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A B S T R A C T   

Objective: It is a common clinical phenomenon that blood infiltrates into the injured tendon caused by sports 
injuries, accidental injuries, and surgery. However, the role of blood infiltration into the injured tendon has not 
been investigated. 
Methods: A blood-induced rat model was established and the impact of blood infiltration on inflammation and HO 
of the injured tendon was assessed. Cell adhesion, viability, apoptosis, and gene expression were measured to 
evaluate the effect of blood treatment on tendon stem/progenitor cells (TSPCs). Then RNA-seq was used to assess 
transcriptomic changes in tendons in a blood infiltration environment. At last, the small molecule drug PI3K 
inhibitor LY294002 was used for in vivo and in vitro HO treatment. 
Results: Blood caused acute inflammation in the short term and more severe HO in the long term. Then we found 
that blood treatment increased cell apoptosis and decreased cell adhesion and tenonic gene expression of TSPCs. 
Furthermore, blood treatment promoted osteochondrogenic differentiation of TSPCs. Next, we used RNA-seq to 
find that the PI3K/AKT signaling pathway was activated in blood-treated tendon tissues. By inhibiting PI3K with 
a small molecule drug LY294002, the expression of osteochondrogenic genes was markedly downregulated while 
the expression of tenonic genes was significantly upregulated. At last, we also found that LY294002 treatment 
significantly reduced the tendon HO in the rat blood-induced model. 
Conclusion: Our findings indicate that the upregulated PI3K/AKT signaling pathway is implicated in the aggra
vation of tendon HO. Therefore, inhibitors targeting the PI3K/AKT pathway would be a promising approach to 
treat blood-induced tendon HO.   

The translational potential of this article: Inhibitors targeting the PI3K/AKT pathway would be a promising alternative treatment of 
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tendon HO in clinical usage. 

1. Introduction 

Blood infiltration into the injured tendon is a common clinical phe
nomenon due to sports injuries, accidental injuries, and surgery. How
ever, due to the unclear effects of blood on injured tendons, there is no 
other auxiliary treatment for bleeding caused by trauma except hemo
stasis at present. 

During the process of bleeding, a large number of blood cells gather 
within the injured area, and the blood circulation brings together all 
kinds of cytokines, chemokines, and growth factors, which provoke a 
local immune response. Additionally, during clinical treatment of the 
musculoskeletal system, growth factors such as transforming growth 
factor-β1 (TGF-β1), platelet-derived growth factor (PDGF), and vascular 
endothelial growth factor (VEGF) in the blood may potentially trigger 
the synthesis of extracellular matrix and promote re-vascularization, 
thereby accelerating the tissue repair [1–3]. However, autologous 
blood injections have no additional benefit in the clinical treatment of 
tendinopathy [4,5]. Even worse, bleeding in hemophilic arthritis (HA) 
leads to a decrease in tensile properties of tendon [6], which thus in
dicates the potential negative effects of blood infiltration on the tendon. 
Collectively, the conflicting results in these studies underscore the 
complicated effects of blood infiltration environment on injured 
tendons. 

Tendon tissue consists of a large number of extracellular matrix and a 
small number of cells [7]. Among them, the role of tendon stem/pro
genitor cells (TSPCs) in tendon development and healing has attracted 
wide interest among researchers. Bi et al. first identified TSPCs and 
proved that the molecular environment provided by the niche was 
essential for the proper maintenance and differentiation of TSPCs during 
tendon development and repair [8]. In addition, TSPCs exhibited a 
strong tendency to abnormal differentiation in the inflammatory niche 
[9]. However, no study to date has examined the role of blood on TSPCs, 
which would be a critical problem in basic and clinical research. 

Heterotopic ossification (HO) is a dynamic pathologic process that 
includes trauma/injury, inflammation, mesenchymal stem cells (MSCs) 
recruitment, chondrogenic differentiation, and ossification formation 
[10]. Mechanical stimulus and injury are essential factors in HO pa
thologies, which are reported able to induce chondrogenic/osteogenic 
differentiation [11,12]. However, it remains unclear whether hemor
rhage contributes to HO. Besides, cellular components play a significant 
role in tendon HO. Macrophages are key mediators that link inflam
mation and HO pathogenesis, which can promote MSCs osteochondro
genic differentiation and significantly contribute to the hypoxic 
microenvironment [13–15]. So far, various types of progenitors have 
been detected as the origin of HO, including TSPCs, circulating MSCs, 
and peripheral neural progenitor cells [16–20]. Among these cells, 
TSPCs are currently the most investigated cell type of interest in tendon 
HO. 

In this work, we intended to analyse the role of blood on the HO of 
the injured tendon in vivo, in vitro, and ex vivo levels. First, we estab
lished a rat model of the injured tendon with blood infiltration and 
observed that blood infiltration could lead to an acute inflammatory 
response and aggravate ectopic ossification. We also found that blood 
treatment impaired survival and led to abnormal differentiation of 
TSPCs. RNA-seq revealed that upregulated PI3K/AKT pathway was 
involved in blood-treated tendon tissue. Therefore, we employed PI3K/ 
AKT inhibitor LY294002 to treat TSPCs and found that it could reverse 
the aberrant differentiation of TSPCs caused by blood. This research 
makes an important contribution to understanding the role of blood on 
injured tendons. Targeting the PI3K/AKT signaling pathway is a prom
ising approach for treating tendon HO. 

