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Abstract

Use of topical tranexamic acid (TXA) in orthopedic sur-
gery has been expanding over the past decade, with
increasing evidence confirming reductions in periop-
erative blood loss and transfusion requirements, but
there is minimal evidence regarding effects of TXA on
native cartilage.

We conducted a study to understand the in vitro
effects of TXA on bovine cartilage and murine chondro-
cytes and ultimately to expand the clinical application
of topical TXA to include scenarios with retained native
cartilage, such as hemiarthroplasty. Bovine cartilage
explants were exposed to TXA at a concentration of
100 mg/mL, and glycosaminoglycan (GAG) release and
cell viability were measured at 8, 24, and 48 hours.
Monolayer murine chondrocytes were exposed to TXA
25, 50, and 100 mg/mL, and viability was measured at
8, 24, and 48 hours.

GAG released from bovine explants was significant-
ly higher in the samples exposed to TXA 100 mg/mL at
all time points. Cell viability was significantly decreased
in the explants exposed to TXA 24 and 48 hours after
initial incubation. Bovine chondrocyte viability was not
affected by TXA 25 mg/mL. Murine chondrocyte viabil-
ity was similar between the TXA 25 mg/mL and control
samples at all time points. The TXA 50 mg/mL sample
dropped from 66.51% viability at 8 hours to 6.81% vi-
ability at 24 hours and complete cell death by 48 hours.
The TXA 100 mg/mL samples had no observable viable
cells at 8, 24, and 48 hours.

Our data indicated that TXA 100 mg/mL damaged
and was cytotoxic to bovine explanted cartilage and
was cytotoxic to murine chondrocytes. Murine and
bovine chondrocyte viability were not affected by TXA
25 mg/mL.

label to reduce perioperative blood loss in various
surgical procedures, including orthopedic surgery,
neurosurgery, urologic surgery, obstetrics and gynecology,

F or decades, tranexamic acid (TXA) has been used off-

and trauma surgery.' TXA, a synthetic derivative of the amino
acid lysine, produces antifibrinolytic activity by competitively
inhibiting lysine-binding sites on plasminogen molecules—
inhibiting the activation of plasmin and thus preserving the
function of fibrin in clot formation. It is believed that, through
this method, TXA retains blood clots more effectively, thereby
reducing bleeding. Although intravenous delivery of TXA is
generally accepted as safe, some studies have indicated that
it may contribute to postoperative seizure activity as well
as increased thromboembolic events.”* For these and other
reasons, interest in topical (intra-articular) administration of
TXA has increased.

Use of topical TXA in surgery has been expanding over
the past several years, with reports of significant reductions
in perioperative blood loss and transfusion requirements.*
Orthopedic surgeons specifically have explored the topical use
of TXA, especially in total joint arthroplasty (TJA).* The benefits
are increased concentration at the operative site with reduced
systemic exposure; cost reduction; and surgeon control.®’
Several recent studies have yielded significant reductions in
perioperative blood loss and transfusions with use of topical
TXA.#'"In the literature, effective dosing for topical TXA in TJA
ranges from 250 mg to 3 g The concentration of topical TXA
isnot consistently described but appears to fall between 15 and
100 mg/mL.">" Our institutions'* and several investigators'*'®
have used topical TXA in TJA at a concentration of 100 mg/
mlL, so this was the initial TXA concentration we decided to
study. We selected certain time points to allow for relatively
early detection of cartilage damage and then followed it to
48 hours of exposure. In cases in which TXA is injected after
capsular closure, itis unclear how rapidly the TXA diffuses out
of the joint or to what degree it becomes diluted by bleeding
or synovial fluid. Certainly, this varies from patient to patient.
Clearly, TXA generally passes through the body unmodified
when injected intravenously' and therefore is unlikely to be
chemically modified while in the joint.

