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Background: Ginsenoside Rd is a natural compound with promising neuroprotective effects. However,
the underlying mechanisms are still not well-understood. In this study, we explored whether ginseno-
side Rd exerts protective effects on cerebral endothelial cells after oxygen-glucose deprivation/reox-
ygenation (OGD/R) treatment and its potential docking proteins related to the underlying regulations.
Method: Commercially available primary human brain microvessel endothelial cells (HBMECs) were
used for in vitro OGD/R studies. Cell viability, pyroptosis-associated protein expression and tight junction
protein degradation were evaluated. Molecular docking proteins were predicted. Subsequent surface
plasmon resonance (SPR) technology was utilized for validation. Flow cytometry was performed to
quantify caspase-1 positive and PI positive (caspase-1þ/PIþ) pyroptotic cells.
Results: Ginsenoside Rd treatment attenuated OGD/R-induced damage of blood-brain barrier (BBB)
integrity in vitro. It suppressed NLRP3 inflammasome activation (increased expression of NLRP3, cleaved
caspase-1, IL-1b and GSDMD-N terminal (NT)) and subsequent cellular pyroptosis (caspase-1þ/
PI þ cells). Ginsenoside Rd interacted with SLC5A1 with a high affinity and reduced OGD/R-induced
sodium influx and potassium efflux in HBMECs. Inhibiting SLC5A1 using phlorizin suppressed OGD/R-
activated NLRP3 inflammasome and pyroptosis in HBMECs.
Conclusion: Ginsenoside Rd protects HBMECs from OGD/R-induced injury partially via binding to
SLC5A1, reducing OGD/R-induced sodium influx and potassium efflux, thereby alleviating NLRP3
inflammasome activation and pyroptosis.
© 2022 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ginsenoside Rd is a key active component of Panax ginseng
Meyer, which is also commonly found in Panax notoginseng, Panax
quinquefolius and Gynostemma pentaphyllum [1]. Previous studies
showed that it is a promising natural neuroprotective agent due to
its anti-inflammative, anti-oxidative and anti-apoptotic regulations
[1,2].

Ischemic stroke is a severe cerebrovascular disease associated
with acute cerebral thrombosis. Tissue plasminogen activator (tPA)
Sichuan Academy of Medical
gdu, 610072, China.
tation, Sichuan Academy of
ital, Chengdu, 610072, China.
145921@qq.com (J. Fu).
this study.
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is the only therapeutic thrombolytic agent approved for acute
ischemic stroke [3]. It induces the degradation of fibrin clots in a
plasminogen-dependent manner. However, this agent only has a
4.5 h timewindow since the onset of ischemic stroke symptoms [3].
Another drawback is the increased risk of hemorrhage after
reperfusion. This risk ranges from 2% to 7%, depending on the pa-
tient's own situation and the type of intracerebral hemorrhage [4].
This risk is largely caused by ischemia-reperfusion-induced cere-
bral vascular endothelial cell dysfunction, including damage to
tight junctions, increased transcytosis, and a change to a pro-
inflammatory phenotype [5].

The potential pre- and/or posttreatment effects of ginsenoside
Rd on ischemic stroke-induced neural damages have been
confirmed in previous studies [6e9]. In different experimental
models, ginsenoside Rd could effectively reduce cortical neuron
death, infarct volume, inflammation and improve cognitive and
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neurological functions [2,10]. One recent study showed it prevents
nicotine-induced cardiovascular disease by weakening the in-
flammatory status of normal vascular endothelial cells [11].
Mechanistically, it maintains normal NO signaling and reduces
platelet aggregation, vasoconstriction, andmonocyte adhesion [11].
However, only limited studies explored the effect of ginsenoside Rd
on cerebral endothelial cells.

As a natural compound, ginsenoside Rd exerts protective effects
through multiple signaling pathways [1,2]. Although there is
convincing evidence supporting ginsenoside Rd's anti-
inflammatory effects, the molecular mechanisms remain poorly
understood. In this study, we explored whether ginsenoside Rd
protects cerebral endothelial cells after oxygen-glucose depriva-
tion/reoxygenation (OGD/R)-induced injury. Its potential docking
proteins related to these regulations were also studied.

2. Materials and methods

2.1. Cell culture

Human brain microvessel endothelial cells (HBMECs) were ob-
tained from Procell (CPeH124, Wuhan, China) and cultured using
the recommended cultured medium (CM-H124, Procell) and con-
ditions. Ginsenoside Rd (purity: 98.27%), MCC950 (a selective
NLRP3 inflammasome inhibitor, purity: 99.7%) and phlorizin (a
competitive inhibitor of SLC5A1 and SLC5A2, purity: 99.83%) were
purchased from Selleck (Houston, TX, USA).

2.2. Oxygen-glucose deprivation/reoxygenation (OGD/R) treatment

When HBMECs reached 70e80% confluence, the cells were
treated with ginsenoside Rd (5, 15 or 30 mM), phlorizin (25 or
50 mM) and MCC950 (1 mM) for 12 h. Then, the cells were washed
and cultured in glucose-free culture medium in a hypoxic chamber
(1% O2, 5% CO2 and 94% N2) for 2 or 4 h. Afterward, cells were
incubated for another 12 h under normoxia in complete medium.
The same concentrations of drugs were also administered during
the 12 h normoxic culture.

