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Abstract Alkaptonuria (AKU) is an ultra-rare inborn error of
metabolism developed from the lack of homogentisic acid
oxidase activity, causing homogentisic acid (HGA) accumu-
lation that produces an HGA-melanin ochronotic pigment, of
hitherto unknown composition. Besides the accumulation of
HGA, the potential role and presence of unidentified proteins
has been hypothesized as additional causal factors involved in
ochronotic pigment deposition. Evidence has been provided
on the presence of serum amyloid A (SAA) in several AKU
tissues, which allowed classifying AKU as a novel secondary
amyloidosis. In this paper, we will briefly review all direct and
indirect lines of evidence related to the presence of amyloid-
osis in AKU. We also report the first data on abnormal SAA
serum levels in a cohort of AKU patients.

Introduction

Alkaptonuria (AKU, OMIM: 203500) is an ultra-rare (one in
250,000–1,000,000) dismetabolic condition due to a

deficiency of homogentisate 1,2-dioxygenase (HGD,
E.C.1.13.11.5), the enzyme converting homogentisic acid
(HGA) to maleylacetoacetic acid in the degradation pathway
of tyrosine and phenylalanine (Ranganath et al 2014). Muta-
tions in HGD (Zatkova 2011) impair HGD catalytic activity
and the resulting HGA increase leads to ochronosis, that is the
Bhallmark^ of AKU, a dark brown-black discoloration prom-
inent in connective tissues. Ochronosis causes dramatic tissue
degeneration due to still unknown mechanisms. AKU is
asymptomatic at the beginning, but starting from the third
decade problems occur at several body districts, mainly joints
and heart, but also kidney, eyes, prostate, gall bladder, etc. For
this reason, AKU is now considered a multisystemic disease
(Helliwell et al 2008).

Besides the accumulation of HGA, the potential role
and presence of unidentified proteins has been hypothe-
sized as additional causal factors involved in both intra-
and extra-cellular ochronotic pigment deposition (Taylor
et al 2010).

Evidence has been provided on the presence of serum
amyloid A (SAA) and serum amyloid P (SAP) in AKU,
which allowed classifying AKU as a secondary (AA) amy-
loidosis (Spencer et al 2004; Millucci et al 2012). Amyloid-
osis is a pathological process centred on the conversion of
normally soluble proteins into insoluble protein fibrillar ag-
gregates, called amyloid, that deposit either systemically or
in a specific organ and may be associated with a diverse
range of disorders. Amyloidoses are progressive diseases
characterized by a lag phase, analogously to what happens
in AKU whose nature is also progressive similarly to other
rheumatic joint diseases where secondary amyloidosis is
well ascertained (Obici et al 2009; Nakamura 2011; Bely
and Apathy 2012).

In this paper, we will briefly review all direct and indirect
evidences of amyloidosis in AKU.
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Materials and methods

Samples

Sera were obtained from three different cohorts of AKU pa-
tients. Two cohorts were represented by AKU patients from
United Kingdom and Slovakia who had been enrolled in a
clinical trial for the use of nitisinone for AKU treatment: Suit-
ability Of Nitisinone In Alkaptonuria 1 (SONIA 1), an inter-
national, multicentre, randomized, open-label, no-treatment
controlled, parallel-group, dose-response study (Ranganath
et al 2014). The third cohort was represented by Italian
AKU patients under control in the AKU reference rheumato-
logic clinic of Siena University Hospital (Prof. M. Galeazzi).
Blood samples were collected in fasting conditions in non-gel
serum tubes; serum samples were then kept frozen at -80 °C
until analysis.

Alkaptonuric specimens were obtained from the Italian co-
hort of AKU patients. Healthy human articular cartilage and
synovia were obtained from patients without any history of
rheumatic diseases who underwent surgical knee joint sam-
pling. Tissue was removed only from healthy, glossy and in-
tact articular cartilage surface.

Amyloid staining

Amyloid fibrils were revealed by Congo red, as previously
described (Millucci et al 2012).

