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Abstract 

Background: Dysregulated inflammatory responses are implicated in the pathogenesis of joint stiffness and arthrofi-
brosis following total knee arthroplasty (TKA). The purpose of this study was to compare the effects of intra-articular 
(IA) administration of tranexamic acid (TXA), an anti-fibrinolytic commonly used in TKA, and ALM chondroprotective 
solution on postoperative inflammation and joint tissue healing in a rat model of knee implant surgery.

Methods: Male Sprague–Dawley rats (n = 24) were randomly divided into TXA or ALM treatment groups. The right 
knee of each rat was implanted with titanium (femur) and polyethylene (tibia) implants. An IA bolus (0.1 ml) of TXA or 
ALM was administered after implantation and capsule closure, and before skin closure. Postoperative coagulopathy, 
haematology and systemic inflammatory changes were assessed. Inflammatory and fibrotic markers were assessed in 
joint tissue, 28 days after surgery.

Results: Haemostasis was comparable in animals treated with TXA or ALM after knee implant surgery. In contrast 
to ALM-treated animals, systemic inflammatory markers remained elevated at day 5 (IL-6, IL-12, IL-10, platelet count) 
and day 28 (IL-1β, IL-10) following surgery in TXA-treated animals. At day 28 following surgery, the extension range of 
motion of operated knees was 1.7-fold higher for ALM-treated animals compared to the TXA group. Key inflammatory 
mediators (NF-κB, IL-12, IL-2), immune cell infiltration  (CD68+ cells) and markers of fibrosis (α-SMA, TGF-β) were also 
lower in capsular tissue of ALM-treated knees at day 28.

Conclusion: Data suggest that IA administration of ALM is superior to TXA for reducing postoperative systemic and 
joint inflammation and promoting restoration of healthy joint tissue architecture in a rat model of TKA. Further studies 
are warranted to assess the clinical translational potential of ALM IA solution to improve patient outcomes following 
arthroplasty.
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Background
Globally, the demand for total knee arthroplasty (TKA) 
continues to rise, with a projected increase of 182% over 
the next decade [1]. Acquired idiopathic knee stiffness 
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and arthrofibrosis are debilitating postoperative compli-
cations and leading causes for hospital readmission fol-
lowing TKA [2]. Accumulation of fibrotic tissue within 
the operated knee leads to restricted joint function and 
pain, with significant impact to patient quality of life [2, 
3]. Dysregulation of early inflammatory and immune 
responses triggered during surgery, and in the first post-
operative week, are implicated in the pathogenesis of 
knee stiffness and arthrofibrosis [4, 5]. Frontline strat-
egies to minimise surgery-induced inflammation and 
improve joint tissue healing and patient outcomes follow-
ing TKA are lacking.

Administration of the anti-fibrinolytic tranexamic acid 
(TXA) is popular in orthopaedic procedures such as TKA 
and anterior cruciate ligament reconstruction for the 
purpose of enhancing haemostasis, improving visualisa-
tion during surgery and minimising transfusion require-
ments [6–8]. In addition, due to immunomodulatory 
effects, TXA reportedly improves patient-reported knee 
outcomes after surgery and reduces the risk for postop-
erative complications such as infection and arthrofibrosis 
[8–11]. TXA can be administered orally, intravenously 
or topically; the latter route is often cited as a preferred 
method due to lack of contraindications [7, 12, 13]. How-
ever, the immunomodulatory effects of TXA following 
TKA remain controversial due to conflicting reports 
of both anti- and pro-inflammatory responses that are 
likely associated with a lack of standardisation in dos-
ing, scheduling and administration route [7, 12, 14–17]. 
Further, controversial evidence of toxicity towards chon-
drocytes and periarticular tissues when TXA is delivered 
topically have also precluded its routine adoption in TKA 
[17–19].

ALM solution, a combination of adenosine, lidocaine 
and  Mg2+, is an emerging small-volume therapy with 
anti-ischaemic, anti-inflammatory, coagulopathy correc-
tive, chondroprotective and anti-fibrotic properties [20–
27]. Recently, intra-articular (IA) administration of ALM 
was shown to modulate inflammatory responses in the 
early postoperative period and alleviate post-TKA fibro-
sis in a rat model of TKA [28]. In contrast to TXA, which 
acts downstream of coagulation pathways initiated as a 
result of surgery-induced inflammation, ALM appears to 
modulate very early coagulation, inflammatory and cen-
tral nervous system (CNS) responses, favouring a per-
missive tissue healing environment [5, 21–23, 28–30]. We 
hypothesised that compared to TXA, topical administra-
tion of ALM during TKA would reduce postoperative 
coagulopathy and systemic inflammation, and that this 
would correspond to improved tissue healing in the oper-
ated knee. Therefore, using a rat model of knee implant 
surgery we compared haematology, coagulopathy and 
systemic inflammation following IA administration of 

TXA or ALM after joint closure, and before skin closure. 
In addition, we compared joint capsular healing in the 
implanted knees, 28 days after surgery.

