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1. INTRODUCTION

1.1. Background

Arthritis is a collective term encompassing many diseases with distinct etiologies but
common symptoms, such as joint pain and inflammation. Osteoarthritis (OA) and rheumatoid
arthritis (RA) are both common forms of arthritis despite of the substantial differences in their
etiology and pathomechanism. The prevalence of OA in the population is approximately
10%, which makes it one of the most common chronic diseases. Although epidemiological
studies have revealed both endogenous and exogenous risk factors for OA, it is basically a
degenerative joint disease, initiated by an injury or repetitive joint stress of the joint [1]. The
mechanical damage activates mechanosensitive intracellular signalling in cartilage, which
involves the activation of inflammatory processes that may develope structural and
symptomatic course of disease [1]. With regards to the etiology, RA is considered as a
multifactorial, multigenic autoimmune disease with lower prevalence, affecting 1% of the
world’s population [2]. Although the exact pathomechanism is still unknown, the importance
of genetic predisposition has been revealed, as polymorphisms of the HLA-DR4 and DR1
locus and cytokine genes have been associated with RA [3]. Additionally, the pathogenetic
role of various bacteria and viruses has also been suggested. As a result, abnormal activation,
adhesion and migration of T- and B-lymphocytes and macrophages occur, which is
accompanied by increased proinflammatory cytokine production (TNF-o, IL-1). As a
consequence of the chronic autoimmune inflammation, intensive angiogenesis and pannus
formation in the synovium and cartilage damage may develop [3].

Owing to the high number of cases, arthritis is of significant public health and economic
importance, yet therapeutic options are limited to pain relief, reduction of inflammation and
finally, performing orthopedic surgery [4,5]. Today, the “gold standard” therapy for
alleviating arthritis-related pain is diclofenac, a nonsteroidal anti-inflammatory drug
(NSAID) of the phenylacetic acid class [6,7]. Unfortunately, the side effects of such an
effective compound are also significant. Habitual use of diclofenac is associated with the
NSAID category risk of dose-related gastrointestinal, cardiovascular, and renal adverse
effects; consequently, topical preparations were developed to limit the potentially serious
complications of systemic treatments.

After the exhaustion of conservative therapeutic options, destruction of articular cartilage,
chronic pain, and limited mobility of patients can indicate surgical procedures. According to

the severity of the condition, there are three types of surgical interventions that can also be
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performed consecutively: arthroscopy, osteotomy or joint-replacement procedures, the latter
may be unicompartmental or total arthroplasty of the knee [8]. Due to the need for early
prosthesis in rheumatoid arthritis and post-traumatic osteoarthritis, implants with a lifespan
of 10-15 years often have to be replaced multiple times. Although cementless prostheses offer
a solution to this problem, the higher incidence of complications necessitated the elaboration

of new techniques such as hydroxyapatite-coating [9,10].

1.1.2. Osteoarthritis

The degenerative cartilage damage in OA affects both large and small joints and characterized
by continuous progression. Risk factors include female gender, advanced age, obesity,
previous injury, repetitive sports activity, and family history of OA [11]. Interestingly,
clinicians have recognized OA as a separate disease only in the late 18" century, since
previously it was considered the same entity as rheumatoid arthritis. Typical symptoms
include include activity-related pain, transient morning stiffness and crepitus on joint motion,
that become more and more pronounced with the progrediation of the disease [12] [13]. With
regards to the ethiology, we can differentiate between primary or idiopathic, and secondary
OA. Obesity, mechanical stress, trauma, joint surgery, infection, metabolic or endocrin
disorders, and congenital joint abnormalities are considered as secondary causes for OA [14].
Osteoarthritis affects articular cartilage, ligaments, synovial membranes and subchondral
bone. Typical radiographic signs are ostophytes, subchondral cysts, and narrowing of the joint

space [15].

1.1.3. Rheumatoid arthritis

The articular destruction in RA primarily occurs in small joints of the hands, but larger joints,
knees and shoulders may also be affected. [3]. Furthermore, RA is often accompanied by
extraarticular manifestations such as rheumatoid nodules, pulmonary fibrosis, vasculitis,
secundary Sjogren syndrome, amyloidosis and Felty syndrome [16]. Rapidly or slowly
developed symmetrical polyarthritis on the hands is considered as the most common first
symptom [17]. Typically, remissions and exacerbations alternate in the course of the disease.
Along with the slow destruction of joints, various bony and soft tissue deformities can occur.
Ulnar drift, swan neck deformity and interosseus atrophy develop commonly in the joints of
the hand [18], while flexure contracture appears typically in the elbow and knee joints.
Additionally, joints may also dislocate due to chronic inflammation and altered morphology,

most commonly in metatarsophalangeal joints. Moreover, rheumatiod arthritis can be fatal in
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some cases and can have serious consequences, such as atlanto-axial subluxation [19].
Although RA can affect any joint, the thoracic and lumbar spine, as well as the distal
interphalangeal joints (DIP) are typically spared. However, rare cases of DIP joint
involvement have been described in the literature [20].

1.2. Biomarkers

1.2.1. Inflammation-related cellular and tissue changes

Both RA and OA are characterized by synovial inflammation and concomittant oxido-
reductive stress resulting in tissue damage. Despite of these similarities, there are substantial
differences in the cytokine profile, humoral and cellular immune responses involved in the
pathogenesis of the diseases. Osteoarthritis can be considered as steril, antigen-independ
inflammation, while growing evidence suggests that the development of RA is associated
with an unknown antigen found in synovium [21]. T cell reactions causing tissue damage in
RA include late-type hypersensitivity and direct cytotoxicity. In late-type hypersensitivity
reactions, Thl-type CD4+ T cells attract other cells, mainly macrophages, through their
cytokine production, which induces the production of tissue-damaging and fibrosis-inducing
substances. In T cell-mediated cytotoxicity, antigen-specific CD8+ T-lymphocytes recognize
and Kill cells expressing the target antigen, resulting in tissue damage [22]. Disease-specific
antibodies can be detected with serological tests. In RA, rheumatoid factor (RF) and anti-
citrullinated-protein-antibody (ACPA) are present in the serum. The most well-known of
these is RF, a non-specific IgM antibody, which is produced against the Fc portion of
autologous IgG. In contrast to RF, ACPA has 95% specificity for RA, making it a more
valuable biomarker in clinical practice [23]. With regards to laboratory tests, RA patients
typically display increased C-reactive protein (CRP) and erythrocyte sedimentation rates
(ESR) [24]. Setting the diagnosis of RA is often challenging and based on a multitude of
morphological, radiographic, and serological changes. In case of symmetrical swelling of the
metacarpophalangeal joints, banded osteoporosis and/or erosion in comparative hand or foot
X-ray records, RF and/or ACPA seropositivity, the presence of RA can be presumed. In the
absence of such typical symptoms, synovitis must be confirmed by ultrasound or MRI to set
the diagnosis. Additionally, further investigation (abdominal ultrasound, chest X-ray) is
needed to rule out other possible pathologies such as paraneoplasia.

The severity and progression of RA can be evaluated by using clinical scores. The DAS 28

test (Disease Activity Score for Rheumatoid Arthritis) is used to assess the effectiveness of
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therapy in the course of the disease. It is validated for clinical trials and combinated with
EULAR score criteria (European Alliance of Associations for Rheumatology). This
combination is based on the number of tender and swollen joints, CRP and ESR values, and
provides objective information for clinicians about patient activity. The clinical score ranges
from 1 to 10 [25].

The articular cartilage is not covered by the synovial membrane; however, it receives
nutritients by diffusion both from the synovial fluid ultrafiltrated from the synovial mebrane
and the bone tissue under the cartilage. This synovial fluid contains viscous hyaluronic acid,
mucinous lubricin, and phospholipids providing “lubrication” for joint movement. The joint
capsule has two layers. The outer layer (stratum fibrosum) consists of a dense fibrous
connective tissue. The inner layer is the synovial membrane, the cells covering the surface of
which are mesenchymal, so called mast cells that are not true epithelial cells. These
machrophages and fibrocytes produce and purify the synovial fluid. In arthrosis, cartilage
degeneration consists in the depletion of matrix proteoglycans. The collagen skeleton of the
matrix becomes bare and then breaks down, and the articular cartilage gradually wears off to
the subchondral bone. In RA, synovitis chronica villosa proliferativa occurs, in which glove-
finger inflammatory proliferation of the synovium can be seen. Fibrin is present on the
synovial surface followed by lymphocytes, plasma cells, machrophages, and neutrophil
granulocytes. This inflammatory tissue grows on the surface of the cartilage, leading
ultimately to its destruction. It then turns into granulation tissue, calcifies, then the cartilage

surfaces ossify and ankylosis develops, thereby stopping the joint from functioning [26].

1.2.2. Arthritis-related mitochondrial dysfunction

Mitochondria are responsible for the production of ATP and control the oxidative state of the
cell [27], and regulate caspase-dependent and caspase-independent apoptotic pathways
[28,29]. Beside these well-known functions of mitochondria, a growing body of evidence
implicates the role of mitochondrial damage and dysfunction in synoviocytes and
chondrocytes of OA [30] and RA patients. On the one hand, mitochondria are a major target
of inflammation-associated injury in the synovial membrane and cartilages of patients with
inflammatory arthritis. TNF-o induces mitochondrial damage through suppression of
mitochondrial complexes | and 1V [31]. Moreover, increased reactive oxygen species (ROS)
production results in oxidation of mitochondrial lipids, sulfhydryl groups and iron sulfur
complexes of mitochondrial respiratory enzymes that leads to the impairment of oxidative

phosphorylation [32].
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On the other hand, mitochondrial dysfunction has also been implicated in the pathogenesis of
primary and post-traumatic OA [33]. Some haplogroups of mitochondrial respiratory genes
are closely associated with higher prevalence of OA and RA meaning an increased genetic
predisposition to the development of arthritis [34]. As a consequence of the altered
mitochondrial genes, mitochondrial respiratory activity is impaired in arthritis. Electron
transport through mitochondrial complexes Il and 111 is decreased in chondrocytes of OA
patients as compared with healthy patients that leads to higher ROS production and lower
ATP levels [35].

1.2.3. Examination of mitochondrial functions with high-resolution respirometry

High-resolution respirometry is a suitable method for the investigation of mitochondrial
functions such as oxidative phosphorylation (OxPhos) capacity and oxygen consumption
[38]. Inrecent years, HRR played a central role in the development of mitochondrial research.
Fo HRR, non-frozen, freshly prepared tissue samples are needed to be suspended in an
appropriate medium and placed in two experimental chambers of the respirometer
(Oxygraph-2k, Oroboros Instruments, Innsbruck, Austria). (Figure 1.) Based on the changes
in the oxygen concentration in the chambers, the oxygen consumption of the mitochondria
can be calculated, and each ventricle is equipped with an oxygen sensor. Such respirometric
tests can be performed on 3 different samples: isolated mitochondria, permeabilized tissues
and permeabilized cells (e. g. precisely cut synovial samples.). To facilitate the passage of
chemicals across the membrane, the non-permeable tissues and cells are made permeable to
the cell membrane. With sequential administration of substrates and inhibitors, the
mitochondria undergo various “states” during respirometric measurements. (Figure 2.)
Mitochondrial respirometry is an important method in studying mitochondrial dysfunction in
various conditions and diseases, such as obesity [39], oxidative stress and ischemia-

reperfusion injury [40], apoptosis, aging [41], cancer [42] and diabetes mellitus type 2 [43].
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Figure 1. High-resolution respirometer (OROBOROS Oxygraph-2k (O2k). Measurements
are performed by Clark-electrodes. Two chambers of the respirometer allows parallel
investigations of mitochondrial functions.
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Figure 2. To measure the respiratory activity of the synovial mitochondria, tissue samples
were homogenized in mitochondrial respiration medium and then subjected to high-
resolution respirometry. Glutamate (G) (2 mM) and malate (M) (10 mM) were used in
combination to induce complex-I-linked respiration, the complex Il-linked state Il respiration
was determined with 10 mM succinate (S), saturating ADP (D2) (2.5 mM final concentration)
was added in order to stimulate respiration to the level of OxPhos capacity. Complex-I was
inhibited by rotenone (Rot) (0.5 uM). Cytochrome ¢ (cyt) was added to test the membrane
integrity, and complex-111 was inhibited by antimycin A (ama) (2.5 uM). Finally, 2 mM
ascorbate (As) and 20 uM N,N,N,N-tetramethyl-p-phenylenediamine (TMPD) were added for
complex IV-linked respiration, which was inhibited by sodium azide (Azd) (50 mM).

1.3. Arthritis therapy

1.3.1. Conservative treatment

To date, therapeutic options for arthritis are limited mostly to pain relief and reduction of
inflammation [5], therefore new approaches are needed. Pharmaceutical agents in the

conservative treatment of RA include non-steroidal anti-inflammatory drugs,
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immunosuppressive drugs such as corticosteroids, and biologic response modifiers (BRMs)
such as TNF-a blockers. However, complete remission can hardly be achieved, and patients
also suffer from the side-effects of drugs. Patients most commonly encounter gastro-intestinal
side-effects such as abdominal pain, vomiting, ulcers, and bleeding; however hematological
complications can also occur [44, 45]. Consequently, searching for new therapeutic
approaches in the management of arthritic disorders is of high importance.

Lifestyle changes recommended by a physiotherapist and wearing orthoses may also
decelerate the progression of the disease. The use of orthoses (splints) alleviates pain by
stabilizing the joint, preventing and reducing the aggravation of deformities [46]. Complying
with the principles of joint protection in the early stages of the disease reduces the rapid
deterioration of the condition over time. According to these principles, patients are advised
to find balance in rest and activity, exercise only in a pain free range, and avoid straining their
joints during training [47]. Additionally, patients suffering from arthritis often manage to
incorporate other favorable, joint protective habits such as balneotherapy into their daily
routine [48]. Furthermore, nonthermal ultrasound, electrotherapy, cryotherapy, and low-level
laser therapy may also be of high benefit as a part of conservative arthritis therapy [46].

1.3.2. Durg delivery with electroporation (EP)

Topical drugs have been developed to eliminate the potentially serious side effects of
systematic treatments [44,45]. Diclofenac, used as a gold standard, is a lipophilic organic acid
that is highly soluble in water, allowing the compound to enter the skin and synovial lining
of the joints. However, the absorption of topically applied diclofenac is 3-5% of the oral
medication, and it reaches the site of action ten times later than the oral dose [49,50]. Due to
the slowness and ineffectivity of passive transdermal delivery, new dosing regimens are
required to achieve adequate local drug concentrations directly at the site of application [51].
Different penetration techniques have been developed to increase bioavailability and
transdermal drug delivery, including ultrasound and EP. Upon EP, the applications of short,
high voltage pulses cause transitory structural perturbations in the lipid bilayer of the
membranes. In this way, lipophylic or hydrophylic molecules, neutral or highly charged
compounds can be transported across or into the membranes of bacteria or mammalian cells
up to 40 kDa molecular weight. Common fields of indication for EP are biological and
artificial membranes, but it can also be used on complex structures such as the synovium.
[60]. (Figure 3.)
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Parameters of the electroporation instrument
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Figure 3. Drug delivery with EP over the joints. A pulsating electromagnetic field develops
around the skin layers, which electrical pulse with an optimized voltage (1400Vpp-1800Vpp)
lasting up to 5ms is discharged through the cell suspension, followed by a 20ms pause. This
disrupts the phospholipid layer of the membrane and forms temporary pores. Upon
completion of the EP, the phospholipid layer returns to its normal state.

1.3.3 Operative treatment

Prostheses for total knee arthroplasty (TKA) and resurfacing arthroplasty are recommended
as treatment options for people with end-stage arthritis of the knee. Cemented fixation of
prosthesis stems is widely used and considered as the gold standard for TKA [61]. The first
knee replacement surgery was performed by Verneuil in 1986. He resected a piece of the joint
sheath and placed it between the taste surfaces to prevent them from ossifying. Fascia lata
was commonly used [62]. In 1860, Ferguson began resecting both taste surfaces to create
movement between the tibia and femur. This resulted in reduced stability due to tendon laxity
[63]. Inthe early 1950s, it was the first successful total knee joint uniaxial hinge prosthesis
implantation. Both components of this continued into a long stem. These were incompatible
with knee movements, eventually loosening [64]. MaclIntosh introduced hemiarthroplasty in
1958 to treat varus-valgus deformity. The tibia was implanted in an acrylic plateau, which
also reduced deformity and pain [65]. In 1971, the era of knee prostheses, which is still used
today, began with Gunston. He made a polycentric prosthesis that replaced both surfaces, the

components of which were not mechanically connected to each other (called “unconstrained”
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prothesis). He replaced the tibial surface with high-density polyethylene and fixed the
prosthesis with polymethyl methacrylate (PMMA) cement. Newer types of knee
endoprostheses were based in the Gunston concept. The biomechanics of the knee were
increasingly imitated [66].

Indeed, this kind of fixation has several potential advantages including immediate fixation,
inaccurate-cut compensation, and the potential for local antibiotic delivery [67]. However,
observed signs of osteolysis at the cement—bone interface has raised questions about the long-
term durability of cemented TKAs. Due to concerns regarding late loosening caused by
tension, shear or wear debris, cementless TKAs have been developed in an attempt to improve
the longevity of implants, particularly in more active, younger patients. Considering an
average of 10-15 years implant survival and the potential need for revision surgery,
cementless fixation has an additional advantage in younger patients by preserving the bone
stock.

Since the introduction of cementless prostheses, manufacturers came up with new materials
such as titanium, cobalt-chromium alloys and tantulum, with better biocompatibility and with
porotized, rough surface to increase prosthesis stability [68]. Among them, hydroxyapatite
(HA)-coating was a promising coating material with the potential to achieve biological
fixation of implants. HA is an osteoconductive calcium phosphate molecule, which is
structurally and morphologically similar to human bone. Several studies have shown that
these properties of HA stimulate the interaction between the bone and the implant,
accelerating and inducing insertion, called osteointegration [69]. However, there are some
disadvantages of HA-coating, such as stiffness, low extensibility, and brittleness [70].
Furthermore, its rough surface promotes bacterial adhesion and so, enhanced biofilm
formation has been reported [71].

There are several studies comparing the outcomes of TKA using HA-coated and non-HA
coated prosthesis stems. The results of these studies are conflicting with some indicating
improved initial and late stability of stems, which are directly correlates with prosthetic life
[69,72]. However, others showing neither clinical nor radiological benefits with the use of
HA-coated implants [73]. As such, the signs of osteolysis also have been observed with
cementless TKAs similarly to the cemented [74] together with early migration of the stem by
radiostereometric analysis (RSA) studies [75]. The question remains whether cementless
TKAs have an improved long-term survival. This can only be answered by a randomized trial

comparing the two methods of fixation.
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2. MAIN GOALS OF THE STUDIES

Our main goal in these studies was to characterize the pathomechanism of the main groups
of arthritic disorders, namely the OA and RA, and to find optimal conservative and operative

treatments.

e Asafirst step, in study I., we characterized the mitochondrial changes in the synovial
membrane in OA and RA patients. For this purpose, we used intraoperative samples,
that were subjected to HRR, biochemical analysis and histology.

e Then, in study Il., we aimed to improve the efficacy of transdermal drug delivery in
conservative treatment of arthritis. We hypothesized that EP can amplify the transport
of topical diclofenac into the joints and thus the effectiveness of local administration
increases. Our aims were to compare the penetration properties of diclofenac hydrogel
into the synovial fluid after different administration routes, and to estimate the
analgesic and anti-inflammatory reactions after oral and topical drug deliveries in a

standardized rat model of carrageenan-kaolin (C/K)-induced knee joint monoarthritis.

e Our final aim was to investigate the current innovations of prosthesis implantation in
the operative treatment of arthrosis. Therefore, we conducted a meta-analysis to
compare the outcomes of TKA using HA-coated and non-HA coated prosthesis stems.
The main purpose was to update current knowledge and compare data evidence on the
quality of fixation of the tibial component evaluated with radiostereometric analysis
(RSA) in TKA under two conditions: with HA-coated cementless prosthesis, or with
non-coated cementless or cement fixation. RSA is able to accurately measure early
migration of the stem and maximum total point motion (MTPM), which is the 3-
dimensional vector of micromotions, has a predictive value of future loosening as
primary outcome in our analysis. The secondary endpoints were clinical outcomes of
TKAs including the Knee Society score (KSS) and the Knee Functional score (KFS),
which are validated scoring systems for measuring the ability of the patient to function

in everyday living and assessing the magnitude of tolerated pain. Other outcomes,
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such as the Hospital for Special Surgery (HSS) score were also evaluated together

with the characteristics of donors and recipients.
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3. MATERIALS AND METHODS

The human study was conducted in accordance with the Declaration of Helsinki and has been
approved by the local medical ethics committee at the University of Szeged under reference
number 85/2019-SZTE.

