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Background: Acute compartment syndrome (ACS) is a life-threatening condition

characterized by elevated intracompartmental pressure leading to ischemia,

hypoxia and tissue necrosis. We have observed an increase in SPP1

+macrophages and fibroblast activation in the deep fascia of ACS patients.

However, the mechanisms underlying the pathological changes in terms of

macrophage activation and fibroblast responses remain poorly understood.

Objectives: This study aims to investigate whether hypoxia induces SPP1+

macrophages in the deep fascia of ACS, and to elucidate how these

macrophages contribute to fibroblast activation and myofibroblast transformation.

Methods: Macrophages were cultured under normoxic and hypoxic conditions,

with or without SPP1 siRNA transfection. The concentration of SPP1 in the

macrophage-conditioned media was determined using an ELISA assay. The

culture supernatant from each condition was then applied to fibroblasts, which

were subsequently analyzed for mRNA and protein expression of fibroblast

activation markers by qRT-PCR and WB, respectively.

Results: Hypoxia significantly upregulated SPP1 expression in macrophages, as

well as in the macrophage-conditioned media. Moreover, hypoxia-stimulated

macrophages promoted fibroblast expression of ACTA2, CTGF, collagen I,

collagen III, and FN1 at both mRNA and protein levels. This effect was reversed

by SPP1 siRNA transfection.

Conclusions: Hypoxia induces SPP1+macrophages, which in turn activate

fibroblasts, driving myofibroblast transformation in ACS. Targeting this pathway

may provide a potential therapeutic strategy for mitigating fibrosis and improving

outcomes in ACS.
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1 Introduction

Acute compartment syndrome (ACS) is a severe and life-

threatening condition caused by elevated intracompartmental

pressure, which leads to ischemia, hypoxia and tissue necrosis (1).

The deep fascia, a vital connective tissue structure surrounding

muscles, blood vessels, and nerves, plays a crucial role in the

pathophysiology of ACS (2). However, the mechanisms driving

pathological alterations in the deep fascia during ACS, particularly

those involving macrophage activation and fibroblast responses,

remain poorly understood.

In our previous study, we found a significant accumulation of

SPP1+ macrophages accompanied by fibroblast activation in the

deep fascia of ACS patients compared to healthy individuals (3).

SPP1 (Secreted Phosphoprotein 1), also known as osteopontin, is a

secreted glycoprotein widely expressed in a variety of cell types that

plays a momentous role in inflammation, tissue repair and fibrosis

(4). It regulates cell adhesion, migration, and extracellular matrix

remodeling through interactions with receptors such as integrins,

the hyaluronan receptor, and CD47 (5). Macrophages are among

primary sources of SPP1, especially during inflammatory responses,

where it contributes to the regulation of inflammation, tissue repair,

and fibrosis (6, 7). Fibroblasts are the main cell type of the deep

fascia and are central to its structure and pathophysiology. They are

responsible for synthesizing collagen, elastin, glycosaminoglycans

and other matrix proteins that provide structural support, thereby

playing a crucial role in maintaining, repairing and remodeling its

extracellular matrix (ECM) of deep fascia (8, 9).

The hypoxic microenvironment within the affected compartment

is a hallmark of ACS, resulting from compromised blood flow (10).

Hypoxia is a potent regulator of cellular responses, particularly in

immune cells such as macrophages. Recent single-cell profiling studies

have identified SPP1+ macrophages in the hypoxic regions of various

diseases, including hepatocellular carcinoma, lung squamous cell

carcinoma, and recurrent miscarriage (11–13). Additionally, hypoxia-

ischemia has been reported to upregulate SPP1 expression in Iba-1

+/TMEM119+ microglia and Iba-1+/TMEM119- monocytes/

macrophages (14). These findings suggest that hypoxia may similarly

enhance SPP1 expression in macrophages within the deep fascia of

ACS patients. Furthermore, studies have demonstrated that platelet-

instructed SPP1+ macrophages drive myofibroblast activation, playing

a significant role in chronic kidney fibrosis (15). These findings suggest

that SPP1-expressing macrophages may also contribute to fibroblast

activation in ACS. We therefore hypothesize that the hypoxic

microenvironment in the deep fascia of ACS patients induces

macrophages to upregulate SPP1 expression, which in turn activates

fibroblasts through paracrine signaling, thereby promoting tissue

remodeling and fibrosis.

