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Abstract
Background  The Anterior Cruciate Ligament (ACL) plays a critical role in maintaining the musculoskeletal stability 
of the knee. Its injury has been linked to an increased risk of developing osteoarthritis. This study aims to identify 
cross-species responses to ACL rupture providing insights on its molecular basis. We analyzed five publicly available 
transcriptomic datasets from Homo sapiens, Mus musculus, Canis lupus familiaris, and Oryctolagus cuniculus. Differential 
gene expression analysis was performed for each dataset, producing a genome-wide transcriptional signature of 
fold-change significance for individual genes. Stouffer’s method was used to integrate the results, identifying genes 
significantly deregulated across all species. Additionally, gene-set enrichment analysis revealed pathways that were 
consistently upregulated or downregulated.

Results  A positive correlation in expression was observed between human and the other three species (r2 = 0.177–
0.305, p-value ≤ 2.7 × 10− 113), identifying 210 genes as the most consistently up- and down-regulated in response to 
ACL rupture (p-adjusted ≤ 1.27 × 10− 23). These genes are primarily involved in cellular mitosis, collagen pathways, and 
cartilage development. Furthermore, 60 pathways were found to be significantly up- or down-regulated across all 
species (p-adjusted ≤ 4.57 × 10− 4). Among these, the upregulation of inhibition of bone mineralization (p-adjusted 
≤ 2.99 × 10− 6) aligns with previous findings on the reduction of subchondral bone mineral density following ACL 
rupture.

Conclusions  This study highlights that distinct species exhibit common molecular responses to ACL rupture, 
underscoring the value of mice, dogs, and rabbits as potential translational model organisms for ACL rupture research. 
Furthermore, the identified genes and pathways highlight the molecular mechanisms underlying ACL rupture.
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Background
The anterior cruciate ligament (ACL) plays a crucial 
role in knee kinematics and rotation by controlling the 
anterior movement of the tibia and inhibiting extreme 
rotations [1]. ACL injuries impact musculoskeletal and 
joint stability and are associated with an increased risk 
of developing post-traumatic osteoarthritis (PTOA) [2], 
an inflammatory chronic disease characterized by dam-
age to articular cartilage, inflammation of the synovium, 
and loss of subchondral bone [3, 4]. ACL disruption often 
occurs in athletes, with a higher incidence in females, 
influenced by various risk factors such as ligament thick-
ness, quadriceps angle and quadriceps-hamstring mass 
ratio, geometry of the intercondylar notch, and hormonal 
influences [5]. Additionally, a high body mass index and 
genetic factors can exacerbate the etiopathogenesis of 
non-contact ligament injuries [6, 7]. Translational studies 
have proven effective in exploring the molecular basis of 
human diseases [8]. Notably, species like dogs provide a 
more accurate model for human disorders, as they often 
exhibit pathophysiological and clinical features similar 
to those in humans [9]. Research has been conducted 
not only on humans [10] but also on animal models such 
as mice [11], rabbits [12], and dogs [13] to uncover the 
mechanisms underlying ACL injury. However, a study 
that includes both human and animal model samples 
has yet to be conducted. In light of this, we performed 
a cross-species meta-analysis that includes humans, dogs 
(Canis lupus familiaris), rabbits (Oryctolagus cuniculus), 
and mice (Mus musculus), focusing on transcriptome-
wide data to determine whether ACL disruption leads 
to alterations in biological processes conserved across 
species.

