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a b s t r a c t
Background: Alkaptonuria (AKU) is an ultra-rare disease associated to the lack of an enzyme involved in tyrosine
catabolism. This deﬁciency results in the accumulation of homogentisic acid (HGA) in the form of ochronotic pigment in joint cartilage, leading to a severe arthropathy. Secondary amyloidosis has been also unequivocally
assessed as a comorbidity of AKU arthropathy. Composition of ochronotic pigment and how it is structurally
related to amyloid is still unknown.
Methods: We exploited Synchrotron Radiation Infrared and X-Ray Fluorescence microscopies in combination
with conventional bio-assays and analytical tools to characterize chemical composition and morphology of
AKU cartilage.
Results: We evinced that AKU cartilage is characterized by proteoglycans depletion, increased Sodium levels,
accumulation of lipids in the peri-lacunar regions and amyloid formation. We also highlighted an increase of aromatic compounds and oxygen-containing species, depletion in overall Magnesium content (although localized
in the peri-lacunar region) and the presence of calcium carbonate fragments in proximity of cartilage lacunae.
Conclusions: We highlighted common features between AKU and arthropathy, but also speciﬁc signatures of the
disease, like presence of amyloids and peculiar calciﬁcations. Our analyses provide a uniﬁed picture of AKU
cartilage, shedding a new light on the disease and opening new perspectives.
General signiﬁcance: Ochronotic pigment is a hallmark of AKU and responsible of tissue degeneration. Conventional bio-assays have not yet clariﬁed its composition and its structural relationship with amyloids. The present
work proposes new strategies for ﬁlling the aforementioned gap that encompass the integration of new analytical approaches with standardized analyses.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Alkaptonuria (AKU) is a rare autosomal-recessive condition caused by
deﬁciency of a single enzyme, namely homogentisate 1,2-dioxygenase
(HGD), involved in the tyrosine metabolic pathway [1] that results in an
inability to break down homogentisic acid (HGA). Over many years,
HGA and its spontaneous oxidation product, 1,4-benzoquinone-2-acetic
acid (BQA), polymerize in the form of a melanin-like pigment called
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“ochronotic pigment”. Ochronotic pigment accumulates by an unknown
mechanism in collagenous tissues and body ﬂuids. This results in peculiar
clinical features: the earliest is a darkening of urine. Furthermore, polymer
deposits in cartilage leads to tissue degeneration, to chronic inﬂammation
and to a severe and sometimes crippling form of arthropathy, called
ochronotic arthropathy, which is the most common clinical presentation
of AKU [2–6] and its most serious complication, that often mimics ankylosing spondylitis [1]. However AKU is a multisystemic disease, involving
all the tissues that express HGD; therefore AKU patients sometimes suffer
from cardiovascular disease [7] and kidney and ocular diseases [8,9].
Although the AKU clinical features are well described, the molecular
bases of the disease progression have been only partially clariﬁed by extensive but not conclusive biochemical investigations. Nevertheless, the
molecular composition, the production and deposition processes of the
ochronotic pigment, as well as its role in AKU pathophysiology are still
unknown.
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Deposits of ochronotic pigments have been observed in AKU cartilage as black randomly diffuse spots associated to collagen ﬁbers,
resulting in the periodicity loss and fragmentation of the collagen network [6] that may induce arthropathy. Furthermore, the production of
the ochronotic pigment has been associated with a massive production
of reactive oxygen species (ROS) [2]. The consequent oxidative stress
causes a chronic inﬂammatory status that, accompanied by inadequate
defence responses and aberrant production of amyloidogenic proteins,
results in secondary amyloid deposition [10]. Indeed, ochronotic pigment in AKU has been demonstrated to co-localized with Serum Amyloid A (SAA) deposits, suggesting a potential interaction between
these two types of deposits, a unique feature of AKU [5]. Moreover,
AKU cartilage is characterized by presence of lipid peroxidation, inﬂammation, tissue calciﬁcation, cell death (chondroptosis) and tissue degeneration [4,6].
The possibility to obtain any information about pigment composition and interaction with tissue biomolecules, and especially its possible
interaction with amyloid, can be of paramount importance for biomedicine in order to ﬁnd possible drugs able to inhibit pigment formation or
to counteract its harmful effects.
Synchrotron Radiation (SR) based microscopies are becoming very
valuable tool for biomedical research, providing a direct correlation
between morphology and chemical composition of the biological specimens. Herein we describe the features of articular cartilage degeneration in ochronotic arthropathy by using SR Fourier Transform Infrared
Microscopy (FTIRM), supported by FTIR Imaging (FTIRI), and Low Energy X-ray Fluorescence (LEXRF) microscopy. These techniques provide
spatially resolved information about the biochemical and elemental
composition of a sample respectively. Analytical tools based on FTIRM,
FTIRI and LEXRF have been extensively employed for probing the molecular changes associated with abnormal tissues [11,12], and often
complemented for gaining a more comprehensive understanding of disease appearance and progression.
The aim of this study is to investigate whether AKU pigmented tissues show distinctive biomolecular signatures by applying FTIRI and
SR-FTIRM on healthy and AKU cartilage. Moreover, in order to investigate the elemental composition of pigmented areas of AKU cartilage,
the distribution of Iron, Magnesium, Aluminium and other biologically
relevant light elements was inspected by LEXRF in cartilage tissue sections. The outcomes of the analyses, complemented with laboratorybased biological assays, provided a uniﬁed picture of the peculiar features of AKU cartilage tissues, shedding a new light on the disease and
strengthening the need of alternative strategies for a more modern biomedical science.
