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Background: Galectin-3 acts as a mediator of microglial inflammatory response following stroke injury. However, it remains unclear
whether inhibiting galectin-3 protects against cerebral ischemia/reperfusion injury. We aimed to investigate the neuroprotective effects
of modified citrus pectin (MCP, a galectin-3 blocker) in ischemic stroke and underlying mechanisms.
Methods: The middle cerebral artery occlusion/reperfusion (MCAO/R) model in C57BL/6J mice and oxygen-glucose deprivation/
reoxygenation (ODG/R) model in neuronal (HT-22) and microglial (BV-2) cells were utilized in the following experiments: 1) the
neuroprotective effects of MCP with different concentrations were evaluated in vivo and in vitro through measuring neurological
deficit scores, brain water content, infarction volume, cell viability, and cell apoptosis; 2) the mechanisms of its neuroprotection were
explored in mice and microglial cells through detecting the expression of NLRP3 (NOD-like receptor 3) inflammasome-related
proteins by immunofluorescence staining and Western blotting analyses.
Results: Among the tested concentrations, 800 mg/kg/d MCP in mice and 4 g/L MCP in cells, respectively, showed in vivo and in vitro
neuroprotective effects on all the tests, compared with vehicle group. First, MCP significantly reduced neurological deficit scores, brain
water content and infarction volume, and alleviated cell injury in the cerebral cortex of MCAO/R model. Second, MCP increased cell
viability and reduced cell apoptosis in the neuronal OGD/R model. Third, MCP blocked galectin-3 and decreased the expression of TLR4
(Toll-like receptor 4)/NF-κBp65 (nuclear factor kappa-B)/NLRP3/cleaved-caspase-1/IL-1β (interleukin-1β) in microglial cells.
Conclusion: This is the first report that MCP exerts neuroprotective effects in ischemic stroke through blocking galectin-3, which
may be mediated by inhibiting the activation of NLRP3 inflammasome via TLR4/NF-κB signaling pathway in microglia.
Keywords: cerebral ischemia/reperfusion injury, microglia, galectin-3, modified citrus pectin, NLRP3 inflammasome

Introduction
Stroke is the second most common cause of death and major cause of disability worldwide, most of which were ischemic
stroke.1 Although intravenous thrombolysis with recombinant tissue plasminogen activator is the most accessible
reperfusion therapy for ischemic stroke, cerebral ischemia/reperfusion injury limits the benefit, which is a severe
complication of thrombolytic therapy.2,3

Accumulating evidences suggest that microglia-mediated neuroinflammatory responses play critical and complex
roles in the ischemia/reperfusion injury.4–7 Galectin-3, as a pleiotropic endogenous protein, is reported to act as a Toll-
like Receptor 4 (TLR4) ligand and promote microglial activation and proliferation in stroke.8–10 In the activated
microglia, NOD-like receptor 3 (NLRP3) inflammasome is subsequently activated to increase the release of inflam-
matory cytokines,11 which further deteriorate brain injury in the early phase after ischemic stroke.12 Modified citrus
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pectin (MCP) is known as a blocker of galectin-3 to inhibit its activity through binding to the carbohydrate recognition
domains on galectin-3.13 Recently, in several diseases, MCP was proven to exert anti-inflammatory effect by blocking
galectin-3.14–17 Furthermore, higher plasma galectin-3 levels were found to be associated with poor functional
outcomes after acute ischemic stroke.18–23 Collectively, cerebral ischemic insult may promote the expression of
galectin-3 in microglia, and then trigger the activation of NLRP3 inflammasome in microglia through TLR4/NF-κB
signaling pathway, which converts caspase-1 into cleaved-caspase-1. In this context, we argue that blocking galectin-3
by MCP will exert neuroprotective effect in ischemic stroke. However, up to date, no studies have been found to
investigate the issue.

In the present study, we first used in vivo experiments to evaluate whether MCP prevented cerebral ischemia/
reperfusion injury by blocking galectin-3 on microglia. Then, in vitro experiments were used to evaluate whether MCP
produced neuroprotective effects on neurons through microglia. Lastly, in vivo and in vitro experiments were used to
explore the possible mechanisms underlying the neuroprotection of MCP in cerebral ischemia/reperfusion injury.

Materials and Methods
The experimental procedure and study timeline are shown in Figure 1A.

