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Background: Intracerebral hemorrhage (ICH), a devastating form of stroke, is characterized by elevated morbidity and mortality 
rates. Neuroinflammation is a common occurrence following ICH. Mesenchymal stem cells (MSCs) have exhibited potential in 
treating brain diseases due to their anti-inflammatory properties. However, the therapeutic efficacy of MSCs is limited by the intense 
inflammatory response at the transplantation site in ICH. Hence, enhancing the function of transplanted MSCs holds considerable 
promise as a therapeutic strategy for ICH. Notably, the iron-quercetin complex (IronQ), a metal-quercetin complex synthesized 
through coordination chemistry, has garnered significant attention for its biomedical applications. In our previous studies, we have 
observed that IronQ exerts stimulatory effects on cell growth, notably enhancing the survival and viability of peripheral blood 
mononuclear cells (PBMCs) and MSCs. This study aimed to evaluate the effects of pretreated MSCs with IronQ on neuroinflammation 
and elucidate its underlying mechanisms.
Methods: The ICH mice were induced by injecting the collagenase I solution into the right brain caudate nucleus. After 24 hours, the 
ICH mice were randomly divided into four subgroups, the model group (Model), quercetin group (Quercetin), MSCs group (MSCs), 
and pretreated MSCs with IronQ group (MSCs+IronQ). Neurological deficits were re-evaluated on day 3, and brain samples were 
collected for further analysis. TUNEL staining was performed to assess cell DNA damage, and the protein expression levels of 
inflammatory factors and the cGAS-STING signaling pathway were investigated and analyzed.
Results: Pretreated MSCs with IronQ effectively mitigate neurological deficits and reduce neuronal inflammation by modulating the 
microglial polarization. Moreover, the pretreated MSCs with IronQ suppress the protein expression levels of the cGAS-STING 
signaling pathway.
Conclusion: These findings suggest that pretreated MSCs with IronQ demonstrate a synergistic effect in alleviating neuroinflamma-
tion, thereby improving neurological function, which is achieved through the inhibition of the cGAS-STING signaling pathway.
Keywords: mesenchymal stem cells, IronQ, intracerebral hemorrhage, cGAS/STING/NFκB, inflammatory response

Background
Intracerebral hemorrhage (ICH), a devastating subtype of stroke, is characterized by high morbidity and mortality rates, 
with nearly 5 million cases and over 2.8 million deaths worldwide.1–5 Post-ICH, an extended hematoma results in 
primary brain injury (PBI), causing mass effects and the destruction of surrounding normal brain tissue.6 Previous studies 
have demonstrated the feasibility of managing PBI through craniotomy and minimally invasive endoscopic approaches 
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for hematoma evacuation in cases of ICH.7 Subsequently, as ICH progresses, released debris, hemoglobin, iron, heme, 
and other blood components from the ruptured red blood cells within the hematoma trigger secondary brain injury (SBI). 
This initiates a cascade of pathological events, encompassing neuroinflammation, brain edema, demyelination, axonal 
damage, neuronal death, oxidative stress, and disruption of the blood-brain barrier (BBB).3,8–12 In recent years, there has 
been an increasing focus on comprehending the mechanisms and therapeutic strategies targeting SBI-mediated neuroin-
flammation in the context of ICH.13,14 Nevertheless, the underlying mechanisms of SBI-induced neuroinflammation 
following ICH remain not fully understood.

Mesenchymal stem cells (MSCs), known for their anti-inflammatory properties, have emerged as a promising 
therapeutic option for various brain diseases.15–18 However, the therapeutic efficacy of MSCs is impeded by the activated 
microglia-induced neuroinflammation, resulting in a diminished survival rate of MSCs at the site of a brain 
hemorrhage.19,20 Moreover, numerous reports have indicated that traditional Chinese medicine, particularly quercetin, 
can modulate the proliferation and differentiation of MSCs.21,22 Quercetin, a flavonoid present in various herbs, fruits, 
and vegetables, has been demonstrated to diminish neuronal injury and facilitate brain damage recovery by attenuating 
neuroinflammation.23 Several studies have reported that quercetin can modulate cellular functions, such as proliferation 
and migration.19,23 However, quercetin’s low water solubility, restricted bioavailability, and chemical instability have 
presented challenges to its efficacious utilization in biomedical applications.24,25 To overcome these limitations, our 
research team has synthesized the iron-quercetin complex (IronQ), which demonstrates enhanced water solubility, 
improved bioactivity, and potential for tracking peripheral blood mononuclear cells (PBMCs) and MSCs.26–28 Based 
on this premise, we hypothesized that the administration of MSCs with IronQ could improve outcomes in ICH mice and 
sought to investigate the underlying mechanisms involved.

