
Acta Pharmaceutica Sinica B 2024;14(7):2869e2884
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
REVIEW
The emerging role of tranexamic acid and its
principal target, plasminogen, in skeletal health
Weixin Xie, Antonia Donat, Shan Jiang, Anke Baranowsky,
Johannes Keller*
Department of Trauma and Orthopedic Surgery, University Medical Center Hamburg-Eppendorf, Hamburg 20246,
Germany
Received 22 November 2023; received in revised form 28 February 2024; accepted 14 March 2024
KEY WORDS

Tranexamic acid;

Osteoporosis;

Osteoarthritis;

Fracture healing;

Bone metabolism;

Inflammation;

Plasminogen;

Fibrinolysis
*C

E-

Peer

https:

2211-

Acad
orresponding author.

mail address: j.keller@uke.de (Joha

review under the responsibility of C

//doi.org/10.1016/j.apsb.2024.03.033

3835 ª 2024 The Authors. Publishe

emy of Medical Sciences. This is an
Abstract The worldwide burden of skeletal diseases such as osteoporosis, degenerative joint disease

and impaired fracture healing is steadily increasing. Tranexamic acid (TXA), a plasminogen inhibitor

and anti-fibrinolytic agent, is used to reduce bleeding with high effectiveness and safety in major surgical

procedures. With its widespread clinical application, the effects of TXA beyond anti-fibrinolysis have

been noticed and prompted renewed interest in its use. Some clinical trials have characterized the effects

of TXA on reducing postoperative infection rates and regulating immune responses in

patients undergoing surgery. Also, several animal studies suggest potential therapeutic effects of TXA

on skeletal diseases such as osteoporosis and fracture healing. Although a direct effect of TXA on the

differentiation and function of bone cells in vitro was shown, few mechanisms of action have

been reported. Here, we summarize recent findings of the effects of TXA on skeletal diseases and discuss

the underlying plasminogen-dependent and -independent mechanisms related to bone metabolism and the

immune response. We furthermore discuss potential novel indications for TXA application as a treatment

strategy for skeletal diseases.
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1. Introduction
Diseases of the skeletal system affect a significant number of
patients of all ages worldwide. The Global Burden of Disease
2019 study shows that about 1.71 billion people are suffering from
musculoskeletal diseases, which have been the highest contributor
to the global need for rehabilitation1. The most common condi-
tions, namely osteoporosis, osteoarthritis and bone fracture, are
associated with significant disability and reduced quality of life.
With the progressive aging of the general population, these dis-
eases impose a heavy burden on individuals and public health.
Exploring new treatment options for skeletal diseases is therefore
of the utmost importance.

Bone remodeling is a precisely controlled dynamic process
which is maintained by the coordinated action of bone-resorbing
osteoclasts and bone-forming osteoblasts2,3. In most skeletal dis-
orders, bone formation and/or bone resorption activity is affected,
resulting in a disruption of balanced bone remodeling. Osteopo-
rosis, the most prevalent bone disease worldwide, is characterized
by low bone mass resulting from excessive bone resorption
coupled with insufficient bone formation. Abnormal subchondral
bone remodeling is also one of the hallmarks of osteoarthritis at
different stages. Furthermore, bone remodeling is critical for
fracture healing and essential to callus formation and maturation4.

Apart from bone remodeling, many skeletal diseases are
accompanied by a local or systemic inflammatory reaction5.
Inflammation is a physiological response of the innate immune
system to disrupted tissue homeostasis6, which can be triggered by
injury, infection as well as aging7. Bone injury usually elicits an
acute inflammation that contributes to fracture healing, while the
healing process can be delayed if the inflammatory response
is dysregulated or becomes chronic due to the persistence of
inflammatory stimuli8. Osteoporosis and osteoarthritis are two of
the most prevalent degenerative skeletal diseases in the aging
population. Despite differences in the underlying pathophysio-
logical mechanisms, they also share common features, including
impaired bone remodeling and activation of the immune system
with pro-inflammatory responses. The “inflammaging”, as pro-
posed by Franceschi et al.9, describes the inflammatory state that
occurs with increasing age and promotes the development of both
osteoporosis10 and osteoarthritis7. On the cellular level, macro-
phages are critical effectors of inflammation in osteoporosis and
osteoarthritis. Experimental studies demonstrate that a reduced
M1/M2 ratio exerts anti-osteoporotic11 and -osteoarthritic12,13

effects by inhibiting osteoclastogenesis and inflammation. Addi-
tionally, migration of macrophages to the fracture site is found
during fracture healing. When macrophages are depleted, fractures
will not heal effectively14. The interaction of inflammatory pro-
cesses and bone metabolism plays therefore an important role in
skeletal diseases.

As the development of osteoporosis increases the risk of bone
fractures, the improvement of fracture healing and long-term
treatment of osteoporosis go hand in hand. Currently, several
agents have been approved for the treatment of osteoporosis,
including bisphosphonates and denosumab, which mainly work by
inhibiting bone resorption. However, there are some concerns
about long-term application and their effects on fracture healing
and osteoarthritis which are limited and controversial as well15-17.
For osteoarthritis, there is currently no definite treatment available
that significantly slows disease progression or cures joint degen-
eration18. The three lines of knee osteoarthritis treatment, sup-
ported by moderate to strong evidence from the American
Academy of Orthopaedic Surgeons (AAOS) evidence-based
guideline19, include exercise, weight management and nonste-
roidal anti-inflammatory drugs. However, these treatments provide
only limited pain relief and do not reverse or delay disease pro-
gression. In this regard, joint replacement is now the most effec-
tive treatment for osteoarthritis, especially for patients with
advanced osteoarthritis who have not responded to conservative
treatment.

The increasing incidence of skeletal diseases and limitations in
treatment options augment the urge to find novel therapeutic
strategies. In this regard, the plasminogen (PLG) inhibitor tra-
nexamic acid (TXA) is well known for its anti-fibrinolytic prop-
erties, however, specific effects unrelated to fibrinolysis and PLG
have been discovered recently. In vitro, TXA was shown to
directly promote osteogenesis of bone marrow-derived osteo-
blasts, inhibit osteoclastogenesis, and reduce the expression of
inflammatory cytokines in macrophages20. Furthermore, several
animal studies have reported that TXA treatment exerts beneficial
effects on osteoporosis and osteoarthritis21,22. Thus, TXA may
potentially alter bone and immune cell function in skeletal dis-
eases via PLG-dependent or -independent manners, as discussed
below. Herein, we review the potential therapeutic impact of TXA
in skeletal diseases and discuss the underlying mechanisms.

2. Clinical usage and efficacy of TXA

TXA is a synthetic analogue of the amino acid lysine. It is
included in the World Health Organization list of the most
essential medications. The approved indications for TXA use vary
in different countries and jurisdictions (Table 1). The US Amer-
ican Food and Drug Administration (FDA) approved the appli-
cation of TXA for the treatment of menorrhagia and the
prevention of short-term bleeding during tooth extraction in
patients with hemophilia. Even though the European Medicines
Agency and Pharmaceuticals and Medical Devices Agency have
approved TXA for use in a broader range of indications (Table 1),
off-label uses in emergency trauma medicine23, orthopedic sur-
gery24-26 and dermatology (melasma treatment27) are common
clinical practice28.

The main purpose of TXA application is the reduction of
bleeding and transfusion requirements in emergency trauma and
surgery. The CRASH-2 trial, a large randomized controlled trial
(RCT) investigating the usage of TXA in bleeding trauma patients,
included 20,211 adult trauma patients in 274 hospitals in 40
countries. The study demonstrated TXA treatment reduced the
risk of death due to bleeding when TXA was administered intra-
venously within the first hour after trauma (5.3% vs. 7.7%;
RR Z 0.68, 95% CI 0.57e0.82), and within 1 to 3 hours after
trauma (4.8% vs. 6.1%; RR Z 0.79, 95% CI 0.64e0.97)23,33.
Following the findings from the CRASH-2 trial, TXA attracted
considerable interest as a treatment option for trauma patients.
The Military Application of Tranexamic Acid in Trauma Emer-
gency Resuscitation (MATTERs) study was performed to char-
acterize the effects of TXA in wartime injury. This retrospective
study included 896 patients with combat injury, of which 293
received intravenous TXA. Here, in line with the findings of the
CRASH-2 study, the usage of TXA following combat injury
resulted in significantly lower in-hospital mortality (17.4% vs.
23.9%)34. Recently, results of the CRASH-3 trial, evaluating the
effects of TXA in patients with acute traumatic brain injury, were
published. This large RCT was performed in 175 hospitals in 29
countries and included 12,737 patients with traumatic brain injury



Table 1 Approved indications for tranexamic acid use in America, Europe, Australia and Japan.

