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Abstract 

Background  Early dysregulation of local and systemic inflammatory and immune responses is implicated in the 
pathogenesis of fibrotic and degenerative complications after anterior cruciate ligament reconstruction (ACLR) sur-
gery. In other surgical trauma models, ALM therapy has been shown to blunt inflammation, leading to a more permis-
sive healing environment in injured tissues. The purpose of this study was to evaluate sex-specific effects of surgery 
and perioperative ALM therapy on leukocyte mobilization and activation, and systemic and joint tissue inflammation 
in a rat model of ACL rupture and reconstruction.

Methods  Adult male and female Sprague–Dawley rats were randomly divided into ALM (male, n = 15; female, n = 14) 
or Saline control (male, n = 13; female, n = 14) treatment groups. Three days after non-invasive ACL rupture, ACLR 
surgery was performed on the injured knee. Animals received a 1 h perioperative IV ALM or saline drip, and a 0.1 ml 
IA bolus of ALM or saline, and were monitored to 120 h postoperative. Hematology, leukocyte immunophenotyping, 
plasma and synovial inflammatory mediator concentrations, and joint tissue histopathology and gene expression of 
inflammatory markers were assessed.

Results  Following ACLR surgery, plasma concentrations of inflammatory cytokines IL-6, TNF-α and IL-1β peaked later 
and at a higher magnitude in females compared to males, with ALM dampening this systemic inflammatory response. 
At 1 h postoperative, ALM boosted circulating B cell numbers in males and females, and decreased neutrophil 
activation in females. By 72 h, numbers of circulating T cells with immunoregulatory potential were increased in all 
ALM-treated animals compared to Saline controls, and corresponded to a significant reduction in synovial TNF-α con-
centrations within the operated knees. Sex-specific treatment differences were found in inflammatory and immune 
profiles in the synovial fluid and joint tissues. Inflammatory cell infiltration and gene expression of markers of inflam-
mation (Nfκb, Nlrp3), cytoprotective responses (Nrf2), and angiogenesis (Vegf ) were increased in joint synovial tissue 
from ALM-treated males, compared to controls. In females, ALM treatment was associated with increased mononu-
clear cell recruitment, and expression of M2 macrophage marker (Arg1) in joint synovial tissue.
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Conclusions  ALM has differential effects on the immuno-inflammatory response of males and females in the early 
postoperative period after ACLR surgery, with potential implications for subsequent joint tissue repair processes.

Keywords  Anterior cruciate ligament, ACL rupture, ACL reconstruction, Sex differences, Inflammation

Background
Anterior cruciate ligament (ACL) rupture is one of the 
most common and debilitating non-contact knee inju-
ries, particularly among recreational and professional 
athletes [1, 2]. Annual incidence rates have risen mark-
edly among children and adolescents and are predicted 
to double within the next decade, with females having a 
3- to 6-times higher risk of ACL injury than males [2, 3]. 
Despite advancements in rehabilitation practices, and 
surgical techniques and biomaterials for ACL reconstruc-
tion (ACLR) surgery, more than a third of patients develop 
post-traumatic osteoarthritis (PTOA) within 10 to 15 years 
[4, 5]. Sex is an independent risk factor for PTOA predis-
position following ACL injury and ACLR surgery [4].

ACL rupture is a whole joint injury that triggers a 
complex sequence of immune cell activation, inflam-
mation, and neural and tissue remodelling events [6]. 
Surgical trauma associated with ACLR surgery has 
potential to exacerbate this hostile environment, with 
delayed resolution of inflammation a common intersect 
for the progressive tissue degeneration and remodeling 
processes associated with PTOA [7–12]. We recently 
showed in rat model of ACL rupture alone, that dif-
ferences in the early systemic inflammatory responses 
of males and females were associated with contrasting 
joint tissue healing phenotypes at 31-days post-injury 
[13]. Frontline strategies to minimise sex-specific sur-
gery-induced inflammation, and improve joint tissue 
healing and patient outcomes following ACLR are lack-
ing [1]. ALM, a combination of adenosine, lidocaine 
and magnesium, is an emerging perioperative therapy 
with anti-inflammatory, immunomodulatory, chondro-
protective, and anti-fibrotic properties [14–20]. We 
hypothesized that perioperative ALM therapy would 
dampen local and systemic inflammatory responses 
triggered by ACLR surgery in males and females. The 
aim of this study was to evaluate sex-specific effects of 
ALM therapy on leukocyte mobilization and activation, 
and systemic and joint tissue inflammation in the first 5 
postoperative days in a rat model of non-invasive ACL 
rupture and subsequent ACLR surgery.

Methods
Study design
Conventional, 16-week male (n = 28; 410 ± 39  g) and 
female (n = 29; 239 ± 15  g) Sprague–Dawley rats 

obtained from the James Cook University Small Animal 
Facility were randomly divided into ALM (male, n = 15; 
female, n = 14) or Saline control (male, n = 13; female, 
n = 14) treatment groups. Three days after non-invasive 
ACL rupture [13], animals underwent remnant-sparing 
ACLR surgery using a tail tendon autograft, with post-
operative assessment over 120 h (Fig. 1). Animals were 
housed in individually ventilated cages (Tecniplast® 
Australia, NSW, Australia) in a 14-10 h dark–light cycle 
under controlled temperature (21–22  °C) and humid-
ity (65–75%) conditions, with access to standard rodent 
pellets (Specialty Feeds, WA, Australia) and water 
ad libitum. Animals were acclimated for at least 7 days 
prior to experimentation. All animal experiments fol-
lowed protocols approved by the institutional Animal 
Ethics Committee (A2684) and the US Army  Animal 
Care and Review Use Office (ACURO), and are 
reported according to the Animal Research: Reporting 
of in vivo Experiments (ARRIVE) guidelines.

Treatment
The ALM treatment group received a 0.5  ml/kg/h IV 
infusion dose developed from previous rat studies (aden-
osine 18.7 mM, lidocaine 34.6 mM, MgSO4 41.5 mM in 
0.9% NaCl) [15–17]. Immediately following capsule clo-
sure, and prior to skin closure, animals also received an 
intra-articular (IA) bolus of ALM (0.1 ml; 1 mM adeno-
sine, 3 mM lidocaine, and 2.5 mM MgSO4 in 0.9% NaCl) 
[18, 19]. Saline control animals received a 0.9% NaCl drip 
with an IA bolus of 0.9% NaCl.