Materials and methods
Animals
Conventional, 20-week-old male Sprague–Dawley 
rats (350–450  g) were used. Animals were individually 
housed in ventilated cages (Tecniplast® Australia, NSW, 
Australia) in a 14–10 h light–dark cycle under controlled 
temperature (21–22  °C) and humidity (65–75%) condi-
tions, with access to standard rodent pellets (Specialty 
Feeds, WA, Australia) and water ad libitum.

Study protocol
A total of 24 rats were randomly allocated to two treat-
ment groups, with 12 rats per group. After a 7-day accli-
mation period, knee implant surgery was performed 
on animals under isoflurane anaesthesia using surgical 
techniques and materials described previously [31], and 
according to the study protocol (Fig.  1). IA injections 
were administered to the implanted knee immediately 
following capsule closure, and prior to skin closure as fol-
lows: Animals in Group 1 received an IA bolus of TXA 
(0.1  ml; 25  mg/kg; Juno Pharmaceuticals, South Yarra, 
VIC), while animals in Group 2 received an IA bolus 
of ALM (0.1  ml; 1  mM adenosine, 3  mM lidocaine and 
2.5  mM  MgSO4 in 0.9% NaCl). Animals within each 
treatment group were also randomised to whether end-
point tissue samples were to be fixed (histology, n = 6 
per group) or snap-frozen in liquid nitrogen (gene and 
protein expression, n = 6 per group). Surgeries were per-
formed on 8 animals per surgery day, with equal numbers 
of animals per treatment group and randomisation of 
the order of animals undergoing surgery. Intraoperative 
blood loss was measured as previously described [28]. 
Clinical signs including body weight, temperature and 
weight-bearing activity were monitored daily through-
out the experimental period. Animals were sacrificed 
28  days post-surgery with an overdose of pentobarbital 
(100 mg/kg) for gross pathology, molecular and histologi-
cal evaluation.

Haematology, ROTEM and inflammatory assessments
Blood was collected under anaesthesia via the lateral 
tail vein during the experimental period or via termi-
nal cardiac puncture at day 28 post-surgery (Fig.  1). 
Complete blood cell examination (CBE) was car-
ried out using a VetScan HM5 haematology analyser 
(Abaxis, CA, USA). Rotational thromboelastometry 
(ROTEM; Tem International, Munich, Germany) was 
conducted on whole blood according to manufactur-
er’s instructions. Three 60-min assays were performed 
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simultaneously for each sample: EXTEM (extrinsically 
activated test using tissue factor), INTEM (intrinsi-
cally activated test using ellagic acid) and FIBTEM 
(EXTEM-activated test with cytochalasin D to inhibit 
platelet contribution to clot formation). Parameters 
include clotting time (CT; seconds); alpha angle (α°); 
clot amplitude (mm); maximum clot firmness (MCF, 
mm); and maximum lysis (%).

Blood samples were centrifuged and plasma col-
lected and stored at − 80  °C until further analysis. 
Vascular injury markers (adiponectin, sE-selectin, 
sICAM-1, von Willebrand Factor) were measured in 
plasma using Milliplex® Rat Vascular Injury Magnetic 
Bead Panel 2 (Abacus ALS, Meadowbrook, Queens-
land), in combination with the Magpix® analyser 
(Luminex Corporation, Austin, Texas, USA). Inflam-
matory chemokines and cytokines (MIP-1α, IL-1α, 
IL-1β, MCP-1, TNF-α, IL-6, IL-12p70, IFN-γ, IL-2, 
IL-4, IL-10, IL-13, RANTES) were measured in plasma 
and joint tissue homogenates using Milliplex® Rat 
Cytokine/Chemokine Magnetic Bead Panel (Abacus 
ALS), as described previously [28].