Microglia, serving as the resident macrophages of the central nervous system (CNS), play a pivotal role in the innate 
immune response following ICH. The release of inflammatory factors by activated microglia contributes to the 
amplification of the inflammatory response in diverse brain diseases.29 The production of interleukin-6 (IL-6) and 
tumor necrosis factor α (TNF-α) after ICH is primarily attributed to microglia activation.20 Microglia/macrophages 
can assume distinct phenotypes, namely M1 and M2, based on their gene and protein expression profiles. The M1 
phenotype exacerbates injury, whereas the M2 phenotype contributes to tissue repair.30 After ICH, two distinct subtypes 
of cells exist in the brain tissue, manifesting dynamic changes in their functions, which can either contribute to tissue 
repair or exacerbate injury. The cyclic GMP-AMP (cGMP-AMP) synthase (cGAS) and its downstream cGMP-AMP 
receptor stimulator of interferon genes (STING) detect disease-producing DNA, initiating an inflammatory response. 
This suggests cGAS-STING axis as a pivotal signaling pathway in autoimmunity and inflammatory responses.31 Several 
studies have presented compelling evidence indicating that prolonged activation of the cGAS-STING signaling pathway 
in the CNS can have detrimental effects on normal brain function.32 In recent years, there has been extensive research 
devoted to exploring the neuroinflammatory response linked with the cGAS-STING signaling axis in neurodegenerative 
diseases, including Alzheimer’s disease (AD), and ischemic stroke.33–35 These studies have illuminated the role of the 
cGAS-STING pathway in the pathogenesis of these conditions and underscored its potential as a therapeutic target. 
However, the precise effect and underlying mechanism of the cGAS-STING signaling pathway in the context of 
hemorrhagic brain conditions remain inadequately understood. Further research is needed to elucidate the role of this 
signaling pathway in hemorrhagic brain injury and its potential implications for therapeutic interventions.

In this study, we evaluated the neurological deficits, DNA damage, and inflammatory response in neuronal cells 
following the transplantation of preconditioned MSCs with IronQ in ICH mice. Additionally, we investigated the protein 
expression levels of the cGAS-STING signaling axis to gain insights into its involvement in the observed effects.

Materials and Methods
The Synthesis of IronQ Complex
The IronQ complex was synthesized following the methodology described in our previous study.26 Shortly, stirring 
quercetin hydrate (0.0050 moles) (Sigma, USA) in a round bottle with 500 mL HPLC-methanol (Sigma, USA) until 
complete dissolution, the solution’s color shifted yellow. Then, the PH of mixed solution was gradually modified to 12 
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using a NaOH solution. Subsequently, Iron (III) chloride (Sigma, USA) solution was freshly prepared by dissolving 
0.0025 moles of Iron (III) chloride in 500 mL of ultrapure water (up water) to integrate with the quercetin solution 
resulting in a dark yellow mixture, which was subsequently incubated for 2 hours at 60°C under a continued stirring. 
After that, the total solution was filtered and evaporated to dryness. The resulting dark powder was collected and reserved 
it at room temperature (RT) in a drying apparatus, protected from the light.

Animals
Sixty male wild-type mice (C57BL/6), aged 8–9 weeks and weighing between 22 and 25 g, were obtained from 
Tengxin Biotechnology Co., Ltd (Chongqing, China). The mice were housed in a temperature-controlled room (23 ± 
2 °C) with consistent animal housing conditions, including relative humidity (65 ± 5%), a 12:12-hour light-dark 
cycle, and ad libitum access to water and food. The approach to utilizing the mice adhered to the Guidance 
Suggestions for the Care and Use of Laboratory Animals established by the Ministry of Science and Technology in 
China. The animal protocol was authorized by the Animal Ethical Committee of the Animal Center of Southwest 
Medical University (Luzhou, Sichuan), and the approval number is 20,220,526–002. The optimized experimental 
approaches were implemented to minimize the discomfort of the experimental animals. The experimental mice were 
randomly divided into six groups, comprising the sham group (Sham), the model group (Model), MSCs group 
(MSCs), quercetin group (Quercetin), IronQ-pretreated MSCs group (MSCs+IronQ), and control group with IronQ- 
pretreated MSCs (MSCs+IronQC). Each group was subjected to one of the following five different processing 
methods, as depicted in Figure 1A.