Animal experiments were carried out on male Sprague-Dawley rats (average weight: 300+£20
g) housed in an environmentally controlled room with a 12-h light-dark cycle and kept on
commercial rat chow and tap water ad libitum. The experimental protocol was in accordance
with EU directive 2010/63 for the protection of animals used for scientific purposes, and it
was approved by the National Scientific Ethical Committee on Animal Experimentation
(National Competent Authority) with the license number V./148/2013. This study also
complied with the criteria of the US National Institutes of Health Guidelines for the Care and

Use of Laboratory Animals.
3.1. Protocol in Study 1.

3.1.1. Study design

Prospective clinical study was conducted at a single, level | trauma centre (Department of
Traumatology at the University of Szeged) between 01 September 2019 and 30 November
2020. Data were collected from consecutive adult patients (age > 18 years) with signed
informed consent undergoing open or arthroscopic knee or hip joint surgery. Pediatric
patients and patients with multiple injuries, septic conditions, inadequate compliance, or
incomplete dataset were excluded. Labor parameters (white blood cell count (WBC), C-
reactive protein (CRP), total protein (TP)) and clinically relevant information (age, gender,
height, weight, Body Mass Index (BMI), International Statistical Classification of Diseases
and Related Health Problems (ICD) codes, comorbidities, previous joint injuries, medication,
etiology and current activity of OA, operation type) were extracted from electronic database
(MedSolution). Additional information regarding subjective life quality, the level of everyday
joint pain (according to VAS) and the use of orthoses and walking aids were obtained from a

detailed questionnaire.

3.1.2. Patient allocation

Participants were allocated into RA, OA and control groups based on their medical

documentation, 2010 American College of Rheumatology/European League Against
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Rheumatism (ACR/EULAR) rheumatoid arthritis classification criteria and Kellgren-
Lawrence (KL) classification. Patients were allocated into the RA group if they have already
been diagnosed with RA and fulfilled the 2010 ACR/EULAR score >6 criterion. For the
diagnosis of OA, the KL classification is the most widely used radiographic clinical tool
[76,77]. AP knee radiographs were graded from O to 4, according to KL-criteria, by two
independent orthopedic trauma experts (A.C., A.M.). A grade >1 entailed an allocation to the
OA group, independently from the etiology of the disease (both primary and posttraumatic
cases were included). The control group consisted of patients under the age of 40 with a KL

grade <1.

3.1.3. Sampling

Synovial fluid and tissue samples from the knee joint synovium were taken with the
permission and signed consent of the patients. Synovial fluid was aspirated prior to incision,
with an 18 G needle, and placed into Eppendorf tubes. Synovium tissue samples of 1x1 cm
in size were obtained from the suprapatellar pouch, sparing the Hoffa’s fat pad. The samples
were placed into 4% (v/v) neutral buffered formalin and phosphate buffered saline (PBS),
and transported on ice directly to undergo biochemical measurements, histopathological

evaluation and high-resolution respirometry respectively [78].

3.2. Protocol in Study I1.

This study was performed in three experimental series. The goal of the first experimental
series was to assess the serum and the synovial concentrations of diclofenac by high-
performance liquid chromatography (HPLC). The animals were anaesthetized with ip sodium
pentobarbital (45 mg kg-1) and placed in a supine position on a heating pad to maintain body
temperature between 36 and 37°C. In the first group (n=16), diclofenac sodium gel (50 mg
mL—1 in 230 pL volume) was applied topically above the knee joint. In the second group
(n=16), after dispersion of the diclofenac gel over the knee joint, EP was applied for 8 min.
Samples of blood from the inferior vena cava and of synovial washing fluid from the knee
joint were collected at 10, 30, 60 and 120 min of the experiment. The samples were frozen at
-80°C until the HPLC measurement. At the end of the last sampling point, the animals were
sacrificed with a single overdose of anaesthetic (Figure 4.)

In the second series of experiments, inflammation-related changes to the synovial

microcirculation were evaluated directly by intravital videomicroscopy (IVM). The animals
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were anaesthetized with ip sodium pentobarbital (45 mg kg-1) and divided into four groups
according to the administration route of diclofenac: The animals were treated with per os
diclofenac (75 mg kg-1 diclofenac sodium, Novartis Hungaria Kft., Budapest, Hungary) in
Group 1 (n=6), with topical diclofenac gel (50 mg mL—1 in 230 pL volume; n=6) in Group
2, and with EP-combined topical diclofenac gel (50 mg mL—1 in 230 pL volume; n=6) in
Group 3. Group 4 served as a per os saline-treated control (n=6). The treatments were always
applied 2 h before (t =-2 h) and 2 h after (t = 2 h) the arthritis induction (Figure 4.).

In the third experimental series, the effectiveness of different routes of diclofenac treatment
on nociception and inflammatory oedema formation was compared in C/K-induced arthritis.
The animals were divided into four groups (n=6) according to the administration route of
diclofenac: (1) per os diclofenac sodium, (2) topical diclofenac gel, (3) EP-enhanced topical
diclofenac gel and (4) sham (per os saline-treated). Treatments were applied twice daily
(every 12 h). The nociceptive tests were performed 24 h after the C/K injection, while knee
joint swelling was evaluated at the peak of oedema formation 48 h after arthritis induction.
At the end of the experiments, the animals were anaesthetized with ip sodium pentobarbital
(45 mg kg-1) for sample taking and thereafter sacrificed with a single overdose of anaesthetic.
Synovial washing fluid samples and synovium tissue specimens were collected for
biochemical measurements and histology. Tissue biopsies were stored at -20°C until the

examinations (Figure 4.).
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Figure 4. Time sequence of interventions.

Notes: In the first series, the diclofenac concentration in the serum and the synovial washing
fluid was measured by HPLC. In the second experimental series, tests for secondary
mechanical touch sensitivity and heat-provoked paw withdrawal were performed 24 h after
arthritis induction with C/K and for knee joint swelling measurements 48 h after the
challenge. In the third series, IVM examinations of the synovial membrane were performed
6h after the challenge.

Abbreviations: C/K, carrageenan/kaolin; D, diclofenac treatment; HPLC, high-performance
liquid chromatography; VM, intravital videomicroscopy; S, sample taken.

3.2.1. Arthritis induction

For arthritis induction, the animals were anaesthetized with intraperitoneal (ip) ketamine (50
mg kg-1) and xylazine (12 mg kg-1), and the skin over the knees was disinfected with
povidone iodide. Then a single intra-articular injection of a 75 pL mixture of 2% A-
carrageenan (Sigma, St. Louis, MO, USA) and 4% kaolin in saline was administered to the

right knee joint [79,80]. The contralateral knee was injected with saline.

3.2.2. Electroporation protocols

The non-invasive skin EP treatment was performed with a Mezoforte Duo Mez 120905-D
instrument (Dr Derm Equipment Ltd., Budapest, Hungary). A polypropylene-covered
treating handpiece with a 25 mm diameter plate electrode was used (modulation with 900 V
pulses, a 5 ms voltage pulse was followed by a 20 ms break). 230 uL diclofenac hydrogel

was used, and the EP treatment time was 8 min.

3.2.3. Diclofenac-containing hydrogel formulation

The hydrogel was prepared using the following procedure. 5 w/w% diclofenac sodium
(Sigma-Aldrich, St Louis, MO, USA) was dissolved in a mixture of purified water and 30
w/w% ethanol (Sigma-Aldrich, St Louis, MO, USA). 2 w/w% hydroxypropyl
methylcellulose (METHOCEL E4M Premium, Dow Chemical, Midland, MI, USA) was
added to this solution. The pH value was adjusted for 8.0+0.1 to ensure the dissolution of the
active substance by adding triethanolamine (2 w/w% solution, Hungaropharma Ltd.,

Hungary) if necessary.

3.3. Protocol in Study I11.
This study was conducted in accordance with the PRISMA 2009 (Preferred Reporting Items

in Systematic Reviews and Meta-Analysis) statement [81]. The review protocol was

registered with the National Institute for Health Research PROSPERO system under
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registration number CRD42019129619.

3.3.1. Search strategy

A systematic literature search was performed using EMBASE, MEDLINE PubMed, Scopus
and CENTRAL. The query was designed based on MeSH terms combined with various free-
text terms for hydroxyapatite and uncemented or cemented prosthesis and total knee
arthroplasty. No language limitation was applied. The date of final literature search was May
31" 2019.

3.3.2. Selection and eligibility criteria

Inclusion criteria specified any RCTs comparing the radiological and clinical outcomes of
HA-coated tibial stem with uncemented or cemented stems for primary TKA. Reoperations
(revision prostheses), hybrid fixation, unicompartment knee arthroplasty, non-clinical and
uncontrolled studies were excluded. RCTs missing outcomes of our study were also excluded.
Two authors (T.H. and E.B.) reviewed all studies upon the search strategy and controversies
were resolved by discussion with a third author (P.H.). Full-text versions of potentially
relevant studies were evaluated for inclusion using an eligibility pro forma screening
document that was based on pre-specified criteria. At the end of literature search, 11 RCTs

involving 902 patients were enrolled to analysis (Figure 5.).
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Figure 5. Flowchart of the meta-analysis.
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3.3.3. Outcomes

The primary outcome was the MTPM of the tibial stem. MTPM is determined by RSA using
the UMRSA software (RSA Biomedical, Umea, Sweden) according to guideline [82] and
were defined clearly in the articles as the total three-dimensional vector displacement of the
marker to the greatest motion. When useful data were presented in graphic plots, we
quantified them by using open source PlotDigitizer for Windows software (Version 2.6.8,
Joseph A. Huwaldt). The median (range) was transformed to mean = standard deviation (SD).
Disagreements were resolved by discussion with a senior author or by contacting the
corresponding author.

The secondary outcomes were validated scoring systems including KSS and KFS referring
to the function of the implant in everyday life. The KSS evaluates the clinical profile with
regards to pain intensity, range of motion and stability, flexion deformities, contractures and
poor alignment. In contrast, KFS considers only walking distance and stair climbing with
deduction for walking aids.

3.3.4. Data extraction and risk of bias assessment

We used the Cochrane Risk of Bias Tool to assess the risk of bias for each study (Figure 6.)
[83]. Demographic, quality, and outcome data were extracted independently into Microsoft
Excel by two authors (T.H. and E.B.). Data were taken from all articles describing the studies;

Any questions in data extraction were settled by discussion with a third author.
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Figure 6. Risk of bias. Review of authors’ judgments about each risk ofmbias item for
each study included.

3.4. Biochemical analyses

3.4.1. Tissue xanthine oxidoreductase (XOR) activity

XOR is an important enzyme in purine catabolism. Besides converting xanthine to uric acid,
XOR also catalyzes the reduction of nitrates and nitrites into nitric oxide (NO). This process
is accompanied by the production of ROS, which can result in cellular disruption. Synovial
membrane samples were homogenized in phosphate buffer (pH 7.4) containing 50 mM Tris-
HCL, 0.1 mM EDTA, 0.5 mM dithiotreitol, 1 mM phenylmethylsulfonyl fluoride, 10 pg ml—1
soybean trypsin inhibitor, and 10 pg ml—1 leupeptin. The homogenate was centrifuged at 4
oC for 20 min at 24.000 g, and the supernatant was loaded into centrifugal concentrator tubes.
The activity of XOR was determined in the ultrafiltered supernatant by a fluorometric kinetic
assay based on the conversion of pterine to isoxanthopterine in the presence (total XOR) or

absence (XO activity) of the electron acceptor methylene blue [84].
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3.4.2. Tissue myeloperoxidase (MPO) activity

MPO plays a central role in the pathogenesis of autoimmune inflammation through initiating
the production of hypochlorous acid (HCIO) and other reactive agents causing tissue damage.
According to the literature, elevated MPO levels are observed in a number of autoimmune
diseases including multiple sclerosis and RA [85]. The MPO activity was measured in
synovial tissue according to the method of Kuebler et al [86]. Briefly, the synovial tissue was
homogenized with Tris-HCI buffer (0.1 M, pH 7.4) containing 0.1 M polymethylsulfonyl
fluoride to block tissue proteases, and then centrifuged at 4 °C for 20 min. at 24.000 g. The
MPO activity of the samples was measured at 450 nm (UV-1601 spectrophotometer;
Shimadzu, Japan). The data was referred to the protein content.

3.4.3. Tissue nitrotyrosin levels

Free nitrotyrosine, as a marker of peroxynitrite generation, was measured by enzyme-linked
immunosorbent assay (Cayman Chemical, Ann Arbor, MI). The synovial tissue was
homogenized and centrifuged at 15,000g. The supernatants were collected and incubated
overnight with antinitrotyrosine rabbit 1gG and nitrotyrosine acetylcholinesterase tracer in
precoated (mouse antirabbit 1gG) microplates followed by development with Ellman’s
reagent. Nitrotyrosine content was normalized to the protein content of the homogenate and

expressed in ng/mg-1.

3.4.4. Laboratory testing of synovial fluid

Pro-inflammatory cytokine (TNFo, RANKL) levels were measured in the synovial fluid
samples using commercially available ELISA kit according to the manufacturer’s instruction

(Sigma-Aldrich, Budapest, Hungary).

3.4.5. Histology

Intraoperatively harvested synovium biopsies were assessed with light microscopy and
confocal imaging. Confocal imaging with a laser scanning endomicroscope (CLSM, FIVEL
system, Optiscan, Victoria, Australia) was started immediately after retrieving the synovial
sample. The rigid confocal probe (excitation wavelength 488 nm; emission detected at 505—
585 nm) was mounted on a specially designed metal frame and gently pressed onto the inner
surface of the joint capsule (1 scan/image, 1024 x 512 pixels and 475 x 475 pm per image).
For the in vivo staining, 0.01% acriflavine (Sigma-Aldrich, Budapest, Hungary) was applied

topically [87]. The analysis was performed twice separately by the same investigator (PH)
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using a semiquantitative histology score (S0-S4) based on widening of synovial lining,
neoangiogenesis, collagen fibre disorganization and fragmentation, as described previously
[88]. For traditional light microscopy, the samples were fixed in buffered paraformaldehyde
solution (4%) and embedded in paraffin. 5-um thick sections were cut and then stained with

haematoxylin and eosin (H&E).

3.4.6. Mitchondrial functional measurements

The efficacy of the mitochondrial respiration was assessed from synovium homogenates by
high-resolution respirometry (Oxygraph-2k, Oroboros Instruments, Innsbruck, Austria). The
tissue samples were homogenized in 200 pl of MiROS5 respiration medium [89] with a glass
Potter homogenizer. Subsequently, the homogenates were weighed into the detection
chambers, 50 pl in each, which were calibrated to 200 nmol/ml oxygen concentration in room
air. Our protocol was used to explore the relative contribution of respiratory complexes to the
electron transport chain (ETC) and the oxidative phosphorylation capacity (OxPhos) of
mitochondria. First, the steady-state basal oxygen consumption of the homogenates
(respiratory flux) was measured. Glutamate (10 mM) and malate (2 mM) were used in
combination to induce C I-linked respiration. Complex I1-linked baseline respiration (10 mM
succinate-fuelled, in the presence of C I inhibitor 0.5 uM rotenone) was determined, then
oxidative phosphorylation capacity was measured by adding saturating ADP (5 mM final
concentration). The intactness of the inner mitochondrial membrane was assessed after
adding cytochrome C (10 uM). Leak respiration (LEAK) was measured in the presence of C
V inhibitor oligomycin (Omy) (1 mM). Thereafter, protonophore agent carbonyl cyanide p-
trifluoromethoxy-phenyl-hydrazine (FCCP) (0.5 uM) was added to measure ETC coupling.
Finally, residual oxygen consumption (ROX) was determined by adding 1 uM rotenone (Rot)
and 1 uM antimycin-A (Ama).

3.4.7. Cytochrome c release

Cytochrome ¢ serves as an electron shuttle in the respiratory chain, in the mitochondrial
intermembrane space. It is well-known that proapoptotic stimuli promote the release of
cytochrome ¢ from the intermembrane space to the cytosol, where it facilitates apoptosis
through initiating the proteolytic maturation of caspases [90,91]. Consequently, the elevated
activity of cytochrome c oxidase enzyme indicates increased cytochrome c release suggesting
the impairment in the inner membrane of mitochondria. The intactness of the inner

mitochondrial membrane was assessed during respirometry after adding exogenous
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cytochrome C (10 uM) to the homogenates.

3.4.8. HPLC measurements

The synovial washing fluid and plasma samples were analysed using an Agilent HPLC
system (Agilent Technologies, Palo Alto, CA, USA) equipped with an automated solvent
delivery system, which has an integrated degasser (1260 Infinity Quaternary Pump), an
Agilent 1260 Infinity autosampler and a 1024-element diode array detector (1260 Infinity
Diode Array Detector). The system control and data acquisition were performed with Agilent
ChemStation B.04.03 software.

3.4.9. Nociceptive tests

Mechanical hyperalgesia was quantified using a plantar aesthesiometer (Dynamic Plantar
Aesthesiometer mod-37450; UgoBasile, Comerio, Italy) and was expressed as paw
withdrawal thresholds. Thermal hyperalgesia was detected with the paw withdrawal test
using a Hargreaves apparatus [92]. Baseline measurements were performed before the
induction of arthritis, while the development of inflammation was investigated at the peak of

nociceptive sensitivity 24 h after C/K injection.

3.4.10. Knee joint swelling (morphological assessment)

Joint inflammation was characterized by the changes in the diameter of the joints 48 h after
C/K injection. The anteroposterior and mediolateral diameters were measured with a caliper

square, and the cross-sectional area was calculated.

3.4.11. Analysis of gastric effects

Gastric lesions potentially associated with diclofenac toxicity were assessed at 48 h. After
retrieving and washing with saline, photographs were taken of the freshly prepared stomachs.
The location (near the pylorus, lesser curvature of the fundus or diffuse) was recorded, and

the extent of the lesions was evaluated by planimetric analysis using the Image J software.

3.4.12. IVM examinations

A detailed description of the surgical procedure can be found elsewhere. In brief, the animals
were anaesthetized with ip sodium pentobarbital (45 mg kg-1) 6 h after the intra-articular C/K
injection [93]. The jugular vein was cannulated for further supplementary doses of
anaesthetic. Cannulation of the trachea maintained the patent airway, and the arterial pressure

was monitored through a carotid artery cannule (Statham P23Db transducer, Budapest,
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Hungary). The animals were placed on a specially designed heating pad in a supine position
for the IVM examination, during which the slightly flexed knee joint of the hind limb was
opened with a microsurgical technique. Surgical preparation included a longitudinal skin
incision and the transverse cut of the quadriceps femoris tendon. After a circumferential cut
on the joint capsule, the patella was turned aside, and the synovial membrane on the medial
condyle of the tibia was visible. Synovial microcirculation was investigated by means of
fluorescent IVM (Zeiss Axiotech Vario 100 HD microscope, 100W HBO mercury lamp,
Acroplan 20x water immersion objective), while the synovial membrane was superfused with
37°C saline. Erythrocytes were labelled with fluorescent isothiocyanate (0.2 ml iv, Sigma-
Aldrich Chemicals, St. Louis, MO, USA) and leukocytes were stained with rhodamine-6G
(0.1 ml iv, Sigma, St. Louis, MO, USA). IVM records were analysed off-line and frame-to-
frame using image analysis software (IVM, Pictron Ltd., Budapest, Hungary). PMN
leukocytes were defined as adherent cells (stickers) to the endothelial lining within an
observation period of 30 s. The number of adherent cells per mm2 of endothelial surface was

counted in 5 postcapillary venules (diameter ranges from 11 to 15 um) per animal.

3.4.13. Statistical analysis

In Study I, the statistical analysis was performed with SigmaStat 13.0 statistical software
(Jandel Corporation, San Rafael, CA, USA). Normal distribution was tested with the Shapiro-
Wilk test. In the case of a normal distribution, one-way ANOV A with Tukey’s test was used
and the data are expressed as mean =+ SD. P <(.05 was considered as statistically significant.
In Study Il, data analysis was performed with the SPSS 17.0 software. Changes in variables
within and between groups were analysed by two-way ANOVA, followed by the Holm-Sidak
test. All data were expressed as means + standard deviation of the mean (SD). P values <0.05
were considered statistically significant.

In Study IlI, the statistical analysis of this study was performed by a dedicated statistician
(LH) using Stata 15 SE (Stata Corp) Pooled weighted mean difference (WMD) with 95% CI
was calculated for continuous outcomes. Random effect model was applied at all analysis
with DerSimonien-Laird estimation. Statistical heterogeneity was analysed using the 12
statistic and the chi-square to gain probability-values; 12 represents the magnitude of the
heterogeneity (moderate: 30 — 60%, substantial: 50 — 90%, considerable, considerable: 75 -
100%). Publication bias was evaluated by visual inspection of the funnel plot, and the
presence of this bias was considered in the case of an asymmetrical rather than a symmetrical

graph. Due to the low number of included studies, we cannot perform Egger’s test to detect



publication bias.
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4. RESULTS
4.1. Study I.

4.1.1. Patient characteristics

A total of 528 patients underwent hip or knee joint surgery between 01 September | 2019 and
30 November 2020 at the Traumatology Department of the University of Szeged. Inclusion
criteria were met in 71 cases, in which 17 patients suffered from RA and 31 from OA. The
control group consisted of 23 patients under 40 years of age, without a history of OA and
with a need for surgery due to trauma.

