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Rationale: Tranexamic acid (TXA) is a strong and specific plasminogen activator
inhibitor with inhibitory effects on the matrix metalloproteases involved in the
pathophysiology of osteoarthritis (OA) through targeting of the fibrinolysis
pathway. In this study, we evaluated the analgesic and chondroprotective
effects of a HA-tranexamic acid (HA/TXA) conjugate, compared to HA alone
and placebo, in an animal model of knee OA.

Methods: KneeOAwas induced in 15 C57 b l/6Jmice by IA injection of 0.75mg of
Monosodium IodoAcetate (MIA). At day 28, the mice received 1 IA injection of
10 µL of saline (control-group), or of HA or of HA/TXA. Tactile sensitivity was
assessed using von Frey filaments. Stimulations started at 1 g and increased until a
response was obtained (up to 4 g). A response to the stimulus was counted if the
animal withdrew its paw. If the animal responded to the 1 g stimulation,
stimulation was reduced until the lack of response was observed (up to 0.2 g).
At day 56, mice were euthanized for knee histological assessment. Cartilage
degradation was assessed using the OARSI score. Statistical analysis was
performed on GraphPad Prism 8.0.2 software. Kruskal–Wallis or Mann-
Whitney tests were performed as appropriate.

Results: Just before treatment administration, no intergroup difference in paw
withdrawal threshold was observed. Throughout the experiment animals given
saline and HA had a lower paw withdrawal threshold than those treated with HA/
TXA (p < 0.01). In the control group OARSI score was 5.5 ± 0.6. In HA and HA +
TXA treated mice the OARSI score was 3.2 ± 0.8 and 3.1 ± 0.5 (p < 0.01) showing
that both treatments were able to reduce OA progression.
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Conclusion: In this animal model of MIA induced KOA, a single IA injection of a HA/
TXA conjugate resulted in a greater efficacy on pain than both saline andHA. HA and
HA/TXA exhibited chondroprotective effects compared to placebo.
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Introduction

Osteoarthritis (OA) is a leading cause of disability-adjusted life
years (DALYs) (Cross et al., 2014). By 2050, it is estimated that there
will be 642million (95%CI 574–722) people suffering from knee OA
(Steinmetz et al., 2023) resulting in an increased economic burden
due to the growing number of joint arthroplasties (Jonsson et al.,
2016). The etiology of OA is complex, involving advanced age and
mechanical (i.e., excess weight, trauma), hereditary and
environmental factors (Nicholls et al., 2017). Inflammation of the
synovium plays a central role in the development and progression of
OA. Multiple inflammatory mediators are involved, including
interleukin (IL)-1β, IL-6, IL-17 and tumor necrosis factor α
(TNF-α), the effects of which are mediated through the linkage
with receptors, including CD44, HA-mediated motility receptor
(RHAMM), and toll-like receptors (TLRs) (Dunn et al., 2009).
IL-1β binds to receptors on articular cartilage chondrocytes and
synovial cells and increases matrix metalloproteinases (MMPs)
synthesis. Collagenases MMP-1 and MMP-13, by degrading type
2 collagen, play a major role in the hyaline cartilage extracellular
matrix (ECM) breakdown. IL-1β also stimulates chondrocyte
production of A Disintegrin And Metalloproteinase with
Thrombospondin motifs (ADAMTS), a family of enzymes which
degrade ECM aggrecans (Durigova et al., 2011; Massoud and Jian Q.,
2008). The increased expression of MMPs in OA chondrocytes, and
the better understanding of the pathways involved in their
upregulation, has made MMPs interesting targets for OA
treatment (Radwan et al., 2013). Non-proteolytic mechanisms of
cartilage degradation can also contribute to the loss of ECM
integrity. IL-1β also increases nitric oxide (NO) synthesis and
decreases expression of superoxide dismutase and glutathione
peroxidase, leading to an acceleration of the damaging effects of
oxygen radicals on ECM (Kapoor et al., 2011). Lastly, it has recently
been demonstrated that activation of fibrinolysis may promote OA
development through multiple mechanisms, including the
degradation of lubricin and cartilage proteoglycans and the
induction of inflammatory and degradative mediators, suggesting
that therapeutic targeting of the fibrinolysis pathway can prevent or
slow development of OA. Indeed, in mice, genetic deficiency in the
plasminogen gene Plg and pharmacological blockade of plasmin
attenuate OA while genetic deficiency of plasminogen activator
inhibitor (PAI) accelerates OA (Wang et al., 2024).

Currently, there is no effective treatment for this severe disease.
The primary approach involves pain management and efforts to
slow the disease’s progression (Sukhikh et al., 2021). Clinical
treatment typically includes oral medications like non-steroidal
anti-inflammatory (NSAID) drugs or using bioactive compounds
from natural sources which have shown their potential due to their
anti-inflammatory and antioxidant properties (Lee et al., 2021; Lee
et al., 2022). However, long-term use of these drugs can cause

damage to various organs, particularly the kidneys,
gastrointestinal tract, and cardiovascular system (Cabassi et al.,
2020) and there is no rigorous clinical proof of their actual
effectiveness of natural compounds (Liu et al., 2018). Therefore,
there is an urgent need to develop a treatment strategy that can
alleviate osteoarthritis symptoms over an extended period with
minimal side effects in clinical practice.