Joint angle measurement
The extension range of motion (ROM), or the angle 
between the longitudinal axis of the femur and the 
tibia, was measured in triplicate using an angulometer 
with 20 g force for both the right (implanted) and left 
(native, control) knee [32]. Data are expressed as the 
difference in extension ROM between the native and 
implanted knee from TXA- and ALM-treated animals.

Tissue collection
Following blood collection at day 28 post-surgery, ani-
mals within each treatment arm were sacrificed to assess 
joint tissue metrics. Macroscopic morphological analysis 
of the intact joint, the articular surfaces, and capsular and 
synovial tissue was performed using methods described 
previously [28]. Briefly, anteromedial capsular tissue 
samples from the implanted (right) and native (left) knee 
were dissected, snap-frozen and stored at − 80 °C for sub-
sequent RNA/protein extraction and analysis. Remaining 
intact knees were fixed in 4% paraformaldehyde (PFA) for 
routine histology.

RNA isolation and quantitative RT‑PCR of capsular tissue
Total RNA was isolated from anteromedial capsular tis-
sue samples using RNeasy Mini kit (Qiagen) following 
manufacturer’s protocol. cDNA was prepared by reverse 
transcription. Real-time PCR with custom-designed 
primers [28] was used to assess gene expression of 
nuclear factor kappa B (Nfkb), a key driver of inflam-
mation; and transforming growth factor beta 1 (Tgfb1) 
and xylosyltransferase (Xylt1), two markers shown to be 
upregulated in arthrofibrotic tissue [33, 34]. The relative 
expression of each gene was calculated using the concen-
tration-Ct-standard curve method and normalised using 
the average expression of the housekeeping ribosomal 
protein S13 (Rps13) gene for each sample [26].

Histology
For routine histology, fixed intact knees were decalci-
fied (14% EDTA), processed and paraffin-embedded. 
Sections (4  µm) were cut in the frontal plane, spaced at 
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Fig. 1 Summary of study design and blood sampling times. Blood was collected from the lateral tail vein of anaesthetised animals for ROTEM, 
haematology and quantitation of plasma inflammatory cytokines at 4 h, day 1, 3, 5 and 28 postoperative. Animals were euthanised 28 days 
following surgery for assessment of joint tissue metrics
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50  μm intervals and spanning the entire knee joint [35]. 
Stained sections were visualised with light microscopy 
(Nikon Eclipse i50; Japan) and digitised for analysis using 
ImageJ® software (v1.52p; National Institutes of Health, 
EUA). Semi-quantitative assessments were carried out 
by a blinded investigator on five randomly selected fields 
(400 × magnification) per sections and two sections per 
joint [28].

Semi-quantitative evaluation of synovitis and fibrotic 
changes in the joint capsule and infrapatellar fat pad (IFP) 
was performed on haematoxylin and eosin (H&E) stained 
sections using methods described previously [28]. Mas-
son–Goldner trichrome staining was used to assess col-
lagen density in the IFP [28]. Using methods described 
previously [28], mouse anti-rat monoclonal antibodies 
(Abcam, Cambridge, UK) were used for immunohisto-
chemical localisation of CD68 (ED1, 1:125 dilution) and 
α-SMA (1A4, 1:1000 dilution). Cells positive for CD68 
staining were enumerated in the synovial lining and sub-
synovial tissue within the medial and lateral capsule of two 
sections per joint. The percentage of α-SMA-positive stain-
ing was assessed in the medial and lateral capsule, and the 
IFP [28].

Statistics
Sample sizes (n) were determined from a priori power anal-
ysis using G-power3 program (Heinrich-Heine-Universität 
Düsseldorf) using Acta2 gene expression as the outcome 
measure with effect size Cohen’s d = 1.65 (Critical t = 1.96; 
df = 11; sample size = 6; α = 0.05; calculated power = 0.84). 
Statistical analyses were performed using GraphPad Prism 
for Mac software (version 7). Data normality was assessed 
using Shapiro–Wilks test, with Levene’s test used to deter-
mine equality of variances. Independent samples t tests 
were used for between groups comparison for normally 
distributed data (haematology parameters, inflammatory 
marker concentrations). Non-normally distributed data 
(ROM, macroscopic and histological scores, immunohisto-
chemical staining) were compared using a Mann–Whitney 
U test. MILLIPLEX Analyst 5.1 software (Luminex Corpo-
ration, Austin, Texas, USA) was used to determine cytokine 
and chemokine concentrations with a 5-parametric logistic 
weighted curve fit. Results are expressed as mean ± stand-
ard error (SEM) unless otherwise stated, with significance 
set at p < 0.05.

