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Abstract Alkaptonuria is an ultra-rare autosomal recessive
disease developed from the lack of homogentisate 1,2dioxygenase (HGD) activity, causing an accumulation in connective tissues of homogentisic acid (HGA) and its oxidized
derivatives in polymerized form. The deposition of ochronotic
pigment has been so far attributed to homogentisic acid produced by the liver, circulating in the blood, and accumulating
locally. In the present paper, we report the expression of HGD
in the brain. Mouse and human brain tissues were positively
tested for HGD gene expression by western blotting.
Furthermore, HGD expression was confirmed in human neuronal cells that also revealed the presence of six HGD molecular species. Moreover, once cultured in HGA excess, human
neuronal cells produced ochronotic pigment and amyloid. Our
findings indicate that alkaptonuric brain cells produce the
ochronotic pigment in loco and this may contribute to induction of neurological complications.

Introduction
Alkaptonuria (AKU; OMIM no. 203500) is an ultra-rare
(1:250.000–1.000.000 incidence) autosomal recessive inborn
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error of catabolism of the aromatic amino acids phenylalanine
and tyrosine due to a deficient activity of the enzyme
homogentisate 1,2-dioxygenase (HGD, EC 1.13.11.5). This
leads to the accumulation of homogentisic acid (HGA, 2,5dihydroxyphenylacetic acid). HGA oxidizes to benzoquinone
acetic acid (BQA), which in turn forms melanin-based polymers, deposited in the connective tissue of various organs,
causing a pigmentation known as Bochronosis^, leading to
dramatic tissue degeneration. A severe form of arthropathy
is the most common AKU clinical presentation. AKU patients
suffer from cardiovascular disease and kidney disease, but
may also have other organ severe implications, and may be
complicated by secondary amyloidosis (Millucci et al 2012).
There is no effective cure for AKU at the moment. Treatment
is symptomatic while for the end-stage total joint replacement
is required. Phase II and a phase III clinical trials with
nitisinone (Ranganath et al 2014), the only orphan drug so
far recognized for AKU, are currently active.
HGD has been reported expressed in liver, kidney, prostate,
small intestine, colon (http://www.uniprot.org/uniprot/
Q93099). More recently, we also reported that the
osteoarticular compartment cells express HGD and thus
contribute to the production of local ochronosis in AKU
arthropathy (Laschi et al 2012). As far as it regards central
nervous system, ochronosis has been found in the brain of
AKU patients (Nishimori et al 1970; Rovensky 2013). In
another AKU case, extensive ochronotic pigment deposition
was found in dura mater as well as in the walls of the dural
sinuses (Galdston et al 1952; Liu and Prayson 2001).
Pigmented areas were also found in pineal gland and
pituitary body (Lichtenstein and Kaplan 1954).
On the other hand, neurological manifestations in AKU
patients have also been described, like cases of astrocytoma
and concomitant pituitary adenoma (Abs et al 1992), neuroblastoma (Mathieu et al 1997), migraine headaches, and
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depression. Particularly, the association of AKU and
Parkinson disease (PD) has been reported (Proctor 1970;
Siekert and Gibilisco 1970; Link 1973; Aquaron et al 1995;
Aquaron 2011), probably due to ochronotic pigment deposition (Cox and Ranganath 2011; Ranganath and Cox 2011).
In the present work, we show that HGD is expressed in
mouse and human brain tissues and in human neuronal cells
and that HGA induces in the latter the production of
ochronotic pigment and amyloid.

Methods
In silico analysis
Blood brain barrier penetration for HGA and BQA has been
estimated by the ADMET module of Discovery Studio 4.1
software.
A preliminary in silico screening was performed focussing
on the expression profiling of HGD gene in several normal
human organs, tissues or cells, using the bioGPS (ver 2.1.36165d5a37fe924; (Wu et al 2013) plugin BGene expression/
activity chart^ using the human data stets BGeneAtlas
U133A, gcrma^ (Su et al 2004) and BPrimary Cell Atlas^.