The mean age of all participants was 54 + 18 years, 63 + 10 years in the OA, 70 £ 5 and 29 +
7 in the control group. The gender ratio was balanced. The members of the OA group had a
higher mean Body Mass Index (BMI) compared to the control group. Furthermore, more than
65% of the OA patients had a BMI >30. As a well-known fact, a BMI >30 doubles the risk
of knee OA compared to normal weight or underweight individuals [94]. Most patients in the
OA group suffered from a moderate to severe (KL grade 3-4) joint degeneration. Despite of
the advanced stages of the disease, only 28% of the OA patients reported a habitual, daily
intake of NSADs. Prior to surgery, inflammatory markers (CRP, WBC) did not indicate an
acute flare up of OA; however, a slightly elevated CRP (<25 mg/L) was measured by more
than 50% of OA patients. The most common comorbidity of the study population was primary
hypertension, affecting 40% of all participants. Samples were taken from the knee joint in

72% of the cases. The characteristics of the patients are shown in Table 1.
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. All patients RA group OA group Control group
Demographics (n=71) (n=17) (n=31) (n=23)
Age (y) (mean + SD) 51+ 19 56 + 14 66 +9 27+4
Female n (%) 39 (55) 16 (94) 15 (48) 8 (35)
Male n (%) 32 (45) 1(6) 16 (52) 15 (65)
OA risk factors
Age >50 years n (%) 41 (58) 11 (65) 30(97) 0(0)
BMI (mean + SD) 29+5 28+4 33+6 26+3
BMI 230 n (%) 29 (40) 2 (13) 23 (75) 4(17)
Joint trauma in the anamnesis n (%) 39 (55) 1(6) 15 (48) 23 (100)
Disease severity
ACR/EULAR score (mean * SD) 7+1
ACR/EULAR score (median [IQR]) 7 [6-7]
Kellgren-Lawrence Score (mean + SD) 4+1
Kellgren-Lawrence Score (median [IQR]) 4 [3-4]
VAS (mean £ SD) 8+2 5+3
Takes NSAIDs daily n (%) 11 (64) 12 (38)
Needs walking aid n (%) 8(47) 16 (52)
Labor results
WBC (G/L) (mean * SD) 9.8+3.6 10.8+3.3 10.3+3.8 8.3+3.0
WBC (G/L) (median [IQR]) 9.2 [7.5-12.0] 10.1[8.8- 10.0[7.9- 7.6 [6.1-10.0]
13.2] 12.1]
CRP (mg/L) (mean * SD) 7.0+7.0 11.2+8.9 7.3%6.1 3.5+4.3
CRP (mg/L) (median [IQR]) 5.5[2.9-8.8] 6.9 [5.4- 5.6[3.5-10.4] | 2.8[0.0-5.5]
15.6]
TP (g/L) (mean % SD) 70.1+2.9 69.2+2.5 70.5+3.0 70.2+2.7
TP (g/L) (median [IQR]) 69.4 [68.5- 72.2 [67.5- 69.6 [69.2- 69.5 [68.5-
71.0] 69.8] 71.0] 71.6]
RF positive n (%) 11 (65)
Comorbidities
Presence of comorbidities n (%) 11 (44) 14 (82) 21 (68) 3(13)
Primary hypertension 10 (40) 6 (35) 18 (58) 2(7)
Diabetes 4(16) 2(11) 6 (19) 1(6)
NIDDM 3(13) 2(11) 5(16) 1(6)
IDDM 1(4) 0(0) 1(3) 0(0)
Gout 2 (8) 1(6) 2 (6) 0(0)
Other 6 (24) 12 (70) 10 (32) 0(0)
Operation type
Arthroscopy n (%) 32 (45) 2(12) 9(29) 21 (91)
Open surgery n (%) 39 (55) 15 (88) 22 (71) 2(9)

Table 1. Patient characteristics. RA patients were assessed based on ACR/EULAR criteria.
OA patients were graded according to Kellgren-Lawrence classification. Scoring was
performed by two independent orthopedic-trauma surgeons. VAS refers to the chronic pain
in the joint affected by RA or OA. Acute pain due to acute trauma was not considered. Daily
use of NSAIDs refers to habitual drug intake. Taking NSAIDs for a short period after trauma
was not regarded as daily use. Crutches, rollators, and wheelchairs were categorized as
walking aids. Labor parameters were measured prior to joint surgery. CRP levels were not
measurable under 2 mg/L, thus a CRP<2 mg/L was considered as 0. OA=osteoarthritis;
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SD=standard deviation; BMI=body mass index; IQR=interquartile range; VAS=visual
analog scale; ACR/EULAR=American College of Rheumatology/European League Against
Rheumatism; NSAID=non-steroidal anti-inflammatory drug; WBC=white blood cell;
CRP=C-reactive protein; TP=total protein; RF=Rheumatoid Factor; NIDDM=non-insulin
dependent diabetes mellitus; IDDM=insulin dependent diabetes mellitus

4.1.2. Mitochondrial functional measurements

Changes in mitochondrial respiratory functions were evaluated in the presence of glutamate
and malate or succinate in order to differentiate between C I- and C I1-based activity. Arthritis
groups (92.3 + 17.2 pmol/s/ml in OA, 61.9 + 14.8 pmol/s/ml in RA) displayed significantly
reduced C I OxPhos activity compared to the control group (115.2 + 26.2 pmol/s/ml) in the
presence of saturating amount of ADP. The decrease in C I-related OxPhos was significantly
higher in the synovial samples of RA patients than in OA patients.

Respiratory acceptor control ratio (RCR) and coupling control ratio (CCR) were defined to
quantify changes in the coupling of the ETC [24]. RCR is expressed as the OxPhos/LEAK
ratio and is directly but non-linearly related to the OxPhos-coupling efficiency. CCR is a flux
control ratio at a constant mitochondrial pathway-control state and ranges from 0-1. A
reference rate is defined by taking maximum respiratory flux and flux in the electron transfer-
state induced by complex-specific substrate, such that the lower and upper limits of the CCR.
In comparison with the control group, C I-based RCR (4.4 £ 1.3 in the control group, 3.0
0.8 in RA) and CCR (0.3 £ 0.1 in the control and OA group, 0.6 + 0.2 in RA) both indicated
a significant impairment of the ETC in the RA group. However, no significant difference was
found in C Il-related OxPhos, RCR and CCR between the study groups. (Figure 7.)
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Figure 7. Mitochondrial functional measurements. Complex I (CI) and complex 11 (CII)
related oxidative phosphorilation (OxPhos) capacity of synovial epithelial mitochondria is
shown, together with the respiratory control ratio (RCR) and coulpling control ratio (CCR)
of the complexes. Arthritis groups displayed significantly reduced C I activity compared to
the control group. The C I-related respiratory control ratio (RCR) of the RA group was
significantly lower compared to the control group. C I-related coupling control ratio (CCR)
is significantly higher in the RA group. No significant difference was found in C Il-related
respiratory activity, RCR and CCR between the study groups. RA group is marked with red
columns. Black columns represent the OA group. Control group is marked with white. Data
are presented as means + SD. *P<0.05 vs control; #P<0.05 vs OA (one-way ANOVA, Holm-
Sidak test)

4.1.3. Cytochrome c release

Cytochrome C release was assessed by adding exogenous cytochrome C to the sample in the
presence of glutamate and malate or succinate. OA (8.8 + 2.4 pmol/s/ml) group exhibited
significantly higher C I-based response in oxygen consumption compared to the control group
(3.9 £ 1.4 pmol/s/ml), indicating lower initial levels of cytochrome C. Furthermore, a
significant increase could be detected in the RA group compared with both the control and
OA groups in both Complex I- (12.4 £ 2.6 pmol/s/ml) and Complex II-related (3.7 £ 1.1
pmol/s/ml in the control group, 4.6 + 1.1 pmol/s/ml in OA, 10.5 + 3.5 pmol/s/ml in RA)
activity. (Figure 8.)
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Figure 8. Cytochrome C induced respiration. RA and OA groups displayed significantly
elevated O2-consumption in the presence of glutamate and malate (CI Cytochrome C)
compared to the control group. In the presence of succinate (CIl Cytochrome C), significantly
increased O2-consumption occurred only in the RA group. RA group is marked with red
color. Black color represents the OA group. Control group is marked with white. Data are
presented as means = SD. *P<(.05 vs control; #P<0.05 vs OA (one-way ANOVA, Holm-
Sidak test). CI=Complex I, Cl1=Complex II

pmol/s/ml
=
pmol/s/ml

o

_|
o

-

4.1.4. Pro-inflammatory cytokines in the synovial fluid

TNF-a and RANKL levels in the synovial fluid samples of the participants were measured
using chemiluminescence assays. Concentration of RANKL was significantly increased in
the RA group compared to the control group, while TNF-a levels in the RA group were

significantly higher compared to not only the control group, but the OA group as well.
(Figure 9.)
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Figure 9. Inflammatory cytokines. Significantly elevated TNF-a and RANKL levels were
measured in the RA groups compared to OA and control groups. This result confirms the
presence of chronic synovitis in RA. RA group is marked with red color. Black color
represents the OA group. Control group is marked with white. Data are presented as means +
SD. *P<0.05 vs control; #P<0.05 vs OA (one-way ANOVA, Holm-Sidak test). TNF-
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a=Tumor Necrosis Factor-a, RANKL=Receptor Activator of Nuclear factor-kB Ligand.

4.1.5. Biochemical analyses

XOR and MPO activity were measured from synovial tissue, while NT levels were
determined from synovial fluid as indicators of tissue damage. Significantly higher XOR
activities were measured in the synovial membrane homogenates of RA and OA patients
compared to the control group. The synovial tissues of RA patients displayed a significantly
higher MPO activity compared to the synovial tissues of OA patients and healthy individuals.
Significant difference in MPO activity occurred also between the OA and control groups. In
the RA group, significant elevation of NT was present relative to both the OA and control

groups. (Figure 10.)
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Figure 10. Biochemical analyses. Significantly higher MPO activity was detected in the RA
group compared to OA and control groups. This result corresponds to the existing literature
regarding the role of MPO in autoimmune inflammation. Elevated XOR activity was
measured in tissue homogenates of RA and OA patients compared to the control group. Both
RA and OA groups displayed significantly elevated NT levels in comparison with the control
group. RA group is marked with red color. Black color represents the OA group. Control
group is marked with white. Data are presented as means = SD. *P<0.05 vs control; #P<0.05
vs OA (one-way ANOVA, Holm-Sidak test). MPO=Myeloperoxidase, XOR=Xanthine
Oxidoreductase, NT=Nitrotyrosine.

4.1.6. Histopathology evaluation

CLSEM and H&E staining were used to validate the proper assignment of participants to
study groups (Figure 11.). Histological assessment was performed independently and blindly
on coded slides by two investigators (P.J. and P.H.) using a previously described 0—4-grade
histological scoring system, representing a composite of the extent of angiogenesis and

fibrosis. Additionally, on H&E stained sections, a thickened synovial membrane, increased
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cellularity and mild lymphocytic infiltration occurred in samples from patients suffering from
OA. (Figure 11.F) More prominent lymphocytic infiltration, fibrosis, and in some cases even

extensive fibrosis could be observed in RA samples. (Figure 11.G)

* #

Figure 11. Histological changes in the synovium. A, B, C: Tissue sections show the results
of in vivo confocal laser scanning endomicroscopy with acriflavine labeling. The bar
represents 100 um. D, E, F: Histological sections stained with hematoxylin and eosin. A:
Healthy synovium with rounded synoviocytes. No signs of inflammation related angiogenesis
and fibrosis can be seen. B: Osteoarthritic synovium with moderate angiogenesis due to low-
grade chronic inflammation. C: Synovium of a patient suffering from RA. The large number
of vascular cross-sections refers to inflammation-related angiogenesis. Scarring occurs as a
result of chronic synovitis. E: Joint capsule section with synovial membrane from a healthy
joint. Flattened mast cells constitute one, single cell layer. The lamina propria is poor in cells
and rich in connective tissue fibers. Adipocytes and cross sections of capillaries can be
observed in the deeper layers. F: Joint capsule sample from osteoarthritic joint. The synovial
membrane is thickened, consists of 3-4 cell layers. Increased cellularity occurs partly due to
the mild lymphocytic infiltration that can also be observed in the lamina propria. G: Joint
capsule sample of a patient suffering from RA. As a result of the extensive scarring, the
synovial membrane is unrecognizable. Fibrosis affects more than 50% of the stroma.



39

4.2. Study 1.

4.2.1. Plasma and synovial diclofenac concentrations

The plasma and the serum concentrations of diclofenac were the highest 10 min after the EP
treatment; they then decreased at 30 min and remained constant at 60 and 120 min. EP-
enhanced diclofenac delivery exhibited a significantly higher plasma level of diclofenac as
compared with the simple topical application 10 min after the application (Figure 12.). There
were no significant differences in the diclofenac content of the synovial fluid and the plasma
after the EP-combined application. However, simple topical application did not result in
detectable diclofenac content in the synovial fluid at the same point in time (Figure 12.).
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B (o]
1 1

Concentration (ug/mL)
N

#

O —

EP Topical

Figure 12. Diclofenac concentrations in the serum (black column) and the synovial
washing fluid (grey columns) measured by high-performance liquid chromatography
(Series 1). Diclofenac sodium gel was applied topically above the knee joint (Topical), or
electroporation was applied for 8 min over the knee joint (EP) after the diclofenac gel
dispersed. Samples of blood and synovial washing fluid were collected 10 min after
application. Data are presented as means = SD. # p < 0.05 vs serum level (two-way ANOVA
and Holm-Sidak test). Abbreviations: EP, electroporation; HPLC, high- performance liquid
chromatography; SD, standard deviation of the mean.

4.2.2. Leukocyte—endothelial interactions

In the second experimental series, the microcirculatory consequences of the joint
inflammation were quantified via IVM, and the PMN-endothelial interactions (rolling and
sticking) in the postcapillary venules of the synovial membrane were determined. The rolling
fraction of the PMNs in the postcapillary synovial venules exhibited a large degree of
dispersion, and no baseline differences were observed between the C/K- and saline-injected

knees or between the groups which participated in the treatment protocols (data not shown).
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However, the injection of C/K was accompanied by a statistically significant increase in PMN
adherence (sticking) to the endothelial layer as compared to the control side (Figure 13.). This
reaction was considerably reduced with the administration of oral diclofenac. However, it
was only moderately ameliorated by the EP-enhanced diclofenac hydrogel, and there were
no changes in response to the simple topical application of the hydrogel.
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Figure 13. The effects of diclofenac treatments on the number of rolling (A) and sticking
(B) leukocytes in the postcapillary venules of the synovial membrane (Series 3). Knees
were injected with carrageenan/kaolin (black columns), or contralateral knees were treated
with a saline vehicle (white columns). Data are presented as means + SD. # p < 0.05 vs control
limb; * p < 0.05 vs C/K + oral saline (two-way ANOVA and Holm-Sidak test).
Abbreviations: C/K, carrageenan/kaolin; SD, standard deviation of the mean.

4.2.3. Inflammatory enzyme activities and cytokine production

XOR activity was significantly increased in response to arthritis induction, in comparison
with the saline-injected knee joint. These values were significantly decreased when
diclofenac was applied orally or topically (Figure 14.A).

In the C/K-injected limbs, the MPO activity of the synovial tissue was significantly increased
as compared with that of the saline-injected controls. In the oral diclofenac and EP-enhanced
topical diclofenac-treated groups, MPO activity was significantly lower than in the non-
treated animals. However, conventional topical treatment did not influence the increased
MPO activity (Figure 14.B).

The C/K injection resulted in a significant increase in TNF-a concentration in the synovial
lavage fluid, which was diminished by both the oral intake and EP-enhanced topical treatment
(Figure 14.C).
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Figure 14. The effects of diclofenac treatments on the carrageenan/kaolin (C/K)-induced
changes in myeloperoxidase (MPQO) activity (A), xanthine oxidoreductase (XOR)
activity (B) and tumour necrosis factor-alpha (TNF-a) levels (C) (Series 2). Knees were
injected with carrageenan/kaolin (black columns), or contralateral knees were treated with a
saline vehicle (white columns). Data are presented as means = SD. # p < 0.05 vs control limb;
*p <0.05vs C/K + oral saline (two-way ANOVA and Holm-Sidak test).

Abbreviations: C/K, carrageenan/kaolin; SD, standard deviation of the mean.

4.2.4. Nociception and inflammatory oedema

In the third series, the extent of inflammation was estimated with functional tests 24 h after
arthritis induction. The mechanical touch sensitivity was considerably increased in response
to arthritis as the C/K-injected limbs responded to a lower level of trigger than the saline-
injected control limbs in animals receiving the saline vehicle (Figure 15.A). This parameter
was significantly diminished in response to oral and EP-enhanced topical diclofenac
treatments, albeit complete restoration was not achieved. The thermal nociceptive latency
(Figure 15.B) was also significantly decreased in the injured leg in the saline-treated group,

and oral and EP-enhanced topical diclofenac treatments exerted similar protective effects to
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those seen with the von Frey test.

The changes in knee cross-section (Figure 15.C) furnish a direct and objective measure of
joint inflammation. The cross-sectional area in the C/K-injected knees was significantly
enlarged 48 h after the challenge but was significantly reduced by both the conventional
topical and the EP-enhanced topical diclofenac treatments. In the case of oral diclofenac
administration, complete restoration to the level for the saline-injected knees was achieved.
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Figure 15. The effects of diclofenac treatments on the carrageenan/kaolin (C/K)-induced
changes in mechanical touch sensitivity (A), heat-provoked paw withdrawal latency (B)
and changes in knee joint swelling (C) (expressed as a knee cross-section) (Series 2).
Knees were injected with carrageenan/kaolin (black columns), or contralateral knees were
treated with a saline vehicle (white columns). Data are presented as means + SD. # p < 0.05
vs control limb; * p < 0.05 vs C/K + oral saline (two-way ANOVA and Holm-Sidak test).
Abbreviations: C/K, carrageenan/kaolin; SD, standard deviation of the mean.

4.2 5. Adverse effects of diclofenac intake

The gastric adverse effects of diclofenac intake were assessed by planimetric analysis of

ulcers in the gastric mucosa. The topically-applied diclofenac sodium with or without EP had
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no deleterious effect on gastric mucosa; however, an equivalent dose of oral diclofenac
sodium resulted in ulcer formation in 70% of the animals. The location of gastric ulcerations
in the rat stomach was variable and included only mild lesions such as oedema, irritation and
petechia formation (Figure 16.).
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Figure 16. The effects of diclofenac treatment on the gastric mucosa. (A) Diclofenac
treatment-induced gastric adverse effects. Bar represents 10mm. Black arrows show oedema,
irritation and petechia formation. (B) Mean area of gastric lesions. The white column
represents the control group (per os saline-treated), and the black column represents the per
os diclofenac-treated group. The pale and dark columns represent the topical and EP-
combined topical diclofenac-treated groups, respectively. Data are presented as means + SD.
*p < 0.05 vs per os diclofenac-treated group (Kruskal-Wallis one-way analysis and Dunnet
test).

4.3. Study 111.

Eleven RCTs were included in quantitative synthesis, in which TKA with a HA-coated tibial
stem was compared to other tibial fixations (cemented and uncemented prosthesis). All trials

were homogenous with respect to demographic characteristics (Table 2).
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Table 2. Characteristics of the studies

4.3.1. Radiological outcome

The MTPM of the tibial stem is the primary outcome in this meta-analysis. We used 2 years
follow up for the analysis of the MTPM. The higher MTPM is associated with lower stability
of the implant with a 0,2 mm cut-off value. Accordingly, if the MTPM exceeds 0,2 mm, the
prosthesis is classified as unstable, which greatly increases the likelihood of other
complications such as aseptic loosening. If the MTPM is less than 0,2 mm the prosthesis can
be considering as stable, in a long run [106]. Thirteen studies were enrolled to the MTPM
analysis. The results showed that the MTPM values of the HA-coated cementless stems are
significantly lower than that of the uncemented stems (WMD = 0.28, 95% CI: 0.01 - 0.56, P
=0.045) (Figure 17.A).
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Study, %

year WMD (95% CI) Weight
i

Hansson U, 2008 —I——é— -0.05(-0.68, 0.58) 9.58

Hildebrand R, 2003 —I—%— 0.07 (-0.27,0.41) 14.76

Carlsson A, 2005 —--I—%— 0.09(-0.20,0.38) 15.58

Regnér L, 2000 —.—é— 0.20(0.07,0.33) 18.13

Laende EK, 2018 ——I-é— 0.22(-0.16,0.60) 13.91

Pijls BG, 2012 —é—'— 0.65 (0.04, 1.26) 9.78

Van Hamersveld KT, 2018 i —— 0.73(0.61,0.85) 18.26
i

Overall (I-squared = 87.8%, p = 0.000) ’ 0.28 (0.01, 0.56) 100.00

NOTE: Weights are from random effects analysis i

T ! T

-1.5 0 1.5
Favours HA-coated Favours uncemented

Study, %
year WMD (95% Cl) Weight
Pijls BG, 2012 - 5 4,00 (-10.62,262) 8.27
Van Hamersveld KT, 2017 —_— 190(-5.20, 1.40) 2693
Nilsson KG, 1999 . 0.00 (-6.14, 6.14) 9.50
Nilsson KG, 2006 o — 1.00(-0.86,2.86)  55.30

Overall (|-squared = 20.7%, p = 0.286) ’ 0.29(-2.27,169)  100.00

NOTE: Welghts are from random effects analysis

1 + T
=11 0 1
Favours HA-coated Favours cemented

When HA-coated implants were compared to cemented prostheses, the letter displayed lower
MTPM (WMD = -0.29, 95% ClI: -0.41 to 0.16, P < 0.001) (Figure 17.B).
(Figure 17. C, D). In these two graphs show the funnel plot, but unfortunatelly we couldn't

run Egger's test on it.
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Figure 17. A MTPM analysis of the cemented and HA-coated cementless group. The value
of cemented MTPM lesser than HA-coated cementless group. B  MTPM analysis of
uncemented vs. HA-coated cementless group. The MTPM values of uncemented prostheses
are significantly higher than HA-coated. C Funnel plot 2 years follow-up; HA-coated
cementless vs. uncemented group. D Funnel plot 2 years follow-up; HA-coated cementless
vs. cemented group.