Institutions Indications

Food and Drug Administration, America29 1. Treatment of cyclic heavy menstrual bleeding

2. Patients with hemophilia for short-term use (two to eight

days) to reduce or prevent hemorrhage and reduce the

need for replacement therapy during and following tooth

extraction
European Medicines Agency, Europe30 1. Haemorrhage caused by general or local fibrinolysis such as

menorrhagia and metrorrhagia, gastrointestinal bleeding,

and haemorrhagic urinary disorders

2. Ear, nose, and throat surgery

3. Gynaecological surgery or disorders of obstetric origin

4. Thoracic and abdominal surgery and other major surgical

intervention such as cardiovascular surgery

5. Management of haemorrhage due to the administration of a

fibrinolytic agent
Therapeutic Goods Administration, Australia31 1. For the reduction of peri- and post-operative blood loss and

the need for blood transfusions in patients undergoing

cardiac surgery or total knee arthroplasty or total hip

arthroplasty
Pharmaceuticals and Medical Devices Agency, Japan32 1. Bleeding tendency probably induced by increased systemic

fibrinolysis (leukaemia, aplastic anaemia, purpura, etc., and

intra/postoperative abnormal haemorrhage)

2. Abnormal haemorrhage probably induced by increased local

fibrinolysis (pulmonary haemorrhage, epistaxis, genital

haemorrhage, renal haemorrhage, abnormal haemorrhage

during and after prostatic operation)

3. Symptoms such as erythema, swelling, and itching in the

following diseases: eczema and similar diseases, urticaria,

drug eruption, toxicoderma

4. Symptoms such as pharynx pain, redness, hyperaemia, and

swelling in the following diseases: tonsillitis,

laryngopharyngitis

5. Oral pain and aphtha associated with stomatitis
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(TBI). In this study, intravenous TXA treatment within 3 h of
injury reduced the risk of head injury-related death in patients
with mild-to-moderate TBI (RR Z 0.78, 95% CI 0.64e0.95), but
not in patients with severe TBI (RR Z 0.99, 95% CI
0.91e1.07)35. While there are also some smaller RCTs showing
that the use of TXA was not associated with reduced mortality or
even resulted in increased mortality in trauma patients36,37, further
studies are needed to identify patients who will benefit from TXA
administration.

TXA is also effective in reducing bleeding during various
surgeries, including major orthopedic surgery. Several meta-
analyses based on RCTs indicate that TXA can effectively and
safely reduce blood transfusion and blood loss in patients under-
going spinal surgery38,39, joint arthroplasty24-26, and hip fracture
surgery40. A summary of recent RCT studies regarding the
applications of TXA in orthopedic trauma surgery is provided in
Table 2.

Regarding the route of TXA application, there are also studies
comparing the effects of intravenous (IV) injection to the topical
application of TXA. A meta-analysis including 18 RCTs reported
that there was no significant difference in blood loss and blood
transfusion between IV and topical TXA in orthopedic surgery56.
Topical administration provides initial high local drug concen-
trations followed by rapid clearance57, and it was shown that
topical TXA results in a 90% reduction of TXA plasma concen-
tration when compared with IV TXA56. Therefore, the topical use
of TXA may be a better choice for the treatment of local bleeding
as it acts directly at the target site. This minimizes the systemic
effects of TXA, which may be safer in patients at risk of venous
thromboembolism, even though there is no evidence supporting an
increased risk of thrombotic complications with IV TXA. How-
ever, systemic administration of TXA orally or intravenously is
more appropriate in cases that require a high frequency of appli-
cation. Systemic TXA also results in drug distribution via the
circulatory system to multiple target organs or tissues, including
subchondral bone, which is difficult to reach with topical TXA.
Altogether, clinicians need to choose the way of administration
according to the actual condition and needs of individuals.

Based on its anti-fibrinolytic activity, researchers have also
investigated whether TXA treatment eliminates the need for surgical
wound drainages. For example, Fenwick et al.58 described in a
retrospective cohort study that drainages would not be inserted when
TXAwas applied into the surgical site in their protocols of proximal
femur fracture surgery. Chandran et al.59 conducted a RCTwith 210
hip fracture patients, comparing a group that received no drainages
and was treated with TXA, a group that received drainages without
TXA treatment, and a group that received neither drainages nor TXA
treatment. The results showed that the average fall of hemoglobin



Table 2 Randomized controlled trials of TXA in orthopedic trauma surgery published from 2018 to 2023.

Study Fracture type TXA dose Route No. of patients; Age

(TXA/Placebo)

Outcomes in TXA

group (TXA/Placebo)

41 Intertrochanteric 1 þ 1 g (10 min

preop þ 3 h later)

IV 61/61; 79.11 � 11.91/

76.07 � 16.60

Decreased total blood

loss by 391.44 mL;

decreased transfusion

rate (29.5%/60.7%);

decreased transfusion

units by 1 U;

no difference in

complications (90-day

postoperative follow-

up)

42 Intertrochanteric 1 g (15 min preop) IV 50/50; 75.10 � 8.27/

77.82 � 6.42

Decreased total blood

loss by 255.88 mL;

decreased transfusion

rate (10%/54%);

no difference in

transfusion units;

no difference in

complications (1-

month postoperative

follow-up)

43 Trochanteric 15 þ 15 þ 15 mg/kg

(10 min

preop þ during

surgery þ 3 h postop)

IV 88/88; 76.8 � 7.0/

77.4 � 6.8

Decreased total blood

loss by 205.5 mL;

decreased transfusion

rate (17%/35%);

decreased transfusion

units by 1 U;

no difference in

complications (6-

month postoperative

follow-up)

44 Intertrochanteric 10 þ 10 mg/kg

(10 min preop þ 5 h

postop)

IV 50/50; 77.74 � 6.53/

79.25 � 6.55

Decreased total blood

loss by 181.58 mL;

decreased transfusion

rate (48%/68%);

decreased transfusion

units by 0.55 U; no

difference in

complications (1-

week postoperative

follow-up)

45 Sub-capital femoral 1 g:10 mL (at the end

of the surgery)

Topical 52/50; 84.08 � 6.9/

84.56 � 10.4

Decreased total blood

loss by 379.3 mL;

no difference in

transfusion rate;

no difference in

transfusion units;

no difference in

complications (1-year

postoperative follow-

up)

46 Intertrochanteric 1 g (at admission) IV 63/62; 78.05 � 7.62/

78.66 � 6.95

Decreased hidden

blood loss by

234.58 mL; decreased

pre-operative

transfusion (11.11%/

22.58%); no

difference in

complications (3-

month postoperative

follow-up)

47 Subcapital or

intertrochanteric

15 mg/kg (5 min

preop)

IV 77/88; 82.93 (61e96)/

83.36 (48e96)

Decreased total blood

loss by 323.9 mL;

decreased transfusion
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Table 2 (continued )

Study Fracture type TXA dose Route No. of patients; Age

(TXA/Placebo)

Outcomes in TXA

group (TXA/Placebo)

rate (57%/73%);

decreased transfusion

units by 0.58 U

48 Acetabular 10 þ 10 mg/kg

(15 min preop þ 3 h

later)

IV 36/27; 49.05 � 16.42/

44.33 � 17.39

No difference in total

blood loss; no

difference in

transfusion rate;

no difference in

transfusion units;

no difference in

complications (12-

week postoperative

follow-up)

49 Intertrochanteric 15 þ 15 mg/kg

(15 min preop þ after

anesthesia)