Hyaluronic acid (HA) intra-articular (IA) injections, also named
viscosupplementation, are a treatment used worldwide for knee OA
for more than 30 years (Conrozier et al., 2023). The rational of the
use of IA-HA for treating OA is based on the evidence that HA,
beyond its viscoelastic properties, exhibits antinociceptive and anti-
inflammatory actions and has demonstrated both in vitro and in vivo
disease-modifying effects beneficial in the preservation of the
extracellular matrix. The current literature supports that HA is
not only a medical device used for joint lubrication but a
biologically active molecule that can improve the physiology of
articular cartilage (Nicholls et al., 2017). Although
viscosupplementation has been used for more than 3 decades and
is recommended in several guidelines for the management of OA
(Sellam et al., 2020; Olivier et al., 2019; Jordan et al., 2003; Rillo et al.,
2016; Trojian et al., 2016), the use of viscosupplementation in OA
remains a topic for debate regarding treatment efficacy and safety
and the best dosing regimen. These discrepancies may originate
from differences between the marketed HA products that differ
widely from one to another (Webner et al., 2021; Altman et al.,
2016). Optimizing clinical effectiveness of viscosupplementation is
an exciting challenge for manufacturers, who develop new
formulations adding various active molecules (antioxidant
(Conrozier, 2018), corticosteroid (Hangody et al., 2018), non-
steroidal anti-inflammatory drugs (Badawi et al., 2013), gold
particles (Rasmussen et al., 2024), bisphosphonate (Scanu et al.,
2023)) to HA.

In the present study we assess the analgesic and
chondroprotective effect of a HA-tranexamic acid conjugate
(HA/TXA) in an animal model of knee OA. TXA (Trans-4-
amino-methyl-cyclohexane-carboxylic acid) is a strong and
specific inhibitor of the plasminogen activator (PA) with
inhibiting effects on the proteolytic enzyme through targeting of
the fibrinolysis pathway (Vignon et al., 1991).

Methods

Material

The studied medical device (PANDORA®, LABRHA SAS, Lyon,
France) is a sterile, non-pyrogenic solution of high molecular weight
HA (3.5 MDa), of streptococcus equi biofermentative origin, (HTL-
BIOTECHNOLOGY, Javene, France) and tranexamic acid (TXA)
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(SPECTRUM CHEMICAL, New Brunswick, New Jersey, USA) in a
phosphate buffer of purified water, sodium chloride (NaCl),
disodium phosphate (DSP, Na2HPO4) and monopotassium
phosphate (MKP, KH2PO4) (COOPER, Melun, France). One
milliliter of PANDORA® contains 22 mg of HA and 15 mg of
TXA. The PANDORA gel is indicated in the symptomatic treatment
of knee OA and is the subject of a research program still in progress
(clinicalTrials.gov Identifier NCT05414617 and NCT05978180).

The same HA, at the same concentration, diluted in the same
phosphate buffer, was used as an active control.

Ethical considerations

The animal experiments were carried out in compliance with
European directive 2010/63/EU in accordance with French
legislation (decree 87/848) at the GIP CYCERON/CURB (Centre
Universitaire de Ressources Biologiques, approval #D14118001).
The procedures were approved by the Ministry of Education and
Research and the committee of regional ethics (CENOMEXA,
France, APAFIS number #16185).

The manipulations were carried out following the ARRIVE
guidelines (Animal research: report of in vivo experiments;
https://www.nc3rs.org.uk). All animals were handled in
accordance with recognized international ethical principles for
the use of laboratory animals and every effort was made to refine
the experiments, reduce the number of animals used and replace the
use of animals when this was possible, and the experimenters were
aware of their responsibilities.

Animals

Fifteen C57bl/6J 8-week-old male mice from the Janvier Labs
laboratory were used. The animals were housed in a room with
controlled temperature and light (temperature 23°C ± 2°C, 12-h day/
night cycle in reverse cycle) at CURB, University of Caen
Normandy, France. The animals had access to food and water ad
libitum and the cages were changed once a week. The experiments
were performed between 8a.m. and 5p.m. in a room with dim

illumination (6 lx). All the behavioral procedures were carried out
within the HANDIFORM platform (UNICAEN, Caen, France).

Induction of osteoarthritis

The experiments were performed according to the timeline
presented in Figure 1.

Osteoarthritis was induced at day 0 by intra-articular
injection of 0.75 mg of Monosodium IodoAcetate (MIA,
Sigma-aldrich) dissolved in 10 μL of sterile physiological
serum. Alcohol was used to disinfect the bench and a field was
laid down. Animals were anesthetized using 5% isoflurane
mediated by 70% N2O/30% O2. then maintained at 3%
isoflurane (70% N2O/30% O2). Anesthesia time was on average
10 min, including recovery and induction time. The animals were
placed in dorsal recumbency, and the right knee disinfected with
2% alcoholic chlorhexidine (Gilbert, Hérouville-Saint-Clair,
France). The knee was bent to 45° and the joint was identified
by observing the patellar tendon through the skin of the animal;
the injection of 10 μL was then performed in 1 min into the
synovial capsule using a 30 G needle (microlance 3 30 G 1/2″0.3 ×
13 mm; BD, Rungis, France) and a 25 μL syringe (Hamilton,
Giarmata, Romania). After removal of the needle, the joint was
mobilized to diffuse the product. The injection site was cleaned
with physiological serum in order to remove potential traces of
MIA which could create skin inflammations. Finally, the
anesthesia was lifted, and the animals were kept in the hand
until fully awakening to limit the drop in body temperature. The
health of the animals was monitored for 1 h after the injection
without ever observing any sign of discomfort.

Treatments

At day 28, according to the same protocol of MIA injection, the
mice received a single intra-articular injection of one of the following
treatments: Control-group (n = 5) received 10 µL of physiological
serum, HA-group (n = 5) received 10 µL of hyaluronic acid, and HA/
TXA-group (n = 6) received 10 µL of Pandora®.

FIGURE 1
Timeline of the experimental procedure.
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Functional pain outcomes

Tactile sensitivity was assessed using von Frey filaments (Ugo
Basile, Salon-de-Provence, France).

