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Purpose: The oxygen and glucose deprivation-reoxygenation (OGDR) model is widely used to evaluate ischemic stroke and cerebral 
ischemia-reperfusion (I/R) injury in vitro. Excessively activated microglia produce pro-inflammatory mediators such as matrix 
metalloproteinases [MMPs] and their specific inhibitors, tissue inhibitors of metalloproteinases [TIMPs], causing neuronal damage. 
Ursolic acid (UA) acts as a neuroprotective agent in the rat middle cerebral artery occlusion/reperfusion (MCAO/R) model keeping the 
MMP/TIMP balance with underlying mechanisms unclear. Our study used OGDR model to determine whether and how UA reduces 
neuronal damage by reversing MMP/TIMP imbalance caused by microglia in I/R injury in vitro.
Methods: SH-SY5Y cells were first cultured with 95% N2 and 5% CO2 and then cultivated regularly for OGDR model. Cell viability 
was tested for a proper UA dose. We established a co-culture system with SH-SY5Y cells and microglia-conditioned medium (MCM) 
stimulated by lipopolysaccharide (LPS) and interferon-gamma (IFNγ). MMP9 and TIMP1 levels were measured with ELISA assay to 
confirm the UA effect. We added recombinant MMP9 (rMMP9) and TIMP1 neutralizing antibody (anti-TIMP1) for reconfirmation. 
Transmission electron microscopy was used to observe cell morphology, and flow cytometry and Annexin V-FITC and PI labeling for 
apoptotic conditions. We further measured the calcium fluorescence intensity in SH-SY5Y cells.
Results: The MCM significantly reduced cell viability of SH-SY5Y cells after OGDR (p<0.01), which was restored by UA (0.25 µM) 
(p<0.05), whereas lactate dehydrogenase activity, intraneuronal Ca2+ concentration, and apoptosis-related indexes were showed 
significant improvement after UA treatment (p<0.01). UA corrected the MMP/TIMP imbalance by decreasing MMP9 expression 
and increasing TIMP1 expression in the co-culture system (p<0.01) and the effects of UA on SH-SY5Y cells were mitigated by the 
administration of rMMP9 and anti-TIMP1 (p<0.01).
Conclusion: We demonstrated that UA inhibited microglia-induced neuronal cell death in an OGDR model of ischemic reperfusion 
injury by stabilizing the MMP9/TIMP1 imbalance.
Keywords: glucose deprivation-reoxygenation, matrix metalloproteinase, microglia, neuroinflammation, oxygen, ursolic acid

Introduction
Ischemic stroke, which is defined by thromboembolic blockage of the cerebral artery, is a condition with a high rate of 
morbidity, disability, recurrence, and fatality.1 When the blood supply is restored, the condition typically worsens, 
leading to a post-ischemia brain damage (often referred to as an ischemia/reperfusion (I/R) injury).2 Numerous studies 
conducted yet have mostly examined methods that attempted to stop the harmful processes to avoid ischemia neuronal 
death.3–5 However, no clinical trials were successful up to now.6–8 It implies that single target therapy may not be 
sufficient to protect neurons. Even greater consideration should be given to finding innovative therapeutics that can 
successfully lower excessive neuroinflammation in cerebral I/R injury in acute ischemic stroke.
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After an acute ischemic stroke, microglia, the primary resident immuno-modulatory cells in the central nervous system 
(CNS), are quickly activated and release various inflammatory mediators and cytotoxic substances (such as tumor necrosis factor 
[TNF]-α, interleukin [IL]-1, and matrix metalloproteinases [MMPs]).9,10 MMPs and their specific inhibitors, tissue inhibitors of 
metalloproteinases (TIMPs), act in a coordinated fashion to regulate several pathological processes. MMP9, one of the most 
widely investigated MMPs, is a type IV collagenase known to encourage neuroinflammation and hastens neuronal 
degeneration.11,12 TIMP-1 is functionally relevant as a crucial MMP9 regulator since it has been shown to compromise the 
MMP9/TIMP1 ratio, whose imbalance is a key factor in the etiology of ischemic stroke.13,14 Recent evidence has further shown 
that the infarct size was reduced in MMP9-deficient mice compared with control mice, and this finding suggests that excessive 
activation of MMP9 is deleterious to the brain and that MMP9 inhibitors may serve as therapeutic agents for ischemia and 
reperfusion injury.15,16