IV 51/51; 76.0 � 18.3/

79.8 � 10.5

Decreased total blood

loss by 286.6 mL;

decreased transfusion

rate (8%/23.5%);

decreased transfusion

units by 8 U; no

difference in

complications (12-

week postoperative

follow-up)

50 Calcaneal 80 mL

0.5 g/L þ 20 mL

0.5 g/L (washing

wound at the end of

the

surgery þ injecting

into wound through

the drainage tube)

Topical 20/20; 43.9 � 11.3/

40.2 � 13.2

Decreased total blood

loss by 136.5 mL;

no difference in

complications (during

hospital stay)

51 Thoracolumbar burst

fracture

1 g:100 mL (soaking

wound during the

surgery)

Topical 39/37; 38.85 � 4.17/

39.41 � 6.51

Decreased total blood

loss by 125.16 mL;

decreased transfusion

rate (2.56%/13.51%);

decreased transfusion

units by 4 U;

no difference in

complications (At

least 1-month

postoperative follow-

up)

52 Proximal humeral 1 g (just preop) IV 53/48; 68 (49e82)/68

(45e84)

Decreased total blood

loss by 92 mL;

no difference in

complications (during

hospital stay)

53 Mandibular 20 mg/kg (30 min

preop)

IV 25/25; 29 � 6.4/

27.1 � 5.2

Decreased total blood

loss by 200.33 mL;

no difference in

complications (6-

month postoperative

follow-up)

54 Thoracolumbar

fracture-dislocation

10 mg/kg þ 1 mg/kg/

h (15 min

preop þ maintenance

during the surgery)

IV 39/41; 41.2 � 10.3/

42.5 � 9.5

Decreased total blood

loss by 498 mL;

no difference in

complications (12-

week postoperative

follow-up);

no difference in the

levels of the

prethrombosis-state

molecular markers
(continued on next page)
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Table 2 (continued )

Study Fracture type TXA dose Route No. of patients; Age

(TXA/Placebo)

Outcomes in TXA

group (TXA/Placebo)

55 Pelvic or acetabular 15 þ 15 mg/kg (after

anesthesia þ 3 h

later)

IV 54/54; 32.4 � 10.9/

37.9 � 13.5

Decreased total blood

loss by 207.2 mL;

decreased transfusion

units by 0.6 U

TXA, tranexamic acid; IV, intravenous.
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levels in the group treated by TXA treatment without drainages was
less compared to the other two groups (8.0%, 14.4% and 10.9%,
respectively)59. Therefore, currently drainages appear to be not
necessarywhenTXA is administered in selected orthopedic surgeries
including proximal fractures of the femur58,59 and knee arthro-
plasty60,61. However, as TXA in orthopedic and emergency trauma
surgeries is still applied off-label in most cases, its use, particularly
systemically, must for now be limited to indications where excessive
bleeding is expected to lead to clinical complications, and contrain-
dications such as an acquired or genetic increased risk for thrombo-
embolic events must be taken into consideration carefully on a case-
to-case basis.

Overall, current evidence supports positive effects of TXA on
reducing blood loss and transfusion requirements in emergency
trauma and orthopedic surgeries, without increasing the rates of
complications such as thromboembolic events and adverse effects.
This has resulted in TXA to evolve as one of the most used and
widely studied anti-fibrinolytic drugs in orthopedic and emer-
gency trauma surgery. Its extensive use also generated research
interest to further investigate potential therapeutic effects beyond
its role in hemostasis, including the immune system and inflam-
matory responses.

In this regard, inflammatory responses are key determinants of
disease manifestations and outcomes in many skeletal diseases,
including bone fractures, osteoarthritis and osteoporosis. Although
not all directly related to the skeletal system, several recent clin-
ical studies have shown that TXA regulates immune cell function
and related inflammatory responses during major surgery. Draxler
et al.62 conducted a RCT including 41 cardiac surgery patients and
10 healthy volunteers to investigate the global effect of TXA on
the immune profile. The results indicated that TXA reduced the
level of pro-inflammatory interleukin (IL)-1b and surgery-induced
immunosuppression in patients following cardiac surgery through
upregulating immune-enhancing markers such as CeC chemokine
receptor type 7 (CCR7) expression on natural killer cells, and
downregulating indicators of immunosuppression such as latency-
associated peptide on regulatory T lymphocytes. In healthy vol-
unteers, TXA induced a temporary reduction of plasma levels of
pro-inflammatory cytokines such as tumor necrosis factor-a
(TNF-a), interferon-g (IFN-g), and IL-6. Regarding these effects
on clinical outcomes, TXA treatment significantly reduced the rate
of surgical site infection after cardiac surgery (RR Z 0.70, 95%
CI 0.49e0.99), which was independent of the effect of TXA on
reducing blood loss62. Similar findings were obtained in the few
comparable studies in orthopedic surgery. A RCT involving 125
primary total knee arthroplasty (TKA) patients reported that
intravenous TXA treatment following primary TKA decreased
serum C-reactive protein and IL-6 levels by 30.4% and 32.7%,
respectively, whereas increased complement C3 and C4 levels by
22.1% and 32.3%, respectively, were observed63. Additionally,
TXA treatment was demonstrated to improve immunocompetence
in TKA patients chronically exposed to dexamethasone. Here,
several retrospective studies reported that administration of TXA
reduced the rate of periprosthetic joint infection by approximately
50% after both primary and revised total joint arthroplasty64-68,
although relevant evidence from RCTs confirming these data is
still lacking. With regard to wound healing, a meta-analysis
involving 1608 patients from 25 RCTs showed that TXA had a
very modest 2% reduction in wound complication rates after
primary total hip arthroplasty69. However, the immunomodulatory
effects of TXA were not observed in some other surgical pro-
cedures, such as spine surgery39 and fixation of intertrochanteric
fractures42. Thus, despite accumulating evidence for beneficial
immunomodulatory functions, the effects of TXA on immune
responses and infections in regard to clinical outcome parameters
in orthopedic and emergency trauma surgery still need to be
further delineated.

Collectively, the above RCTs demonstrated that TXA reduces
blood loss and transfusion unit requirements without affecting
postoperative complication rates. However, clinical trials investi-
gating the effect of TXA on outcome parameters other than
bleeding and net overall complication rates are scarce, high-
lighting the need for alternative research approaches to evaluate
potential other indications for TXA that, if promising, could then
be further tested in the clinical setting.

3. Preclinical evaluations of TXA in skeletal diseases

3.1. Fracture healing

Because it might prove difficult to clearly demonstrate therapeutic
efficacy and mechanism of action in clinical trials in orthopedic
surgery, preclinical animal models have been used as an appro-
priate tool to study the impact of TXA on skeletal diseases and the
underlying mechanisms. Regarding the fracture healing process,
three in vivo animal studies were successively published
recently70-72, all of which applied a rat fracture model with
intramedullary Kirschner wire fixation. Karaduman et al.70 con-
ducted a rat experiment with a sample size of 6 and employed a
closed femoral fracture model, and the results showed that a single
dose of intravenous TXA (30 mg/kg) immediately following
surgery accelerated early femoral fracture healing on Day 15 but
not on Days 30 and 45. Çevik et al.71 performed a rat experiment
with a sample size of 8 and used an open femoral osteotomy
model to compare the effects of topical and systemic TXA
treatment on femoral fracture healing. In contrast to the former
study70, they found that an intravenous single dose of TXA
(10 mg/kg) immediately after surgery negatively affected fracture
healing on Days 14 and 28, whereas a topical dose (10 mg/kg)
intraoperatively onto the fracture gap accelerated the healing
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process. Unlike these two studies70,71, Balkanlı et al.72 used an
open tibial fracture rat model with a sample size of 7. A TXA-
embedded sponge (50 mg/kg) was locally applied over the frac-
ture ends for the topical group, and an intravenous single dose of
TXA (50 mg/kg) immediately following surgery was applied to
the systemic group. The results showed that both topical and
systemic applications of TXA did not alter tibial fracture healing
on Days 14 and 21. However, the outcomes reported by these
studies only include radiological and histological scores of frac-
ture healing, and the scoring system was different among studies.
The inconsistent findings from these studies may result from
different dosages and application forms of TXA, the types of
applied fracture models, and other methodological issues such as
the chosen approaches to rate histological and radiological indices
of fracture healing. Since important histological, morphological
and biomechanical outcome parameters such as the quantification
of callus formation and biomechanical strength were not reported,
more comprehensive and standardized studies are needed to shed
light on these discrepant results.