Animals and Experimental Groups
The article adheres to the ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines for reporting
in vivo experiments 2.0 and reporting standards for preclinical studies (Supplementary Table 1).24,25 C57BL/6J male
adult mice (age, 10–12 weeks; weight, 25–30 g; from the Liaoning Changsheng Biotechnology Company Limited,
Shenyang, Liaoning, China) were used in the experiments. Given the effect of gender on stroke prognosis, only male
mice were selected for this study. The mice were housed specific pathogen-free conditions at a 12/12-hour light/dark
cycle with free access to water and food during the experiment. Data collection and analyses were performed by
a researcher blinded with respect to the treatment group.

In the in vivo experiment, a total of 81 mice were used and randomly divided into 5 groups: (1) sham + vehicle (n = 9);
(2) middle cerebral artery occlusion/reperfusion (MCAO/R) + vehicle (n = 18); (3) MCAO/R + 200 mg/kg/d MCP (n = 18);
(4) MCAO/R + 400 mg/kg/d MCP (n = 18); (5) MCAO/R + 800 mg/kg/d MCP (n = 18). All mice were included except the
following exclusions: 12 mice failed to establish model because of hemorrhage or no neurological deficits (neurological
deficit scoring <2) after reperfusion, and 24 mice died after ischemia induction (Supplementary Table 2). The remaining 45
mice were sacrificed at 1 day after MCAO/R operation and used for neurological function tests, measurement of infarct size
and brain water content, and TUNEL (Terminal-deoxynucleotidyl Transferase Mediated Nick End Labeling), FJB (Fluoro-
Jade B), and immunofluorescence staining, and Western blot analysis (Figure 1B).

MCAO/R Modeling
The MCAO/R model operation was performed as previously described.26 Briefly, the mice were first anesthetized with
1% sodium pentobarbital (30 mg/kg) by intraperitoneal injection. Then, an incision was made in the skin and the right
common carotid artery, external carotid artery, and internal carotid artery were carefully exposed. A nylon 6–0 filament
was inserted into the stump of external carotid artery and advanced into the internal carotid artery until it was advanced at
a predetermined distance of 8 mm from the carotid bifurcation to the middle cerebral artery. After a 1 hour period of focal
cerebral ischemia, the filament was gently removed (reperfusion onset). The collar suture at the base of the external
carotid artery stump was then tightened. The skin incision was closed. The sham-operation mice underwent neck
dissection and coagulation of the external carotid artery, but the middle cerebral artery was not occluded. The mice
body temperature was monitored and stabilized at 37±0.5°C under a homeothermic heating pad.

Drug Treatment
MCP (Centrax International Corporation, San Francisco, USA) was dissolved with 0.9% sterile saline to desired
concentrations. The initial MCP concentration of 200 mg/kg/d for C57BL/6J mice was selected according to the
conversion of the concentrations for Sprague-Dawley rats in the previous study.15 Different concentrations of MCP
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(200 mg/kg/d, 400 mg/kg/d, and 800 mg/kg/d) were intraperitoneally administered to mice from 7 days before MCAO
operation to 1 day after reperfusion when mice were sacrificed, which was based on our preliminary results
(Supplementary Tables 3 and 4, Supplementary Figures 1 and 2). The sterile saline was administrated as vehicle control.

Neurological Function Tests
At 1 day after the MCAO operation, mice were tested for neurological deficits by two trained investigators under blinded
conditions. The behavioral score was calculated as the mean value of two investigators. A previously published scoring
system of 0 to 4 points was adopted as follows: 0, no neurological deficit; 1, the front paw on the paralyzed side cannot
be fully extended; 2, circling to the paralyzed side while walking; 3, falling to the paralyzed side while walking; 4, cannot
walk automatically or lose consciousness.27

Infarct Size Measurement
Mice were sacrificed through cervical dislocation in the condition of pentobarbital anesthesia. Brain of mice were
collected and then refrigerated at −20°C for 20 minutes. Brain matrix of each mice was cut into 5 slices, soaked in the 2%