Non‑invasive ACL rupture
Non-invasive ACL rupture of the right hind limb was 
performed on anesthetized animals as described pre-
viously [13]. ACL rupture was confirmed by anterior 
drawer test and by gross morphological examination at 
the time of ACL surgery. Analgesia (Carprieve® (Car-
profen), 5  mg/kg, s.c. in 1  ml saline) was administered 
within 15  min of ACL rupture, prior to recovery from 
anesthesia.

ACLR surgical procedure
ACLR surgery was performed on animals 72 h after ACL 
rupture. On the day prior to surgery (-24 h), animals were 
anaesthetized for blood collection and hair removal from 
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the surgical site. Surgeries were performed on 8–10 ani-
mals per surgery day, with equal numbers of animals per 
treatment group and randomisation of the order of ani-
mals undergoing surgery. All surgeries were performed 
by a single surgeon within a sterile surgical field, using 
aseptic techniques, sterile instruments, gowns, gloves 
and drapes. Anesthesia was induced with 5% isoflurane 
(in 100% oxygen) during the induction phase and main-
tained with 2.5% isoflurane during surgery, with animals 
breathing spontaneously. On the day of surgery, a tempo-
rary polyethylene catheter (I.D. 0.023 in) was implanted 
in the left femoral vein of animals to facilitate periop-
erative fluid infusion and blood sampling (Fig.  2A, B). 
The catheter was secured within the vessel, and the skin 

incision closed, with a 4–0 braided silk suture (DC0210D, 
Look™). Following a 10 min baseline stabilisation period, 
surgery for tail tendon harvest commenced. A 1 cm dor-
sal incision was made approximately 10 cm from the base, 
and a single tendon bundle was harvested using a sterile 
dissection needle (Fig. 2C,D). After cutting the distal end 
of the tendon, the tail incision was closed (polydioxanone 
(PDS II) 5–0 suture, Z463G, Ethicon) and Opsite™ dress-
ing spray applied. The harvested tendon was bundled 
using a PDS II 5–0 suture, and a silk braided 5–0 suture 
(JJ-W580, Ethicon) was situated on the graft end as a lead 
(Fig. 2E). Grafts were preserved in vancomycin (5 mg/ml) 
until placement. For ACLR surgery, a medial parapatellar 
approach was used to expose the femoral condyles and 

Fig. 1  Study protocol schematic. Non-invasive ACL rupture was performed on the right knee of anesthetized male (n = 28) and female 
(n = 29) Sprague Dawley rats, and confirmed by a positive anterior drawer test, prior to recovery from anesthesia. Three days after ACL rupture, 
re-anesthetized animals underwent ACLR surgery to repair the ruptured ACL using a tail tendon autograft. Animals were randomized to Saline 
control (1 h 0.9% NaCl IV drip with IA bolus of 0.9% NaCl) or ALM treatment (1 h 0.9% NaCl ALM IV drip with IA bolus of 0.9% NaCl ALM) groups. 
Blood samples were collected the day before surgery (-24 h), at completion of the IV drip (1 h post-surgery), and at 24, 72 and 120 h post-surgery. A 
subset of animals (n = 5 per group) was euthanized 72 h post-surgery for terminal joint tissue analyses. IV, intravenous; IA, intra-articular

(See figure on next page.)
Fig. 2  ACL reconstruction surgery. A A temporary catheter was placed within the left femoral vein to facilitate perioperative fluid infusion using a B 
syringe pump. C Schematic of transverse section of rat tail showing site of left dorsal tail tendon bundle harvested for graft preparation (asterisk). D 
A 1 cm incision was made approximately 10 cm from the base of the rat tail to expose the left dorsal tendon bundle. A dissection needle was used 
to lever the tendon until it released proximally, then the distal end cut. E The tail tendon was bundled to prepare an ACL graft using a PDS II 5–0 
suture, with a braided 5–0 suture situated on the graft end as a lead. F A medial parapatellar approach was used to expose the femoral condyles 
and tibial plateau, then a hand drill with a 1.5 mm drill bit was used to create femoral and tibial tunnels. G Under traction of the lead suture, the 
tendon graft was positioned, and H, I) tensioned under extension using M1.6 grub screws to secure within the femoral and tibial sockets
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Fig. 2  (See legend on previous page.)
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tibial plateau of the knee. A mini aluminium hand drill 
with keyless chuck and high-speed stainless steel drill bit 
(1.5 mm) was used to create tunnels in the proximal tibia 
and distal femur using a trans-tibial approach (Fig.  2F). 
To assist graft placement, a 16G IV catheter was inserted 
through both tunnels, then under the traction of the 
attached suture, the tail tendon graft was passed through 
(Fig.  2G). The graft was positioned and secured within 
the distal femoral socket with stainless steel, cone point 
grub screw (M1.6 × 3  mm, DIN 914, A2). After graft 
tensioning a second screw was used to secure the graft 
within the tibial socket (Fig. 2H,G). The joint capsule was 
closed (PDS II 5–0), then an IA bolus of ALM or Saline 
was administered to the operated knee, prior to skin clo-
sure (MonoQ Plus, Q463, Provet). Animals remained 
under anesthesia until completion of the 1 h IV drip. A 
0.5  ml venous blood sample was collected into a micro 
collection tube (K3 EDTA) prior to removal of the cath-
eter and closure of the skin (4–0 braided silk, DC0210D, 
Look™). Intraoperative blood loss from vascular and 
ACLR surgery was measured as previously described 
[18]. Immediately after catheter removal and prior to 
recovery from anesthesia, animals received 5 mg/kg Car-
prieve s.c. in 1 mL saline, with analgesic administered 24 
hourly thereafter, according to pain scores of individual 
animals. Clinical signs including body weight, tempera-
ture and weight-bearing activity were monitored daily 
throughout the 120 h experimental period.