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placed directly in liquid nitrogen immediately upon removal from the
patient. Before removing the samples from the tube for frozen section
preparation, each sample was washed for 5 min with 500 μL of icecold sterile PBS. Each sample was then embedded separately in an Optical Cutting medium (OCT) block and maintained frozen at −80 °C. Subsequently each sample was cut frozen with the microtome portion of
the cryostat and sections of 5 to 8 μm were deposited on a Calcium Fluoride (CaF2) 1 mm thick optical window (Crystran Ltd, UK) for FTIR measurements and later transferred on TEM Au grids for LEXRF analysis.
Adjacent sections to the ones considered for the spectroscopic investigation were used for the staining experiments.
2.2. Congo Red staining
Amyloid ﬁbrils selectively bound the dye Congo Red (CR). CR staining was performed according to Millucci et al. procedure [5]. Sections of
3–5 μm thickness of fresh cartilage were ﬁxed in cooled 96% ethanol
10 min, rinsed in distilled water, incubated in 1% CR for 40 min, washed
in water, incubated 10 s in 1 mL 1% sodium hydroxide, incubated 30 s in
hematoxylin, sequentially washed in 50%, 75%, 95% ethanol, mounted
and observed under a polarized light microscope (Zeiss Axio Lab.A1,
Arese, Milano). Reagents were purchased from Sigma-Aldrich (St.
Louis, MO), if not differently speciﬁed
2.3. Safranin-O staining
Safranin-O is a basic dye that binds to the acidic Glycosaminoglycans
(GAGs) and appears red/orange in colour. Sections were stained with
Safranin-O and Fast Green. Brieﬂy, sections were rehydrated using decreasing ratios of ethanol to water. Slides were stained with hematoxylin and then rinsed in water before incubation in Fast Green,
differentiated in acetic acid, and stained with Safranin-O. All reagents
were purchased from Sigma-Aldrich (St. Louis, MO). Slides were
dehydrated using 95% ethanol, mounted and observed under a light microscope (Zeiss Axio Lab.A1, Arese, Milano).
2.4. TEM images acquisition
Cartilage samples were ﬁxed in 2.5% glutaraldehyde in 0.1 M
Cacodylate Buffer (CB) pH 7.2 for 3 h at 4 °C. After rinsing in CB, samples
were 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 the TEM FeiTecnai G2 spirit at 80 Kv.

2. Materials and methods
2.5. FTIR imaging and SR-FTIR microscopy and data processing
2.1. Alkaptonuric and control samples
Alkaptonuric (AKU) knees were obtained at the time of surgery from
individuals (Patient 1A, Patient 2A, and Patient 3A) undergoing total
joint arthroplasty to alleviate symptoms associated with ochronotic
osteoarthropathy. AKU cartilage samples were acquired from macroscopically ochronotic areas of tissue, located in the tibial plateau. All
AKU joint specimens showed extensive pigmentation, mainly concentrated in the transitional and radial zone. This tissue was weak and brittle, developing cracks and chips. Non-arthritic control cartilage samples
from knee joints were obtained at the time of reconstructive surgery for
trauma from patients without evidence of OA (Patient 1H and Patient
2H), as determined by macroscopic inspection of the specimens by the
surgeon. All samples were collected as waste surgical specimens and
we used the transitional and radial zone for histological examination
in order to compare these samples with AKU specimens.
The study was conducted following the approval of the local University Hospital Ethics Committee. All patients gave a written informed
consent prior to inclusion in the study. Generally, AKU tissues were

Healthy and AKU tissue slices have been pre-treated before FTIR
analysis, rinsing them with deionized water to remove the OCT, and further air dried. As a matter of fact, OCT is a water-soluble organic resin
with strong IR absorption bands, that partially overlap with the ones
of the tissues. In order to avoid misinterpretation, speciﬁc attention
was then paid to the removal of mounting medium. The procedure
allowed to preserve tissues structural integrity and to totally remove
traces of the mounting medium penetrated into the tissues, as stated according to the procedure proposed by Romih et al. [13] Optical images
were initially collected to select the most promising regions to be imaged with infrared light. An AKU tissue portion was considered promising if containing both tissue matrix and lacunae with dark areas
associated to the accumulation of pigment. Two different sections
were considered for each patient and at least three transitional zones
of the cartilage were investigated with IR light as described in the following. Measurements were performed at SISSI beamline (Synchrotron
Infrared Source for Spectroscopic and Imaging) at Elettra Synchrotron
(Trieste, Italy) [14] using a Bruker Hyperion 3000 Vis–IR microscope
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coupled with Bruker Vertex 70 interferometer (Bruker Optics GmbH,
Ettlingen, Germany). 170 × 170 μm2 IR chemical images where ﬁrst acquired in transmission mode using the 64 × 64 pixels Focal Plane Array
(FPA) detector, 15× Schwarzschild condenser and objective, co-adding
256 scans with a spectral resolution of 4 cm−1, with a pixel resolution of
2.56 μm. Blackman-Harris 3-term apodization function and ﬁlling factor