Results
Effects on surgical metrics and postoperative clinical 
parameters
There was no significant difference in surgery time between 
groups (TXA, 17.3 ± 5.9  min vs. ALM, 14.9 ± 3.0  min; 
p = 0.237). Similarly, blood loss during knee implant sur-
gery was comparable for the two treatment groups (TXA, 
63.4 ± 26.3 mg vs. ALM, 48.8 ± 35.0 mg; p = 0.258). There 
was also no difference between ALM- and TXA-treated 
groups for the mean total time spent under isoflurane 
anaesthesia in the first week following surgery (TXA, 
124 ± 19  min vs. ALM, 120 ± 13  min; p = 0.576). Follow-
ing surgery, the time taken to regain preoperative body 
weight (TXA, 19 ± 4 d vs. ALM, 19 ± 5 d; p = 0.935) and 
full weight-bearing in the operated limb (TXA, 7 ± 5 d vs. 
ALM, 7 ± 3 d; p = 0.748) was similar for TXA- and ALM-
treated animals.

Effect on coagulopathy
Surgery-induced coagulopathy was evident in both treat-
ment groups indicated by significantly reduced clot ampli-
tudes (A10, MCF) and clot kinetics (α angle) on EXTEM 
and INTEM tests at 4 h and day 1, with return to baseline 
levels by day 3 post-surgery (Additional file  1: Table  S1). 
Animals in the TXA group had increased clot times and 
reduced clot stability compared to ALM-treated animals in 
the early postoperative period, though differences were not 
statistically significant. There was no evidence of hyperfi-
brinolysis (ML > 15%) in either group (Additional file  1: 
Table S1).

Effect on haematology
Total leucocyte numbers remained comparable to base-
line levels following surgery, with no significant difference 
observed between treatment groups to day 5 (Additional 
file 2: Table S2). Compared to baseline levels, the number 
and percentage of circulating granulocytes increased signif-
icantly 4 h after surgery, before gradually returning to pre-
operative levels by day 5 post-surgery (Fig. 2a; Additional 
file 2: Table S2). However, the percentage of granulocytes 
was higher in ALM-treated animals at day 5 post-surgery, 
compared to TXA-treated animals (p = 0.04; Fig. 2a). Com-
pared to baseline and ALM-treated animals, circulating 
monocyte numbers (p = 0.04 and ns, p = 0.09, respectively) 
and percentages of monocytes (p = 0.009 and p = 0.022, 
respectively) were increased in TXA-treated animals at day 
1 postoperative (Fig. 2b; Additional file 2: Table S2). How-
ever, while the monocyte percentage returned to baseline 

(See figure on next page.)
Fig. 2 Changes in early postoperative haematology and systemic inflammatory cytokines. a–c Percentage (%) of circulating granulocytes, 
monocytes and lymphocytes, d platelet numbers and e–h plasma concentrations of IL-6, IL-12p70, IL-10 and IL-4 for TXA- and ALM-treated animals 
at 4 h, day 1, 3 and 5 postoperative. Data represent mean ± SEM. ^ p < 0.05 TXA compared to Baseline. ƒp < 0.05 ALM compared to Baseline. *p < 0.05 
TXA compared to ALM
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levels by day 3 in animals that received TXA, a steady rise 
in monocytes was observed in ALM-treated animals, with 
levels significantly higher than baseline at day 5 (p = 0.049; 
Fig.  2b). Following surgery, the percentage of circulating 
lymphocytes remained significantly lower than baseline 
levels to day 3 for animals in both treatment groups (Fig. 2c; 
Additional file 2: Table S2). While the percentage of circu-
lating lymphocytes returned to baseline in TXA-treated 
animals by day 5 post-surgery, levels remained significantly 
lower in ALM-treated animals (p = 0.019; Fig. 2c).

Following surgery, minor decreases were observed 
in haematocrit and haemoglobin levels from 4  h to day 
5 postoperative, however changes were comparable 
between treatment groups (Additional file  2: Table  S2). 
Platelet numbers remained comparable to preoperative 
levels to day 3 post-surgery for both TXA- and ALM-
treated animals (Fig. 2d). At day 5 following surgery how-
ever, platelet numbers were 1.6-fold higher than baseline 
in the TXA group, and significantly higher than ALM-
treated animals (p = 0.024; Fig. 2d).