3.2. Osteoporosis

Concerning osteoporosis, a recent animal study with a sample size of
10 reported that oral TXA administration significantly improved
bone mineral density (BMD) in age-induced, but not ovariectomy-
induced, osteoporosis in mice21. However, the conclusions of the
study are limited as a detailed morphological and histological
assessment of the bone phenotype and bone remodeling parameters
was not reported. In vitro, Wagenbrenner et al.73 showed a decrease
in proliferation rates of human mesenchymal stromal cells upon
treatment with high concentrations of TXA (50 mg/mL), while there
was no clear trend regarding the influence of different concentrations
(0, 10, 20 and 50 mg/mL) of TXA on the gene expression of oste-
ogenic markers. Another previous in vitro study investigated the
effects of TXA on bone cells including murine osteoblasts, osteo-
clasts and macrophages20. The results showed that TXA treatment
increased cell proliferation and matrix mineralization of bone
marrow-derived osteoblasts in a dose-dependent manner (0, 0.01,
0.1 and 1 mg/mL), and long-term TXA stimulation (10 days) was
associated with the increased expression of osteogenic marker
genes. Similarly, TXA stimulation resulted in a potent inhibition of
osteoclastogenesis and reduced the expression of inflammatory
cytokines in bone marrow-derived macrophages activated with li-
popolysaccharides20. The discrepancies between the results of TXA
on osteoblast differentiation may arise from the cell sources, drug
dosage and duration of treatment. Regardless, the obtained results
suggest that TXA may directly be involved in the regulation of bone
metabolism, independently of its anti-fibrinolytic action. It is
therefore conceivable that TXA may yield potential benefits for the
treatment of osteoporosis, however additional studies are warranted
to delineate such effects. For example, a more comprehensive
morphological and histological assessment of the bone phenotype at
multiple skeletal sites should be performed in TXA-treated osteo-
porosis animals. Further studies using the Plg-knockout mice are
also needed to investigate whether the respective effects of TXA are
dependent or independent of the presence of PLG.

3.3. Osteoarthritis

Based on the modulatory effects on inflammatory responses and
bone cell function20, TXA may potentially attenuate key processes
in the progression of osteoarthritis. Until now, only few studies
have investigated the effects of TXA on chondrocytes and sub-
chondral bone. Some in vitro experiments have demonstrated that
TXA at concentrations higher than 20 mg/mL were cytotoxic to
human74, bovine, and murine chondrocytes75. In turn, TXA at
concentrations lower than 20 mg/mL had no effect on chon-
drocytes74,76. Therefore, TXA may not directly affect chondrocyte
homeostasis within the safe concentration range. A recent animal
study with a sample size of 6 showed that both systemic and
topical TXA treatment protected cartilage from degeneration and
lowered inflammatory responses of the synovial tissue in mice
with post-traumatic osteoarthritis after anterior cruciate ligament
transection. Moreover, systemic TXA beneficially affected path-
ological subchondral bone remodeling and reduced osteophyte
formation in wild-type mice that underwent anterior cruciate lig-
ament transection22, overall suggesting a potentially beneficial
effect of TXA in patients with osteoarthritis. Thus, the results of a
current phase II double-blinded RCT investigating the effects of
systemic TXA on joint inflammation and cartilage health in
anterior cruciate ligament reconstruction are eagerly awaited77.

Collectively, the current evidence from animal experiments
suggests beneficial effects of TXA on osteoporosis21 and osteo-
arthritis22, while the underlying mechanisms however, require
further clarification. In terms of bone regeneration, the results
from one preclinical study support a positive effect of TXA
application on fracture healing70, whereas the other two available
studies suggest no influence72 or even negative outcomes71.
Further studies using standardized preclinical models with
rigorous and comprehensive phenotypic evaluation and in-depth
mechanistic exploration are therefore required.
4. Molecular mechanisms of TXA in skeletal diseases

4.1. Anti-fibrinolytic mechanisms

As described above, there is accumulating evidence that TXA
might have beneficial effects on common skeletal disorders that
are related or unrelated to fibrinolysis, and may thus also occur in
either a PLG-dependent or a PLG-independent manner, respec-
tively. Under physiological conditions, coagulation and fibrino-
lysis maintain a dynamic equilibrium. Upon activation of the
coagulation system, prothrombin is converted to thrombin, which
then cleaves circulating fibrinogen into fibrin (Fig. 1). Subse-
quently, fibrin polymerization and cross-linking occur and result
in clot formation78. Along the coagulation cascade with fibrin
deposition, fibrinolysis is activated, ultimately resulting in the
decomposition and liquidation of fibrin clots. Various enzymes are
essentially involved in the fibrinolysis system, including PLG and
PLG activators, yet fibrinolysis can only take place efficiently
when PLG is activated into plasmin. PLG contains several lysine
binding sites that can bind to lysine residues on the surface of
fibrin. When PLG is bound to fibrin, the tissue PLG activators
(tPA) or urokinase PLG activators (uPA) convert PLG to plasmin.
Subsequently, plasmin degrades fibrin into soluble fibrin degra-
dation products (FDPs)79.

Hyperfibrinolysis is one of the distinctive features of acute
traumatic coagulopathy, which is present in a significant propor-
tion of patients with severe trauma80 and contributes to progres-
sive hemorrhage and even death81. As a synthetic analogue of
lysine, TXA exhibits high affinity for one of the lysine binding
sites in PLG. When bound, TXA competitively prevents binding
of PLG to the lysine residues on the surface of fibrin, which



Figure 1 Coagulation cascade and tranexamic acid (TXA) action. Coagulation is a complex cascade process which is usually initiated by the

surface-mediated intrinsic or tissue-mediated extrinsic pathway. Both pathways ultimately converge on the common pathway of coagulation in

which the soluble fibrinogen is converted into fibrin, producing a stable fibrin clot. At the same time, fibrinolysis is activated. There are lysine

residues on the surface of fibrin and lysine binding sites on plasminogen (PLG). During normal fibrinolysis, PLG binds to fibrin and subsequently

is converted to plasmin in the presence of tissue PLG activators (tPA) and urokinase PLG activators (uPA). Afterwards, plasmin degrades the fibrin

clot into soluble fibrin degradation products (FDPs). When TXA is present, fibrinolysis is inhibited. On the one hand, TXA as an analogue of

lysine, competitively blocks the lysine binding sites in PLG and prevents binding of PLG to the fibrin. On the other hand, TXA also acts as a direct

inhibitor of plasmin and uPA. The figure was created by Figdraw (ID: AWWUAa4f44).
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subsequently inhibits the activation of PLG to plasmin. Therefore,
TXA can potentially reduce the mortality of trauma patients due to
its ability to reversibly bind and hence impair the fibrinolytic
action of PLG.

PLG has furthermore been implicated in playing a role in the
physiological regulation of a variety of biological processes82-84,
including inflammation, immune response and bone metabolism. At
a concentration higher than 10mmol/L, TXAcan also directly inhibit
plasmin activity85, suggesting that TXA itselfmay function as aweak
plasmin inhibitor. As a PLG inhibitor as well as a weak plasmin
inhibitor, TXA has thus been postulated to exert multiple roles
beyond its anti-fibrinolytic effect as described in detail below.

4.2. Plasminogen-dependent mechanisms

As described above, previous work has demonstrated a variety of
different effects of TXA on immune responses and bone meta-
bolism, thus impacting skeletal health. However, the underlying
mechanisms of action are largely still unknown. In this regard,
PLG, the principal target of TXA, has been implicated to play a
role in the regulation of a variety of biological processes82-84,
including inflammation, immune response, and bone metabolism.
Studies reported that TXA inhibits plasmin activity via binding to
the primary catalytic (S1) pocket of the enzyme with a dissocia-
tion constant (Kd) of 25 mmol/L, which is much higher than the Kd

of 1.1 mmol/L for TXA and high-affinity binding sites of PLG85,86.
Therefore, TXA can act as a potent PLG inhibitor as well as a
comparatively weak plasmin inhibitor. Based on its pleiotropic
functions, the inhibition of PLG may be one of the key mecha-
nisms accounting for TXA action as described below.