Ursolic acid (UA, 3b-hydroxy-urs-12-ene-28-oic acid) was found to play a neuroprotective role in many neurological 
disorders. Researchers proved that UA could alleviates blood–brain barrier disruption in traumatic brain injuries.17 In 
Parkinson’s disease, UA functioned on mitochondrial and reducing dopaminergic neurons loss.18 In our earlier research, we 
found that the naturally occurring pentacyclic triterpenoid UA showed an anti-inflammatory action that could keep the MMP/ 
TIMP balance of the ischemic penumbra in the rat middle cerebral artery occlusion/reperfusion (MCAO/R) model.19 However, 
based on the evidences we found, the link between the neuroprotective effects of UA and the microglial-inflammation 
suppression has to be further examined in vitro because active microglia are the main cellular contributors to the MMP/TIMP 
imbalance.

Therefore, as depicted in the schematic diagram (Figure 1), the goal of our investigation was to determine whether and how 
UA reduces neuronal damage by reversing the imbalance in MMP/TIMP caused by microglia in brain I/R injury. We activated 
BV2 cells with lipopolysaccharide (LPS)/interferon gamma (IFNγ) like the activation of microglia in brain I/R injury and 
collected the microglia-conditioned medium (MCM) containing the released cytokines to establish an SH-SY5Y co-culture 
system. As a well-known cerebral I/R in vitro model, we used oxygen and glucose deprivation reoxygenation (OGDR) treated 
SH-SY5Y. UA was applied for observation. The study flowchart is shown in Figure 2. We investigated that how UA affected 
activated microglia that released MMP9 and TIMP1 as well as the effects of recombinant MMP9 treatment or TIMP1 
neutralization used in co-culture systems to explore the underlying mechanism.

Figure 1 Schematic diagram of this study.
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Materials and Methods
Cell Cultures
BV2 cells (murine microglial cells, CBP60922) were purchased from CoBioer Biosciences Co., Ltd. (Nanjing, China). 
The BV2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand Island, NY, United States) 
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 IU/mL penicillin G (Invitrogen, Carlsbad, CA, 
United States), and 100 g/mL penicillin-streptomycin (PS, Invitrogen, Carlsbad, CA, United States). The human 
neuroblastoma cell line SH-SY5Y was obtained from the American Type Culture Collection (ATCC, United States). 
Cells were cultivated in Nutrient Mixture Ham’s F-12 (DMEM/F12, 1:1) medium containing 10% (v/v) FBS and 100 g/ 
mL PS in a humidified environment with 5% CO2 and 95% air at 37°C.

Grouping
SH-SY5Y cells were cultivated into seven groups from A-G with different treatments (Figure 2): (A) Control: Non- 
treated SH-SY5Y cells, (B) Model: OGDR-exposed cells, (C) M0: OGDR-exposed cells in M0-MCM, (D) M1: OGDR- 
exposed cells in M1-MCM, (E) M1+UA OGDR-exposed cells in M1-MCM pre-treated with UA, (F) M1+UA+rMMP9: 
OGDR-exposed cells in M1-MCM plus rMMP9 pre-treated with UA, (G) M1+UA+TIMP1: OGDR-exposed cells in M1- 
MCM plus anti-TIMP1 pre-treated with UA.

Microglial Stimulation
LPS (100 ng/mL, Sigma Aldrich, St. Louis, MO, United States) and IFNγ (50 ng/mL, Sigma Aldrich, St. Louis, MO, 
United States) were administered to BV2 cells in order to promote the M1 phenotype.20 The BV2 cells were stimulated 
for 24 hours to stimulate from M0 to M1 phenotypes, then UA (quality 99.8%, Selleck Chemicals, Shanghai, China) 
diluted in dimethyl sulfoxide (DMSO, Sigma Aldrich, St. Louis, MO, United States) was added to the culture medium for 
additional 24 hours. Subsequently, microglia-conditioned medium (MCM) was collected and stored at −80°C for 