Very little has been published on use of topical TXA in
other orthopedic surgeries, such as intra-articular fracture
fixation, ligament reconstruction, hemiarthroplasty, and
unicompartmental arthroplasty. Unlike TJA, which removes
all native cartilage, these procedures retain and depend on the
viability of the native cartilage. Sitek and colleagues'” noted the
effect of TXA on chondrocytes within the context of creating
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an extracellular fibrin matrix for chondrocyte transplant. There
was no decrease in chondrocyte viability with TXA 10 mg/mL
or 20 mg/mL. Use of fresh bovine cartilage explants as a model
for the in vitro study of cartilage damage is well established,
including chondrocyte viability and glycosaminoglycan (GAG)
release as outcome measures.'®'” Human cartilage has also been
studied in vitro using this model.”®

In the present study, the primary goal was to test the
hypothesis that TXA could be safely used in the presence of
native cartilage. The secondary goal was to identify a safe
concentration for intra-articular use if toxic characteristics
were noted.

Materials and Methods

Young bovine stifle joints were obtained within 3 hours
of slaughter at a local abattoir. The joint was disarticulated
under sterile conditions, and the distal femoral articular
surface was evaluated for any signs of damage or arthritis. All
specimens contained healthy, undamaged articular surfaces.
Full-thickness cartilage explants (excluding subchondral bone)
were then immediately harvested—with use of a scalpel blade
and a dermatologic biopsy punch 4 mm in diameter—from
the distal, weight-bearing femur. The explants were placed
in 24-well tissue-culture plates (USA Scientific), incubated
in culture media (high-glucose Dulbecco’s Modified Eagle
Medium, 10% fetal bovine serum, 1% penicillin/streptomycin,
1% fungizone; Life Technologies), and kept at 37°C and 5%
CO,. Explants were allowed to rest in culture media for a
minimum of 24 hours after harvest. The pH of the medium
was not altered by the addition of TXA.

Bovine explants were randomly assigned to either TXA-
exposure or control groups at several time points in replicates
of 6. Culture medium was aspirated, and each explant was
washed twice with sterile phosphate-buffered saline (PBS).
Explants were then incubated at 37°C in culture medium
as previously described, or in the same culture medium
containing dissolved TXA at a concentration of 100 mg/mL.
The explants were incubated at 37°C until harvest at 8, 24, or
48 hours after media addition. For harvest, the media were
aspirated and stored at —20°C for GAG content analysis, and
the explants were then harvested for LIVE/DEAD assay (Life
Technologies) and GAG content analysis.

Explants were washed once in 75% ethanol and then
digested in 0.5 mL papain digestion buffer (100 mM sodium
phosphate, 10 mM EDTA, 10 mM L-cysteine, 0.125 mg/mL
papain; Sigma-Aldrich) at 60°C for 24 hours. Digested samples
were then diluted and subjected to GAG analysis.

Murine chondrocytes were harvested from the freshly
harvested rib cages and sternums of mice (1-4 days old) as
previously described.” In brief, rib cages were washed twice in
D-PBS and then incubated at 37°C for 60 min in 5 mL of 0.25%
Trypsin-EDTA (Life Technologies). They were then washed
in DMEM with 10% FBS, centrifuged at 1500 rpm for 5 min
to remove the supernatant, and washed in sterile PBS. After
removal of the PBS wash, the ribs were incubated in 2 mg/mL
hyaluronidase in plain DMEM on a shaker at 37°C for 2 hours.
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Once soft tissue was removed, the rib cages were discarded,
and the remaining soft tissue was incubated in a collagenase
D/hyaluronidase digestion solution (collagenase D, 1 mg/mL;
hyaluronidase, 1 mg/mL; BSA, 40 mg/mL in plain DMEM,; Life
Technologies) for 8 hours. The resultant cell suspension was
filtered through a 40-um cell strainer (BD Falcon). Isolated
chondrocytes were then plated on culture slides (0.5xx10°
cells; BD Falcon) and incubated in DMEM/F12 (1:1) complete
media at 37°C and 5% CO,. Before experimental treatment,
all cultures were visualized under phase microscopy to verify
viability and morphology.

Murine chondrocytes were incubated in media (described
above) containing TXA 0, 25, 50, or 100 mg/mL and were
harvested 8, 24, or 48 hours after initial exposure. Cultures
were maintained at 37°C and 5% CO, until harvest. Culture
medium was aspirated, and each sample was washed twice in
sterile PBS before analysis with the LIVE/DEAD assay.