Effect on systemic inflammation
Vascular injury markers
Compared to preoperative levels (8.1 ± 1.5  ng/ml), the 
plasma concentration of sICAM, a marker of vascular 
inflammation, was significantly increased in TXA-treated 
animals at 4  h (12.4 ± 2.7  ng/ml; p = 0.009) and day 1 
(11.0 ± 1.2  ng/ml; p = 0.009) postoperative. In contrast, 
sICAM concentrations in ALM-treated animals at 4  h 
(10.5 ± 6.1  ng/ml; p = 0.662) and day 1 (9.6 ± 4.9  ng/ml; 
p = 0.93) postoperative remained comparable to baseline 
levels. Other vascular injury markers (adiponectin, sE-
selectin, vWF) were significantly elevated at 4 h and day 
1, however no differences were observed between TXA- 
and ALM-treated animals (Additional file 2: Table S2).

Inflammatory cytokines and chemokines
At 4 h post-surgery, plasma levels of IL-6 increased sig-
nificantly from baseline in ALM-treated animals, return-
ing to pre-surgical levels by day 3 (Fig. 2e). Systemic IL-6 
did not differ between treatment groups up to 3  days 
postoperative. However, IL-6 levels were 1.7-fold lower 
in ALM-treated animals at day 5 following surgery 
(p = 0.054; Fig. 2e). Similar trends were observed for IL-
12p70 (p = 0.08), IL-10 (p = 0.051) and IL-4 (p = 0.203), 
with higher concentrations in the TXA group at day 
5 postoperative, compared to ALM-treated animals 
(Fig.  2f–h). No significant differences were observed in 
systemic MCP-1, IL-1β or IFN-γ following surgery, with 
levels comparable for TXA- and ALM-treated animals at 
all timepoints investigated (Additional file  2: Table  S2). 
TNF-α was not detected at any time postoperative (Addi-
tional file 2: Table S2).

Compared to preoperative baseline concentrations, 
plasma levels of IL-1β and IL-10 remained significantly 
elevated in TXA-treated animals, 4  weeks after knee 
implant surgery (Fig. 4a, b). In contrast, preoperative and 
28-day postoperative systemic inflammatory cytokine 
levels in ALM-treated animals were comparable for 
all inflammatory markers assessed (Additional file  2: 
Table S2).

Effects on implanted joint
Macroscopic changes
Macroscopically, mild-to-moderate synovial and cap-
sular tissue hyperplasia and cartilage defects were evi-
dent in implanted knees (Fig. 3a). While gross pathology 
scores tended to be lower for ALM- than TXA-treated 
knees, these differences were not statistically signifi-
cant (p = 0.108; Fig.  3a, d). Similarly, the loss of exten-
sion ROM at 4 weeks postoperative tended to be greater 
for TXA-treated knees (-3.8 ± 3.5 degrees), than those 
administered ALM (-2.2 ± 4.6 degrees) (p = 0.243; 
Fig.  3b). While some joint swelling was evident in 
implanted knees after 4 weeks compared to native knees, 
there was no significant difference between treatment 
groups (p = 0.273; Fig. 3c).

Inflammation
Expression of NF-κB, a key modulator of inflammation, 
tended to be higher in joint capsular tissue of TXA-
treated knees compared to native (p = 0.064) and ALM-
treated knees (p = 0.052; Fig. 4c). Levels of IL-12p70 and 
IL-2 were also significantly higher in TXA-treated knees 
compared to native (p = 0.027 and p = 0.043, respectively) 
and ALM-treated knees (p < 0.001 and p = 0.006, respec-
tively; Fig.  4d, e). Capsular tissue concentrations of the 
other inflammatory cytokines and chemokines assessed 
were comparable between treatment groups (Additional 
file  3: Table  S3). Compared to native knees, the mean 
number of CD68-positive cells was increased in the cap-
sular tissue from implanted knees (TXA, 4.5-fold; ALM, 
2.8-fold; Fig.  4f, g). Consistent with the disparate pro-
inflammatory cytokines levels, a 1.6-fold decrease was 
observed in the number of CD68-positive cells within 
the synovium and subsynovial capsular tissue of ALM-
treated knees, compared to TXA-treated knees (p = 0.31; 
Fig. 4f, g).

