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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 genotype/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 defective 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, according 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 genotype/phenotype correlation has been determined in AKU, likely due
to variability in residual HGD enzymatic activity and patients’ lifestyle. 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 proteins 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 HGAinduced 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 positively correlated with ochronotic areas and SAA deposits (Millucci
et al., 2014a, 2014b). Furthermore, AKU tissues were found to contain 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 mediators (SAA included) and amyloid (Spreaﬁco et al., 2013; Tinti
et al., 2010, 2011a, 2011b), HGA was hypothesized to be the primary cause of local inﬂammation, oxidation and amyloidosis in
AKU. A chronic inﬂammatory status was proven also systemically 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 proteins 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 functions, 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 identify 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 proteomic 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 Italian 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 samples (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 Committee. 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. (WitkoSarsat 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 Bradford’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 ImageScanner 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 comparative analyses. Then, the increasing/decreasing index (fold-change)
was calculated as the ratio of spot% relative volume between the different 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 presented as mean values with standard deviation. Statistically
signiﬁcant thresholds of 2.0 and 0.5 for fold-change values in protein relative abundance ratios calculated as AKU/control were set
to highlight overexpressed and underexpressed proteins, respectively.
3. Results and discussion
In this study, we investigated the plasma/serum proteome proﬁles 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 levels 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 depletion of multiple high-abundance blood proteins improves protein
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Table 1
Overview of samples. Demographics and clinically relevant information of patients whose blood samples were analyzed in the present study.
Sample

Type

Sex

Year of birth

Articular disorders

Prostheses

Other information

AKU#1

serum

F

1950

4/4

hip (L & R), knee (L & R), aortic valve

AKU#2

plasma

M

1948

3/4

hip (L), knee (L & R)

AKU#3

plasma

M

1953

3/4

hip (R), knee (R),shoulder (L)

AKU#4
AKU#5

serum
plasma

M
M

1959
1974

1/4
–

knee (R)
knee (R)

AKU#6

serum

M

1947

3/4

knee (R), aortic valve

rupture of Achille’s tendon,
macroglossia, thyroidectomy
rupture of Achille’s tendon,
calculi (bladder),osteoporosis
rupture of Achille’s tendon,
calculi (prostate)
arthropathy (knees and hips)
elbow fracture, knee pain,
spondylitis
arthropathy, invalidating hand
arthritis, osteoporosis,
compromised overall mobility

Table 2
Levels of SAA, CRP and AOPP in AKU patients’ blood samples analyzed in the present
study. na: not available; r.v.: reference value.
Sample

Sex

SAA
(mg/L) r.v. ≤ 5

AOPP
(mol/dL)
r.v. ≤ 30

CRP
(mg/dL) r.v. ≤ 0.5

AKU#1
AKU#2
AKU#3
AKU#4
AKU#5
AKU#6

F
M
M
M
M
M

97.4 *
28.5 *
111.5 *
74.8 *
13.3 *
9.8 *

110 *
36 *
55 *
18
na
na

0.32
0.52 *
1.1 *
na
0.32
0.09

* indicates values outside normal range.