2. Results 

2.1. Blood infiltration induced acute inflammation of the injured tendon 
in the short term 

Autologous blood or PBS were injected into the rat Achilles tendon, 
and tendons were collected and analyzed 3 days after injection. Hy
perplastic tissue and blood vessels were observed clearly around the 
Achilles tendons from the autologous blood injection group on 3 days 
(Fig. 1a). Further histological results showed different tendon structures 
between the two groups (Fig. 1b and c). There were many cells gathered 
at the injection sites, including some red blood cells, which proved that 
the blood remained at the site of tendon injury after 3 days. The collagen 
structure of the tendon was also disordered, and some collagen fibers 
were even observed to be destroyed, which was considered as a char
acteristic of tendinitis [21]. But after PBS injection, the cells and matrix 
in the tendon did not seem to change significantly. To further confirm 
the occurrence of inflammation, we carried out immunofluorescence 
staining of the macrophage surface marker CD68 (Fig. 1d and e). The 
results showed that the percentage of CD68 positive cells in the whole 
blood treatment group was significantly higher than that in the PBS 
control group. To determine the inflammation-related effects of blood, 
gene expression levels of IL-1β and IL-10 were examined (Fig. 1f and g). 
Blood increased the expression levels of pro-inflammatory genes IL-1β 
and IL-10 in the injured tendons than PBS control. Moreover, the 
expression level of extracellular matrix degradation-related gene matrix 
metalloproteinase 9 (MMP9) was higher in the blood treatment group 
than PBS control group (Fig. 1h). Collectively, these results confirmed 
that the injection of whole blood into the Achilles tendon would lead to 
the aggregation of macrophages, induce severe acute inflammation, and 
cause tendon matrix degeneration. 

2.2. Blood infiltration aggravated HO of the injured tendon in the long 
term 

Six weeks after autologous whole blood injection, we found that the 
hyperplastic tissue and neovascularization had disappeared (Fig. 2a). 
This indicated that the acute severe inflammatory reaction had subsided 
after 6 weeks. In appearance, there was no significant difference be
tween the two groups. Therefore, it was necessary to further analyse the 
long-term effects of whole blood treatment of injured tendons. 

Studies have shown a close relationship between tendon HO and 
tendon injury [22]. Therefore, we next analysed the HO of rat Achilles 
tendon by micro-CT, performed three-dimensional reconstruction of 
Achilles tendon, and analysed the ratio and degree of ossification in 
tendons of whole blood treatment versus PBS control group. At 6 weeks 
post-treatment, 75.00 % of rats developed detectable HO in the autol
ogous blood injection group, while only 58.33 % were detected in the 
PBS control group (Fig. 2b and c). The volume of HO in the 
three-dimensional reconstructed images was statistically analysed. It 
was found that the volume of tendon HO in the whole blood treatment 
group was larger than that in the PBS group at 6 weeks post-treatment 
(Fig. 2d). This proved that even a single short duration of whole blood 
treatment would have a greater long-term impact on the injured tendon, 
accelerating the development of HO. 

To further confirm the effects of whole blood on the injured tendon, 
histological staining of the tendons was performed. At 6 weeks post- 
treatment, HE and Masson staining results of the blood injection group 
showed that the aggregation of chondrocyte-like cells appeared at the 
ossification site (Fig. 2e and f). The results of SO staining showed that 
part of the matrix in the ossification area of the whole blood treatment 
group was stained with Safranin O, indicating the existence of cartilage 
extracellular matrix in this area. In the PBS control group, the staining of 
tendon matrix was homogeneous, and the collagen fibers were arranged 
in order (Fig. 2g). These results thus confirmed that whole blood treat
ment induced endochondral ossification of tendon tissues. 
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To identify the characteristics of chondrocyte-like cells within the 
ossification area, we detected the protein expression of SOX9 and 
aggrecan (ACAN) in this area. The staining results showed that the 
expression of chondrogenic markers ACAN and SOX9 in the whole blood 
treatment group was significantly higher than that in the PBS control 
group (Fig. 2h, i, k, and l). Furthermore, the expression of tendon marker 
tenomodulin (TNMD) significantly decreased in the whole blood treat
ment group than PBS control group (Fig. 2j, m). These results suggested 
that after whole blood treatment, the expression of chondrogenic 
markers SOX9 and ACAN in the tendon was higher, which changed the 
cell phenotype in the tendon and accelerated the formation of tendon 
HO. 

2.3. Blood treatment increased cell apoptosis and decreases cell adhesion 
and tenonic gene expression 

Tendon tissue contains a small resident tendon stem cell population 
called TSPCs [23], which are also related to tendon ossification [24,25]. 
So, we isolated TSPCs from mouse tail tendons and identified them using 
colony formation unit assay, multi-differentiation assay, and flow 
cytometry analysis (Fig. S1) [8]. We performed a colony forming unit 
assay and found that TSPCs seeded at low density could generate viable 
colonies after 10 days, as visualized by crystal violet staining (Fig. S1a). 
After being cultured in an osteogenic/chondrogenic/adipogenic me
dium for 14 days, TSPCs were differentiated into osteocytes, chon
drocytes, or adipocytes, revealed by deposit of calcium, 
glycosaminoglycan (GAG), or lipid droplets in the extracellular matrix, 
respectively (Fig. S1b). Also, TSPCs were positive for CD44, CD90.2, and 
Sca-1 and negative (≤10 %) for CD18, CD34, and CD45, which was 
consistent with the definition of TSPCs (Fig. S1c) [8]. 

To simulate the crosstalk between blood and TSPCs and to avoid the 
interference of blood cells, transwells were used for in vitro experiments. 
First, we tested the effect of different blood concentrations on TSPCs for 
6 h (Figs. S2a and b). A slight increase in the number of adherent cells of 
TSPCs was observed under light microscopy in 10 % (v/v) and 20 % (v/ 
v) of the blood compared to the control group. When the blood con
centration increased to 40 % (v/v), the number of adherent cells began 
to decrease. In 80 % (v/v) blood, most of the cells were detached from 
the dish. So, we chose 20 % (v/v) blood as the treatment factor for 
further studies. 

Then we treated TSPCs with 20 % (v/v) blood for 0, 6, 12, and 24 h 
using a transwell co-culture system to further explore the effects of 
whole blood treatment at different time on TSPCs. After removing the 
blood, cells were cultured for up to 72 h. With an increasing treatment 
time of blood, cell numbers were observed to be decreased. With 24 h of 
blood treatment, adherent cells were significantly reduced after 3 days 
of culture (Fig. 3a and b). This suggests that blood stimulation can 
reduce the adhesion capacity of TSPCs. Considering the decline in cell 
adhesion ability, we collected suspension cells by centrifugation after 
changing the culture medium for cell proliferation assay using the Cell 
Counting Kit-8 (CCK-8) assay. Surprisingly, 6 and 12 h of blood treat
ment enhanced cell proliferation (Fig. 3c). Longer time (24 h) blood 
treatment significantly reduced cell proliferation on day 3. These results 
demonstrated that 24 h of blood treatment inhibited the adhesion and 
proliferation of TSPCs, while 6 and 12 h blood treatment had the po
tential effect of promoting proliferation. 