Hematology and inflammatory assessments
In addition to sampling on the day of surgery (1 h), blood 
(0.5  ml) was collected from the tail vein of anesthetized 
animals at -24 h (2 days after ACL rupture, one day before 
ACLR surgery), and 24, 72 and 120  h post-ACLR sur-
gery. A complete blood cell count was performed (VetS-
can HM5 hematology analyser, Abaxis, CA, USA), and 
plasma collected and stored at -80 °C until further analysis. 
Inflammatory cytokines chemokines, and growth factors 
were measured in plasma (interleukin [IL]-6, tumor necro-
sis factor [TNF]-α, IL-1β, granulocyte colony-stimulating 
factor [G-CSF], growth regulated protein/keratinocyte 
chemoattractant [GRO/KC], lipopolysaccharide-inducible 
CXC chemokine [LIX], monocyte chemoattractant pro-
tein [MCP]-1, macrophage inflammatory protein [MIP]-
1a, regulated upon activation, normal T cell expressed and 
presumably secreted [RANTES]), and synovial fluid (IL-
1α, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12p70, IL-13, TNF-
α, interferon [IFN]-γ, MCP-1, MIP-1α, MIP-2, RANTES, 
GRO/KC, LIX, fractalkine, IL-17A, IL-18, interferon-
inducible protein [IP]-10, vascular endothelial growth 
factor [VEGF]), using custom Milliplex® Rat Cytokine/
Chemokine Magnetic Bead Panels (Abacus ALS, Can-
non Hill, QLD, Australia), as described previously [13]. 

Baseline ranges for hematology parameters and plasma 
inflammatory mediators were determined in healthy male 
(n = 8) and female (n = 8) animals.

Leukocyte profiling
Leukocyte phenotyping of peripheral blood (ALM, n = 10; 
Saline, n = 9 rats per sex) was performed using cell sur-
face and intracellular markers and flow cytometry. Briefly, 
after blocking non-specific binding (anti-rat CD16/CD32, 
Rat Fc Block) leukocytes (2 × 106/ml) were stained with 
anti-rat fluorochrome-conjugated antibodies (Table  S1, 
Additional file  1) using standard surface and intracellu-
lar staining protocols, and according to manufacturer’s 
instructions. Unstained and Fluorescence Minus One 
(FMO) controls were included in each batch. Cells (5 × 104 
leukocytes per sample) were acquired on a FACSCanto II 
(BD Biosciences), with compensation using fluorescent 
compensation beads (OneComp eBeads, eBioscience, 
USA). Data was analysed with FLOWJO analysis software 
v10 (FlowJo LLC, Inc, Ashland, OR, USA). Percentages and 
absolute numbers of B cells (CD3−CD45RA+), T helper 
cells (Th; CD3+CD4+), T cytotoxic cells (Tc; CD3+CD8+), 
T regulatory cells (Tregs; CD3+CD4+CD25+Foxp3+), 
precursor Tregs (CD3+CD4+CD25−Foxp3+), NK cells 
(CD3−CD8+CD161+), neutrophils (SSCHI CD43HI), and 
classical (SSCLoCD43Lo) and non-classical (SSCLoCD43HI) 
monocytes were measured according to the gating strat-
egy shown (Fig. S1, Additional file 6). In addition, expres-
sion of the surface activation markers CD62L and CD11b/c 
on neutrophils and monocytes were determined with data 
shown as median fluorescence intensity (MFI) on popula-
tions of interest.

Joint swelling
Joint swelling was assessed 24 h prior to surgery (2 days 
after ACL rupture), and 24, 72 and 120 h after ACLR sur-
gery by measuring the diameter (medial–lateral) of ACL-
ruptured (right) and ACL-intact (left) knees with digital 
callipers. Data show the difference in size between the 
injured/operated and non-injured/non-operated knee.

Joint tissue collection
At 72  h postoperative, a subgroup of animals within 
each treatment group (n = 5) were euthanized to assess 
joint pathology and tissue inflammation and pathology. 
Synovial wash was performed on operated (right) and 
non-operated (left) knees with 0.06 ml of saline, as pre-
viously described [13]. The douche fluid was snap frozen 
and stored at − 80  °C for subsequent analysis of inflam-
matory cytokines and chemokines. Samples of the ACL 
graft and remnant, and medial capsular tissue (surgical 
incision site) were collected, snap-frozen and stored at 
-80 °C for gene expression studies. Remaining joints were 
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fixed in 4% paraformaldehyde (PFA) for 48 h, decalcified 
with 14% EDTA, processed and paraffin-embedded. Sec-
tions  (4  μm) were cut in the frontal plane, stained with 
hematoxylin and eosin (H&E), and visualized with light 
microscopy (Nikon Eclipse i50; Japan).

RNA isolation and quantitative RT‑PCR
Total RNA was isolated from joint tissue samples 
and cDNA was prepared by reverse transcription, as 
described previously [18]. Real-time PCR with custom-
designed primers was used to assess gene expression 
of key markers of inflammation (chemokine ligand 6 
[Cxcl6), nuclear factor kappa B subunit 1 [Nfkb1], nitric 
oxide synthase 2, inducible [Nos2], nucleotide-binding 
domain-like receptor protein 3 [Nlrp3]) and wound heal-
ing (arginase 1 [Arg1], nuclear factor erythroid 2-related 
factor 2 [Nrf2], vascular endothelial growth factor A 
[Vegfa], platelet-derived growth factor subunit A [Pdgfa], 
fibroblast growth factor 1  [Fgf1]) (Table  S2, Additional 
file  2). The relative expression of each gene was calcu-
lated using the concentration-Ct-standard curve method 
and normalized using the average expression of the 
housekeeping hypoxanthine–guanine phosphoribosyl 
transferase (Hprt1) gene for each sample. All reactions 
were independently performed in duplicate to assess 
the repeatability of the results, and mean values for each 
sample used for analyses.

Statistics
Statistical analyses were performed using GraphPad 
Prism software (version 9.0.0). Normality assumptions 
and equality of variances were assessed in datasets using 
Shapiro-Wilks and Levene’s test, respectively. Two-way 
ANOVA with Tukey’s HSD test was used for between 
and within groups comparison. Inflammatory mediator 
concentrations were analysed using MILLIPLEX Analyst 
5.1 software (Luminex Corporation, Austin, Texas, USA) 
with a 5-parametric logistic weighted curve fit. Results 
are expressed as mean ± standard error (SEM) unless 
otherwise stated, with significance set at p < 0.05.