proﬁling capacities and unmasking of potential biomarker candidates that are present in smaller amounts. However, since this was
the ﬁrst time that alkaptonuric blood sample underwent a proteomic investigation, our aim was to obtain for our samples an
“unmodiﬁed picture”, and we chose not to exclude a priori any
protein from the comparative analysis.
An average of 800 spots were resolved in each proteome map;
gel matching with the master gel of human plasma allowed the
identiﬁcation of about 250 spots per map, corresponding to 34 different proteins (Fig. 1 and Supplementary Fig. 1), schematically
grouped as follows.
Protease inhibitors: Alpha-1-antitrypsin (A1AT), Alpha-2macroglobulin (A2MG), Alpha-1-antichymotrypsin (AACT), AMBP
protein (AMBP), Antithrombin-III (ANT3)
Complement factors: Complement C1 s subcomponent (C1S),
Complement factor B (CFAB), Complement C3 (CO3)
Apolipoproteins: Apolipoprotein A-I (APOA1), Apolipoprotein
A-II (APOA2), Apolipoprotein A-IV (APOA4), Apolipoprotein C-II
(APOC2), Apolipoprotein C-III (APOC3), Apolipoprotein E (APOE)
Glycoproteins: Alpha-1-acid glycoprotein 1 (A1AG1), Alpha-1Bglycoprotein (A1BG), Leucine-rich alpha-2-glycoprotein (A2GL),
Alpha-2-HS-glycoprotein
(AHSG),
Zinc-alpha-2-glycoprotein
(AZGP1), Histidine-rich glycoprotein (HRG)
Carrier proteins: Albumin (ALBU), Ceruloplasmin (CERU), Haptoglobin (HPT), Retinol-binding protein 4 (RET4), Transferrin
(TRFE), Transthyretin (TTHY), Vitamin D-binding protein (VTDB)
Immunoglobulins: Ig gamma-1 chain C region (IGHG), Ig alpha
chain, heavy (IGHA), Immunoglobulin heavy chain mu (IGHM),
Immunoglobulin light chain (IGLC), Immunoglobulin heavy chain
gamma (intermediate segment) (IGSG)
Other proteins: Serum amyloid P-component (APCS), Clusterin
(CLUS)
Gel matching between AKU samples and the control pooled
serum, followed by quantitative analysis of protein% relative spot
volumes and fold-change values, revealed similar expression for
the proteins ALBU, IGHG, IGHA, IGHM, IGLC, IGSG, A1AG1, FETUA,
and TRFE in all the tested samples (data not shown). Conversely,

all the remaining identiﬁed proteins were differently expressed
in AKU sample(s) when compared to the control; these proteins
are indicated in Fig. 1 and Supplementary Fig. 1, and schematically
reported with their main features in Table 3. Results of the comparative analysis of relative protein abundance is reported in Fig. 2
and Table 3.
3.1. Similarities with proteomic studies on AKU models
Overall, the quali- quantitative analysis of proteome maps
pointed out a general underexpression of the identiﬁed proteins in
AKU samples respecting to the control (Fig. 2). This ﬁnding is in line
with previous reports of ours for the proteomic characterization of
a human serum-based AKU model where the effects of exogenously
added HGA were studied (Braconi et al., 2011). In such a model, for
instance, lower abundance of A2GL and A2MG proteins was found
in HGA-treated serum (Braconi et al., 2011). Similarly, in this work,
decreased expression of A2GL and A2MG was found in 5/6 and 6/6
AKU samples, respectively. For the cited in vitro model, this ﬁnding
suggested the existence of HGA-induced post-translational modiﬁcations (PTMs) allowing proteins to migrate in unexpected regions
of the 2D gel. Future work will be needed to verify if this could be
the case also for the AKU blood samples tested in this study, and
to identify what kind of PTM (e.g. oxidation, quinolation, . . .) can
occur in vivo in AKU subjects.
A2MG is a major serum protease inhibitor acting on all classes
of endoproteases (Luan et al., 2008; Tortorella et al., 2004) and
a powerful inhibitor for many cartilage catabolic factors. It is
mainly produced by the liver and secreted, though recent evidence
pointed out that it is also produced by chondrocytes and synoviocytes (levels in synovial ﬂuid are however much lower than
what found in serum). A2MG levels are differently modulated in
rheumatic diseases: increased serum levels were observed in serum
of osteoarthritis (OA) subjects (Wang et al., 2014), decreases levels were found in the synovial ﬂuid of juvenile idiopathic arthritis
subjects (Rosenkranz et al., 2010). Notably, A2MG was identiﬁed as
a potential therapeutic target in OA and was shown to attenuate
post-traumatic OA cartilage degeneration (Wang et al., 2014).
A2GL is a glycoprotein containing a leucine-rich motif whose
function has not been fully understood yet. Nonetheless, a recent
proteome study suggested that A2GL might be a useful biomarker
for inﬂammatory conditions such as rheumatoid arthritis (RA) (Ha
et al., 2014), where its increased levels correlate with disease activity (Serada et al., 2010).
3.2. Similarities with proteomic studies on rheumatic diseases
For its symptomatology, AKU share similarities with other
rheumatic diseases. As for the damage to the spine and large joints,
the arthritis observed in AKU resembles ankylosing spondylitis
(http://www.ncbi.nlm.nih.gov/books/NBK1454/). For its progres-
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Table 3
Proteins differently expressed in AKU samples respecting to healthy controls. Protein entry and Accession Number (AN) a were retrieved from http://www.uniprot.org/ The range of spot% relative volume (reported as total
values in case of multiple spots with the same identity) in control and AKU proteome maps is indicated together with fold-change values (ratios of spot% relative volumes in AKU/control proteome maps). Values in bold denote
statistically signiﬁcant differences (values ≥2.0 and ≤0.5 indicate proteins overexpressed and underexpressed in AKU vs.control, respectively). nd: non detectable.
ENTRYa

