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Abstract: Good musculoskeletal quality dramatically influences the outcome of an arthroplasty
operation in geriatric patients, as well as is a key element for optimal osseointegration. In this
context, metallosis is a complication associated with the type of prosthesis used, as implants with
a chromium-cobalt interface are known to alter the bone microarchitecture and reduce the ratio of
muscle to fat, resulting in lipid accumulation. Therefore, the aim of our study was to investigate
possible muscle changes by histological, morphometric, and immunohistochemical analyses in a
patient undergoing hip replacement revision with elevated blood and urinary concentrations of
chromium and cobalt. Interestingly, the muscle tissue showed significant structural changes and a
massive infiltration of adipose tissue between muscle fibers in association with an altered expression
pattern of important biomarkers of musculoskeletal health and oxidative stress, such as myostatin
and NADPH Oxidase 4. Overall, our results confirm the very serious impact of metallosis on
musculoskeletal health, suggesting the need for further studies to adopt a diagnostic approach to
identify the cause of metallosis early and eliminate it as part of the prosthesis revision surgery.

Keywords: metallosis; hip arthroplasty; muscle damage; oxidative stress; sarcopenia; fat infiltration;
heavy metals

1. Introduction

In recent years, the impact of heavy metals on musculoskeletal health has been sig-
nificantly investigated [1,2]. Several pieces of evidence have shown that the presence of
heavy metals negatively influences bone quality by damaging the microarchitecture and
structural integrity [3], whereas knowledge regarding the effect of heavy metals on muscle
tissue is still rather limited. In this context, chronic cadmium exposure of C57BL/6] mice
has been shown to significantly reduce the ratio of gastrocnemius muscle to body weight,
dramatically increasing pro-inflammatory cytokine production and lipid accumulation [4].
This evidence has had a significant impact on the orthopedic field, influencing the choice of
prostheses and synthetic means capable of preserving bone and muscle quality [5]. Indeed,
good musculoskeletal quality promotes osseointegration and reduces the risk of complica-
tions, counteracting disability and mortality in geriatric patients undergoing orthopedic
surgery [6,7]. In this regard, Ikeda et al. described the case of a 56-year-old woman undergo-
ing hip arthroplasty with a cobalt-chromium alloy prosthesis who developed progressive
sensory disturbances, hearing loss, and hypothyroidism caused by metallosis [8].

Although polyneuropathy from cobalt—chromium intoxication is one of the worst-
case scenarios, chronic infiltration of metal debris can lead to chronic local inflammatory
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changes as well as broad-spectrum systemic clinical reactions [9]. In such a context, the
musculoskeletal tissue may be drastically affected by an aberrant concentration of metal
ions and experience muscle atrophy and increased fat infiltration [4]. The deterioration of
skeletal muscle tissue caused by metallosis due to arthroplasty surgery may accelerate the
muscle mass loss that is generally observed in geriatric patients [10,11]. Indeed, generalized
loss of muscle mass, strength, and function, a condition described as sarcopenia, is one of
the main complications encountered in elderly patients undergoing orthopedic surgery [12].
This age-related musculoskeletal pathology is characterized by altered expression patterns
of multiple myokines that regulate and control muscle growth [13-15]. Of these, myostatin
has certainly been indicated as being responsible for the increased atrophy of muscle fibers,
as increased levels of this myokine have been detected in the muscles of elderly patients
with sarcopenia [16]. Interestingly, a key role for myostatin has also been proposed in
the crosstalk between skeletal muscle tissue and surrounding adipose tissue [17] since
inhibition of myostatin signaling, specifically in skeletal muscle but not in adipose tissue
of transgenic mice, was correlated with a reduction in fat mass and an increase in skeletal
muscle mass [18]. In addition, myostatin has been suggested to promote adipogenesis and
inhibit myogenesis in vitro by increasing cell cycle inhibitor activity [19].