Transmission electron microscopy (TEM)

AKU cartilage, aortic valve, salivary gland and knee fat spec-
imens were fixed in 2.5 % glutaraldehyde in 0.1 M cacodylate
buffer (CB) pH 7.2 for 3 h at 4 °C, post-fixed in 1 % osmium
tetroxide in CB for 2 h at 4 C, dehydrated in a graded series of
ethanol and embedded in a mixture of Epon–Araldite resins.
Thin sections, obtained with a Reichert ultramicrotome, were
stained with uranyl acetate and lead citrate and observed with
a TEM FeiTecnai G2 spirit at 80 Kv.

Histology

AKU synovial specimens were placed in 5 % formaldehyde.
Samples were dehydrated with increasing concentrations of
alcohol and embedded in paraffin. Sections were then stained
with hematoxylin-eosin (H/E).

Determination of SAA serum levels

SAA serum levels were determined bymeans of a commercial
ELISA assay (kit code KHA0012, Invitrogen-Life Technolo-
gies, Carlsbad, CA, USA) according to manufacturer’s in-
struction after the recommended dilution (DF=200). Plates

were read on a VersaMax microplate reader (Molecular De-
vices, Sunnyvale, CA, USA) using Ascent software (Thermo
Scientific, Waltham, MA, USA). SAA quantification was ob-
tained against a second order polynomial standard curve (R2=
0.999) generated with SAA standards.

Amyloid evidence observation

Amyloid has specific structural and staining properties and the
gold standard for the diagnosis of amyloidosis is the histolog-
ical identification of amyloid by the birefringence of Congo
Red (CR) stain under polarizing light. Such a typical CR bi-
refringence has been reported to be visible in cartilage
(Millucci et al 2012; Spencer et al 2004) and synovia
(Millucci et al 2012) fromAKU patients (Fig. 1). Remarkably,
the amyloid presence was mainly found in correspondence of
ochronotic areas and shards, thus suggesting a strict intimate
structural correlation between pigment and amyloid (Millucci
et al 2012; Spencer et al 2004). Amyloid fibrils appeared as
twisted rods composed of cross-beta sheet structures that se-
lectively bound the dye CR and Thioflavin-T, thus this latter
fluorescent dye confirmed the presence of amyloid aggregates
in cartilage and synovial tissue from AKU patients (Millucci
et al 2012). The presence of amyloid deposit was observable
also in chondrocytes isolated from ochronotic cartilage of
AKU patients (Millucci et al 2012), in keeping with evidence
that synoviocytes and chondrocytes may be important pro-
ducers of amyloid (Momohara et al 2008). Moreover, both
synoviocytes and chondrocytes express HGD, thus contribut-
ing to the local production of ochronotic pigment and amyloid
(Laschi et al 2012).

Moreover, amyloid was detected also in heart (Millucci
et al 2014a, c), prostatic stones, periumbelical abdominal
(Millucci et al 2012), and articular fat and labial salivary
gland (Millucci et al 2014d) of tissues from ochronotic
patients (Fig. 2), thus suggesting the systemic nature of
AKU-related amyloidosis and the case of a secondary am-
yloidosis. In fact, SAA deposition was revealed in all AKU
amyloid specimens (Millucci et al 2012, 2014a, b, c, d),
clearly indicating that AA amyloidosis is related to
ochronosis. Immunofluorescence also allowed highlighting
the co-localization of amyloid with the melanin-like
ochronotic pigment that has intrinsic fluorescence properties
(Millucci et al 2012, 2014a, c, d; Spencer et al 2004;
Spreafico et al 2013), and such superimposition was partic-
ularly remarkable in correspondence of synovial ochronotic
shards and in AKU aortic valve (Millucci et al 2012,
2014a, c). Localized amyloid was noted in ochronotic car-
tilage in all cases (Millucci et al 2012, 2014b; Spencer et al
2004), and calcium pyrophosphate crystals deposition was
also seen in knee and elbow joints (Spencer et al 2004).
Immunohistochemistry confirmed the presence of SAP
component in all AKU tested specimens, while no
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positivity was observed for the presence of immunoglobulin
light chains, pre-albumin, beta-2 microglobulin, α-synucle-
in, and Pmel17 (Millucci et al 2012; Spencer et al 2004).
Transmission electron microscopy (TEM) observations in-
dicated that the amyloid fibrils detected in AKU tissues
ranged 6-13 nm in diameter and were always in close
proximity of ochronotic pigmented areas (Millucci et al
2012, 2014a, c; Millucci et al 2014d) (Fig. 2). Apart from
visible signs of cell death and autophagy, dense layers of
amyloid and scattered amyloid aggregates and fibrils
among collagen fibres were always evident. These latter
appeared usually strongly loaded by drop-like pigment ele-
ments as also previously reported (Taylor et al 2010).