4.2.1. Plasminogen in inflammation and immune response
The TXA target PLG regulates inflammation and immunity in
both fibrin-dependent and -independent manners (Fig. 2). In the
fibrin-dependent manners, PLG is activated to plasmin and then
degrades fibrin into FDPs. Fibrin is known as an immune
modulator, which can stimulate multiple innate immune cell
components, including neutrophils and macrophages87. During



Figure 2 Plasminogen (PLG) actions on inflammatory responses. The actions of PLG can be classified into fibrin-dependent (left) and -in-

dependent (right) manners. In the fibrin-dependent manner, PLG is converted into plasmin, subsequently degrading fibrin into soluble fibrin

degradation products (FDPs). In this process, both fibrin(ogen) and FDPs have been demonstrated to be involved in inflammation. Fibrinogen and

fibrin regulate the inflammatory response of leukocytes by enhancing cytokine/chemokine responses, inducing cell recruitment and increasing

levels of reactive oxygen species (ROS). FDPs are composed of various of fragments, among which the fragments D-dimers and E (DD/E) have

been reported to activate and stimulate the production of pro- and anti-inflammatory cytokines in macrophages, monocytes and neutrophils. In the

fibrin-independent manner, PLG regulates inflammation via multiple pathways. First, PLG can bind to several complement proteins including C3,

C3b, and C5 through lysine residues and thus acts as a complement inhibitor, which is involved in the complement inflammatory response.

Second, PLG binds to the PLG receptors such as Plg-RKT, which results in the activation of intracellular signaling pathways and the conversion of

itself to plasmin. On the one hand, Plg-RKT directs the localization of plasmin generation to the pericellular space. Plasmin promotes extracellular

matrix (ECM) degradation by activating matrix metalloproteinases (MMPs), and enhances inflammatory response and migration of macrophages.

On the other hand, Plg-RKT in leukocytes and macrophages is involved in regulating their phenotype and inflammatory functions. The figure was

created by Figdraw (ID: APSIO441a8).
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tissue inflammation, repair and regeneration, circulating mono-
cytes and tissue-resident macrophages are recruited onto the sites
of inflammation88, and are considered the master regulators
involved in tissue healing among leukocytes89,90. Soluble
fibrinogen has been reported to stimulate high levels of tumor
necrosis factor-a in macrophages91,92. In contrast, macrophages
demonstrated anti-inflammatory properties with enhanced
secretion of IL-10 when cultured on fibrin gels91. While FDPs
are generally considered to induce mostly pro-inflammatory
events, potential anti-inflammatory effects were also
reported93, highlighting the complexity of the fibrinolytic
pathway as an immune regulator through PLG. In this regard,
TXAwas shown to inhibit the fibrin-dependent manners potently
through its anti-fibrinolytic effect, thereby regulating of inflam-
mation and immune response.
PLG has also been proposed to interact with components of the
immune system and contribute to regulating inflammatory
responses in the fibrin-independent manner79. For example, PLG
was reported to participate in the regulation of complement sys-
tem94, which is an integral part of the innate immunity. Some
bacteria such as Moraxella catarrhalis95, Haemophilus influen-
zae96, and Borrelia burgdorferi97 bind to host PLG and degrade
C3b and C5, thereby escaping from the innate host defense.
Mechanistically, Barthel et al.94 reported that PLG binds to C3,
C3b, and C5 via lysine residues, and cleaves and degrades C3b
and C5 when activated to plasmin. Moreover, PLG in the pro-
teolytically inactive form was also shown to enhance factor
I-mediated C3b inactivation. Therefore, PLG and its active form
plasmin act as complement inhibitors, which influence the effects
of antibodies and phagocytic cells such as pathogen clearance and



2878 Weixin Xie et al.
immune response. As mentioned above, TXA as an analogue of
lysine, blocks the lysine binding sites in PLG and prevents it from
activation. In this regard, TXA is potentially involved in the
regulation of the complement cascade via inhibiting the activity of
PLG and plasmin, whose relevance to skeletal diseases, however,
remains to be determined.

PLG can also interact with various leukocytes including
monocytes, macrophages, and dendritic cells through directly
binding to PLG receptors. At least 12 distinct PLG receptors have
been described to date98, many of which are expressed on
monocytes and macrophages, such as annexin A2, a-enolase, and
Plg-RKT. Plg-RKT was discovered in 2010 by Andronicos et al.99

and has been gaining particular interest over the last years.
Miles et al.100 found a remarkable defect in macrophage recruit-
ment in Plg-RKT knockout mice. Furthermore, the capacity of
macrophages for PLG binding in Plg-RKT

e/e mice was significantly
decreased, suggesting that Plg-RKT is essentially required for PLG
binding and macrophage migration. Vago et al.101 demonstrated
that both Plg�/� and Plg-RKT

�/� mice show impaired recruitment of
mononuclear cells to the pleural cavity and increased percentages
of inflammatory M1-like macrophages during pleurisy. In another
peritonitis model, deficiency of PLG102 and Plg-RKT

103,104

inhibited macrophage recruitment and lymphocyte recruitment
as well. Thaler et al.104 indicated that pro-inflammatory monocyte
and macrophage subsets express higher Plg-RKT which contrib-
uted significantly to their migration and recruitment to the
inflammatory area. Several in vitro studies demonstrated that PLG
interacts with the receptors on monocytes and macrophages and
stimulate cytokine release101,105-108. Further, PLG influences the
innate immune response by promoting dendritic cell-109 and
macrophage-101,110 phagocytosis through PLG receptors. Hence,
PLG receptors play a key role in the fibrin-independent impact of
PLG on inflammation and immune responses. Here, it was shown
that the C-terminal lysine of Plg-RKT exposed on the cell surface
can interact with PLG, thus activating it99. Therefore, TXA is
likely to inhibit the activation of Plg-RKT by blocking PLG, which
could be one of the mechanisms underlying the regulatory func-
tions of TXA in immune and inflammatory responses also relevant
to the skeletal system.

4.2.2. Plasminogen in bone metabolism and repair
To date, multiple cellular and animal studies have documented
evidence that PLG is critical for bone metabolism. Mice lacking
PLG were reported to exhibit early degeneration and biome-
chanical incompetency of the axial skeleton, in addition to
developing severe osteoporosis111. The degenerative changes in
Plg�/� mice were completely prevented by additional fibrinogen-
deficiency. From a mechanistic point of view, increased deposition
of fibrin and osteoclast number were observed in the skeleton of
Plg�/� mice, and fibrinogen in vitro promoted osteoblast the
receptor activator of nuclear factor-kB ligand expression and
stimulated osteoclastogenesis. The collective results suggest that
PLG plays an important role in bone remodeling, particularly bone
resorption, through regulating fibrin deposition. Similarly, Kanno
et al.84 reported a significantly reduced BMD and increased bone
resorption in Plge/e mice, which were rescued by plasmin in-
jections. In vitro, osteoclastogenesis of bone marrow-derived cells
from Plg�/� mice was significantly increased and the expression
of osteoprotegerin in osteoblasts was suppressed, which was
reversed by plasmin treatment. However, plasmin alone could also
inhibit the increased osteoclastogenesis and induce osteoblastic
osteoprotegerin expression in wild-type cells, suggesting that
plasmin directly stimulates osteoblasts and osteoclasts without the
activation of fibrin. Taken together, PLG was shown to regulate
bone metabolism in both fibrin-dependent and -independent
manners.