Figure 1 Abstract graphics of the experimental protocols. (A) Grouping, treatment procedures, and a concise timeline for experimental mice. (B) A schematic diagram of 
the ICH mice administered with MSCs and pretreated MSCs with IronQ.
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Intracerebral Hemorrhage Mice Model
The ICH animal model was established following the methodology outlined in our previous study.28,36 Shortly, 
anesthetized mice were secured by immobilizing the bilateral external ear hilum and incisor to a stereotaxic apparatus. 
The anterior and posterior fontanels were positioned at the horizontal plane to ensure stability. The scalp was dissected 
sagittally for approximately 1 cm to expose the anterior fontanelle by utilizing 30% H2O2. 1 μL solution (0.15 U/μL) 
of collagenase I (C8140, Solarbio, China) dissolved in 0.9% normal saline was taken by a microsyringe (1 μL, Shang 
Hai Gao Ge). A hole (1 mm in diameter) was drilled on the right calvaria bone at the lateral and anterior of the anterior 
fontanelle, with distances of 2.5 mm and 0.2 mm, respectively. The microsyringe, positioned on the stereotaxic 
apparatus, was carefully inserted into the brain tissue (caudate nucleus) to a depth of 3 mm from the drilled hole. 
Subsequently, the collagenase I solution was gradually infused using the microsyringe (Figure 1B). The skin was 
sutured after the drilled hole was closed using bone wax. The mice in the Sham underwent the same procedure, except 
that the collagenase I solution was not infused. The mice in the MSCs+IronQC were only injected with the pretreated 
MSCs with IronQ. In accordance with the previous study, mice in the Quercetin received quercetin administration at 
a dosage of 50 mg/kg/day via gastrointestinal drug delivery.19,23 The abstract definitions of the experimental 
procedures are shown in Figure 1.

Neurological Score and Balance Beam Test
As cited above, neurobehavioral functions were blindly evaluated 1 day after ICH using the modified Garcia.37,38 The 
modified Garcia test consists of 6 subtests with a total score of 18, including assessments of spontaneous movement, limb 
symmetry, forward extension, climbing ability, body proprioception, and tentacle feedback. For the beam balance test, 
mice were placed on a 2 cm wide beam and allowed to walk on it. This latency duration for the mice to reach the terminal 
home cage was documented. The maximum observation period allowed was 1 minute. Additionally, the number of paw 
slips was recorded, and the overall performance of the mice on the beam was assessed the according to the scoring 
criteria. All mice underwent conditioning and training on the balance beam two days before the initiation of the mice 
ICH induction experiment, as described in our previous study.39

Culture and Identification of MSCs
The procedures for obtaining MSCs were carried out as previously described.28,40 In brief, the tibias and femurs were 
obtained from 10 healthy male mice under sterile conditions. Next, the muscle tissue surrounding the bone was 
meticulously removed using a scissor and tweezer, ensuring not to damage the bone structure. Subsequently, the bones 
were immersed in 75% alcohol for 30 seconds and then washed three times (1 minute each) with sterile 0.01 
M phosphate-buffered saline (PBS, pH = 7.4). The bones were crushed, and the resulting fragments repeatedly were 
repeatedly washed with Dulbecco’s modified eagle medium (DMEM, Gibco, USA) to obtain a cell suspension. The cell 
suspension was then centrifuged and the obtained cells were suspended. Subsequently, the cells were cultured in DMEM 
supplemented with 10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin/streptomycin (C0222, Beyotime 
Biotechnology, China), and incubated at 37°C in a humidified atmosphere containing 5% CO2. The cultured cells from 
the third passage were used in the subsequent experiments. The cells were characterized using surface marker protein 
antibodies for MSCs, including CD90, CD105, CD 11b, and CD45 (Bioscience, USA), assessed via flow cytometry (BD 
FACSCanto II, BD Biosciences, USA).