Figure 2 Flowchart of this study. 
Notes: (A) Control, (B): Model, (C) M0, (D) M1, (E) M1+UA, (F) M1+UA+rMMP9, (G) M1+UA+TIMP1. 
Abbreviation: MCM, microglia-conditioned medium.
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upcoming experiments. MCM and SH-SY5Y cells were used to create the co-culture system. The cells were cultured at 
37°C for additional 24 hours before to OGDR.21,22

The OGDR Model
The OGDR model was constructed in SH-SY5Y cells as previously described.23,24 SH-SY5Y cells were first cultured in 
DMEM without sugar or serum at a density of 2×106 cells/60 mm dish under a specialized chamber (MCO-170MUVHL- 
PC) with 95% N2 and 5% CO2 for 8 hours. Then, cells were regularly cultivated (95% air, 5% CO2) for another 24 hours.

Recombinant MMP9 Protein and TIMP1 Neutralizing Antibody
The mouse recombinant MMP9 protein (2 g/mL) was used to treat the cells in the co-culture system as previously described.25 The 
cells were further treated with a TIMP1 neutralizing antibody (3 g/mL) (R&D System, Minneapolis, MN, United States).26

Cell Viability Assay
The SH-SY5Y cell viability after OGDR-induced injury was determined by using the Cell Counting Kit-8 (CCK-8) 
assay. The SH-SY5Y cells were seeded in a 96-well plate at a density of 1×105 cells/well. Briefly, the CCK-8 buffer (10 
μL, Beyotime Institute Biotech., Beijing, China) was added into each well. The cells were incubated at 37°C for 2 hours. 
The T cells were washed in DMEM and 10 µL of CCK-8 solution was added to each well for incubation. Subsequently, 
the optical density (OD) of each well was measured at a wavelength of 450 nm using a spectrophotometer (BioTek 
Instruments, Inc., Winooski, VT, United States). The cell viability was calculated according to the following formula: cell 
viability (%) = [(OD sample − OD blank) − (OD control − OD blank)] / (OD control − OD blank) × 100%.27

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Around 24 hours after the last treatment, the total RNA was extracted from SH-SY5Y cells using the Trizol reagent (Sangon 
Biotech, China). The reverse transcription was performed using the Prime Script RT reagent kit (Takara Bio). The qRT-PCR 
was performed using the TB Green Premix Ex Taq kit (Takara Bio). The transcript abundance was normalized to the 
transcription of the endogenous control ACTB gene. The 2−ΔΔCt method was used to determine relative RNA abundance. 
The qRT-PCR experiments were run in triplicate to ensure accurate results. The amplification primers were as follows:

Mouse MMP9 Forward: TGGGACCATCATAACATCAC
Reverse: ATGACAATGTCCGCTTCG
Mouse TIMP1 Forward: TGGGAAATGCCGCAGATA
Reverse: GCCAGGGAACCAAGAAGC
Mouse ACTB Forward: CTGTGCCCATCTACGAGGGCTAT
Reverse: TTTGATGTCACGCACGATTTCC

Enzyme-Linked Immunosorbent Assay (ELISA)
The MMP9 and TIMP1 concentrations in cell culture supernatants were analyzed by using commercially available ELISA kits 
(Abcam, Cambridge, UK). After processing the raw data, results are provided as the total protein concentration (ng/mL).

Observation of the Changes in Cell Ultrastructure
After the cells were subjected to the test conditions, they were fixed in glutaraldehyde (at a concentration of 2.5%). To 
observe changes in cell ultrastructure using a Libra200 microscope, samples were dehydrated, soaked, and embedded 
before being cut and stained for transmission electron microscopy (TEM) (Zeiss GmbH, Jena, Germany).

Apoptosis Assay
The apoptosis of SH-SY5Y cells was measured by using the Annexin V-FITC/PI Apoptosis Detection Kit (BD 
Biosciences, CA). A total of 1×106 cells were seeded into 6-well plates for 12 hours. Then, cells were pre-treated 
with α-cyperone for 2 hours and treated with H2O2 for the following 24 hours. After two gentle washes with ice-cold 
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PBS, cells were collected and centrifuged at 1500 rpm for 5 minutes at 4°C. Subsequently, the apoptotic cell percentage 
was determined by using the flow cytometry.