In terms of bone regeneration, there are several animal studies
available investigating the effects of PLG on fracture repair112,113.
Kawao et al.112 demonstrated that the repair processes following a
femoral bone defect were delayed in Plg�/� mice, and that
angiogenesis, chondrogenesis and bone formation were impaired
at the damaged site. Another noteworthy observation was the
decrease in macrophages at the site of bone damage in Plg�/�

mice, which supports the above-mentioned studies on PLG and
macrophage recruitment101,102. A recent publication by Wang
et al.113 confirmed that Plg�/� mice exhibited impaired trabecular
and cortical bone structure and delayed fracture healing. In
addition, the authors reported a greatly reduced thickness of
periosteum in Plg�/� mice. In vitro experiments showed that PLG
increased cell proliferation, migration and survival in periosteal
mesenchymal progenitors through activation of cysteine-rich
angiogenic inducer 61, which suggests a novel role of PLG in
bone repair.

Along with the direct effects of PLG on bone metabolism, the
fibrinolytic activity mediated by PLG appears also essential for
efficient fracture repair. As seen in other injuries, a bone fracture
initiates the coagulation cascade followed by the deposition of a
fibrin matrix, which is considered a vital component of the bone
regenerative process. Yuasa et al.114 generated mice lacking
fibrinogen globally and found that fibrin deposition was beneficial
for limiting hemorrhage following bone fracture. However, neither
a difference in soft callus formation and vascularization nor in
hard callus formation and remodeling between fibrinogen-
deficient and wild-type mice was observed. Therefore, it seems
that fibrin is not essentially required for fracture repair. In addi-
tion, studies demonstrated that Plge/e mice, which failed to clear
fibrin from the fracture site, exhibited delayed bone fracture repair
with severely impaired callus formation, remodeling, and vascu-
larization112-114. In this regard, knockdown of fibrinogen
decreases fibrin deposition in the fracture callus and partially
restored fracture repair in Plge/e mice114. Besides, Kawao
et al.112 described that fibrinogen depletion induced by procoa-
gulatory batroxobin did not restore impaired angiogenesis or
recruitment of osteoblasts at the defect site during bone repair in
Plge/e mice. Therefore, it suggests that PLG is essential for bone
repair in mice involving both fibrinolytic and non-fibrinolytic
activity. In conclusion, TXA may potentially regulate bone
metabolism and repair either in a fibrinolytic-dependent manner,
or by inhibiting the activity of PLG and plasmin in their function
as direct signaling molecules. However, future experimental
studies are warranted to further determine the precise role of each
mechanism in skeletal health and disease.

4.3. Plasminogen-independent mechanisms

4.3.1. TXA as an inhibitor of uPA
Although TXA is primarily considered as a PLG inhibitor, it may
also exert specific effects independent of PLG and fibrinolysis.
This phenomenon is commonly referred to as “off-target” effects
of TXA115. In regard to the coagulation system, a recent study
reported that TXA is an active-site inhibitor of uPA which atten-
uates uPA activity with an inhibitory constant of 2 mmol/L86.
Therefore, TXA-mediated inhibition of uPA activity in clinical
applications is possible in some cases, for instance when large
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doses of TXA are used or renal clearance is impaired. Within
fibrinolysis, uPA binds to its receptors (uPAR) on the cell surface
and activates PLG to plasmin, resulting in fibrinolysis116. Apart
from that, however, uPA is also directly involved in several
physiological and pathophysiological processes including tumor
invasion and metastasis, immunity and bone metabolism117,118,
marking uPA as an important off-target molecule of TXA.

In this regard, several genetic experiments have been per-
formed to investigate the effects of uPA on fracture healing.
Kawao et al.119 induced bone defect models in uPAe/e and
demonstrated that uPA contributes to the bone repair process at
early time points. Compared with wild-type mice, the uPAe/e

mice showed delayed bone repair, impaired angiogenesis and
decreased number of macrophages at the defect sites on Days 4e6
after operation. Popa et al.120 demonstrated that uPAe/e mice
exhibit a higher proportion of cartilage in the fracture callus on
Day 14, and that healing is accompanied by a decreased number of
osteoclasts and reduced angiogenesis in the fracture callus. uPA
and its receptor uPAR are expressed by both osteoblasts121 and
osteoclasts122. uPAR knockout mice display increased BMD and
decreased length of long bones which results in a reduced capa-
bility to sustain mechanical loading on the tibia. At the cellular
level, the osteogenic potential of osteoblasts was increased and the
formation of osteoclasts was decreased in uPAR-deficient mice123.
Besides, Anaraki et al.124 reported that the expression of macro-
phage colony-stimulating factor from osteoblasts was inhibited by
Table 3 Summary of expression and functions of TXA “off-target”

“Off-target” receptors Reported expression in bone

cells

NMDA receptor Osteoblasts

Osteoclasts

Chondrocytes

Macrophages

GABAA receptor Osteoblasts

Chondrocytes

Macrophages

AMPA receptor Osteoblasts

Osteoclasts

Chondrocytes

Macrophages

KA receptor Osteoblasts

Osteoclasts

Gly receptor Chondrocytes

Macrophages

TXA, tranexamic acid; NMDA, N-methyl-D-aspartate; GABAA, g-aminob

propionic acid; KA, kainate; Gly, glycine.
uPAR loss, and that the uPAR-deficiency impaired osteoclasto-
genesis of macrophages. Furthermore, the same group also sug-
gested that uPAR mediates the osteogenic differentiation of
mesenchymal stromal cells via the complement C5a receptor125.

In cartilage, chondrocytes were also shown to express uPAR
and uPA. The secretion of uPA by chondrocytes is actively
controlled by inflammatory cytokines126, and the binding of uPA
and uPAR in chondrocytes results in pericellular proteolysis,
playing an important role in cartilage degradation127. Further-
more, a study of experimental canine osteoarthritis showed that
uPA activity was increased significantly during disease progres-
sion with an increase in osteoclasts in the subchondral bone128.
Altogether, strong evidence shows that both uPA and uPAR are
involved in bone repair and osteoarthritis, which may be one of the
relevant “off-target” pathways how TXA may potentially modu-
late skeletal diseases.

4.3.2. Other “off-target” receptors of TXA
Although the safety of TXA application in clinical settings is well
recognized, several side effects were observed in practical appli-
cation, including seizures, back pain andmyoclonus. Most of TXA-
associated seizures have been reported in patients undergoingmajor
cardiac interventions such as cardiopulmonary bypass surgery129-
134. In contrast, myoclonus and back pain occurred only when
TXAwas accidently injected intrathecally135. In this regard, TXA
application to the cortex or cisterna magna caused generalized
receptors in bone cells.

Reported functions on bone

metabolism

Ref.

Promoting osteoblast

differentiation and

mineralization

144,145,151

Promoting osteoclastogenesis 146,151,152

Promoting chondrogenesis

and regulating

mechanotransduction

147,150

Mediating anti-inflammatory

response

148

Not reported 153,154

Promoting proliferation of

chondrocytes

155

Mediating anti-inflammatory

response and regulating

polarization of macrophages

156e158

Promoting osteoblast

differentiation and

mineralization

151,159

No influence on

osteoclastogenesis

151,160

Not reported 161

Promoting inflammatory

response

162

Not reported 159

Promoting osteoclast

resorptive function

160

Involved in chondrocyte

apoptosis

163

Mediating anti-inflammatory

response

164

utyric acid type A; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole
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seizures in experimental animals136, which suggested that the pro-
convulsant effects of TXAmay result from its actions on the central
nervous system (CNS) by PLG-independent mechanisms.

To date, several studies have offered insights into themechanisms
underlying seizures caused by TXA, and several receptors involved
have been found. TXA is also a structural analog of glycine, which is
a major inhibitory neurotransmitter in the CNS. Glycine is an agonist
at glycine (Gly) receptors and an obligatory co-agonist of N-methyl-
D-aspartate (NMDA) receptors137. Studies indicate that TXA acts
as a competitive antagonist of Gly receptors135,138 and NMDA
receptors115 in the CNS, which may contribute to the proconvulsant
effects of TXA. The g-aminobutyric acid type A (GABAA)
receptors139, anothermajor inhibitory compound in theCNS, can also
be blocked by TXA in seizure-prone CNS structures like the amyg-
dala and the hippocampus135,140,141. Besides, a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) receptors and kainate
(KA) receptors, both belonging to the ionotropic glutamate receptor
family along with NMDA receptors, have been reported to be
inhibited by TXA as well. Important to note, it still remains unclear
how TXA inhibits the GABAA, AMPA and KA receptors since they
lack a glycine binding site115,142, and further pharmacological char-
acterization is warranted.