Results
Operative metrics and post‑surgery recovery
Following non-invasive ACL rupture, no adverse events 
occurred and there were no signs of lameness for any 
animal, with all animals weight-bearing immediately fol-
lowing recovery from anesthesia. ACL rupture was con-
firmed at the time of surgery, with comparable injury 
profiles between treatment groups and sexes (Table  S3, 
Additional file  3). No meniscal or ligamentous defects 
were noted at the time of ACLR surgery. For each sex, 
total surgery times and blood loss was comparable 
for ALM-treated and Saline control groups (Table  S3, 

Additional file  3). All animals recovered from anesthe-
sia and were conscious and ambulant within fifteen 
minutes. Similar to ACL rupture, there were no adverse 
events after ACLR surgery, and no animals showed signs 
of infection. Minor weight loss occurred in males and 
females following ACLR surgery, however there were 
no statistically significant differences between treatment 
groups (Table S3, Additional file 3).

ALM elicits sex‑specific differences in systemic 
inflammatory cytokine and chemoattractant profiles
Plasma concentrations of the prototypical inflamma-
tory cytokines IL-6, TNF-α and IL-1β were compared in 
ALM-treated and Saline control animals to 120  h after 
ACLR surgery (Fig.  3A). At 1  h postoperative, plasma 
IL-6 increased threefold in male ALM-treated animals, 
and tenfold in male Saline controls compared to baseline, 
though these differences were not statistically significant 
(Fig. 3A). In contrast, plasma IL-6 concentrations peaked 
later in females, and were 20-fold higher than baseline in 
female Saline controls at 24  h postoperative (p = 0.043; 
Fig.  3A). ALM treatment blunted the plasma IL-6 
response to ACLR surgery in females (p = 0.007 vs Saline 
control; Fig. 3A). In males, plasma TNF-α remained low 
or undetectable (< 2.4  pg/ml), and comparable to base-
line for both Saline controls and ALM-treated animals 
to 120 h postoperative. In contrast, plasma TNF-α con-
centrations were significantly increased in Saline con-
trol females at 24  h (p = 0.043), with ALM treatment 
blunting this response (Fig.  3A). At 72  h postoperative, 
plasma IL-1β levels were ninefold higher in male than 
female Saline controls (p = 0.008), however differences 
between treatment groups were not statistically signifi-
cant (Fig. 3A).

Changes in plasma levels of key mediators involved in 
neutrophil (G-CSF, GRO/KC, LIX), monocyte (MCP-1), 
and lymphocyte (MIP-1α, RANTES) mobilization were 
also compared to 120  h after ACLR surgery (Fig.  3B). 
While steady increases occurred in male Saline controls 
from time of surgery to 72 h (sixfold, p = 0.164), G-CSF 
levels in female Saline controls did not increase until 
72  h. In male and female ALM-treated animals, levels 
remained comparable to baseline across the 120 h period 
(Fig.  3B). Compared to pre-surgery levels, there was a 
significant increase in GRO/KC in ALM-treated and 
Saline control males at 1  h postoperative (2 to 7-fold, 
p = 0.02), followed by a decrease over the remaining 
120 h. In females, peak GRO/KC levels occurred at 24 h 
postoperative in both ALM-treated (1.4-fold, p = 0.052) 
and Saline controls (1.5-fold, p = 0.045), compared to 
baseline. At 72 h postoperative, GRO/KC concentrations 
tended to be lower in ALM-treated males and females 
compared to Saline controls, and baseline levels, though 
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differences were not statistically significant (Fig.  3B). 
Changes in LIX were similar for female ALM-treated 
and Saline controls after surgery. In contrast, LIX levels 
tended to be higher in ALM-treated males compared to 
Saline controls at 1 h (1.4-fold), 24 h (2.4-fold) and 72 h 
(twofold), though differences were not statistically signif-
icant (Fig. 3B). Plasma MCP-1 concentrations peaked at 
24 h postoperative in all treatment groups following sur-
gery, however levels were lower in ALM-treated males 
(p = 0.059) and females (p = 0.005) compared to Saline 
controls (Fig.  3C). While levels remained at or below 
baseline levels in Saline control and ALM-treated males, 
MIP-1α was significantly decreased in ALM-treated 

females compared to Saline control animals at 24 h post-
operative (p = 0.001; Fig. 3C). RANTES levels remained 
at or below baseline for treated and untreated males 
prior to, and following ACLR surgery. In contrast, 
RANTES concentrations were elevated in ALM-treated 
females compared to Saline controls at 72 h postopera-
tive, though differences were not statistically significant 
(p = 0.113).

ALM modulates sex‑specific peripheral blood leukocyte 
mobilization and activation
To further characterize the systemic cellular response 
to ACLR surgery, hematology and immunophenotyping 

Fig. 3  Systemic inflammatory cytokine and chemokine responses in male and female ALM-treated and Saline control animals after ACLR 
surgery. Plasma concentrations of A pro-inflammatory cytokines, interleukin (IL)-6, tumor necrosis factor alpha (TNF-α) and IL-1β, B neutrophil 
chemoattractants, granulocyte colony stimulating factor (G-CSF), growth-regulated oncogene/keratinocyte chemoattractant (GRO/KC) and 
lipopolysaccharide-induced CXC chemokine (LIX), and C monocyte and lymphocyte chemoattractants, monocyte chemoattractant protein-1 
(MCP-1), macrophage inflammatory protein-1 alpha (MIP-1α) and regulated on activation, normal T cell expressed and secreted (RANTES) prior 
to (-24 h), and at 1, 24, 72 and 120 h after ACLR surgery. Data show mean ± SEM. Mixed ANOVA, Tukey post-hoc test, * p < 0.05, ALM (Female), 
compared to Saline Control (Female). Ψ p < 0.05 Saline (Male), compared to Saline (Female). Shaded areas in graphs show mean ± SEM for healthy 
baseline male (blue) and female (red) animals (n = 8 per sex). Dotted line represents commencement of ACLR surgery (time 0)
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of leukocyte subsets was performed to 120 h postopera-
tive. Platelet and red blood cell numbers, hematocrit and 
hemoglobin levels were comparable between treatment 
groups for males and females throughout the experimen-
tal period (Table  S4, Additional file  4). Frequencies and 
proportions of peripheral blood leukocyte subsets were 
comparable between male and female animals 48 h after 
ACL rupture (24 h prior to ACLR surgery). However, fol-
lowing surgery sex-specific differences were observed 
(Fig.  4A; Table  S4, Additional file  4). Total circulating 
leukocytes decreased significantly at 1  h postoperative 
in males and females, with a return to pre-injury levels 
between 24 to 72  h, followed by increases above base-
line at 120 h (Fig. 4A). Compared to female Saline con-
trols, total leukocyte numbers were significantly higher 
in male Saline controls at 120 h after surgery (Table S4, 
Additional file  4). There were no significant differences 
between treatment groups for either sex.