Methods
Data retrieving and processing
We conducted a search of transcriptome-wide data-
sets that met our inclusion criteria of anterior cruci-
ate ligament rupture and sampled tissues (ACL and/
or synovium) on the BioProject database [14], hosted 
by the National Center for Biotechnology Information 
(NCBI). We selected six publicly available transcriptome-
wide datasets belonging to four species: Homo sapiens, 

Mus musculus, Canis lupus familiaris, and Oryctolagus 
cuniculus (Table  1) [11–13, 15, 16]. We retrieved raw 
sequence data (FASTQ files) from the Sequence Read 
Archive (SRA) database using SRA Toolkit version 2.11.0 
[14]. Quality control was performed using FastQC ver-
sion 0.11.9 [17], and poor-quality reads were trimmed 
using Trimmomatic version 0.39 [18], which was also 
used to remove sequencing adapters. A human dataset 
(PRJNA879078) [15] was excluded from the following 
analyses due to relevant differences in sequencing read 
length. Sequence reads were aligned to their respective 
reference genomes (human genome version GRCh38.113, 
mouse genome version GRCm39.113, dog genome ver-
sion ROS_Cfam_1.0.113, and rabbit genome version Ory-
Cun2.0.113) using the STAR aligner tool v.2.7.10a [19]. 
The aligned reads were then processed using feature-
Counts v.2.0.8 [20] to obtain matrices of gene counts for 
each sample.

Differential gene expression analysis, Pearson correla-
tion analysis, Stouffer integration, and pathway enrich-
ment analysis were executed on R statistical software 
version 4.4.3. All graphs were generated through ggplot2 
R package version 3.5.1 [21].

Differential gene expression analysis
Differential gene expression (DEG) analysis was con-
ducted to evaluate the transcriptome-wide responses to 
ACL rupture. The analysis utilized gene counts through 
the DESeq2 R package version 1.46.0 [22], applying an 
“injured vs. control” design for a total of 19 DEG con-
trasts across all datasets. To eliminate bias from differing 
tissue samples, four rabbit samples from the medial col-
lateral ligament [12] and 24 mouse samples from contra-
lateral knee joints [11] were excluded from both the DEG 
and subsequent analyses.

A transcriptome-wide signature of fold-change signifi-
cance was created for each contrast of the datasets using 
the formula −log10(p-value) x sign(log(fold-change)). This 
formula assigned positive numeric values to significantly 
up-regulated genes and negative ones to significantly 
down-regulated genes, and the extent of this value is pro-
portional to expression change significance.

Table 1  Transcriptomics datasets included in the study
Accession number Species Samples Assay type Tissue Reference
PRJNA694471 Homo sapiens 6 RNA-seq ACL /
PRJNA879078* Homo sapiens 12 RNA-seq Synovial tissue  [15]
PRJNA448594 Mus musculus 100 RNA-seq Femoral and tibial joint regions  [16]
PRJNA1134075 Mus musculus 61 RNA-seq Synovial tissue  [11]
PRJEB43144 Canis lupus familiaris 16 RNA-seq ACL, Synovial tissue  [13]
PRJNA751479 Oryctolagus cuniculus 8 RNA-seq ACL, Medial collateral ligament  [12]
*The human dataset with accession number PRJNA879078 was excluded due to differences in reads length among samples (6 samples with sequence length of 
100 bp and 6 samples with sequence length of 15–45 bp)
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Phylogenetic gene conversion
To facilitate the comparison of expression changes 
among different species, a phylogenetic ortholog conver-
sion of signature genes to human genes has been imple-
mented for each animal species included in this study. 
Ortholog prediction was performed using the DRSC 
Integrative Ortholog Prediction (DIOPT) tool version 
9 [23] for M. musculus, while we used the orthogene R 
package version 1.12.0 [24] via the gprofiler method for 

the other species. The resulting signature matrix, which 
contains 19 contrasts and the human gene identifiers, 
was used for subsequent analyses.

Cross-species meta-analysis
To assess the similarities in transcriptional responses to 
ACL rupture across distinct species, we performed Pear-
son correlation followed by cross-species integration 
using the Stouffer method, as implemented in the corto R 
package v.1.2.4. To identify the most significantly deregu-
lated genes across species, p-values were calculated using 
Z-scores [25].