Despite this lack of knowledge, at least five “off-target”
receptors have been identified to date, including NMDA, GABAA,
AMPA, KA, and Gly receptors. As a matter of fact, they are not
only expressed in the CNS but can also be found in peripheral
tissues including the skeleton. In particular, some of these “off-
target” receptors are expressed on the surface of bone cells and
have been suggested to participate in the regulation of bone
metabolism. For example, NMDA receptors are expressed on
osteoblasts143-145, osteoclasts143,146, chondrocytes147 and macro-
phages148. Experimental studies have shown that activation of
NMDA receptors stimulates osteoblast differentiation144,145 and
enhances the osteoblast response to stretching149. Antagonists of
the NMDA receptor could dose-dependently inhibit osteoclast
formation through the NF-kB pathway146. NMDA receptors are
also essential for chondrogenesis, as blockade inhibits the differ-
entiation of chondroprogenitor cells147 and the hyperpolarization
response of chondrocytes to mechanical stimulation150. Addi-
tionally, Mantuano et al.148 demonstrated that the NMDA
receptors mediated the anti-inflammatory response of tPA in
macrophages. The expression of the other receptors on bone cells
and their functions on bone metabolism are summarized in
Table 3. Collectively, while TXA was shown to exert pleiotropic
functions in the skeletal system, it remains unclear which of these
actions are mediated in a PLG-dependent manner and which are
transduced through “off-target” receptors.

5. Conclusions

TXA represents an anti-fibrinolytic agent with high efficacy and
safety. With its widespread clinical applications, pharmacological
effects beyond its anti-fibrinolytic action were noted. To date,
several clinical trials have been published, providing evidence for
favorable pharmacological effects including modulation of pro-
inflammatory immune responses and reduction of post-operative
complications, apart from reducing blood loss and transfusion
requirements. Several in vitro experiments have revealed the ef-
fects of TXA on the differentiation and function of cells pivotal
for skeletal health, such as osteoblasts, osteoclasts and macro-
phages. While few in vivo studies provided inconclusive results,
TXA was shown to beneficially affect the course of osteoporosis
and osteoarthritis in pre-clinical animal models. In this regard,
although TXA is primarily known as a PLG inhibitor, accumu-
lating evidence suggests that some of the pharmacologic effects in
the skeleton are mediated through “off-target” receptors.

In trauma and orthopedic surgery, the available clinical data
allows the conclusions that TXA can be safely applied off-label
both systemically and topically in settings, where enhanced blood
loss is to be expected. In terms of novel indications of TXA use
including fracture healing, osteoarthritis progression, or osteopo-
rosis, further and thorough pre-clinical studies are required to
justify future RCTs for efficacy and safety testing in every day
clinical practice. TXA should not be administered to patients
predisposed to thromboembolic events in skeletal medicine,
although available data does not support a higher rate of respective
complications in patients receiving TXA.

Therefore, it will be critical to determine the strengths and
weaknesses of TXA in skeletal health. This can only be achieved
through further experimental studies and subsequent evaluation in
clinical trials. Based on its excellent safety profile, pharmaco-
logical efficacy, mechanisms of action, and low cost, it must be
rigorously tested whether TXA can benefit additional indications
for patients with common skeletal diseases.
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45. Jordan M, Aguilera X, González JC, Castillón P, Salomó M,

Hernández JA, et al. Prevention of postoperative bleeding in hip

fractures treated with prosthetic replacement: efficacy and safety of

fibrin sealant and tranexamic acid. A randomised controlled clinical

trial (TRANEXFER study). Arch Orthop Trauma Surg 2019;139:

597e604.

http://refhub.elsevier.com/S2211-3835(24)00126-6/sref7
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref7
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref7
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref8
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref8
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref8
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref9
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref9
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref9
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref9
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref10
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref10
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref10
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref10
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref10
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref11
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref11
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref11
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref11
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref11
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref12
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref12
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref12
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref13
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref13
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref13
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref13
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref14
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref14
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref14
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref15
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref15
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref15
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref16
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref16
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref16
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref17
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref17
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref18
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref18
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref18
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref19
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref19
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref19
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref19
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref19
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref20
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref20
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref20
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref20
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref21
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref21
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref21
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref21
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref22
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref22
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref22
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref22
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref24
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref24
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref24
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref25
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref25
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref25
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref25
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref26
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref26
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref26
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref26
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref26
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref26
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref27
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref27
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref27
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref27
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref27
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref28
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref28
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref28
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref28
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2009/022430_lysteda_toc.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2009/022430_lysteda_toc.cfm
https://www.ema.europa.eu/en/medicines/human/referrals/antifibrinolytic-medicines
https://www.ema.europa.eu/en/medicines/human/referrals/antifibrinolytic-medicines
https://www.tga.gov.au/resources/auspar/auspar-tranexamic-acid
https://www.tga.gov.au/resources/auspar/auspar-tranexamic-acid
https://www.pmda.go.jp/english/safety/info-services/drugs/medical-safety-information/0012.html
https://www.pmda.go.jp/english/safety/info-services/drugs/medical-safety-information/0012.html
https://www.pmda.go.jp/english/safety/info-services/drugs/medical-safety-information/0012.html
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref33
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref33
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref33
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref33
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref33
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref33
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref34
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref34
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref34
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref34
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref35
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref35
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref35
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref35
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref35
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref36
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref36
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref36
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref36
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref37
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref37
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref37
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref37
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref37
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref38
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref38
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref38
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref38
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref39
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref39
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref39
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref40
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref40
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref40
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref40
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref41
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref41
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref41
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref41
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref41
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref43
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref43
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref43
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref43
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref43
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref44
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref44
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref44
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref44
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref45
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref45
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref45
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref45
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref45
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref45
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref45


2882 Weixin Xie et al.
46. Ma H, Wang H, Long X, Xu Z, Chen X, Li M, et al. Early intra-

venous tranexamic acid intervention reduces post-traumatic hidden

blood loss in elderly patients with intertrochanteric fracture: a ran-

domized controlled trial. J Orthop Surg Res 2021;16:106.

47. Nikolaou VS, Masouros P, Floros T, Chronopoulos E, Skertsou M,

Babis GC. Single dose of tranexamic acid effectively reduces blood loss

and transfusion rates in elderly patients undergoing surgery for hip

fracture: a randomized controlled trial. Bone Jt J 2021;103-B:442e8.
48. Sen RK, Attar MU, Saini G, Tripathy SK. Safety and efficacy of

perioperative tranexamic acid infusion in acetabular fracture fixation:

a randomized placebo-controlled double-blind prospective study.

Injury 2022;53:3361e4.
49. Ekinci M, Ok M, Ersin M, Günen E, Kocazeybek E, Sırma SÖ, et al.
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effect of topical and systemic tranexamic acid on fracture healing in

rats. Acta Orthop Traumatol Turc 2020;54:207e12.

72. Balkanlı B, Çopuro�glu C, Çopuro�glu E. The effects of intravenous

and local tranexamic acid on bone healing: an experimental study in

the rat tibia fracture model. Injury 2020;51:2840e5.

73. Wagenbrenner M, Heinz T, Horas K, Jakuscheit A, Arnholdt J,

Mayer-Wagner S, et al. Impact of tranexamic acid on chondrocytes

and osteogenically differentiated human mesenchymal stromal cells

(hMSCs) in vitro. J Clin Med 2020;9:3880.

74. Parker JD, Lim KS, Kieser DC, Woodfield TBF, Hooper GJ. Is tra-

nexamic acid toxic to articular cartilage when administered topi-

cally? What is the safe dose?. Bone Jt Lett J 2018;100-B:404e12.