The amount of GAG released into the culture media was
measured with a 1,9-dimethyl-methylene blue colorimetric
assay (DMMB; 38.5 uM 1,9-dimethylmethylene blue, 40 mM
glycine, 40.5 mM sodium chloride, 9.5 mM hydrochloric
acid; Sigma-Aldrich) based on the method of Farndale and
colleagues.” In brief, 20 pL of media was mixed with the
DMMB assay solution in a 96-well plate, and absorbance
was read immediately at 530 nm on a microplate reader.
Chondroitin 4-sulfate was used to produce a standard curve.
Total GAG released into the media was then calculated based
on the standard curve and calculated as a percentage of the
total GAG content of each explant. Each sample time point and
concentration had a replicate of 3.

Chondrocyte viability was assessed with use of the LIVE/
DEAD Viability/Cytotoxicity Kit (Life Technologies) following
the protocol. Cartilage explants were sectioned orthogonally to
the articular surface at 100 pm per section. Four sections were
obtained from each explant. Sections were then incubated
in 60 pL of 1-uM calcein AM/1-uM ethidium homodimer-1
solution at room temperature in the dark for 30 minutes.
Sections were then viewed with a fluorescent microscope,
and 3 digital photographs (magnification xX4) were taken per
sample with use of a fluorescein filter and a Texas red filter.
The live and dead cells in an area were quantified with use
of Image], freely available image analysis software.”® This
software was verified initially by blinded, manual count for
accuracy. Each sample time point and concentration had a
replicate of 3 or 4 explants.

Chondrocyte viability was assessed with the LIVE/DEAD
Viability/Cytotoxicity Kit following the protocol. Slides were
incubated in 200 puL of 1-uM calcein AM/1-uM ethidium
homodimer-1 solution at 37°C in the dark for 30 minutes.
Sections were then viewed with a fluorescent microscope, and
4 digital photographs (magnification x4) were taken with use
of a fluorescein filter and a Texas red filter. Live and dead cells
in an area were quantified with use of Image]. Each sample
time point and concentration had a replicate of 4 plates.

Statistical analyses were performed in the statistical
environment R.** Data were analyzed with a 2-tailed Student
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t test with Holm-Bonferroni correction made for multiple
comparisons, and a family-wise error rate was set at & = 0.05.

Results

GAG release was notably higher in the explants exposed to
TXA 100 mg/mL at all time points (Figure 1). Beginning
8 hours after initial incubation, there was a small but significant
(P = .01) loss of GAG in TXA-treated explants (mean, 1.86%;
SD, 0.44%) versus control explants (mean, 0.31%; SD, 0.24%).
There was a trend of increasing loss with increasing time after
initial incubation through 24 hours, GAG (mean, 3.92%; SD,
0.83%) versus control (mean, 1.63%; SD, 0.65%) (P = .02),
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reaching a peak at 48 hours, GAG (mean, 8.29%; SD, 1.82%)
versus control (mean, 3.19%; SD, 0.53%) (P = .03).

Cell viability was notably higher in the control groups
24 and 48 hours after initial incubation (Figure 2), with a
visually observable (Figure 3) but variable and nonsignificant
(P = .33) difference in viability at 8 hours, control
(mean, 63.87%; SD, 13.63%) versus TXA (mean, 46.08%;
SD, 22.51%). As incubation time increased from 8 hours,
there were significant decreases in cell viability at 24 hours
(mean, 39.28%; SD, 4.12%; P = .024) and 48 hours
(mean, 21.98%; SD, 2.15%; P = .0005) relative to controls.

After results of exposing murine cells to TXA at different
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Figure 1. Glycosaminoglycan (GAG) release of bovine cartilage explant exposed to tranexamic acid (TXA) 100 mg/mL over 8-, 24-, and
48-hour periods. Time-dependent loss of GAG occurred in response to TXA exposure at 8 hours (1.86% loss vs 0.31% loss in control;
P =.01), 24 hours (3.92% loss vs 1.63% loss in control; P = .02), and 48 hours (8.29% loss vs 3.19% loss in control; P = .03). Asterisks

indicate significant (P < .05) difference at given time point. Each time point represents N of 3.