Figure 1 Experimental protocol of in vivo and in vitro experiments. (A) Time profiling of in vivo and in vitro experiments; (B) Number of experimental animal in each test
group; (C) Different tests for HT-22 cells and BV-2 cells after administrated with 1 g/L, 2 g/L, and 4 g/L modified citrus pectin; (D) The co-culture design of HT-22 cells with
the supernatant of BV-2 cells. CCK-8 indicates cell counting kit 8; FJB, Fluoro-Jade B; LDH, lactate dehydrogenase; MCAO, middle cerebral artery occlusion; OGD, oxygen-
glucose deprivation; TTC, 2,3,5-triphenyltetrazolium chloride; TUNEL, terminal-deoxynucleotidyl transferase mediated nick end labeling.
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2,3,5-triphenyltetrazolium chloride (TTC, G3005, Solarbio, China) at 37°C for 20 min, fixed in the 10% formalin
solution, and photographed with camera. Infarction sizes were measured by Image J (version 1.52). The brain edema
interference was adjusted (contralateral area – ipsilateral nonischemic area) and relative infarction sizes were performed
as percentage of infarction size/prosencephalon size.

Brain Water Content Measurement
The measurement of brain water content was designed to reflect the degree of cerebral edema secondary to the cerebral
ischemia/reperfusion injury. Brain water content was assessed by the wet/dry method at 1 day after reperfusion, as
previously described.28 Briefly, the brains were removed without perfusion, and then wet weights were measured through
an electronic balance. After the specimens were heated at 105°C for 24 hours, dry weights were measured. The brain
water content was calculated by (wet weight-dry weight)/wet weight × 100%.

Immunofluorescence Staining
The ischemic penumbra of cerebral cortex is detected in the MCAO/R and MCAO/R+MCP groups, while the cerebral
cortex is detected in the Sham group. Firstly, after antigen retrieval, the sections were fixed, permeabilized, and incubated
with primary antibodies Iba1 (1:200, ab178847, Abcam, UK), Galectin-3 (1:100, 60207-1-Ig, Proteintech, China),
NLRP3 (1:100, MA5-23919, Invitrogen, China). Secondly, the sections were incubated with a Cy3-conjugated (1:200,
A27039, Invitrogen, China), or FITC-conjugated (1:100, Ab6785, Abcam, UK) secondary antibody. Finally, diamidino-
2-phenylindole (DAPI) was added to stain the nuclei. All the stained sections were viewed by microscope (BX53,
Olympus, Japan) and photographed by microscope photographic system (DP73, Olympus, Japan). Density of double-
labeled cells was reported as the average number of double labeled cells per square millimeter in each group.

TUNEL and FJB Staining
Animals were anesthetized and perfused with phosphate buffer saline (PBS) followed by 4% paraformaldehyde, and
brains were sectioned into 5-mm-thick frozen slices. The ischemic penumbra of cerebral cortex is detected in the MCAO/
R and MCAO/R+MCP groups, while the cerebral cortex is detected in the Sham group. TUNEL staining was performed
to detect cell apoptosis by kit (WLA127a, Wanleibio, China). FJB staining was performed to detect cell degeneration by
kit (TR-150-FJB, Biosensis, China). Both TUNEL and FJB staining were performed according to the manufacturers’
protocols. The stained sections were photographed under a confocal fluorescence microscope (BX53, Olympus, Japan).
The nuclei were stained with DAPI positive (blue), apoptotic cells were TUNEL positive (red), and degenerated cells
were FJB positive (green). We calculated the number of DAPI positive cells (blue) and TUNEL positive cells (red), and
the number of FJB positive cells (green). Four quadrants were selected from each section, number of positive cells in
which was counted and calculated on average.

Cells and Experimental Groups
Cell lines of mouse hippocampal (HT-22, iCell-m020) and murine microglia (BV-2, iCell-m011) were obtained from
iCell Bioscience Inc (Shanghai, China), and cultured in Dulbecco’s modified Eagle’s medium (DMEM, G4510,
Servicebio, China) supplemented with 10% fetal bovine serum (FBS, #11011-6125, Zhejiang Tianhang Biotechnology,
Co., Ltd., Zhejiang, China) in an incubator (HF-90, Shanghai Lishen Co., Ltd, Shanghai, China) with 5% CO2 at 37°C.
The cultured cells in the logarithmic growth phase were rinsed twice with PBS (B548117, Sangon Biotech, China) and
maintained in glucose-free DMEM (PM150270, Procell, China).