4.3.2. Clinical outcomes

The secondary outcomes were KSS and KFS. 4 RCTs were enrolled to the analysis of clinical
outcomes. The result showed that KSS of HA-coated cementless prostheses is not
significantly higher as compared to the uncemented group (WMD = -0.64, 95% CI: -3.02 —
1.73, P =0.596) (Figure 18.A);

Of interest, there was no statistically significant difference in the KSS of HA-coated
cementless and cemented prosthesis (WMD =-0.29, 95% CI: -2.27 t0 1.69, P = 0.775) (Figure
18.B). Similar results could be obtained by the analysis of KFS of studies, however, have
limited value due to the lack of the comparison between HA-coated and uncemented groups.
As such, no difference could be observed between HA-coated cementless and cemented
implants (WMD = -4.95, 95% CI: -13.59 to 3.69 P = 0.069); However, comparison between
HA-coated and uncemented groups could not have been done due to the low number of
studies in the uncemented group. (Figure 19.A). (Figure 18.C, D and 19.B) KSS data are

shown on the funnel plot, but unfortunatelly we could not run Egger's test on it.
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Figure 18. A KSS analysis 2 years follow-up; HA-coated. cementless vs uncemented. The
value of the uncemented is lesser than of HA-coated cementless group. B KSS of the HA-
coated cementless vs. cemented group. The value of cemented KSS did not differ
significantly from that of HA-coated. C Funnel plot 2 years follow-up; HA-coated cementless
vs. uncemented group. D Funnel plot 2 years follow-up; HA-coated cementless vs. cemented

group.
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5. DISCUSSION

5.1. Different mitochondrial functions in the synovia of RA and OA patients

Our present study provides quantitative clinical data on mitochondrial derangements in RA
and OA. Systemic disease activity was evaluated by CRP serum concentrations,
proinflammatory cytokines in the synovial fluid samples and clinical scores (KL,
ACR/EULAR) of our patients. Additionally, histopathological evaluation and in vivo
histology with CLSEM were also performed on tissue samples to detect the histological
characteristics of RA and OA. Our results complied with the literature as RA patients had
significantly higher levels of proinflammatory cytokines and hyperactive pathways of ROS
production. Additionally, histopathology revealed signs of chronic inflammation such as
neoangiogenesis, increased mean lining thickness and fibrosis in both OA and RA patients;
however, with a much higher extent in the latter.

The capacities of the ETC complexes in the study groups were tested with high resolution
respirometry. Interestingly, C | activity was strongly diminished in the RA group, while there
was no significant difference in C Il activity between the groups. This result highlights the
central role of C I in mitochondrial dysfunction in RA, setting it as the main target of future
RA therapies. C | is the first, largest, and most complicated component of the respiratory
chain. Furthermore, as the major entry point for electrons to the respiratory chain, C I is
considered as the rate-limiting factor in overall respiration [107]. Additionally, it generates
significant levels of ROS, especially during reverse electron transport [108,109]. As a
consequence, C | has already stood in the focus of researchers investigating potential
mitochondrial protective drugs. According to this, a recent study demonstrated the C I
specific ROS-production inhibiting effect of OP2113 (5-(4-Methoxyphenyl)-3H-1,2-
dithiole-3-thione, CAS 532-11-6) and raised its role in the therapies for Parkinson’s and
Alzheimer's diseases [110]. Additional to aging-related diseases, based on our findings, we
emphasize the importance of C | related ROS blockers in autoimmune diseases including RA.
Compared to patients suffering from RA, members of the OA group displayed a milder, but
still notable decrease in C | activity compared to healthy individuals in the control group.
Again, a significant deficit in C Il activity did not occur. This result complies with literature
data accentuating the importance of C I in aging related diseases. Based on our findings, we
suggest putting the focus on C | specific pharmaceutical agents in the research for novel
therapeutic options for OA. Beyond highly effective conservative treatment options,

prognostic biomarkers for disease progression and early-stage osteoarthritis are also lacking
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[111]. A recent study suggested that certain mitochondrial DNA (mtDNA) haplogroups may
be suitable to aid the recognition of early-stage OA and also have a prognostic potential for
disease progression [112]. Further studies investigating other mitochondrial parameters such
as C | activity or cytochrome c release as prognostic markers for disease progression are

warranted.

5.2. Beneficial effects of EP delivery of diclofenac into the knee joint

This study has demonstrated the added value of EP to the transdermal delivery of diclofenac
into the knee joint in experimental arthritis. The analgesic effect of EP-enhanced delivery
was comparable to that of the oral administration and manifested in decreased nociceptive
sensitivity, reduced joint swelling and lower cytokine concentration in the synovial fluid and
lower inflammatory enzyme activities in the synovial tissue. The EP treatment also influenced
the number of PMN-endothelial interactions at the level of the synovial microcirculation.
Following oral administration, diclofenac absorbs rapidly absorption through the
gastrointestinal tract. However, due to first-pass metabolism, only 60% of the dose reaches
the systemic circulation, where it bonds extensively to plasma proteins, mainly albumin
[113]. Substantial concentrations of the drug are attained in synovial fluid, which may be one
of the sites of action of diclofenac. It has been shown that the anti-nociceptive and anti-
inflammatory action of diclofenac is directly proportional to its concentration in the synovial
fluid [114]. Diclofenac has a short biological half-life (approx. 2h) and is eliminated
following biotransformation to glucuroconjugated and sulfate metabolites, which are
excreted in urine [115]. The pharmacological action of oral drugs depends on the absorption
into the circulation and subsequent distribution to the peripheral tissues; in contrast, efficacy
of topical drugs relies on penetration through the skin.

EP is promising among skin penetration enhancement techniques; apart from transdermal
delivery, application of EP has been widely investigated in cell biology, biotechnology and
electrochemotherapy [116-118]. EP applies high-voltage pulses to the biological membranes
and results in conformation changes in their stereo structures. Transdermal drug penetration
into the joint cavity is mostly limited by the low permeability of the stratum corneum of the
skin, the thickness of the surrounding tissue layer and the special physico-chemical barrier
function of the synovial membrane, which is commonly referred to as the “blood-joint
barrier” [119]. However, EP is capable of opening transitory pores on complex structures,
such as the multilamellar lipid bilayer of the stratum corneum and the synovial membrane

[120,121]. Macromolecules of up to 40 kDa can thus be transported through and/or into the
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skin [122,123].

Electroporation is now widely used as an alternative to small interfering RNA or naked DNA
delivery for targeted suppression of therapeutic genes into the knee joint in arthritis [124,125].
However, electrotransfer of painkiller drugs into the knee joint is less widespread [126].
According to a recent review, plasma levels of diclofenac after topical administration
decrease from 0.2% to 8% of those after oral administration [127]. Unfortunately, the
resultant synovial concentration is also decreased, as compared to an equivalent oral dose.
Effective concentrations in target tissues can be augmented with EP [127]. In accordance with
literature data, our results revealed that EP causes higher concentration values in the serum
as compared with the topical administration. The diclofenac concentration in the synovia was
equal to the serum concentrations; however, conventional topical treatment did not result in
a detectable amount of diclofenac sodium in the synovial fluid.

Intra-articular injection of C/K is a well-established model of an acute onset monoarthritis
resembling osteoarthritis. In this model, arthritis is probably initiated by mechanical damage
to the inner surface of the synovium resulting in an inflammatory response indirectly to the
activation of the endothelial side of the synovial barrier. It is characterized by an initial non-
phagocytic oedema and rapid uptake of the late phagocytic inflammatory phase, where PMNs
accumulate in the affected area [128,129]. It has been demonstrated that PMNSs are primed
within 1 h and are in the majority up to 12 h after the arthritis induction; subsequently, they
are replaced by predominating macrophages until the resolution of the inflammation at 48 h.
[119]. It has also been found that the rate of PMN infiltration is directly related to severity of
inflammation in the synovial membrane [78,130]. Based on the pivotal role of PMNs in the
initiation and maintenance of joint disorders, we employed the PMN-derived experimental
model of inflammatory arthritis in these studies.

Adhesive cell-to-cell interactions are regulated by beta2 integrins (CD11/CD18) expressed
on PMN leukocytes and their associated endothelial ligands (intercelluar adhesion molecules,
ICAMs and VCAMs) [131]. The presence of adhesion molecules on postcapillary endothelial
cells in the inflammatory synovial microenvironment has previously been shown and proven
to be appropriate markers for estimating inflammation [93,132,133]. These reactions can be
quantitatively assessed by IVM, and the efficacy of various therapeutic interventions can also
be judged objectively. PMN accumulation peaks very early, usually at 6-8 h in this model,
and (at approx. 24 h) macrophages predominate in the exudates thereafter [134]. Like other
non-selective cyclooxygenase inhibitors, diclofenac diminishes the number of PMN-

endothelial interactions [135,136]. Sticking in the synovial vessels was considerably reduced
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with the oral administration of diclofenac. However, it was only moderately ameliorated by
the EP-enhanced diclofenac hydrogel, and there were no changes in response to the simple
topical application of the hydrogel.

Administration of C/K injection into the knee joint results in primary and secondary
hyperalgesia in the inflammatory monoarthritis [137]. Secondary hyperalgesia develops at
the paw to heat and mechanical stimuli, and primary hyperalgesia is present over the inflamed
knee joint [138,139]. Secondary hyperalgesia develops as a result of the sensitization of the
dorsal horn neurons neighbouring the spinal representation of the injured tissue [140].
Secondary hyperalgesia reactions were investigated at the peak of the joint inflammation and
both demonstrated a significant amelioration as a consequence of diclofenac treatment [141].
Like the oral diclofenac treatment, EP completely restored thermal nociceptive sensitivity
and increased mechanical touch sensitivity, but to a lesser extent. Knee swelling, which is an
objective parameter of joint inflammation, was significantly reduced with both the oral and
the EP-enhanced diclofenac treatment [142]. Again, this increased volume was significantly
reduced by both oral and EP-enhanced diclofenac treatments 48 h after arthritis induction.
The C/K-induced arthritis is also an appropriate model for the evaluation of the analgesic and
anti-inflammatory properties of diclofenac. The TNF-o response is an early marker in
carrageenan-induced inflammation, and thus the changes were measured in the synovial fluid
48 h after intra-articular C/K or saline injections. Free radical formation has been
demonstrated in the synovial fluid and synovial membrane under clinical conditions and
proposed as a causative factor in joint disorders [143,144]. Specifically, oxidoreductive stress
has been shown to play a fundamental role in the pathogenesis of osteoarthrosis as a result of
increased pressure in the synovial cavity, reduced capillary density and vascular changes, and
due to the increased metabolic rate of synovial tissue in joint inflammation [145-147]. Being
a source of the oxygen free radical formation located in synovial cells, XOR activity has been
shown to increase in joint inflammation [78,148]. Moreover, joint inflammation was also
associated with enhanced XOR activity in the synovial fluid [149]. Our present findings
demonstrated increases in XOR activity in response to arthritis attenuated by diclofenac
treatment applied either in oral or simple topical routes of administration the latter being more
accentuated in the case of EP. PMNs are also important sources of free radicals through their
NADPH oxidase 2 activities [150]. As for microcirculatory inflammatory reactions induced
by inflammation, the increase in both the primary and secondary forms of PMN-endothelial
interactions (rolling and firm adherence) were confined to the periosteal postcapillary

venules. In this model, C/K-induced monoarthritis was the positive control. This aggressive
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arthritis model, which is associated with severe tissue destruction, is also known to be
mediated by infiltrating PMNs [80,93]. Data regarding the final step of PMN-endothelial
interactions (i.e. sticking) were well correlated with the tissue accumulation of PMNSs, as
determined by MPO activity. Diclofenac treatment attenuated the MPO activity in the
inflamed synovial tissue, applied either in oral or EP-enhanced topical routes of

administration.

5.3. HA implants provide better fixation in TKA

This study reviews the current evidence and updates knowledge on the use of HA-coated
tibial stem for primary TKA. The treatment groups were homogenous in terms of
characteristics of patients, thus the prediction of primary and secondary outcomes (i.e. MTPM
and KSS and KFS) was likely independent from individual risk variables, patient selection or
the overall severity of osteoporosis at prosthesis implantation. Direct meta-analysis
comparison was made, and the sample size of included trials was large enough to provide
good evidence that HA-coating yields better stability than other, uncemented prostheses;
However, cement fixation of prostheses stems still performs greater anchorage against
migration. More importantly, the HA-coating is not outperformed by cemented prosthesis in
providing good functional outcome with regards to pain intensity, range of motion and
walking distance.

The survival probability of the stems is often cited in the literature as predictor of prosthesis
outcome. However, the TKA outcomes are generally good with a mean survivorship rate (or
projected rates) of 95% or more at 10 years. Hence, this parameter is less sensitive to evaluate
the quality of stem fixation, than radiological results [151]. The migration analysis with RSA
is a standardized and objective method with low susceptibility to different interpretations
[152]. This technique allows movements between the implant and host bone measured with
an accuracy of 0.2 mm [106,153]. As a primary outcome of our study, the migration pattern
of the prosthesis stems was determined as the maximum total point motion (MTPM) of the
tibial stem measured by RSA. The MTPM value is the unit of measurement for the largest
3D migration of any point on the prosthesis surface. The migration pattern was defined as at
least 2 postoperative follow-up moments within the first 2 years of follow-up [106]. MTPM
mainly depends on mechanical factors such as the bone-implant interface or different
biological reactions at the implant-bone interface therefore is a reliable parameter to assess
the added value of HA-coating in implant surface.

RCTs in our meta-analysis have demonstrated lower incidence of MTPM with HA—coated
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implants when compared other non-cemented stems, except one trial [73]. As for the
comparison of HA-coated cementless and cemented group, the overall rates of MTPM were
very low in the cemented group and displayed lower incidence than HA-coated cementless
prosthesis. It is contradictory with a recent meta-analysis of Voight and his coworkers, which
demonstrated that use of HA provides the best long-term stability of implants; However, they
failed to eliminate potential selection bias because of enrolled studies with hybrid fixation
[154]. Another confounding factor was that HA-coated cementless fixation was compared to
an inhomogenic group of cemented and uncoated or other-coated cementless fixations. Some
other meta-analyses have demonstrated equal stability by using cemented and cementless
implants [75,155,156]. Registry data support that risk of revision rate is significantly higher
in uncemented TKASs in comparison with cemented prosthesis, and the main reason is aseptic
loosening [157,158]. The contradictory conclusions derived from these data can be explained
by the selection bias of database analysis.

Clinical outcomes, the KSS and KFS in our meta-analysis demonstrated equal functionality
of HA-coated cementless and cemented implants. These scoring systems are validated and
responsive methods for assessing objective and subjective outcomes after TKA. KSS is a
weighted score which regards to pain intensity, range of motion, stability and flexion
deformities, contractures, and poor alignment. The KFS considers mobility parameters of the
patient such as the walking distance and stair climbing with deduction for walking aids. In
spite of the predictive value of radiological stability, a recent meta-analysis has revealed the
differences between postoperative radiological and clinical performance of TKAs at the same
time [75]. Our result is consistent with this previous finding.

The final outcome of TKAs can also be linked to factors such as the prosthesis type and the
risk of developing certain complications of the patient. Early generation of cementless
prosthesis demonstrated poor results due to the suboptimal design of the implants [159]. In
order to exclude bias derived from the different design of prosthesis types, we enrolled studies
comparing HA-coated prostheses with other prostheses from the same uncemented or
cemented series of the manufacturer.

This study has some limitations. Low survival probability and revision rate of the stems are
often cited in the literature as predictor of poor outcome and these factors were not considered
in the selected trials. Different trials presented some alterations concerning the operative
procedure, whose impact on the outcomes were not evaluated. Besides, comparison of KFS
in HA-coated and uncemented groups would have limited value due to the low number of

studies in the uncemented group. The included RCTs were homogenous with regard to patient
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parameters, which, on the one hand provided possibility to exclude selection bias, but on the
other hand, the effects of medication, physiotherapy, activity level or systemic diseases (e.g.
osteoporosis or osteopenia) could not be evaluated. It would be also important to compare the
individual types of cementless knee prosthesis and the outcome of their implantation [160].
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6. SUMMARY OF NEW FINDINGS

Our findings confirmed mitochondrial involvement in the pathomechanisms of OA and RA
by providing quantitative clinical data on the derangements of mitochondrial functions in
human synovium samples. We have demonstrated, for the first time, the substantial
differences in the characteristics of mitochondrial dysfunctions in OA and RA. We also
highlighted the decisive role of Complex | and disruption of the ETC integrity in the

impairment of the inner mitochondrial membrane.

We have demonstrated improved drug delivery with EP in the conservative treatment of
arthritis. We have confirmed the direct action of EP-enhanced transdermal diclofenac sodium
delivery on the synovial microcirculation as proven by the decreased rolling and the reduced
sticking of leukocytes. The biochemical measurements also demonstrated that diclofenac
achieved an efficient tissue concentration in the synovium since inflammatory enzyme
activities decreased. In summary, EP-enhanced transdermal diclofenac sodium delivery
attenuated the microcirculatory deterioration and the consecutive stages of tissue
inflammation; therefore, this type of mechanism might be an interesting focus for therapeutic

strategies in arthritis.

Our review on implant outcomes provided evidence that HA-coated cementless prosthesis
outperforms other cementless prostheses types in stability and functionality. Cemented
fixation of prostheses provides the best stability in a 2-year follow up; however, functional
results are not superior to HA-coated cementless fixation. Based on these results, HA-coated
cementless TKA is a recommended option for treating end-stage arthritis of the knee, and
clinicians consider together with patients the factors associated with the risk of revision when

choosing the most appropriate procedure.
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Purpose: Since electroporation (EP) can increase the permeability of biological membranes,
we hypothesized that it offers an opportunity to enhance the transdermal delivery of drugs for
intra-articular indications. Our aim was to compare the anti-inflammatory and analgesic efficacy
of EP-combined topical administration of diclofenac sodium hydrogel (50 mg mL™" in 230 uL.
volume) with that of an equivalent dose of oral (75 mg kg™) and simple topical administration.
Methods: Arthritis was induced with the injection of 2% A-carrageenan and 4% kaolin into
the right knee joints of male Sprague Dawley rats. EP was applied for 8 min with 900 V high-
voltage pulses for 5 ms followed by a 20 ms break. Drug penetration into the synovial fluid and
plasma was detected by high-performance liquid chromatography. Leukocyte—endothelial inter-
actions were visualized by intravital videomicroscopy on the internal surface of the synovium.
Inflammation-induced thermal and mechanical hyperalgesia reactions, knee joint edema, and
inflammatory enzyme activities were assessed at 24 and 48 h after arthritis induction.
Results: EP significantly increased the plasma level of diclofenac as compared with the topi-
cal controls 10 min after the 2% A-carrageenan and 4% kaolin injection. Increased leukocyte—
endothelial interactions were accompanied by joint inflammation, which was significantly reduced by
oral and EP diclofenac (by 45% and by 30%, respectively) and only slightly ameliorated by simple
topical diclofenac treatment (by 18%). The arthritis-related secondary hyperalgesic reactions were
significantly ameliorated by oral and EP-enhanced topical diclofenac treatments. The knee cross-
section area (which increased by 35%) was also reduced with both approaches. However, simple
topical application did not influence the development of joint edema and secondary hyperalgesia.
Conclusion: The study provides evidence for the first time of the potent anti-inflammatory
and analgesic effects of EP-enhanced topical diclofenac during arthritis. The therapeutic benefit
provided by EP is comparable with that of oral diclofenac; EP is a useful alternative to conven-
tional routes of administration.