For the pathway enrichment analysis, gene sets were 
retrieved from Gene Ontology [26, 27], KEGG [28, 29], 
and WikiPathways [30] using the Molecular Signature 
Database (MSigDB) [31], accessed via the msigdbr R 
package version 7.5.1 [32]. Gene Set Enrichment Analy-
sis [33] was performed for each contrast of the signature 
matrix by utilizing the fgsea R package version 1.32.2 [34] 
to identify the up- and down-regulated pathways. The 
normalized enrichment score (NES) resulting from the 
analysis was then integrated using the Stouffer method, 
and Z-scores were converted to p-values to determine 
the most significantly up- and down-regulated pathways 
across species; this was achieved through the corto R 
package [25]. An additional pathway enrichment analy-
sis was done using clusterProfiler R package version 4.4.4 
[35].

Results
Gene expression changes
All species exhibit numerous significantly up- and down-
regulated genes (p-adjusted < 0.05, FDR adjustment) in 
response to ACL injury (Table 2). The results of the dif-
ferential gene expression analysis for each tested contrast 
are available in Supplementary File 1.

Cross-species correlation
A Pearson correlation was conducted to assess whether 
ACL rupture involves similar molecular mechanisms 
across different species. Overall, there is evidence of 
intra- and inter-species correlations (Fig. 1), with a pre-
dominance of positive associations. The highest positive 
values are observed in intra-species comparisons (M. 
musculus and C. lupus familiaris). However, it is interest-
ing to note that M. musculus exhibits negative correla-
tions when considering distinct experimental conditions 
(mouse strains and timing after the injury), which may 
have an opposite effect on genes deregulation following 
ACL disruption.

In addition to intra-species correlations, the analy-
sis revealed that the injury elicits correlated responses 
between humans and the other three species included 
in the study. The strongest inter-species correlation was 

Table 2  Number of up- and down-regulated genes in each 
species
Species Contrast identifier* Up-

regulated 
genes**

Down-
regu-
lated 
genes**

H. sapiens Hs_acl 1,787 1,871
M. musculus Mm_C57BL/6_1d 0 0
M. musculus Mm_C57BL/6_1w 0 0
M. musculus Mm_C57BL/6_2w 1,347 1,068
M. musculus Mm_MRL/MpJ_1d 723 480
M. musculus Mm_MRL/MpJ_1w 3 185
M. musculus Mm_MRL/MpJ_2w 264 1
M. musculus Mm_STR/ort_1d 857 678
M. musculus Mm_STR/ort_1w 1,623 1,090
M. musculus Mm_STR/ort_2w 1,506 704
M. musculus Mm_syn_F_1W 4,819 4,864
M. musculus Mm_syn_F_4W 1,455 738
M. musculus Mm_syn_M_1W 3,117 1,713
M. musculus Mm_syn_M_4W 2,189 763
C. lupus familiaris Clf_acl_lab 189 192
C. lupus familiaris Clf_acl_gold 259 463
C. lupus familiaris Clf_syn_lab 794 441
C. lupus familiaris Clf_syn_gold 827 640
O. cuniculus Oc_acl 290 187
*Legend of identifiers: Hs_acl = H. sapiens, anterior cruciate ligament 
(PRJNA694471); Mm_C57BL/6_1d = M. musculus, C57BL/6 mouse strain, femoral 
and tibial joint regions, 1 day after injury (PRJNA448594); Mm_C57BL/6_1w = M. 
musculus, C57BL/6 mouse strain, femoral and tibial joint regions, 1 week after 
injury (PRJNA448594); Mm_C57BL/6_2w = M. musculus, C57BL/6 mouse strain, 
femoral and tibial joint regions, 2 weeks after injury (PRJNA448594); Mm_MRL/
MpJ_1d = M. musculus, MRL/MpJ mouse strain, femoral and tibial joint regions, 
1  day after injury (PRJNA448594); Mm_MRL/MpJ_1w = M. musculus, MRL/MpJ 
mouse strain, femoral and tibial joint regions, 1 week after injury (PRJNA448594); 
Mm_MRL/MpJ_2w = M. musculus, MRL/MpJ mouse strain, femoral and tibial 
joint regions, 2 weeks after injury (PRJNA448594); Mm_STR/ort_1d = M. 
musculus, STR/ort mouse strain, femoral and tibial joint regions, 1  day after 
injury (PRJNA448594); Mm_STR/ort_1w = M. musculus, STR/ort mouse strain, 
femoral and tibial joint regions, 1 week after injury (PRJNA448594); Mm_STR/
ort_2w = M. musculus, STR/ort mouse strain, femoral and tibial joint regions, 
2 weeks after injury (PRJNA448594); Mm_syn_F_1W = M. musculus, synovial 
tissue, female mouse, 1 week after injury (PRJNA1134075); Mm_syn_F_4W = M. 
musculus, synovial tissue, female mouse, 4 weeks after injury (PRJNA1134075); 
Mm_syn_M_1W = M. musculus, synovial tissue, male mouse, 1 week after 
injury (PRJNA1134075); Mm_syn_M_4W = M. musculus, synovial tissue, male 
mouse, 4 week after injury (PRJNA1134075); Clf_acl_lab = C. lupus familiaris, 
anterior cruciate ligament, labrador retriever (PRJEB43144); Clf_acl_gold = C. 
lupus familiaris, anterior cruciate ligament, golden retriever (PRJEB43144); 
Clf_syn_lab = C. lupus familiaris, synovial tissue, labrador retriever (PRJEB43144); 
Clf_syn_gold = C. lupus familiaris, synovial tissue, golden retriever (PRJEB43144); 
Oc_acl = O. cuniculus, anterior cruciate ligament (PRJNA751479)