Pretreated MSCs with IronQ
MSCs (1 × 106 cells) were seeded in a 10-cm culture plate with the previously mentioned culture medium. Once the 
MSCs adhered to the plate surface, dissolved IronQ in sterile ultrapure (up) water at a concentration of 1000 µg/mL was 
added to the 10-cm culture plate to achieve at a final concentration of 200 µg/mL. The MSCs with IronQ were then 
further incubated at 37°C for 24 hours in a humidified incubator with 5% CO2.28
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Measurement of Reactive Oxidative Stress (ROS) Level
Human neuroblastoma SH-SY5Y cell line was obtained from the Chinese Academy of Science (Shanghai, China), 
seeded into a 6-well plate with DME/F12 (1:1) (Invitrogen, USA) supplemented with 10% FBS (Gibco, USA), 1%NEAA 
(Invitrogen, USA), 1% sodium pyruvate (Invitrogen, USA), 1%Gluta-max (35,050,061, Invitrogen, USA), 1%NEAA 
(Invitrogen, USA), and 1%penicillin/streptomycin (Beyotime, China), and cultured at 37°C in a humid atmosphere of 5% 
CO2-incubator. The SH-SY5Y cells were pretreated with or without IronQ for 24 hours. Subsequently, the media were 
removed, and the cells were further cultured in their original media supplemented with 100 μM H2O2 (except for control) 
for an additional 12 hours. Then, the cells were assessed using a ROS detection kit (Beyotime, China) following the 
manufacturer’s instructions. Fluorescence intensity was quantified by flow cytometry (BD FACSCanto II, BD 
Biosciences, USA) at an excitation wavelength of 488 nm and an emission wavelength of 525 nm.

Transplantation of MSCs and Pretreated MSCs with IronQ
MSCs at passages 3–6, along with their pretreated form with IronQ, were utilized in the subsequent experiments. The 
cells were collected and the cell concentration was adjusted to 5×107 cells per mL in PBS. Then a 20 µL cells suspension 
containing 106 cells was drawn into the same volume microsyringe and infiltrated into the original site for ICH mice 
(location: bregma right: 3 mm; bregma front: 0.2 mm; depth: 3 mm) at an injection speed of 2 µL/min in the mice of 
MSCs, MSCs+IronQ, and MSCs+IronQC, respectively, after the ICH mice model was successfully established. The skin 
was sutured and disinfected.28

Terminal Deoxynucleotide Transferase dUTP Nick-End Labeling (Tunel) Staining
Tunel staining was described to assess neuronal apoptosis in the caudate nucleus (perihematoma) following ICH, as 
described in a previous report.41 Briefly, after myocardial perfusion with 0.9% normal saline and 4% paraformaldehyde 
in PBS for deep anesthesia in mice, brain samples were removed and immersed in the same formaldehyde solution for 
further fixation. Subsequently, the samples were embedded in paraffin. Neuronal apoptosis was assessed using a One-step 
TUNEL In Situ Apoptosis Assay Kit (Green, AF488) (E-CK-A321, Elabscience, China), following the manufacturer’s 
protocol. Images were captured using an orthotopic fluorescence microscope (DM4B, Leica, Germany).

Immunofluorescence
Immunofluorescence (IF) was conducted following the methodology described in previous literature.28,42 Shortly, after 
transcardially using 0.9% normal saline and 4% paraformaldehyde in PBS for mice in-depth anesthesia, the brain 
samples were collected, and post-fixed. Subsequently, the samples were dehydrated and embedded in an optimal cutting 
temperature compound (OCT). Next, the brain tissue was sliced into 4-μm sections at the side of the caudate nucleus 
using a freezing microtome (CM1950, Leica, Germany). Frozen sections of brain tissue were treated with 0.3% Triton 
X-100, followed by blocking with 5% BSA at 37°C for 1 hour. Subsequently, the sections were incubated with primary 
antibodies, including rabbit anti-NeuN (CST, USA, diluted 1:100), Iba-1 (Abcam, USA, diluted 1:100), rabbit anti-CD80 
(Proteintech, USA, diluted 1:100), rabbit anti-CD86 (Proteintech, USA, diluted 1:100), rabbit anti-CD206 (Proteintech, 
USA, diluted 1:100), rabbit anti-Arg-1 (Proteintech, USA, diluted 1:100), mouse anti-TNF-α (Santa Cruz, USA, diluted 
1:100), mouse anti-IL-6 (Santa Cruz, USA, diluted 1:100), rabbit anti-cGAS (CST, USA, diluted 1:100), and rabbit anti- 
STING (Proteintech, USA, diluted 1:100) overnight under humidified conditions at 4°C and then incubated with Alexa 
FluorTM 555 goat anti-rabbit IgG (Invitrogen, USA, diluted 1:1000), Alexa Fluor® 555 goat anti-mouse secondary IgG 
(Life Technologies, USA, diluted 1:1000), Alexa FluorTM 488 conjugated anti-rabbit IgG (Invitrogen, USA, diluted 
1:1000), and Alexa FluorTM 488 conjugated anti-mouse IgG (Invitrogen, USA, diluted 1:1000) at RT for 1 hour. The 
images were captured using an orthotopic fluorescence microscope (DM4B, Leica, Germany).