Keywords: diclofenac, transdermal delivery, HPLC, intravital videomicroscopy

Introduction
Arthritis is a collective term encompassing many diseases with distinct etiologies
but common symptoms, such as joint pain and inflammation. Owing to its high
incidence, it is of significant public health and economic importance, yet therapeutic
options are limited to pain relief and reduction of inflammation.!? Today, the “gold
standard” therapy for alleviating arthritis-related pain is diclofenac, a nonsteroidal
anti-inflammatory drug (NSAID) of the phenylacetic acid class.>*

Unfortunately, the side effects of such an effective compound are also signifi-
cant. Diclofenac usages are associated with the NSAID category risk of dose-related
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gastrointestinal, cardiovascular, and renal adverse effects;
topical preparations were thus developed to limit the
potentially serious complications of systemic treatments.
Diclofenac is a lipophilic organic acid, but formulations with
salts are water-soluble, and this property renders the com-
pound capable of penetrating the skin and the synovial lining
of diarthrodial joints. The systemic absorption of topically
administered diclofenac is 3%—5% of that of oral products,
and the dosage reaches the site of action ten times later as
compared with that of an equivalent oral dose.>® On the whole,
since passive transdermal passage after topical administrations
is rather slow and therapeutic drug levels cannot always be
reached, new delivery methods are needed to achieve locally
effective drug concentrations directly at the application site.”

Various skin penetration techniques have been developed
to improve transdermal drug delivery and bioavailability,
including ultrasound and electroporation (EP).5'* With EP,
applications of short, high-voltage pulses cause transitory
structural perturbations in the lipid bilayer of the membranes.
Lipophilic or hydrophilic molecules, neutral or highly
charged compounds, can thus be transported through or into
membranes of bacteria or mammalian cells, if they are up to
40 kDa in molecular weight."> Common fields of indication
for EP are biological and artificial membranes, but complex
structures such as the stratum corneum or the synovium can
also be targeted.'®"”

Based on this background, we hypothesized that EP can
amplify the transport of topical diclofenac into the joints, and
thus the effectiveness of local administration increases. The
aims were to compare the penetration properties of diclofenac
hydrogel into the synovial fluid after different administration
routes and to estimate the analgesic and anti-inflammatory
reactions after oral and topical drug deliveries in a standard-
ized rat model of carrageenan/kaolin (C/K)-induced knee
joint monoarthritis.

Materials and methods

The experiments were performed on male Sprague Dawley
rats (average weight 300150 g). The animals were housed
in plastic cages in a thermoneutral environment and pro-
vided standard laboratory chow and water ad libitum. The
experimental protocol complied with EU Directive 2010/63
for the Protection of Animals Used for Scientific Purposes
and was approved by Hungary’s National Scientific Ethical
Committee on Animal Experimentation (National Competent
Authority) under license number V./148/2013. This study also
satisfied the criteria in the US National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.

Arthritis induction

For arthritis induction, the animals were anesthetized with
intraperitoneal (IP) ketamine (50 mg kg™') and xylazine
(12 mg kg™), and the skin over the knees was disinfected
with povidone iodide. Then a single intra-articular injection
of a 75 UL mixture of 2% A-carrageenan (Sigma-Aldrich,
St Louis, MO, USA) and 4% kaolin in saline was adminis-
tered to the right knee joint.'®!” The contralateral knee was
injected with saline.

Experimental protocols

The goal of the first experimental series was to assess the
serum and the synovial concentrations of diclofenac by high-
performance liquid chromatography (HPLC). The animals
were anesthetized with IP sodium pentobarbital (45 mg kg™)
and placed in a supine position on a heating pad to main-
tain body temperature between 36°C and 37°C. In the first
group (n=16), diclofenac sodium gel (50 mg mL™! in 230 uL.
volume) was applied topically above the knee joint. In the
second group (n=16), after dispersion of the diclofenac gel
over the knee joint, EP was applied for 8§ min. Samples of
blood from the inferior vena cava and of synovial washing
fluid from the knee joint were collected at 10, 30, 60, and
120 min of the experiment. The samples were frozen at —80°C
until the HPLC measurement. At the end of the last sampling
point, the animals were sacrificed with a single overdose of
anesthetic (Figure 1).

In the second series of experiments, inflammation-related
changes to the synovial microcirculation were evaluated
directly by intravital videomicroscopy (IVM). The animals
were anesthetized with IP sodium pentobarbital (45 mg kg™)
and divided into four groups according to the administra-
tion route of diclofenac: The animals were treated with
per os diclofenac (75 mg kg™ diclofenac sodium, Novartis
Hungaria Kft., Budapest, Hungary) in Group 1 (n=6), with
topical diclofenac gel (50 mg mL™" in 230 puL volume; n=6)
in Group 2, and with EP-combined topical diclofenac gel
(50 mg mL™" in 230 UL volume; n=6) in Group 3. Group 4
served as a per os saline-treated control (n=6). The treatments
were always applied 2 h before (/=—-2 h) and 2 h after (=2 h)
the arthritis induction (Figure 1).

In the third experimental series, the effectiveness
of different routes of diclofenac treatment on nocicep-
tion and inflammatory edema formation was compared
in C/K-induced arthritis. The animals were divided into
four groups (n=6) according to the administration route of
diclofenac: 1) per os diclofenac sodium, 2) topical diclofenac
gel, 3) EP-enhanced topical diclofenac gel, and 4) sham
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Figure | Time sequence of interventions.

Notes: In the first series, the diclofenac concentration in the serum and the synovial washing fluid was measured by HPLC. In the second experimental series, tests for
secondary mechanical touch sensitivity and heat-provoked paw withdrawal were performed 24 h after arthritis induction with C/K and for knee joint swelling measurements
48 h after the challenge. In the third series, IVM examinations of the synovial membrane were performed 6 h after the challenge.

Abbreviations: C/K, carrageenan/kaolin; D, diclofenac treatment; HPLC, high-performance liquid chromatography; IVM, intravital videomicroscopy; S, sample taken.

(per os saline-treated). Treatments were applied twice
daily (every 12 h). The nociceptive tests were performed
24 h after the C/K injection, while knee joint swelling was
evaluated at the peak of edema formation 48 h after arthritis
induction. At the end of the experiments, the animals were
anesthetized with IP sodium pentobarbital (45 mg kg™') for
sample taking and thereafter sacrificed with a single overdose
of anesthetic. Synovial washing fluid samples and synovium
tissue specimens were collected for biochemical measure-
ments and histology. Tissue biopsies were stored at —20°C
until the examinations (Figure 1).

Diclofenac-containing hydrogel

formulation

The hydrogel was prepared using the following procedure.
Five w/w% diclofenac sodium (Sigma-Aldrich) was dis-
solved in a mixture of purified water and 30 w/w% ethanol
(Sigma-Aldrich). Two w/w% hydroxypropyl methylcellulose
(METHOCEL E4M Premium, Dow Chemical, Midland,
MI, USA) was added to this solution. The pH value was
adjusted to 8.010.1 to ensure the dissolution of the active
substance by adding triethanolamine (2 w/w% solution,
Hungaropharma Ltd., Budapest, Hungary) if necessary
(Supplementary materials).

Electroporation protocols

The noninvasive skin EP treatment was performed with
a Mezoforte Duo Mez 120905-D instrument (Dr Derm
Equipment Ltd., Budapest, Hungary). A polypropylene-
covered treating handpiece with a 25 mm diameter plate
electrode was used (modulation with 900 V pulses, a 5 ms
voltage pulse was followed by a 20 ms break). Two hundred
thirty UL diclofenac hydrogel was used, and the EP treatment
time was 8 min.

HPLC measurements

The synovial washing fluid and plasma samples were analyzed
using an Agilent HPLC system (Agilent Technologies,
Palo Alto, CA, USA) equipped with an automated sol-
vent delivery system, which has an integrated degasser
(1260 Infinity Quaternary Pump, Agilent Technologies), an
Agilent 1260 Infinity autosampler (Agilent Technologies)
and a 1024-element diode array detector (1260 Infinity
Diode Array Detector, Agilent Technologies). The system
control and data acquisition were performed with Agilent
ChemStation B.04.03 software (Agilent Technologies).
The chromatographic parameters and the sample extraction
procedure have been provided in the Supplementary
materials.
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Nociceptive tests

Mechanical hyperalgesia was quantified using a plantar aes-
thesiometer (Dynamic Plantar Aesthesiometer mod-37450;
UgoBasile, Comerio, Italy) and was expressed as paw with-
drawal thresholds. Thermal hyperalgesia was detected with the
paw withdrawal test using a Hargreaves apparatus.?’ Baseline
measurements were performed before the induction of arthri-
tis, while the development of inflammation was investigated at
the peak of nociceptive sensitivity 24 h after C/K injection.

Knee joint swelling (morphological

assessment)

Joint inflammation was characterized by the changes in the
diameter of the joints 48 h after C/K injection. The antero-
posterior and mediolateral diameters were measured with a
caliper square, and the cross-sectional area was calculated.

Analysis of gastric effects

Gastric lesions potentially associated with diclofenac tox-
icity were assessed at 48 h. After retrieving and washing
with saline, photographs were taken of the freshly prepared
stomachs. The location (near the pylorus, lesser curvature
of the fundus, or diffuse) was recorded, and the extent of
the lesions was evaluated by planimetric analysis using the
Image] software (National Institutes of Health, Bethesda,
MD, USA).

Synovial sampling

The skin over the knee was disinfected with povidone iodide,
and 75 uL PBS was injected into the knee to collect synovial
fluid. The fluid was centrifuged at 4°C for 5 min at 4,000 g
in Eppendorf tubes. Then the samples were frozen at —80°C
until they could be tested.

TNEF-o levels

The cytokine content of the synovial washing fluid was
measured with commercially available enzyme-linked immu-
nosorbent assay kits (Quantikine Ultrasensitive ELISA Kkit;
Biomedica Hungaria Ltd., Budapest, Hungary).

MPO activity

Tissue MPO activity was measured in synovium and perio-
steum biopsies using the method developed by Kuebler
et al.?! Briefly, the tissue was homogenized with Tris-HCI
buffer (0.1 M, pH 7.4) containing 0.1 M polymethylsulfonyl
fluoride to block tissue proteases and then centrifuged at 4°C
for 20 min at 24,000 g. The MPO activities of the samples
were measured at 450 nm (UV-1601 spectrophotometer;

Shimadzu, Kyoto, Japan), and the data were corrected for
the protein content.

XOR activity

Tissue biopsies were homogenized in a phosphate buffer
(pH 7.4) containing 50 mM Tris-HCI, 0.1 mM EDTA,
0.5 mM dithiotreitol, 1 mM phenylmethylsulfonyl fluoride,
10 pg mL™! soybean trypsin inhibitor, and 10 pg mL™!
leupeptin. The homogenate was centrifuged at 4°C for 20 min
at 24,000 g, and the supernatant was loaded into centrifugal
concentrator tubes. The activity of XOR was determined in
the ultrafiltered supernatant by fluorometric kinetic assay
based on the conversion of pterine to isoxanthopterine in
the presence (total XOR) or absence (XOR activity) of the
electron acceptor methylene blue.?

Surgical procedure for the IVM

examinations

A detailed description of the surgical procedure can be found
elsewhere. In brief, the animals were anesthetized with IP
sodium pentobarbital (45 mg kg™') 6 h after the intra-articular
C/K injection.”® The jugular vein was cannulated for further
supplementary doses of anesthetic. Cannulation of the trachea
maintained the patent airway, and the arterial pressure was
monitored through a carotid artery cannule (Statham P23Db
transducer; Experimetria Ltd., Budapest, Hungary). The
animals were placed on a specially designed heating pad in
a supine position for the [IVM examination, during which the
slightly flexed knee joint of the hind limb was opened with
a microsurgical technique. Surgical preparation included a
longitudinal skin incision and a transverse cut of the quad-
riceps femoris tendon. After a circumferential cut on the
joint capsule, the patella was turned aside, and the synovial
membrane on the medial condyle of the tibia was visible.

IVM examinations

Synovial microcirculation was investigated by means of
fluorescent IVM (Zeiss Axiotech Vario 100 HD microscope,
100 W HBO mercury lamp, Acroplan 20X water immersion
objective), while the synovial membrane was superfused
with 37°C saline. Erythrocytes were labeled with fluores-
cent isothiocyanate (0.2 mL intravenously, Sigma-Aldrich
Chemicals) and leukocytes were stained with rhodamine-6G
(0.1 mL intravenously, Sigma-Aldrich).

Video analysis
IVM records were analyzed offline and frame-to-frame
using image analysis software (IVM, Pictron Ltd., Budapest,
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Hungary). Polymorphonuclear leukocytes (PMNs) were defined
as cells adherent (stickers) to the endothelial lining within an
observation period of 30 s. The number of adherent cells per
mm? of endothelial surface was counted in 5 postcapillary
venules (diameter ranges from 11 to 15 pm) per animal.

Statistical analysis

Data analysis was performed with the SPSS 17.0 software
(SPSS Inc., Chicago, IL, USA). Changes in variables within
and between groups were analyzed by two-way analysis
of variance, followed by the Holm—Sidak test. All data
are expressed as means * standard deviation of the mean.
P-values <0.05 were considered statistically significant.

Results
Plasma and synovial diclofenac

concentrations

The plasma and the serum concentrations of diclofenac
were the highest 10 min after the EP treatment; they then
decreased at 30 min and remained constant at 60 and 120 min.
EP-enhanced diclofenac delivery exhibited a significantly
higher plasma level of diclofenac as compared with the
simple topical application 10 min after the application
(Figure 2). There were no significant differences in the
diclofenac content of the synovial fluid and the plasma after
the EP-combined application. However, simple topical appli-
cation did not result in detectable diclofenac content in the
synovial fluid at the same point in time (Figure 2).

8 7

Concentration (ug/mL)
N

#

0 [

EP Topical

Figure 2 Diclofenac concentrations in the serum (black columns) and the synovial
washing fluid (gray columns) measured by HPLC (Series 1).

Notes: Diclofenac sodium gel was applied topically above the knee joint (topical), or
EP was applied for 8 min over the knee joint (EP) after the diclofenac gel dispersed.
Samples of blood and synovial washing fluid were collected 10 min after application.
Data are presented as means £ SD. #p<<0.05 vs serum level (two-way ANOVA and
Holm-Sidak test).

Abbreviations: ANOVA, analysis of variance; EP, electroporation; HPLC, high-
performance liquid chromatography; SD, standard deviation of the mean.

Leukocyte—endothelial interactions

In the second experimental series, the microcirculatory
consequences of the joint inflammation were quantified via
IVM, and the PMN-endothelial interactions (rolling and
sticking) in the postcapillary venules of the synovial mem-
brane were determined. The rolling fraction of the PMNs in
the postcapillary synovial venules exhibited a large degree
of dispersion, and no baseline differences were observed
between the C/K- and saline-injected knees or between the
groups which participated in the treatment protocols (data not
shown). However, the injection of C/K was accompanied by
a statistically significant increase in PMN adherence (stick-
ing) to the endothelial layer as compared to the control side
(Figure 3). This reaction was considerably reduced with the
administration of oral diclofenac. However, it was only mod-
erately ameliorated by the EP-enhanced diclofenac hydrogel,
and there were no changes in response to the simple topical
application of the hydrogel.

Inflammatory enzyme activities and

cytokine production

XOR activity was significantly increased in response to
arthritis induction, in comparison with the saline-injected
knee joint. These values were significantly decreased when
diclofenac was applied orally or topically (Figure 4A).

In the C/K-injected limbs, the MPO activity of the syn-
ovial tissue was significantly increased as compared with
that of the saline-injected controls. In the oral diclofenac and
EP-enhanced topical diclofenac-treated groups, MPO activ-
ity was significantly lower than in the nontreated animals.
However, conventional topical treatment did not influence
the increased MPO activity (Figure 4B).

The C/K injection resulted in a significant increase in
TNF-o concentration in the synovial lavage fluid, which was
diminished by both the oral intake and EP-enhanced topical
treatment (Figure 4C).

Nociception and inflalmmatory edema

In the third series, the extent of inflammation was estimated
with functional tests 24 h after arthritis induction. The
mechanical touch sensitivity was considerably increased in
response to arthritis as the C/K-injected limbs responded to
alower level of trigger than the saline-injected control limbs
in animals receiving the saline vehicle (Figure 5A). This
parameter was significantly diminished in response to oral
and EP-enhanced topical diclofenac treatments, albeit that
complete restoration was not achieved. The thermal nocice-
ptive latency (Figure 5B) was also significantly decreased
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Figure 3 The effects of diclofenac treatments on the number of rolling (A) and sticking (B) leukocytes in the postcapillary venules of the synovial membrane (Series 3).
Notes: Knees were injected with C/K (black columns), or contralateral knees were treated with a saline vehicle (white columns). Data are presented as means £ SD. #<<0.05
vs control limb; ¥p<<0.05 vs C/K + oral saline (two-way ANOVA and Holm-Sidak test).

Abbreviations: ANOVA, analysis of variance; C/K, carrageenan/kaolin; SD, standard deviation of the mean.
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Figure 4 The effects of diclofenac treatments on the C/K-induced changes in MPO activity (A), XOR activity (B), and TNF-c. levels (C) (Series 2).

Notes: Knees were injected with C/K (black columns), or contralateral knees were treated with a saline vehicle (white columns). Data are presented as means £ SD. #<<0.05
vs control limb; ¥p<<0.05 vs C/K + oral saline (two-way ANOVA and Holm-Sidak test).

Abbreviations: ANOVA, analysis of variance; C/K, carrageenan/kaolin; SD, standard deviation of the mean.
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Figure 5 The effects of diclofenac treatments on the C/K-induced changes in mechanical touch sensitivity (A), heat-provoked paw withdrawal latency (B), and changes in

knee joint swelling (C) (expressed as a knee cross-section) (Series 2).

Notes: Knees were injected with C/K (black columns), or contralateral knees were treated with a saline vehicle (white columns). Data are presented as means * SD. #p<0.05

vs control limb; ¥p<<0.05 vs C/K + oral saline (two-way ANOVA and Holm-Sidak test).

Abbreviations: ANOVA, analysis of variance; C/K, carrageenan/kaolin; SD, standard deviation of the mean.

in the injured leg in the saline-treated group, and oral and
EP-enhanced topical diclofenac treatments exerted similar
protective effects to those seen with the von Frey test.

The changes in knee cross-section (Figure 5C) furnish
a direct and objective measure of joint inflammation.
The cross-sectional area in the C/K-injected knees was
significantly enlarged 48 h after the challenge but was sig-
nificantly reduced by both the conventional topical and the
EP-enhanced topical diclofenac treatments. In the case of
oral diclofenac administration, complete restoration to the
level for the saline-injected knees was achieved.

Adverse effects of diclofenac intake

The gastric adverse effects of diclofenac intake were assessed
by planimetric analysis of ulcers in the gastric mucosa. The
topically applied diclofenac sodium with or without EP

had no deleterious effect on gastric mucosa; however, an
equivalent dose of oral diclofenac sodium resulted in ulcer
formation in 70% of the animals. The location of gastric
ulcerations in the rat stomach was variable and included only
mild lesions with edema, irritation, and petechia formation
(Supplementary materials; Figure S1).

Discussion

This study has demonstrated the added value of EP to the
transdermal delivery of diclofenac into the knee joint in
experimental arthritis. The analgesic effect of EP-enhanced
delivery was comparable to that of the oral administration
and manifested in decreased nociceptive sensitivity, reduced
joint swelling, and lower cytokine concentration in the syn-
ovial fluid and lower inflammatory enzyme activities in the
synovial tissue. The EP treatment also influenced the number
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of PMN-endothelial interactions at the level of the synovial
microcirculation.

Following oral administration, diclofenac absorbs rapidly
through the gastrointestinal tract. However, due to first-pass
metabolism, only 60% of the dose reaches the systemic
circulation, where it bonds extensively to plasma proteins,
mainly albumin.* Substantial concentration of the drug is
attained in synovial fluid, which may be one of the sites of
action of diclofenac. It has been shown that the antinocicep-
tive and anti-inflammatory action of diclofenac is directly
proportional to its concentration in the synovial fluid.?
Diclofenac has a short biological half-life (approx 2 h) and
is eliminated following biotransformation to glucuroconju-
gated and sulfate metabolites, which are excreted in urine.?
The pharmacological action of oral drugs depends on the
absorption into the circulation and subsequent distribution
to the peripheral tissues; in contrast, efficacy of topical drugs
relies on penetration through the skin.

EP is promising among skin penetration enhancement
techniques; apart from transdermal delivery, application
of EP has been widely investigated in cell biology,
biotechnology, and electrochemotherapy.'*'*!® EP applies
high-voltage pulses to the biological membranes and results
in conformation changes in their stereo structures. Transder-
mal drug penetration into the joint cavity is mostly limited
by the low permeability of the stratum corneum of the skin,
the thickness of the surrounding tissue layer, and the special
physicochemical barrier function of the synovial membrane,
which is commonly referred to as the “blood—joint barrier.”?’
However, EP is capable of opening transitory pores on
complex structures, such as the multilamellar lipid bilayer
of the stratum corneum and the synovial membrane.??
Macromolecules of up to 40 kDa can thus be transported
through and/or into the skin.'"!?