Fibrotic changes and ECM remodelling
Histological comparison of capsular tissue and IFP 
of implanted knees in the TXA- and ALM-treatment 
groups, as well as native knees was performed to examine 
pathological changes in joint tissue architecture 4 weeks 
following implant surgery (Figs.  5, 6). Thickness of the 
medial joint capsule was increased in implanted knees 
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Fig. 3 Macroscopic pathology of implanted knees. Macroscopic changes in implanted knees at day 28 following surgery in animals that received 
an IA bolus of TXA or ALM. a Representative images of a native knee and implanted knees from TXA- and ALM-treated animals. External views 
of the knee joints after removal of the skin (upper panels). Posterior (second row) and internal (third row) view of the joints following dissection 
of the patella (lower panels). b Differences in the extension range of motion (ROM) for native and implanted knees tended to be greater for 
TXA- compared to ALM-treated animals. c Compared to native knees, the circumference of implanted knees was increased for TXA- and 
ALM-treated animals. d Macroscopic pathology scores tended to be lower for ALM- than TXA-treated knees. Data show mean ± SEM

(See figure on next page.)
Fig. 4 Persistent systemic and local joint inflammation. Levels of a IL-1β and b IL-10 in plasma and c NF-κB, d IL-12p70 and e IL-2 in joint capsular 
tissue were higher for TXA- than ALM-treated animals at day 28 following surgery. f Compared to TXA-treated knees, numbers of CD68-positive 
macrophages were lower in capsular tissue from knees administered an IA bolus of ALM at day 28 following surgery. g Representative images of 
CD68 staining in medial capsular tissue of native and implanted knees at day 28 following surgery (magnification, × 100). Data show mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001, compared to TXA
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(TXA, 1.7-fold, p = 0.001; ALM, 1.6-fold, p = 0.004), 
compared to native knees (Fig.  6a). Synovitis was 
increased in TXA-treated, implanted knees compared to 
native knees (p = 0.003; Figs.  5, 6b). Implanted knees of 
ALM-treated animals exhibited less synovitis than TXA-
treated animals, though these differences were not sta-
tistically significant (p = 0.178; Figs. 5, 6b). Compared to 
native knees, cellularity was increased in the capsular tis-
sue of implanted knees (TXA, p < 0.001; ALM, p < 0.001; 
Fig. 6c). At 4 weeks following surgery, cellularity was 1.4-
fold lower in joint capsular tissue from ALM- compared 
to TXA-treated knees (p = 0.076; Fig. 6c). No significant 
differences were observed in blood vessel density within 
joint capsule tissue between treatment groups (Fig.  6d), 
however subsynovial collagen deposition was greater 
in joint capsule tissue and IFP of TXA-treated animals, 
compared to those treated with ALM (p = 0.041; Figs. 5, 
6e). Similarly, the percentage of the myofibroblast marker 
α-SMA-positive staining was increased in capsular tissue 
and IFP from TXA-treated animals, compared to native 
(p = 0.035) and ALM-treated, implanted knees (p = 0.055; 
Figs. 5, 6f ). mRNA expression of fibrosis markers, Tgfb1 
and Xylt1, also tended to be lower in joint capsule tissue 
of implanted knees treated with ALM, than those admin-
istered TXA, however differences were not statistically 
significant (p = 0.39 and p = 0.31, respectively; Fig. 6g, h).

Discussion
TXA use has been increasingly adopted as a blood man-
agement and possible immunomodulatory strategy in 
TKA, despite ongoing controversies regarding its safety 
and long-term effects on joint tissues [6, 17, 19, 36]. A 
new ALM drug therapy is being developed to treat trau-
matic injury, and topical administration of ALM was 
recently shown to reduce arthrofibrosis following experi-
mental TKA [28]. Here, we report that a single IA bolus 
of ALM delivered after experimental knee implant sur-
gery, and prior to skin closure, reduced systemic inflam-
mation in the early postoperative period compared to 
TXA. ALM was also associated with improved restora-
tion of healthy joint tissue architecture and increased 
ROM in implanted knees, 4 weeks after surgery. There 
was a more pronounced post-surgical hypocoagulopa-
thy in the TXA group, with no hyperfibrinolysis. These 
results will now be discussed.

