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Abstract Alkaptonuria (AKU) is a rare genetic disease that
affects the entire joint. Current standard of AKU treatment is
palliative and little is known about its physiopathology.
Neovascularization is involved in the pathogenesis of systemic inflammatory rheumatic diseases, a family of related disorders that includes AKU. Here, we investigated the presence of
neoangiogenesis in AKU synovium and healthy controls.
Synovium from AKU patients, who had undergone total joint
replacement or arthroscopy, or from healthy patients without
any history of rheumatic diseases, who underwent surgical
operation following sport trauma was subjected to hematoxylin and eosin staining. Histologic grades were assigned for
clinical disease activity and synovitis based on cellular content
of the synovium. By immunofluorescence microscopy, using
different endothelial cell markers, we observed large vascularization in AKU but not in healthy synovium. Moreover,
Western blotting and quantification analyses confirmed strong
expression of endothelial cell markers in AKU synovial tissues. Importantly, AKU synovium vascular endothelium
expressed high levels of β-dystroglycan, a protein previously
involved in the regulation of angiogenesis in osteoarthritic
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synovium. This is the first report providing experimental evidences that new blood vessels are formed in AKU synovial
tissues, opening new perspectives for AKU therapy.
Abbreviations
AKU
Alkaptonuria
EC
Endothelial cell
vWill
Von Willebrand factor
VE-cad VE-cadherin
β-DG
β-dystroglycan
MVD
Microvessel density
MVA
Microvessel area

Introduction
AKU is an ultra-rare disease with no licensed therapy, even
though a clinical trial using nitisinone is currently underway
(Ranganath et al 2016). Although recent studies with an AKU
mouse model contributed to clarify AKU joint pathophysiology (Taylor et al 2012), the pathological mechanisms leading
from homogentisic acid accumulation to tissue damage in
humans is still to be deeply investigated. Features of AKU
include cartilage loss, osteophyte formation and synovial inflammation. As it has been reported that angiogenesis is involved in a plethora of inflammatory rheumatic diseases
(Maruotti et al 2013), it might contribute to AKU traits. The
synovium plays a key role in maintaining healthy articular
cartilage, which in turn modulates the function of the adjacent
synovium. Synovitis contributes not only to symptoms in
AKU, but through the generation of pro-inflammatory cytokines (Millucci et al 2012; Spreafico et al 2013), further impairs chondrocyte function (Braconi et al 2012; Millucci et al
2015a, b) and homeostasis of the articular cartilage (Tinti et al
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2010; Millucci et al 2015a, b). Moreover, macrophage infiltration in AKU synovium has been reported (Spreafico et al
2013; Millucci et al 2015a, b).
Angiogenesis is a key component of chronic inflammation
and inhibition of angiogenesis can hinder synovitis in vivo
(Roccaro et al 2005). Although, synovial angiogenesis has
been linked to synovitis by histological analyses, the potential
importance of synovial neovascularization in AKU remains
largely unknown.
With the aim to assess the presence of neovascularization in
AKU tissues, we examined the presence of different angiogenic markers in the synovium of five AKU patients after
grading the severity of arthrosis. We observed that von
Willebrand factor (vWill), a glycoprotein produced in the endothelium and essential for normal hemostasis, VE-cadherin
(VE-cad), an adhesion protein specific for endothelial cells
(ECs), CD93, a surface protein recently involved in angiogenesis (Orlandini et al 2014; Galvagni et al 2016), and βdystroglycan (β-DG), a transmembrane laminin-binding protein highly expressed in ECs of malignant tumors and inflamed tissues (Hosokawa et al 2002; Wimsey et al 2006),
were highly expressed in blood vessels within AKU synovial
tissues. Altogether, our results suggest that synovitis is associated with increased rates of angiogenesis in AKU patients,
opening new perspectives for AKU therapy.