Electroporation is now widely used as an alternative
to small interfering RNA or naked DNA delivery for
targeted suppression of therapeutic genes into the knee
joint in arthritis.***! However, electrotransfer of painkiller
drugs into the knee joint is less widespread.?? According
to a recent review, plasma levels of diclofenac after topical
administration decrease from 0.2% to 8% of those after oral
administration.** Unfortunately, the resultant synovial con-
centration is also decreased, as compared to an equivalent
oral dose. Effective concentrations in target tissues can be
augmented with EP.3? In accordance with literature data, our
results revealed that EP causes higher concentration values
in the serum as compared with the topical administration.
The diclofenac concentration in the synovia was equal to

the serum concentrations; however, conventional topical
treatment did not result in a detectable amount of diclofenac
sodium in the synovial fluid.

Intra-articular injection of C/K is a well-established model
of an acute onset monoarthritis resembling osteoarthritis.
In this model, arthritis is probably initiated by mechanical
damage to the inner surface of the synovium resulting in
an inflammatory response indirectly to the activation of the
endothelial side of the synovial barrier. It is characterized by
an initial nonphagocytic edema and rapid uptake of the late
phagocytic inflammatory phase, where PMNs accumulate
in the affected area.!** It has been demonstrated that PMNs
are primed within 1 h and are in the majority up to 12 h
after the arthritis induction; subsequently, they are replaced
by predominating macrophages until the resolution of the
inflammation at 48 h.”” It has also been found that the rate
of PMN infiltration is directly related to severity of inflam-
mation in the synovial membrane.’>*¢ Based on the pivotal
role of PMNSs in the initiation and maintenance of joint dis-
orders, we employed the PMN-derived experimental model
of inflammatory arthritis in these studies.

Adhesive cell-to-cell interactions are regulated by 2
integrins (CD11/CD18) expressed on PMNs and their
associated endothelial ligands (ICAMs and VCAMs).?” The
presence of adhesion molecules on postcapillary endothelial
cells in the inflammatory synovial microenvironment has
previously been shown and proven to be an appropriate
marker for estimating inflammation.”***° These reactions
can be quantitatively assessed by IVM, and the efficacy
of various therapeutic interventions can also be judged
objectively. PMN accumulation peaks very early, usually at
6-8 h in this model, and (at approx 24 h) macrophages pre-
dominate in the exudates thereafter.*’ Like other nonselective
cyclooxygenase inhibitors, diclofenac diminishes the number
of PMN-endothelial interactions.*'*? Sticking in the synovial
vessels was considerably reduced with the oral administration
of diclofenac. However, it was only moderately ameliorated
by the EP-enhanced diclofenac hydrogel, and there were no
changes in response to the simple topical application of the
hydrogel.

Administration of C/K injection into the knee joint results
in primary and secondary hyperalgesia in the inflammatory
monoarthritis.* Secondary hyperalgesia develops at the
paw to heat and mechanical stimuli, and primary hyperal-
gesia is present over the inflamed knee joint.** Secondary
hyperalgesia develops as a result of the sensitization of the
dorsal horn neurons neighboring the spinal representation
of the injured tissue.*® Secondary hyperalgesia reactions
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were investigated at the peak of the joint inflammation and
demonstrated a significant amelioration as a consequence of
diclofenac treatment.*’” Like the oral diclofenac treatment,
EP completely restored thermal nociceptive sensitivity
and increased mechanical touch sensitivity, but to a lesser
extent. Knee swelling, which is an objective parameter of
joint inflammation, was significantly reduced with both the
oral and the EP-enhanced diclofenac treatment.*® Again, this
increased volume was significantly reduced by both oral
and EP-enhanced diclofenac treatments 48 h after arthritis
induction.

The C/K-induced arthritis is also an appropriate model for
the evaluation of the analgesic and anti-inflammatory proper-
ties of diclofenac. The TNF-a response is an early marker
in carrageenan-induced inflammation, and thus the changes
were measured in the synovial fluid 48 h after intra-articular
C/K or saline injections. Free radical formation has been
demonstrated in the synovial fluid and synovial membrane
under clinical conditions and proposed as a causative factor
in joint disorders.?>** Specifically, oxidoreductive stress has
been shown to play a fundamental role in the pathogenesis
of arthrosis as a result of increased pressure in the synovial
cavity, reduced capillary density and vascular changes, and
due to the increased metabolic rate of synovial tissue in
joint inflammation.’*>? Being a source of the oxygen free
radical formation located in synovial cells, XOR activity has
been shown to increase in joint inflammation.>*** Moreover,
joint inflammation was also associated with enhanced XOR
activity in the synovial fluid.** Our present findings dem-
onstrated increases in XOR activity in response to arthritis
attenuated by diclofenac treatment, applied either by oral
or simple topical routes of administration, the latter being
more accentuated in the case of EP. PMNs are also important
sources of free radicals through their NADPH oxidase 2
activities. As for microcirculatory inflammatory reactions
induced by inflammation, the increase in both the primary
and secondary forms of PMN-endothelial interactions
(rolling and firm adherence) were confined to the periosteal
postcapillary venules. In this model, C/K-induced mono-
arthritis was the positive control. This aggressive arthritis
model, which is associated with severe tissue destruction,
is also known to be mediated by infiltrating PMNSs.!** Data
regarding the final step of PMN—endothelial interactions (ie,
sticking) were well correlated with the tissue accumulation
of PMNS, as determined by MPO activity. Diclofenac treat-
ment attenuated the MPO activity in the inflamed synovial
tissue, applied either via oral or EP-enhanced topical routes
of administration.

The present study has provided evidence for the direct
action of EP-enhanced transdermal diclofenac sodium
delivery on the synovial microcirculation as proven by the
decreased rolling and the reduced sticking of leukocytes.
The biochemical measurements also demonstrated that
diclofenac achieved an efficient tissue concentration in the
synovium since inflammatory enzyme activities decreased.
In summary, EP-enhanced transdermal diclofenac sodium
delivery attenuated the microcirculatory deterioration and the
consecutive stages of tissue inflammation; therefore, this type
of mechanism might be an interesting focus for therapeutic
strategies in arthritis.

Conclusion

EP-enhanced diclofenac delivery is well tolerated and
possesses superior efficacy compared to simple topical
application in experimental arthritis. The plasma and the
joint concentrations of EP diclofenac are similar to those
in oral administration. Further investigations are needed to
determine the optimal parameters of EP and to diminish the
plasma level of diclofenac.
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Characterization of the diclofenac
sodium-containing hydrogel

Rheological investigations and pH measurements were
designed to characterize the hydrogel.

The pH of the semisolid formulations was measured with
a Testo 206 pH meter (Testo SE & Co. KGaA, Lenzkirch,
Germany). The probe of the device was immersed into
three different parts of the sample. The pH was adjusted
to 8.0£0.1.

The rheological properties were studied with a Physica
MCRI101 rheometer (Anton Paar, Graz, Austria). The mea-
suring device was of the parallel plate type (with a 25 mm
diameter and a gap height of 0.10 mm). The flow and viscos-
ity curve were recorded over the shear rate range from 0.1
to 100 and from 100 to 0.1 s~ at 32°C.

The flow curve of the gel can provide information on
the viscosity changes under flow conditions and on the time
dependency of the structure breakdown and recovery.

The flow curve of the gel presented shear thinning behav-
ior, which means that the shear stress continuously increases
with the shear rate, but the rate of the increase decreases. The
curves showed slight thixotropy, which means the structure
regeneration is time-dependent.

High-performance liquid chromatography
(HPLC) measurements of the synovial

washing fluid and plasma samples
The quantitative measurement of diclofenac sodium was
carried out with the HPLC method.

Chemicals and reagents for HPLC

Methanol, orthophosphoric acid (85% v/v), potassium dihy-
drogen phosphate, isopropanol, and n-hexane were bought
from VWR International GmbH (Darmstadt, Germany). All
reagents and solutions used were analytical grade, except the
methanol, which was HPLC grade. The purified water for the
HPLC was acquired from TKA Smart2Pure device (TKA,
Burladingen, Germany).

HPLC system and conditions

The HPLC analysis of diclofenac sodium was conducted
using an Agilent HPLC system (Agilent Technologies,
Palo Alto, CA, USA) equipped with an automated solvent
delivery system, which has an integrated degasser (1260
Infinity Quaternary Pump, Agilent Technologies), an Agilent

1260 Infinity autosampler, and a 1024-element diode array
detector (1260 Infinity Diode Array Detector, Agilent Tech-
nologies). The system control and data acquisition were
performed with Agilent ChemStation B.04.03 software
(Agilent Technologies). The chromatographic parameters
are provided in Table S1.

The chromatographic separations were performed on
Kromasil® 100 5C188 (250x4, 6 mm ID, 5 wum) (Phenomenex
Inc., Torrance, CA, USA) analytical column. The column
temperature was maintained at a constant 35°C. Separa-
tions were performed in gradient mode. The mobile phase
was eluted at a flow rate of 1.5 mL min~!, and effluent was
monitored at 254 nm.

The mobile phase consisted of two components. Compo-
nent A was a mixture of methanol and PBS buffer at a ratio
of 80:20 volume/volume percentage (potassium hydrogen
phosphate, 5 mM and diluted orthophosphoric acid buffer,
5 mM, pH 2.5, adjusted by adding 85% orthophosphoric
acid). Component B was a 20:80 (v/v) mixture of methanol
and PBS buffer.

The preliminary ratio was 30:70 (v/v) A:B for 1 min;
then the volume for B was increased from 70% to 100%
after 4.1 min and sustained for 1 min before being returned
to the initial conditions after 5 min. After a measurement,
2 min at 154 bar pressure for equilibration of the column
was performed before the next injection. The retention
time for diclofenac sodium was 4.5+0.054 min (relative
standard deviation =0.29%) (Table S1).

Preparation of standard solutions and calibration
samples

A stock solution of diclofenac sodium (1,000 pg/mL) was
prepared in a 50:50 (v/v) mixture of methanol and HPLC
water. External standard calibration solutions were prepared
by dilution of the stock solution with the 50:50 (v/v) mixture
of methanol and HPLC water to produce solutions with

Table S| Parameters of the chromatographic measurement

Mobile phase Mixture of methanol and PBS buffer
pH 25

Flow rate I mL/min

Injection volume 20 pL

Elution type Gradient elution

Detection wavelength 254 nm

Column Kromasil 100 5C18, 5 um 250x4.6 mm
Temperature 35°C

Evaluation External standard calibration, 6 conc (n=3)
Time 20 min

Abbreviation: conc, concentrations.
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concentrations of 0 (as blank), 10, 20, 50, 100, and 150 pg/mL
(six standard solutions).

Sample extraction procedure
An aliquot of plasma (1 mL) was combined with 100 uL
of the internal standard solution (added amount 1.25 pg).
The sample was acidified by adding 2 mL of 0.83 M phos-
phoric acid and 4 mL of hexane isopropyl alcohol (90:10).
The mixtures were shaken for 10 min on a rotating shaker
at 250 rpm and then centrifuged at 1,500 g for 10 min.
The aqueous phase was frozen, and the organic phase was
transferred to another tube and evaporated to dryness with
nitrogen gas at room temperature. The dried residue was
reconstituted with 300 UL of mobile phase and shaken for
15 s on a vortex mixer, and then a 20 pL aliquot was injected
into the HPLC system.

An aliquot of 1.2 mL of synovial fluid was added to 2 mL
of orthophosphoric acid (0.83 M) and 0.6 mL of isopropyl
alcohol and vortexed for a few seconds. After that, 5.4 mL

of n-hexane was added, and the mixture was centrifuged at
9,000 g for 5 min. The organic phase was transferred to a
clean tube, and the solvent was evaporated to dryness with
nitrogen gas at 30°C. The residue was dissolved in 1.2 mL
of the mobile phase by vortexing. An aliquot of 20 uL. was
injected into the chromatograph.

Linearity

Linearity was studied by preparing standard solutions in
the range of 0-150 wg mL™" (n=6), plotting a graph of con-
centration against area under the curve and determining the
linearity. Two methods (the short and long methods) were
compared to choose the optimal one for the HPLC analysis
(Table S2).

Based on the linearity test and the low relative standard
deviation % values, the short method is recommended.
The advantage is a runtime shortened by 42% (35-20 min;
Figure S2).

Table S2 Comparison of the parameters of the long and short methods

Parameters of the HPLC method

Long method Short method

Linear regression equation

Coefficient of determination

Number of samples

Runtime (min)

RTDs (min), mean = standard deviation
RSD — RTDs (%)

RSD — AUC (%)

RSD — maximum limit (%)

y =20.491x —7.4762

Y =20.338x —1.9623

R?=0.9999 R>=0.9999
n=15 n=15

35 20
18.72140.054 14.610+0.002
0.29 0.02

1.70 1.52

2.00 2.00

Abbreviations: AUC, area under the curve; HPLC, high-performance liquid chromatography; RSD, relative standard deviation; RTDs, residence time distributions.
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Abstract

Background

The potential advantages of hydroxyapatite (HA)-coated cementless total knee arthroplasty
(TKA) implants are bone stock preservation and biological fixation. Studies comparing the
outcomes of HA-coated cementless, non HA-coated cementless (uncemented) and
cemented TKA implants reported contradictory data. Our aim was to provide a comparison
of the effects of HA coating of tibial stem on the stability and functionality of TKA implants.

Methods

A systematic literature search was performed using MEDLINE, Scopus, EMBASE and the
CENTRAL databases up to May 31st, 2019. The primary outcome was Maximum Total
Point Motion (MTPM) of the tibial stem. This parameter is determined by radiosterometric
analysis and refers to the migration pattern of the prosthesis stems. The clinical outcomes
of the implanted joints were evaluated by the Knee Society Knee Score (KSS) and the Knee
Society Function Score (KFS). Weighted mean difference (WMD) with 95% confidence
interval (Cl) were calculated with the random-effects model.

Results

Altogether, 11 randomized controlled trials (RCTs) with 902 patients for primary TKA
implants were included. There was a statistically significant difference in the MTPM values
with the use of HA-coated and uncoated uncemented implants (WMD = +0.28, Cl: +0.01 to
+0.56, P<0.001). However, HA-coated stems showed significantly higher migration when
compared with the cemented prostheses (WMD = -0.29, CI: -0.41 to -0.16, P<0.001). The
KSS values of HA-coated implants were significantly higher than those for the uncemented
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implants; moreover, KSS and KFS outcome scores were statistically not different between
the HA-coated and cemented prosthesis cases.

Conclusion

HA-coating yields better stability than other, uncemented prostheses. More importantly, the
HA-coating is not outperformed by cemented prosthesis in providing good functional
outcome.

Introduction

Since the introduction of cementless prostheses, manufacturers came up with new materials
with better biocompatibility and porous, rough surface to increase stability [1]. Among them,
hydroxyapatite (HA) is a promising coating material with the potential to achieve biological
fixation of implants [2]. In terms of its chemical structure, HA is an osteoconductive calcium
phosphate molecule similar to human bone, which accelerates and induces insertion of
implants, called osteointegration [2, 3]. Numerous studies investigated the outcomes of HA-
coated stems with conflicting results. Some of them reported improved initial and late stability
of stems, directly correlating with prosthetic life [3]. However, further investigations did not
confirm these benefits and signs of osteolysis or early stem migration were observed [4].

Five previous systematic reviews and national registries have summarized the available evi-
dences, but each of these has limitations [5-11]. Registries were based on observational data
with potential sources of bias including the lack of worldwide consensus on implants taxon-
omy. Moreover, learning curve effects and differences between a high volume center and the
wide community practice were also not explicitly addressed in these tables [12]. One system-
atic review [7] failed to eliminate potential selection bias because a few of the studies enrolled
hybrid fixation (such as cemented femoral and uncemented tibial stem). Others included
quasi-randomized and observational studies as well [9]. Two reviews allocated only a limited
number of studies into de facto statistical analysis (3 and 2, respectively) [7-8] despite of a rela-
tively large number of selected publications. As confusing results, HA-coated cementless pros-
theses were compared with cemented and not with other porous-coated or non-coated
cementless (uncemented) prostheses in 4 meta-analyses [3,13,14,15].

Therefore, the aim of our study was to update current knowledge and compare up-to-date
data on the quality of fixation in TKA implants under two conditions: with HA-coated
cementless prosthesis and with uncemented or cemented fixation. The primary outcome was
MTPM of the tibial stem determined by radiostereometrical analysis (RSA). The secondary
endpoints were clinical outcomes including the KSS and the KFS.

Materials and methods

This study is reported in accordance with the PRISMA 2009 (Preferred Reporting Items in Sys-
tematic Reviews and Meta-Analysis) statement (S1 Table) [16]. The review protocol was regis-
tered with the National Institute for Health Research PROSPERO system under registration
number CRD42019129619.
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Search

A systematic literature search was performed using EMBASE, MEDLINE, Scopus and CEN-
TRAL. The query was designed based on Medical Subject Headings (MeSH) terms combined
with various free-text terms for hydroxyapatite and uncemented or cemented prosthesis and
total knee arthroplasty. No language limitation was applied (S1 Fig). The date of final literature
search was May 31", 2019.

Selection and eligibility criteria

Inclusion criteria specified any RCTs comparing the radiological and clinical outcomes of HA-
coated tibial stem with those uncemented or cemented stems for primary TKA implants.
Reoperations (revision prostheses), hybrid fixation, unicompartmental knee arthroplasty,
non-clinical and uncontrolled studies were excluded. RCTs missing outcomes of our study
were also excluded. Two authors (T.H. and E.B.) reviewed all studies upon the search strategy
and controversies were resolved by discussion with a third author (P.H.). Full-text versions of
potentially relevant studies were evaluated for inclusion using an eligibility pro forma screen-
ing document that was based on pre-specified criteria. At the end of literature search, 11 RCTs
involving 902 patients were enrolled to analysis (Fig 1).

Outcomes

The primary outcome was the MTPM of the tibial stem. MTPM is determined by RSA using
the UMRSA software (RSA Biomedical, Umed, Sweden) according to guideline [17] and is
defined clearly in the articles as the total three-dimensional vector displacement of the marker
to the greatest motion.

—
Records identified through database searching (n=1738)
= PubMed n=549; CENTRAL n=64;
"E Embase n= 1067; Scopus n =55
=
L= Records excluded based on
- > | title and abstract (n=1596)
—\
Randomized controlled study
(n =139)
=
§ Articles excluded (did not
5 > | meet inclusion criteria n = 82)
2 A Duplicates removed (n =37)
Human, controlled study
— (a=20)
Full-text articles excluded
5 because: outcomes of interest
= missing
éo Full-text articles assessed for @=5
eligibility
(m =15)
: Full-text articles exchided
[——————>| because: insufficient data
=4
3
3 Studies included in
=)
=i quantitative synthesis (meta-
analysis)
L @=11)

Fig 1. Flowchart of the meta-analysis.
https://doi.org/10.1371/journal.pone.0232378.9001
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When useful data were presented in graphic plots, we quantified them by using open source
PlotDigitizer for Windows software (Version 2.6.8, Joseph A. Huwaldt). Where mean with
standard deviation was not reported, they were estimated from median, interquartiles and
range by using the method of Xiang Wan [18]. The median (range) was transformed to mean
+standard deviation (SD). Disagreements were resolved by discussion with a senior author or
by contacting the corresponding author.

The secondary outcomes were validated using scoring systems including KSS and KFS
referring to the function of the implant in everyday life. The KSS evaluates the clinical profile
with regards to pain intensity, range of motion and stability, flexion deformities, contractures
and poor alignment. In contrast, KFS considers only walking distance and stair climbing with
deduction for walking aids.

Data extraction and risk of bias assessment

We used the Cochrane risk-of-bias tool to assess the risk of bias for each study (Fig 2) [19].
Demographic, quality, and outcome data were extracted independently into Microsoft Excel
by two authors (T.H. and E.B.). Data were taken from all articles describing the studies. Any
questions in data extraction were settled by discussion with a third author.

Quality of evidence

In order to estimate the quality of evidence on the outcomes in our meta-analysis, we have
used the Grading of Recommendations Assessment, Development, and Evaluation (GRADE)

approach (S4 Table).
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Fig 2. Risk of bias—Review of authors’ judgments about each risk of bias item for each study included.

https://doi.org/10.1371/journal.pone.0232378.9002
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Table 1. Characteristics of the studies included.

Statistical analysis

The statistical analysis of this study was performed by a dedicated statistician (L.H.) using
Stata 15 SE (Stata Corp) pooled weighted mean difference (WMD) with 95% CI was calculated
for continuous outcomes. Random effect model was was applied to all analyses with DerSimo-
nian-Laird estimation. Statistical heterogeneity was analysed using the I* and the chi-square
statistic to gain probability-values; I* represents the magnitude of the heterogeneity (moderate:
30-60%, substantial: 50-90%, considerable: 75-100%).