Themicewere placed in isolation cages placed on a raised grid. An
exploration time of 30 min is given to the animals so that they are as
calm as possible. Using nylon filaments, a controlled weight pressure
is exerted between the pads of the animals’ hind legs. A response to the
stimulus is counted if the animal withdraws its paw (snap, withdrawal
or lick). A response is not counted if the animal moves accidentally at
the time of stimulation. Both hind paws were tested 5 times in a
random order and with a refractory period of 1 min between each
trial. If three responses are counted over 5 trials, then the animal
responds to the stimulus associated with the weight of the filament.
Stimulations start at 1 g. If the animal does not respond to stimulation,
the increase in stimulation applied will increase until a response is
obtained (1.4 g, 2 g, 4 g). If the animal responds to the 1 g stimulation,
the decrease in stimulation will be carried out until there is no
response (0.6 g, 0.4 g, etc.). In the case of a reduction in
stimulation, the filament retained is the last one to have provoked
a series of three responses. To analyze these results, the ratio of
responses to stimuli under the right paw is compared to responses
under the left paw for each animal.

Before evaluation, the mice underwent 3 weeks of habituation to
handling with one visit every 2 days, excluding cage changing days,
in order to familiarize themselves with the handler and the handling
and thus reduce their stress.

Histological examination

At day 56, the mice were euthanized by cervical dislocation after
deep anesthesia (5% isoflurane, 70% N2O/30% O2). The knee joints
were dissected, fixed for 3 days in 10% neutral buffered formalin
(NBF), and decalcified in Osteosoft (Sigma Aldrich) for 72 h week at
room temperature and then left, cryoprotected by a 15% sucrose
bath, for 48 h at 4°C. Thereafter, the knees were embedded in OCT
and sections with 10 µm thickness were prepared using a cryostat
(CM3050 S, Leica). Sections were stained with Safranin O and
counterstained with Fast Green.

Cartilage degradation was assessed using the OARSI score
(Pritzker et al., 2006). This score is separated into 6 grades,
including changes in the subchondral bone for the last two. The
different grades of the OARSI score according to Pritzker make it
possible to precisely quantify cartilage degradation, with a score
ranging from 0 to 6.5.

Statistical analysis

Statistical analysis and graphs were performed on GraphPad
Prism 8.0.2 software. The normality of all data was checked by the
Shapiro-Wilk test and verified visually by a QQ plot. For non-
parametric unpaired data, a Kruskal–Wallis test was performed as
well as a post hoc test for two-by-two comparison of groups using the
one-sided Mann-Whitney test. For unpaired parametric data, only
two-group comparisons were performed and the t-test for unpaired
data was used. The significance threshold was set at p-value <0.05.

Results

HA/TXA reduced OA pain

On day 28 after OA induction, just before treatment
administration, we observed no differences between the three
groups in paw withdrawal threshold. Throughout the experiment
and on day 56, we observed that animals given saline had a lower
paw withdrawal threshold for the OA paw (right) than for the non-
OA paw (left). Mice injected with HA presented the same profile,
suggesting the absence of a beneficial effect of HA on OA pain.
Conversely, HA/TXA administration increased the paw withdrawal
threshold, indicating a reduction in tactile sensitivity of the arthritic
paw and therefore a reduction in joint pain induced by OA. The
significant difference in the paw withdrawal threshold after HA/
TXA administration shows that the beneficial effect lasts at least
4 weeks after HA/TXA injection (Figure 2).

Both HA and HA/TXA reduced OA
progression

In the control group, we observed that MIA induced an OA of
high grade (OARSI score = 5.5 ± 0.62). Interestingly, administration
of HA and HA + TXA was able to reduce the OARSI score (score =
3.2 ± 0.84 and 3.15 ± 0.51, respectively), suggesting that both
treatments are able to improve OA and reduce its progression
(Figure3). Individual results are given in Figure 4.

Discussion

This animal study suggests that the addition of TXA to a high
molecular weight HA makes it possible to obtain an analgesic effect
greater than that of HA alone, without reducing its
chondroprotective effect.

Tranexamic acid is a lysine analog that binds with high affinity
to the lysine binding sites (LBS) of plasminogen. Hence TXA
prevents plasminogen activator (PA) activation and therefore
plasmin production. Fibrinolysis is one of the major pathological
changes occurring in arthritic joints, in the pathophysiology of
which the PA system plays a key role. The balance between PA
and plasminogen activator inhibitor (PAI) determines the direction
in which plasminogen is activated into plasmin, which in turn
further promotes fibrinolysis by activating MMPs (Masuko et al.,
2009). Several other anti-osteoarthritic drugs interact with the PA
system. The Receptor for u-PA, which is expressed in the synovium
in both OA and rheumatoid arthritis, has been shown to be
attenuated by treatment with HA (Masuko et al., 2009). The
anti-inflammatory and analgesic effect of hydrocortisone is due, a
least in part, to the upregulation of PAI-1 expression along with
downregulation of tissue PA activity as demonstrated in both
normal and inflammatory conditions (Nonaka et al., 2000).
Tranexamic acid, from sub micromolar concentrations, attenuates
the activation of plasminogen and considerably reduces the
production of plasmin (Wu et al., 2019). It is mainly for its anti-
fibrinolytic effect that TXA is used as an antihemorrhagic agent in
cases of trauma, as well as in major surgical procedures, such as
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cardiac, orthopedic and hepatic surgeries (Pai et al., 2023). In vitro
studies also suggested that plasmin may promote OA development
through multiple mechanisms, including the degradation of
proteoglycans and lubricin, and the stimulation of the synthesis
of inflammatory and degradative mediators (Wang et al., 2024). The
beneficial effect on pain of the TXA/HA combination is likely due to
the anti-inflammatory properties of TXA. In patients treated with

knee arthroscopic arthrolysis, the pain scores and the serum levels of
proinflammatory mediators IL-6 and C Reactive-protein were
shown to be significantly lower 1 week after surgery in patients
who received topical administration of 500 mg of TXA at the end of
the surgical procedure than that of those who did not (Li et al., 2023).
Likewise, the TXA group underwent better post-operative range of
motion and Lysholm knee scores (Nick and Deiary F., 2013).