In general, cell proliferation and apoptosis are interrelated and 
balanced [26]. Based on the above results, we explored the effect of 
blood treatment on apoptosis and necrosis of TSPCs. Flow cytometry 

analysis showed that the number of early apoptotic cells (Annexin V 
single-positive) and late apoptotic/necrotic cells (Annexin V/PI 
double-positive staining) increased significantly with increasing blood 
treatment time (Fig. 3d–f). Thus, these results demonstrated that blood 
treatment could induce apoptosis and necrosis of TSPCs. 

Next, we evaluated the effect of blood on TSPCs at the transcriptional 
level (Fig. 3g and h). After blood treatment, the expression of genes 
related to cell adhesion (Thbs4, Vcam1, and Itgb1) decreased signifi
cantly. This proved that blood treatment downregulated the expression 
of cell adhesion-related proteins, resulting in the decline of cell adhe
sion. The expression of anti-apoptotic gene Bcl2 [27] was also signifi
cantly downregulated, as well as tendon marker genes Scx, Mkx and 
Tnmd. Besides, the expression of Col1A1 decreased after 24 h blood 
treatment. However, 12 h of blood treatment increased the expression of 
Col1A1, which may be related to the short-term stress response of TSPCs 
to changes in the extracellular microenvironment [28]. To make a 
simple summary, blood treatment could induce apoptosis, decrease 
adhesion capacity, and downregulate the expression of tenonic genes of 
TSPCs in a time-dependent manner. 

2.4. Blood treatment induced aberrant differentiation of TSPCs 

To simulate the repair of injured tendons in vivo, we next studied the 
differentiation trend of TSPCs cultured in H-DMEM for 7 days (Fig. 4a). 
To determine the differentiation potential of TSPCs under blood treat
ment, the gene expression levels of each treatment group were compared 
(Fig. 4b). The RT-qPCR results showed that the gene expression of the 
chondrogenesis-related gene Sox9 was increased. Besides, the gene 
expression of osteogenesis-related genes such as osteocalcin (Ocn) and 
integrin-binding sialoprotein (Ibsp) was also increased in the blood 
treatment group. However, no apparent differences in osteogenesis- 
related gene Runx2 expression levels were detected among treatment 
groups. Furthermore, tenogenesis-related genes (Col1A1, Tnmd, Scx, 
and Mkx) decreased significantly with varying whole blood treatment 
time. Western blot results also showed that the SOX9 protein expression 
increased obviously after blood treatment and reached a relative peak at 
12 h after blood treatment (Fig. 4c and d). Besides, we also detected 
alkaline phosphatase (ALP) activity of TSPCs under different blood 
treatment times when cultured in an osteogenic medium for 7 days. The 
results showed that ALP activity increased as early as 6 h of blood 
treatment (Fig. 4e and f). These results thus indicated that blood-treated 
TSPCs showed a tendency of chondrogenic and osteogenic differentia
tion, which was a cellular feature of ectopic endochondral ossification in 
tendon degenerative lesions [29,30]. 

2.5. Blood affected tendon tissues gene expression 

To evaluate the impacts of blood on the tendon, transcriptome 
sequencing was also performed on the ex vivo tendon tissue. PCA pro
jection showed that the global gene expression patterns between tendon 
tissues with and without blood treatment were distinguishable (Fig. 5a). 
1078 DEGs, including 540 upregulated and 538 downregulated genes, 
were identified (Fig. 5b). Heatmap of differential gene cluster analysis 
revealed that gene expression changed between the two groups (Fig. 5c). 
These results demonstrated that tendon tissue had a certain response to 
blood treatment at the RNA level. 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and 
Gene Ontology (GO) analyses were performed to determine the changes 
in cell metabolism and physiology after blood treatment. The pathways 

Fig. 1. Blood infiltration induced acute inflammation of the injured tendon in the short term. (a) Gross appearance of the Achilles tendon in the PBS and Blood 
groups on day 3. Red arrows indicate the specific injection site. (b, c) HE and Masson staining of the tendon in the PBS and Blood groups. Scale bar = 20 μm. (d, e) 
Immunofluorescence staining and quantitative analysis of CD68 (n = 3, unpaired t-test, *P < 0.05), Scale bar = 50 μm. (f–h) RT-qPCR of IL-1β, IL-10, and MMP9 
expression (n = 4, unpaired t-test, *P < 0.05, **P < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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from GO analysis were divided into three levels, Biological Process (BP), 
Cellular Component (CC), and Molecular Function (MF) (Fig. 5d). The 
processes of ossification and response to wounding were enriched in the 
BP category, consistent with our in vivo and in vitro results, demon
strating that blood treatment could promote tendon ossification and 
enhance the immune response. The enrichment results of CC showed 
that more DEGs were related to the extracellular matrix, especially 
collagen-containing extracellular matrix. In the MF category, most DEGs 
were enriched in binding and cell communication. These could explain 
the decrease of cell adhesion in vitro. In KEGG analysis, the PI3K/AKT 
signaling pathway was significantly upregulated (Fig. 5e). PI3K/AKT 
pathway would activate mTOR which was related to heterotopic ossi
fication of tendon [25]. Then we performed GSEA analysis and found 
that the PI3K/AKT signaling pathway was also enriched in GSEA 
(Fig. 5f). The GSEA enrichment analysis of the PI3K/AKT signaling 
pathway showed relatively many significantly up-regulated genes in this 
pathway (Fig. 5g). 