Supporting evidences of amyloidosis

Cellular events may be associated with AA amyloidogenesis
that can be observable in AKU cell and tissues.

It is known that AA amyloidosis is related to the
expression/presence of SAA in tissues, but a connection with
an oxidized and inflammatory status is also very often present.
Data suggest that AA is a secondary complication of AKU
due to a chronic inflammatory status derived from HGA-
benzoquinone acetic acid (BQA)-melanin-induced oxidative
stress.

Such indirect observations further support amyloidosis in
AKU.

Fig. 1 Congo red staining of amyloid in AKU cartilage (left) and synovia
(right). Birefringent amyloid deposits in strongly degenerated AKU artic-
ular cartilage (left) were detected, particularly localized in pigmented
areas although amyloid infiltrates were evident all throughout the tissue.
AKU synovia (right) also showed massive and extensive amyloid

infiltration, predominantly in the superficial layer of the synovial mem-
brane, and especially in concomitance with pigmented areas and with
ochronotic shards. Local inflammation and tissue damagewere evidenced
by the presence, in both AKU cartilage and synovia samples, of inflam-
matory infiltrates, consisting mainly of monocytes and macrophages
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Cell and tissue degeneration in AKU

Emerging evidence has demonstrated that a large fraction of
SAA amyloid is generated in intracellular compartments rath-
er than as systemic deposition (Magy et al 2007). Similarly, in
AKU, intracellular SAA may be sequestered by autophagy-
lysosomal machinery along with damaged organelles. AKU
cells often appear irregular with dense cytoplasm filled with
multiple transcytotic vesicles (Millucci et al 2012, 2014b, c,
d). Ultrastructural observation of AKU chondrocytes showed
typical signs of a primary autophagy-lysosomal injury that
may sit at the top of a pathogenic hierarchy, eventually devel-
oping into the plethora of heterogeneous pathologic signs in-
cluding structural tissues defects, extracellular diffuse amyloid
deposition, amyloid plaques, intracellular tangles, etc.
(Millucci et al 2014b). In AKU, AA amyloid fibril accumula-
tion was associated with membrane lesions in basal, cytoplas-
mic organelle (endoplasmic reticulum, mitochondria), and nu-
clear membranes. It is plausible that some of lysosomal vesi-
cles may secret their stored monomeric or oligomeric SAA
peptides into extracellular spaces. Highly concentrated SAA
aggregates stored in enlarged autophagy-lysosomal vesicles
may contribute to the development of amyloid plaques. Thus
the cellular autophagy-lysosomal pathway appears to play a

central role in amyloid deposition associated also in AKU.
The vesicle damage and subsequent leakage is a primary caus-
ative event that results in secondary pathogenic lesions as
evident by extensive membrane disruption occurring in cyto-
plasmic, nuclear and other organelle membranes (Millucci
et al 2014b). In AKU cells and tissues, disrupted membranes
are discontinuous with large gaps or exhibit irregularly
multilamellar or indistinct cloud-like morphology (Millucci
et al 2014b, c), suggesting that membrane disruption results
from structural destabilization likely due to an altered intracel-
lular microenvironment rather than direct interaction between
amyloid and lipid bilayers. Moreover, mitochondrial deficits
appear as a prominent pathogenic lesion in AKU tissues
(Millucci et al 2012, 2014b, c, d). Morphological changes
(decreased size, abnormal cristae) and accumulation of
osmiophilic materials were often observable. Mitochondria
provide the energy to support cellular activities but also pro-
duce free radicals and other oxidative molecules. Indeed, met-
abolic defects, energy deficiency and increased oxidative
stress are common pathogenic lesions found in AKU. In ad-
dition to being the major source of intracellular reactive oxy-
gen species, mitochondria are also particularly vulnerable to
oxidative damage. Oxidative stress may thus result in a self-
amplifying pathogenic lesion.