Minor transient decreases occurred in circulating neu-
trophils and monocytes for both males and females at 1 h 
postoperative, with responses comparable between ALM-
treated and Saline control animals (Table S4). Since a key 
step in the extravasation of circulating neutrophils and 
monocytes to sites of tissue injury involves CD62L down-
regulation, and upregulation of the integrins CD11b/c 
[21–25], we assessed changes in the surface expression 
of these adhesion molecules after ACLR surgery. Com-
pared to Saline controls, expression of CD11b/c was 
significantly lower on neutrophils from female ALM-
treated animals at 1 h postoperative (p = 0.014), and cor-
responded to higher CD62L expression levels (1.4-fold, 
n.s.; Fig. 4B; Fig. S2, Additional file 7). In contrast, neu-
trophil CD11b/c and CD62L expression levels remained 
comparable for Saline control and ALM-treated males 
throughout the experimental period (Fig. S2, Additional 
file 7). At 24 h postoperative, monocyte CD11b/c expres-
sion levels were significantly higher for female, com-
pared to male ALM-treated animals (p = 0.018; Fig. 4C). 
By 72  h, circulating neutrophil and monocyte numbers 
were elevated above baseline and pre-surgery levels for 
both male and female animals, with no significant differ-
ences in CD11b/c or CD62L expression (Fig. 4C; Fig. S2, 
Additional file  7). However, compared to female Saline 
controls, neutrophils and monocytes were significantly 

higher in ALM-treated females at 120 h (Table S4, Addi-
tional file  4). In contrast, neutrophil (p = 0.052) and 
monocyte (p = 0.006) numbers were significantly lower 
in ALM-treated males, compared to male Saline con-
trols (Table  S4, Additional file  4). The decrease in total 
monocyte numbers, corresponded to a minor decrease 
in classical (SSCLoCD43Lo_Int; p = 0.193; Fig. S2, Addi-
tional file  7) and a significant decrease in non-classical 
(SSCLoCD43HI; p < 0.001; Fig.  4D) monocyte subsets in 
ALM-treated males compared to Saline controls at 120 h 
postoperative.

At 1 h following surgery, absolute numbers and percent-
age of lymphocytes decreased significantly in both male 
and female animals, corresponding to decreases in circu-
lating B and T cell numbers (Table S4, Additional file 4). 
Compared to female Saline controls, the number and per-
centage of B cells was significantly lower in ALM-treated 
females at this time (p = 0.004; Table S4). The decrease in 
T cells at 1  h postoperative corresponded to significant 
reductions in Th cells, and minor decreases in Tc and 
Tregs cells (Table S4, Additional file 4). B and T cell num-
bers returned to preinjury levels between 72 to 120  h 
postoperative in both sexes. However, the percentage of 
circulating T cells remained significantly higher in ALM-
treated females than ALM-treated males at 120 h (p = 0.02; 
Table S4, Additional file 4; Fig. S2, Additional file 7).

Male and female ALM-treated animals had significantly 
higher numbers of precursor Tregs in peripheral blood at 
72  h postoperative, compared to Saline control animals 
(p = 0.021 and p = 0.026 respectively; Fig.  4E). By 120  h 
postoperative, absolute numbers and percentages of Treg 
cells were  significantly elevated in peripheral blood of all 
animals, regardless of sex and treatment group (Fig.  4E; 
Table S4, Additional file 4). Despite little change in males 
after surgery, NK cell numbers were significantly lower 
in ALM-treated females at 1  h postoperative, compared 
to baseline (p = 0.01) and pre-surgery levels (p = 0.034), 
returning to baseline thereafter (Table S4, Additional file 4).

ALM alters sex‑specific joint pathology and inflammatory 
profiles
Following ACLR surgery, knee swelling peaked at 24  h 
postoperative, with swelling persisting to 120  h in male 
and female ALM-treated animals, and in female Saline 

(See figure on next page.)
Fig. 4  Changes in peripheral blood leukocyte subsets in male and female ALM-treated and Saline control animals after ACLR surgery. A Average 
circulating lymphocytes, monocytes and neutrophils counts at baseline, prior to surgery (-24 h), and at 1, 24, 72 and 120 h after ACLR surgery. 
B Relative cell-surface expression of CD11b/c and CD62L on circulating neutrophils at 1 h postoperative. C Relative cell-surface expression 
of CD11b/c on peripheral blood monocytes to 120 h postoperative. D Total number of circulating non-classical (SSCLo CD43HI) monocytes at 
120 h postoperative. Changes in the number of circulating E precursor T regulatory cells (Tregs; CD4+CD25−FoxP3+), and F conventional Tregs 
(CD4+CD25+FoxP3+) to 120 h postoperative. Data show mean ± SEM. Mixed ANOVA, Tukey post-hoc test. * p < 0.05, male ALM, compared to 
female ALM. ⁑ p < 0.05 male Saline, compared to female Saline. ^ p < 0.05 male ALM, compared to male Saline. # p < 0.05 female ALM, compared to 
female Saline. Shaded area in C, E and F shows mean ± SEM for healthy baseline male (blue) and female (red) animals (n = 8 per sex). MFI, median 
fluorescence intensity; Tx, treatment
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Fig. 4  (See legend on previous page.)
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controls compared to pre-surgical levels (Fig.  5A,B). 
Given the significant effects of circulating cytokines and 
shifts in peripheral blood leukocyte subsets in the first 3 
postoperative days, a subset of animals were euthanized 
at 72 h for assessment of joint pathology and inflamma-
tory markers. Synovial TNF-α levels were 2.4- (p = 0.01) 
and 2.6-fold (p = 0.039) higher in operated than non-
operated knees of male and female Saline controls, 
respectively. This response was blunted in ALM-treated 
animals of both sexes, with TNF-α levels comparable to 
non-operated knees (Fig. 5C). Synovial IL-1α (p = 0.057) 
and IL-1β (p = 0.002) levels were significantly elevated 
above baseline in operated knees of ALM-treated 
females, and 3.4- (p = 0.222) and 3-fold (p = 0.042) higher 
than levels in male ALM-treated knees (Fig. 5C). Synovial 
profiles for LIX, MIP-2 and MIP-1α followed similar pat-
terns, with significantly elevated levels in female ALM-
treated knees compared to non-operated knees (LIX, 
8.5-fold, p = 0.024; MIP-2, 107-fold, p = 0.02; and MIP-1α, 
184-fold, p = 0.003; Fig.  5C). While levels of IL-1α (1.6-
fold), IL-1β (twofold), LIX (2.1-fold), MIP-2 (2.1-fold) 
and MIP-1α (1.8-fold) tended to be higher in synovial 
fluid of ALM-treated females than Saline controls, dif-
ferences were not statistically significant (Fig. 5C). ALM 
treatment appeared to have contrasting effects on syno-
vial IP-10 levels for males and females, with concen-
trations decreased in males (2.8-fold; p = 0.021), and 
increased in females (1.9-fold; n.s., p = 0.482), compared 
to their respective controls (Fig. 5C). No significant dif-
ferences were observed in GRO/KC, IL-6, IL-10, IL-18, 
RANTES or VEGF levels between treatment groups for 
either sex (Table  S5, Additional file  5). Levels of frac-
talkine, IFN-γ, IL-2, IL-4, IL-12p70, IL-13, and IL-17 
were below the limit of detection in the synovial fluid at 
72 h postoperative.