Materials and methods
Patients
The whole study was conducted following the approval of
Siena University Hospital Ethics committee (number
GGP10058, date 07/21/2010) and has been performed in accordance with the ethical standards laid down in the 1975
Declaration of Helsinki and its later amendments. Five patients with AKU were recruited from the section of
Rheumatology, Siena University Hospital between
May 2013 and January 2015. The study group consisted of
three men and two females, with an average age of 62. No
patient had received anti-inflammatory therapy. Clinical disease activity scores were calculated for patients undergoing
total knee replacement. As a standardized and reliable clinical
and histopathological grading of AKU severity is lacking, in
order to classify AKU severity we assessed the arthritis degree
using radiographic scores for joint space narrowing and
osteophytes of the sampled knee (Online resource Table 1),
as described previously (Nagaosa et al 2000). Knee radiographs, obtained prior to surgery, were available for the five
AKU patients. Control patients had suffered fracture of knee
requiring surgical operation following sport trauma, and did
not showed pre-existing history of osteoarthritis symptoms
and osteoarthrosis.
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Bioptic samples
Serum levels of Serum Amyloid A, advanced oxidation protein products, serum and urinary levels of homogentisic acid
of the AKU patients were determined (Online resource
Table 2). Synovial tissues from AKU patients and healthy
controls were collected by arthroscopic biopsy. Upon opening
the joint capsule, the innermost layer of the synovium lined
capsule was harvested and processed in two different ways:
(1) samples were frozen in liquid nitrogen for subsequent protein extraction and Western blot analyses; (2) samples were
frozen in isopentane chilled at −196 °C for subsequent histological analyses.
Histological analyses
Synovium sections (5 μm thickness) were stained with
Haematoxylin and Eosin. Synovitis was assessed using a semiquantitative score according to (Krenn et al 2002) (Online
resource Table 1). AKU sections were morphometrically analyzed for microvessel density (MVD) and microvessel area
(MVA) as previously described (Weidner 1995). Briefly,
microvessels were microscopically identified by the presence
of red blood cells. First, slides were examined at low magnification for identification of highly vascularized areas, then individual microvessels were counted in an adequate area (e.g.,
533,448 μm2 per field using 20× objective lens and 10× ocular
lens). Morphometric analyses were performed using Image
Analysis, AxioVision BIO (Zeiss International) analysis software. Two cases of normal synovium were used as control.
Immunofluorescence analysis
Cryostat synovium sections (3 μm thickness) were fixed in
4 % paraformaldehyde at room temperature. Sections were
rinsed in PBS for 5 min, and then blocked using 3 % bovine
serum albumin. The following primary antibodies were used:
mouse anti-CD93 (clone 4E1, 0.6 mg/mL) (Orlandini et al
2014); rabbit anti-vWill (A0082 Dako, Glostrup, Denmark);
goat anti-VE-cad (sc-6458) and rabbit anti-β-DG (sc-28535
Santa Cruz Biotechnologies, Santa Cruz, CA, USA). Sections
were rinsed three times in PBS for 5 min and incubated with
Alexa Fluor-488-conjugated secondary antibodies (Thermo
Fisher Scientific, Waltham, MA, USA). Slides were mounted
in Mowiol 4–88 and fluorescent images were captured using a
Leica TCS SP2 laser-scanning confocal microscope.
Western blotting
Frozen synovial fragments were weighed and immediately
placed in a chilled Dounce homogenizer. Extracting buffer
(9 M urea, 4 % CHAPS, 65 mM 1,4-dithioerythritol, 35 mM
Tris base) was added at a ratio of 50 μL per 10 mg of tissue.
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First, the mixture was homogenized alternating 3 min of grinding with 1 min of rest in an ice bath ten times. Then, a second
disrupting step was achieved by vortexing for 10 min, alternating 30 s of vortexing with 30 s of rest in an ice bath. Finally,
samples were sonicated for 30 min and centrifuged for 20 min
at 17,000×g at 4 °C. The supernatant was collected and its
protein concentration determined by Bradford’s method;
40 μg of protein lysate were resolved by 8 % SDS-PAGE.
Immunoblotting analyses were performed as previously described (Orlandini et al 2014). The following primary antibodies were used: anti-CD31 (805-003A-C100 Enzo Life Sciences,
Farmingdale, NY, USA); goat anti-VE-cad and rabbit anti-βDG; anti-β-actin (A5441 Sigma-Aldrich, St Louis, MO, USA).
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Macroscopic examination of the synovial membrane from
knees of AKU patients revealed the presence of hypertrophic
tissue and numerous pigmented villi, some of which hyperemic (Fig. 1a). To investigate whether angiogenesis is

occurring in AKU inflamed synovial tissues, we analyzed
the synovium from AKU patients and healthy controls by
histology. In classical inflammatory arthritides the synovial
membrane is characterized by wide heterogeneity. We observed that the synovium of all AKU patients also displayed
the same spectrum of changes and showed evidence of severe
(grade 3) synovial inflammation with histologic features typical of acute synovitis (Online resource Table 1). Hyperplasia
of the lining layer, increased vascularity, abundance of cartilage shards in the upper sublining layer, and inflammatory cell
infiltration were found typical of AKU synovium (Fig. 1b–d).
Pannus formed and the presence of blood vessels, neutrophils,
lymphocytes, and hyperplastic synoviocytes emerged
(Fig. 1d), suggesting that angiogenesis is arising in AKU
synovium.
To address whether neovascularization is a trait of AKU
synovial tissues, we performed immunofluorescence analyses
using different EC markers, including β-DG, which is highly
expressed during formation of new blood vessels in osteoarthritic synovium (Wimsey et al 2006). Imaging of synovial
tissues showed that, in addition to vWill and VE-cad, β-DG
and CD93 were highly expressed in blood vessels of AKU
synovia in comparison to healthy controls, suggesting that in
these inflamed tissues new blood vessels are forming (Fig. 2).
Areas of high vessel density, spaced out by areas with lower
vessel content, were detected in all samples of AKU synovium

Fig. 1 AKU synovial tissues exhibit inflammation and vascularization.
Cryostat sections were stained with haematoxylin and eosin and
representative images are shown. a Picture showing gross pathologic
AKU synovium. Ochronotic pigment is visible in black areas. Some
hyperemic pigmented villi are indicated by arrows. b Section of a
severely degraded AKU synovial membrane. Hyperplasia of the lining
layer and regions of predominantly lymphocytic inflammation are

indicated by arrows. An ochronotic cartilage shard is indicated by an
asterisk. Magnification, 20×. c Synovial capsular tissue with a high
grade of vascularization is shown. Arrows indicate blood vessels.
Magnification, 20×. d Section showing large shards (asterisks)
embedded in synovial tissue, surrounded by macrophages and giant
cells (arrowheads). Blood vessels were mainly concentrated in the
proximity of ochronotic shards (arrows). Magnification, 40×

Statistical analysis
Statistical evaluation was performed using Student’s t-test and
values of p < 0.05 were considered statistically significant.