Fig. 2 TEM observation of amyloid in AKU tissues. Articular AKU
cartilage showed the presence of aggregates of amyloid fibrils between
recognizable broken collagen fibrils, finally sprinkled with pigment drop-
like granules (bar 2.5 μm). AKU aortic valve revealed the presence of
intracellular and extracellular deposits of ochronotic pigment. A massive
infiltration of fine amyloid fibrils in proximity of a large pigment patch is
shown (bar 100 nm). AKU salivary gland is the tissue where amyloid

deposits were observed more abundantly. Ultrastructural observation
showed a region of the interstitial glandular stroma that contained fine
amyloid fibrils, interspersed with bundles of collagen fibrils. Pigment
deposits were present on broken collagen fibres scattered between amy-
loid fibrils (bar 2.5 μm). AKU knee fat showed the presence of numerous
and pervading long, straight and parallel bundles of amyloid fibrils (bar
5 μm)
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Inflammation

Chronic inflammation has long been recognized as central to
the induction of AA amyloidosis, although its role has not yet
been fully investigated. Chronic inflammation, superimposed
by amyloid fibril deposition, is believed to trigger the cascade
of oxidative stress response in the affected organs and tissues
(Kamalvand and Ali-Khan 2004). These markers were co-
localized bound to AA fibrils infiltrating tissues.

HGA, if injected into joints produces disabling damage,
ochronosis, necrosis and inflammatory reactions (Martin and
Batkoff 1987). Indeed, an inflammatory status can be ob-
served in AKU tissues (Selvi et al 2000; Taylor et al 2010),
where macrophages may surround the pigmented areas (Tay-
lor et al 2010), while HGA-treated chondrocytes and
synoviocytes show phagocytic features (Castillo and Kourí
2004). Local inflammation signs have been previously report-
ed in AKU (Selvi et al 2000). Lymphocyte aggregates and
infiltrating macrophages were found in the synovial (Fig. 3)
and aortic valve tissues (Millucci et al 2014a, c), especially in
the proximity of ochronotic shards. In AKU aortic valves large
deposits of ochronotic pigment were found in the vicinity of
areas of valvular calcification, tissue fibres adjacent to calcium
deposits interconnecting bundles of collagen were demon-
strated and EDS spectra of pigmented areas of AKU aortic
valve proved the presence of indicate hydroxyapatite concre-
tions (Millucci et al 2014a, c). Such a valvular calcification,
typical of stenosis, is always in strong correlation with an
inflammatory local condition (Dweck et al 2012).

Oxidized lipids and their components have strong pro-
inflammatory properties. Lipid peroxidation (LPO) is a hall-
mark of amyloidosis. Co-localization of LPO and amyloid has
always been reported in all types of amyloidosis, LPO being
also a contributing factor to the generation of amyloid A

fibrils. In AKU, LPO positively correlated with pigmented
areas, suggesting the association of intraleaflet ochronosis
and oxidative stress (Millucci et al 2014a, c). AKU valve
contained macrophages in the subendothelial layer of the
fibrosa, in the vicinity of ochronotic deposits. LPO are pro-
inflammatory and attract inflammatory cells, the predominant
cell type in aortic valve lesions, like T lymphocytes and mac-
rophages. Possibly, products generated by HGA/BQA-
induced LPO are involved in the inflammatory process pres-
ent in the AKU valves. Myelin figures, well-known indicators
of LPO and membrane degeneration, were also detected in
AKU (Millucci et al 2014a, c).

Local inflammation and oxidation in AKU joints have also
been indicated by the characterization of AKU chondrocytes,
obtained from the ochronotic cartilage of AKU patients.
AKU cells, once cultured in vitro, release nitric oxide
(Braconi et al 2011), a well-known compound related to in-
flammation and oxidative stress, and pro-inflammatory cyto-
kines. AKU chondrocytes also release high levels of pro-
inflammatory cytokines, like IL-1beta, IL-6, IL-8, IL-10 and
TNF-alpha, related to cartilage degeneration (Braconi et al
2012, 2013). The treatment of normal cells with HGA (Tinti
et al 2010, 2011a, b) induces the formation of amyloid, the
synthesis and the release of SAA, pro-inflammatory cyto-
kines, and cell membrane LPO (Spreafico et al 2013), strong-
ly suggesting that HGA may be the primary cause of local
inflammation, oxidation and amyloidosis. It has been proven
that HGA produces melanin (Hegedus 2000) that is known
cause of inflammation. In AKU, continuing accumulation of
HGA and its oxidized derivatives may promote inflammatory
responses mediating tissue damage. The chronic presence of
HGA-melanin may cause a further inflammatory stimulus
resulting in SAA overproduction finally causing the forma-
tion of amyloid deposits.