**p-adjusted < 0.05, Benjamini-Hochberg adjustment
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observed between H. sapiens and O. cuniculus, which is 
extremely significant (r² = 0.305, p-value = 6.24 × 10−295); 
furthermore, H. sapiens shows significant correlations 
even with M. musculus (r2 = 0.177, p-value = 2.7 × 10−113) 
and C. lupus familiaris (r² = 0.260, p-value = 4.15 × 10−226). 
As shown in Fig.  2, the positive correlation among 
humans and the other species is influenced by genes that 
are both up- and down-regulated. Additionally, there is 
evidence that the dysregulation of genes in dogs, mice, 
and rabbits correlates with one another.

Cross-species response to ACLR
Once it was established that ACL rupture stimulates 
overlapping gene expression alterations in the four spe-
cies, the focus shifted to identifying the genes that trigger 
the conserved response and are thereby deregulated in all 
species. We conducted a Stouffer integration on the sig-
nature matrix to assign equal importance to all species, 
despite their uneven representation due to the differing 
number of analyzed contrasts for each species.

Overall, 12,336 genes are differentially expressed 
among the four species included in the study, with 383 
genes identified as significantly dysregulated (Fig.  3). 
Among these, 173 genes, highlighted in yellow and 

Fig. 1  Correlation plot showing the correlation between the 19 contrasts included in the meta-analysis. Colors of boxes range from blues (negative cor-
relation) to reds (positive correlation). Inside each box there is the correlation coefficient (r2). Legend of identifiers can be found in the notes to Table 2
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green in Fig.  3 and listed in Supplementary Table S2A, 
are significantly up- and down-regulated across spe-
cies (Stouffer integrated Z-scores >|10|, corresponding 
to a p-value of 1.52 × 10− 23), though there are consider-
able differences across species (standard deviation >|10|), 
suggesting that the deregulation is pronounced in only 
a few contrasts. In contrast, 210 genes are significantly 
deregulated (Stouffer integrated Z-scores >|10|), but they 
exhibit lower fluctuations across species (standard devia-
tion <|10|), indicating that these genes represent the core 
of a conserved molecular response to ACL rupture (blue 
and red dots in Fig. 3, Supplementary Table S2B). From 
this list, we extracted the top 10% of both up- and down-
regulated genes (Table  3; Stouffer integrated Z-scores 
>|10|, p-adjusted of 2.60 × 10− 47, FDR adjustment).