Insolubilized material was pelleted at 12,000×g for 20 min,
and protein concentration was determined by the BCA assay.
Fresh mouse brain tissue samples were weighed and a 20 %
homogenate was made in ice-cold RIPA buffer (50 mM Tris,
150 mM NaCl, 0.5 % DOC, 1 % NP-40, 0.1 % SDS, 1 % of
protease inhibitors cocktail at pH 8.0) (all from SigmaAldrich). The homogenates were centrifuged twice at 13,
000×g for 30 min at 4 °C and protein concentration was determined by Bradford’s method.

IMR-32 cell culture
Human neuroblastoma IMR-32 (ATCC-CRL-127) cell line
was cultured in RPMI medium supplemented with 10 %
FSC, 1 % L-glutamine, 100 U/mL of penicillin and 100 μg/
mL of streptomycin (all from Sigma-Aldrich) at 37 °C in a
humidified atmosphere of 5 % CO2/95 % air.
IMR-32 cells were cultured in the absence or in the presence of different concentrations of HGA. Viability of IMR-32
cells was evaluated after 24 h of treatment using the MTT
assay (Sigma–Aldrich).
IMR-32 confluent cells were washed with PBS and lysed
in situ with RIPA buffer. Protein concentration was determined by Bradford’s method.

Brain tissues
Western blotting (WB)
Human brain specimens (i.e., cortex, hippocampus, basal
forebrain, cerebellum, corpus striatum) were obtained from
the FFPE tissue archive of the Department of Medical,
Surgical, and Neurogical Sciences of the University of Siena.
Mouse brain tissues were obtained from male CD-1 mice.
Mice were deeply anesthetised with sodium pentobarbital
(50 mg/kg; i.p.) and decapitated on ice immediately thereafter.
The brain extracted from the skull and cut either in two halves
or in blocks containing the regions of interest for analysis (i.e.,
cerebellum, cortex, basal fore brain, and hippocampus).
Brain tissue extracts
Protein extraction from human FFPE brain tissues was performed as reported (Addis et al 2009). Replicates of FFPE
sections (10 μm thick) were deparaffinised by incubation at
RT in xylene for 10 min. Tissue was pelleted at 12,000×g for
3 min, and incubation/centrifugation steps were repeated
twice. The deparaffinized tissue pellets were rehydrated with
a graded series of ethanol (Abs., 75, 50, and 25 %). Samples
were weighed and resuspended at a 20 % w/v ratio in extraction buffer (20 mM Tris HCl, pH 9,2 % SDS, 200 mM glycine, 200 mM DTT, protease inhibitors), incubated on ice for
5 min, mixed by vortexing, then boiled at 100 °C for 20 min
followed by an incubation at 80 °C in a water bath for 2 h.

HGD expression was evaluated by WB as reported (Laschi
et al 2012). Tissue and cell protein extracts were resolved by
SDS-PAGE or 2D-PAGE, electrotransferred onto nitrocellulose and probed with anti-human HGD antibody, followed by
anti-rabbit HRP-conjugated antibody (all Sigma–Aldrich).
Detection was obtained by ImmunoStarHRP (Bio-Rad).
Images were acquired and analyzed by ImageQuantTL (GE).

TEM analysis of HGA-treated IMR-32 cells
IMR-32 cells were treated 3.3 μM HGA for 7 days, washed in
PBS and fixed with 2.5 % glutaraldehyde in 0.1 M sodium
cacodylate (pH 7.4), post-fixed in 1 % osmium tetroxide,
dehydrated in ethanol and embedded in epoxy resin.
Ultrathin sections were stained with uranyl acetate and lead
citrate. Specimens were examined in a transmission electron
microscope (100CX II, JEOL U.S.A., Peabody, MA) operated
at 80 kV.