Lactate Dehydrogenase (LDH) Assay
Around 24 hours after the last treatment, the release of lactate dehydrogenase (LDH) into the medium was measured 
using a colorimetric assay (Pierce LDH assay kit, Thermo Scientific, Waltham, United States). The procedure was 
performed according to the manufacturer’s instructions. The LDH activity was measured at 490 nm using 
a spectrophotometer (FLUOstar Omega, BMG Labtech, Ortenberg, Germany). The experiment was run in triplicate.

Cytosolic Calcium Concentration
Fluo-3 acetomethoxyester (Fluo-3 AM, Molecular Probes) was used to label Ca2+ (Eugene, OR, United States). 
Hydrolysis of Fluo-3 AM produced Fluo-3, which was used as an indicator for cytosolic Ca2+. Cells were washed 
twice in PBS and then incubated with Fluo-3 AM (4 M) in FBS-free media at 37°C for 40 minutes in the dark. Then, 
cells were washed twice with PBS. Flow cytometry was used to determine how brightly Fluo-3 fluoresced.

Statistical Analysis
The Prism 9.0 software was used for statistical analysis (Graph Pad Software, Inc., United States). When comparing three or more 
groups, we used the one-way analysis of variance (ANOVA). When comparing two groups, we utilized the unpaired Student’s 
t-test. The data were presented as means and standard deviations. The p value < 0.05 was used to denote statistical significance.

Results
UA Ameliorated the OGDR-Induced Injury in Microglia-Conditioned SH-SY5Y Cells
To find a proper concentration of UA for treatment, SH-SY5Y cells were treated with UA at various doses (0.5, 1, 5, 10, 20, 40 and 
60 µM) for 24 hours. The CCK-8 assay was used to determine the cytotoxicity of UA by measuring the concentration at which 
50% of SH-SY5Y cells were killed (LC50 = 60.87 µM) (Figure 3A). Then, we evaluated the effects of UA on SH-SY5Y survival 
in the OGDR model. Around 24 hours after OGDR, the SH-SY5Y cell viability dropped to 66.6 ± 8.3%. The SH-SY5Y cell 
viability was not influenced by UA treatment at the dose under 2.5µM (Figure 3B). We created a microglia-conditioned co-culture 
system to further evaluate the neuroprotective effects of UA on SH-SY5Ycells after OGDR. The experimental flowchart is 
displayed in Figure 4A and B. The treatment of SH-SY5Y cells with MCM isolated from M1 microglia (M1-MCM) significantly 
reduced cell viability to 41.9 ± 5.5% (## p < 0.01 vs M0 group) (Figure 4C). The cell viability of SH-SY5Y cells treated with UA 
(0.25, 0.5, 1, and 2.5 µM) was higher than the cell viability of SH-SY5Y cells treated with M1-MCM (M1 group). By treating the 
cells with UA (0.25 µM), the cell viability was restored to 55.6 ± 4.6% (** p < 0.05 vs M1 group) (Figure 4C). UA protected SH- 

Figure 3 Effects of UA on the viability of SH-SY5Y cells. 
Notes: (A) Toxicity of UA in SH-SY5Y cells. (B) 24 hours after OGDR, the survival rates of SH-SY5Y cell lines treated with different UA concentrations (0.5, 1.5, 10, 20, 40 
or 60 µM) for 24 hours were evaluated. The cell viability is normalized to controls. Data are expressed as mean ± standard deviation. 
Abbreviations: UA, ursolic acid; LC50, half-maximal lethal concentration; OGDR, oxygen and glucose deprivation reoxygenation.
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SY5Y cells from the OGDR-induced injury in a microglia-conditioned co-culture system. We chose to utilize 0.25 µM of UA in 
the following experiments.