We executed a pathway enrichment analysis, includ-
ing the top 210 genes, to determine the metabolisms in 
which they are implicated. Overall, 3,394 pathways are 
enriched by these genes, of which 222 reach the signifi-
cance threshold (p-adjusted ≤ 0.05, FDR adjustment). Fig-
ure 4 displays the most significant pathways (p-adjusted ≤ 

1.10 × 10−5, FDR adjustment), indicating that these genes 
are mainly involved in cellular mitosis, collagen path-
ways, and cartilage development.

Gene set enrichment analysis
Gene set enrichment analysis was carried out to detect 
the biological mechanisms most affected by ACL rupture. 
We integrated the Normalized Enrichment Score (NES) 
among all datasets’ contrasts to pinpoint the more con-
sistently up- and down-regulated pathways across spe-
cies. We identified 4,759 pathways that are significantly 
dysregulated across species (integrated p-adjusted ≤ 0.05, 
FDR adjustment). Figure  5 shows the most significantly 
up- and down-regulated pathways.

As shown in Fig. 5, ACL rupture impacts various bio-
logical processes. For example, the p53 signaling path-
way (KEGG, p-adjusted = 7.13 × 10−8, FDR adjustment) 
and negative regulation of bone mineralization (GOBP, 
p-adjusted = 2.99 × 10−6, FDR adjustment) are upregu-
lated, whereas the long-chain fatty acid biosynthetic pro-
cess (GOBP, p-adjusted = 4.21 × 10−6, FDR adjustment) 

Fig. 2  (A) Scatterplot displaying the correlation between H. sapiens and O. cuniculus; the highlighted genes are the most significantly up- (red dots) and 
down-regulated (blue dots) genes in both species (p-value ≤ 10−5) and drive the correlation. (B) Scatterplot displaying the correlation between H. sapiens 
and C. lupus familiaris, specifically labrador retriever with ACL as sampled tissue; the highlighted genes are the most significantly up- (red dots) and down-
regulated (blue dots) genes in both species (p-value ≤ 0.001) and drive the correlation. (C) Scatterplot displaying the correlation between H. sapiens and 
M. musculus, specifically female mouse with synovium sampled 1 week after the injury; the highlighted genes are the most significantly up- (red dots) 
and down-regulated (blue dots) genes in both species (p-value ≤ 0.001) and drive the correlation. (D) Scatterplot displaying the correlation between H. 
sapiens and M. musculus, specifically male mouse with synovium sampled 1 week after the injury; the highlighted genes are the most significantly up- (red 
dots) and down-regulated (blue dots) genes in both species (p-value ≤ 0.001) and drive the correlation
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and lipid metabolism pathway are downregulated (WP, 
p-adjusted = 3.94 × 10−7, FDR adjustment).

Discussion
Despite differences in the anatomy of the knee and ante-
rior cruciate ligament between humans and other animal 
species [36], our study identified convergent transcrip-
tional alterations across species induced by ACL dis-
ruption. In many studies that use animals as models for 
human ACL rupture (such as mice and rabbits), the liga-
ment is surgically transected [37]. However, ACL disrup-
tion shows some similarities between humans and dogs 
[38]; indeed, both species are more prone to a sponta-
neous onset of the injury and have an increased risk of 
developing post-traumatic osteoarthritis [38].

Overall, we identified a core group of genes demon-
strating a cross-species conserved response to ACL 
rupture. These genes are involved in various distinct 
metabolic processes, several of which are associated 
with mitosis and its regulation, collagen binding and 
organization, the breakdown of the extracellular matrix, 
the development of connective tissue and cartilage, and 

ossification. Notably, the enrichment of pathways related 
to mitosis may align with previous findings that observed 
an increase in fibrocyte proliferation following ACL dis-
ruption in humans, along with heightened angiogenesis 
in both the synovium and ACL [39].