Western Blot
Brain tissue was rapidly obtained and isolated into ipsilateral brain hemispheres after deep anesthesia of mice in different 
groups. The samples were homogenized, and the protein supernatants were harvested by centrifugation. Next, the total 
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protein concentration of brain samples in different groups was determined using the bicinchoninic acid (BCA) protein 
assay (Beyotime, China). Equal amounts of protein samples (50 µg) were loaded onto 10–12% sodium dodecyl sulfate- 
polyacrylamide gel (SDS-PAGE) for protein electrophoresis. Subsequently, the proteins were transferred to polyvinyli-
dene fluoride (PVDF) membranes, which were then incubated with the first primary antibodies (CD80, CD86, CD206, 
Arg-1, IL-6, TNF-α, cGAS, STING, NFκB, p-NFκB-p65, and GAPDH, diluted 1:1000) at 4 °C overnight.28 Following 
the primary antibody incubation, the membranes were further incubated with HRP-conjugated Donkey anti-rabbit/ mouse 
IgG (Thermo, USA, diluted 1: 1000) at RT for 1 hour. Then, the membranes were exposed to an Image-Quant ECL 
Imager using the enhanced chemiluminescence (ECL) solution (Vazyme, China). The relative protein levels were 
calculated by referencing the corresponding amount of GAPDH using Image J software.

Statistical Analysis
Parametric data were analyzed and presented as the mean ± standard error of the mean (SEM) using GraphPad Prism 8 
software. The significant difference between multiple means was assessed using one-way Analysis of Variance (ANOVA) 
followed by a post hoc test.

Results
Pretreated MSCs with IronQ Attenuated the Neurological Deficits and DNA Damage
One day after inducing the ICH model, the balance beam and modified Garcia tests were employed to assess the 
neurological deficits in the experimental subjects. Figure 2A showed that on day 1 (1d), the ICH mice exhibited similar 
neurological scores, indicating that their baseline neurological condition was comparable at the beginning of the study 
(P > 0.05). When administering three different therapies, namely MSCs+IronQ, MSCs, and Quercetin, to the ICH mice, 
significant improvements in the scores of neurological deficits were observed compared to the Model at day 3 (3d). In 
Figure 2B, the results of TUNEL staining in different groups are presented, with the green color indicating DNA damage. 
The TUNEL staining performed at 3d after ICH showed a higher presence of DNA damage in the perihematoma in the 
mice from the Model compared to the mice in MSCs+IronQC and Sham. However, all three therapies demonstrated the 
ability to reduce the degree of DNA damage. Furthermore, it was observed that the pretreated MSCs with IronQ 
exhibited a greater anti-DNA damage effect when compared to the administration of quercetin via gavage and MSCs 
transplantation alone.

Identification of Pretreated MSCs with IronQ at Different Time Points
The original MSCs extracted from the tibias and femurs of mice were cultured and subsequently passed to the third 
passage (Figure 3A). The expression profiles of surface antigens were analyzed, revealing the presence of positive 
markers CD29 (99.5%) and CD105 (89.3%) and the absence of negative markers CD11b (13.8%) and CD45 (0.9%) 
(Figure 2C). The cluster growth of MSCs at passages 3–6 can be observed under an inverted phase contrast microscope 
(Figure 2A). When incubated MSCs with IronQ (Figure 3B) (200 µg/mL) for 1 day and 3 days in a humidified 
atmosphere incubator with 5% CO2 at 37 °C, the surface antigens on IronQ-preconditioned MSCs exhibited slight 
difference compared to non-IronQ-preconditioned MSCs (Figure 3D–E). The results showed that CD11b exhibited an 
increasing trend with the extension of IronQ preconditioning time on MSCs.