The PI3K/AKT/MTOR signaling pathway highlighted by GSEA 
analysis was using a mouse hallmark signaling pathway database. Re
sults showed that most genes were upregulated in the blood treatment 
group (Fig. S3a). Moreover, we analyzed the relevant genes about 
adhesion, apoptosis, chondrogenesis, and tenogenesis, which were 
basically consistent with the results in vitro (Fig. S3b). Some genes (like 
Bcl2 and Scx) showed discrepancies that could be explained by a 
different microenvironment surrounding the TSPCs in vitro and ex vivo. 
Next, Cytoscape and Enrichment Map were used for visualization of the 
GSEA results as a network of enriched gene sets [31]. Integrin surface 
interaction and assembly collagen formation were significantly down
regulated, which might be related to cell adhesion and tendon pheno
type of TSPCs (Fig. S3c). The CNET plot showed the relationship 
between different signaling pathways enriched in KEGG and their 
shared genes (Fig. S3d). Next, Western blot analysis of tendon tissue 
showed that the PI3K/AKT pathway was activated in the blood treat
ment group compared to the PBS control group (Figs. S4a and b). 

Therefore, transcriptome analysis suggested that the PI3K/AKT 
pathway was a potential mechanism for blood infiltration of tendons. 

2.6. LY294002 inhibited the aberrant differentiation of blood-treated 
TSPCs by inhibiting the activation of the PI3K/AKT signaling pathway 

To inhibit the aberrant differentiation of TSPCs induced by whole 
blood, we attempted to intervene in this process using small molecule 
compounds. Based on the results of the sequencing data and previous 
studies, we decided to choose LY294002, a small molecule inhibitor 
targeting PI3K, for further study. First, we screened the optimal con
centration of LY294002 to avoid the potentially detrimental effects of 
too high the concentration on TSPCs activity, or too low the concen
tration to not achieve the desired inhibitory effect. We found that the 
IC50 of LY294002 in TSPCs was 32.53 μM (Fig. S5). It has been reported 
that 20 μM LY294002 can inhibit the abnormal differentiation of TSPCs 
[32]. Therefore, we selected 20 μM as the concentration of LY294002 in 
further experiments. 

After blood treatment for different time (0, 6, 12, and 24 h), 
LY294002 was added into the fresh medium for cell culture. After 7 
days, cells were collected to detect the expression of differentiation- 
related genes (Fig. 6a). As a result, LY294002 significantly inhibited 
the expression of Sox9, Runx2, and Col1A1. In addition, LY294002 
could inhibit the expression of Scx and Mkx within a short period of 

blood treatment, but it had no significant inhibitory effects after pro
longed blood treatment. In conclusion, LY294002 could significantly 
inhibit the osteochondrogenic gene expression of TSPCs, which 
confirmed the inhibitory effect of LY294002 on the abnormal differen
tiation of tendon stem cells caused by blood treatment. 

Subsequently, after 7 days of culture, total cellular proteins were 
collected for western blotting analysis. The results displayed that 
phosphorylation of PI3K was inhibited. Furthermore, the expression of 
SOX9 was also downregulated (Fig. 6b, c). These results thus suggested 
that LY294002 could reduce the increase of SOX9 expression relevant to 
blood treatment via inhibition of PI3K/AKT signaling pathway activa
tion. Finally, we found that LY294002 also decreased the ALP activity of 
TSPCs (Fig. 6d and e). All the above results proved the inhibitory effect 
of LY294002 on the osteochondrogenic differentiation of TSPCs. 

2.7. LY294002 alleviated blood-induced tendon HO 

We next investigated whether the inhibition of PI3K/AKT signaling 
pathway would attenuate HO progression. We then treated the blood- 
induced HO model rats with LY294002 or vehicle. Each rat received a 
subcutaneous injection (between the Achilles tendon and skin) of 
LY294002 or vehicle three times a week for three weeks from the third 
day after injury and was sacrificed at 6 weeks postinjury (Fig. 7a). 
Micro-CT showed that the HO formation and bone volume were signif
icantly reduced in the LY294002-treated group compared with the 
control group at 6 weeks (Fig. 7b). Considering that trauma could also 
lead to HO formation, we performed an experiment with the PI3K/AKT 
inhibitor LY294002 intervention in an injured tendon model without 
blood injection and found that LY294002 treatment slightly reduced HO 
formation but was not statistically significant (Fig. S6). This implied that 
LY294002 was more meaningful for the blood-induced HO model due to 
the upregulation of the PI3K/AKT pathway. The succeeding experiments 
further characterized in detail the effect of LY294002 on blood-induced 
HO. Firstly, histological staining, including HE, Masson, and SO stain
ing, identified a significant improvement in the LY294002-treated 
group. Importantly, little or no ectopic bone tissue was observed 
following LY294002 treatment (Fig. 7d–f). Protein levels of PI3K, p- 
PI3K, AKT, and p-AKT in tendon tissue were detected by Western blot 
(Fig. 7g and h). Results confirmed the inhibition of PI3K/AKT pathway. 
Overall, these results demonstrated that the inhibition of PI3K/AKT 
pathway with the small molecule LY294002 attenuated HO progression 
(see Fig. 8). 

3. Discussion 

In this study, we found that blood infiltration would induce acute 
inflammation and exacerbate heterotopic ossification of the injured 
tendon. And aberrant differentiation of TSPCs played a dominant role 
through the PI3K/AKT pathway. Afterward, we applied PI3K/AKT 
pathway inhibitor LY294002 to reverse the side effects of blood treat
ment. This is the first study focusing on the role of blood infiltration on 
the formation of HO of the injured tendon and the aberrant differenti
ation of TSPCs. 