A1AT

PROTEIN

Alpha-1-antitrypsin

ANa

P01009

Alpha-1B-glycoprotein
Leucine-rich
alpha-2-glycoprotein

P04217
P02750

A2MG

Alpha-2-macroglobulin

P01023

AACT

Alpha-1antichymotrypsin

P01011

AMBP

Protein AMBP

P02760

ANT3

Antithrombin-III

P01008

APCS

Serum amyloid
P-component

P02743

APOA1

Apolipoprotein A-I

P02647

APOA2

Apolipoprotein A-II

P02652

APOA4

Apolipoprotein A-IV

P06727

APOC2
APOC3

Apolipoprotein C-II
Apolipoprotein C-III

P02655
P02656

APOE

Apolipoprotein E

P02649

Inhibitor of serine proteases; plays a role in the acute
phase response

Unknown
Involved in angiogenesis (positive regulation) and cell
differentiation/proliferation; positive regulation of
transforming growth factor beta receptor signaling
pathway
Serine-type endopeptidase inhibitor, involved in
extracellular matrix organization. Is always present at
high levels in circulation
Its physiological role is unclear; it seems to have
serine-type endopeptidase inhibitor activity. May be
involved in acute phase and inﬂammatory response
Serine-type endopeptidase inhibitor activity: inhibits
trypsin, plasmin, and lysosomal granulocytic elastase
Most important serine protease inhibitor in plasma
that regulates the blood coagulation cascade
Can interact with DNA and histones and may scavenge
nuclear material released from damaged circulating
cells. May also function as a calcium-dependent lectin.
Has chaperone properties that may contribute to the
pathogenesis of amyloidosis
Cholesterol homeostasis. May negatively regulate
inﬂammatory response
Cholesterol homeostasis. May be involved in acute
inﬂammatory response: in vitro, may promote IL-8
release from macrophages (Klezovitch et al., 2001)
Cholesterol homeostasis. Inhibits lipid peroxidation,
thus demonstrating potential anti-atherogenic
properties. (ref Wong Common variants of
apolipoprotein A-IV differ in their ability to inhibit low
density lipoprotein oxidation)
Lipid binding and cholesterol homeostasis
Cholesterol homeostasis. May be involved in
inﬂammatory response
Mediates binding, internalization, and catabolism of
lipoprotein particles. May have antioxidant and metal
chelating activity (Apolipoprotein E inhibits
platelet-derived growth factor-induced vascular
smooth muscle cell migration and proliferation by
suppressing signal transduction and preventing cell
entry to G1 phase). APOE can bind to Abeta and may
help aid in the progression of small Abeta deposits to
larger deposits (Quantitation of apoE domains in
Alzheimer disease brain suggests a role for apoE in
Abeta aggregation).

fold-change AKU/CTR

range CTR

range AKU

AKU#1

AKU#2

AKU#3

AKU#4

AKU#5

AKU#6

a

0.019–0.025

0.000–0.088

4.0

4.0

1.4

nd

4.0

2.4

b
c
tot.