This interplay between hypoxia, SPP1-expressing macrophages,

and fibroblast activation may represent a critical pathway in the

development of ACS. A better understanding of how hypoxia

induces SPP1 production in macrophages and how this process

influences fibroblast behavior provide a new insights into the

molecular mechanisms underlying tissue damage and repair in
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ACS. Ultimately, this knowledge may facilitate the development

of novel diagnostic markers and therapeutic strategies aimed at

targeting macrophage–fibroblast crosstalk to prevent or mitigate

ACS-related complications.
2 Materials and methods

2.1 Reagents

a-SMA (USA, AF1032, diluted 1:1000) antibody, collagen I

(USA, AF7001, diluted 1:1000) antibody, fibronectin (USA,

AF5335, diluted 1:500) antibody, CTGF (USA, DF7091, diluted

1:500) antibody and collagen III (USA, AF5457, diluted 1:500)

antibody were purchased from Affinity. PMA (USA, HY-18739)

was purchased from MCE. Lipo8000™ Transfection Reagent

(China, C0533) was purchased from Biyuntian (Shanghai

Biyuntian Biotechnology Co., LTD., Shanghai, China). The

osteopontin (OPN/SPP1) ELISA kit (China, RX105857H) was

purchased from Ruixinbio.
2.2 Cell culture

THP-1 cells were cultured in RPMI-1640 (+10%FBS; +1%

Penicillin/Streptomycin; 2 mM L-Glutamine), and treated with

100 nM PMA for 48h to induce macrophage-like adhesion. Cells

were then incubated in PMA-free medium for 24h to obtain resting

macrophages, at 37 °C with 5% CO2 and 95% humidity. SPP1

siRNA transfection was conducted with Lipo8000™ Transfection

Reagent following the instructions. Human dermal fibroblast cells

(CP-H103, Wuhan Punosai Life Technology Co., LTD, China) were

cultured in DMEM+ FBS 15% +P/S 1% at 37 °C with 5% CO2 and

95% humidity. Macrophages were divided into four groups and

cultured for 24h: the control group (normoxic, 21% O2), the

hypoxia group (hypoxic, 5% O2), the si-SPP1 group (transfected

with SPP1 siRNA and then cultured under hypoxic conditions, 5%

O2), and the negative control group (transfected with scrambled

siRNA and then cultured under hypoxic conditions, 5% O2). After

24h, the culture supernatant was collected for subsequent detection

and use. The macrophage supernatant from each group was

then added to the fibroblast culture medium corresponding to the

four conditions (control, hypoxia, si-SPP1, and negative control).

After 24h of incubation, fibroblasts were collected for

further analysis.
2.3 Measurement of SPP1 levels by ELISA

Macrophages were cultured under normoxic and hypoxic

conditions, with or without SPP1 siRNA transfection. The

concentration of SPP1 in the macrophage-conditioned media was

quantified using a human osteopontin (OPN/SPP1) ELISA kit

according to the manufacturer’s instructions.
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2.4 Quantitative real-time polymerase
chain reaction

Total cellular RNA was extracted using the Trizol reagent (SB-

MR009, ShareBio, China). Reverse transcription was then

performed using the All-in-One First-Strand Synthesis MasterMix

(with dsDNase) kit (EG15133S, iScience, China) to synthesize

cDNA. The resulting cDNA was subsequently amplified with Taq

SYBR Green qPCR Premix (Universal) (EG20117M, iScience,

China) under the following cycling conditions: initial polymerase

activation at 95 °C for 30 s, followed by 40 cycles of 95 °C for 15 s

and 60 °C for 30 s. Gene expression levels were normalized to b-
actin mRNA. The sequences of the primers used are listed

in Table 1.
2.5 Western blot

Macrophages and fibroblasts were washed three times with PBS

and lysed using RIPA lysis buffer (Biosharp, BL504A, China).

Proteins were separated by sodium dodecyl sulfate–polyacrylamide

gel electrophoresis (SDS-PAGE) and then transferred onto a PVDF

membrane (Millipore, IPVH00010, United States). Protein bands

were visualized using the ECL Chemiluminescent Substrate Reagent

Kit (GK10008, GLPBIO, China), and signal detection was performed

with JS-M6P imaging system (Peiqing Technology Co., Ltd.,

Shanghai, China). Band intensity was quantified using ImageJ

software (version 1.52).
2.6 Statistical analysis

All analyses were conducted using SPSS software (version 24.0).