The effects of whole blood on the musculoskeletal system, such as 
hemophilic arthropathy, have been studied for a long time. Blood 
infiltration in the joints can lead to severe inflammation and chon
drocyte apoptosis [33,34], and vascularization after bleeding often 
contributes to cartilage deterioration [35]. Since healthy cartilage and 

Fig. 2. Blood infiltration aggravated HO of the injured tendon in the long term. (a) Gross appearance of the Achilles tendon in the PBS and Blood groups on week 6. 
(b) Micro-CT imaging of the tendon in the PBS and Blood groups. Scale bar = 1 mm. (c) The ratio of heterotopic ossification of the injured tendon 6 weeks after 
surgery. (d) Quantitative analysis of the heterotopic bone volumes of the Achilles tendons in the PBS and Blood groups (n = 12, paired t-test, *P < 0.05). (e–g) HE, 
Masson, and SO staining of the tendon in the PBS and Blood groups. (h, k) Immunofluorescence staining and quantitative analysis of ACAN (n = 3, unpaired t-test, 
***P < 0.001). Scale bar = 50 μm. (i, l) Immunofluorescence staining and quantitative analysis of SOX9 (n = 3, unpaired t-test, ***P < 0.001). Scale bar = 50 μm. (j, 
m) Immunofluorescence staining and quantitative analysis of TNMD (n = 4, unpaired t-test, ***P < 0.001). Scale bar = 50 μm. 
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Fig. 3. Blood treatment increases cell apoptosis and decreases cell adhesion and tenonic gene expression. (a, b) Representative pictures and quantitative analysis of 
cell adhesion (n = 4, one-way ANOVA, **P < 0.01, ***P < 0.001). (c) Cell proliferation assay (n = 3, one-way ANOVA,**P < 0.01, ***P < 0.001). (d–f) Flow 
cytometric analysis of apoptosis and quantitative analysis of the percentages of necrotic cells and apoptotic cells (n = 4, one-way ANOVA, **P < 0.01, ***P < 0.001). 
(g) RT-qPCR of Thbs4, Vcam1, Itgb1, and Bcl2 expression (n = 15 in 0 h, n = 12 in 6, 12, and 24 h, one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001). (h) RT- 
qPCR of Tnmd, Scx, Mkx, and Col1A1 expression (n = 15 in 0 h, n = 12 in 6, 12, and 24 h, one-way ANOVA, **P < 0.01, ***P < 0.001). 
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Fig. 4. Blood treatment induced aberrant differentiation of TSPCs. (a) Diagrammatic sketch. (b) RT-qPCR of Sox9, Runx2, Ocn, Ibsp, Col1A1, Tnmd, Scx, and Mkx 
expression (n = 3, one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001). (c, d) Western blot images and quantitative analysis of protein expression of SOX9 (n = 3, 
one-way ANOVA, **P < 0.01). (e, f) ALP staining and quantitative analysis of TSPCs (n = 4, one-way ANOVA, *P < 0.05, ***P < 0.001). Scale bar = 150 μm. 
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tendons are both sparsely vascularized [36,37], we explored the 
short-term and long-term effects of blood on tendon considering the 
effects of blood on cartilage during inflammation and apoptosis. It was 
readily observed acute inflammation in the injured tendon, accompa
nied by macrophages aggregation and tendon matrix degeneration after 
blood injection on 3 days. The blood contains a large number of in
flammatory mediators, and the injured tendon is stimulated by inflam
matory mediators in the blood, which further recruits macrophages into 
the injured site [38]. The severe degeneration of the tendon matrix may 
be caused by the phagocytosis of recruited macrophages [39]. The 
previous study showed that the degree and duration of inflammation 
were closely related to tendon HO [40], consistent with our results that 
blood injection aggravated the HO of the injured tendon. It is generally 
believed that tendon HO is formed via endochondral ossification [10, 

41]. Our work found that part of the tendon matrix was replaced by 
cartilage matrix, and chondrocytes-like cells appeared in the blood in
jection group. 

TSPCs are important cell groups in maintaining tendon homeostasis. 
Blood infiltration would impair the TSPCs niche, while natural ordered 
collagenous matrices could support TSPCs adhesion and proliferation 
[42]. We found that short-term blood contact could stimulate the pro
liferation of TSPCs. But 24 h blood treatment inhibited cell proliferation 
and adhesion. The reduced proliferation ability of TSPCs might reduce 
the amount of TSPC available for tendon repair after injury and might 
contribute to failed tendon healing such as HO [43]. Moreover, 
apoptosis is an important part of cell proliferation control and main
taining cell homeostasis, and increased apoptosis of TSPCs is the basic 
mechanism leading to tendon diseases [44]. We also found that 

Fig. 5. Blood affects gene expression of the tendon tissues using transcriptional sequencing. (a) PCA analysis. (b) Volcano plot shows downregulated genes and 
upregulated genes. (c) Heatmaps of differential gene expression based on RNA-seq analysis. (d) GO analysis of DEGs (including Biological Process, Molecular 
Function, and Cellular Compartment). (e) KEGG enriched signaling pathways. (f) GSEA enriched pathways. (g) GSEA plot of PI3K/AKT signaling pathway. 
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apoptosis of TSPCs increased in a time-dependent manner, which might 
weaken tendon regeneration ability. Besides, blood reduced the tenonic 
genes expression of TSPCs. Tnmd is the best-known mature marker for 
tendon lineage cells, which is of great significance for tendon maturation 
and the resident TSPCs [45]. We observed that the expression of Tnmd in 
the tendon tissue of the blood injection group significantly decreased in 
6 weeks. This reflected that blood infiltration would disrupt the main
tenance of tendon homeostasis. Aberrant differentiation of TSPCs into 
osteochondral tissue is associated with the pathogenesis of chronic 
tenopathy [43]. To explore the biological mechanism in depth, we 
investigated the role of differentiation directions of TSPCs in tendon HO. 
In a collagenase-induced tendon injury model, TSPCs showed a changed 
fate, with higher osteogenic and chondrogenic differentiation potential, 
but lower tendon differentiation ability and lower proliferation ability 

[43]. Our study also demonstrated that blood could induce TSPCs to 
differentiate in the wrong direction (endochondral ossification). 