UA Mitigated the Microglia-Induced MMP/TIMP Imbalance
The microglia-induced MMP/TIMP imbalance was investigated by measuring the release of MMP9 from activated BV2 cells. 
After 24 hours of co-incubation with UA (0.25 μM), BV2 cells were treated with LPS (100 ng/mL) and IFNγ (50 ng/mL). The 
ELISA assay was used to measure the MMP9 levels. Stimulated BV2 cells showed a more than 4-fold increase in the expression 
levels of MMP9 (M1 group, ## p < 0.01), whereas UA decreased the MMP9 expression by 43% (M1 + UA group, ** p < 0.01) 
(Figure 5A). The mRNA levels of MMP9 increased 4.76-fold in activated BV2 cells (## p < 0.01). UA administration reversed the 
increased mRNA levels of MMP9 (** p < 0.01, Figure 5B). After UA treatment, the mRNA levels of TIMP1 increased 1.93-fold 
(** p < 0.01) and the expression level of TIMP1 increased 2.28-fold (** p < 0.01) (Figure 5C and D). After microglia activation, 
the MMP9/TIMP1 ratio increased more than 13-fold (## p < 0.01), which was reversed by UA administration (** p < 0.01) 
(Figure 5E). UA corrected the MMP/TIMP imbalance by inhibiting MMP9 and upregulating TIMP1. We used a recombinant 
MMP9 protein (rMMP9) and a TIMP1 neutralizing antibody (anti-TIMP1) to further investigate the MMP/TIMP imbalance in 
microglia-conditioned SH-SY5Y cells. The M1-MCM augmented the levels of MMP9 and decreased the levels of TIMP1 (M1 
group vs control group, ## p < 0.01) (Figure 6A and B). Levels of MMP9 and TIMP1 were significantly altered by UA (0.25 μM) 
(M1+UA group vs M1 group ** p < 0.01, Figure 6A and B). The ELISA results showed that the MMP9/TIMP1 ratio increased 
5.09-fold in the rMMP9 group (▲▲ p < 0.01, vs the UA group) and 4.59-fold in the anti-TIMP1 group (▲ p < 0.05, vs the UA 
group) (Figure 6C), demonstrating that the MMP/TIMP imbalance was aggravated by administering rMMP9 anti-TIMP1.

UA Attenuated the OGDR-Induced Injury by Restoring the MMP/TIMP Imbalance
Transmission electron microscopy showed nuclear convolution, chromatin margination and condensation along the nuclear 
membrane in model and M0 groups. M1-treated cells displayed morphological aberrations such as nuclear condensation, nuclear 
fragmentation and membrane blebbing. The UA treatment partially restored the morphology of M1-treated cells, while the 
administration of rMMP9 and anti-TIMP1 prevented these effects (Figure 7). According to the CCK-8 assay, SH-SY5Y cells 
treated with M1-MCM (M1 group) reported a significantly reduced cell viability (42.5 ± 7.7%, ## p < 0.01 vs the model group) 
(Figure 8A). The UA group showed significantly higher cell viability than the M1 group (** p < 0.01) (Figure 8A). The 
administration of rMMP9 and anti-TIMP1 reduced the effects of UA (▲▲ p < 0.01) (Figure 8A). The LDH expression increased 

Figure 4 UA effects of the conditioned medium from LPS/IFNγ-stimulated BV2 cells in SH-SY5Y cells. 
Notes: (A) Experimental flowchart of BV2 cells. (B) Experimental flowchart of SH-SY5Y cells. (C) 24 hours after OGDR, the survival rates of SH-SY5Y cells in M1-MCM 
with different concentrations of UA (0.1, 0.25, 0.5, 1 and 2.5 μM) are displayed. The cell viability is normalized to controls. Data are expressed as mean ± standard deviation. 
##p < 0.01 vs the model group, *p < 0.05 vs the M1 group. 
Abbreviations: UA, ursolic acid; LPS, lipopolysaccharide; IFNγ, interferon gamma; rMMP9, recombinant metalloproteinase 9 protein; Anti-TIMP1, anti-tissue metallopep
tidase inhibitor 1; M1-MCM, M1 microglia-conditioned medium; OGDR, oxygen and glucose deprivation reoxygenation.
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5-fold after OGDR in SH-SY5Y cells. The cells treated with M1-MCM showed a further increase in LDH expression (## p < 0.01 
vs the model group) (Figure 8B). In accordance with the results of the cell viability assay, the UA group showed a decreased LDH 
expression (** p < 0.01) (Figure 8B). The administration of rMMP9 or anti-TIMP1 prevented the aforementioned UA effects (▲▲ 