Of note, sarcopenia also involves other cellular and molecular alterations, including
increased oxidative stress resulting from the accumulation of reactive oxygen species
(ROS), which exert negative effects on myogenic differentiation and survival, causing
loss of muscle mass and function [20]. NADPH oxidase 4 (NOX4) is among the main
enzymes responsible for ROS generation and appears to be highly expressed in skeletal
muscle tissue, playing a primary role in myogenic differentiation and oxidative stress when
overexpressed [21]. In this regard, Wu et al. simulated the sarcopenic condition in C2C12
murine muscle cells by treatment with benzo[a]pyrene, a toxic carcinogen, and found
an increase in myostatin expression in association with increased production of reactive
oxygen species (ROS) induced by NADPH Oxidase 2 (NOX2) and NADPH Oxidase 4
(NOX4) [22]. Interestingly, increased oxidative stress in muscle fibers could be the triggering
event for other molecular alterations that characterize sarcopenia, such as mitochondrial
dysfunction [23], nuclear apoptosis induction [24], as well as loss of the satellite cell pool
and regenerative potential [25]. In elderly patients, all these conditions can promote a
pro-inflammatory environment, worsening the outcomes of sarcopenia [26]. In fact, the
cytokine storm triggered to promote muscle regeneration causes an increase in cytolytic and
cytotoxic molecules and ROS in damaged muscle, aggravating tissue injury and damaging
surrounding healthy tissue. Therefore, oxidative stress and inflammation are considered
hallmarks of sarcopenia and represent two potential targets for innovative therapeutic
approaches [27].

As previously reported, some of the manifestations seen in sarcopenia have been
observed in mice exposed to cadmium, suggesting that heavy metal intoxication may
contribute to the progressive loss of muscle mass that occurs during aging [4]. Therefore,
we analyze below the histological and immunohistochemical profile of muscle tissue from
a patient with metallosis-induced cobalt-chromium hip replacement, investigating the
presence of some important molecular signs of muscle degeneration, such as increased
expression of myostatin and NOX4.

2. Case Report Description

A 75-year-old Caucasian man came to our attention at the Department of Orthopaedics
and Traumatology of the Policlinico “Tor Vergata” in June 2022 for left coxarthrosis. The
clinical and anamnestic investigation showed that the patient, a former professional rugby
player, was in good health, as he was a non-smoker and had a varied and balanced diet. In
March 2008, the patient underwent hip arthroplasty surgery for severe right coxarthrosis,
during which a Mitch trh V40 joint replacement with a cobalt-chromium alloy interface was
implanted (Figure 1a). Following the left total hip replacement surgery performed at our
hospital, serum and urine assays to determine chromium and cobalt metal ion levels were
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suggested to the patient, considering the mechanical loosening of the prosthesis associated
with a large area of bone resorption (Figure 1b). Not surprisingly, tests performed by
the patient in January 2023 reported elevated serum and urinary levels of chromium
and cobalt ions (Table 1), highlighting the need to replace the prosthetic implant with a
chromium-—cobalt interface.

Figure 1. Instrumental and surgical evaluation of the patient. (a) Radiographic image of Mitch trh
V40 joint prosthesis with cobalt-chrome alloy interface implanted in the right hip in March 2008. (b)
Radiographic image of June 2022 taken following left total hip replacement surgery. The arrow shows
discrete bone loss around the right hip prosthesis. (¢) Radiographic image from June 2023 showing
further acetabular bone loss around the right hip prosthesis (arrows). (d,e) Intraoperative image
showing abundant intra-articular fluid and metallosic degeneration of periarticular tissues.

Table 1. Clinical characteristics of metallosis patient.