The mechanisms underlying the pathogenesis of tendon HO caused 
by blood remain unclear. Here, the transcriptome sequencing method 
was used to analyse the tendon tissues of mice treated with whole blood, 
and the mechanisms of HO of the injured tendon induced by whole 
blood were delineated to a certain extent. Transcriptome sequencing 
results showed that PI3K/AKT pathways were highly active in blood 
treatment groups. Previous studies have shown that PI3K/AKT pathway 
is related to ectopic ossification and inhibiting PI3K can prevent ectopic 
ossification [32,46]. Aspirin could inhibit adipogenesis of TSPCs and 
fatty infiltration of the injured tendon by downregulating PTEN/PI3
K/AKT signaling to promote tendon repair [47]. In addition, PI3K/AKT 
axis also integrates other additional major osteogenic signaling 

Fig. 6. LY294002 inhibited the aberrant differentiation of blood-treated TSPCs by inhibiting the activation of the PI3K/AKT signaling pathway. (a) RT-qPCR of Sox9, 
Runx2, Col1A1, Tnmd, Scx, and Mkx expression (n = 3, one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001). (b, c) Western blot images and quantitative analysis 
of protein expression of SOX9 after LY294002 treatment (n = 3, one-way ANOVA, *P < 0.05, **P < 0.01). (d, e) ALP staining and quantitative analysis of TSPCs (n =
4, one-way ANOVA, *P < 0.05, **P < 0.01). Scale bar = 150 μm. 
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pathways such as mTOR while rapamycin (mTOR inhibitor) can 
significantly treat tendon HO [25,48,49]. Accordingly, we evaluated the 
feasibility and effectiveness of the small molecule drug LY294002 in 
targeting the PI3K/AKT signaling pathway. Surprisingly, we proved that 
LY294002 partially circumvented this osteochondrogenic tendency of 
blood-treated TSPCs. All these provided the new therapeutic potential of 
PI3K/AKT inhibitor in treating tendon injury and tendinopathy. 

In conclusion, our findings indicate that blood infiltration will 
exacerbate tendon HO, relying on aberrant differentiation of TSPCs via 
PI3K/AKT signaling pathway. These will provide new insights into the 
pathology of tendon injury and clues to block the pathological process 
and initiate regeneration. 

4. Materials and methods 

4.1. Animal experiments 

Thirty male adult Sprague–Dawley rats (8 weeks old, body weight 
200–250 g, purchased from Shanghai SLAC Laboratory Animal Com
pany, Shanghai, China) were used in this study. 

Rats were anesthetized by pentobarbital sodium (40 mg/kg). A 27- 
gauge needle (B. Braun, Deutschland) was used to puncture the Achil
les tendon body from the lateral aspect percutaneously, and this process 
was repeated at three different parts of the Achilles tendon body for each 
rat. Blood or PBS was injected at the same time as the puncture. 
Autologous whole blood from the caudal vein was injected as the 
treatment, and sterilized phosphate buffered saline (PBS) was injected 

into the other Achilles tendon as the control. The total injection volume 
was 100 μl. 

During the feeding process, the rats were free to get water and food. 
The feeding temperature and humidity were kept constant. The rats 
were sacrificed at 3 days and 6 weeks after the injection. The Achilles 
tendons were collected for further experiments. 

4.2. Micro-computed tomography (micro-CT) analysis 

Micro-CT was used to scan the Achilles tendon, and Imalytics pre- 
clinical software was used for three-dimensional reconstruction to 
observe the formation of tendon HO in rats and analyse the volume of 
ossification. 

4.3. Histology 

The Achilles tendons were fixed with 4 % (w/v) paraformaldehyde 
(PFA) for 24 h at 4 ◦C and subsequently decalcified in 10 % (w/v) eth
ylenediaminetetraacetic acid disodium salt (EDTA) solution for 3–5 
weeks. Then the tendon samples were paraffin-embedded and cut into 5 
μm thick sections. Hematoxylin-eosin (HE), Masson’s trichrome, and 
Safranin O staining were carried out following standard protocols [25]. 
A slide scanner (VS200, Olympus, Japan) was used to acquire digital 
micrographs. 

Fig. 7. LY294002 alleviates blood-induced tendon HO. (a) Schematic illustration of the treatment and sample collection workflow for the rat HO model. (b, c) Micro- 
CT imaging and quantitative analysis of the tendon in the LY294002 treatment and vehicle treatment groups (n = 13, paired t-test, *P < 0.05). Scale bar = 1 mm. 
(d–f) HE, Masson, and SO staining of the tendon in the LY294002 treatment and vehicle treatment groups. (g, h) Western blot images and quantitative analysis of 
protein expression of PI3K, p-PI3K, AKT, and p-AKT of the tendon in the LY294002 treatment and vehicle treatment groups (n = 3, unpaired t-test, *P < 0.05, **P <
0.01, ***P < 0.001). 

Fig. 8. Schematic diagram of the role of the blood on the heterotopic ossification of the injured tendon.  
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4.4. Immunofluorescence staining 

After gradient dewaxing, paraffin sections were soaked in the sodium 
citrate buffer solution at 65 ◦C overnight for antigen retrieval. The 
samples were then blocked with 5 % (w/v) bovine serum albumin (BSA) 
(Sango, China), and then incubated with the primary antibodies over
night at 4 ◦C. Corresponding fluorescence labeled secondary antibodies 
were added for 2 h at room temperature (RT). Cell nuclei were stained 
with DAPI (C1002, 1:1000, Beyotime, China). After washing with PBS, 
the sections were mounted with antifading mounting medium (S2100, 
Solarbio, China). Imaging was performed with an Olympus FV1000 
confocal microscope. For quantification of fluorescence intensity, 6 
random fields per section were considered. The antibodies were listed in 
Table 1. 

4.5. Isolation and culture of TSPCs 

Mouse TSPCs were isolated from tail tendons of 2-week-old C57 
wildtype mice. Tail tendons were digested with 0.2 % type I collagenase 
(17100017, Invitrogen, USA) at 37 ◦C for 4–6 h to obtain isolated cells. 
TSPCs were cultured in low glucose Dulbecco’s modified Eagle’s me
dium (L-DMEM) (Gibco, USA) supplemented with 10 % (v/v) fetal 
bovine serum (FBS) and 1 % (v/v) penicillin/streptomycin solution at 
37 ◦C and 5 % CO2. Routine passages were carried out when cell culture 
reached 80 % confluence. Cells at passage 1–2 were used for further 
experiments. 