Some of the top 10% differentially expressed genes in 
our samples (Table 3), encoding enzymes involved in pro-
teolytic activity, autophagy induction, regulation of the 
mitotic process, transcription regulation, and extracellu-
lar matrix stabilization, have previously been identified as 
dysregulated after anterior cruciate ligament disruption 
and osteoarthritis. Specifically, the upregulation of VMP1 
and TOP2A, along with the downregulation of GSN, has 
already been observed in porcine synovium following 
ACL transection [40]. Similarly, variants in OLFML2B, a 
gene upregulated in our samples after ACL rupture, have 
been linked to an increased risk of non-contact ACL rup-
ture in humans [41].

Several genes upregulated in our sample have also been 
linked to osteoarthritis in various species. ADAMTS12, 
which is essential for tendon maintenance, has been 
shown to be involved in the progression of osteoarthritis 

Fig. 3  Plot displaying the cross-species integrated response to anterior cruciate ligament rupture. The Stouffer value on x-axis indicates the integrated 
signature value, obtained through the integration of signature across the datasets by utilizing Stouffer method. On the y-axis there is the standard devia-
tion of the signature across the datasets. In red and yellow there are the genes with highest positive integrated signature, which are upregulated across 
species; in blue and green there are the genes with highest negative integrated signature, which are downregulated across species. The dots in yellow 
and green have the highest fluctuations across the datasets
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following ACL disruption in both humans [42] and rats 
[43]. Similarly, ASPM, a gene within the cluster of ten-
don stem/progenitor cells and anterior cruciate ligament 
fibroblasts, is known to play a role in the progression of 
knee osteoarthritis progression [44].

Additionally, BUB1B and CCNB2 have been found 
to be differentially expressed in osteoarthritic cartilage 
compared to normal cartilage, potentially contributing 
to the inflammatory response, negatively regulating cell 
proliferation, and promoting the ossification character-
istic of the disease [45]. Furthermore, the overexpres-
sion of CEMIP, which encodes cell migration-inducing 
hyaluronidase 1, has been linked to the pathogenesis of 
osteoarthritis [46]. The CEMIP enzyme primarily par-
ticipates in the trafficking and degradation of hyaluronic 
acid (HA) [47] by producing intermediate-sized HA 
(int-HA) and low-molecular-weight HA (LMW-HA) 
fragments that are involved in inflammation [47, 48]. Its 
overexpression in chondrocytes and synovial fibroblasts 
has been associated with articular cartilage degeneration 
in osteoarthritis [46, 49, 50], mediating fibrosis in chon-
drocytes [51] and promoting the inflammatory process 
due to increased levels of LMW-HA in synovial fluid 
[49, 50]. Downregulation of ITIH5 in synovial tissues 
during osteoarthritis has also been reported, which may 
contribute to the histological alterations observed in the 
synovium during the condition [52], while a deficiency of 
the KLF15 gene exacerbates osteoarthritis, resulting in 

significant cartilage degradation as evidenced in KLF15-
KO-DMM mice [53]. Finally, FAP has been identified as a 
critical pathogenic factor in osteoarthritis due to its role 
in cartilage matrix degradation [54]. Some genes down-
regulated in our sample may be indirectly related to ACL 
rupture and osteoarthritis due to their involvement in the 
physiology of various connective tissues. This includes 
CNTFR, GRIA1, and ABLIM1, which are essential for 
bone cell biology [55–57]. CNTFR is essential for osteo-
blast function, playing a key role in the normal remod-
eling of trabecular bone and the proper growth of both 
cortical and longitudinal bone [55]. Downregulation of 
this gene has already been observed in cartilage follow-
ing AO lesions in human [58] and rat [59]. Inhibition of 
GRIA1, for instance, promotes osteoporosis and may 
contribute to fractures by suppressing the osteogenic 
differentiation of bone marrow mesenchymal stem cells 
[56]. Meanwhile, ABLIM1 plays an important role in the 
pathogenesis of ossification of the posterior longitudinal 
ligament, a condition marked by ectopic bone formation 
[57]. Additionally, ABLIM1 may have muscle-specific 
functions, with abnormal splicing of the gene potentially 
linked to muscle symptoms in Myotonic Dystrophy Type 
1 [60]. The downregulation of MYOC, which regulates 
muscle hypertrophy and atrophy pathways, may also 
contribute to ACL rupture. Notably, MYOC is the major 
protein enriched in the ACL and patellar tendon in males 
compared to females, which may help explain the higher 
incidence of ACL rupture observed in females [61]. 
Lastly, dysregulation of PPL has been noted in the cardi-
nal ligament of women with pelvic organ prolapse, sug-
gesting a role for this gene in maintaining ligament tissue 
physiology [62].