3.423–4.269
0.342–0.453
3.754–4.777
1.097–1.369
0.272–0.368

2.567–4.486
0.000–2.519
2.820–5.086
0.176–0.727
0.020–0.322

0.9
0.3
0.8
0.1
0.5

1.2
0.3
1.1
0.5
0.5

0.7
nd
0.7
0.2
0.1

0.7
6.3
1.2
0.6
0.4

0.8
0.3
0.8
0.4
1.0

1.0
0.1
0.9
0.5
0.1

0.489–0.649

0.004–0.201

0.1

<0.1

<0.1

0.1

0.4

0.3

0.512–0.652

0.243–0.977

1.3

1.7

0.5

0.7

0.4

0.6

0.011–0.015

0.005–0.089

1.0

3.0

3.7

0.4

6.8

3.0

0.230–0.286

0.072–0.306

0.3

1.2

0.7

0.7

0.6

0.5

0.092–0.114

0.040–0.283

0.9

1.0

2.7

0.7

0.9

0.4

0.520–0.704

0.771–1.424

1.5

1.3

1.3

1.8

1.9

2.3

0.023–0.029

0.099–0.142

4.7

4.5

5.0

3.8

5.5

5.4

0.036–0.046

0.000–0.111

0.6

nd

nd

nd

2.7

nd

0.050–0.066
0.025–0.031

0.002–0.047
0.000–0.054

<0.1
nd

0.3
nd

0.5
1.6

0.4
0.8

0.8
1.9

0.7
0.8

0.102–0.136

0.000–0.097

0.8

<0.1

<0.1

0.1

0.3

<0.1
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A1BG
A2GL

spot% rel vol

FUNCTIONS

AZGP1

CFAB
CLUS

Complement factor B
Clusterin

P00751
P10909

CO3

Complement C3

P01024

HPT

Haptoglobin

P00738

C1S

HRG
RET4
TTHY
VTDB

Histidine-rich
glycoprotein
Retinol-binding
protein 4
Transthyretin
Vitamin D-binding
protein

P25311

P00450

P04196
P02753
P02766
P02774

Glycoprotein and antigen binding, stimulates lipid
degradation
Complement activation (classic pathway)
Blue, copper-binding (6–7 atoms per molecule)
glycoprotein. It has ferroxidase activity oxidizing Fe2+
to Fe3+ without releasing ROS. Provides iron transport
across the cell membrane. Can form complexes with
CLUS upon stress (Wyatt and Wilson, 2010)
Complement activation (alternative pathway)
Secreted isoform functions as extracellular chaperone
that prevents aggregation of non-native proteins.
Prevents stress-induced aggregation of blood plasma
proteins. Inhibits formation of amyloid ﬁbrils by APP,
APOC2, B2 M, CALCA, CSN3, SNCA and
aggregation-prone LYZ variants (in vitro). Does not
require ATP. Maintains partially unfolded proteins in a
state appropriate for subsequent refolding by other
chaperones, such as HSPA8/HSC70. Does not refold
proteins by itself. Binding to cell surface receptors
triggers internalization of the chaperone-client
complex and subsequent lysosomal or proteasomal
degradation. Protects cells against apoptosis and
against cytolysis by complement.
Central role in the activation of the complement
system. May be involved in inﬂammatory response
Haptoglobin captures, and combines with free plasma
hemoglobin to allow hepatic recycling of heme iron
and to prevent kidney damage. Haptoglobin also acts
as an antimicrobial and has antibacterial activity. Plays
a role in modulating many aspects of the acute phase
response and as an antioxidant