Statistical analysis
ANOVA tests were used for the comparison of data.
Differences of p<0.05 were considered significant.
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Results
Blood brain barrier penetration has been estimated by
the ADMET module of Discovery Studio 4.1 software.
Both HGA and BQA compounds have been classified
as low penetrants (level 3, low), since they have a calculated BBB ≤−1.1.
Data mining analysis allowed us to characterize HGD gene
expression trends in human central nervous system (CNS). As
expected, HGD was found abundantly expressed in hepatocytes, liver, and kidney (Table 1s and 2s) thus confirming the
central role of these organs in HGA metabolism. Minimal
HGD expression was found in all the other tissues and cells.
In particular, all normal human CNS tissue and cells showed
HGD levels at levels similar to other human cells including
those from the osteoarticular compartment (i.e., chondrocytes
and osteoblasts), previously demonstrated to contribute to the
Fig. 1 Western blotting with antiHGD antibodies. a HGD
expression in different mouse
brain tissues. b HGD expression
in different human brain tissues. c
HGD expression in human
neuroblastoma IMR-32 cells. d
2D Western blotting with antiHGD antibodies of human
neuroblastoma IMR-32 cells.
Experimental Mr and pI of six
HGD molecular species are
reported. Experiments were
performed in triplicate

production of local ochronosis in AKU arthropathy (Laschi
et al 2012).
Western blotting (WB) revealed HGD expression in all the
tested mouse brain specimens, namely emibrain, cerebellum,
basal forebrain, and hippocampus (Fig. 1b). Similarly, positive WB signals were detected in the samples of human origin:
cortex, hippocampus, basal forebrain, cerebellum, and striatum (Fig. 1b); and in neuroblastoma IMR-32 cells (Fig. 2a).
These results, indicating the ubiquitous expression of the enzyme in mouse and human CNS may have important outcomes in AKU understanding and managing. In fact, they
highlight the potential neurological implications in AKU patients and support the development and use of animal and cell
models of ochronotic neuropathies.
In order to ascertain that HGD presence in human brain
tissues was due to the neuronal cell component, we evaluated
HGD expression in a human neuroblastoma cell line. 2D-WB
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Fig. 2 MTT assay of HGAtreated IMR-32 cells.
Experiments were performed in
triplicate; data are presented as
average values±standard
deviation. Statistically significant
differences from untreated
controls are denoted by
*P<0.01

confirmed HGD expression in human neuroblastoma IMR-32
cells and revealed six different enzyme molecular species
(Fig. 2b), thus suggesting post-translation modifications.
Analogously to what was previously reported for HGD expression in joints (Laschi et al 2012), determination of experimental pI/Mr coordinates of protein spots suggested an acetylation (http://www.uniprot.org/uniprot/ Q93099)
neutralizing Lys positive charge, potentially changing
protein function.
IMR-32 cells treated with HGA at different concentrations
for 24 h showed a dose-dependent inhibition of cell viability
up to 0.33 mM HGA. Higher concentrations of HGA notably
decreased viability of IMR-32 cells, 88.44 and 83.36 % at
0.33 and 0.033 mM respectively versus untreated controls.
Conversely, lower concentrations of HGA moderately reduced cell viability, 22.80 and 23.49 % at 3.3 and 0.33 μM
respectively versus untreated controls.
To gain ultrastructural details of HGA-induced alteration in
neuronal cells, transmission electron microscope (TEM) analysis was performed on HGA-treated IMR-32 cells. A striking
difference was found between control (Fig. 3a and b) and
HGA-treated IMR-32 cells (Fig. 3c-h). Control cells (Fig. 3a
and b) had few secretory vesicles in the cytoplasm or in the
short neurites, showing evenly dispersed euchromatin, polyribosomal rosettes, and mitochondria. No abnormality in membrane structure, mitochondria or nucleus was observable; intact double nuclear membranes, normal chromatin distribution, and organelles, specifically mitochondria, endoplasmic
reticulum, and Golgi apparatus were present. In HGA-treated
IMR-32 (Fig. 3c-h), many secretory organelles were present.
Neurons were characterized by chromatin condensation, granular cytoplasmic inclusions, and cytoplasmic vacuoles. The
great majority of these secretory organelles had a Bdense
core^; they were irregular in shape and highly heterogeneous
in dimension. Few Bclear^ small vesicles, possibly related to
synaptic vesicles, were found scattered throughout the cytoplasm and in the neurites (Fig. 3c). In HGA-treated IMR-32