We found that ACL disruption affects many pathways 
involved in several biological processes. The deregulation 
of some of these pathways may play a role in the patho-
genesis of post-traumatic osteoarthritis following ante-
rior cruciate ligament rupture. As mentioned, cartilage 
degeneration is a primary feature of osteoarthritis, and 
the upregulation of the p53 signaling pathway induced 
by ACL injury may contribute to PTOA pathogenesis. 
P53, a well-known multifunctional transcription factor, is 
involved in DNA repair, cell cycle arrest, and even apop-
tosis in response to cellular stress [63]. Previous findings 
have shown that p53 is overexpressed in the cartilage of 
individuals with knee osteoarthritis, worsening the path-
ological state [64] and inducing chondrocyte senescence, 
which leads to cell accumulation, autophagy, apoptosis, 
and cartilage damage [65, 66]. ACL injury leads to the 
upregulation of inhibition of bone mineralization across 
all species, suggesting involvement in PTOA pathogen-
esis, which is characterized by subchondral bone degen-
eration and cartilage loss [3, 4]. A previous follow-up 
study detected lower mineral density of the proximal 

Table 3  Table showing the top 10% dysregulated genes across 
species
Gene Stouffer value Standard deviation p-adjusted*
CEMIP 25.3357199 9.71226471 2.71 × 10− 139

VMP1 23.057659 9.14444267 8.63 × 10− 116

ADAMTS12 22.5712722 9.84778032 4.36 × 10− 111

TOP2A 21.1795111 4.02365932 6.20 × 10− 98

ASPM 20.2395895 3.78516438 1.54 × 10− 89

FAP 19.6239809 8.77073799 2.89 × 10− 84

OLFML2B 19.4848792 9.73187037 3.87 × 10− 83

BUB1B 18.7945286 4.77117528 1.95 × 10− 77

MKI67 18.4529349 4.88371517 1.04 × 10− 74

CCNB2 17.9602446 3.21936435 7.62 × 10− 71

PCK1 -14.540771 7.56899307 2.60 × 10− 47

CNTFR -14.733198 9.62428079 1.73 × 10− 48

MAOB -15.34104 5.13867285 2.37 × 10− 52

PPL -15.360225 6.42863234 1.82 × 10− 52

GRIA1 -15.409135 6.59162292 8.78 × 10− 53

KLF15 -15.80532 6.71802791 2.22 × 10− 55

ITIH5 -15.991118 4.55626263 1.24 × 10− 56

ABLIM1 -16.332788 6.51557864 5.27 × 10− 59

MYOC -17.9381 5.91536112 1.04 × 10− 70

GSN -23.891389 6.84437937 3.95 × 10− 124

*The p-adjusted is indicative of integrated significance; it was calculated 
by converting the Z-scores into p-values that were corrected though FDR 
adjustment
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tibia compared to the contralateral knee and fluctuations 
in the mineralization of the distal femur during the two 
years after ACL injury [67]. Moreover, femur enthesis of 
the anterior cruciate ligament is affected by bone loss in 
both females [68] and males [69]. Similarly, bone resorp-
tion has been observed in young mice [70]. Thus, down-
regulation of this pathway could play a role in PTOA 
development, as it has been proposed that bone remodel-
ing, demineralization, and reduced density can contrib-
ute to the initiation and progression of osteoarthritis [71]. 
Lipid metabolism and long-chain fatty acids biosynthesis 
pathways are significantly downregulated across species. 
The downregulation of lipid metabolism was already pin-
pointed in porcine synovium following ACL transection 
[40], and lipid metabolism is likely related to osteoarthri-
tis [72]. Alterations of lipid composition in bone marrow 