Glycoprotein that binds a number of ligands involved
in several biological processes
Delivers retinol from the liver stores to the peripheral
tissues
Thyroid hormone-binding protein
Vitamin D transport and storage; enhancement of the
chemotactic activity of C5 alpha for neutrophils in
inﬂammation and macrophage activation (Nagasawa
et al., 2005)

0.300–0.406

0.000–0.010

<0.1

<0.1

<0.1

nd

<0.1

nd

0.046–0.060

0.010–0.081

1.5

0.5

0.4

0.7

0.2

0.2

0.368–0.468

0.005–0.065

0.1

<0.1

0.1

0.1

0.2

<0.1

0.007–0.009
0.252–0.334

0.135–0.574
0.170–0.662

26.1
0.9

36.0
0.6

71.8
0.9

16.9
1.0

27.0
2.3

20.8
1.2

0.068–0.092

0.080–0.336

2.7

3.3

3.1

1.0

4.2

3.3

␤

4.986–6.610

3.092–5.652

0.9

0.9

0.5

0.8

1.0

0.5

␣2
␣1
tot.

0.240–0.324
0.114–0.142
5.339–7.077
0.134–0.167

0.071–0.392
0.000–0.246
3.249–6.290
0.037–0.181

0.5
1.1
0.9
1.2

0.5
0.1
0.8
0.5

1.0
<0.1
0.5
0.4

0.3
0.7
0.8
0.5

1.4
1.9
1.0
0.3

0.5
nd
0.5
0.2

0.050–0.064

0.071–0.171

2.2

1.2

1.2

3.0

1.8

1.3

0.408–0.552
0.395–0.534

0.205–0.666
0.129–0.312

0.8
0.7

0.6
0.6

0.5
0.7

1.4
0.4

0.7
0.3
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Fig. 1. Comparative proteomics. Silver stained 2D maps of a representative AKU serum sample (right) and healthy control serum (left). The quali- quantitative analysis carried
out allowed the identiﬁcation of differently expressed proteins, which are indicated with their abbreviated names and described in Table 3. Relative abundance of protein
spots is reported in Fig. 2. Only representative images from a triplicate set are shown. 2D maps of all the AKU serum and plasma samples obtained in this study can be found
in Supplementary Fig. 1.

sive nature, with silent initial stages and extensive deterioration
of cartilage and joints often found at time of diagnosis, AKU mimics
the more common OA, though the deposition of ochronotic pigment in joints leads to an earlier onset of severe osteoarthropathy
(Fernandez-Puente et al., 2011; Gallagher et al., 2015a; Zhao et al.,
2009).
Over the past decade, proteome techniques were successfully
applied to a range of biological samples in the search of biomarkers (with diagnostic and prognostic value) and treatment targets
for OA (Hsueh et al., 2014) and RA (Park et al., 2015). To this aim,
even if more remote than synovial ﬂuid from the joint environment,
serum and plasma biospecimen attracted researchers’ attention
due to easy accessibility and rapid protein changes in response to
disease pathogenesis. Proteomics of blood samples in search for
cartilage-related degradation biomarkers relied on different techniques such as SELDI-TOF MS (de Seny et al., 2011; Takinami et al.,
2013), 2D-DIGE coupled with Western blot (Fernandez-Costa et al.,
2012), iTRAQ coupled with MALDI-TOF/TOF mass spectrometry
(Fernandez-Puente et al., 2011). In the present study, by applying
a classical gel-based approach, we found that similarities between
AKU and rheumatic disorders could be extended at the proteome
level as well. In particular, when comparing our results with recent
proteomic investigations on serum biomarkers for OA, we found
similar patterns for the following proteins:
i.) CO3 and other complement factors, whose expression was
increased in severe (late) OA (Fernandez-Puente et al., 2011);
analogously, CO3 and CFAB showed increased expression in 5/6
and 6/6 AKU samples, respectively; notably, CFAB plays important roles in inﬂammation and joint destruction in arthritis
(Banda et al., 2006; Katz et al., 2000).
ii.) RET4, whose expression was raised in OA, both in (early)
moderate and severe cases (Fernandez-Puente et al., 2011);
analogously, RET4 expression was increased in 2/6 AKU samples;
iii.) A2MG and C1S, with decreased expression in OA (FernandezPuente et al., 2011), were found to be underexpressed also in
AKU (6/6 and 4/6 samples, respectively)
iv.) APOA1 (whose expression was increased in OA), APOC3 and
APOA4 (whose expression was decreased in OA) (FernandezCosta et al., 2012) showed analogous patterns in our AKU
samples. More generally, it was recently suggested that an
altered lipid metabolism may be implicated as a critical player
in OA (Tsezou et al., 2010) and several proteins involved in lipid
metabolism were found to be signiﬁcantly down-regulated in

