evaluate  response  to treatment  were  identified  as  well.

© 2016  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Alkaptonuria (AKU) is an ultra-rare inborn error of metabolism
associated with a defective catabolic pathway of the aromatic
amino acids phenylalanine and tyrosine (Phornphutkul et al.,
2002). In affected individuals, mutations of the homogentisate
1,2-dioxygenase (HGD) gene cause the production of a defec-
tive HGD enzyme and inability to break down homogentisic acid
(HGA) (Nemethova et al., 2015). Consequently, when compared
to the healthy population, HGA levels in serum of alkaptonuric
individuals are significantly raised (though varying greatly due to
dietary intake of precursor aminoacids). Serum HGA is reported to
range in AKU from 5.8 to 400 �mol/l (Angeles et al., 1989; Bory
et al., 1990; Hughes et al., 2015; Ranganath et al., 2016) while in
healthy individuals is almost null [0.014–0.0714 �mol/L, accord-
ing to (Deutsch and Santhosh-Kumar, 1996)]. In AKU, excess HGA
is partly excreted in the urine, partly accumulated within the body
and deposited onto connective tissues as an ochronotic pigment,
leading to a range of clinical manifestations. The exact composition
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and mechanisms of production of such a pigment are still obscure;
however, AKU patients undergo a premature and disabling form
of severe arthritis-like joint damage (ochronotic arthropathy) and
often develop heart valve disease. Today, there is still no licensed
treatment available for AKU.

Genetic analysis, though informative, failed so far in clarifying
mechanisms of AKU and ochronotic arthropathy. No clear geno-
type/phenotype correlation has been determined in AKU, likely due
to variability in residual HGD enzymatic activity and patients’ life-
style. A disease severity scale cannot be based on HGA systemic
levels nor on other specific molecular parameters, and to this aim
only questionnaire-based evaluations can be undertaken (Cox and
Ranganath, 2011; Ranganath et al., 2016).

In the past years, several in vitro and ex vivo AKU models were
developed and characterized, allowing a deeper understanding of
AKU molecular mechanisms. Besides the well-known relevance of
HGA-induced oxidative stress (Braconi et al., 2012, 2011, 2010a,
2010b, 2015, 2013; Millucci et al., 2014b; Tinti et al., 2010), novel
insights were provided into the interaction between serum pro-
teins and benzoquinone acetate, which is produced by spontaneous
HGA oxidation (Braconi et al., 2011). AKU was also found to be
associated to a secondary amyloid-A (AA) amyloidosis (Millucci
et al., 2012), with amyloid deposits affecting different tissues and
organs (Millucci et al., 2014a, 2014b, 2014c) and co-localizing with
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ochronotic pigment (Braconi et al., 2015, 2013; Millucci et al.,
2015a, 2014a, 2014b, 2014c, 2015b, 2012; Spreafico et al., 2013).
Chronic inflammation has a central role in the induction of AA
amyloidosis, where it is also considered triggering event for the
generation of oxidative stress. Several signs of local inflammation
and oxidative stress were reported in AKU cells and tissues after
the very first observations of Martin and Batkoff that HGA, when
injected locally in joints, could produce inflammatory reactions and
ROS (Martin and Batkoff, 1987). Indeed, in the proximity of HGA-
induced ochronotic pigment, lymphocytes and macrophages are
often found (Millucci et al., 2014a, 2014b; Selvi et al., 2000; Taylor
et al., 2010). Oxidized lipids are known to be pro-inflammatory, and
lipid peroxidation (LPO) is a hallmark of amyloidosis. In AKU, an
intimate connection was highlighted among ochronotic pigment,
amyloidosis and LPO [(Millucci et al., 2014a, 2014b) since LPO pos-
itively correlated with ochronotic areas and SAA deposits (Millucci
et al., 2014a, 2014b). Furthermore, AKU tissues were found to con-
tain myelin figures, which are indicators of both LPO and membrane
degeneration (Millucci et al., 2014a, 2014b). Local inflammation
was also highlighted in AKU chondrocytic cells that, once cultured
in vitro, were found to release nitric oxide and pro-inflammatory
interleukins (Braconi et al., 2012). Since administering HGA in vitro
to normal cells induces LPO, release of pro-inflammatory medi-
ators (SAA included) and amyloid (Spreafico et al., 2013; Tinti
et al., 2010, 2011a, 2011b), HGA was hypothesized to be the pri-
mary cause of local inflammation, oxidation and amyloidosis in
AKU. A chronic inflammatory status was proven also systemi-
cally in AKU patients, who often show elevated blood levels of
Serum Amyloid A (SAA) (Millucci et al., 2015a, 2014a, 2014b, 2014c,
2012) and pro-inflammatory cytokines (Millucci et al., 2014b;
Spreafico et al., 2013), pointing out that AKU is an inflammatory
amyloidogenic multisystemic disease, much more complex than
thought so far. Further evidence of the HGA-induced oxidative
stress was provided in several AKU models and cells. HGA-treated
human serum revealed the presence of oxidatively modified pro-
teins concomitantly with alteration of GSH-related enzymes and
thiol depletion (Braconi et al., 2011), likely compromising plasma
antioxidant capacity (Giustarini et al., 2012). HGA-induced protein
oxidation was also shown in HGA-treated chondrocytes (Braconi
et al., 2010b) and AKU chondrocytes (Braconi et al., 2012). Once
oxidized, proteins are more prone to aggregation and loss of func-
tions, possibly promoting in AKU the production of the ochronotic
pigment and leading to an impaired ability to cope with oxidative
insults (Braconi et al., 2015, 2013). Thus, it seems likely that, besides
inflammation, AKU patients experience also significant oxidative
stress due to the high systemic levels of HGA and its by-products.