(higher levels of unsaturated lipids) have been detected in 
patients with ACL damage and those with knee osteoar-
thritis [73], likely contributing to bone degeneration typi-
cal of osteoarthritis. However, how the downregulation of 
lipid metabolism contributes to osteoarthritis still needs 
more investigation. In contrast, the role of long-chain 
fatty acids on osteoarthritis has already been ascertained. 
Long-chain polyunsaturated fatty acids (LCPUFAs) have 
a different effect on chondrocytes depending on the fatty 
acid molecule; specifically, n-3 LCPUFAs play a protec-
tive role on cartilage, while n-6 LCPUFAs block chondro-
cytes differentiation, determining cartilage degeneration 
and osteoarthritis development [74]. These fatty acids 
modulate osteogenesis, by promoting the differentiation 
of mesenchymal stem cells into adipocytes or osteoblasts 
depending on levels of these acids [75] and, at same 

Fig. 4  Most significant pathways enriched by the most significantly deregulated genes across species. All pathways display p-adjusted ≤ 6 × 10−4 (FDR 
adjustment)
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Fig. 5  Heatmap displaying the 60 most significantly up- and down-regulated pathways across species. Blue and red color scales are proportional to the 
calculated Normalized Enrichment Score of the pathway. The top bar indicates the species of the contrasts through a distinct color. On the left side of 
the figure, the p-adjusted is indicative of the integrated significance of enrichment of pathway calculated across species and the correction for multiple 
testing was executed through Benjamini-Hochberg method
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time, induce osteoclastogenesis in bone marrow-derived 
monocytes/macrophages precursor cells whereas inhibit 
it in bone marrow cells [76]. It is possible that alterations 
in the biosynthesis of long-chain fatty acids could con-
tribute to osteoarthritis pathogenesis.

Limitations
This study offers a comprehensive overview of gene 
upregulation and downregulation following ACL injury 
across four species. However, further research is needed 
to validate our preliminary findings, and several limita-
tions should be acknowledged. We conducted the search 
of publicly available datasets on BioProject up until 15 
November 2024 and the datasets published later were 
excluded from the analysis. Therefore, incorporating 
additional species into the study would enable a more 
comprehensive identification of genes involved in this 
pathological condition. However, the current lack of 
available data prevents such expansion. Furthermore, 
while data are available for other species, they primar-
ily stem from clinical trials where the use of drugs could 
introduce potential biases.

Finally, due to the limited availability of publicly acces-
sible data, we relied on datasets from heterogeneous tis-
sues, which may introduce topographic variation biases 
that must be carefully considered.

Conclusion
Overall, a conserved response to ACL disruption has 
been observed across species, suggesting that similar 
molecular mechanisms are affected in different species 
despite variations in the experimental conditions. We 
found that this conserved response is activated by the 
up- and down-regulation of genes and pathways across 
species, which play a role in various biological processes, 
such as cartilage metabolism, bone mineralization, mito-
sis, and lipid metabolism. Furthermore, several genes and 
pathways identified herein have already been linked to 
ACL rupture and osteoarthritis. The cross-species simi-
larities highlight that ACL trauma involves conserved 
biological processes, despite differences in experimental 
conditions (spontaneous or surgically induced rupture, 
sampled tissue, and timing after the injury) and the phy-
logenetic distance among the included species. The evi-
dence that gene expression changes are widely correlated 
between humans and the other three species after the 
injury (Figs. 1 and 2B) reinforces the value of dogs, mice, 
and rabbits as effective translational animal models for 
studying human diseases, particularly anterior cruciate 
ligament disruption.
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