of 2 were chosen. Spectra were rationed against background collected
on a clean spot of the CaF2 optical window. Due to poor IR-transparency
of 1 mm CaF2 windows below ~1000 cm−1, FTIR data can be considered
reliable up to this wavenumber. The acquired raw data were corrected
for water vapour and CO2 absorption, using the atmospheric compensation routine of OPUS 7.5 program (Bruker Optics GmbH, Ettlingen,
Germany). Integral areas of the characteristic spectral bands of cartilage
were calculated using the same software and band assignment was
done according to peer reviewed papers [15]. The following band integrals were considered: spectral interval 2890–2860 (straight baseline
3000–2800 cm−1), symmetric stretching of CH3 moieties; spectral interval 2840–2860 cm−1 (straight baseline 3000–2800 cm−1), symmetric stretching of CH2 moieties; 3000–2800 cm− 1 (straight baseline
3000–2800 cm−1), symmetric and asymmetric stretching of CH2 and
CH3 moieties; spectral interval 1700–1600 cm− 1 (straight baseline
1710–1600 cm−1), Amide I band; spectral interval 1643–1610 cm−1
(straight baseline 1710–1600 cm−1), Amide I band portion qualitatively
representative for protein β structures; [16] spectral interval 1810–
1785 cm−1 (straight baseline 1810–1785 cm−1), calcium carbonate I;
spectral interval 1810–1785 cm− 1 (straight baseline 2520–
2495 cm− 1), calcium carbonate II [17]. The choice of the method
employed for the estimation of the protein β-structures is commented
in Electronic Supplementary Information, Figs. ESI1, ESI2 and related
captions.
The most interesting areas of the samples, identiﬁed by FTIR Imaging
with conventional Mid-IR source, were mapped by exploiting the
brightness advantage of IR Synchrotron Radiation (SR) with a single
point HgCdTe detector, using 15× Schwarzschild condenser and objective, co-adding 256 scans with a spectral resolution of 4 cm−1 with a
scanner velocity of 120 kHz in the wavenumber region 6000–
800 cm−1. Microscope knife-edge apertures were set to 10 × 10 μm.
Spectra were rationed against background collected on a clean spot of
the CaF2 optical window. Blackman-Harris 3-term apodization function
and ﬁlling factor of 2 were chosen. The acquired raw spectra were
corrected for water vapour and CO2 absorption using OPUS 7.5 software.
Second derivatives of the obtained microspectra were computed using
Savitzky-Golay ﬁlter with 13 smoothing points. Vector normalization
of absorbance spectra was applied to compare data obtained from different samples due to not constant thickness of sections.
2.6. X-ray ﬂuorescent mapping
The low energy X-ray Fluorescence mapping was performed at the
TwinMic beamline at Elettra Synchrotron (Trieste, Italy) [18,19]. The
TwinMic beamline hosts a soft X-ray microscope operating either in
scanning or full-ﬁeld imaging modes [20,21] in the 400–2200 eV energy
range. For the present experiment the TwinMic microscope was operated in scanning mode (SXM), where the sample is scanned across a microprobe delivered by a zone plate diffractive optics. Speciﬁcally we
used a 600 μm diameter Au zone plate with an outermost zone width
of 50 nm. At TwinMic the X-ray photons transmitted by the specimen
are collected by a fast readout CCD camera, point by point in the raster
scan, providing absorption and phase contrast micrographs [22]. The
XRF photons emitted by the samples are simultaneously collected by 8
Silicon Drift Detectors, symmetrically located in front of the sample, giving rise to elemental maps [23,24]. Scanning X-ray Microscopy (SXM) at
TwinMic can therefore provide morphological information from the
transmission images coupled with the chemical ones provided by
LEXRF [18]. While the incident beam impinge the specimen perpendicularly, the SDD detectors are located at 20° from the sample surface. Due

to the available energy range the K emission lines of light elements from
C to P can be detected together with the L emission lines of some transition metals, such as Mn, Fe, Co, Ni, Cu and Zn. For the present experiment an energy of 1.6 keV was chosen in order to detect the light
elements from C till Al and some transition metals such as Fe and Cu.
In particular, in the present study, our main element of interest was
Mg. The diameter of the used probe size was 1.5 μm, compatible with
the size of the feature of interest in the samples. Considering the acquisition and experimental parameters, the radiation dose delivered in
each pixel of the raster scan during LEXRF mapping was estimated to
be around 6 ∗ 108 Gy. The acquired XRF spectra were deconvolved and
ﬁtted with the PyMCA software platform [25] using the Hypermet algorithm and constant baseline subtraction. The Kα emissions for C, N, O,
Na, Mg and Al, the L emissions of Fe and Cu and the scattering lines
were monitored pixel by pixel in the raster scan.
3. Results and discussion
Alkaptonuria primary affects cartilage tissue. Cartilage is a connective tissue that consists of chondrocytes, highly differentiated cells, embedded in an extracellular matrix composed mainly by type II collagen
ﬁbrils and proteoglycans [26]. The matrix cavities that contain chondrocyte cells are called lacunae. Each lacuna is generally occupied by a single cell but, during the cell division, it may contain two or more.