Publication bias was evaluated by visual inspection of the funnel plot, and the presence of
this bias was considered in the case of an asymmetrical rather than a symmetrical graph. These
funnel plots were automatically generated by the Stata software using the effect size and the
standard error of the effect size for each study. Due to the low number of included studies per
analysis (less than 10), the conditions of the Egger’s test were not met. We performed trial
sequential analysis (TSA) for primary outcomes. We used TSA program version 0.9 beta
(available from www.ctu.dk/tsa) to determine whether further randomized trials are needed in
this investigation (S2 Fig).

Results

Eleven RCT's were included in quantitative synthesis, in which TKA implants with a HA-
coated tibial stem was compared to other tibial fixations (cemented and uncemented prosthe-
sis). All trials were homogenous with respect to demographic characteristics. (Table 1).

Radiological outcome

The MTPM of the tibial stem at 2 years is the primary outcome in this analysis. If the MTPM
exceeds 0.2 mm, the prosthesis is classified as unstable, which greatly increases the likelihood
of other complications such as aseptic loosening. If the MTPM is less than 0.2 mm, the

Author, Design Country | Recruitment period Patients’ characteristics
Year Patients = N° of knees Age (y) Gender (male%) | BMI
Mean | SD Mean
Carlsson prospective randomized Sweden 1992-1995 30 72 72,6 6 21,3 ND
2005 [4]
Laende prospective randomized | Australia 2002-2015 ND 360 65 7,8 61 31,6
2019 [14]
Pijls prospective randomized Sweden ND ND 68 62 ND 18,3 26,5
2012 [15]
Hildebrand 2003 [20] | prospective randomized | Germany 1992-1993 48 27 70,7 ND ND ND
Regne’r prospective randomized Sweden ND 68 51 66,5 ND 16 ND
2000 [21]
Nilsson prospective randomized Sweden 1991-1992 53 27 67 ND 17 ND
1999 [22]
Nilsson prospective randomized Sweden 1997-2003 85 69 55,7 ND 62 ND
2006 [23]
Toksvig prospective randomized Sweden ND 60 62 71 ND ND ND
2000 [24]
Hansson prospective randomized Sweden 1997-1999 60 49 ND ND ND ND
2008 [25]
Hamersveld 2018 [26] | prospective randomized Sweden 2007-2008 58 25 66 7,4 17,3 ND
Hamersveld 2017 [27] | prospective randomized Sweden 2009-2010 60 60 66,2 7,2 16 28,3
https://doi.org/10.1371/journal.pone.0232378.t001
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prosthesis can be considering as stable in a long run [28]. Thirteen studies were enrolled to the
MTPM analysis. The analysis showed that the MTPM values of the HA-coated cementless
stems are significantly lower than that of the uncemented stems (WMD = 0.28, 95% CI: 0.01-
0.56, P = 0.045) (Fig 3A).

When HA-coated implants were compared to cemented prostheses, the latter displayed
lower MTPM (WMD = -0.29, 95% CI: -0.41 to 0.16, P < 0.001) (Fig 3B).

(Fig 3C and 3D). In these two plots show the funnel plot, but we couldn’t run Egger’s test
on it.

Clinical outcomes

The secondary outcomes were KSS and KFS. Four RCTs were enrolled to the analysis. The
analysis showed that KSS of HA-coated cementless prostheses is not significantly different
from that of the uncemented group (WMD = -0.64, 95% CI: -3.02-1.73, P = 0.596) (Fig 4A);

Of interest, there was no statistically significant difference between the KSS of HA-coated
cementless and cemented prosthesis (WMD = -0.29, 95% CI: -2.27 to 1.69, P = 0.775) (Fig 4B).
Similar results could be obtained from the analysis of KFS, however, have limited value due to
the lack of the comparison between HA-coated and uncemented groups. As such, no signifi-
cant difference could be observed between HA-coated cementless and cemented implants
(WMD = -4.95, 95% CI: -13.59 to 3.69 P = 0.069). However, comparison between HA-coated
and uncemented groups was not performed due to the low number of studies in the uncemen-
ted group. (Fig 5A). (Figs 4C, 4D and 5B) KSS data are shown on the funnel plot, but unfortu-
nately we couldn’t run Egger’s test on it.

Discussion

This study reviews the current evidence on and updates knowledge of the use of HA-coated
tibial stem for primary TKA implants. The treatment groups were homogenous in terms of
characteristics of patients, thus the prediction of primary and secondary outcomes (i.e. MTPM
and KSS and KFS) was likely independent from individual risk variables, patient selection or
the overall severity of osteoporosis at prosthesis implantation. Direct meta-analysis compari-
son was made and the sample size of included trials was large enough to provide good evidence
that HA-coating yields better stability than other, uncemented prostheses. However, cement
fixation of prostheses stems still performs greater anchorage against migration. More impor-
tantly, the HA-coating is not outperformed by cemented prosthesis in providing good func-
tional outcome with regards to pain intensity, range of motion and walking distance.

The survival probability of the stems is often cited in the literature as predictor of prosthesis
outcome. However, the TKA implants outcomes are generally good with a mean survivorship
rate (or projected rates) of 95% or more at 10 years. Hence, this parameter is less sensitive to
evaluate the quality of stem fixation, than radiological results [29]. The migration analysis with
RSA is a standardized and objective method with low susceptibility to different interpretations
[17]. This technique allows movements between the implant and host bone measured with an
accuracy of 0.2 mm [28,30]. As a primary outcome of our study, the migration pattern of the
prosthesis stems was determined as the maximum total point motion (MTPM) of the tibial
stem measured by RSA. The MTPM value is the unit of measurement for the largest 3D migra-
tion of any point on the prosthesis surface. The migration pattern was defined as at least 2
postoperative follow-up moments within the first 2 years of follow-up [28]. MTPM mainly
depends on mechanical factors such as the bone-implant interface or different biological reac-
tions at the implant-bone interface therefore is a reliable parameter to assess the added value of
HA-coating in implant surface.
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Fig 3. A MTPM analysis of the cemented and HA-coated cementless group. The value of cemented MTPM lesser than
HA-coated cementless group. B MTPM analysis of uncemented vs. HA-coated cementless group. The MTPM values
of uncemented prostheses are significantly higher than HA-coated. C Funnel plot 2 years follow-up; HA-coated
cementless vs. uncemented group. D Funnel plot 2 years follow-up; HA-coated cementless vs. cemented group.

https://doi.org/10.1371/journal.pone.0232378.9003

RCTs in our meta-analysis have demonstrated lower incidence of MTPM with HA-coated
implants when compared to other non-cemented stems, except one trial [31]. As for the com-
parison of HA-coated cementless and cemented group, the overall rates of MTPM were very
low in the cemented group and displayed lower incidence than HA-coated cementless prosthe-
sis. It is contradictory with a recent meta-analysis of Voight and his coworkers, which demon-
strated that use of HA provide the best long-term stability of implants. However, they failed to
eliminate potential selection bias because of enrolled studies with hybrid fixation [7]. Another
confounding factor was that HA-coated cementless fixation was compared to an inhomogenic
group of cemented and uncoated or other-coated cementless fixations. Some other meta-anal-
yses have demonstrated equal stability by using cemented and cementless implants [5,6,8].
Registry data support that risk of revision rate is significantly higher in uncemented TKA
implants in comparison with cemented prosthesis, and the main reason is aseptic loosening
[10-11]. The contradictory conclusions derived from these data can be explained by the selec-
tion bias of database analysis.

Clinical outcomes, the KSS and KFS in our meta-analysis demonstrated equal functionality
of HA-coated cementless and cemented implants. These scoring systems are validated and
responsive methods for assessing objective and subjective outcomes after TKA implants. KSS
is a weighted score which regards to pain intensity, range of motion, stability and flexion
deformities, contractures and poor alignment. The KFS considers mobility parameters of the
patient such as the walking distance and stair climbing with deduction for walking aids. In
spite of the predictive value of radiological stability, a recent meta-analysis has revealed the dif-
ferences between postoperative radiological and clinical performance of TKA implants at the
same time [5]. Our result is consistent with this previous finding.

The final outcome of TKA implants can also be linked to factors such as the prosthesis type
and the risk of developing certain complications of the patient. Early generation of cementless
prosthesis demonstrated poor results due to the suboptimal design of the implants [32]. In
order to exclude bias derived from the different design of prosthesis types, we enrolled studies
comparing HA-coated prostheses with other prostheses from the same uncemented or
cemented series of the manufacturer (S2 Table).

This study has some limitations. Low survival probability and revision rate of the stems are
often cited in the literature as predictor of poor outcome and these factors were not considered
in the selected trials. Different trials presented some alterations concerning the operative pro-
cedure, whose impact on the outcomes were not evaluated. Besides, comparison of KFS in
HA-coated and uncemented groups would have limited value due to the low number of studies
in the uncemented group. The included RCT's were homogenous with regard to patient
parameters, which, on the one hand provided possibility to exclude selection bias, but on the
other hand, the effects of medication, physiotherapy, activity level or systemic diseases (e.g.
osteoporosis or osteopenia) could not be evaluated. It would be also important to compare the
individual types of cementless knee prosthesis and the outcome of their implantation [33].

Conclusion

In conclusion, this review provides the best available evidence that HA-coated cementless
prosthesis outperforms other cementless prostheses both in respect to stability and
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Fig 4. A KSS analysis 2 years follow-up; HA-coated. cementless vs uncemented. The value of the uncemented is lesser
than of HA-coated cementless group. B KSS of the HA-coated cementless vs. cemented group. The value of cemented
KSS did not differ significantly from that of HA-coated. C Funnel plot 2 years follow-up; HA-coated cementless vs.
uncemented group. D Funnel plot 2 years follow-up; HA-coated cementless vs. cemented group.

https://doi.org/10.1371/journal.pone.0232378.9004

functionality. Cemented fixation of prostheses provide the best stability in a 2-year follow-up,
however, functional results are not superior to HA-coated cementless fixation. Based on these
results, HA-coated cementless TKA implants is a recommended option for treating end-stage

Study, %
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Fig 5. A KFS value of the cemented and the HA-coated cementless group. The value of cemented is not significantly
different from the HA-coated cementless group. B Funnel plot 2 years follow-up; HA-coated cementless vs.

uncemented group.

https://doi.org/10.1371/journal.pone.0232378.g005
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arthritis of the knee, and clinicians consider together with patients the factors associated with
the risk of revision when choosing the most appropriate procedure.
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mitochondrial derangements in these main arthritis forms in clinical settings is missing.
Therefore, our aim was to characterize altered mitochondrial functions in synovial
membranes of OA and RA patients.

Methods : Prospective clinical study was conducted on adult patients undergoing knee
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was also determined, in parallel with biochemical and histopathological evaluation of
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Results : From the total of 528 patients, 71 cases were enrolled to the study (17 RA,
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and histopathology confirmed chronic inflammation in both arthritis groups.
Conclusions: According to our findings, in contrast to complex I, complex Il does not
play a central role in mitochondrial dysfunction in RA and OA. Consequently, focusing
on complex | specific mitochondrial protective agents in arthritis research may have
major benefits.
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Abstract

Background

There is growing evidence for the role of mitochondrial dysfunction in osteoarthritis (OA)
and rheumatoid arthritis (RA). However, quantitative comparison of mitochondrial
derangements in these main arthritis forms in clinical settings is missing. Therefore, our
aim was to characterize altered mitochondrial functions in synovial membranes of OA and
RA patients.

Methods

Prospective clinical study was conducted on adult patients undergoing knee surgery.
Patients were allocated into RA and OA groups based on disease specific clinical scores,
while patients without arthritis and under 40 years of age served as controls. Synovial
tissue samples were taken intraoperatively and subjected to high-resolution respirometry
(Oxygraph-2k, Oroboros Instruments, Austria) to analyze mitochondrial oxygen
consumption. The oxidative phosphorylation (OxPhos) capacity and the relative
contribution of respiratory complexes | and 1l were determined, together with the coupling
of the mitochondrial respiratory chain (coupling control ratio, CCR). The release of
cytochrome C (shuttles electrons between complexes Il and V) was also determined, in
parallel with biochemical and histopathological evaluation of the samples.

Results

From the total of 528 patients, 71 cases were enrolled to the study (17 RA, 31 OA and 23
control patients) between 01 September 2019 and 30 November 2020. The complex I-
related OxPhos, CCR and cytochrome c release were significantly decreased in the

synovial samples of RA patients as compared to OA patients (61.9+14.8 pmol/s/ml vs
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92.3+£17.2 pmol/s/ml), while both displayed reduced complex | OxPhos activity than the
control group (115.2+26.2 pmol/s/ml). However, no significant difference was found in
complex ll-related activity. Biochemical parameters and histopathology confirmed chronic
inflammation in both arthritis groups.

Conclusions

According to our findings, in contrast to complex |, complex Il does not play a central role
in mitochondrial dysfunction in RA and OA. Consequently, focusing on complex | specific

mitochondrial protective agents in arthritis research may have major benefits.

Keywords: rheumatoid arthritis; osteoarthrosis; mitochondrial respiration; complex I,
cytochrome C
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Introduction

Arthritis is a collective term for inflammatory diseases affecting the joints with distinct
etiologies ranging from the most common form osteoarthrosis (OA) to rheumatoid arthritis
(RA), but joint dysfunction and pain are common characteristics [1]. A growing body of
evidence implicates the role of mitochondrial damage and dysfunction in OA and RA [2-
6]. Mitochondria are both targets and sources of inflammation-associated injury in the
synovial membrane of patients, hence injury and necrosis of synoviocytes induce the
release of mitochondrial damage-associated molecular patterns (DAMPSs) from damaged
mitochondria [7]. DAMPs trigger innate and adaptive immune responses, thus promote
the release of proinflammatory mediators and the aggregation of inflammatory cells.
Mitochondrial dysfunction has also been implicated in the pathogenesis of primary and
post-traumatic OA [8]. Some haplogroups of mitochondrial respiratory genes, and as a
consequence, mitochondrial respiratory activity are closely associated with higher
prevalence of OA and RA resulting in an increased genetic predisposition to the
development of arthritis [9].

RA and OA are common forms of arthritis sharing several similarities despite of different
pathogenesis. Chronic synovitis, dysregulation of synovial functions, and progressive
destruction of articular cartilage occur in both disorders. In contrast to OA, RA displays
more prominent inflammatory processes, and it is also characterized by the presence of
an invasive synovial membrane (pannus tissue) [10]. With regards to the etiology, OA is
induced by mechanical injuries, while RA is considered as a multifactorial, multigenic

autoimmune disease [2]. Although the contribution of mitochondrial impairment is well
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known in both diseases, quantitative clinical data on its extent is hardly available in the
literature.

As mitochondria are also involved in the development of inflammation and inflammatory
damage, they can also be considered as future therapeutic targets for OA and RA [11,
12]. However, in spite of intensive research efforts, the etiology of arthritis-related
mitochondrial dysfunction is not completely understood [13], and novel disease-modifying
regimens are still not available. Furthermore, the characteristics of mitochondrial
derangements in OA and RA have not been compared yet. For these reasons,
mitochondrial signaling pathways in the pathophysiology of joint diseases need further
investigation, mainly human studies [5, 13, 14].

According to previous studies, mitochondrial dysfunction may affect several pathways
that have been implicated in joint degradation, including hypoxia-induced signaling
pathways of synovial epithelial cells, defective chondrocyte biosynthesis and growth
responses [3, 4, 15]. Impaired electron transport through mitochondrial complexes has
also been demonstrated with higher reactive oxygen species (ROS) production and lower
ATP levels in chondrocytes of OA patients as compared with healthy patients [16].
Studies demonstrate that the synovium may show significant changes prior to
subchondral and cartilage degeneration, thus suggesting its initiative role in joint failure
[17]. The arthrogenic role of the synovium has been demonstrated upon transfer of
isolated human RA synovial fibroblasts into the knee of severe combined
immunodeficiency (SCID) mice, where they induced chronic arthritis [18]. The

deteriorative pathways are suspected to be promoted by the derangements of the
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mitochondrial respiratory chain complexes (C I-1V), altered ATP-synthesis, cytochrome C
release and increased oxidative and nitrosative stress in the synovium [4, 19].

Our present clinical study investigates the role of synovial mitochondrial dysfunction in
RA and OA. We provide quantitative clinical data making the two arthritis types
comparable with respect to mitochondrial dysfunction. Mitochondrial respiratory activities,
cytochrome C release, and pathways of ROS production were studied in homogenates
of synovial epithelial cells of RA, OA, and healthy control patients, respectively. In order
to give a complex analysis of the joint status of our participants, histopathological
examinations and measurements of proinflammatory cytokine levels were also
performed. We hope that our results can add to the relatively small amount of scientific
information available in this new, promising field of arthritis research.

Materials and Methods

Ethical approval

The study was conducted in accordance with the Declaration of Helsinki and has been
approved by the local medical ethics committee at the University of Szeged under
reference number 85/2019-SZTE.

Study design

Prospective clinical study was conducted at a single, level | trauma center (Department
of Traumatology at the University of Szeged) between 01 September 2019 and 30
November 2020.

Data were collected from consecutive, adult patients (age > 18 years) with signed

informed consent undergoing open or arthroscopic knee joint surgery. Pediatric patients
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and patients with multiple injuries, septic conditions, inadequate compliance, or
incomplete dataset were excluded.

Labor parameters (white blood cell count (WBC), C-reactive protein (CRP), total protein
(TP)), clinically relevant information (age, gender, height, weight, Body Mass Index (BMI),
International Statistical Classification of Diseases and Related Health Problems (ICD)
codes, comorbidities, previous joint injuries, medication, etiology, current activity of OA
and type of operation were extracted from electronic database (MedSolution). Additional
information regarding subjective life quality, the level of everyday joint pain (according to
VAS) and the use of orthoses and walking aids were obtained from a detailed
guestionnaire.

Patient allocation

Participants were allocated into RA, OA and control groups based on their medical
documentation, 2010 American College of Rheumatology/European League Against
Rheumatism (ACR/EULAR) rheumatoid arthritis classification criteria and Kellgren-
Lawrence (KL) classification. Patients were allocated into the RA group if they have
already been diagnosed with RA and fulfilled the 2010 ACR/EULAR score =6 criterion.
For the diagnosis of OA, the KL classification is the most widely used radiographic clinical
tool [20, 21]. AP knee radiographs were graded from O to 4, according to KL-criteria, by
two independent orthopedic trauma experts (A.C., AM.). A grade >1 entailed an
allocation to the OA group, independently from the etiology of the disease (both primary
and posttraumatic cases were included). The control group consisted of patients under
the age of 40 with a KL grade <1.

Sampling
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Synovial fluid and tissue samples from the knee joint synovium were taken with the
permission and signed consent of the patients. Synovial fluid was aspirated prior to
incision, with an 18 G needle, and placed into Eppendorf tubes. Synovium tissue samples
of 1x1 cm in size were obtained from the suprapatellar pouch, sparing the Hoffa’s fat pad.
The samples were placed into 4% (v/v) neutral buffered formalin and phosphate buffered
saline (PBS), and transported on ice directly to undergo biochemical measurements,

histopathological evaluation and high-resolution respirometry respectively [22].

Examination of mitochondrial functions

The efficacy of mitochondrial respiration was assessed from synovium homogenates by
high-resolution respirometry (Oxygraph-2k, Oroboros Instruments, Innsbruck, Austria).
The tissue samples were homogenized in 200 pl of MiRO5 respiration medium [23] with
a glass Potter-Elvehjem homogenizer. Subsequently, the homogenates were weighed
into the detection chambers, 50 pl in each, which were calibrated to 200 nmol/ml oxygen
concentration in room air. Our protocol was used to explore the relative contribution of
respiratory complexes to the electron transport chain (ETC) and the oxidative
phosphorylation capacity (OxPhos) of mitochondria. First, the steady-state basal oxygen
consumption of the homogenates (respiratory flux) was measured. Glutamate (10 mM)
and malate (2 mM) were used in combination to induce C I-linked respiration. Complex
lI-linked baseline respiration (10 mM succinate-fuelled, in the presence of C I inhibitor 0.5
MM rotenone) was determined, then oxidative phosphorylation capacity was measured by
adding saturating ADP (5 mM final concentration). Cytochrome C release (an indicator
of inner mitochondrial membrane damage) was determined as described previously [24].

The intactness of the inner mitochondrial membrane was assessed after adding

10
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cytochrome C (10 uM). Leak respiration (LEAK) was measured in the presence of C V
inhibitor oligomycin (Omy) (1 mM). Thereafter, protonophore agent carbonyl cyanide p-
trifluoromethoxy-phenyl-hydrazine (FCCP) (0.5 uyM) was added to measure ETC
coupling. Finally, residual oxygen consumption (ROX) was determined by adding 1 uyM
rotenone (Rot) and 1 yM antimycin-A (Ama).