To further investigate apparent sex- and treatment 
differences in the inflammatory environment within 
the joint, gene expression levels of key inflammatory 
and wound healing markers were assessed in ACL graft 
and remnant tissue, and in joint capsular tissue of oper-
ated knees relative to non-operated, contralateral knees. 
Expression of Cxcl6, encoding granulocyte chemotac-
tic protein 2 (GCP-2), was increased in ACL tissue from 
female knees, with no treatment differences (Fig. 5D). In 

contrast, Cxcl6 expression was significantly upregulated 
in ALM-treated males, compared to male Saline con-
trols (p = 0.016; Fig. 5D). Similarly, while expression lev-
els were comparable between female ALM-treated and 
Saline controls, expression of Nfκb (2.9-fold, p = 0.016), 
Nlrp3 (2.8-fold, p = 0.016) and Nos2 (2.3-fold, p = 0.064) 
was higher in ACL tissue from male ALM-treated knees 
compared to Saline controls (Fig.  5D). Arg1 expression 
was 3.7-fold higher in joint capsular tissue of ALM-
treated females, than ALM-treated males (p = 0.004; 
Fig.  5D). Sex-specific differences in treatment effects 
were also observed for Nrf2 expression, with a 6.9-fold 
increase in ALM-treated males and a 2.4-fold decrease 
in females, compared to their respective Saline con-
trols (p = 0.032 and p = 0.008, respectively, Fig. 5D). Vegf 
expression was significantly increased 3.2-fold in male 
ALM-treated animals compared to controls, with no 
treatment difference observed in females (Fig.  5D). No 
significant sex or treatment differences were observed for 
Pdgfa and Fgf1 expression in ACL tissue (Fig. 5D).

Contrasting inflammatory mediator profiles of synovial 
fluid and joint tissue inflammatory phenotypes of ALM-
treated and control knees was supported histologically 
(Fig.  6). Inflammatory cell infiltrates were evident at the 
ACL graft-bone interface and throughout the sub-syno-
vial tissue of the joint capsule. Cellularity was markedly 
decreased in joint tissues from Saline control males, com-
pared to the other groups (Fig.  6). Cellular composition 
also differed between males and females, and treated and 
untreated animals. In males, ALM appeared to boost neu-
trophil, monocytes/macrophage and fibroblast numbers 
compared to Saline controls (Fig.  6). In contrast, ALM-
treated females tended to have lower proportion of neutro-
phils to monocytes/macrophages, increased fibroblasts and 
evidence of cell proliferation compared to controls (Fig. 6). 
Inflammatory cell infiltration into ACL graft tissue itself was 
also more pronounced in females than males, with a mono-
nuclear-dominant response in ALM-treated females (Fig. 6).

Discussion
Using a rat model of ACL rupture and ACLR surgery, we 
show perioperative ALM therapy has differential effects 
on early recruitment patterns of circulating leukocyte sub-
sets and inflammatory processes in females, compared 

Fig. 5  Molecular and histopathology changes in ACL graft and synovial tissue. A Representative images of operated knees, B joint swelling, and 
C relative concentrations (percentage change from levels in non-operated contralateral knees) of inflammatory cytokines (TNF-α, IL-1α, IL-1β) and 
chemokines (LIX, MIP-2, IP-10, MCP-1, MIP-1α) in synovial fluid of male and female ALM-treated and Saline control animals 72 h after ACLR surgery. D 
Relative expression of markers of neutrophil infiltration (chemokine ligand 6, Cxcl6), inflammation (nuclear factor kappa B, Nfκb; nucleotide-binding 
domain-like receptor protein 3, Nlrp3); anti-oxidative signalling (nuclear factor erythroid 2–related factor 2, Nrf2); and wound healing growth factors 
(vascular endothelial growth factor, Vegf; fibroblast growth factor 1, Fgf1) in the ACL graft and remnant tissue of ALM-treated and Saline control 
male and female animals 72 h post-surgery. Data show mean ± SEM (joint swelling, inflammatory mediators) or median ± IQR (gene expression). 
Mixed ANOVA, Tukey post-hoc test (joint swelling), Kruskal–Wallis test (cytokines, gene expression). Δ p < 0.05 male Saline, compared to pre-surgery. 
ƒ p < 0.05 male ALM, compared to pre-surgery. † p < 0.05 female Saline, compared to pre-surgery. § p < 0.05 female ALM, compared to pre-surgery

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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to males. This finding was based on the following results: 
First, ALM therapy appears to dampen the heightened 
systemic inflammatory cytokine response (IL-6, TNF-α, 
IL-1β) in females, with little or no effect in males during 
the early postoperative days. Second, ALM led to signifi-
cantly increased synovial levels of IL-1β and MIP-1α, and 
Arg1 expression in joint capsular tissue in females, com-
pared to Saline controls. Interestingly, in males ALM 
increased joint tissue expression of inflammatory (Nfκb, 
Nlrp3, Nrf2) and angiogenic (Vegf) markers compared to 
controls. Lastly, despite differential joint inflammatory and 
healing phenotypes, synovial TNF-α concentrations were 
significantly reduced within the operated knees of both 
females and males treated with ALM 72 h after ACLR sur-
gery. These findings will now be discussed.