Inspecting the optical images of healthy cartilage sections, like the one
reported in Fig. 1a (from patient 1H), lacunae are clearly discernible. Accumulation of HGA derivatives in the form of yellowish-brown
ochronotic pigment has been observed alongside the progression of
the AKU pathology leading to a severe arthropathy, named ochronotic
arthropathy. Optical inspection of AKU cartilage sections, like the one
reported in Fig. 1c (obtained for patient 1A) points out the different pigmentation assumed by these tissue slices with respect to the healthy
ones. We indeed observed a dark pigmentation all around the border
of AKU lacunae as well as a darker pigmentation in the matrix moving
from the articular surface to the deep zone of the tissue, therefore
close to the bone-part of the section (see Fig. ESI3 in Electronic Supplementary Information). Results obtained from other patients are comparable (see Optical Images in Figs. ESI4 e ESI5 for healthy and AKU
patients respectively). According to scientiﬁc literature, in moderate
ochronotic arthropathy, when no signs of degeneration at the articular
surface are detected, pigmentation is restricted to the deeper zones
(close to the bone). When the severity of ochronotic arthropathy increases, pigmentation covers also the intermediate zones and the articular surface [27]. Moreover, ochronotic pigmentation is detected at the
borders of cartilage lacunae and in some cases it ﬁlls the entire lacunae
[28]. Optical inspection of our samples therefore conﬁrms the presence
of AKU and severe ochronotic arthropathy, as expected for patients that
underwent total knee replacement.
Biochemical content of healthy and AKU cartilage sections can be
evaluated inspecting their vibrational signatures. Speciﬁcally, by mean
of FTIRI, we could obtain the chemical distribution of biomolecules
within the sample, integrating the infrared signal of the bands of interest. RGB composite images obtained for a representative healthy and
AKU cartilage region are reported in Fig. 1b,d respectively. Red channel
is associated to the relative contribution of β-folded proteins, qualitatively estimated as the area integral of the Amide I band portion representative of beta component over area integral of Amide I band. Green
channel is associated to total protein content, evaluated as the area integral of Amide I band (for a more equilibrate colour scales, saturation of
the green was set to 95%). Finally, blue channel is associated to the lipid
distribution, evaluated as the area integral of symmetric and asymmetric methyl and methylene stretching bands between 3000 and
2800 cm−1, as speciﬁed in Materials and methods.
The almost uniform colour distribution of the healthy cartilage samples reveals a nearly homogeneous distribution of biomolecules: a
slightly lower intensity of all considered infrared absorption bands is
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Fig. 1. Optical and RGB FTIR composite chemical images of the cartilage sections of Patient 1H (panels a) and b) respectively) and Patient 1A (Panels c) and d) respectively). RGB channels
are associated to the following biomarkers: relative content of β-folded proteins (red), Amide I (green) and Lipids (blue). More details on the regions of interest are reported in Materials
and Methods section; e) Normalized absorbance SR-FTIR spectra of representative tissue areas (10 × 10 μm) of Healthy cartilage matrix (blue), Healthy Lacunae (cyan), AKU matrix (red)
and AKU lacunae (magenta). Dots in panels a) and c) indicate the region of each cartilage section associated to the spectra reported in panel e); Panel f) reports the second derivatives of the
spectra shown in panel e); inset in Panel f) highlights the spectral region associated to lipids between 3000 and 2800 cm−1.

observed in proximity of chondrocyte cells, highlighting a reduced material density as also evidenced by LEXRF microscopy (see below). Conversely, in AKU cartilage sections (see Fig. 1d), a heterogeneous
distribution of biomolecules is detected: the red channel, associated to
the relative contribution of β-folded proteins, localizes into lacunae
while the blue channel, associated to lipid content, around them (perilacunar region). Results obtained for the other patients are comparable
to the ones reported in Fig. 1 and they are summarized in Electronic
Supporting Information Figs. ESI4 and ESI5 for healthy and AKU patients
respectively.
To better highlight the peculiar features of AKU cartilage tissue and
retrieve more detailed biochemical information starting from RGB
chemical images, FTIR microspectra of cartilage matrix and lacunae selected within the imaged regions were collected at higher S/N ratio,
exploiting the brightness advantage of IR-SR. Fig. 1e shows representative absorbance spectra for Healthy and AKU cartilage (both matrix and
lacunae), sampled as pointed in Fig. 1a and c. In Fig. 1f, related second
derivative spectra are plotted. The conclusions that will be drew from
the analysis of these spectra can be extended to all the sections of Patient 1H and 1A (see Figs. ESI6 and ESI7), and to the other healthy and
AKU samples as well (see Fig. ESI 7).
Healthy cartilage matrix and lacunae have comparable spectral
shape in the spectral region of aliphatic chain stretching: asymmetric
stretching of CH3 and CH2 moieties falls at ~ 2960 cm− 1 and
~ 2920 cm−1 respectively, while the symmetric modes are centred at
~ 2870 cm−1 for methyl and ~ 2840 cm−1 for methylene groups [15].