Despite these recent findings, which helped the clarification
of AKU mechanisms, today there is still the urgent need to iden-
tify biomarkers able to monitor AKU progression and evaluate
response to treatment. For the moment, both might be assessed
only through questionnaire-based interviews to patients. In order
to fill this gap, we undertook the present work to provide the first
proteomic characterization of plasma and serum samples of six
alkaptonuric individuals. Our work allowed us to highlight pro-
teomic alterations in AKU samples showing interesting similarities
with other rheumatic diseases and further supporting the existence
of HGA-related oxidative stress and inflammation in AKU.

2. Materials and methods

2.1. Subjects and samples

The investigated subjects were selected from a cohort of Ital-
ian alkaptonuric patients who referred to the Rheumatology Unit
of Siena University Hospital (Prof. M.  Galeazzi) for ochronotic com-

plications of AKU. These patients underwent routine hematological
analysis and all of them, after informed consent and in accordance
with the Declaration of Helsinki, agreed to donate their blood sam-
ples (serum or plasma) for this study. Samples were collected in
fasting conditions and kept frozen at −80 ◦C until analysis. For
2D-PAGE analysis, a commercially available pooled healthy human
serum was  used as a control (Bio-Rad, C1000006).

The study received approval from the Local Ethics Commit-
tee. Demographics and clinically relevant information on patients
selected for the study are schematically reported in Table 1.

2.2. SAA, CRP and AOPP

SAA levels were assessed by means of a commercial ELISA assay
(Invitrogen-Life Technologies) as described previously (Millucci
et al., 2015a). Advanced oxidation protein products (AOPP) were
measured using the microplate assay by Witko-Sarsat et al. (Witko-
Sarsat et al., 1996). C-reactive protein (CRP) levels were measured
by immunoturbidimetry (Cobas C 501, Roche/Hitachi).

2.3. 2D-PAGE and image analysis

Protein content of each sample was  determined through Brad-
ford’s assay. 100 �g of proteins/sample were submitted to 2D-PAGE
and silver ammoniacal staining as previously described (Braconi
et al., 2012, 2010b). Digitalized images were obtained with ImageS-
canner III and analyzed by ImageMaster software (GE Healthcare
BioSciences). Due to the different type of AKU samples that were
available to us (plasma and serum), all of the spots identified as
“fibrinogen” in the gels obtained from AKU plasma were manually
selected and omitted from the qualitative and quantitative compar-
ative analyses. Then, the increasing/decreasing index (fold-change)
was calculated as the ratio of spot% relative volume between the dif-
ferent gel maps; for multiple spots identified as different molecular
species of a same protein, the total% relative volume was calculated
and taken into account. Protein spot identification was carried out
by gel matching with the master gel of human plasma retrieved by
http://world-2dpage.expasy.org/swiss-2dpage

2.4. Statistical analysis

The experiments were carried out in triplicate; data are pre-
sented as mean values with standard deviation. Statistically
significant thresholds of 2.0 and 0.5 for fold-change values in pro-
tein relative abundance ratios calculated as AKU/control were set
to highlight overexpressed and underexpressed proteins, respec-
tively.

3. Results and discussion

In this study, we investigated the plasma/serum proteome pro-
files of AKU subjects in comparison to healthy controls. Six AKU
subjects (one female and five males, range 39–66 years) who
referred to the rheumatologic clinic of Siena University Hospital
for ochronotic complications of the disease were selected. All of
them had previously underwent joint replacement surgery and
complained about articular disorders, arthropathy and joint pain
together with other co-morbidities (Table 1). All of them presented
SAA pathological levels above the reference value; CRP levels were
slightly increased only two subjects (AKU#2 and 3), and AOPP lev-
els were above the reference threshold in 3 out of 4 tested cases
(AKU#1, 2 and 3) (Table 2).

For the comparative proteomics, a classical gel-based 2D-PAGE
approach was used with direct processing of the samples without
removal of the most abundant proteins. We  are aware that deple-
tion of multiple high-abundance blood proteins improves protein
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