Systemic effects of TXA and ALM on postoperative 
bleeding, coagulopathy and hyperfibrinolysis
Mild acute blood loss anaemia occurred in both groups 
in the first 5 days following surgery, indicated by a tem-
porary decrease in haematocrit (~ 9%) and haemoglobin 
(~ 15%), and consistent with the comparable postop-
erative blood loss measured in both groups (Additional 

file 2: Table S2). Despite similar blood loss, ROTEM anal-
ysis indicated differences in coagulopathy. Both groups 
had increased CT, decreased clot amplitude and firm-
ness after 4 h and day 1. However, EXTEM clot time in 
the TXA group was higher than baseline at 4 h (twofold 
increase) and day 1 (1.7-fold increase) indicating a more 
pronounced hypocoagulopathy early after surgery. This 
TXA ‘slowing effect’ on coagulation time is consistent 
with our previous findings for TKA patients [15]. The 
absence of hyperfibrinolysis after TKA also supports our 
previous human study [15]. Both studies highlight the 
need for clinical justification using a drug like TXA with-
out first establishing a need. For example, while numer-
ous studies have demonstrated the effectiveness of IV and 
IA TXA administration to reduce perioperative blood 
loss and haemarthrosis following orthopaedic procedures 
[8–10, 12], others have reported an increased risk of 
venous thromboembolism, particularly for patients with 
contraindications such as cardiovascular disease or pre-
vious myocardial infarction [12, 36]. IA administration 
of TXA is increasingly cited as a preferred route, pro-
ducing comparable postoperative systemic coagulation 
and fibrinolytic profiles to systemic administration [37]. 
However, there is controversial evidence of TXA chon-
drotoxicity following topical administration [17, 18, 36, 
38]. Given the ongoing controversies, we believe current 
guidelines should address the indiscriminate use of TXA 
and recommend against its widespread use in major sur-
gery, like TKA, without first demonstrating the presence 
of hyperfibrinolysis.

Differential effects of TXA and ALM on systemic 
inflammation
Our study also showed that plasma inflammatory 
cytokines remained elevated in TXA-treated animals at 
day 5 (IL-6, IL-12, IL-10) and day 28 (IL-1β, IL-10) fol-
lowing surgery. In contrast, following a rapid, early rise 
in plasma inflammatory cytokines in the ALM group, 
concentrations of these mediators returned to preopera-
tive levels by day 3. Systemic inflammation is important 
for optimal healing and functional recovery after trauma, 
however when delayed or overexpressed inflammation 
can lead to slow healing and organ dysfunction [5]. The 
rapid return of systemic inflammatory mediators to base-
line by day 3 in ALM-treated animals indicates a more 
optimal healing environment for tissue recovery com-
pared to TXA-treated animals.

The increased systemic inflammatory response in the 
TXA group was also associated with an early rapid rise in 
peripheral blood granulocytes and monocytes, with lev-
els returning to baseline by day 5 (Fig. 2, Additional file 2: 
Table S2). In direct contrast, the percentage of granulo-
cytes in the ALM group remained significantly elevated 
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at day 5, and circulating monocytes rose from 4 h to day 
5. The early return of granulocytes and monocytes to 
baseline in TXA-treated animals is intriguing and may be 
due to TXA’s effect to inhibit plasmin, which is a potent 
facilitator of granulocyte and monocyte migration to 
sites of inflammation [39, 40]. This was not the case in 
the ALM-treated animals and may reflect differences in 
the effect of TXA and ALM on the initiation and progres-
sion of inflammatory and immune responses within the 
implanted knee (see below) [5].

Another interesting finding was that platelet numbers 
were significantly higher in TXA than ALM-treated ani-
mals at day 5, which is consistent with persistent systemic 
inflammation in the former group [41], though reasons 
for this increase are unclear. The anti-plasmin effect 
of TXA is known to reduce platelet function, however 
platelet function was not assessed in the present study. 
These data, together with the findings of Barret et al. [42] 
who showed that TXA can have varied effects on inflam-
mation depending on the dose and route of administra-
tion (IV or topical), warrant further mechanistic studies 
of TXA’s dual inflammatory actions in different trauma 
contexts, and give reason for caution against the univer-
sal adoption of TXA in orthopaedic procedures, particu-
larly in the absence of hyperfibrinolysis.

ALM decreases joint inflammation and promotes tissue 
healing
Two standout findings in the present study were: 1) the 
persistence of systemic inflammation in TXA-treated 
animals appears to be due to factors (e.g. DAMPs) 
released from the inflamed implanted joint itself and 2) 
inflammation was reduced in ALM-treated knees, which 
was supported by decreased expression of NF-κB, IL-12 
and IL-2 in capsular tissue, compared to the TXA group 
(Fig.  4). NF-κB is an inducible transcription factor and 
its overexpression plays a central role in secondary dam-
age progression by activating inflammatory and immune 
responses, and abnormal tissue remodelling. In addition, 
ALM protection is consistent with histological findings 
of decreased synovitis, reduced mononuclear leucocyte 
infiltration, and fewer cells expressing CD68, predomi-
nantly tissue macrophages, in joint capsular tissue from 
ALM-treated, implanted knees. While it was beyond the 
scope of the current study to determine the complete 
composition of the subsynovial immune cell infiltrate, 
previous studies [43] show a predominance of T lym-
phocytes in arthrofibrotic tissue, which is consistent with 

the elevated IL-2 detected in capsular tissue from TXA-
treated knees in the current study.