Biochemical analyses

Tissue xanthine oxidoreductase (XOR) activity

Synovial membrane samples were homogenized in phosphate buffer (pH 7.4) containing
50 mM Tris-HCI, 0.1 mM EDTA, 0.5 mM dithiotreitol, 1 mM phenylmethylsulfonyl fluoride,
10 yg ml™ soybean trypsin inhibitor, and 10 ug ml™* leupeptin. The homogenate was
centrifuged at 4 °C for 20 min at 24.000 g, and the supernatant was loaded into centrifugal
concentrator tubes. The activity of XOR was determined in the ultrafiltered supernatant
by a fluorometric kinetic assay based on the conversion of pterine to isoxanthopterine in
the presence (total XOR) or absence (XO activity) of the electron acceptor methylene

blue [25].

Tissue myeloperoxidase (MPO) activity

The MPO activity was measured in synovial tissue according to the method of Kuebler et
al [26]. Briefly, the synovial tissue was homogenized with Tris-HCI buffer (0.1 M, pH 7.4)
containing 0.1 M polymethylsulfonyl fluoride to block tissue proteases, and then
centrifuged at 4 °C for 20 min. at 24.000 g. The MPO activity of the samples was
measured at 450 nm (UV-1601 spectrophotometer; Shimadzu, Japan). The data was

referred to the protein content.

Nitrotyrosine (NT) levels

11
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Free nitrotyrosine, as a marker of peroxynitrite generation, was measured by enzyme-
linked immunosorbent assay (Cayman Chemical, Ann Arbor, MI). The synovial fluid was
centrifuged at 15,000g. The supernatants were collected and incubated overnight with
antinitrotyrosine rabbit IgG and nitrotyrosine acetylcholinesterase tracer in precoated
(mouse antirabbit 1gG) microplates followed by development with Ellman’s reagent.
Nitrotyrosine content was normalized to the protein content of the homogenate and

expressed in ng/mg.

Laboratory testing of synovial fluid

Proinflammatory cytokines tumor necrosis factor alpha (TNF-a) and receptor activator of
nuclear factor kappa-beta ligand (RANKL) levels were measured in the synovial fluid
samples using commercially available ELISA kit according to the manufacturer’s

instruction (Sigma-Aldrich, Budapest, Hungary).

Histopathological analysis

Intraoperatively harvested synovium biopsies were assessed with light microscopy and
confocal imaging. Confocal imaging with a laser scanning endomicroscope (CLSM,
FIVE1 system, Optiscan, Victoria, Australia) was started immediately after retrieving the
synovial sample. The rigid confocal probe (excitation wavelength 488 nm; emission
detected at 505-585 nm) was mounted on a specially designed metal frame and gently
pressed onto the inner surface of the joint capsule (1 scan/image, 1024 x 512 pixels and
475 x 475 ym per image). For the in vivo staining, 0.01% acriflavine (Sigma-Aldrich,
Budapest, Hungary) was applied topically [24]. The analysis was performed twice
separately by the same investigator (PH) using a semiquantitative histology score (SO-

S4) based on widening of synovial lining, neoangiogenesis, collagen fibre disorganization

12
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and fragmentation, as described previously [27]. For traditional light microscopy, the
samples were fixed in buffered paraformaldehyde solution (4%) and embedded in
paraffin. 5-um thick sections were cut and then stained with haematoxylin and eosin

(H&E).

Statistical analysis

The statistical analysis was performed with SigmaStat 13.0 statistical software (Jandel
Corporation, San Rafael, CA, USA). Normal distribution was tested with the Shapiro-Wilk
test. In the case of a normal distribution, one-way ANOVA with Tukey’s test was used
and the data are expressed as mean+SD. P<0.05 was considered as statistically
significant.

Results

Patient characteristics

A total of 528 patients underwent knee joint surgery between 01 September 2019 and 30
November 2020 at the Traumatology Department of the University of Szeged. Inclusion
criteria were met in 71 cases, in which 17 patients suffered from RA and 31 from OA. The
control group consisted of 23 patients under 40 years of age, without a history of OA and
with a need for surgery due to trauma. The mean age of all participants was 51 + 19
years, 66 + 9 years in the OA, 56 £ 14 and 27 + 4 in the RA and control group. The gender
ratio was balanced. The members of the OA group had a higher mean Body Mass Index
(BMI) compared to the control group. Furthermore, more than 70% of the OA patients
had a BMI 230. As a well-known fact, a BMI 230 doubles the risk of knee OA compared
to normal weight or underweight individuals [28]. Most patients in the OA group suffered

from a moderate to severe (KL grade 3-4) joint degeneration. Despite of the advanced
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stages of the disease, only 39% of the OA patients reported a habitual, daily intake of
NSAIDs. Prior to surgery, inflammatory markers (CRP, WBC) did not indicate an acute
flare up of OA; however, a slightly elevated CRP (<25 mg/L) was measured by more than
50% of OA patients. The most common comorbidity of the study population was primary
hypertension, affecting 37% of all participants. Samples were taken from the knee joint in

72% of the cases. The characteristics of the patients are shown in Table 1.
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261

. Control
. All patients | RA group | OA group
Demographics (n=71) (n=17) (n=31) (gnrfgig)
Age (y) (mean = SD) 51+19 56 £ 14 66 £ 9 274
Female n (%) 39 (55) 16 (94) 15 (48) 8 (35)
Male n (%) 32 (45) 1(6) 16 (52) 15 (65)
OA risk factors
Age >50 years n (%) 41 (58) 11 (65) 30 (97) 0 (0)
BMI (mean £ SD) 295 284 33+6 26+ 3
BMI =230 n (%) 29 (41) 2 (12) 23 (74) 4 (17)
Joint trauma in the anamnesis n 39 (55) 15 (48) 23 (100)
(%) 1(6)
Disease severity
ACR/EULAR score (mean + SD) 71
ACR/EULAR score (median [IQR]) 7 [6-7]
Kellgren-Lawrence Score (mean + 4+1
SD)
Kellgren-Lawrence Score (median 4 [3-4]
[IQR])
VAS (mean * SD) 82 5+£3
Takes NSAIDs daily n (%) 11 (65) 12 (39)
Needs walking aid n (%) 8 (47) 16 (52)
Labor results
WBC (G/L) (mean + SD) 9.8+3.6 10.8+3.3 | 10.3+3.8 8.3+3.0
WBC (G/L) (median [IQR]) 9.2 [7.5- 10.1[8.8- | 10.0[7.9- 7.6 [6.1-
12.0] 13.2] 12.1] 10.0]
CRP (mg/L) (mean £ SD) 7.0+£7.0 11.2+89 | 7.3+6.1 35+4.3
CRP (mg/L) (median [IQR]) 5.5[2.9-8.8] | 6.9 [5.4- 5.6 [3.5- | 2.8[0.0-5.5]
15.6] 10.4]
TP (g/L) (mean + SD) 70.1+29 |69.2+25| 705+3.0 | 70.2+27
TP (g/L) (median [IQR]) 69.4 [68.5- 72.2 69.6 [69.2- | 69.5 [68.5-
71.0] [67.5- 71.0] 71.6]
69.8]
RF positive n (%) 11 (65)
Comorbidities
Presence of comorbidities n (%) 38 (54) 14 (82) 21 (68) 3 (13)
Primary hypertension 26 (37) 6 (35) 18 (58) 29
Diabetes 9 (13) 2 (12) 6 (19) 1(4)
NIDDM 8 (11) 2 (12) 5 (16) 1 (4)
IDDM 1(1) 0 (0) 1(3) 0 (0)
Gout 3 (4) 1(6) 2 (6) 0 (0)
Other 22 (31) 12 (71) 10 (32) 0 (0)

Operation type
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Arthroscopy n (%) ‘ 32 (45) ‘ 2 (12) ‘ 9 (29) ‘ 21 (91)
Open surgery n (%) 39 (55) 15 (88) 22 (71) 2 (9)
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Table 1. Patient characteristics. The patients were graded according to Kellgren-
Lawrence classification by two independent orthopedic-trauma surgeons. VAS refers to
the chronic pain in the joint affected by OA. Acute pain due to acute trauma was not
considered. Daily use of NSAIDs refers to habitual drug intake. Taking NSAIDs for a short
period after trauma was not regarded as daily use. Crutches, rollators and wheelchairs
were categorized as walking aids. Labor parameters were measured prior to joint surgery.
CRP levels were not measurable under 2 mg/L, thus a CRP<2 mg/L was considered as
0. OA=osteoarthritis; SD=standard deviation; BMI=body mass index; IQR=interquartile
range; VAS=visual analog scale; ACR/EULAR=American College  of
Rheumatology/European League Against Rheumatism; NSAID=non-steroidal anti-
inflammatory drug; WBC=white blood cell;, CRP=C-reactive protein; TP=total protein;
NIDDM=non-insulin dependent diabetes mellitus; IDDM=insulin dependent diabetes
mellitus.

Mitochondrial functional measurements

Changes in mitochondrial respiratory functions were evaluated in the presence of
glutamate and malate or succinate in order to differentiate between C I- and C ll-based
activity. Arthritis groups (92.3 + 17.2 pmol/s/ml in OA, 61.9 £ 14.8 pmol/s/ml in RA)
displayed significantly reduced C | OxPhos activity compared to the control group (115.2
+ 26.2 pmol/s/ml) in the presence of saturating amount of ADP. The decrease in C I-
related OxPhos was significantly higher in the synovial samples of RA patients than in

OA patients.

Respiratory acceptor control ratio (RCR) and coupling control ratio (CCR) were defined
to quantify changes in the coupling of the ETC [24]. RCR is expressed as the
OxPhos/LEAK ratio and is directly but non-linearly related to the OxPhos-coupling
efficiency. CCR is a flux control ratio at a constant mitochondrial pathway-control state
and ranges from 0-1. A reference rate is defined by taking maximum respiratory flux and
flux in the electron transfer-state induced by complex-specific substrate, such that the

lower and upper limits of the CCR.
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In comparison with the control group, C I-based RCR (4.4 + 1.3 in the control group, 3.0
+ 0.8 in RA) and CCR (0.3 = 0.1 in the control and OA group, 0.6 £ 0.2 in RA) both
indicated a significant impairment of the ETC in the RA group. However, no significant

difference was found in C lI-related OxPhos, RCR and CCR between the study groups

(Fig. 1.).

Fig 1. Mitochondrial functional measurements. Complex | (Cl) and complex 1l (ClII)
related oxidative phosphorylation (OxPhos) capacities of synovial epithelial mitochondria
are shown together with the respiratory control ratio (RCR) and coupling control ratio
(CCR) of the complexes. Arthritis groups displayed significantly reduced C | activity
compared to the control group. The C I-related respiratory control ratio (RCR) of the RA
group was significantly lower compared to the control group. C I-related CCR-is
significantly higher in the RA group. No significant difference was found in C lI-related
respiratory activity, RCR and CCR between the study groups. RA group is marked with
red columns. Black columns represents the OA group. Control group is marked with white.
Data are presented as means + SD. *P<0.05 vs control; #P<0.05 vs OA (one-way ANOVA,
Tukey’s test)

Cytochrome C release

Cytochrome C release was assessed by adding exogenous cytochrome C to the sample
in the presence of glutamate and malate or succinate. OA (8.8 £ 2.4 pmol/s/ml) group
exhibited significantly higher C I-based response in oxygen consumption compared to the
control group (3.9 £ 1.4 pmol/s/ml), indicating lower initial levels of cytochrome C.
Furthermore, a significant increase could be detected in the RA group compared with
both the control and OA groups in both Complex I- (12.4 £ 2.6 pmol/s/ml) and Complex
ll-related (3.7 £ 1.1 pmol/s/ml in the control group, 4.6 + 1.1 pmol/s/ml in OA, 10.5+ 3.5

pmol/s/ml in RA) activity (Fig. 2).

Fig 2. Cytochrome C induced respiration. RA and OA groups displayed significantly
elevated O2-consumption in the presence of glutamate and malate (Cl Cytochrome C)
compared to the control group. In the presence of succinate (Cll Cytochrome C),
significantly increased O2-consumption occurred only in the RA group. RA group is
marked with red color. Black color represents the OA group. Control group is marked with
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white. Data are presented as means + SD. *P<0.05 vs control; #P<0.05 vs OA (one-way
ANOVA, Tukey’s test). CI=Complex I, ClI=Complex Il

Proinflammatory cytokines in the synovial fluid

TNF-a and RANKL levels in the synovial fluid samples of the participants were measured
using chemiluminescence assays. Concentration of RANKL was significantly increased
in the RA group compared to the control group, while TNF-a levels in the RA group were
significantly higher compared to not only the control group, but the OA group as well. (Fig

3)

Fig 3. Inflammatory cytokines. Significantly elevated TNF-a and RANKL levels were
measured in the RA groups compared to OA and control groups. This result confirms the
presence of chronic synovitis in RA. RA group is marked with red color. Black color
represents the OA group. Control group is marked with white. Data are presented as
means + SD. *P<0.05 vs control; #P<0.05 vs OA (one-way ANOVA, Tukey’s test). TNF-
a=Tumor Necrosis Factor-a, RANKL=Receptor Activator of Nuclear factor-kB Ligand.

Biochemical analyses

XOR and MPO activity were measured from synovial tissue, while NT levels were
determined from synovial fluid as indicators of tissue damage. Significantly higher XOR
activities were measured in the synovial membrane homogenates of RA and OA patients
compared to the control group. Significant difference in XOR activity occurred also
between the RA and OA groups. The synovial tissues of RA patients displayed a
significantly higher MPO activity compared to the synovial tissues of OA patients and
healthy individuals. In the RA group, significant elevation of NT was present relative to

both the OA and control groups, as well as between the OA and control groups (Fig. 4.).

Fig 4. Biochemical analyses. Significantly higher MPO activity was detected in the RA
group compared to OA and control groups. This result corresponds to the existing
literature regarding the role of MPO in autoimmune inflammation. Elevated XOR activity
was measured in tissue homogenates of RA and OA patients compared to the control
group. Both RA and OA groups displayed significantly elevated NT levels in comparison
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with the control group. RA group is marked with red color. Black color represents the OA
group. Control group is marked with white. Data are presented as means + SD. *P<0.05
vs control; #P<0.05 vs OA (one-way ANOVA, Tukey’s test). MPO=Myeloperoxidase,
XOR=Xanthine Oxidoreductase, NT=Nitrotyrosine.

Histopathological evaluation

CLSEM and H&E staining were used to validate the proper assignment of participants to
study groups. Histological assessment was performed independently and blindly on
coded slides by two investigators (P.J. and P.H.) using a previously described 0—4-grade
histological scoring system, representing a composite of the extent of angiogenesis and
fibrosis. Additionally, on H&E stained sections, a thickened synovial membrane,
increased cellularity and mild lymphocytic infiltration occurred in samples from patients
suffering from OA. (Fig. 5.F) More prominent lymphocytic infiltration, fibrosis, and in some

cases even extensive fibrosis could be observed in RA samples (Fig. 5.G).

Fig 5. Histological changes in the synovium. A, B, C: Tissue sections show the results
of in vivo confocal laser scanning endomicroscopy with acriflavine labeling. The bar
represents 100 um. D: Histological grade of patients. RA group is marked with red color.
Black color represents the OA group. Control group is marked with white. E, F, G:
Histological sections stained with hematoxylin and eosin. A: Healthy synovium with
rounded synoviocytes. No signs of inflammation related angiogenesis and fibrosis can be
seen. B: Osteoarthritic synovium with moderate angiogenesis due to low-grade chronic
inflammation. C: Synovium of a patient suffering from RA. The large number of vascular
cross-sections refers to inflammation-related angiogenesis. Scarring occurs as a result of
chronic synovitis. E: Joint capsule section with synovial membrane from a healthy joint.
Flattened mast cells constitute one, single cell layer. The lamina propria is poor in cells
and rich in connective tissue fibers. Adipocytes and cross sections of capillaries can be
observed in the deeper layers. F: Joint capsule sample from osteoarthritic joint. The
synovial membrane is thickened, consists of 3-4 cell layers. Increased cellularity occurs
partly due to the mild lymphocytic infiltration that can also be observed in the lamina
propria. G: Joint capsule sample of a patient suffering from RA. As a result of the
extensive scarring, the synovial membrane is unrecognizable. Fibrosis affects more than
50% of the stroma.
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Discussion

Our present study provides quantitative clinical data on mitochondrial derangements in
RA and OA. Systemic disease activity was evaluated by CRP serum concentrations,
proinflammatory cytokines in the synovial fluid samples and clinical scores (KL,
ACR/EULAR) of our patients. Additionally, histopathological evaluation and in vivo
histology with CLSEM were also performed on tissue samples to detect the histological
characteristics of RA and OA. Our results complied with the literature as RA patients had
significantly higher levels of proinflammatory cytokines and hyperactive pathways of ROS
production. Additionally, histopathology revealed signs of chronic inflammation such as
neoangiogenesis, increased mean lining thickness and fibrosis in both OA and RA
patients; however, with a much higher extent in the latter [29].

The capacities of the ETC complexes in the study groups were tested with high resolution
respirometry. Interestingly, C | activity was strongly diminished in the RA group, while
there was no significant difference in C Il activity between the groups. This result
highlights the central role of C | in mitochondrial dysfunction in RA, setting it as the main
target of future RA therapies. C | is the first, largest, and most complicated component of
the respiratory chain. Furthermore, as the major entry point for electrons to the respiratory
chain, C | is considered as the rate-limiting factor in overall respiration [30]. Additionally,
it generates significant levels of ROS, especially during reverse electron transport [31,
32]. As a consequence, C | has already stood in the focus of researchers investigating
potential mitochondrial protective drugs. According to this, a recent study demonstrated
the C | specific ROS-production inhibiting effect of OP2113 (5-(4-Methoxyphenyl)-3H-1,2-

dithiole-3-thione, CAS 532-11-6) and raised its role in the therapies for Parkinson’s and
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Alzheimer's diseases [33]. Additional to aging-related diseases, based on our findings,
we emphasize the importance of C | related ROS blockers in autoimmune diseases
including RA.

Compared to patients suffering from RA, members of the OA group displayed a milder,
but still notable decrease in C | activity compared to healthy individuals in the control
group. Again, a significant deficit in C Il activity did not occur. This result complies with
literature data accentuating the importance of C | in aging related diseases. Based on our
findings, we suggest putting the focus on C | specific pharmaceutical agents in the
research for novel therapeutic options for OA. Beyond highly effective conservative
treatment options, prognostic biomarkers for disease progression and early-stage
osteoarthritis are also lacking [34]. A recent study suggested that certain mitochondrial
DNA (mtDNA) haplogroups may be suitable to aid the recognition of early-stage OA and
also have a prognostic potential for disease progression [11]. Cytochrome C serves as
an electron shuttle in the respiratory chain, in the mitochondrial intermembrane space. It
is well-known that inflammatory stimuli promote the release of cytochrome C from the
intermembrane space to the cytosol, where it facilitates apoptosis through initiating the
proteolytic maturation of caspases [35, 36]. Based on our findings, further studies
investigating other mitochondrial parameters such as C | activity or cytochrome C release
as prognostic markers for disease progression are warranted.

Bone destruction is a common feature of inflammatory arthritis and is mediated by
osteoclasts. Both synovium secreted soluble-factors, namely RANKL and TNF-a, which
have the ability to directly induce osteoclastogenesis, were significantly elevated in RA

patients in our study [37]. Mitochondria are considered an early target in TNFa-induced
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cytotoxicity, since TNF-a induces mitochondrial damage through suppression of
respiratory complexes I-1V [38]. Aberrant expression of RANKL, an inducer of osteoclast
differentiation has been linked to synovial fibroblasts and bone pathology in RA.
Moreover, increased ROS production results in oxidation of mitochondrial lipids,
sulfhydryl groups and iron sulfur complexes of mitochondrial respiratory enzymes that
leading to the impairment of OxPhos [39].

Our present study demonstrated increased synovial tissue levels of XOR and NT in both
arthritis study groups as compared to healthy controls, while MPO was elevated only in
RA patients. XOR is an important enzyme in purine catabolism. Besides converting
xanthine to uric acid, XOR also catalyzes the reduction of nitrates and nitrites into nitric
oxide. This process is accompanied by the production of ROS, which can result in cellular
disruption. Nitric oxide reacts in a diffusion-limited manner with superoxide anion to form
peroxynitrite, a powerful oxidant that has been linked to tissue injury. Being a stable end
product of peroxynitrite formation, NT reflects disease-associated tissue damage in the
joint, thereby serves as a potential biomarker for disease activity [40, 41]. MPO plays a
central role in the pathogenesis of autoimmune inflammation through initiating the
production of hypochlorous acid (HCIO) and other reactive agents causing tissue
damage. According to the literature, elevated MPO levels are observed in a number of

autoimmune diseases including multiple sclerosis and RA [42].

Conclusions
Our present study provides quantitative clinical data making RA and OA comparable with
respect to mitochondrial dysfunction. The characteristics of mitochondrial derangements

in OA and RA share several similarities including increased ROS production and C |
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related diminution of respiratory activity. Differences are reflected mainly in the extent of
respiratory deficit (RA>0A), ROS formation (RA>0OA), and cytochrome C release
(RA>0A). According to our findings, in contrast to C I, C Il does not play a central role in
altered mitochondrial functions in the two arthritis types. Consequently, focusing on C |

specific mitochondrial protective agents in OA and RA research may have major benefits.
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