100
8 80
>
[$)
o
T 60
2 *
(@]
o 40
g *
S
£ 20

0
Control 100 mg/mL TXA Control 100 mg/mL TXA Control 100 mg/mL TXA
8h 8h 24 h 24 h 48 h 48 h

Figure 2. Percentage viability of bovine explant chondrocytes exposed to tranexamic acid (TXA) 100 mg/mL over 8-, 24-, and 48-hour
periods. Loss of cell viability occurred in response to TXA exposure at 24 and 48 hours, compared with plain media controls. Viability
decreased to 39.28% at 24 hours (P = .024) and reached low of 21.98% at 48 hours (P = .0005). Asterisks indicate significant (P < .05)
difference at given time point. Each time point represents N of 3.
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concentrations were obtained, bovine explants were exposed
to TXA 25 mg/mL, and viability was recorded 24 and 48 hours
after exposure (Figure 4). There was no significant difference

Figure 3. Fluorescence microscopy images (magnification x4) of
bovine articular cartilage explants exposed to tranexamic aC|d
(TXA) 100 mg/mL over 8-, 24-, and 48-hour periods (A, C, and E,
respectively), with corresponding controls (B, D, and F, respec-
tively), show increased numbers of dead cells corresponding to
increased time of TXA exposure. Green cells are viable, red cells
are nonviable; yellow signal represents red and green superim-
posed, counted as dead.

in viability between samples.

Cell viability was similar between the TXA 25 mg/mL and
control samples at all time points (Figure 5). The TXA 50 mg/
mL sample dropped from 66.51% viability at 8 hours to 6.81%
viability at 24 hours and complete cell death by 48 hours. The
TXA 100 mg/mL samples had no observable viable cells at 8,
24, and 48 hours (Figure 6, confirmed with light microscopy).
The TXA 0 mg/mL and 25 mg/mL samples remained largely
unchanged: 78.28% and 92.99% viable at 8 hours, 97.29% and
90.22% viable at 24 hours, and 91.62% and 91.35% viable at
48 hours, respectively. See Figures 4 and 5 for viability at all
time points and concentrations. Statistical analyses were not
performed on these data because the zero values obtained for
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Figure 4. Percentage viability of bovine explant chondrocytes
exposed to tranexamic acid (TXA) 25 mg/mL over 24- and 48-hour
periods. Compared with controls (Ctrl), there was no change in
cell viability in response to TXA exposure at 24 and 48 hours.
Each time point represents N of 4.

6

4

2

% Viable Murine Chondrocytes
(@] (@] (@] (@] 8

Omg/mL 25 mg/mL 50 mg/mL 100 mg/mL Omg/mL 25 mg/mL 50 mg/mL 100 mg/mL Omg/mL 25 mg/mL 50 mg/mL 100 mg/mL
TXA TXA TXA TXA TXA TXA TXA TXA TXA TXA XA TXA
8h 8h 8h 8h 24h 24h

24h 24h 48h 48h 48h 48h

Figure 5. Percentage viability of murine monolayer chondrocytes exposed to tranexamic acid (TXA) over 8-, 24-, and 48-hour periods.
Viable cells were not seen in any sample incubated in TXA 100 mg/mL for any period or in any sample incubated in TXA 50 mg/mL for
48 hours. Cell viability was sharply decreased after 24-hour incubation in TXA 50 mg/mL but was not decreased after incubation in TXA

25 mg/mL. Each time point represents N of 4.
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all samples incubated in TXA 100 mg/mL and the 48-hour TXA
50 mg/mL samples prevented accurate estimation of P values
and thus meaningful comparisons of the treatment groups.

Discussion

The results of this study showed that TXA is cytotoxic to both
bovine and murine chondrocytes at a concentration of 100 mg/
mL. There is a time-dependent increase in GAG release as well
as a decrease in chondrocyte viability in intact bovine cartilage.
These data suggest that topical or intra-articular administration
of TXA at this concentration in the setting of native cartilage
may have unintended, detrimental effects.