In the in vitro experiment, BV-2 cells and HT-22 cells were randomly divided into several parts as follows: BV-2
cells, HT-22 cells, and HT-22 cells with supernatant from every stage of BV-2 cells. Each part consisted of 5 groups: (1)
Control group: cells were maintained in the normal medium; (2) Oxygen-Glucose Deprivation/Reperfusion (OGD/R)
group: cells were insulted by OGD/R; (3) OGD/R + 1 g/L MCP; (4) OGD/R + 2 g/L MCP; (5) OGD/R + 4 g/L MCP.
Different concentrations of MCP were added into mediums at 12 hours before OGD/R. The suitable concentrations of
MCP were chosen based on our preliminary study (Supplementary Table 5 and Supplementary Figure 3). The procedure
details are shown in Figure 1C and 1D.
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OGD/R Modeling
The HT-22 and BV-2 cells were, respectively, placed into a hypoxic incubator (HF-100, Shanghai Lishen Co., Ltd,
Shanghai, China) with 5% CO2 and 95% N2 for 6 hours at 37°C to mimic OGD injury. Cultures were then restored with
glucose at DMEM and recovered at normoxic conditions (37°C, 5% CO2) for 24 hours (OGD restoration).26 Meanwhile,
the supernatant of BV-2 cells were collected after the OGD/R operation. The OGD 6h was selected according to preset
test (Supplementary Table 6 and Supplementary Figure 4) and previous study.7

Cell Viability Assay
Cell Counting Kit (CCK)-8 assay (WLA074b, Wanleibio, China) was used to detect the cell viability. Briefly, HT-22 cell
lines were seeded in 96-well plates with DMEM containment 10% FBS. Cells were treated with different concentrations
(1 g/L, 2 g/L, and 4 g/L) of MCP from the beginning of OGD until 24 hours. The medium was then removed, and 10 mL
of CCK-8 solution was subsequently added to each well. After 2 hours of incubation at 37°C, the absorbance at 450 nm
was measured using an automatic microplate reader (800Ts, BIOTEK, USA).

LDH Activity Assay
After OGD/R operation and MCP administration, HT-22 cell supernatant was moved to 96-well plate. According to
manufacturer’s protocols of a microplate reader (ELX-800, BIOTEK, USA), cell injury was assessed through detecting
lactate dehydrogenase (LDH) level by kit (WLA072, Wanleibio, China) at 450 nm.

Flow Cytometry
The medium of HT-22 cell was removed after OGD/R operation and MCP administrations, and pooled with adherent
cells.29 Firstly, the mixture was rotated at 150 g for 3 min. Secondly, cells were washed and resuspended in cold PBS,
whose density was adjusted to 106 cells per well. Lastly, cells were added with 5 μL of Annexin V-FITC and 10 μL of
Propidium Iodide, and incubated at room temperature in the dark for 15 min. Cells were subjected to flow cytometry
(NovoCyte, Aceabio, USA).

Western Blot Analysis
Firstly, BCA assay kit (WLA004, Wanleibio, China) and different concentrations of SDS-PAGE gels (WLA013, Wanleibio,
China) were used to quantify the proteins in the brain homogenates or BV-2 cell lysates, which were then transferred to
PVDF membranes (IPVH00010, Millipore, USA). Secondly, membranes were blocked with 5% non-fat dry milk (Q/NYLB
0039S, Yili, China) in TBST (T1081, Solarbio, China) and incubated with primary antibodies against galectin-3 (1:500,
60207-1-Ig, Proteintech, China), toll-like receptor 4 (TLR4, 1:400, WL00196, Wanleibio, China), nuclear factor kappa-B
(NF-ĸBp65, 1:500, WL01980, Wanleibio, China), caspase-1 (1:500, WL03450, Wanleibio, China), interleukin-1β (IL-1β,
1:1000, WL00891, Wanleibio, China), NLRP3 (1:1000, MA5-23919, Thermo Fisher, USA), and β-actin (1:400, WL01372,
Wanleibio, China), and then washed with TBSTand incubated with HRP-IgG (1:5000, goat anti-rabbit, WLA023, Wanleibio,
China). Lastly, ECL kit (WLA003, Wanleibio, China) was used to detect immunoreactive bands, and Gel-Pro-Analyzer
software (WD-9413B, Beijing Liuyi, China) was used to scan and analyze bands. β-actin was set as internal standard to
normalize film signals, and signals of sample in Control group were normalized to 1.0.