FIGURE 2
A single intraarticular injection of HA + TXA improved pain during osteoarthritis. Osteoarthritis (OA) was induced by intraarticular injection of MIA in
the right knee of mice. Four weeks later, OA knees of mice were injected with physiological serum (n = 5), HA (n = 5) or HA + TXA (n = 5). Tactile sensitivity
was evaluated in both paws at days 28 (before treatment injection), and then once a week for 4 weeks. Values are presented as ratio of withdrawal
threshold between right and left paw (R/L). Data are expressed as means ± SEM. *p-value <0.05. **p-value <0.01.

FIGURE 3
A single intraarticular injection of HA + TXA reduced OA progression in mice. Osteoarthritis (OA) was induced by intraarticular injection of MIA in the
right knee of mice. Four weeks later, OA knees of mice were injected with physiological serum (n = 5), HA (n = 5) or HA + TXA (n = 6). Mice were
euthanized 8 weeks after OA induction, and knee sections were stained with safranin O/fast green. (A,B, C) Representative images of knees. (A) Internal
joint of the right knee of the mouse (where the lesions are located) (B) Cartilage of the internal tibial plateau, (C) Cartilage of the internal
femoral condyle.
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In our experiment both HA and HA/TXA demonstrated a
chondroprotective effect, as shown by the lower OARSI score
compared to that of saline injection. The structure-modifying
effect of HA has been widely evidenced (Henrotin et al., 2020).
Exogenous HA increases the synthesis of extracellular matrix
molecules, stimulates synovial fibroblasts to produce new HA,
the amount of newly synthesized HA being dependent on both
the concentration and molecular weight of the exogenous HA
(Nicholls et al., 2017). Exogenous high molecular weight HAs
have demonstrated a higher stimulating effect on HA synthesis
than low molecular ones (Smith and Ghosh, 1987). HAs used in
the present study were both of HMW with an average MW of
2 MDa. We were unable to demonstrate a greater
chondroprotective effect thanks to the addition of TXA.
However, several studies argue for an anti-osteoarthritic effect
of TXA. In an animal model of OA, Wang et al. showed that the
pharmacological inhibition of plasmin attenuated OA
progression while injection of plasmin exacerbated OA (Wang
et al., 2024). Many years ago, Vignon et al. assessed the effects of
TXA in a rabbit model of OA induced by section of the knee
anterior cruciate ligament. Prophylactic treatment administered
intramuscularly thrice weekly for 3 and 6 months significantly
inhibited stromelysin and collagenase activity and reduced
cartilage destructive lesions (Vignon et al., 1991). Butler et al.
showed, in rabbits subjected to partial lateral meniscectomy and
section of the sesamoid and collateral fibular ligaments, that
triamcinolone hexacetonide as well as TXA exhibited significant
anti-osteoarthritic activity (Butler et al., 1983). Likewise, it has
been demonstrated that TXA reduced urinary collagen cross-link
excretion in both adjuvant-induced arthritis and rheumatoid
arthritis (Ronday et al., 1998).

To demonstrate the benefit of TXA/HA treatment, we used
monoiodoacetate to induce OA in the knees of mice. This chemical
model is frequently used to exploring OA-related pain (Aüllo-Rasser
et al., 2020; Upadhyay et al., 2023), which is the main reason OA
patients seek medical help. Indeed, intraarticular injection of MIA
induces rapid pain-like responses in the ipsilateral limb as well as
morphological changes of the articular cartilage and bone disruption
which are reflective of some aspects of patient pathology (Pitcher
et al., 2016). Nonetheless, it does not recapitulate the natural onset of
the human disease and does not reproduce entirely all symptoms of
the disease (de Sousa Valente, 2019). In particular, the initiating
events are not typical of OA. In addition, there are obvious
limitations due to use of mice, particularly those related to
differences in anatomy, gait, and cartilage characteristics
compared to human joints. Thus, as all animal models, the
murine MIA model only mimics parts or stages of the disease,
but does not completely reproduce human OA complexity (de Sousa
Valente, 2019). Nevertheless, it has been shown to have a pre-clinical
value and has the advantage of generating robust and reproducible
pain phenotypes associated with the alteration of joint tissues
(Micheli et al., 2019; Bove et al., 2003).

Monoiodoacetate is a cysteine peptidase inhibitor that targets
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a key
enzyme in the glycolysis pathway. The disruption of glycolysis in
joint cells results in chondrocyte death, neovascularization,
subchondral bone necrosis and collapse, as well as inflammation
(de Sousa Valente, 2019). The death of chondrocytes makes it
impossible to maintain the extracellular matrix, which
deteriorates over time, leading to joint degeneration similar to
that seen in osteoarthritis (Aüllo-Rasser et al., 2020).

Despite its artificial onset, MIA model offers several useful
advantages compared to other murine models. For instance, this
inflammatory chemical model is less invasive than surgical models
(Alves-Simões, 2022) and consequently easier to induce and more
reproducible, making it ideal for short-term trials. Furthermore, the
MIA model offers a unique opportunity to study OA-related pain,
whereas surgical methods, such as destabilization of medial
meniscus or menisectomy are more useful for studying the onset
and progression of posttraumatic osteoarthritis as well as the
structural and biological processes throughout the progression of
the pathology (Alves-Simões, 2022).