cells, the cytoplasm was full of vacuoles and membranous
organelles and contained mostly a granular background with
scattered granules of ochronotic pigment. Swollen mitochondria were also visible, as well as vacuoles containing pigment
Fig. 3 TEM analysis of HGA-treated IMR-32 cells. a Untreated control
neurons sectioned above the processes. Nuclei were not fragmented and
vacuoles were less numerous than in HGA-treated neurons. No vacuoles
containing pigmented materials seemed present in control population
cells. Scale bar, 5 μm. b Higher magnification of an untreated control
neuron: the big nucleus and cytoplasm with some mithocondria (arrows)
were visible. Scale bar, 2 μm. c The soma of an HGA-treated neuron
sectioned at a higher level from the substrate, above the processes. The
nucleus, which did not appear fragmented, laid at one pole of the neuron
and faced the opposite pole of the cell and the bulk of the cytoplasm.
Cytoplasm was full of vacuoles and membranous organelles and
contained mostly a granular background with scattered granules of
pigmented material (arrowhead). Arrows indicate vacuoles containing
pigment particles fused with the cell membrane and releasing the
contents into the outside environment. Scale bar: 5 μm. d Higher
magnification of HGA-treated neurons. Growth membrane-bound
vesicles moved to the cell surface where they fused with the plasma
membrane. HGA-treated neurons contained many pigment granules
(arrows) that were discharged into the extracellular fluid. Other
containing pigment vacuoles of different size were also present in the
cell (arrowheads). Scale bar: 2 μm. e HGA-treated neurons showing a
late stage of degeneration with enlarged endoplasmic reticulum and
swollen mithocondria. The cytoplasm contained abundant vacuoles and
dilated organelles. Scale bar: 10 μm. f Membranous structures arranged
in whorled arrays (myelin figures, asterisks) and vacuoles in the
degenerated HGA-treated neurons were seen, thus suggesting HGAinduced lipid peroxidation of membranes and mitochondria included
(arrows). Vacuoles containing ochronotic pigment were present (black
arrows). Plasma membranes were disrupted. Scale bar: 5 μm. g HGAtreated neurons exhibiting nuclear changes. Patches of condensed
chromatin laid against the nuclear membrane (arrowhead). Scale bar:
25 μm. h Apoptotic HGA-treated neurons showed mitochondrial
swelling (arrows) and myelin figures (asterisk). Swollen mitochondria
had no clear cristae structures. Marked membrane disruption was
observed in some cases. HGA-treated neurons showed increased
number of vesicles and vacuoles containing cellular debris and
ochronotic pigment granules (arrowhead). Scale bar: 2,5 μm. All
images presented were taken from representative areas of damaged
neurons
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particles that were fused with the cell membrane and releasing
the contents outside the cell. Growth membrane-bound vesicles were clearly observable moving toward the cell surface
and fusing with the plasma membrane. Such vesicles
contained many ochronotic pigment granules that were
discharged into the extracellular fluid. Other containing pigment vacuoles of different size were also present into HGAtreated IMR-32 cells. Other vesicles appeared as whorls of
membranes or membrane-bound vesicles, containing cellular
and also ochronotic pigment material (Fig. 3d, f and h).
Chromatin condensation or nuclear fragmentation, characteristic of apoptotic cell death, was seen. Furthermore, the organelles within HGA-treated cells appeared dismorphic, with the
swelling characteristic of apoptosis. Moreover, in HGAtreated IMR-32, a severe damage characterized by loss of
membrane integrity was easily observable (Fig. 3f and g).
Many cells showed condensation of nuclear chromatin
(Fig. 3g) or even nuclear fragmentation, combining with intact
cell membrane. The ultrastructural damages identified in
HGA-treated human neurons were distributed evenly through
the whole cell population and were consistent with apoptosis.
Finally, HGA-treated IMR-32 also showed the presence of
scattered bundles of amyloid fibrils, finely intertwined into
the cytoplasm (Fig. 4), confirming the ability of HGA to stimulate and enhance amyloid fibrillogenesis (Millucci et al
2012). No trace of amyloid fibrils was found in control cells.