75. Tuttle JR, Feltman PR, Ritterman SA, Ehrlich MG. Effects of tra-

nexamic acid cytotoxicity on in vitro chondrocytes. Am J Orthop

2015;44:E497e502.
76. Ambra LF, de Girolamo L, Niu W, Phan A, Spector M, Gomoll AH.

No effect of topical application of tranexamic acid on articular

cartilage. Knee Surg Sports Traumatol Arthrosc 2019;27:931e5.
77. Chu CR. The effects of tranexamic acid on joint inflammation

and cartilage health in anterior cruciate ligament injured patients.

ClinicalTrials.gov identifier: NCT03552705. 2018. Updated

September 21, 2023. Available from: https://clinicaltrials.gov/study/

NCT03552705. [Accessed 8 March 2024].

78. Weisel JW, Litvinov RI. Mechanisms of fibrin polymerization and

clinical implications. Blood 2013;121:1712e9.

79. Keragala CB, Medcalf RL. Plasminogen: an enigmatic zymogen.

Blood 2021;137:2881e9.

80. Hayakawa M, Maekawa K, Kushimoto S, Kato H, Sasaki J, Ogura H,

et al. Hyperfibrinolysis in severe isolated traumatic brain injury may

occur without tissue hypoperfusion: a retrospective observational

multicentre study. Crit Care 2017;21:222.

81. Faraoni D, Van Der Linden P. A systematic review of antifibrinolytics

and massive injury. Miner Anestesiol 2014;80:1115e22.
82. Miles LA, Ny L, Wilczynska M, Shen Y, Ny T, Parmer RJ. Plas-

minogen receptors and fibrinolysis. Int J Mol Sci 2021;22:1712.

83. Baker SK, Strickland S. A critical role for plasminogen in inflam-

mation. J Exp Med 2020;217:e20191865.

84. Kanno Y, Ishisaki A, Kawashita E, Chosa N, Nakajima K,

Nishihara T, et al. Plasminogen/plasmin modulates bone metabolism

by regulating the osteoblast and osteoclast function. J Biol Chem

2011;286:8952e60.

http://refhub.elsevier.com/S2211-3835(24)00126-6/sref46
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref46
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref46
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref46
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref47
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref47
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref47
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref47
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref47
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref48
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref48
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref48
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref48
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref48
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref50
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref50
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref50
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref50
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref50
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref52
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref52
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref52
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref52
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref53
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref53
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref53
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref53
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref53
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref56
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref56
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref56
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref56
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref56
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref57
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref57
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref57
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref58
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref58
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref58
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref58
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref61
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref61
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref61
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref61
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref62
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref62
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref62
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref62
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref63
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref63
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref63
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref63
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref63
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref64
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref64
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref64
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref64
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref64
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref65
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref65
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref65
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref65
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref69
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref69
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref69
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref69
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref70
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref70
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref70
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref70
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref70
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref70
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref71
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref71
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref71
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref71
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref73
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref73
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref73
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref73
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref74
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref74
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref74
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref74
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref75
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref75
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref75
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref75
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref76
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref76
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref76
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref76
https://clinicaltrials.gov/study/NCT03552705
https://clinicaltrials.gov/study/NCT03552705
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref78
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref78
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref78
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref79
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref79
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref79
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref80
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref80
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref80
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref80
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref81
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref81
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref81
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref82
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref82
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref83
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref83
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref84
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref84
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref84
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref84
http://refhub.elsevier.com/S2211-3835(24)00126-6/sref84


Tranexamic acid in skeletal health 2883
85. Law RHP, Wu G, Leung EWW, Hidaka K, Quek AJ, Caradoc-

Davies TT, et al. X-ray crystal structure of plasmin with tranexamic

acid-derived active site inhibitors. Blood Adv 2017;1:766e71.

86. Wu G, Mazzitelli BA, Quek AJ, Veldman MJ, Conroy PJ, Caradoc-

Davies TT, et al. Tranexamic acid is an active site inhibitor of uro-

kinase plasminogen activator. Blood Adv 2019;3:729e33.

87. Flick MJ, Du X, Prasad JM, Raghu H, Palumbo JS, Smeds E, et al.

Genetic elimination of the binding motif on fibrinogen for the S.

aureus virulence factor ClfA improves host survival in septicemia.

Blood 2013;121:1783e94.

88. Jin H, Liu K, Tang J, Huang X, Wang H, Zhang Q, et al. Genetic fate-

mapping reveals surface accumulation but not deep organ invasion of

pleural and peritoneal cavity macrophages following injury. Nat

Commun 2021;12:2863.

89. Brancato SK, Albina JE. Wound macrophages as key regulators of

repair: origin, phenotype, and function. Am J Pathol 2011;178:

19e25.

90. Koh TJ, DiPietro LA. Inflammation and wound healing: the role of

the macrophage. Expert Rev Mol Med 2011;13:e23.

91. Hsieh JY, Smith TD, Meli VS, Tran TN, Botvinick EL, Liu WF.

Differential regulation of macrophage inflammatory activation by

fibrin and fibrinogen. Acta Biomater 2017;47:14e24.

92. Smiley ST, King JA, Hancock WW. Fibrinogen stimulates macro-

phage chemokine secretion through toll-like receptor 4. J Immunol

2001;167:2887e94.

93. Jennewein C, Tran N, Paulus P, Ellinghaus P, Eble JA,

Zacharowski K. Novel aspects of fibrin(ogen) fragments during

inflammation. Mol Med 2011;17:568e73.

94. Barthel D, Schindler S, Zipfel PF. Plasminogen is a complement

inhibitor. J Biol Chem 2012;287:18831e42.

95. Singh B, Al-Jubair T, Voraganti C, Andersson T, Mukherjee O,

Su YC, et al. Moraxella catarrhalis binds plasminogen to evade host

innate immunity. Infect Immun 2015;83:3458e69.

96. Barthel D, Singh B, Riesbeck K, Zipfel PF. Haemophilus influenzae

uses the surface protein E to acquire human plasminogen and to

evade innate immunity. J Immunol 2012;188:379e85.

97. Koenigs A, Hammerschmidt C, Jutras BL, Pogoryelov D, Barthel D,

Skerka C, et al. BBA70 of Borrelia burgdorferi is a novel

plasminogen-binding protein. J Biol Chem 2013;288:25229e43.

98. Draxler DF, Sashindranath M, Medcalf RL. Plasmin: a modulator of

immune function. Semin Thromb Hemost 2017;43:143e53.

99. Andronicos NM, Chen EI, Baik N, Bai H, Parmer CM, Kiosses WB,

et al. Proteomics-based discovery of a novel, structurally unique, and

developmentally regulated plasminogen receptor, Plg-RKT, a major

regulator of cell surface plasminogen activation. Blood 2010;115:

1319e30.

100. Miles LA, Baik N, Lighvani S, Khaldoyanidi S, Varki NM, Bai H,

et al. Deficiency of plasminogen receptor, Plg-R, causes defects in

plasminogen binding and inflammatory macrophage recruitment

in vivo. J Thromb Haemost 2017;15:155e62.

101. Vago JP, Sugimoto MA, Lima KM, Negreiros-Lima GL, Baik N,

Teixeira MM, et al. Plasminogen and the plasminogen receptor, Plg-

R, regulate macrophage phenotypic, and functional changes. Front

Immunol 2019;10:1458.

102. Gong Y, Hart E, Shchurin A, Hoover-Plow J. Inflammatory macro-

phage migration requires MMP-9 activation by plasminogen in mice.

J Clin Invest 2008;118:3012e24.

103. Lighvani S, Baik N, Diggs JE, Khaldoyanidi S, Parmer RJ, Miles LA.

Regulation of macrophage migration by a novel plasminogen re-

ceptor Plg-R KT. Blood 2011;118:5622e30.

104. Thaler B, Baik N, Hohensinner PJ, Baumgartner J, Panzenböck A,
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