Fig. 3 Haematoxylin and eosin histology of AKU synovia indicates
local inflammation. Representative haematoxylin and eosin
micrographs of synovium biopsies from an AKU total knee (left) and
shoulder (right) arthroplasty (both magnification 40×). Synovial mem-
brane showed hyperplasia of the lining layer with a region of predomi-
nantly lymphocytic inflammation in the sublining layer with plasma cells
and macrophages. Ochronotic cartilage shards embedded in severely

degraded synovium were evident. Dense cellularity with inflammatory
cells, containing many or large lymphoid aggregates were also present.
Lymphocytes, macrophages and even clumps of plasma cells infiltrating
the sublining region, mainly in correspondence of large ochronotic shards
were visible. The synovial intimal lining, here not appreciable due to the
extremely decayed conditions of the tissue, was ever hyperplastic with an
increased number of macrophages and fibroblasts
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Oxidative stress

Oxidative stress has been indicated as a contributing factor to
the generation of AA fibrils and an integral component of
amyloidotic tissues. LPO is implicated in protein modification
and amyloid fibril formation.

Symptoms in AKU patients may be the consequence of
repeated oxidative insults to target tissues initiated by HGA
spontaneous oxidation.

In human serum model, HGA proved to induce, con-
comitantly to ochronotic pigment production, oxidative
stress through LPO, decreased activity of glutathione per-
oxidase and a massive depletion of thiol groups, thus
compromizing the so-called ‘plasma antioxidant capacity’
(Braconi et al 2011). HGA induces oxidative stress, which
is mediated by thiol depletion (Giustarini et al 2012) and
oxidation of protein thiols (which also contribute to plas-
ma redox balance), LPO, and protein post-translational
modifications like carbonylation, quinolation and aggrega-
tion (Braconi et al 2013). Irreversible structural/functional
HGA-induced modification of specific proteins may be
relevant for impairment of an appropriate defence against
oxidative stress and protein aggregation. BQA, the oxida-
tive metabolite of HGA, and melanin-like ochronotic pig-
ment can both promote and further propagate such an
oxidative stress (Braconi et al 2013). Likely, AKU patients
experience significant oxidative stress due to the circulat-
ing levels of HGA and BQA.

The first clue of AKU-related LPO was shown in an
in vitro HGA-treated serum model where a significant in-
crease of TBARS has been revealed (Braconi et al 2011). 4-
hydroxy-2-nonenal (HNE) is one of the major aldehydic reac-
tive products generated by LPO and its presence has been
generally localized in primary and secondary amyloidosis
(Butterfield and Lauderback 2002). HNE, by means of Mi-
chael adducts with protein thiol and amino groups, causes
cross-linked aggregation, with protein inactivation/functional
modification, and renders such aggregates highly resistant to
proteolysis. LPO was visible in cartilage and chondrocytes
obtained from AKU patients and HNE present in AKU
chondroptotic cartilage resulted a key mediator of oxidative
stress-induced pathophysiological effects (Millucci et al
2014b). Analogously, ochronotic intraleaflet pigmentation of
AKU stenotic valve positively correlated with 4-HNE staining
(Millucci et al 2014a, c).

Proteomics

Proteomic analysis of human cells from AKU patients re-
vealed the aberrant expression of several proteins involved
in the control of folding/unfolding and amyloidogenic pro-
cesses (Braconi et al 2012). Cathepsin D under-expression in
cells from AKU patients could be relevant since this protein

plays a major key physiological role in SAA catabolism, com-
pleting its degradation process and thus preventing SAA from
accumulating and serving as a precursor of AA amyloid fibrils
(Millucci et al 2012; Braconi et al 2012). Insufficient degra-
dation systems for aggregated proteins, as suggested in the
case of other secondary amyloidoses (Westermark and
Westermark 2009), may be on the origin of AKU amyloidosis.
Moreover, proteomics of AKU chondrocytes (Braconi et al
2012) and HGA-treated normal human cells (Braconi et al
2010a, b) indicated relevant alterations in the expression of
proteins involved in cell defence, protein folding and cell or-
ganization and that these cells experience significant protein
oxidation and aggregation.