Statistical Analysis
Data are presented as mean ± standard deviation (SD). Differences among groups were compared with one-way ANOVA
analysis, followed by post-hoc comparison. SPSS statistical software (IBM Version 23) was used for analyzing the
obtained data. Statistical significance was set at p value <0.05.
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Results
MCP Showed Neuroprotective Effect in MCAO/R Model
In order to investigate the neuroprotective effect of MCP, neurologic deficit scoring, brain water content, and infarct size were
evaluated in mice MCAO/R model. Compared with vehicle, MCP (400 mg/kg/d and 800 mg/kg/d) significantly reduced
neurologic deficit scoring (p = 0.003 and p < 0.001, Figure 2A). Similarly, compared with vehicle, MCP (200 mg/kg/d,
400 mg/kg/d, and 800 mg/kg/d) also significantly reduced brain water content (p = 0.02, p = 0.011, and p = 0.002, Figure 2B)
and infarct size (p = 0.003, p < 0.001, and p < 0.001, Figure 2C and 2D). Furthermore, MCP (200 mg/kg/d, 400 mg/kg/d, and
800 mg/kg/d) treatment significantly reduced the numbers of TUNEL positive (p < 0.001, p < 0.001, and p < 0.001, Figure 3A
and 3B) and FJB positive cells, compared with vehicle group (p < 0.001, p < 0.001, and p < 0.001, Figure 3A and 3C). The
numerical data are shown in the Supplementary Tables 7 and 8.

MCP Showed Neuroprotective Effect in OGD/R Model
Given that CCK-8 cytotoxicity and LDH activities could indicate the extent of cell injury and flow cytometry could
indicate the extent of cell apoptosis, we performed CCK-8 cytotoxicity, LDH activities, and flow cytometry assay to
detect neuroprotective effects of MCP after OGD/R operation. In the CCK-8 cytotoxicity assay, after HT-22 cells were

Figure 2 MCP treatment protected against cerebral ischemia/reperfusion injury in C57BL/6J mice at 1 day after MCAO/R operation. (A) Neurological deficit score test,
n=9 per group; (B) Brain water content measurement, n=3 per group; (C) Cerebral infarction size measurement, n=3 per group; (D) Representative TTC (2,3,5-triphe-
nyltetrazolium chloride) staining images, n=3 per group. MCAO/R indicates middle cerebral artery occlusion/reperfusion; MCP, modified citrus pectin. Data are mean ±
standard deviation.
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Figure 3 MCP attenuated neuronal injury and apoptosis in C57BL/6J mice at 1 day after MCAO/R operation. (A) Representative TUNEL (Terminal-deoxynucleotidyl
Transferase Mediated Nick End Labeling) staining images of cerebral apoptotic cells, counterstained with DAPI and Representative FJB (Fluoro-Jade B) staining images of
cerebral injured cells, n=3 per group, scale bar: 50μm. (B) Quantification of merged cells in the ischemic penumbra of cerebral cortex. (C) Quantification of merged cells in
the ischemic penumbra of cerebral cortex. MCAO/R indicates middle cerebral artery occlusion/reperfusion; MCP, modified citrus pectin. Data are mean ± standard
deviation.
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subjected to OGD/R, cell viability was markedly reduced, which was not changed by MCP administration (Figure 4A).
After HT-22 cells co-cultured with BV-2 cell supernatant were subjected to OGD/R, cell viability was also markedly
reduced, which was improved significantly after MCP (2 g/L and 4 g/L) administration (p = 0.046 and p = 0.001,
Figure 4B). In the LDH activity assay, after HT-22 alone or co-cultured with BV-2 cell supernatant was subjected to
OGD/R, LDH activities of HT-22 cells were significantly increased, while MCP (2 g/L and 4 g/L) administration
significantly reduced the increase (p < 0.001 and p < 0.001, Figure 4C and 4D). Flow cytometry assay showed that
neurons apoptosis was increased significantly after OGD/R in HT-22 cells alone or co-cultured with BV-2 cell super-
natant, which was effectively reversed after MCP (1 g/L, 2 g/L, and 4 g/L) administration (p = 0.001, p < 0.001, and p <
0.001, Figure 5). The numerical data are shown in the Supplementary Tables 9 and 10. The results suggested that MCP
produced neuroprotective effects after OGD/R operation.