One-way ANOVA was used to assess significant differences in

mRNA and protein expression among treatment groups, followed
Frontiers in Immunology 03
by Bonferroni’s post-hoc test. Data are presented as mean ±

standard deviation (SD). A p-value of < 0.05 was considered

statistically significant.
3 Results

3.1 Hypoxia upregulates macrophage
expression of SPP1

As shown in Figures 1A, B, the mRNA expression of SPP1 was

significantly increased compared to the control group, However,

transfection of macrophages with SPP1 siRNA suppressed Hypoxia-

induced SPP1 mRNA expression in macrophages and (p < 0.05).
3.2 Inhibition of SPP1 suppressed
macrophage induced fibroblast mRNA
expression of ACTA2, CTGF, collagen I,
collagen III and FN1

As shown in Figures 2A–E, hypoxia-stimulated macrophages

significantly increased the mRNA expression of ACTA2, CTGF,

collagen I, collagen III, and FN1 in fibroblasts. However,

transfection of macrophages with SPP1 siRNA significantly

reduced the hypoxia-induced expression of these genes (p < 0.05).
3.3 Inhibition of SPP1 suppressed
macrophage induced fibroblast protein
expression of a-SMA, CTGF, collagen I,
collagen III and FN

As shown in Figures 3A–F), hypoxia-stimulated macrophages

significantly increased the protein expression of a-SMA, CTGF,
TABLE 1 Primers designed for quantitative real-time PCR.

Gene Primer Sequence(5’-3’)

Hu-b-actin(96)
Forward CCCTGGAGAAGAGCTACGAG

Reverse GGAAGGAAGGCTGGAAGAGT

Hu-collagen I(137) Forward CACCAATCACCTGCGTACAG

Reverse GCAGTTCTTGGTCTCGTCAC

Hu-collagen III(101) Forward TCCACTCCATAACGCTCCTC

Reverse GTGGCCTTGGTATGTGCTTT

Hu-CTGF(182)
Forward TTAGCGTGCTCACTGACCTG

Reverse GCCACAAGCTGTCCAGTCTA

Hu-FN1(158) Forward GGTACAGGGTGACCTACTCG

Reverse GGGCTGGCTCTCCATATCAT

Hu-ACTA2(85) Forward GGAATCCTGTGAAGCAGCTC

Reverse CTTACAGAGCCCAGAGCCAT
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FIGURE 1

Hypoxia upregulates macrophage expression and secretion of SPP1. Macrophages were divided into four groups and cultured for 24 hours: the
control group (normoxic, 21% O2), the hypoxia group (hypoxic, 5% O2), the si-SPP1 group (transfected with SPP1 siRNA before being cultured under
hypoxic conditions, 5% O2), and the negative control group (transfected with scrambled siRNA before being cultured under hypoxic conditions, 5%
O2). SPP1 gene expression in macrophages was assessed by qRT-PCR (A), and SPP1 protein concentration in the macrophage-conditioned
supernatant was measured by ELISA (B). Data are expressed with mean ± SD; *p < 0.05: Hypoxia group vs Control group, &p < 0.05: si-SPP1 group
vs Hypoxia group, ns, Negative control group vs Hypoxia group. All experiments were repeated three times independently.
FIGURE 2

Inhibition of SPP1 attenuates macrophage-induced fibroblast mRNA expression of ACTA2, CTGF, collagen I, collagen III and FN1. Macrophage-
conditioned supernatant from each group was added to fibroblast culture medium under the four conditions (control, hypoxia, si-SPP1 and negative
control) for 24 hours. Subsequently, the mRNA expression levels of ACTA2, CTGF, collagen I, collagen III and FN1 in fibroblasts were then analyzed
by qRT-PCR (A–E). Data are expressed with mean ± SD; (A–E), *p < 0.05: Hypoxia group vs Control group, &p < 0.05: si-SPP1 group vs Hypoxia
group, ns, Negative control group vs Hypoxia group. All experiments were repeated three times independently.
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collagen I, collagen III, and FN in fibroblasts. In contrast, transfection

of macrophages with SPP1 siRNA significantly attenuated the

hypoxia-induced upregulation of these proteins (p < 0.05).
4 Discussion

Acute compartment syndrome (ACS) is a severe and

potentially limb-threatening condition characterized by increased

intracompartmental pressure within a closed muscle compartment,

leading to ischemia, hypoxia, and tissue damage. The deep fascia, a

critical structure in ACS, is actively involved in tissue repair and

fibrosis, with macrophages and fibroblasts playing central roles. Our

previous single-cell profiling found an accumulation of SPP1+

macrophages and activated fibroblasts in the deep fascia of ACS

patients, suggesting their potential involvement in ACS pathogenesis.