OA chondrocytes (Iliopoulos et al., 2008). In particular, APOC1
and APOC3 were selected as biomarker candidates to distinguish between progressors and non-progressors OA individuals
(Takinami et al., 2013). Analogously, in this work we found
several proteins of lipid metabolism that were altered in AKU
compared to the healthy control. An increased expression was
found for APOA1 (1/6 samples), APOA2 (6/6 samples), APOA4
(1/6 samples), whereas a decreased expression was highlighted
for APOA4 (5/6 samples), APOC2 (3/6 samples), APOC3 (2/6
samples) and APOE (5/6 samples). Further studies will be necessary to clarify the clinical relevance of such a ﬁnding in AKU.
Conversely, data provided in this study are in partial disagreement with a recent study of serum proteome in RA where increased
expression of A1AG1, A1AT, A2GL and decreased levels of RET4,
APOA1, APOA2, and APOC2 proteins were found (Yanagida et al.,
2013). Nevertheless, we observed decreased expression of A1BG
in 5/6 samples. This is a plasma protein with no clear indications
on its biological functions but whose decreased plasma levels were
associated to RA (Doherty et al., 1998).
3.3. Alterations of proteins involved in oxidative stress and
inﬂammation
A range of in vitro and ex vivo cell and tissue models of AKU
clearly pointed out the relevance of oxidative stress and inﬂammation due to the presence of HGA. Evidence was provided on
HGA-induced:
i.) Oxidative PTMs of human proteins, in terms of both protein
carbonylation and thiol oxidation (Braconi et al., 2012, 2011,
2010a, 2010b; Tinti et al., 2010)
ii.) Altered expression of proteins with a role in the oxidative stress
response (Braconi et al., 2012, 2011, 2010b, 2015, 2013)
iii.) Lipid peroxidation (Braconi et al., 2011; Millucci et al., 2014a,
2014b, 2015b; Spreaﬁco et al., 2013)
iv.) Increased release of SAA and cytokines, inﬂammation and amyloidosis (Braconi et al., 2015, 2013; Millucci et al., 2015a, 2014a,
2014b, 2014c, 2015b, 2012; Spreaﬁco et al., 2013)
Altogether, these events can generate a vicious cycle promoting
an enhanced aggregation and oxidation of proteins concomitantly
with the production of amyloid aggregates and ochronotic pigment
in AKU.
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Fig. 2. Relative abundance (spot% relative volumes; total values in case of multiple spots with the same identity) of proteins differently expressed in AKU samples compared
to the healthy control. In each graph, individual values are reported with circles (control) and squares (AKU); mean values (horizontal bars) are indicated ± standard deviation
(vertical bars).