Fig. 4 TEM observation of HGA-treated human neuroblastoma IMR-32
cells. Scattered bundles of amyloid fibrils (arrow) were visible in the
cytoplasm of HGA-treated neurons. Amyloid fibrils appeared curved,
short and strictly inter-wined. A vacuole containing cellular debris
(black arrowhead) and numerous swollen, disrupted mithocondria
(white arrowheads) was located in the proximity of the mess of fibrils

Discussion
Alkaptonuria is a complicating inflammatory multisystemic
disease, in which anybody district expressing HGD may be
affected.
Although major AKU pathological features (i.e.,
ochronotic arthropathy, renal, and cardiovascular complications) are clinically well described, the neurological implications of the pathology are still totally neglected. Several lines
of evidence suggest a possible association between AKU and
Parkinson’s disease (Proctor 1970; Siekert and Gibilisco
1970; Link 1973; Aquaron et al 1995; Aquaron 2011). A
new syndrome named striato-nigral ochronosis has been proposed for which three different pathological mechanisms of
actions have been so far hypothesized: i) extrapyramidal
symptoms induced by electron donor HGA, ii) cytotoxicity
of striato-nigral neurons mediated by oxidative stress, or iii)
ochronotic pigment deposition (Aquaron 2011).
On the other hand, ochronosis has been detected in brain of
AKU patients (Lichtenstein and Kaplan 1954; Nishimori et al
1970; Liu and Prayson 2001; Rovensky 2013). Here we report
for the first time, data indicating that HGD is expressed in
several compartments of human CNS. This suggests a spontaneous ability of AKU CNS cells to accumulate HGA and
produce ochronotic pigment in situ, thus contributing to the
induction of local ochronosis in AKU brain and related oxidative stress (Braconi et al 2012; Tinti et al 2010; Millucci et al
2014a) and secondary amyloidosis (Millucci et al 201a;
Millucci et al 2014b; Millucci et al 2014c; Spreafico et al
2013).
The excess of HGA and consequent formation/deposition
of ochronotic pigment is associated with high levels of lipid
peroxidation, a massive depletion of free thiols, and increased
protein oxidation in both in vitro cell and tissue AKU models
as well as in AKU cells and tissues (Braconi et al 2012;
Millucci et al 2014a; Millucci et al 2014b; Millucci et al
2014c). Analogously to what was previously reported for other tissues, data here reported on the effects of HGA in human
neuronal cells let us speculate that accumulation of oxidized
HGA (BQA) may induce extensive tissue degradation mediated by oxidative stress and chronic inflammation also in the
brain of AKU patients.
In addition, we also found that HGA induces amyloid production in human neuronal cells, in line with recent reports on
HGA/BQA-induced oxidative stress involved in amyloid deposition in AKU (Millucci et al 2012; Spreafico et al 2013).
It has been previously reported that HGA (in range concentration analogous to that found in AKU patients’ plasma) administration to human chondrocytes: i) alters the expression of
structural proteins (e.g., transgelin, vinculin, tubulin beta
chain, gelsolin) or proteins involved in protein fate and folding
(e.g., calreticulin, 78 kDa glucose-regulated protein, 75 kDa
glucose-regulated protein, protein disulfide-isomerase,
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programmed cell death 6-interacting protein) (Braconi et al
2010a; Braconi et al 2012); ii) induces the release of proinflammatory cytokines (e.g., TNF-α, IL-8, IL-1β, IL-6) mediating cartilage degeneration (Millucci et al 2012; Braconi
et al 2012; Spreafico et al 2013); iii) introduces protein posttranslational modifications in biologically relevant proteins
(Braconi et al 2010a; Braconi et al 2012); iv) causes strong
oxidative stress; v) causes apoptosis (24); vi) induces the production of ochronotic pigment and AA-amyloid (Millucci et al
2012; Spreafico et al 2013). These data obtained on HGAtreated human serum, cell and tissue models of AKU
(Braconi et al 2010a; Braconi et al 2010b; Braconi et al
2011; Spreafico et al 2013; Tinti et al 2011a; Tinti et al
2011b), have been confirmed by the analysis of AKU cells
and tissues derived from ochronotic alkaptonuric patients
(Millucci et al 2012; Millucci et al 2014a; Millucci et al
2014b; Millucci et al 2114c; Millucci et al 2014d).
In the present paper, we have introduced a new in vitro
HGA-treated AKU neuronal cell model. The dopaminesecreting human neuroblastoma cell line IMR-32 possesses a
neurosecretory phenotype and has a transcriptional profile
highly similar to mesencephalic dopaminergic neurons expressing the dopamine and vesicular monoamine transporters
(Koutsilieri et al 1996; Mangoura et al 2006). IMR-32 cells
have the interesting property of differentiating in vitro in response to pharmacological agents, toward a Bmature^ neuronal phenotype, which can be evaluated not only morphologically, but also biochemically or functionally. In light of this,
IMR-32 cells represent an adequate model for studying the
response to HGA in cultured human neurons.
Although IMR-32 cells, being tumor cells, are not an ideal
model of HGA-induced neurological damage since some of
the HGA-mediated effects may be attenuated in cells usually
not undergoing apoptosis, what observed in HGA-treated
IMR-32 may be representative of what potentially may occur
in AKU brain neurons.
Analogously to joints, the brain is a closed biological
system, and consequently even low levels of HGD expression may cause relevant HGA accumulation and local ochronosis. Moreover, exocytosis of the ochronotic
pigment observed in IMR-32 cells may cause tissue
damage in the extracellular milieu probably by means
of oxidative stress, as suggested here by the presence
of myelin figures and analogously as previously reported in other AKU cases (Millucci et al 2014a).
As previously showed (Tinti et al 2010; Millucci et al
2014d), HGA-induced apoptosis can be associated with early
structural changes in chondrocytic mitochondria.
Mitochondria of HGA-treated neurons showed a Bstreaked^
phenotype. The swelling and the subsequent nonspecific rupture of mitochondrial membrane also occurred (Fig. 3). This
indicated that also neuronal cells are characterized by HGAinduced apoptosis. Moreover, the presence of myelin figures