Ochronosis and amyloidosis

AKU amyloid has been reported to strongly co-localize with
HGA-melanin ochronotic pigment. This evidence suggests
that HGA polymer may be involved in amyloid deposition
or that these two types of deposits (pigment and amyloid, both
detergent-, acid-, alkali- and protease-resistant) may be struc-
turally related. The striking co-localization of HGA-melanin
and amyloid suggests the participation of oxidized HGA pig-
ment in the formation of amyloid aggregates and a link be-
tween HGA oxidation and amyloid deposition.

Mechanical stress, one of the typical functional features of
heart valve and also typically present in joint function, may be
a linker between amyloid and ochronotic pigment co-pres-
ence, since it has been reported to be responsible for both
amyloid and ochronotic pigment deposition inAKU.Mechan-
ical stress in heart valves has been positively related to lipo-
proteins oxidation inducing calcification in cardiac patholo-
gies (Dweck et al 2012). LPO was found to be more intense in
AKU cartilage zones where the ochronotic pigment could be
detected (Millucci et al 2014b), while superficial not
pigmented zones did not present significant traces of HNE.
Myelin figures have also been reported to overlap pigmented
tissues, suggesting a strict correlation between the cytotoxic
action of ochronotic pigment and LPO (Millucci et al 2014c).

Clinical aspects

Epidemiological data are still lacking since a systematic early
diagnosis of AA-amyloidosis in AKU cases has not been un-
dertaken so far.

AA-amyloidosis is a complication of chronic diseases in
which plasma SAA levels are constantly above 5 mg/L
(Westermark and Westermark 2009). The only indication
about the prevalence of high SAA serum levels in AKU pa-
tients is reported in the present paper. SAA serum levels above
normal values were found in 93 % of patients from the UK
cohort, in 60 % from the Slovak cohort and 78 % from the
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Italian cohort (Table 1). These data suggest that SAA serum
levels may be useful indicators of inflammation in AKU.

In AA amyloidosis, proteinuria, renal dysfunction and gas-
trointestinal symptoms are diagnostically informative, but it is
important not to overlook these symptoms, and to confirm the
presence of amyloidosis by organ biopsy. Although interfer-
ences of HGA on some diagnostic assays have been reported
(Selvi et al 2010; Curtis et al 2014), actually no proteinuria has
been detected in AKU patients. The lack of proteinuria is not
unusual (Nakamura 2011), also because it is typical of the
final fatal phases in AA amyloidosis. No data have been pub-
lished so far on renal and gastrointestinal involvement in
AKU.

An early diagnosis of amyloidosis is crucial and it has been
suggested that histological evaluation of amyloid with CR
would be preferable in labial salivary gland biopsies instead

of periumbelical fat aspirate that could lead to false negatives
in AKU (Millucci et al 2014d).

The best approach to treatment of amyloidosis is to prevent
progression by controlling the serum level of SAA, whose
suppression below 10 mg/L halts is associated with prolonged
survival, amyloid deposition reversal and organ function re-
covery (Lachmann et al 2007). Anti-oxidants and methotrex-
ate proved to possess a significant capacity of inhibiting both
HGA-induced ochronosis and amyloidosis as well as SAA
release in in vitro AKU cell models (Tinti et al 2010; Spreafico
et al 2013; Millucci et al 2012).

Amyloid and melanin-like pigment

A thorough systematic analysis of amyloid deposits in AKU
has not been undertaken so far; however, also in light of the
most recent findings discussed here (Millucci et al 2012,
2014a, b, c, d; Spreafico et al 2013), this would definitely
deserve further investigations. Besides providing novel in-
sights on AKU pathological mechanisms, such an analysis
will contribute to get a better awareness of AKU and related
co-morbidities within the medical community. Furthermore,
thanks to the structural and functional correlations that can be
found between the ochronotic pigment and amyloid (Millucci
et al 2012), a deeper characterization of the amyloid deposits
found in AKU might help the clarification of the composition
(so far largely unknown) of the ochronotic pigment. In fact,