p < 0.01 vs the UA group) (Figure 8B).
We determined the apoptotic rate in each group by using flow cytometry and Annexin V-FITC and PI labeling (Figure 9). Cells 

were divided into four groups: early apoptotic (Annexin positive/PI negative), necrotic (Annexin negative/PI positive), late 
apoptotic (Annexin positive/PI positive) and viable (Annexin negative/PI negative) groups. Compared to the control group, the 
percentage of SH-SY5Y cells at the early stage of apoptosis increased from 2.4% to 22.1% in the OGDR group, while the 
percentage of those cells at the late stage of apoptosis increased from 1.6% to 13.3% (Figure 9A and B). The apoptotic rates in SH- 
SY5Y cells drastically increased to 24.7% (early apoptotic) and 25.0% (late apoptotic) after treatment with M1-MCM 

Figure 6 Effects of UA on the MMP9/TIMP1 ratio in a microglia-conditioned SH-SY5Y co-culture system. 
Notes: (A and B) ELISA analysis of MMP9 (A) and TIMP1 (B) in MCM. (C) The levels of MMP9/TIMP1 ratio. Data represent the mean ± standard error of the mean of 3 
independent experiments. ##p < 0.01 vs the M0 group, **p < 0.01 vs the M1 group, ▲p < 0.05 vs the M1 + UA group, ▲▲p < 0.01 vs the M1 + UA group. 
Abbreviations: UA, ursolic acid; MMP9, metalloproteinase 9; TIMP1, tissue metallopeptidase inhibitor 1; rMMP9, recombinant MMP9 protein; MCM, microglia-conditioned medium.

Figure 5 Effects of UA on the MMP9/TIMP1 ratio in BV2 cells. 
Notes: (A and B) ELISA analysis of MMP9 (A) and TIMP1 (B) in conditioned medium from M1 microglial cells treated with UA (0.25 μM). (C and D) qRT-PCR analysis of 
mRNA levels of MMP9 (C) and TIMP1 (D). (E) The mRNA level ratio of MMP9 to TIMP1. Data represent the mean ± standard error of the mean of 3 independent 
experiments. ##p < 0.01 vs the M0 group, **p < 0.01 vs the M1 group. 
Abbreviations: UA, ursolic acid; MMP9, metalloproteinase 9; TIMP1, tissue metallopeptidase inhibitor 1.
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(Figure 9D). Conversely, the apoptotic rate of cells at the late stage of apoptosis diminished from 22.0% to 13.6% after UA 
treatment (Figure 9E). The apoptotic rates of cells at the early stage of apoptosis increased to 37.6% and 29.3%, respectively, when 
the rMMP9 or anti-TIMP1 were used. Consistently, cells at the late stage of apoptosis showed decreased apoptotic rates (19.6% 
and 24.2%) (Figure 9F and G). The flow cytometry showed that UA reduced apoptosis of SH-SY5Y cells in a microglia- 
conditioned co-culture system by restoring the MMP/TIMP imbalance.

We further measured the calcium fluorescence intensity in SHSY5Y cells to evaluate the cytosolic Ca2+ concentration and 
assess its contribution to UA-mediated effects (Figure 10). After M1-MCM treatment, the cytosolic Ca2+ was increased in 
SHSY5Y cells compared to the control group. This increase was greatly attenuated by UA treatment (Figure 10A and E). We also 
found that the administration of rMMP9 or anti-TIMP1 reversed the UA-induced changes (Figure 9F and G). It is possible that the 
anti-apoptotic effects of UA were achieved through decreasing the cytosolic Ca2+.