Pretreated MSCs with IronQ Attenuated the H2O2-Induced ROS of SH-SY5Y Cells
H2O2 is known to induce the generation of ROS and can be toxic to cells. In order to investigate whether pretreated 
MSCs with IronQ can protect SH-SY5Y cells by reducing ROS accumulation, the intracellular ROS levels were 
measured using DCFH-DA probes. This was accomplished by exposing the SH-SY5Y cells to conditioned medium 
(CM) obtained from pretreated MSCs with IronQ for 24 hours. The fluorescence intensity of intracellular ROS was 
measured using flow cytometry (Figure 4). The results revealed a significant increase in intracellular ROS levels 
following H2O2 stimulation. However, when the CM of pretreated MSCs with IronQ (200 µg/mL) was utilized to treat 
H2O2-activated SH-SY5Y cells, a noticeable reduction in intracellular ROS levels was observed.
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Pretreated MSCs with IronQ Decreased Neuroinflammation in Mice Following ICH
Figure 5 presents the results of double immunofluorescent staining, specifically between NeuN (a neuronal marker) and 
inflammatory factors, in various groups. Particularly, in Figure 5A and B, a higher protein expression of inflammatory 
factors, such as IL-6 and TNF-α, is observed on neuronal cells in the ICH mice of the Model compared to the mice in the 
MSCs+IronQC and Sham. The therapies involving quercetin gavage and MSCs injection in situ were found to decrease 
the protein expression levels of inflammatory factors on neuronal cells. However, the transplantation of pretreated MSCs 
with IronQ downregulated the inflammatory factors more significantly than the other two therapies.

Pretreated MSCs with IronQ Enhanced the Transition to the Neuroprotective M2 
Microglial Phenotype
Figure 6 shows double immunofluorescent staining results between microglia (Iba-1) and its polarization markers (M1: 
CD80, CD86; M2: CD206, Arg-1), along with the Western blot results of microglial polarization markers in different 

Figure 2 The administration of pretreated MSCs with IronQ attenuated neurological deficits and DNA damage. (A) The results from the Modified Garcia and beam balance 
tests indicated that the administration of pretreated MSCs with IronQ significantly reduced neurological deficits in ICH mice at 3 days post-treatment. (B) The results of 
Tunel staining demonstrated that there were minimal DNA damage cells observed in the mice treated with MSCs+IronQ compared to the mice in the Model and the other 
two therapy groups at 3 days post-treatment. Scale bar = 100 μm. (n = 5 per group; ** p< 0.01, ***p< 0.001, and ****P < 0.0001).
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Figure 3 IronQ-preconditioned MSCs sustain the stem cell properties. (A) Vortex-like growth of MSCs at passages 3–6. Scale bar = 50μm. (B) Three possible structures of 
IronQ complex. (C–E) The expression profiles of surface antigens on IronQ-preconditioned MSCs were analyzed at different time points to evaluate any changes in their 
surface antigen expression.
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groups. Specifically, Figure 6A depicts the double staining showcasing microglial phenotype M1 and M2 with Iba-1. The 
Western blot results reveal that the quercetin gavage therapy augmented the protein expression levels of CD206 and Arg- 
1, while no discernible impact was observed on CD80 and CD86. The injection of MSCs led to enhanced protein 
expression levels of CD206 and Arg-1 and decreased CD80 and CD86 protein expression levels compared with quercetin 
gavage therapy. Moreover, the combined treatment resulted in significant downregulation of M1 markers and upregula-
tion of M2 markers compared to quercetin gavage therapy alone. Additionally, the combined therapy significantly 
boosted CD206 protein expression level compared to MSCs transplantation alone. Therefore, the transplantation of 
pretreated MSCs with IronQ demonstrated a synergistic effect in enhancing the microglial transformation into the M2 
phenotype.