Parameters Values

Age (years) 75

BMI (Kg/cm?) 24.7
T-score (L1-L4) —-09
T-score (femoral neck) —0.1
T-score (total femur) 1.3
PTH (pg/mL) 55.0
25-(OH)-VitD (ng/mL) 154
HHS 100

Cr (ug/L) 2.7

Co (ug/L) 2.1
Urinary Cr (mcg/g) 4.7
Urinary Co (mcg/L) 14.7

BMI: bone mass index; PTH: parathormone; HHS: Harris hip score; Cr: chrome (reference value: less than 1
in exposed subjects); Co: cobalt (reference value: less than 1 in exposed subjects); Urinary Cr: urinary chrome
(reference value: less than 25.0 in exposed subjects; less than 2.0 in unexposed subjects); Urinary Co: urinary
cobalt (reference value: less than 15.0 in exposed subjects; 0.2-2.0 in unexposed subjects).
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During the pre-hospitalization phase in June 2023, endocrine, neoplastic, and neurode-
generative diseases were ruled out, along with drug and metal allergies. Radiographic
evaluation revealed additional acetabular tissue loss, which was responsible for the previ-
ously observed mechanical loosening (Figure 1c). Furthermore, clinical and instrumental
investigations showed T-score values (L1-L4, femoral neck, and total femur) of —0.9, —0.1,
and 1.3, respectively, while the serum levels of parathormone (PTH) and 25-(OH)-VitD
were 55.0 pg/mL and 15.4 ng/mL, respectively. Of note, the patient was completely asymp-
tomatic, as he did not report the presence of joint pain and had excellent functional capacity,
with a Harris hip score (HHS) of 100.

In the first week of July 2023, the patient underwent revision surgery for a right hip
replacement, during which the presence of abundant intra-articular fluid was noted, which
was aspirated, in association with metallosic degeneration of the periarticular tissues,
which were excised (Figure 1d,e). At this stage, a sample of muscle tissue was taken for
biological analysis.

3. Materials and Methods
3.1. Participants

During hip replacement revision surgery, biopsies of the vastus lateralis muscle were
taken and subsequently processed for qualitative and quantitative investigations. All
experimental procedures were performed according to the World Medical Association’s
Code of Ethics (Declaration of Helsinki) and were conducted with the approval of the
Ethics Committee of the Policlinico “Tor Vergata” (approval reference number #17/21).

In our study, a patient of equal age and sex who underwent the same hip arthroplasty
for coxarthrosis and the same clinical and experimental procedures was included as a
control. His clinical characteristics are shown in Supplementary Table S1. Informed consent
was obtained from each patient prior to surgery.

3.2. Histological and Morphometric Analysis

Muscle biopsies were collected for histological and morphometric analysis. The sam-
ples were immediately fixed in 4% paraformaldehyde for 24 h and embedded in paraffin.
The 3 um-thick sections were stained with hematoxylin and eosin (H&E) (Bio-Optica, Milan,
Italy), and the slides were visualized by a Nikon upright microscope ECLIPSE Ci-S (Nikon
Corporation, Tokyo, Japan) connected to a Nikon digital camera. Images were acquired
at 20 x magnification using NIS-Elements software (5.30.01; Laboratory Imaging, Prague,
Czech Republic).

Morphometric analysis was conducted by two blinded observers who assessed the
cross-sectional area of the muscle fibers and the fat infiltration area between the fibers.
Measurements were performed at 40 x magnification, taking a total of 8 non-overlapping
readings for each patient. In addition, the reference area used for the morphometric analysis
was set up using the NIS-Elements software so that the size of the region of interest was
the same at each evaluation.

3.3. Immunohistochemistry

An immunohistochemical analysis was conducted to assess myostatin and NADPH
Oxidase 4 (NOX4) expressions in muscle tissue. The 3 um-thick sections were pre-treated
with EDTA citrate (pH 6.0) for 20 min at 95 °C and then incubated for 1 h with rabbit
polyclonal anti-myostatin propeptide (clone ab134682, AbCam, Cambridge, UK) or rabbit
polyclonal anti-NOX4 (NB110-58849, Novus Biologicals, Centennial, CO, USA). Washings
were performed with phosphate-buffered saline (PBS)/Tween20 (pH 7.6) (UCS Diagnostic,
Rome, Italy); the horseradish peroxidase (HRP)-3,3' diaminobenzidine (DAB) detection
kit (UCS Diagnostic, Rome, Italy) was used to reveal immunohistochemical reactions.
Specifically, 50 uL of DAB/450 puL of substrate were incubated for 3 min. The immunostain-
ing background was evaluated with negative controls for each reaction (Supplementary
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Figure S1) obtained by incubating the sections with secondary antibodies only (HRP) or
with the detection system only (DAB).