Figure 7 Transmission electron microscopy images of SH-SY5Y cells. 
Notes: (A) Non-treated SH-SY5Y cells. (B) OGDR-exposed cells. (C) OGDR-exposed cells in M0-MCM. (D) OGDR-exposed cells in M1-MCM. (E) OGDR-exposed cells 
in M1-MCM pre-treated with UA (0.25 μM, 24 hours). (F) OGDR-exposed cells in M1-MCM plus rMMP9 pre-treated with UA (0.25 μM, 24 hours). (G) OGDR-exposed 
cells in M1-MCM plus anti-TIMP1 pre-treated with UA (0.25 μM, 24 hours). Magnification ×3000. 
Abbreviations: UA, ursolic acid; rMMP9, recombinant metalloproteinase 9 protein; Anti-TIMP1, Anti-tissue metallopeptidase inhibitor 1; MCM, microglia-conditioned 
medium; OGDR, oxygen and glucose deprivation reoxygenation.

Figure 8 UA augmented the viability of SH-SY5Y cells by restoring the MMP/TIMP imbalance in a microglia-conditioned co-culture system. 
Notes: (A) The survival rate of SH-SY5Y cells treated with MCM. (B) LDH release of SH-SY5Y cells treated with MCM. Data represent the mean ± standard error of the 
mean of 3 independent experiments. ##p < 0.01 vs the M0 group, **p < 0.01 vs the M1 group, ▲▲p < 0.01 vs the M1 + UA group. 
Abbreviations: UA, ursolic acid; rMMP9, recombinant metalloproteinase 9 protein; Anti-TIMP1, anti-tissue metallopeptidase inhibitor 1; MCM, microglia-conditioned 
medium; LDH, lactate dehydrogenase.
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Figure 9 Effects of UA on SH-SY5Y cell apoptosis detected by flow cytometry. 
Notes: (A–G) Representative plots of apoptosis detected by flow cytometry in each group. (H) Histograms and statistical results. Data represent the mean ± standard 
error of the mean of 3 independent experiments. ##p < 0.01 vs the M0 group, **p < 0.01 vs the M1 group, ▲▲p < 0.01 vs the M1 + UA group. 
Abbreviations: UA, ursolic acid; rMMP9, recombinant metalloproteinase 9 protein; anti-TIMP1, anti-tissue metallopeptidase inhibitor 1.

Figure 10 Effects of UA on SH-SY5Y cytosolic Ca2+ detected by flow cytometry. 
Notes: (A–G) Intracellular calcium in each group. (H) Representative histograms of cytosolic Ca2+ measured by flow cytometry in each group. Data represent the mean ± 
standard error of the mean of 3 independent experiments. ##p < 0.01 vs the M0 group, **p < 0.01 vs the M1 group, ▲▲p < 0.01 vs the M1 + UA group. 
Abbreviations: UA, ursolic acid; rMMP9, recombinant metalloproteinase 9 protein; Anti-TIMP1, anti-tissue metallopeptidase inhibitor 1.
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Discussion
In this study, we showed that UA attenuated the OGDR-induced injury, inhibited microglial activation, and reduced 
subsequent neuronal death in SHSY5Y cells and MCM co-culture system. The neuroprotective effects of UA were 
abolished in the presence of an MMP/TIMP imbalance. These findings suggested that UA suppressed neuroinflammation 
by restoring the MMP/TIMP imbalance and protecting neurons from the deleterious effects of inflammation. Targeting 
the microglial-induced MMP/TIMP imbalance might be a new therapeutic strategy against ischemic stroke, and these 
anti-inflammatory effects of UA may help with the microenvironment recovery.

Many different plants contain UA, a natural pentacyclic triterpenoid with demonstrated neuroprotective benefits.28 

After reperfusion of ischemic tissues, we previously demonstrated that an intraperitoneal administration of UA improved 
neurological functions and reduced the infarct volume.19,29 Consistently with previous studies, we found that UA 
ameliorated the OGDR-induced injury in human SH-SY5Y cells. UA protected against cell death and apoptosis by 
decreasing LDH and intraneuronal Ca2+ concentrations. Although the mechanisms are still unclear, UA might be 
therapeutic against ischemia/reperfusion injury.