Murine chondrocyte monolayer cultures exposed to TXA at
lower concentrations did not exhibit a concentration-dependent
curve with respect to viability. Chondrocytes exposed to TXA
25 mg/mL had no reduction in viability relative to control
samples. When the concentration was doubled to 50 mg/mL,
however, viability was reduced to 6.81% by 24 hours (Figure
5). These data suggest that, between 25 mg/mL and 50 mg/
mlL, there is a concentration at which TXA becomes cytotoxic
to murine chondrocytes. It should be cautioned that, though
TXA was cytotoxic to chondrocytes in this study, the effects
are still unknown and indeed may be similar to effects on
other types of cells that are present in a replaced joint—such
as synovial cells, inflammatory cells, and osteoblasts.

The unaffected viability of murine chondrocytes with TXA
25 mg/mL indicated that this may be a cutoff concentration
for safety in the presence of cartilage. To confirm these
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results, we exposed the bovine explants to TXA 25 mg/
mL as well. Consistent with the prior study, chondrocyte
viability was unaffected at 48 hours. Some clinical studies
have effectively used topical TXA at this concentration, or at
a lower concentration, to reduce blood loss in TJA,* which
suggests that 25 mg/mL may be a safe yet effective dose for
clinical use of topical TXA.

As the methods used in this study did not distinguish
between late-apoptotic and necrotic cell death, we could not
determine which mechanism of death led to the viability
loss observed. If apoptosis is occurring, how TXA initiates
this sequence is unclear. There have been no studies directly
linking TXA to apoptotic events, though some studies have
indicated that TXA interacts with several molecules other
than plasminogen, including GABA (y-aminobutyric acid)
receptors, glycine receptors, and tachykinin neurokinin 1
receptors.’?® According to these studies, these interactions
may be responsible for seizure activity and increased emesis
caused by TXA use. In addition, TXA-containing compounds,
such as trans-aminomethylcyclohexanecarbonyl-1-(0-picolyl)
tyrosine-octylamide, have been shown to induce apoptosis.”

It appears that the extracellular matrix (ECM) of native
cartilage explants has a protective effect on chondrocytes. With
exposure to TXA 100 mg/mL, the explants retained 52% viability
at 24 hours, whereas the monolayer cultures were nonviable
at that point. The weak negative charge of the molecule may
retard its penetration into the ECM, though there was an
inconsistent presentation of cell death at explant superficial

Figure 6. Fluorescence microscopy images (magnification x4) of murine monolayer chondrocytes exposed to tranexamic acid (TXA)

0, 25, 50, and 100 mg/mL over (A-D) 8-hour, (E-H) 24-hour, and (I-L) 48-hour periods. Superimposed are 2 images, 1 exposed to fluo-
rescein filter and 1 exposed to Texas red filter. Green signal represents viable cells; red, orange, or yellow, nonviable cells; and black, no
stainable cells. Dead cells lost adherence to collagen plate and were washed away prior to staining assay.
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zones in treated samples (Figure 3). Consistent surface layer
cell death would be expected if slowed penetration were the
only protective mechanism. It is possible that the ECM acts
as a buffer or solvent, effectively reducing the concentration
of TXA directly interacting with the chondrocytes. Further
exploration is needed to elucidate the significance of the ECM
in protecting chondrocytes from TXA.

Although its findings were highly reproducible, the present
study had several limitations, including its in vitro nature and
its use of a bovine and murine model rather than a human cell
and tissue platform. It may be prudent to expose chondrocytes
to TXA for a shorter time to try to mimic what theoretically
occurs in vivo. In vivo studies may be a reasonable direction for
experimentation. Clarifying the mechanism of cell death is of
experimental interest as well. As the first of its kind, the present
study provides an important initial database for exploration.

This study is the first to show that TXA has a cytotoxic effect
on chondrocytes and that it damages cartilage at clinically used
concentrations. Although more studies are needed to verify a
safe concentration of TXA for topical use with human cartilage,
our data indicate that TXA 25 mg/mL may be an effective yet
safe dose for intra-articular use in native joints.
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