Sustained local inflammation following TKA drives the 
accumulation of fibrotic and collagenous tissue within 
the knee, resulting in restricted joint movement and pain 
[2, 44]. Our study showed that animals administered an 
IA bolus of ALM had a 1.7-fold improvement in exten-
sion ROM of the operated knee, which at 28  days was 
associated with a reduction in myofibroblasts, decreased 
expression of fibrosis-associated markers, TGF-β and 
xylosyltransferase I, and a reduction in collagenous 
matrix density in the IFP and joint capsular tissue (Figs. 5, 
6). In contrast to TXA, cellular organisation of joint cap-
sular tissue in implanted knees administered ALM more 
closely resembled healthy tissue, with the anti-inflam-
matory and anti-fibrotic protection afforded by ALM 
extending to 4 weeks postoperative [24, 26]. In summary, 
compared to TXA which appears to impair leucocyte 
mobilisation and promote persistent local and systemic 
inflammation, IA administration of ALM appears to 
facilitate early inflammatory responses with accelerated 
progression to a healing phenotype within the implanted 
knee. The mechanisms underlying this ALM-induced 
healing phenotype are yet to be elucidated.

Limitations
A potential limitation of experimental models of TKA 
is that the pre-existing comorbidities in many patients 
undergoing TKA are not reflected as most use healthy 
animals. Nevertheless, the rat TKA model exerts sys-
temic and local inflammatory responses that are com-
parable to those reported in the clinical setting [45, 46] 
and joint fibrosis after 4  weeks [28], making it a useful 
preclinical model for drug evaluation. A second potential 
limitation of the present study is that we did not evalu-
ate different concentrations of TXA. However, the single 
IA dose of 25 mg/kg administered into the joint capsule, 
prior to skin closure is within the clinical TXA dose range 
of 1.5 g to 3 g, equivalent to ~ 12 to 35 mg/kg based on 
an average male weight of 86 kg [7, 9, 12, 14, 47]. There-
fore, we believe the significant elevation in postoperative 
inflammation and worse pathology after topical  TXA 
use may have clinical relevance.

Potential clinical relevance
Post-TKA arthrofibrosis is a significant problem [2, 
48, 49]. Current therapies are limited and tend to be 
single nodal therapies that address symptoms, not the 

(See figure on next page.)
Fig. 6 Joint tissue remodelling and fibrosis. Despite similarities in a medial capsule thickness, b synovitis, c cellularity, d blood vessel density, e 
collagen deposition and f α-SMA-positive staining tended to be lower within joint capsule tissue from ALM-treated knees, compared to TXA-treated 
knees at day 28 following surgery. mRNA expression of the fibrotic markers, Tgfb1 and Xylt1, also tended to be decreased in joint capsular tissue of 
ALM-treated knees. Data show mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001
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underlying causes of inflammation and fibrosis. The pre-
sent study showing that a single IA injection of ALM 
led to reduced systemic and joint inflammation with 
improved tissue histology and increased ROM, is encour-
aging for future translational studies from animals to 
humans. It is possible that ALM may fill current gaps in 
treatment during and after TKA surgery to reduce stiff-
ness and arthrofibrosis, and possibly pain [28]. To this 
end, therapeutic concentrations of ALM have also been 
shown to be protective to human chondrocytes [27].

Conclusion
In conclusion, this study demonstrated that compared to 
TXA, IA administration of ALM after capsule closure, 
and before skin closure in an experimental model of knee 
implant surgery, was associated with a significant reduc-
tion in early postoperative systemic and joint inflamma-
tion, with improved joint tissue healing and increased 
ROM. Data suggest that local delivery of TXA may alter 
the temporal progression of local and systemic immune 
responses and delay tissue repair processes. ALM may be 
a frontline strategy to promote a permissive healing envi-
ronment within the implanted knee and improve patient 
outcomes following TKA.
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