Protein oxidation is common during inﬂammation and relevant
in a number of acute and chronic disease conditions. AOPP are gaining increasing interest among other oxidative PTMs of proteins.
AOPP are mainly produced by myeloperoxidase- derived chlorinated oxidants produced by activated neutrophils, and human

serum albumin is considered the main protein responsible for
the generation of AOPP. However, the molecular composition of
AOPP, their additional formation pathways and targets are still
largely unknown (Bochi et al., 2014; Colombo et al., 2015; Gorudko
et al., 2014; Torbitz et al., 2014). Increased AOPP levels have
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been associated to coronary artery disease, diabetes, and uremia
(Capeillere-Blandin et al., 2004; Hanasand et al., 2012; Shi et al.,
2008; Witko-Sarsat et al., 1996; Witko-Sarsat et al., 2003; Zhou
et al., 2009) and have a role also as mediators of inﬂammation
(Bochi et al., 2016; Gangemi et al., 2015; Liang et al., 2012). It is
known that AA-amyloidosis is a complication of chronic diseases
associated to plasma SAA levels that are constantly above 5 mg/L
(Westermark and Westermark, 2009). Previous data in a larger
cohort of AKU subjects suggested the use of blood SAA as an indicator of inﬂammation (Millucci et al., 2015a). Here we provide novel
data suggesting that AOPP systemic values might represent another
interesting biomarker to monitor oxidative stress and inﬂammation in AKU in addition to systemic SAA levels.
In the present work, we could ﬁnd several interesting analogies
with a very recent proteomic study on inﬂammatory biomarkers
related to musculoskeletal disorders. Similar patterns were highlighted for A1BG, VTDB, CFAB and A1AT proteins. The notion that
A1AT may act as an anti-inﬂammatory modulator through inhibition of overexpressed proteinases during inﬂammation is widely
accepted; hence, the decreased expression of some spots of A1AT
may suggest the loss of such an activity in AKU. It is also known
that chemical modiﬁcations, including polymerization, oxidation,
cleavage and complex formation can alter biological activity of
A1AT (Janciauskiene, 2001). Future research on this topic in AKU
will be worthy, and it will be crucial to verify to which extent
protein oxidation concur in vivo to AKU progression and severity. The mechanisms by which VTDB is implicated in inﬂammation
are unclear; however, a lower VTDB expression is paralleled by
increased formation of macrophage activating factor allowing for
activation of macrophages and neutrophils at inﬂammation sites
(Nagasawa et al., 2005; Yamamoto and Naraparaju, 1998). Evidence
of a down-regulation of VTDB in systemic inﬂammation was provided (Ghafouri et al., 2016; Kim et al., 2008). Similarly, in this work
lower expression of VTDB was found in 3/6 AKU patients.
Serum CLUS has attracted interest due to the fact that it is
involved in a number of physiological and pathological processes,
including inﬂammation and oxidative stress (Fandridis et al., 2011).
Increased and decreased expression of CLUS mRNA was found in
early and ﬁnal degenerative stages of osteoarthritis (OA), respectively. Increased CLUS expression may represent an attempt by the
chondrocytes to protect and repair the tissue, and CLUS was taken
into consideration as a marker for cartilage changes in OA (Connor
et al., 2001) and as a predictive marker of OA progression as age
(Ritter et al., 2014). In this work, CLUS expression was increased in
1/6 AKU cases.
Data presented in this work further conﬁrm the pro-oxidant
action of HGA in AKU, since an altered expression of several blood
proteins with a well-deﬁned role in oxidative stress was found.
Together with ALBU, the proteins HPT, CERU and TRFE are the most
important contributors to blood antioxidant capacity and redoxbalance. CERU catalyzes the oxidation of Fe(II) into Fe(III), which is
considered a safe reaction with innocuous byproducts; then iron
binds to TRFE to be delivered to storage and utilization sites. By
reducing the amount of iron available for Fenton’s reaction, the
production of its highly reactive and toxic radical byproducts is
reduced (Halliwell, 1996; van Rensburg et al., 2004). In addition, a
decreased CERU activity has been related to Alzheimer’s disease, a
pathology with a well-ascertained role of oxidative stress (Schrag
et al., 2013). In the present work, the comparative proteomic analysis indicated a signiﬁcant lower abundance of CERU in all the tested
AKU samples, which may contribute to generate or to sustain the
HGA-induced oxidative stress observed in the disease.
HPT, by binding free hemoglobin, prevent loss of iron and its
dangerous interaction with other biological components leading to
production of free radicals (Levy et al., 2010). Additionally, it can
prevent Cu2+ and LDL oxidation, conferring cells higher tolerance