suggested that HGA-treated neurons underwent lipid oxidation, showing typical features of apoptosis.
HGA exposure has been reported to induce a significant increase in the production of ROS, H2O2, NO, and
SOD (Braconi et al 2010a; Braconi et al 2010b; Braconi
et al 2012; Tinti et al 2010; Tinti et al 2011a; Tinti et al
2011b; Millucci et al 2014a; Millucci et al 2014b;
Millucci et al 2014c; Millucci et al 2014d; Spreafico
et al 2013), that are specialized chemical mediators produced in an active program during the resolution of inflammation. One of the repercussions of elevated oxidative
stress is the production of HNE, an indicator of lipid
peroxidation-related membrane damage. Previous studies
reported that HGA-treated cells as well as cells and tissues
derived from AKU patients are characterized by lipid peroxidation (Millucci et al 2014a; Millucci et al 2014c;
Millucci et al 2014d) and observation gathered in this
work confirmed the oxidative power of HGA.
Finally, the presence of amyloid fibrils in the cytoplasm of
HGA-treated neurons confirmed the possible existence of
AKU-linked amyloidosis, potentially involving also the cerebral district. On the light of the finding of amyloid deposits in
other AKU tissues (Millucci et al 2012; Millucci et al 2014a;
Millucci et al 2014b; Millucci et al 2014c), we can infer that
also human neurons can be affected by intra and extra cellular
deposits of ochronotic pigment, strictly interconnected to amyloid aggregates. Since amyloid may trigger apoptosis, whose
importance during pathological neurodegeneration is known,
it is possible that amyloid may play a role in the development
of neuronal problems in AKU. However, amyloid has not
been isolated from AKU brains, and its impact on the neural
health in AKU patients has not been explored, yet.
Nevertheless, as we have previously suggested, the deposition
of ochronotic pigment in tissues could lead to the initial injury
responsible for the genesis of inflammation, these preliminary
observations would be valuable to initiate further epidemiological studies in larger populations aiming at assessing potential neurological implications in AKU.
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