MCP Reduced the Expression of NLRP3, Cleaved-Caspase-1, and IL-1β
To investigate whether MCP inhibits neuroinflammation in the cerebral ischemia/reperfusion injury, we detected the
expression of NLRP3 inflammasome-associated proteins, including NLRP3, caspase-1, cleaved caspase-1 and IL-1β, in
the brain by immunofluorescence staining and Western blotting analyses. NLRP3+ cell counts showed that cerebral ischemia

Figure 4 MCP attenuated neuronal cell viability and injury in OGD/R model. (A) Neuronal cell (HT-22) viability after OGD/R was assessed by CCK-8 tests. (B) Neuronal
cell (HT-22) viability after OGD/R was assessed by CCK-8 tests, when co-cultured with supernatant of BV-2 cells. (C) Neuronal cell (HT-22) injury after OGD/R was
assessed by LDH activity. (D) Neuronal cell (HT-22) viability after OGD/R was assessed by LDH activity, when co-cultured with supernatant of BV-2 cells. MCP indicates
modified citrus pectin, OGD/R, oxygen-glucose deprivation/reperfusion. Data are mean ± standard deviation, and n=5 per group.
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caused the activation of NLRP3 inflammasome in microglial cells, which was significantly inhibited by MCP (800 mg/kg/d)
treatment vs vehicle (p = 0.006, Figure 6). Western blot analysis showed that MCP (400 mg/kg/d and 800 mg/kg/d) treatment
significantly reduced the levels of NLRP3 (p < 0.001 and p < 0.001), cleaved caspase-1 (p = 0.001 and p < 0.001), and IL-1β
(p = 0.006 and p = 0.001) at 1 day after reperfusion, compared with vehicle group (Figure 7). Similarly, MCP (1 g/L, 2 g/L,
and 4 g/L) treatment significantly decreased the expression of NLRP3 (p < 0.001, p < 0.001, and p < 0.001), cleaved caspase-
1 (p = 0.037, p = 0.001, and p < 0.001) and IL-1β (p = 0.005, p = 0.001, and p < 0.001) in the OGD/R BV-2 cells (Figure 8).
The numerical data are shown in the Supplementary Tables 11–13. The results suggested that MCP could reduce the
inflammatory response following cerebral ischemia/reperfusion injury.

MCP Inhibits the Activation of the Galectin-3/TLR4/NF-ĸB Signaling Pathway
In order to investigate the effect of MCP on the ischemia/reperfusion-induced galectin-3 expression, we performed the
immunofluorescence staining and Western blot analyses. The results showed that cerebral ischemia/reperfusion caused
the activation of galectin-3+ cell in microglia, which was significantly inhibited by MCP (200 mg/kg/d, 400 mg/kg/d, and
800 mg/kg/d) treatment, compared with the vehicle group (p = 0.013, p < 0.001, and p < 0.001, Figure 9). Compared with
sham group, the expression of galectin-3 (p < 0.001 and p < 0.001), TLR4 (p = 0.017 and p = 0.001), and NF-ĸBp65 (p =
0.006 and p = 0.001) were found to be elevated at 1 day after the MCAO/R operation, which was significantly inhibited
by MCP (400 mg/kg/d and 800 mg/kg/d) (Figure 10). Similarly, 2 g/L and 4 g/L MCP significantly decreased the
expression of galectin-3 (p < 0.001 and p < 0.001), TLR4 (p = 0.032 and p = 0.004), and NF-ĸBp65 (p = 0.007 and p <
0.001) in the OGD/R BV-2 cells (Figure 11). The numerical data was shown in the Supplementary Tables 14–16. The
results suggested that MCP could blocked galectin-3 induced by cerebral ischemia/reperfusion injury and subsequently
inhibited the followed activation of TLR4/NF-ĸB.