The inspection of the second derivatives (blue and cyan line respectively
in Fig. 1f) pinpoints a higher content of CH2 moieties in the lacunae portion, as can be inferred from the more pronounced second derivative
peaks centred at 2920 and 2840 cm−1 (see Panel f) inset of Fig. 1). Presence of chondrocytes and/or chondrocyte residues may explain the different balance between methylene and methyl moieties among
cartilage matrix and lacunae (blue and red versus cyan and magenta
lines in Fig. 1f). Chondrocytes, indeed, are characterized by a large number of cytosolic vacuoles and multiple protrusions of cell membrane,

both of them mostly consisting of long aliphatic chains, rich in -CH2
moieties (see Figs. 2 and ESI 10). During cartilage maturation,
chondrocytes go through a speciﬁc apoptotic process, called
chondroptosis, that proceeds with autophagic extrusion of vacuoles
and vesicles, ﬁlled with cellular material, and their release into the extracellular space. It is known from literature that AKU promotes
chondroptosis [6] and this contribute to the lipid accumulation at the
peri-lacunar regions and the relatively higher CH2 content (see also
Fig. ESI8) [29]. Moreover, it is known that lipid availability inﬂuence cartilage status and possible development of degenerative changes [30].
With ageing, lipid material appears in the matrix of hyaline cartilage
in the immediate proximity of the cells, in the form of ‘haloes’ around
the lacunae. Indeed, permeation of lipids in the superﬁcial zone of articular hyaline cartilage raise from 0.3% in young to 3% in elderly people
[31]. Lipid accumulation has been described in articular cartilage during
osteoarthrosis (OA) development [32], leading to impaired cholesterol
efﬂux and ﬁnal intracellular lipid deposits in OA chondrocytes. On the
contrary, in normal cartilage, a microscopic layer of surface active phospholipids is distributed on the articular surface [31], and trace quantities
of neutral lipids are present in the lacunae that contains chondrocytes
debris [33]. There is currently approved consensus about the possible
overlap between the pathogenesis of OA and ochronotic arthropathy,
suggesting a similar mechanism accounting for the augmented lipid
content in AKU lacunae.
In addition, AKU cartilage matrix and lacunae spectra display a lower
intensity below 1180 cm−1 compared to the healthy counterparts (red
and magenta line in Fig. 1e). This spectral region is associated to
stretching vibrations of phosphate moieties (mostly from nucleic acids
and phospholipids) and C-O-X (X = H,C) groups from carbohydrates
[34]. Possible contributions of phosphate groups to the spectral shape
in this range could be considered as negligible since, in articular cartilage, collagen and proteoglycans count for almost the 98% of cartilage
dry weight [26]. Since the contribution of protein bands to this spectral
region is minor, the observed trend can be safely associated to a dramatic loss of carbohydrates, and speciﬁcally proteoglycans, in AKU tissue, as
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Fig. 2. Articular cartilage optical images of Patient 1H and Patient 1A, (Panels a) and c) respectively); polarized image of the same Healthy and AKU cartilage sections after Congo Red
Staining (Panels b) and d) respectively); In the polarized images, AKU sample shows unequivocal signs of amyloid deposition, evidenced by birefringent areas. TEM images of
representative AKU cartilage from Patient 1A. e) Ultrastructural appearance of AKU ECM is shown: patchy pigment deposition is visible and disruption of collagen ﬁbers is evident. In
f) collagen ﬁbers in transverse section, many of which exhibit numerous electron dense ochronotic deposits located amongst ﬁbers are presented (g). In h) the remarkable sparse
dotted pigmentation, distributed within the tissue, appears to be responsible of the collagen ﬁbers fragmentation and of the lack of periodicity. Arrow indicates some cellular debris
residual of chondrocyte apoptosis and released into the extracellular space. In these photos, bundles of amyloid ﬁbrils thinly interconnected to collagen broken ﬁbrils, are randomly
diffused and interposed with pigment droplets in the disorganized net of collagen ﬁbers. i) AKU chondrocyte characterized by extrusion of cellular material into the lacunae and into
extracellular space, typical feature of chondroptosis, (arrow). The disintegration of cell is a combination of digestion in autophagic vacuoles and of the release of resultant cell
fragments into the lacuna, as observable in this photo. In this terminal stage of cell death, cytoplasm organelles were not recognizable and only some nuclear remnant is often visible.
Chondroptotic debris were disintegrated into vesicular detritus. j) ECM is evident. The cell is totally fragmented into vesicular detritus accumulated in the extracellular matrix. Cell
remnants (arrowheads) were dispersed into the matrix that appears very deteriorated. This phenomenon of degradation also took place in autophagic vacuoles and is followed by the
expulsion of blebs into the extracellular space. Amyloid is clearly visible interweaved to collagen ﬁbrils and randomly scattered in the ECM, with ochronotic pigment patchy dispersed
in the degraded cartilage matrix (g, h). TZ = Transitional Zone; RD = Radial Zone.

also conﬁrmed by Safranin-O staining (see Fig. ESI9 in supplementary)
and literature data [28].