Table 1 Ratios of serum SAA positivity (>5 μg/mL) in AKU patients.
Fasting serum levels of SAAwere analysed using a commercial 96-well
plate solid phase sandwich enzyme linked-immuno-sorbent assay
(ELISA) (SAA positivity (values > 5 μg/mL) is indicated

AKU patients SAA (>5 μg/mL)

UK (n=15) 14/15 (93 %)

SK (n=25) 15/25 (60 %)

IT (=23) 18/23 (78 %)

Total (n=63) 47/63 (75 %)

Fig. 4 Hypothesis of ochronotic
pigment and amyloid formation in
AKU HGA and its auto-oxidation
product BQA are progenitors of
the melanin-like ochronotic
pigment. Both the process of
production and melanin itself are
causes of induction of oxidative
imbalance and consequent
cytotoxicity. Such a repetitive
oxidative insult also causes a
chronic inflammatory status
accompanied by inadequate
defense responses and aberrant
production of amyloidogenic
proteins finally resulting in
secondary amyloid deposition.
Amyloid and its intermediate
forms are also cytotoxic and
pro-oxidant. On the other hand,
analogously to what occurs
physiologically in melanogenesis,
amyloid may also be produce to
attempt to mitigate melanin’s
cytotoxicity and/or function as a
scaffold for its synthesis

J Inherit Metab Dis (2015) 38:797–805 803



though it is without doubt that HGA is the causative agent of
the pathological manifestations in AKU, mediated by BQA as
the intermediary agent in a so far undefined polymerisation
process (Braconi et al 2015), the final structure and composi-
tion of the ochronotic pigment deposited in connective tissues
of AKU patients are still quite obscure. The co-localization of
SAA amyloid with melanin-like ochronotic pigment suggests
a structural relationship between these two types of deposits, a
unique feature of AKU (Fig. 4). Amyloid production is phys-
iologically related to melanin synthesis in human melanocytes
(Watt et al 2013; Hu et al 2011), introducing the concept of
Bfunctional amyloid^ playing a key role in preventing the
cytotoxic effect of melanin (Jiang and Lee 2014; Rochin
et al 2013; Theos et al 2013; Leonhardt et al 2013;
McGlinchey et al 2011; Delevoye et al 2011). AKU amyloid-
osis is an intriguing case of amyloid associated with melanin
outside the melanosome compartment under pathological con-
ditions. Moreover, AKU is the third pathology after
Parkinson's disease (PD) and Alzheimer's disease (AD) where
amyloid is associated with a melanin-based pigmentation
(Fowler et al 2006; Aquaron et al 1995). Indeed, associations
of PD/AD and AKU have been reported andHGD expression
in brain have been reported (Bernardini et al 2015).

In virtue of this, determining the identity of macromole-
cules composing the ochronotic pigment and their reciprocal
interactions is the basic step to find possible drugs to inhibit its
formation or to disrupt/disaggregate it. Any information about
pigment composition and reciprocal interactions with amy-
loid, can be decisive in the achievement of this goal. Altogeth-
er, future investigations might help the design of therapeutic
approaches for AKU and ochronosis, in line with the aims of
the ‘International Rare Disease Research Consortium’, a joint
effort by the US NIH and the European Commission for the
develop of treatments of all the known rare diseases by the
year 2020 (Abbott 2011).

Conclusions

Alkaptonuria is a complicating inflammatory multisystemic
disease, involving many different organs where any body dis-
trict expressing HGD may be affected by ochronosis and re-
lated AA amyloidosis.

Amyloid, ochronosis, LPO, inflammation, tissue calcifica-
tion, cell death and tissue degeneration co-localize in AKU.

These findings are in agreement with high serum SAA
levels in AKU patients that may hence be related to the
HGA-induced oxidative stress.

HGA/BQA-induced melanin-like ochronotic pigment pro-
motes inflammation, tissue degeneration and self-amplifying
oxidative stress. A chronic inflammatory status paralleled by
inadequate antioxidant defences may thus promote the syn-
thesis of amyloidogenic proteins ultimately leading to

secondary amyloid deposition, which is in turn cytotoxic,
pro-inflammatory and pro-oxidant, further complicating
AKU pathogenic lesions.
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suffering.
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