Figure 5 MCP attenuated neuronal cell apoptosis in OGD/R model. (A) Neuronal cell (HT-22) apoptosis after OGD/R was assessed by flow cytometry. (B) Representative
flow cytometry images of neuronal cell (HT-22) apoptosis. (C) Representative flow cytometry images of neuronal cell (HT-22) apoptosis, when co-cultured with supernatant
of BV-2 cells. MCP indicates modified citrus pectin, OGD/R, oxygen-glucose deprivation/reperfusion. Data are mean ± standard deviation, and n=5 per group.
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Figure 6 MCP treatment reduced the co-expression of NLRP3 inflammasome and microglia in C57BL/6J mice at 1 day after MCAO/R operation. (A) Representative double
immunofluorescence staining images of cerebral cortex with NLRP3 (green) and Iba1 (microglia, red), counterstained with DAPI, n=3 per group, scale bar: 50μm. (B)
Quantification of merged cells in the ischemic penumbra. MCAO/R indicates middle cerebral artery occlusion/reperfusion; MCP, modified citrus pectin; NLRP3, NOD-like
receptor 3. Data are mean ± standard deviation, and n=3 per group.
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Discussion
In the present study, for the first time, we identified that MCP had neuroprotective effects on cerebral ischemia/
reperfusion injury: (1) MCP reduced infarction size, brain edema, neurons injury and apoptosis, and ameliorated
neurological deficit in MCAO/R C57BL/6J mice; (2) MCP reduced injury and increased viability in OGD/R HT-22
cells. Furthermore, we found that the neuroprotective effect of MCP was mediated through inhibiting microglia and
subsequent NLRP3 inflammasome activation via blocking galectin-3/TLR4/NF-ĸB signaling pathway.

Microglia, the resident macrophages of the brain, are activated rapidly in response to ischemic stroke.6 Galectin-3,
secreted from activated microglia, initiates inflammatory response in surrounding microglia, which results in brain injury
following stroke.8,9 In the present study, we found that cerebral ischemia/reperfusion injury initiated galectin-3 expres-
sion in microglia, which was inhibited by MCP treatment. Furthermore, our in vivo study showed that MCP ameliorated
neurological deficit, infarct volume, and brain edema after cerebral ischemia/reperfusion injury. Thus, we inferred that
MCP produced neuroprotective effects through inhibiting galectin-3 expression in microglia, which was further sup-
ported by our in vitro experiments. MCP administration markedly attenuated the increase of HT-22 cell viability, LDH
activity, and apoptosis after HT-22 cells were co-cultured with the supernatant of BV-2 cells and then subjected to OGD/
R, which was similar with the results in the previous studies.30,31 Furthermore, we found that the effects of MCP on LDH

Figure 7 The effects of MCP on NLRP3 inflammasome, cleaved-caspase-1/caspase-1, and IL-1β in cerebral cortex after MCAO/R injury. Western blot analysis showed that
MCP treatment reduced the expression of NLRP3 inflammasome, cleaved-caspase-1, and IL-1β in C57BL/6J mice at 1 day after MCAO/R operation. Proteins had been
normalized to β-actin. MCAO/R indicates middle cerebral artery occlusion/reperfusion; MCP, modified citrus pectin; NLRP3, NOD-like receptor 3. Data are mean ±
standard deviation, and n=3 per group.
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activity and apoptosis of HT-22 cells also remained present without co-culture with supernatant of BV-2 cells. The
interesting phenomena warrants further investigations.

The inflammatory response after the initial ischemic insult is a key mechanism of secondary brain injury.6 NLRP3
inflammasome activation has been demonstrated to significantly aggravate neuroinflammation and brain injury following
experimental ischemic stroke.32–34 Previous studies showed that galectin-3 was secreted from microglia after cerebral
ischemic injury and triggered NF-κB activation by acting on the receptor TLR4 in the surrounding microglial cells,9

which contributed to NLRP3 inflammasome activation.35 Subsequently, activated NLRP3 inflammasome-induced pro-
caspase-1 to caspase-1, in turn which converted pro-IL-1β to IL-1β.36,37 Furthermore, neuroinflammation induced by
activated microglia plays a key role in neuronal apoptosis through p53-mediated induction of proapoptotic Bcl-2 family
members.38 MCP, as galectin-3 inhibitor, has been used to suppress inflammatory response in several diseases.16,17,24,25

Our current study further supported the anti-inflammatory effect of MCP in ischemic stroke, for example the inhibitory
effect of MCP treatment on the expression of TLR4, NF-κBp65, and NLRP3 inflammasome-associated proteins in
microglia. Thus, we speculated that the neuroprotective effects of MCP on anti-inflammation through blocking expres-
sion of galectin-3 was mediated by the axis of TLR4/NF-κB/NLRP3/cleaved-caspase-1/IL-1β in microglia (Figure 12).
Nevertheless, some studies previously reported that IL-1β contributed to the proliferation of astrocytes and neurite
growth,39,40 which suggested that inflammatory cytokines may have beneficial effects on brain injury. Considering the
dual effects of inflammatory response after stroke which may be time-dependent,12 the neuroprotective time window of
MCP through inhibiting galectin-3 induced inflammation warranted investigation in the future.