Immunopositive cells for myostatin and NOX4 were detected using NIS-Elements
software (5.30.01; Laboratory Imaging, Prague, Czech Republic) and expressed as a per-
centage of the total analyzed for myostatin and NOX4. For each condition, the experiment
was conducted in triplicate (n = 15 from N = 5 experiments).

3.4. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 software (GraphPad Prism
8.0.1, La Jolla, CA, USA). All data were expressed as mean =+ standard error and were
compared by unpaired t-test with Welch'’s correction. The data were considered significantly
different if p < 0.05.

4. Results

Histological analysis of the control patient’s muscle tissue showed normal tissue
architecture, with polygonal and multinucleated skeletal muscle fibers with peripheral
nuclei in association with a clear organization of the muscle fibers into fascicles (Figure 2a).
In contrast, extensive heterogeneity was evidenced in the muscle tissue of the metallosis
patient. In fact, some areas were characterized by poorly organized muscle fibers, generally
isolated and surrounded by abundant adipose tissue (Figure 2b), while other areas showed
a true accumulation of adipose tissue, with numerous adipocytes densely interposed
between them and almost absent muscle fibers (Figure 2c).
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Figure 2. Hematoxylin and eosin (H&E)-stained sections of muscle tissue from control and metallosis
patients. (a) The muscle tissue of the control patient was characterized by well-organized muscle
fascicles with polygonal and multinucleated fibers and peripheral nuclei. (b) The muscle tissue of
the metallosis patient was markedly degenerated, with isolated muscle fibers and abundant adipose
tissue (asterisks). (c) Numerous adipocytes (arrows) densely interposed between muscle fibers were
detected in metallosis patients. (d) The cross-sectional area of muscle fibers is shown for each patient
(* p < 0.05). (e) The fat infiltration area in muscle is shown for each patient (**** p < 0.0001). For 20x
images, scale bar represents 100 um.
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The morphometric data confirmed the histological analysis, as demonstrated by the
significant reduction in the cross-sectional area of the muscle fibers and a significant increase
in fat infiltration area in the presence of metallosis. In fact, the values of the cross-sectional
area of the muscle fibers were 5892.9 + 249.2 in the control patient and 5043.5 £ 295.5 in
the metallosis patient (* p < 0.05) (Figure 2d), while the values of the fat infiltration area
expressed as a percentage of the total area analyzed were 15.7 & 1.4 in the control patient
and 48.7 £ 1.8 in the metallosis patient (**** p < 0.0001) (Figure 2e).

An immunohistochemical analysis was performed to investigate a possible association
between the metallosis condition and changes in the expression of myostatin, the main
negative regulator of muscle growth, and NOX4, an indicator of oxidative stress. Cells
positive for myostatin and NOX4 were expressed as a percentage of the total analyzed.

Figure 3 shows that the expression levels of myostatin and NOX4 are markedly
elevated in the presence of metallosis. Indeed, the relative number of cells positive for
myostatin was 24.9 £ 1.9 in the control patient and 73.7 & 2.2 in the metallosis patient
(**** p < 0.0001) (Figure 3a—c). Similarly, the relative number of positive cells for NOX4 was
19.0 £ 1.8 in the control patient and 80.3 £ 2.2 in the metallosis patient (**** p < 0.0001)
(Figure 3d-f).
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Figure 3. Myostatin and NADPH Oxidase 4 (NOX4) expression analysis in muscle tissue of control
and metallosis patients. (a-c) The highest levels of myostatin expression (black arrows) were detected
in the muscle tissue of the metallosis patient compared to the control patient, where the number of
myostatin-positive cells was significantly reduced (white arrow). (**** p <0.0001). (d—f) The metallosis
condition significantly increases oxidative stress detected in the muscle tissue by NOX4-positive cell
counts (black arrows) compared to the control patient characterized by a significant reduction in
NOX4 expression (white arrows) (**** p < 0.0001). For 20x images, scale bar represents 100 pm.