Results
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Fig. 2 Newly-formed blood
vessels in AKU synovial tissues.
Cryostat synovium sections were
stained by immunofluorescence
using anti-vWill, anti-VE-cad,
anti-CD93, and anti-β-DG
antibodies. Representative images
of two patients and a healthy
control are shown. Scale bars,
150 μm

and increased with increasing inflammation grade. To quantitatively analyze synovial angiogenesis, number of blood
vessels/field and percentages of vascularized area were counted both in histological and immunofluorescence stained sections. MVD and MVA were significantly increased in the synovial pannus of AKU patients with respect to healthy controls (Fig. 3a–c and Online resource Fig. 1). Finally, formation
of new blood vessels was confirmed by Western blotting analyses, showing strong expression of EC markers in AKU synovia while in healthy synovia their expression was faint
(Fig. 3d).

Discussion
Subclinical inflammation is common in AKU and circulating markers of inflammation are elevated in AKU

populations (Tinti et al 2010; Laschi et al 2012; Mistry
et al 2015). In the present work we showed for the first
time that AKU was accompanied by synovial
neoangiogenesis, suggesting that together with inflammation it is directly implicated in the initiation and progression of AKU. Indeed, we demonstrated the copresence of inflammatory and neoangiogenic evidence
in AKU synovial membranes compared to healthy controls. Since β-DG and CD93 expression levels were
found to be high in ECs of malignant tumors, hyperplastic and inflamed tissues, where endothelial cells were
assembling new blood vessels (Wimsey et al 2006;
Langenkamp et al 2015; Galvagni et al 2016), our results
showing high expression of β-DG and CD93 proteins in
ECs of AKU inflamed synovia suggest new blood vessel
formation in this tissue. Synovial neoangiogenesis and
inflammation were observed in all AKU patients
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Fig. 3 Quantification of immunofluorescence stained synovial sections.
a Images shown in Fig. 2 and displaying vWill, CD93, VE-cad, and βDG staining distribution in AKU and healthy (ctr) synovia were
quantitatively analyzed as individual channels by using ImageJ
software. Single blood vessels were selected as regions of interest and
background signal was subtracted. Representative analyses of AKU
patient and healthy control are reported. b Plot showing the percentage
of pixel color intensity distribution of the acquired images analyzed as in

(a) for five AKU patients and two controls. c MVD and percentage of
stained area were analyzed in synovial tissue sections from five AKU
patients and two controls (ctr) stained with anti-vWill antibodies.
Results represent the means ± SD of three independent experiments
(p < 0.01). d Cell extracts from AKU and healthy synovia were
analyzed by Western blotting using anti-CD31, anti-VE-cad, anti-βDG, and anti-β-actin antibodies to confirm equal loading. A
representative experiment is shown

presenting a high grade of articular degeneration, although they could not be limited to late-stage disease
(Millucci et al 2012, 2015a, b).
Blood vessel growth is a key factor in progression to
chronic rheumatic diseases. During synovitis, the expanded
vascular network supplies the large amount of nutrients and
oxygen required by the growing synovial mass and also
provides an easy access of inflammatory cells and proinflammatory cytokines (McInnes and Schett 2007). In addition, the proliferating synovium creates hypoxic regions
that, together with the release of pro-inflammatory factors,
acts as a powerful pro-angiogenic stimulus (Khurana et al
2005). Angiogenesis may also indirectly promote itself by
increasing inflammatory cell infiltration, thereby increasing
the availability of angiogenic growth factors produced by
these cells. Finally, during early synovitis, angiogenesis
may contribute to the transition from acute to chronic inflammation (Walsh 1999). Therefore, in AKU synovia, the
crosstalk between angiogenesis and inflammation could

contribute to the damage of the osteoarthritic joint through
cartilage degradation and osteophyte formation (Bonnet
and Walsh 2005).
Pharmaceutical agents designed to modify the progress of
inflammation in rheumatoid arthritis have largely been developed. The intensive search for anti-angiogenic agents has been
driven by therapeutic potential in oncology. Although, the molecular crosstalk between inflammation and angiogenesis may
differ between AKU and cancer, we cannot exclude the application of existing anti-inflammatory and/or antiangiogenic therapies to diseases that were previously thought of as ‘degenerative’. However, the greatest therapeutic potential will come
from finding the exact disease-specific molecular mechanisms
that drive inflammation and angiogenesis.
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