Fig. 3. AKU-related serum proteome alterations likely contributing to oxidative
stress, inﬂammation and disease progression.

to hydrogen peroxide (Tseng et al., 2004). Besides its antioxidant
activity, HPT plays also an anti-inﬂammatory role, and HPT expression has been linked to inﬂammatory diseases, such as arthritis
(Galicia and Ceuppens, 2011). The presence of HPT in inﬂamed
tissue suggests a role in the progression and pathology of the
disease and can also be used as a biomarker of disease activity
(Rosenkranz et al., 2010), as recently suggested for RA (Cylwik
et al., 2010). However, high interindividual variability in HPT patterns were highlighted in OA and RA (Fernandez-Costa et al., 2012;
Sinz et al., 2002; Yamagiwa et al., 2003). In fact, HPT contains ␤(heavy; 40 kDa) and ␣- (light; ␣1 ≈ 9 kDa and ␣2 ≈ 16 kDa) chains.
Humans are polymorphic for HPT, with three major phenotypes
differing in biological activity for binding free hemoglobin and suppressing oxidative stress and inﬂammatory responses associated
with extracellular (free) hemoglobin (Black and Dixon, 1968; Javid,
1978; Langlois and Delanghe, 1996). In this work, we were able to
identify in our proteome maps HPT ␤, ␣1 and ␣2 chains, and to
reveal an altered expression of HPT ␣1 and ␣2 in AKU samples that
reminds what recently shown in systemic inﬂammation (Ghafouri
et al., 2016) and OA (Fernandez-Costa et al., 2012). HPT ␣1 and ␣2,
together with VTDB and APOC3, have been recently identiﬁed as
predictors of drug response in RA (Blaschke et al., 2015). Modulation of these proteins may thus represent a useful biomarker to
be monitored in the ongoing clinical trials for nitisinone in AKU
(Ranganath et al., 2016).
4. Conclusions
In this work, we provided the ﬁrst proteomic comparative analysis of six serum and plasma samples obtained from alkaptonuric
individuals; the apparently low number of the analyzed specimen
should always be considered in the light of the ultra-rarity of the
disease, which affects 1:1000000 (Phornphutkul et al., 2002).
All of the patients who donated their blood sample for the
study had previously underwent joint replacement surgery, and
complained about articular disorders, arthropathy, joint pain and
other co-morbidities. All of them presented SAA pathological levels
and/or increased systemic CRP and AOPP, which are good indicators of systemic inﬂammation and oxidative stress. We were able
to highlight in all the analyzed sample alterations at the proteome
level that can help explaining AKU-associated inﬂammation and
oxidative stress (Fig. 3), showing also good agreement with other
proteomic studies in rheumatic conditions or systemic inﬂammation. In particular, interesting analogies were found with proteomic
studies in OA, further supporting the notion that AKU can be considered a disease model for OA (Gallagher et al., 2015b). We also
identiﬁed several proteins with altered expression in AKU that
might potentially represent useful biomarkers to assess disease
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severity and monitor disease progression and response to treatment, which are still lacking in AKU. Future work will be necessary
to improve protein proﬁling and unmask novel potential candidate biomarkers by depleting abundant blood proteins, as well as
to analyze which PTM can occur in AKU, paying particular attention
to oxidative modiﬁcations.
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