4.6. Blood treatment of TSPCs 

The TSPCs were allowed to adhere and culture for 24 h, and then a 
blood-containing medium in transwells was added. After blood treat
ment for 0, 6, 12, or 24 h, the transwells were removed and the medium 
was changed to normal medium or differentiation medium according to 
subsequent experiments. The medium was changed every 2–3 days. 

4.7. Flow cytometry analysis 

TSPCs were harvested and blocked with 1 % BSA for 30 min at 4 ◦C. 
Subsequently, the cells were stained with fluorescein-conjugated anti
bodies for 30 min at 4 ◦C. The corresponding isotype antibodies were 
used as controls. The assay was performed by a flow cytometer (BD 
FACSCantoTM; BD Biosciences, USA) and analysed by FlowJo v10 
software. The antibodies were listed in Table 1. 

4.8. Osteogenic differentiation assay 

Osteogenic differentiation medium comprised High glucose DMEM 
(H-DMEM; Gibco, USA) supplemented with 10 % FBS, 0.1 μM dexa
methasone (Sigma, USA), 50 μM ascorbic acid (Sigma, USA), and 10 mM 
β-glycerol phosphate (Sigma, USA). On day 7, the alkaline phosphatase 
(ALP) activity of TSPCs was evaluated via a kit (C3206, Beyotime, 
China). On day 14, the calcium-rich extracellular matrix of TSPCs was 
stained by 2 % Alizarin Red (ARS) solutions (Sigma, USA). 

4.9. Chondrogenic differentiation assay 

Chondrogenic differentiation medium comprised H-DMEM, 1 % so
dium pyruvate (Gibco, USA), 1 % Insulin-Transferrin-Selenium (Gibco, 
USA), 100 nM dexamethasone (Sigma, USA), 50 μg/ml L-ascorbic acid 
(Sigma, USA) and 10 ng/ml TGF-β3 (Novoprotein, China). On day 14, 
the production of GAG was measured by Alcian blue (Sigma, USA) 
staining. 

4.10. Adipogenic differentiation assay 

Adipogenic differentiation medium comprised H-DMEM, 10 % FBS, 
1 μM dexamethasone (Sigma, USA), 500 μM 3-isobutyl-1-methylxan
thine (IBMX; Sigma, USA), and 200 μM indomethacin (Sigma, USA). 
On day 14, the production of oil droplets was measured by Oil red 
(Sigma, USA) staining. 

4.11. Colony formation unit assay 

TSPCs were harvested and seeded at a density of 80 cells/cm2, fol
lowed by culturing for 10 days. Cells were fixed with 4 % PFA and then 
stained with 0.1 % (w/v) crystal violet methanol solution at RT for 20 
min. After removing float dyestuff, the clone formation was observed 
under the microscope. 

4.12. Blood treatment of tendon tissues ex vivo 

Achilles tendons obtained from 8-week-old C57 wildtype mice were 
used for ex vivo culture. Firstly, the tendon tissues were washed with PBS 
supplemented with 1 % (v/v) PS. And then the tendon tissues were 
cultured in L-DMEM supplemented with 20 % (v/v) mouse anti- 
coagulant whole blood. After 3 days, tendon tissues were washed with 
PBS and the RNA was extracted for sequencing. 

4.13. Cell adhesion assay 

TSPCs were harvested and adhered to the dish for 3 h, followed by 
crystal violet staining. For quantitative analysis, 33 % (v/v) acetic acid 
was added to each well. Supernatants were used for obtaining optical 
density (OD) values of the dye by measuring the absorbance at 570 nm. 

4.14. Cell proliferation assay 

Cell proliferation was monitored by CCK-8 (CCK-8; Dojindo, Japan). 
Briefly, the CCK-8 solution was added into the culture medium at 1:10. 
Absorbance at 450 nm was measured after 2 h of incubation. 

Table 1 
Antibody list.  

Primary antibodies 

Name Source Application 

CD18-PE Biolegend, 101,407 1:50(Flow Cyt) 
CD34-PE Biolegend, 119,307 1:100(Flow Cyt) 
CD44-APC Biolegend, 103,011 1:100(Flow Cyt) 
CD45-PE Biolegend, 103,105 1:100(Flow Cyt) 
CD90.2-PE eBioscience, 12-0902-81 1:100(Flow Cyt) 
Sca-1-FITC Abcam, ab25031 1:100(Flow Cyt) 
Rabbit anti-SOX9 Abcam, ab185966 1:1000 (IF), 1:1000 

(WB) 
Mouse anti-CD68 Abcam, ab53444 1:1000 (IF) 
Rabbit anti-ACAN Abcam, ab36861 1:1000 (IF) 
Rabbit anti-TNMD Abcam, ab203676 1:100 (IF) 
Rabbit anti-PI3K Cell Signaling Technology, 

4249 
1:1000 (WB) 

Rabbit anti-phospho- 
PI3K 

Cell Signaling Technology, 
17,366 

1:1000 (WB) 

Rabbit anti-AKT Cell Signaling Technology, 
4691 

1:1000 (WB) 

Rabbit anti-phpspho- 
AKT 

Cell Signaling Technology, 
4060 

1:1000 (WB) 

Rabbit anti-GAPDH Cell Signaling Technology, 
5174 

1:1000 (WB) 

Mouse anti-β-actin Immunoway, YM3028 1:1000 (WB) 

Secondary antibodies 

Name Source Application 

Goat anti-rabbit 488 Invitrogen, A11008 1:1000 (IF) 
Goat anti-mouse 488 Invitrogen, A21202 1:1000 (IF) 
Goat anti-rabbit HRP Jackson, 111-035-003 1:6000 (WB) 
Goat anti-mouse HRP Jackson, 115-035-003 1:6000 (WB)  
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4.15. Detection of apoptosis 

Annexin V-FITC Apoptosis Detection Kit (Beyotime, China) was used 
to detect apoptosis by flow cytometry and fluorescence microscopy. 
Briefly, cells were harvested by trypsin digestion and then collected with 
culture medium to prevent the loss of suspension cells. Samples were 
washed with PBS, resuspended in detection solution, and incubated for 
10 min at RT. The fluorescence was observed under an Olympus FV1000 
confocal microscope. The ratio of apoptosis and necrosis was measured 
by the Cytoflex flow cytometer (Beckman Coulter, USA), and analysed 
by FlowJo v10 software. 