ALM modulates systemic inflammation and leukocyte 
recruitment in a sex‑specific manner
The inflammatory cytokines, IL-6, TNF-α and IL-1β 
trigger a cascade of molecular and cellular processes 

involved in the acute inflammatory response, includ-
ing stimulation of different components of the hypo-
thalamo-pituitary-adrenal (HPA) axis as part of the 
stress response to surgery-induced tissue trauma 
[26, 27]. Here we show plasma concentrations of key 
inflammatory cytokines, IL-6 and TNF-α, peaked at a 
higher magnitude in females compared to males after 
ACLR surgery, with ALM dampening this systemic 
inflammatory response in the early postoperative 
period. Sex differences in HPA axis activation sensitiv-
ity have been described [28, 29], with females exhib-
iting a heightened acute stress response and a greater 
contribution of IL-6 than males [30, 31]. Our findings 
of decreased plasma inflammatory cytokines suggest 
ALM may limit HPA axis activation in response to sur-
gery, although further investigations are required to 
determine the mechanisms underlying this protective 
effect.

In addition to blunting inflammatory cytokine lev-
els, we show ALM differentially alters leukocyte 

Fig. 6  Representative hematoxylin and eosin-stained sections of ACL graft and synovial tissue in male and female ALM-treated and Saline control 
animals, 72 h after ACLR surgery (magnification, × 100 and × 400). Infiltrating polymorphonuclear (black arrow) and mononuclear (blue arrow) cells 
were observed, together with fibroblasts (yellow arrowhead) and proliferating cells (asterisk)
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chemotactic profiles in males and females in the early 
postoperative period. In females, ALM decreased 
plasma levels of monocyte and lymphocyte chemoat-
tractants (MCP-1 and MIP-1α) 24  h after surgery, and 
increased levels of RANTES (CCL5), a chemoattractant 
for T cells and NK cells, at 72 h. In males, ALM main-
tained plasma concentrations of neutrophil attractants 
(LIX and G-CSF) at baseline levels, and decreased lev-
els of the monocyte chemoattractant, MCP-1 at 24  h 
postoperative. Leukocyte recruitment to injured tissue 
is fundamental to the acute inflammatory process, and 
is enhanced by circulating inflammatory cytokines and 
chemokines [21–25]. Consistent with the disparate sys-
temic inflammatory and chemoattractant mediator pro-
files, sex-specific and treatment-specific differences also 
occurred in circulating leukocyte subsets after ACLR 
surgery. In the early phase of inflammation (< 24  h), 
neutrophils dominate the cellular response to tissue 
injury, with recruitment of monocytes and lympho-
cytes increasing thereafter. In the present study, females 
demonstrated increased neutrophil and monocyte 
activation within the first 24  h, indicated by increased 
CD11b/c and decreased CD62L expression, with ALM 
treatment dampening the effect for neutrophils. Our 
findings are consistent with other studies reporting an 
enhanced priming of innate immune response pathways 
in circulating neutrophils and monocytes from females, 
compared to males [32, 33].

A novel finding from this study was that ALM appears 
to promote B cell recruitment at 1 h after ACLR surgery 
in both sexes (Fig. 4). Although the role of B cells in the 
acute inflammatory response remains poorly charac-
terized, there is increasing recognition of the critical 
immunoregulatory role innate-like B cell subsets (ILBs) 
and regulatory B cells (Bregs) play in limiting inflamma-
tion and restoring immune homeostasis after injury and 
infection [34–36]. Interestingly, Saze et  al. [37] showed 
that in response to increasing concentrations of extra-
cellular adenosine triphosphate (ATP), B cells produce 
large amounts adenosine which, via autocrine signaling 
through adenosine A3 receptors (A3R), activates B cell 
immunosuppressive functions, including the expansion 
of Treg populations. In support of this, we also found 
significant increases in precursor Tregs in the periph-
eral blood of ALM-treated males and females 72  h 
after ACLR surgery (Fig. 4; Table S4, Additional file 4). 
Precursor Tregs, a subpopulation lacking CD25 expres-
sion, exert less immunosuppressive activity than con-
ventional Tregs and may serve as a reservoir population 
with plasticity to differentiate into diverse T cell sub-
sets, depending on the inflammatory signals present in 
the microenvironment of injured tissue [38]. While we 
did not assess immune cells at the injury site within 24 h 

postoperative, data indicate that ALM is acting as an 
inflammatory brake, which is consistent with our find-
ings in other surgical models [16, 18, 39].

Importantly, ALM’s immunoregulatory effects appear 
to be tailored to the different innate immune responses 
of males and females. Further evidence of this was 
shown by ALM’s contrasting effects on circulating 
monocyte levels, with a significant decrease in non-clas-
sical ‘inflammatory’ monocytes in males, and an increase 
in classical monocytes in females at 120  h postopera-
tive (Table  S4, Additional file  4). Sex differences in the 
frequencies, phenotypes and responsiveness of mono-
cytes to infection and injury are increasingly appreci-
ated [40–43]. Detailed characterization of neutrophil, 
monocyte and T and B lymphocyte subsets using single 
cell genomics and multiplex immunophenotyping stud-
ies will be important to further our understanding of the 
mechanism underlying ALM’s sex-specific modulatory 
effects on leukocyte recruitment in the early postopera-
tive period, and the implication this has on tissue repair 
within the operated joint.