Because animals are nonverbal, assessment of pain is
challenging. However, several methods have been proposed for
monitoring pain in mice, including examining the animal directly
and making a subjective assessment of animal comfort based upon
hair coat, posture, general activity level, and degree of alertness
(Turner et al., 2019). In the context of an experimental OA model,
the manual Von Frey test, that we used in this study, is the most
common method to quantify “pain-like” behaviors in mice (Drevet
et al., 2022). This classical static test permits to identify mechanical/
tactile allodynia. It can be used in the clinic to quantify tactile
allodynia, and it can also be a useful diagnostic tool in preclinical
animal experiments. In OA mice, the innocuous mechanical
pressure is applied using nylon filaments on the hind paw as a
measure of secondary mechanical hyperalgesia (Alves-Simões,
2022). Other tests exist; we can cite the static or dynamic weight-
bearing assay to evaluate weight distribution asymmetry induced by
pain; the rotarod to measure ambulatory pain, or the hot/cold plate

FIGURE 4
OARSI score at Day 56 after intra-articular injection of salie, HA or
HA/TXA. Data are expressed as means ± SEM.
*p-value <0.05. **p-value <0.01.
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test to measure thermal hyperalgesia (Alves-Simões, 2022) but they
are more difficult to perform or less reproducible. Interestingly, the
MIA model associated to pain assays has been pharmacologically
validated by commonly used therapeutic agents such as
paracetamol, naproxen, or diclofenac, which alleviated pain
following MIA injection. In addition, the MIA model has been
used in several preclinical OA studies which are currently
continuing with phase IIa clinical trials (Alves-Simões, 2022),
making it the most adequate model for this preclinical study
aiming to investigate the chondroprotective and antinociceptive
effects of HA-TXA.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Ministry of Education and
Research and the committee of regional ethics (CENOMEXA,
France, APAFIS number #16185). The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

SB: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Resources, Software, Validation,
Writing–original draft, Writing–review and editing. KB:
Conceptualization, Funding acquisition, Project administration,
Supervision, Writing–review and editing. JM: Writing–original
draft, Writing–review and editing. VA: Conceptualization, Data
curation, Investigation, Resources, Writing–original draft,
Writing–review and editing. TC: Conceptualization,
Writing–original draft, Writing–review and editing. CB:
Conceptualization, Formal Analysis, Funding acquisition,

Methodology, Project administration, Supervision, Validation,
Writing–original draft, Writing–review and editing.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. The
authors disclose receipt of the following financial or material
support for the research, authorship, and/or publication of this
article: this work was supported by the LABRHA SAS, 19 place
Tolozan, Lyon, France.

Acknowledgments

We thank Palma PRO (CYCERON, UNICAEN, Caen, France)
for advice for animal experiments, Elodie Bouvier (Unité de
Recherche Clinique, HNFC, Trevenans, France) and
ALPHATRAD (Besançon, France) for English proofreading.

Conflict of interest

Jeromine mercier is a employee of LABRHA TC received
honoraria from LABRHA for scientific and consulting services.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Altman, R. D., Bedi, A., Karlsson, J., Sancheti, P., and Schemitsch, E. (2016). Product
differences in intra-articular hyaluronic acids for osteoarthritis of the knee. Am. J. Sports
Med. 44 (8), 2158–2165. doi:10.1177/0363546515609599

Alves-Simões, M. (2022). Rodent models of knee osteoarthritis for pain research. juin
30 (6), 802–814. doi:10.1016/j.joca.2022.01.010

Aüllo-Rasser, G., Dousset, E., Roffino, S., Zahouani, H., Lecurieux-Clerville, R.,
Argenson, J. N., et al. (2020). Early-stage knee OA induced by MIA and MMT
compared in the murine model via histological and topographical approaches. Sci.
Rep. 22 Sept. 10 (1), 15430. doi:10.1038/s41598-020-72350-7

Badawi, A. A., El-Laithy, H. M., Nesseem, D. I., and El-Husseney, S. S. (2013).
Pharmaceutical and medical aspects of hyaluronic acid-ketorolac combination therapy
in osteoarthritis treatment: radiographic imaging and bone mineral density. J. Drug
Target 21 (6), 551–563. doi:10.3109/1061186X.2013.776054

Bove, S. E., Calcaterra, S. L., Brooker, R. M., Huber, C. M., Guzman, R. E., Juneau, P.
L., et al. (2003). Weight bearing as a measure of disease progression and efficacy of anti-
inflammatory compounds in a model of monosodium iodoacetate-induced
osteoarthritis. Osteoarthr. Cartil. 11 (11), 821–830. doi:10.1016/s1063-4584(03)
00163-8

Butler, M., Colombo, C., Hickman, L., O’Byrne, E., Steele, R., Steinetz, B., et al. (1983).
A new model of osteoarthritis in rabbits. III. Evaluation of anti-osteoarthritic effects of

selected drugs administered intraarticularly. Arthritis and Rheumatism. 26 (11),
1380–1386. doi:10.1002/art.1780261111

Cabassi, A., Tedeschi, S., Perlini, S., Verzicco, I., Volpi, R., Gonzi, G., et al. (2020).
Non-steroidal anti-inflammatory drug effects on renal and cardiovascular function:
from physiology to clinical practice. Eur. J. Prev. Cardiol. 27 (8), 850–867. doi:10.1177/
2047487319848105

Conrozier, T. (2018). Is the addition of a polyol to hyaluronic acid a significant
advance in the treatment of osteoarthritis? Curr. Rheumatol. Rev. 14 (3), 226–230.
doi:10.2174/1573397113666170710115558