4.16. Real-time quantitative PCR 

Total RNA from TSPCs was extracted by TRIzol reagent (Invitrogen, 
USA), and cDNA was obtained using a reverse transcription kit (Toyobo, 
Japan). The RNA levels were quantified by real-time PCR with TB Green 
Premix Ex Taq (TaKaRa, Japan). Fluorescence quantification analysis 
was carried out by a high throughput fluorescent quantitative PCR in
strument (Roche, Deutschland). The primers were shown in Table 2. 

4.17. RNA sequencing (RNA-seq) analysis 

RNA was extracted from ex vivo tendon tissues and sequenced on 
Illumina X-Ten platform following a previous method [50]. Both the 
blood treatment group and control group contained three replicates. 
Sequence reads were aligned to the reference genome (mm10) using 
HISAT2 [51] and SAMtools [52], and gene counts were calculated using 
HTSeq [53]. Statistical analysis and result visualization were performed 
by R language and Python. We used EBSeq [54] to identify differentially 
expressed genes (DEGs), and clusterProfiler [55] to enrich pathways to 
show the results of the KEGG, GO and GSEA analysis. DEGs were defined 

as genes with foldchange ≥2 and p-value ≤0.05. Heatmap and volcano 
plots were drawn using seaborn in Python. KEGG, GO, GSEA, and CNET 
plots were drawn using ggplot2 in R. Then, we used CMap [56] to look 
for inhibitors of enrichment pathways. 

4.18. Western blot analysis 

We performed western blot to quantify the changes in cell protein 
expression level after blood treatment. TSPCs were digested with trypsin 
and collected. Then RIPA lysis buffer (Beyotime, China) was applied to 
lyse cells to obtain whole cell protein extracts. Protein samples were 
separated by 8 % (w/v) sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred onto a PVDF membrane 
(Millipore, USA). The membranes were blocked in blocking solution 
(Beyotime, China) at RT for 2 h and then incubated with primary anti
bodies at 4 ◦C overnight. Later, the membranes were washed three times 
with Tris buffer saline with Tween 20 (TBST) and continued to be 
incubated with the secondary antibodies at RT for 2 h. At last, the 
membranes were developed with enhanced chemiluminescence (ECL) 
kit (Beyotime, China). The antibodies were listed in Table 1. 

4.19. Statistical analysis 

Data were tested for homogeneity of variances and normality. Ho
mogeneity of variances was estimated with the Levene test. Data 
normality was tested using Shapiro–Wilk normality test and the D’Ag
ostino-Pearson omnibus test. The data were presented as means ±
standard deviations (SD). Analyses of statistically significant differences 
between data sets were performed using Student’s t-test or an ANOVA 
test where appropriate. Paired t-test was used to compare continuous 
parameters of the bilateral tendon from the same animal, and other 
continuous parameters were compared by an unpaired t-test. For one- 
way ANOVA, post-hoc analysis with Tukey multiple comparison was 
used for controlling the family-wise error rate. Statistical significance is 
denoted as below: ns (indicating no statistical significance), *p < 0.05, 
**p < 0.01, ***p < 0.001. Statistical analysis was performed using 
GraphPad Prism 9. 
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Table 2 
Primer sequences for RT-qPCR.  

Primer Name Base sequence 

Mouse-THBS4-F ACGGCTGAACAAAGCCATC 
Mouse-THBS4-R TTGCTCAGTCTCAGGAGAACC 
Mouse-VCAM1-F CTTCCAGAACCCTTCTCAG 
Mouse-VCAM1-R GGGACCATTCCAGTCACACTTC 
Mouse-ITGB1-F CTACTGGTCCCGACATCATCC 
Mouse-ITGB1-R TGACCACAGTTGTCACGGCAC 
Mouse-SOX9-F GAGCCGGATCTGAAGAGGGA 
Mouse-SOX9-R GCTTGACGTGTGGCTTGTTC 
Mouse-RUNX2-F CGGTCTCCTTCAGGATGGT 
Mouse-RUNX2-R GCTTCCGTCAGCGTCAACA 
Mouse-BCL2-F GGATAACGGAGGCTGGGATGCCT 
Mouse-BCL2-R TTGTCGACCTCACTTGTGGCCC 
Mouse-COL1A1-F GCTCCTCTTAGGGGCCACT 
Mouse-COL1A1-R CCACGTCTCACCATTGGGG 
Mouse-TNMD-F ACACTTCTGGCCCGAGGTAT 
Mouse-TNMD-R GACTTCCAATGTTTCATCAGTGC 
Mouse-SCX-F CCTTCTGCCTCAGCAACCAG 
Mouse-SCX-R GGTCCAAAGTGGGGCTCTCCGTGACT 
Mouse-MKX-F CCCCGGACATCGGATCTACTA 
Mouse-MKX-R CTCTTAGGATGAGGATTTAGGTA 
Mouse–OCN–F GACCATCTTTCTGCTCACTCTG 
Mouse–OCN–R TACCTTATTGCCCTCCTGCTTG 
Mouse-IBSP-F CGGCACTCCAACTGCCCAAGA 
Mouse-IBSP-R TGCCATTCCCGCCATCCACC 
Mouse-GAPDH-F ATACGGCTACAGCAACAGGG 
Mouse-GAPDH-R TGTGAGGGAGATGCTCAGTG 
Rat-IL1β-F GCCCGTCCTCTGTGACTCGT 
Rat-IL1β-R TGTCGTTGCTTGTCTCTCCTTGTA 
Rat-IL10-F CAGCTGCGACGCTGTCATCG 
Rat-IL10-R GCAGTCCAGTAGATGCCGGGT 
Rat-MMP9-F GCAGGGCCCCTTTCTTATTG 
Rat-MMP9-R CTGGCCTGTGTACACCCACA 
Rat-GAPDH-F GCAAGTTCAACGGCACAG 
Rat-GAPDH-R GCCAGTAGACTCCACGACA  
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