The spectral region between 1700 and 1480 cm−1 in Fig. 1e and f is
associated to protein backbone vibrations, and speciﬁcally to Amide I
(1700–1600 cm−1) and Amide II (1595–1480 cm−1) bands, that are
sensitive to protein secondary structure [35]. Amide I band is centred
at ~ 1660 cm−1 for healthy matrix, healthy lacunae and AKU matrix,
while the same band in AKU lacunae downshifts to ~ 1646 cm−1 and
displays an important intensity decrease. The same decrease and downshift trend is observed in AKU lacunae spectra also for other bands associated to proteins. Speciﬁcally, Amide A, Amide B and Amide II peaks are
centred at ~3297, ~3068 and ~1548 cm−1 respectively, while for all the
other samples they are centred at ~3324, ~3077 and ~1555 cm−1. This
is diagnostic for a different proteome proﬁle associated to AKU lacunae
region, as better clariﬁed from the inspection of the second derivatives
of the spectra (see Fig. 1f). Regarding the spectral shape of Amide I
and II, for healthy matrix, healthy lacunae and AKU matrix we can observe two Amide I major components centred at 1660 and 1635 cm−1
(α-helix and β-structures respectively). The proportion between
Amide I components is then unbalanced toward α-helix structures.
Conversely, in AKU lacunae (magenta line in Fig. 1f) the β-sheet component is prevalent and it is also downshifted to 1625 cm−1 suggesting the
presence of more extended β-aggregates. As a matter of fact, the downshift of the Amide I band from ~1630 cm−1 to ~1620 cm−1 has already
been reported in presence of extended β-sheet aggregates, jointly with
an increase of Amide II component at 1520 cm−1 [36–38]. Interestingly,
our results shows that Amide II spectral changes are experienced mainly
from the component at 1519 cm− 1, that increases in intensity and
downshifts in AKU matrix and, to a major extent, in AKU lacunae. It
should be notices that the aforementioned Amide II spectral contribution could be associated either to extended β-folded proteins and/or
to aromatic “tyrosine-like” compounds [36,39]. Both contributions
probably play a role for explaining the spectral changes observed in
AKU lacunae, while the only contribution of “tyrosine-like” compound
should be considered for AKU matrix since any concurrent variation of
the 1630 cm−1 component has not been detected. The increase of β-

folded proteins with respect to the total protein content, observed within the speciﬁc AKU lacunae reported in Fig. 1f), can be extended to all
the lacunae, as suggested by the FTIRI results reported in Figs. 1d and
ESI5. The presence of amyloid-like structures is demonstrated also by
mean of birefringence of Congo Red (CR) staining under polarizing
light and TEM inspection. Typical CR birefringence is visible in AKU cartilage and mainly found in correspondence of ochronotic areas as can be
seen from Fig. 2d. Localized amyloid deposits were noted in ochronotic
cartilage in all observed cases, while no amyloids were detected in
healthy sections (see Fig. 2b). TEM analysis, reported in Figs. 2e–j, also
demonstrates the presence of aggregates of amyloid ﬁbrils between recognizable broken collagen ﬁbrils, ﬁnally sprinkled with drop-like pigment granules. Ultrastructural observation of the tissue shows ﬁne
amyloid ﬁbrils, interspersed with bundles of collagen ﬁbrils. Pigment
deposits are also visible, intimately associated to collagen ﬁbrils in
transverse section with dark electron dense granules located amongst
the ﬁbres. Extrusion of cellular material into the lacunae, typical feature
in chondroptosis, is evident. The disintegration of cell in chondroptosis
is a combination of digestion in autophagic vacuoles and of the release
of resultant cell fragment into the extracellular space. No evidence of
amyloid formation was instead detected in healthy cartilage section
(see Fig. ESI10 in Supplementary Electronic Information).
Our experimental evidences on amyloidosis are in agreement with
literature data [5,28]. Remarkably, the amyloid presence is mainly
found in cartilage, in correspondence of ochronotic areas, suggesting
an intimate correlation between pigmentation and amyloidosis. HGA
polymer may be involved in the co-localization of amyloid and
ochronotic areas leading to the formation of a detergent-, acid-, alkaliresistant deposits. The striking co-localization of HGA-melanin and amyloid may also imply the participation of oxidized HGA pigment in the
formation of amyloid aggregates and a link between HGA oxidation
and amyloid deposition.
Finally, FTIRI allows us to clearly detect two peculiar spectral features in some of the measured AKU sections, localized in proximity of
the darkest areas of cartilage lacunae (see Fig. 3b, c), where there is
also a higher accumulation of the pigment (darker spot highlighted in
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Fig. 3a). Speciﬁcally, two bands centred at 2507 and 1795 cm−1 were
identiﬁed that, to the best of our knowledge, have never been observed
within healthy cells and non-mineralized tissues. Since we have observed the same spectral component also in other AKU tissues like salivary gland (see Fig. ESI11), this evidence can be considered as a peculiar
feature associated to AKU severe pigmentation. SR-FTIR microspectra
were also collected at the darker spot in Fig. 3a in order to achieve a better spectral quality. From the SR-FTIR absorbance and second derivative
spectra in Fig. 3d, it is possible to see that the presence of the aforementioned peaks (see also Fig. 3d inset) is associated to the increased intensity of the spectral band contribution centred at ~ 1415 cm−1 with
respect to both matrix and lacunae microspectra reported in Fig. 1e.