Conrozier, T., Diraçoglù, D., Monfort, J., Chevalier, X., Bard, H., Baron, D., et al.
(2023). EUROVISCO good practice recommendations for a first viscosupplementation
in patients with knee osteoarthritis. juin 14 (2), 125–135. doi:10.1177/
19476035221138958

Cross, M., Smith, E., Hoy, D., Nolte, S., Ackerman, I., Fransen, M., et al. (2014). The
global burden of hip and knee osteoarthritis: estimates from the global burden of disease
2010 study. Ann. Rheum. Dis. juill 73 (7), 1323–1330. doi:10.1136/annrheumdis-2013-
204763

de Sousa Valente, J. (2019). The pharmacology of pain associated with the
monoiodoacetate model of osteoarthritis. Front. Pharmacol. 18 Sept. 10, 974. doi:10.
3389/fphar.2019.00974

Frontiers in Pharmacology frontiersin.org07

Brochard et al. 10.3389/fphar.2024.1456495

https://doi.org/10.1177/0363546515609599
https://doi.org/10.1016/j.joca.2022.01.010
https://doi.org/10.1038/s41598-020-72350-7
https://doi.org/10.3109/1061186X.2013.776054
https://doi.org/10.1016/s1063-4584(03)00163-8
https://doi.org/10.1016/s1063-4584(03)00163-8
https://doi.org/10.1002/art.1780261111
https://doi.org/10.1177/2047487319848105
https://doi.org/10.1177/2047487319848105
https://doi.org/10.2174/1573397113666170710115558
https://doi.org/10.1177/19476035221138958
https://doi.org/10.1177/19476035221138958
https://doi.org/10.1136/annrheumdis-2013-204763
https://doi.org/10.1136/annrheumdis-2013-204763
https://doi.org/10.3389/fphar.2019.00974
https://doi.org/10.3389/fphar.2019.00974
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1456495


Drevet, S., Favier, B., Brun, E., Gavazzi, G., and Lardy, B. (2022). Mouse models of
osteoarthritis: a summary of models and outcomes assessment. Comp. Med. févr 72 (1),
3–13. doi:10.30802/AALAS-CM-21-000043

Dunn, S., Kolomytkin, O. V., Waddell, D. D., and Marino, A. A. (2009). Hyaluronan-
binding receptors: possible involvement in osteoarthritis. Mod. Rheumatol. 19 (2),
151–155. doi:10.1007/s10165-008-0136-y

Durigova, M., Troeberg, L., Nagase, H., Roughley, P. J., and Mort, J. S. (2011).
Involvement of adamts5 and hyaluronidase in aggrecan degradation and release from
osm-stimulated cartilage. Eur. Cell Mater. 12 janv 21, 31–45. doi:10.22203/ecm.v021a03

Hangody, L., Szody, R., Lukasik, P., Zgadzaj, W., Lénárt, E., Dokoupilova, E., et al.
(2018). Intraarticular injection of a cross-linked sodium hyaluronate combined with
triamcinolone hexacetonide (cingal) to provide symptomatic relief of osteoarthritis of
the knee: a randomized, double-blind, placebo-controlled multicenter clinical trial. juill
9 (3), 276–283. doi:10.1177/1947603517703732

Henrotin, Y., Chevalier, X., Raman, R., Richette, P., Montfort, J., Jerosch, J., et al.
(2020). EUROVISCO guidelines for the design and conduct of clinical trials assessing
the disease-modifying effect of knee viscosupplementation. janv 11 (1), 60–70. doi:10.
1177/1947603518783521

Jonsson, H., Olafsdottir, S., Sigurdardottir, S., Aspelund, T., Eiriksdottir, G.,
Sigurdsson, S., et al. (2016). Incidence and prevalence of total joint replacements
due to osteoarthritis in the elderly: risk factors and factors associated with late life
prevalence in the AGES-Reykjavik Study. BMC Musculoskelet. Disord. 17, 14. doi:10.
1186/s12891-016-0864-7

Jordan, K. M., Arden, N. K., Doherty, M., Bannwarth, B., Bijlsma, J. W. J., Dieppe, P.,
et al. (2003). EULAR recommendations 2003: an evidence based approach to the
management of knee osteoarthritis: report of a task force of the standing committee for
international clinical studies including therapeutic trials (ESCISIT). Ann. Rheum. Dis.
déc 62 (12), 1145–1155. doi:10.1136/ard.2003.011742

Kapoor, M., Martel-Pelletier, J., Lajeunesse, D., Pelletier, J. P., and Fahmi, H. (2011).
Role of proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat. Rev.
Rheumatol. janv 7 (1), 33–42. doi:10.1038/nrrheum.2010.196

Lee, H., Zhao, X., Son, Y. O., and Yang, S. (2021). Therapeutic single compounds for
osteoarthritis treatment. Pharm. (Basel) 14 (2), 131. doi:10.3390/ph14020131

Lee, Y. T., Yunus, M. H. M., Ugusman, A., and Yazid, M. D. (2022). Natural
compounds affecting inflammatory pathways of osteoarthritis. Antioxidants (Basel)
11 (9), 1722. doi:10.3390/antiox11091722

Li, J., You, M., Yao, L., Fu, W., Li, Q., Chen, G., et al. (2023). Topical administration of
tranexamic acid reduces postoperative blood loss and inflammatory response in knee
arthroscopic arthrolysis: a retrospective comparative study. BMCMusculoskelet. Disord.
24 (1), 269. doi:10.1186/s12891-023-06349-2

Liu, X., Machado, G. C., Eyles, J. P., Ravi, V., and Hunter, D. J. (2018). Dietary
supplements for treating osteoarthritis: a systematic review and meta-analysis. Br.
J. Sports Med. 52 (3), 167–175. doi:10.1136/bjsports-2016-097333