5. Discussion

Chronic exposure to heavy metals has serious consequences both locally and systemi-
cally [28]. Indeed, in addition to dramatically damaging the musculoskeletal system, such
substances can, in severe cases, impair vision and hearing, lead to weight and strength loss,
and promote the development of skin diseases and neoplastic growth [29-31]. Unfortu-
nately, the metallosis consequences on human skeletal muscle are poorly characterized,
highlighting the need for cohort studies to investigate this phenomenon. Therefore, the aim



Geriatrics 2023, 8, 92

7 of 9

of our study was to examine muscle changes in a patient undergoing revision hip replace-
ment with elevated blood and urinary concentrations of chromium and cobalt. Importantly,
the elevated concentration of these heavy metals did not lead to the appearance of neuroen-
docrine symptoms or the development of neoplastic formations. However, histological and
immunohistochemical analyses revealed that the enrolled patient’s vastus lateralis muscle
showed dramatic structural alterations and a massive infiltration of adipose tissue between
the muscle fibers, as well as alterations in the expression pattern of important biomarkers
of musculoskeletal health and oxidative stress, such as myostatin and NOX4, all hallmarks
of sarcopenia [32].

Particularly, myostatin is the main negative regulator of muscle growth, as its ex-
pression is up-regulated under unloaded and sedentary conditions and down-regulated
under conditions of muscle hypertrophy [33,34]. Of note, high myostatin expression could
compromise not only the quality of muscle tissue but also the quality of the entire muscu-
loskeletal system. Indeed, given the mutual interaction between muscle and bone tissue, a
condition of muscle atrophy due to increased levels of myostatin could favor bone mass
loss due to the reduced load forces applied by muscles to bone [35,36]. Furthermore, Qin
et al. described an anti-osteogenic role of myostatin by observing an over-production of
negative regulators of bone growth by osteocytes in response to this myokine [37].

Importantly, muscle tissue and adipose tissue share the same progenitor, mesenchymal
stem cells. Myostatin, known for its ability to promote adipogenesis, could play a key
role in determining cell fate towards a myogenic or adipogenic pathway, acting as a
regulator controlling body fat mass [17,38]. Such alterations in the musculoskeletal system
inevitably occur during aging, predisposing to age-related bone and muscle diseases.
The chronic presence of metal debris could lead to a condition of oxidative stress in the
muscle and promote myostatin production, favoring adipose infiltration between muscle
fibers. Fortunately, cases of metallosis due to prosthetic implants with a metal-metal
interface are increasingly rare, mainly due to the introduction of biocompatible and very
low-impact materials in the medical field [39]. However, Sahan et al. published the results
of a systematic literature review analyzing cases of metallosis after total knee arthroplasty
(TKA) surgery in 2020. The authors collected 29 studies on cases of metallosis after TKA,
highlighting the need to investigate the impact, in molecular terms, of heavy metals on the
musculoskeletal system [40].

6. Conclusions

Although metallosis is a rare complication of arthroplasty surgeries, the potential risks
of chronic heavy metal infiltration into musculoskeletal tissues and the very serious impact
on patient health should be considered. Importantly, exercise is a well-known powerful
strategy to preserve musculoskeletal health by reducing adipose infiltration and increasing
muscle mass. Therefore, we hypothesize that the absence of a marked condition of muscle
atrophy, typical of a geriatric patient and normally aggravated in the case of metallosis, is
strictly dependent on the intense physical activity practiced by the patient in previous years.
However, further studies are needed to investigate the molecular alterations in metallosis
patients and to intervene at an early stage with a systemic diagnostic approach that allows
the cause of metallosis to be identified and eliminated as part of the revision surgery.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ geriatrics8050092 /s1. Table S1: Clinical characteristic of the
control patient; Figure S1: Immunohistochemical analysis of muscle tissue.
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