Pretreated MSCs with IronQ Downregulated Neuroinflammation by Regulating the 
cGAS-STING-NFκB Signal Axis
In Figure 7A and B, the co-expression of Iba-1 (a microglial marker) with cGAS and STING was assessed through 
immunofluorescence. In the Sham and MSCs+IronQC, no detectable co-expression of Iba-1 with cGAS and STING was 
observed based on immunofluorescent staining. However, following ICH induction, a uniform distribution of Iba-1 co- 
expression with cGAS and STING staining was observed in brain tissue. Interestingly, weak immunofluorescent staining 
of microglial cGAS and STING was also observed in all three treatment groups. Furthermore, the IronQ-pretreated 

Figure 4 Pretreated MSCs with IronQ hindered H2O2-mediated intracellular ROS accumulation in SH-SY5Y cells. (A–E) The fluorescence intensity of intracellular ROS was 
quantified using flow cytometry.
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MSCs group exhibited fewer cells with positive staining for the co-expression of Iba-1 with cGAS and STING compared 
to the other two treatment groups. Figure 7C–F depict the protein expression levels and analysis of the cGAS-STING 
signal axis using Western blotting. The immunoblotting results demonstrate a significant increase in protein expression 
levels of cGAS, STING, and p-NFκB-p65 in brain tissue following ICH. However, therapies involving MSC transplanta-
tion, IronQ-pretreated MSCs, and quercetin gavage effectively inhibited their upregulation (P < 0.0001). The transplan-
tation of MSCs resulted in a significant downregulation of protein expression levels of cGAS (P < 0.05) and STING (P < 
0.0001) compared to quercetin gavage therapy. However, there was no significant difference in the protein expression 
levels of p-NFκB-p65 between the Quercetin and MSCs in mice. Furthermore, the transplantation of IronQ-pretreated 

Figure 5 Pretreated MSCs with IronQ decreased neuroinflammation in mice with ICH. (A and B) Representative double immunofluorescent staining of inflammatory 
factors/NeuN in ipsilateral basal ganglia of mice after ICH (n = 5 per group). Scale bar = 100 μm. (C–E) The results and analysis of Western blotting in different groups 
revealed the protein expression levels of IL-6 and TNF-α in mouse brain tissue (n = 5 per group; ****P < 0.0001).
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Figure 6 Pretreated MSCs with IronQ enhanced the transformation of the M2 microglial neuroprotective phenotype. (A) Representative double immunofluorescent 
staining of polarization marker/Iba-1 in ipsilateral basal ganglia of mice after ICH (n = 5 per group). Scale bar = 100 μm. (B–F) The results of Western blot in different groups 
revealed the protein expression levels of microglial polarization markers in mice brain tissue (n = 5 per group; *P < 0.05, ** p< 0.01, ***p< 0.001, and ****P < 0.0001).
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Figure 7 Pretreated MSCs with IronQ attenuated neuroinflammation by modulating the cGAS-STING-NFκB signal axis. (A and B) Immunofluorescence staining showed 
colocalization of Iba-1-positive microglia with cGAS and STING in mice after ICH (n = 5 per group). Scale bar = 100 μm. (C–F) The results and analysis of Western blot in 
different groups revealed the protein expression levels of cGAS, STING, and p-NFκB-p65 in mice brain tissue (n = 5 per group; *P < 0.05, ***p< 0.001, and ****P < 0.0001).
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MSCs exhibited a significant downregulation of cGAS, STING, and p-NFκB-p65 protein expression levels compared to 
MSC transplantation and quercetin gavage therapies (P < 0.05).

Discussion
Previous studies have provided substantial evidence supporting the beneficial effects of MSC transplantation on 
improving outcomes in ICH.28 This study investigated the potential protective effects and underlying mechanisms of 
using IronQ complex to precondition MSCs as an innovative therapy for ICH in mice. Our findings revealed that IronQ- 
pretreated MSCs enhanced the transformation of microglia into an M2 phenotype, mitigating neurological impairment in 
the perihematomal tissue of ICH mice. These effects were achieved via the modulation of the cGAS-STING-NFκB 
signaling axis.