Study Limitations
It is worth mentioning that there are some limitations in the present study. First, due to lack of cells double-labeled with
both TUNEL and NeuN in the staining assay, positive cells labeled with only TUNEL could not accurately represent the
apoptosis of neurons. Second, there was a lack of dynamic change of NLRP3 inflammasome-associated proteins. For

Figure 8 The effects of MCP on NLRP3 inflammasome, cleaved-caspase-1/caspase-1, and IL-1β in microglial cells (BV-2) after OGD/R injury. Western blot analysis showed
that MCP treatment reduced the expression of NLRP3 inflammasome, cleaved-caspase-1, and IL-1β in BV-2 cells after OGD/R operation. Proteins had been normalized to β-
actin. OGD/R indicates oxygen-glucose deprivation/reperfusion; MCP, modified citrus pectin, NLRP3, NOD-like receptor 3. Data are mean ± standard deviation, and
n=5 per group.
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Figure 9 MCP treatment reduced the co-expression of galectin-3 and microglia, and TLR4, NF-κBp65 in C57BL/6J mice at 1 day after MCAO/R operation. (A)
Representative double immunofluorescence staining images of cerebral cortex with galectin-3 (green) and Iba1 (microglia, red), counterstained with DAPI, n=3 per
group, scale bar: 50μm. (B) Quantification of merged cells in the ischemic penumbra. Data are mean ± standard deviation.
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example, we did not detect the levels of NLRP3 inflammasome-associated proteins before and after MCP treatment,
which could be helpful to better illustrate the association between protein changes and MCP treatment. Third, we only
determined neurologic deficit scoring at 1 day after MCAO/R operation; thus, it is unclear as to the long-term
neuroprotective effect. Fourth, the current study did not investigate whether the effects of MCP were mediated by
galectin-3, which deserved to be determined. Last, given the difference of the pharmacological dynamics between in vitro
and in vivo experiments, it is better to measure the concentration of MCP in different times, which was not performed in
the current study. The current study showed that MCP treatment could improve neurological deficit scoring of MCAO/R
mice after administering daily for 5 days (Supplementary Figure 2), and we inferred that the neuroprotection of MCP
may be due to the effect of its accumulating doses over days. In the current study, pre-administration of MCP was used to

Figure 10 The effects of MCP on TLR4, NF-κBp65, and galectin-3 in cerebral cortex after MCAO/R injury. Western blot analysis showed that MCP treatment reduced the
expression of TLR4, NF-κBp65, and galectin-3 in C57BL/6J mice at 1 day after MCAO/R operation. Proteins had been normalized to β-actin. MCAO/R indicates middle
cerebral artery occlusion/reperfusion; MCP, modified citrus pectin. Data are mean ± standard deviation, and n=3 per group.

Figure 11 The effects of MCP on TLR4, NF-κBp65, and galectin-3 in microglial cells (BV-2) after OGD/R injury. Western blot analysis showed that MCP treatment reduced
the expression of TLR4, NF-κBp65, and galectin-3 in BV-2 cells after OGD/R operation. Proteins had been normalized to β-actin. OGD/R indicates oxygen-glucose
deprivation/reperfusion; MCP, modified citrus pectin. Data are mean ± standard deviation, and n=5 per group.
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assess the neuroprotective effect of MCP, which is not a clinically viable strategy. Thus, it will be worth further exploring
the neuroprotection in cerebral ischemic/reperfusion injury when MCP administration after stroke onset.

Conclusions
In summary, this is the first report that MCP, as a blocker of galectin-3, may exert neuroprotective effects on cerebral
ischemia/reperfusion injury, probably through inhibiting the activation of NLRP3 inflammasome via TLR4/NF-κB
signaling pathway. Given that the routine uses of MCP in several diseases, these findings pave the way for translational
clinical trial on stroke.
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