In the present study, we investigated the role of SPP1+ macrophages

in the deep fascia of ACS, focusing on their impact on fibroblast

activation under hypoxic conditions. We found that hypoxia, a

hallmark of ACS, significantly upregulated SPP1 expression in

macrophages. These hypoxia-induced macrophages, in turn,

promoted fibroblast activation and tissue remodeling, as evidenced

by increased expression of fibrosis-related genes and proteins,

including ACTA2, CTGF, collagen I, collagen III, and FN1.
Frontiers in Immunology 05
Hypoxia, a hallmark of ACS, is a potent inducer of

cellular responses, particularly in immune cells. The hypoxic

microenvironment has been reported to activate macrophages, which

play a key role in tissue remodeling and repair (16, 17). Our findings

show that hypoxia increases SPP1 expression in macrophages, which

was consistent with previous studies (13). It has been reported that

elevated levels of HIF1a in macrophages can upregulate SPP1

expression (18, 19). So it was possible that that hypoxia induces

HIF1a activation, which in turn leads to increased SPP1 expression

in macrophages. Previous studies have highlighted that SPP1 can

promote fibroblast activation by regulating key fibrotic markers such

as a-SMA, collagen production, and fibronectin synthesis (20, 21). Our

findings further support the role of SPP1+ macrophages in mediating

the fibrotic response in ACS could through paracrine signaling,

emphasizing the crucial role of the macrophage-fibroblast interaction

in the pathophysiology of ACS. Furthermore, elevated SPP1 expression

in fibroblasts has been shown to drive myofibroblast differentiation via

the PI3K/Akt/mTOR and TGF-b signaling pathways in pulmonary and

renal fibrosis, respectively (22–24). However, the precise mechanisms by

which SPP1 induces fibroblast-to-myofibroblast transformation

through paracrine signaling remain unclear and warrant further

investigation. Importantly, we found that inhibition of SPP1

expression in macrophages by siRNA significantly attenuated

fibroblast activation and fibrosis-related gene and protein expression.
FIGURE 3

Inhibition of SPP1 suppresses macrophage-induced fibroblast protein expression of a-SMA, CTGF, collagen I, collagen III and FN. Macrophage-
conditioned supernatant from each group was added to the fibroblast culture medium under the four conditions (control, hypoxia, si-SPP1 and
negative control) for 24 hours. The protein expression levels of a-SMA, CTGF, collagen I, collagen III and FN in fibroblasts were analyzed by Western
blot (A–F). Data are expressed with mean ± SD; (B–F), *p < 0.05: Hypoxia group vs Control group, &p < 0.05: si-SPP1 group vs Hypoxia group, ns,
Negative control group vs Hypoxia group. All experiments were repeated three times independently.
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These findings suggest that SPP1 is a critical mediator of macrophage-

induced fibroblast activation and myofibroblast differentiation.

Targeting the SPP1 pathway may therefore represent a promising

therapeutic approach to mitigate fibrosis in ACS, improve tissue

recovery, and reduce long-term complications.

However, this study has several limitations. First, although we

found that hypoxia-induced SPP1+ macrophages drive fibroblast

activation, the specific molecular pathways by which hypoxia

regulates SPP1 expression in macrophages, such as HIFs, remain

unclear and need further exploration. In addition, the exact

mechanisms through which SPP1 activates fibroblasts and

promotes their differentiation into myofibroblasts are not fully

understood. Second, the hypoxic conditions (5% O2) used in our

study may not completely replicate the oxygen gradients present in

ACS tissues, and future research should consider more clinically

relevant models. Finally, while we focused on SPP1-mediated

signaling between macrophages and fibroblasts, possible feedback

loops between these cells and the contribution of other extracellular

matrix components also merit further exploration.

In conclusion, SPP1+ macrophages play a pivotal role in driving

fibroblast activation and fibrosis in ACS. Future studies should

further elucidate the molecular mechanisms underlying

macrophage–fibroblast interactions to advance our understanding

of ACS pathophysiology and to facilitate the development of more

effective treatments.
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