Neuroinflammation is pivotal in inducing cellular swelling and damage, as highlighted in a previous study.43 

Following hematoma formation, the components of blood cells within and surrounding the hematoma are released into 
the adjacent normal brain parenchyma, triggering an instantaneous inflammatory reaction by activated inflammatory cells 
within the brain tissue.44 Microglia, as a key component in the innate immune system of brain tissue, can swiftly 
mobilize and activate in response to ICH-induced brain damage.45,46 The abundance of M1 microglia cells can lead to 
neuronal damage via the secretion of pro-inflammatory cytokines and neurotoxic chemokines. Studies have demonstrated 
that MSCs possess the capability to induce the polarization of macrophages/microglia towards an M2 phenotype in CNS 
diseases by suppressing the secretion of inflammatory factors from microglia cells.20,47 In our study, we observed that the 
combined treatment effectively downregulated the protein expression levels of microglial M1-phenotype markers while 
concomitantly increasing the expression levels of M2-phenotype markers. These findings indicate that the combined 
treatment modulates microglial polarization towards a neuroprotective phenotype, suggesting its potential neuroprotec-
tive function. Furthermore, we observed that the combined treatment reduced inflammation within the brain tissue 
following ICH, which aligned with the observed changes in microglial polarization.

Neuroinflammation in the brain is often accompanied by and contributes to neurodegeneration. The cGAS-STING 
signaling axis is a cytoplasmic pathway responsible for sensing double-stranded DNA (dsDNA) and plays a crucial role 
in detecting endogenous pathogenic DNA. It serves as a key mediator of neuroinflammation in various inflammatory 
brain disorders.31,48,49 The role of cGAS in regulating DNA repair through its downstream effectors, including STING 
and NFκB signals, is associated with the pathogenesis of neuroinflammation in neurodegenerative diseases.31,50,51 In this 
study, we observed that both MSCs and quercetin therapies effectively inhibited the inflammatory response following 
ICH, suppressing the cGAS-STING-NFκB signaling pathway. However, when pretreated MSCs with IronQ were 
transplanted into the hemorrhage site of ICH mice, the protein expression levels of inflammatory factors were markedly 
downregulated compared to the other two therapies. Moreover, the combined treatment involving pretreated MSCs with 
IronQ transplantation demonstrated a more significant inhibitory effect on the cGAS-STING-NFκB signaling pathway in 
mice with ICH compared to individual therapies using MSCs or quercetin. Therefore, these findings suggest that the 
transplantation of pretreated MSCs with IronQ may have a synergistic effect in modulating the cGAS-STING-NFκB 
signaling axis. This synergistic modulation has the potential to alleviate neuroinflammation-induced brain damage in 
mice following ICH.

The present study provides preliminary evidence supporting the involvement of the cGAS-STING-NFκB signaling 
axis in the inflammatory response observed in mice following ICH. Nevertheless, it is crucial to acknowledge the 
limitations of our study. Firstly, our study did not employ an ICH mice model with specific knockout of cGAS or STING 
in microglia. Secondly, we did not extensively investigate the precise effects of the classical cGAS-STING-NFκB 
signaling axis in ICH using the BV2 microglia cell line. Furthermore, our study did not include additional validation 
through the construction of cGAS and STING viruses. Therefore, further research is necessary to fully comprehend and 
explore the potential of the cGAS-STING-NFκB signaling axis as a promising target in ICH.

The findings of our study suggest that the cGAS-STING-NFκB signaling pathway becomes activated in mice 
following ICH, contributing to the exacerbation of neuroinflammation. However, treatment with IronQ-preconditioned 
MSCs effectively alleviates ICH-induced neuroinflammation by inhibiting the cGAS-STING-NFκB signaling axis. Based 
on the results of our study, the damaged DNA-sensing cGAS-STING-NFκB signaling pathway holds promise as a target 
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for the treating ICH-induced neuroinflammation. Additionally, our findings underscore the protective effect of IronQ- 
preconditioned MSCs, shedding light on the underlying molecular mechanisms and indicating potential for developing 
more targeted therapeutic interventions.

Conclusions
This study presents a promising therapeutic approach to enhance neurological recovery in mice with ICH. Our findings 
indicate that the transplanting IronQ-preconditioned MSCs may synergistically reduce the inflammatory response in brain 
tissue following ICH by modulating the cGAS-STING-NFκB signaling pathway. Overall, these findings suggest that this 
strategy holds potential as a valuable therapeutic intervention to ameliorate the neurological deficits associated with ICH.
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