We tentatively assigned these bands to calcium carbonate (CaCO3). According to literature, calcium carbonate main peak in the Mid-IR region
falls at ~1430 cm−1 and it is associated to the asymmetric stretching vibration of CO2−
3 moieties. In addition, two other lower bands centred at
1800 and 2515 cm− 1 are reported for pure Calcite, associated to the
combination of the asymmetric stretching band at ~ 1430 cm−1 with
the symmetric (712 cm−1) and asymmetric (874 cm−1) deformation
bands respectively [17]. The latter two bands could not be detected in
our experiments, due to limits imposed to the observation window by
the experimental constraints. The slight shift of the detected bands
with respect to the one reported in literature for pure inorganic calcium
carbonate may suggest the interaction of carbonate with other molecules through the C = O group [40] or substitution of Calcium with
other cations, as could be expected at physiological conditions for
biocalcite. There are scientiﬁc evidences that Carbonic Anidrase (CA) catalyses in vitro the generation of HCO−
3 through the hydration of CO2,
which then combines with Ca2 + to form a CaCO3 precipitates [41].
Moreover, biocalcite enzymatically formed by CA has been recently recognized to play a pivotal role in Hydroxyapatite formation in bone tissue, acting as a potential bioseed for the precipitation of calcium
phosphate mineral onto bone-forming osteoblasts [42,43]. Substantial
evidence indicates that carbonic anhydrase also stimulates bone

Fig. 3. Panel a) shows the optical image of AKU cartilage retrieved from Patient 1A in
which the peculiar peaks at 2507 and 1795 cm−1 have been detected. The IR chemical
images reported in panels b) and c) are obtained integrating the spectral signal between
1785 and 1810 cm−1 and between 2520 and 2495 cm−1 respectively. Absorbance
spectrum (red) and its second derivative (blue) for the image pixel in the red box are
reported in panel d). Absorbance spectrum is plotted with an offset of 1 a.u.
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resorption [44]. Moreover, it has been shown that the overexpression
of CA1 in the synovial tissues may promote improper calciﬁcation and
bone resorption in patients with ankylosing spondylitis (AS) [45], a disease that shares common features with AKU, such as reduced mobility,
severe spondylarthropaty and OA [46]. In addition, articular calciﬁcations have been detected in presence of OA [47,48], and calcium pyrophosphate dihydrate (CPPD) and hydroxyapatite-like basic calcium
phosphate (BCP) crystals have been already detected in synovial ﬂuids
from patients with severe OA by SR-FTIRM [49]. These crystalline deposits are characterized by intense bands in the 1100–1000 cm−1 spectra region, assigned to asymmetric stretching of PO43− moieties. It is
interesting to notice that also in our spectra at the darker spot, a band
component centered at ~ 1010 cm− 1 becomes more prominent, and
this datum could come out in favor of the presence of a mixed carbonate/phosphate calcium salt instead of a pure biocalcite deposit. In literature, numerous cases of carbonate hydroxyapatite in bone and
cartilage are cited [50,51] and this allows us to infer that calcium pyrophosphate deposition can coexist with ochronotic arthritis. However,
FTIR data suggest an outstanding carbonate content with respect to pyrophosphate moieties, that could suggest a very peculiar nature of articular calciﬁcation in AKU patients. Nonetheless, further speculations
cannot be done only on the basis of FTIR data, and new target experiments are ongoing.
X-ray ﬂuorescence imaging was performed on the same sections
measured with FTIRI and SR-FTIRM, in order to evaluate differences in
the relative distribution of metallic elements within the tissue. Sections
were transferred onto TEM grids after FTIR analysis and measured according to the procedure described in methods section. For each sample,
three different regions were imaged, and the results for a representative
tissue portion of patients 1A and 1H (chondrocyte and surrounding
area) are reported in Figs. 4 and ESI12. Line I in Fig. 4 depicts the XRF
maps of O, Mg, Na, Fe and Al of a healthy tissue area (patient 1H), together with the corresponding absorption and phase contrast images.
While the latter delineate the tissue morphology, clearly identifying
chondrocyte cells, XRF maps show the elemental distribution of the
abovementioned chemical elements.
From the inspection of the images, in healthy cartilage all the elements seem to be relatively uniformly distributed in the area surrounding the chondrocyte. Element content and overall sample optical
density is lower in the area of the healthy tissue occupied by the
chondrocytes cell, as also observed with IR chemical images. Local accumulation of Oxygen and Sodium at the border of the tissue section (top
left bottom right corner in the absorption image in Fig. 4) is very likely
associated to a local increase of the sample thickness. On the other
hand, AKU tissues reveal some spots that are not present in the healthy
tissue. Two signiﬁcant representative regions of AKU samples (patient
1A) are shown in lines II and III of Fig. 4. As can be seen from the XRF elemental maps, a clear accumulation of all the detected elements is
highlighted in the peri-lacunar region. Metal accumulation is also detected in the darker areas of the surrounding tissue.
Fig. 5 depicts the average XRF spectrum of the analysed areas shown
in lines I, II and III of Fig. 4. The two AKU areas have very similar intensity
that differs from the one of the control. In particular Na and Al seem to
have a higher concentration in the AKU tissues as well as Fe (even if Fe
peak is relatively low in all spectra). This accumulation is particularly
evident for Sodium cation which is signiﬁcantly higher in AKU tissues
with an increase of almost 50 times compared to control ones. On the
contrary, there is a decrease in the overall Mg content compared with
healthy tissues.