ALM alters sex‑specific inflammatory profiles 
within the operated joint
In our study, the contrasting peripheral blood leuko-
cyte subset profiles between sexes and treatment groups 
were consistent with cellular and molecular differences 
within operated knees 72  h after ACLR surgery. Nota-
bly, synovial TNF-α, a central mediator of inflamma-
tion, was significantly lower in operated knees from 
ALM-treated animals of both sexes, compared to con-
trols. Elevated synovial TNF-α at 3  days postoperative 
is associated with delayed recovery of joint function fol-
lowing ACLR surgery [44], with TNF-α inhibitors show-
ing promise in affording chondroprotection following 
orthopedic surgery [45]. In addition to lowering TNF-α 
levels, ALM significantly increased synovial concentra-
tions of IL-1β within joint tissues from female operated 
knees at 72  h postoperative (Fig.  5). Similar to TNF-α, 
IL-1β exerts time- and concentration-dependent pleio-
tropic functions. While both have potent pro-inflam-
matory roles during initiation of inflammation, they are 
also intricately involved in the regulation of tissue repair 
and transition from the inflammatory to proliferative 
phase of healing through their actions on immune cells, 
fibroblasts, vascular endothelial cells, and mesenchy-
mal stem cells [46, 47]. For example, low concentrations 
of TNF-α promote fibroblast and stem cell prolifera-
tion [47], while IL-1β drives the recruitment and acti-
vation of myeloid-derived suppressor cells (MDSC), 
which are key contributors to the resolution of inflam-
mation [24, 48–51]. The transition from the inflamma-
tory to the proliferative phase of healing is marked by 
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neutrophil removal (via apoptosis or reverse migration), 
polarization of macrophages to Arg1-expresssing, pro-
reparative phenotypes, increased production of growth 
factors (VEGF, PDGF and FGF), and the migration, pro-
liferation and differentiation of fibroblasts, MDSC and 
mesenchymal stem cells [52]. In line with these features, 
we show histopathology (increased macrophages, fibro-
blasts, mitotic cells), and gene (increased Arg1, Fgf1) 
and protein expression (low TNF-α, increased IL-1β and 
MIP-1α) changes in the operated joints of ALM-treated 
females that suggest an earlier shift to the proliferative 
phase of healing.

Another important finding of our study was, in con-
trast to females, inflammatory cell infiltration was 
reduced in joint tissues from males at 72 h after ACLR 
surgery. However, ALM treatment appeared to boost 
leukocyte and fibroblast infiltration. In ALM-treated 
males, gene expression for the neutrophil chemoat-
tractant Cxcl6 (GCP-2) was elevated in joint tissue, 
with increased numbers of neutrophils in joint syno-
vial tissue, compared to controls (Fig.  5D,E). Mono-
nuclear cell infiltration was also more apparent in 
ALM-treated males than controls, albeit at a lesser 
extent than females. In addition, expression of mark-
ers of inflammation (Nfκb, Nlrp3), cytoprotective 
responses (Nrf2) and angiogenesis (Vegf ) were sig-
nificantly increased in joint tissues from male ALM-
treated knees, with levels approximating that observed 
for females. Nrf2, a regulator of cellular redox status, 
has been shown to provide protection against inflam-
mation and cartilage degeneration in osteoarthritis 
models [53], while Nlrp3 activation accelerates wound 
healing by promoting macrophage infiltration and pro-
inflammatory polarization [54–57].

Together, our data show sex differences in the timing 
and cellular composition of the inflammatory response 
within the operated joint after ACLR surgery, and are 
consistent with recent studies suggesting accelerated 
resolution of acute inflammation in females, compared 
to males [58–61]. Despite these inherent sex differ-
ences, ALM appears to augment the healing response in 
females, and boost the local inflammatory response in 
males by switching to a ‘female-like’ response. The impli-
cations of this on joint tissue repair remain to be seen 
and are the focus of ongoing studies.

Limitations
There are limitations of this study, which we acknowl-
edge. Firstly, the ACLR model used in this study 
involves open surgery, not arthroscopy as is typically 
performed. Nevertheless, the systemic and synovial 
inflammatory profiles reported here are consistent 

with the changes described clinically in the early post-
operative period after ACLR surgery [62]. Although 
the current study highlights differences in the recruit-
ment patterns of major leukocyte subsets, more 
comprehensive characterization of ALM’s effect on 
neutrophil, monocyte and lymphocyte subpopulations 
within blood, synovial fluid and joint tissues at differ-
ent stages of healing after ACLR surgery are required. 
The restriction of the experimental period to 120  h 
postoperative is an additional study limitation. The 
implications of ALM’s early modulation of postopera-
tive inflammatory responses on later stages of tissue 
repair and on prevention of long-term complications 
such as PTOA and arthrofibrosis is the focus of cur-
rent investigations.

Clinical relevance
Dampening of early local and inflammatory responses 
triggered by ACL rupture and subsequent surgical 
reconstruction have potential to afford protection 
against progressive cartilage degeneration and syno-
vial fibrosis [63, 64]. ALM is a systems-based therapy 
that significantly reduces local hemorrhage and blunts 
secondary injury processes to promote healing in vari-
ous rat and pig models of surgery, trauma and infection 
[14, 16, 65–69]. Recently, ALM was shown to promote 
skeletal muscle regeneration following crush injury by 
stimulating myogenic stem cell proliferation and inhib-
iting apoptosis of satellite and interstitial cell between 
4- and 7-days post-injury [70]. In addition, a single 
intra-articular bolus of ALM at the time of surgery was 
shown to reduce inflammation and fibrosis in the oper-
ated knee at 4 weeks postoperative in a male rat model 
of total knee arthroplasty [18].

The novelty of ALM therapy is that it confers multi-
pronged protection against: 1) sterile injury [7, 66, 71], 
2) infection [68, 72, 73] and 3) lipopolysaccharide (LPS) 
endotoxemia [74] which implies a common mechanism 
of action to blunt very early release of damage-associ-
ated molecular patterns (DAMPs), pathogen-associated 
molecular patterns (PAMPs), and other inflammatory 
signals, thereby controlling inflammatory and innate 
immune responses. The findings of the current study, 
which suggest a tailoring of ALM’s effects in a sex-
specific manner in response to ACLR surgery, provide 
further support to  this hypothesis. Improved under-
standing of sex-specific cellular and molecular inflam-
matory responses to ACL rupture, ACLR surgery, and 
perioperative therapies, as well as how these underpin 
the timing and nature of tissue reparative processes, 
will enable more personalized approaches for enhanced 
postoperative recovery.
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Conclusions
In a rat model of ACL rupture and ACLR surgery, we 
conclude that ALM therapy modulates early systemic and 
local inflammatory signals differently between the sexes 
in the first postoperative week. Our findings suggest the 
possibility of personalized approaches to management 
of postoperative inflammation in males and females. The 
potential implication of ALM’s sex-specific immunomod-
ulatory effects on subsequent joint tissue healing and 
functional recovery are under investigation.
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