Massoud, D., and Jian Q., Y. (2008). The interleukin 1β pathway in the pathogenesis
of osteoarthritis. J. Rheumatology 12, 2306–2312. doi:10.3899/jrheum.080346

Masuko, K., Murata, M., Yudoh, K., Kato, T., and Nakamura, H. (2009). Anti-
inflammatory effects of hyaluronan in arthritis therapy: not just for viscosity. IJGM.
30 avr 2, 77–81. doi:10.2147/ijgm.s5495

Micheli, L., Ghelardini, C., Lucarini, E., Parisio, C., Trallori, E., Cinci, L., et al. (2019).
Intra-articular mucilages: behavioural and histological evaluations for a new model of
articular pain. J. Pharm. Pharmacol. juin 71 (6), 971–981. doi:10.1111/jphp.13078

Nicholls, M. A., Fierlinger, A., Niazi, F., and Bhandari, M. (2017). The disease-
modifying effects of hyaluronan in the osteoarthritic disease state. Clin. Med. Insights
Arthritis Musculoskelet. Disord. 11 août 10, 1179544117723611. doi:10.1177/
1179544117723611

Nick, C., and Deiary F., K. (2013). Rating systems in the evaluation of knee ligament
injuries. Class. Pap. Orthop., 201–203. doi:10.1007/978-1-4471-5451-8_49

Nonaka, T., Kikuchi, H., Ikeda, T., Okamoto, Y., Hamanishi, C., and Tanaka, S.
(2000). Hyaluronic acid inhibits the expression of u-PA, PAI-1, and u-PAR in human
synovial fibroblasts of osteoarthritis and rheumatoid arthritis. J. Rheumatol. 1 avr 27 (4),
997–1004.

Olivier, B., Germain, H., Nicola, V., Nigel K, A., Jaime, B., Curtis, E. M., et al. (2019).
An algorithm recommendation for the management of knee osteoarthritis in Europe
and internationally: a report from a task force of the European Society for Clinical and
Economic Aspects of Osteoporosis and Osteoarthritis. Semin. Arthritis Rheum. 49 (3),
337–350. doi:10.1016/j.semarthrit.2019.04.008

Pai, B. H. P., Patel, S., and Lai, Y. H. (2023). Updated clinical review: perioperative use
of tranexamic acid in orthopedics and other surgeries. Adv. Anesth. déc 41 (1), 1–15.
doi:10.1016/j.aan.2023.05.001

Pitcher, T., Sousa-Valente, J., and Malcangio, M. (2016). The monoiodoacetate model
of osteoarthritis pain in the mouse. J. Vis. Exp. 16 (111), 53746. mai. doi:10.3791/53746

Pritzker, K. P. H., Gay, S., Jimenez, S. A., Ostergaard, K., Pelletier, J. P., Revell, P. A.,
et al. (2006). Osteoarthritis cartilage histopathology: grading and staging. Osteoarthr.
Cartil. 14 (1), 13–29. doi:10.1016/j.joca.2005.07.014

Radwan, M., Gavriilidis, C., Robinson, J. H., Davidson, R., Clark, I. M., Rowan, A. D.,
et al. (2013). Matrix metalloproteinase 13 expression in response to double-stranded
RNA in human chondrocytes. Arthritis Rheum. mai 65 (5), 1290–1301. doi:10.1002/art.
37868

Rasmussen, S., Petersen, K. K., Aboo, C., Andersen, J. S., Skjoldemose, E., Jørgensen,
N. K., et al. (2024). Intra-articular injection of gold micro-particles with hyaluronic acid
for painful knee osteoarthritis. BMC Musculoskelet. Disord. 25 (1), 211. doi:10.1186/
s12891-024-07321-4

Rillo, O., Riera, H., Acosta, C., Liendo, V., Bolaños, J., Monterola, L., et al. (2016).
PANLAR consensus recommendations for the management in osteoarthritis of hand,
hip, and knee. J. Clin. Rheumatol. 22 (7), 345–354. doi:10.1097/RHU.
0000000000000449

Ronday, H. K., Te Koppele, J. M., Greenwald, R. A., Moak, S. A., De Roos, J. A.,
Dijkmans, B. A., et al. (1998). Tranexamic acid, an inhibitor of plasminogen activation,
reduces urinary collagen cross-link excretion in both experimental and rheumatoid
arthritis. Br. J. Rheumatol. janv 37 (1), 34–38. doi:10.1093/rheumatology/37.1.34

Scanu, A., Luisetto, R., Pavan, M., Guarise, C., Beninatto, R., Giraudo, C., et al. (2023).
Effect of intra-articular injection of a hyaluronic acid-alendronate conjugate on post-
traumatic osteoarthritis induced by destabilization of the medial meniscus in rats. Sci.
Rep. 13 (1), 20692. doi:10.1038/s41598-023-46965-5

Sellam, J., Courties, A., Eymard, F., Ferrero, S., Latourte, A., Ornetti, P., et al. (2020).
Recommendations of the French Society of Rheumatology on pharmacological
treatment of knee osteoarthritis. Jt. Bone Spine 87 (6), 548–555. doi:10.1016/j.jbspin.
2020.09.004

Smith, M. M., and Ghosh, P. (1987). The synthesis of hyaluronic acid by human
synovial fibroblasts is influenced by the nature of the hyaluronate in the extracellular
environment. Rheumatol. Int. 7 (3), 113–122. doi:10.1007/BF00270463

Steinmetz, J. D., Culbreth, G. T., Haile, L. M., Rafferty, Q., Lo, J., Fukutaki, K. G., et al.
(2023). Global, regional, and national burden of osteoarthritis, 1990–2020 and
projections to 2050: a systematic analysis for the Global Burden of Disease Study
2021. Lancet Rheumatology. 1 sept 5 (9), e508–e522. doi:10.1016/S2665-9913(23)
00163-7