Mineral composition of cartilage tissues is mainly related to the inorganic ions dissolved in the tissue water, which in turn represents between 65% and 80% of the total cartilage weight. The ﬂow of water
through the cartilage and across the articular surface is necessary for
the transport and distribution of nutrients to chondrocytes, besides to
providing lubriﬁcation [52]. Therefore, the differences between healthy
and AKU cartilages found here could be related to the ionic imbalance

1006

E. Mitri et al. / Biochimica et Biophysica Acta 1861 (2017) 1000–1008

Fig. 4. Absorption and phase contrast images of Healthy (row I) and AKU (rows II and III) cartilages, together with the corresponding LEXRF elemental maps of O, Mg, Na, Fe and Al.
Measurements parameters: energy 1.7 keV, 1 μm step size. Red boxes indicate the regions chosen for LEXRF Maps: 30 μm × 40 μm for healthy tissue region, 55 μm × 30 μm and
24 μm × 24 μm for AKU tissues, respectively.

affecting the diseased tissue, which could lead to a reduced uptake of
nutrients essential for the physiological tissue development and
maintenance.
Indeed, it is known that Sodium concentration in articular cartilage
changes in presence of arthopathy like OA. Indeed, patients with OA exhibit a higher Sodium concentration in the whole knee than healthy
subjects and this is related to the disintegration of proteoglycans [53].
A parallel and accentuated situation could be hypothesized for AKU cartilage from our data since the increased Sodium concentration goes with
the loss of proteoglycan, highlighted by FTIR measurements and Safranin-O staining (see Figs. 1f and SI8 respectively), and also in agreement
with literature data [5].
Magnesium ion has a primary physiological role in human cartilage.
It enhances chondrocyte proliferation and differentiation [54], and improves cartilage regeneration by promoting the adhesion of synovial
mesenchymal stem cells to extracellular matrix through integrins [55].
On the other hand, Mg2+ depletion represents one of the major risk factor for OA progression. Indeed, Mg2 + deﬁciency has been associated
with the pathogenesis of arthropathy and chondrocalcinosis by modulating the overall inﬂammatory responses, including the release of
pro-inﬂammatory cytokines and the production of Reactive Oxygen
Species (ROS) and Nitric Oxide (NO) [56]. AKU is considered as a
model for other more common rheumatic diseases such as OA and rheumatoid arthritis [5] and Mg2+ deﬁciency could be related with the progression of the disease. In addition, localization of Magnesium in the

Fig. 5. Average XRF spectrum for each analyzed area showed in the red boxes of Fig. 4.

peri-lacunar regions in AKU samples could be explained considering
the complexation capabilities of Mg2 + cation toward quinones [57,
58]. It is known from literature that HGA is oxidized in AKU patients
leading to the formation of benzoquinone acetic acid and its polymerized derivatives [27] that might sequestrate Mg2+ [28], inducing its depletion in the tissue and parallel accumulation within the peri-lacunar
region. We suppose that due to the chemical structure of BQA and its
polymerized derivatives, they could form chelate complexes with divalent cations, particularly with Magnesium, explaining therefore its localization. Generally speaking, our data suggest that complexation of
Magnesium, and thus the impairment of the Magnesium homeostasis
in cartilage tissues, could have a role in AKU disease and potentially correlate with the deposit of extended beta-aggregates revealed by FTIRI
and SR-FTIRM, birefringence of CR staining under polarizing light and
TEM inspection.
4. Conclusions
In this study we exploited FTIRI, SR-FTIRM and LEXRF to investigate
AKU cartilage tissue sections in order to disclose peculiar features that
could be attributed to AKU disease onset. Our investigation conﬁrm
that AKU cartilage tissue displays typical features that could be associated to the presence of ochronotic arthropathy. Speciﬁcally, the following
signatures have been highlighted: depletion of proteoglycans associated
with an extremely higher content of Sodium; lipid accumulation in perilacunar region; presence of β-amyloids localized within the AKU lacunae and in presence of ochronotic pigmentation, suggesting a strict correlation between pigmentation and amyloidosis (e.g. co-precipitation).
Furthermore, we observed peculiar features that could be associated
to the accumulation of HGA and its spontaneous oxidation products,
such as the presence of tyrosine-like compounds, the increase in the
overall content of oxygen and its accumulation within the peri-lacunar
region.
Moreover, LEXRF highlighted an overall lower Mg2+ content in AKU
cartilage tissues as well as its concentration in the peri-lacunar region.
Mg2 + depletion could be associated to arthropathy and
chondrocalcinosis [56] while its localization in the peri-lacunar region
further supports the hypothesis of a possible interaction between HGA
or its derivatives and Mg2 +, as already demonstrated for quinones
and quinolones [57–59].
Finally, FTIRM detected peculiar bands associated to carbonate moieties in proximity of the darkest areas of AKU cartilage lacunae. This
may suggest presence of articular calciﬁcation, already detected in
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presence of OA, but of different chemical composition, strengthening
once more the peculiar biochemical pathways of AKU disorders.
Overall, the outcomes of this investigation provide a uniﬁed picture
of the features of AKU cartilage tissues, shedding a new light on the disease and opening new perspectives. However, due to the complex tissue
architecture, we were not able to univocally identify the spectral features of AKU ochronotic pigments and to ﬁnally clarify the role of HGA
in AKU patients. For solving the puzzle of HGA polymerization and design proper therapeutic approaches, still missing nowadays, simpler cellular models are under study by using the same multi-technique
approach here exploited.
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