Meanwhile, we discovered that UA had no direct protective effects on SH-SY5Y survival. Based on these observa
tions, we postulated that UA might have a positive effect on immunological microenvironment optimization. Because of 
their central role in the immune system, activated microglia are responsible for controlling the neuronal immunological 
milieu following an ischemic stroke by causing the production of a plethora of pro-inflammatory markers.30 Following an 
ischemic stroke, activated microglia are responsible for the production of several pro-inflammatory molecules. To 
determine the effects of UA on activated microglia, we created a co-culture system with SH-SY5Y neurons and MCM 
from BV2 cells pre-treated with LPS and IFN-γ, two powerful microglial activators.31 We showed that UA prevented the 
loss of SH-SY5Y neurons by the conditioned media from activated BV2 cells, suggesting that the neuroprotective 
potential of UA prevents excessive microglial activation.

We also showed that UA reduced MMP9 levels and increased TIMP1 levels in BV2 cells. Previous studies suggested 
that UA could block the vicious cycle of inflammation, leading to a continuous release of pro-inflammatory 
mediators.19,32,33 The hypothesized mechanisms involve many different signaling pathways, including the NF-κB, 
MAPK and ERK1/2 pathways.19,34,35 The proteolytic enzyme MMP9 is involved in the aforementioned pathways and 
has been studied as a prognostic factor in ischemic stroke.36 Of note, the stroke infarct size was reduced in MMP9- 
deficient mice.16,37,38 In this study, we found that UA reduced apoptosis of SH-SY5Y cells by restoring the MMP/TIMP 
imbalance, whereas the concomitant administration of rMMP9 increased the apoptotic rate. Overall, our findings 
demonstrated that UA inhibited microglia activation by restoring the MMP/TIMP imbalance, thereby protecting neurons 
against OGDR-induced injury, which is a possible reason why UA aids in treating strokes. For the first time, we 
demonstrate that UA can modulate the immunological milieu by controlling the activation of microglia and suppressing 
metalloproteinases.

However, this study is affected by some limitations. We employed a BV2 cell model to investigate the microglia 
activation in vitro. N9 and BV2 cell lines have been used to study microglia in many experimental settings.39,40 Previous 
in vitro and in vivo studies showed that BV2 cell lines and primary microglia share a number of phenotypic traits.41,42 

However, further studies utilizing primary microglia are required to confirm our findings as BV2 cell lines are rather 
dissimilar to primary microglia in culture or the CNS. Secondly, the precise mechanisms underlying the correction of the 
MMP/TIMP imbalance remain unknown. The molecular docking approach might be used to predict the interactions 
between the involved molecular structures. However, it is possible that other proteins play a role in the adjustment of the 
MMP/TIMP imbalance. In the future, a probe with a peculiar chemical structure might be used to minimize the 
likelihood of off-target effects and find more about the components of this signaling pathway that contribute to SH- 
SY5Y cell protection. Thirdly, microglia and astrocytes play essential roles in the central nervous system contributing to 
many functions, including homeostasis, immune response, blood–brain barrier maintenance and synaptic support.43,44 

More studies are needed to determine the comprehensive effects of UA on microglia and astrocytes.
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Conclusion
In conclusion, this study demonstrated that UA inhibited microglia-induced neuronal cell death by stabilizing the MMP/ 
TIMP imbalance in an OGDR model of ischemia/reperfusion injury. These effects of UA appeared to restore physio
logical neuroimmune interactions, indicating that UA might be a novel therapeutic target for neuroinflammatory 
disorders beyond ischemic stroke.

Abbreviations
OGDR, Oxygen and glucose deprivation-reoxygenation; I/R, ischemia-reperfusion; MMPs, matrix metalloproteinases; TIMPs, 
tissue inhibitors of metalloproteinases; MCAO/R, middle cerebral artery occlusion/reperfusion; UA, ursolic acid; MCM, 
microglia-conditioned medium; CNS, central nervous system; TNF, tumor necrosis factor; IL, interleukin; LPS, lipopolysacchar
ide; IFNγ, interferon gamma; FBS, fetal bovine serum; DMEM, Dulbecco’s modified Eagle’s medium; PS, penicillin- 
streptomycin; ATCC, American Type Culture Collection; DMSO, dimethyl sulfoxide; CCK-8, Cell Counting Kit-8; OD, optical 
density; TEM, transmission electron microscopy; LDH, Lactate Dehydrogenase; ANOVA, analysis of variance.
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