Sukhikh, S., Noskova, S., Ivanova, S., Ulrikh, E., Izgaryshev, A., and Babich, O. (2021).
Chondroprotection and molecular mechanism of action of phytonutraceuticals on
osteoarthritis. Molecules 26 (8), 2391. doi:10.3390/molecules26082391

Trojian, T. H., Concoff, A. L., Joy, S. M., Hatzenbuehler, J. R., Saulsberry, W. J., and
Coleman, C. I. (2016). AMSSM scientific statement concerning viscosupplementation
injections for knee osteoarthritis: importance for individual patient outcomes. Br.
J. Sports Med. 50 (2), 84–92. doi:10.1136/bjsports-2015-095683

Turner, P. V., Pang, D. S., and Lofgren, J. L. (2019). A review of pain assessment
methods in laboratory rodents. Comp. Med. 1 déc 69 (6), 451–467. doi:10.30802/
AALAS-CM-19-000042

Upadhyay, P., Kalra, D., Nilakhe, A. S., Aggrawal, V., and Gupta, S. (2023). Polyherbal
formulation PL02 alleviates pain, inflammation, and subchondral bone deterioration in
an osteoarthritis rodent model. Front. Nutr. 10, 1217051. doi:10.3389/fnut.2023.
1217051

Vignon, E., Mathieu, P., Bejui, J., Descotes, J., Hartmann, D., Patricot, L. M., et al.
(1991). Study of an inhibitor of plasminogen activator (tranexamic acid) in the
treatment of experimental osteoarthritis. J. Rheumatol. Suppl. févr 27, 131–133.

Wang, Q., Shao, G., Zhao, X., Wong, H. H., Chin, K., Zhao, M., et al. (2024).
Dysregulated fibrinolysis and plasmin activation promote the pathogenesis of
osteoarthritis. JCI Insight 9 (8), e173603. doi:10.1172/jci.insight.173603

Webner, D., Huang, Y., and Hummer, C. D. (2021). Intraarticular hyaluronic acid
preparations for knee osteoarthritis: are some better than others? Cartilage. déc 13 (1_
Suppl. l), 1619S–1636S. doi:10.1177/19476035211017320

Wu, G., Mazzitelli, B. A., Quek, A. J., Veldman, M. J., Conroy, P. J., Caradoc-Davies, T.
T., et al. (2019). Tranexamic acid is an active site inhibitor of urokinase plasminogen
activator. Blood Adv. 27 févr 3 (5), 729–733. doi:10.1182/bloodadvances.2018025429

Frontiers in Pharmacology frontiersin.org08

Brochard et al. 10.3389/fphar.2024.1456495

https://doi.org/10.30802/AALAS-CM-21-000043
https://doi.org/10.1007/s10165-008-0136-y
https://doi.org/10.22203/ecm.v021a03
https://doi.org/10.1177/1947603517703732
https://doi.org/10.1177/1947603518783521
https://doi.org/10.1177/1947603518783521
https://doi.org/10.1186/s12891-016-0864-7
https://doi.org/10.1186/s12891-016-0864-7
https://doi.org/10.1136/ard.2003.011742
https://doi.org/10.1038/nrrheum.2010.196
https://doi.org/10.3390/ph14020131
https://doi.org/10.3390/antiox11091722
https://doi.org/10.1186/s12891-023-06349-2
https://doi.org/10.1136/bjsports-2016-097333
https://doi.org/10.3899/jrheum.080346
https://doi.org/10.2147/ijgm.s5495
https://doi.org/10.1111/jphp.13078
https://doi.org/10.1177/1179544117723611
https://doi.org/10.1177/1179544117723611
https://doi.org/10.1007/978-1-4471-5451-8_49
https://doi.org/10.1016/j.semarthrit.2019.04.008
https://doi.org/10.1016/j.aan.2023.05.001
https://doi.org/10.3791/53746
https://doi.org/10.1016/j.joca.2005.07.014
https://doi.org/10.1002/art.37868
https://doi.org/10.1002/art.37868
https://doi.org/10.1186/s12891-024-07321-4
https://doi.org/10.1186/s12891-024-07321-4
https://doi.org/10.1097/RHU.0000000000000449
https://doi.org/10.1097/RHU.0000000000000449
https://doi.org/10.1093/rheumatology/37.1.34
https://doi.org/10.1038/s41598-023-46965-5
https://doi.org/10.1016/j.jbspin.2020.09.004
https://doi.org/10.1016/j.jbspin.2020.09.004
https://doi.org/10.1007/BF00270463
https://doi.org/10.1016/S2665-9913(23)00163-7
https://doi.org/10.1016/S2665-9913(23)00163-7
https://doi.org/10.3390/molecules26082391
https://doi.org/10.1136/bjsports-2015-095683
https://doi.org/10.30802/AALAS-CM-19-000042
https://doi.org/10.30802/AALAS-CM-19-000042
https://doi.org/10.3389/fnut.2023.1217051
https://doi.org/10.3389/fnut.2023.1217051
https://doi.org/10.1172/jci.insight.173603
https://doi.org/10.1177/19476035211017320
https://doi.org/10.1182/bloodadvances.2018025429
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1456495

	A single intraarticular injection of a tranexamic acid-modified hyaluronic acid (HA/TXA) alleviates pain and reduces OA dev ...
	Introduction
	Methods
	Material
	Ethical considerations
	Animals
	Induction of osteoarthritis
	Treatments
	Functional pain outcomes
	Histological examination
	Statistical analysis

	Results
	HA/TXA reduced OA pain
	Both HA and HA/TXA reduced OA progression

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