2.3. Trans-endothelial electrical resistance (TEER) assay

TEER assays [12] were performed with a Millicell ERS system
equipped with chopstick electrodes (Millipore, Billerica, MA, USA).
In brief, HBMECs were grown on the upper chamber of the 24-well
transwell inserts (0.4 mm pores, Corning Incorporated, Corning, NY,
USA) at a density of 2 � 105 cells in 0.5 ml medium. The same
culturemedium (1.5 ml) was added to the lower chamber. The TEER
value was measured daily to identify the time of peak resistance
and was reported as U/cm2. The inserts with stabilized peak
resistance were subjected to OGD/R, with or without indicating
ginsenoside Rd treatment.

2.4. Assessment of paracellular permeability

The diffusion of FITC-dextran (70 kDa; Sigma-Aldrich, St. Louis,
MO, USA) across the integrated monolayer was measured following
the strategy introduced previously [13]. Briefly, the transwell in-
serts with HBMEC monolayer were firstly pretreated with ginse-
noside Rd or phlorizin for 12 h and then subjected to OGD/R. After
that, they were transferred into new wells filled with pre-warmed
HBSS buffer for washing. FITC-dextran (1mg/ml) was then added to
the upper chamber and subjected to incubation at 37 �C for 60 min
in the dark. Then, the samples in the lower chambers were trans-
ferred into a new black 96-well plate. Fluorescence intensity was
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measured using a fluorescence microplate reader (BioTek Synergy
Neo 2, Agilent Technologies, Santa Clara, CA, USA)with excitation at
492 nm and emission at 518 nm. Relative fluorescence intensity
was represented as fold-change.
2.5. Immunofluorescent staining

HBMECs cells grown on coverslips were cultured with 30 mM of
ginsenoside Rd or 50 mM of phlorizin for 12 h. Then, cells were
subjected to OGD(2 h)/R (12 h) treatment. Immunofluorescent
staining was conducted following the methods described previ-
ously [14]. The coverslips were incubated with rabbit CoraLite594-
Conjugated ZO-1 polyclonal antibody (1:200, CL594-21773, Pro-
teintech, Wuhan, China) and mouse Alexa Fluor 488-Conjugated
Claudin-5 monoclonal antibody (1:2000, 352,588, Thermo Fisher
Scientific, Wortham, TX, USA) overnight at 4 �C. After washing with
PBS, the coverslips were mounted using ProLong Gold Antifade
Mountant with DAPI (Thermo Fisher Scientific). The fluorescence
was examined with a confocal microcopy Olympus fluorescence
FV1000 microscope.
2.6. Western blotting and cellular thermal shift assay (CETSA)

Western blotting was performed following the methods
described previously [14]. Cultured HBMECs were harvested,
washed, and lysed using RIPA lysis buffer with complete protease
inhibitor cocktail (P0013B, Beyotime). The following primary anti-
bodies were used: anti-ZO-1 (1:1000, #5406, Cell Signaling Tech-
nology, Danvers, MA, USA), anti-claudin-5 (1:1000, A10207,
ABclonal, Wuhan, China), anti-NLRP3 (1:1000, A14223, ABclonal),
anti-caspase-1 (1:1000, A0964, ABclonal), anti-IL-1b (1:1000,
A16288, ABclonal), anti-Gasdermin D (GSDMD, #96458, 1:1000,
Cell Signaling Technology), anti-SLC5A1 (1:1000, #5042, Cell
Signaling Technology) and anti-SLC5A2 (1:1000, #14210, Cell
Signaling Technology). The protein bands were developed using
chemiluminescence detection reagents (BeyoECL Star, Beyotime,
Shanghai, China). Protein expression was quantified by densitom-
etry and normalized to b-actin using ImageJ software (version 1.37,
NIH, Bethesda, MD, USA).

CETSA was conducted following the methods introduced pre-
viously [15]. 30 mM Ginsenoside Rd or vehicle control (DMSO) was
incubated with the lysate supernatant collected above for 1 h at
room temperature. Then, aliquots of the samples (50 ml) were
treated with different temperatures (45, 55, 60, 65, and 70 �C) for
5 min, using a thermal cycler and cooled under room temperate for
5 min. Then, the samples were centrifuged (20,000 g for 20 min at
4 �C) again. The supernatants were subjected to western blotting
assays using anti-SLC5A1 (1:1000, #5042, Cell Signaling
Technology).
2.7. Flow cytometric analysis

The proportions of pyroptotic cells in each treatment group
were measured by flow cytometry, following the method intro-
duced previously [16]. In brief, Active caspase-1 was detected with
FLICA 660 Caspase-1 Detection Kit (ImmunoChemistry, Davis, CA,
USA). HBMECs were cultured in 6-well plates and subjected to
indicated treatments. Then, cells were harvested and incubated
with the FLICA 660 working solution (1:50, v/v). The cells were
incubated at 37 �C for 45 min. Then, the cells were washed,
centrifuged, resuspended, and stainedwith PI solution 5min before
analysis by a FACSCalibur flow cytometer (Becton, Dickinson and
Company, San Diego, CA, USA).
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2.8. Intracellular sodium and potassium ion levels

Changes in intracellular sodium and potassium levels were
measured using fluorometric determination, using the fluorescent
dye sodium-binding benzofuran isophthalate acetoxymethyl ester
(SBFI-AM) and potassium-binding benzofuran isophthalate ace-
toxymethyl ester (PBFI-AM) as selective ion indicators respectively,
following the method introduced previously [17]. In brief, after
pretreatment with ginsenoside Rd or phlorizin, primary HBMECs
were subjected to OGD(2 h)/R (1 h) treatment, with the presence of
SBFI-AM or PBFI-AM (10 mM) and 0.05% pluronic F-127. Then,
fluorescence intensities were measured using a fluorescent plate
reader by setting excitation wavelengths at 344 nm and 400 nm
and emission wavelength of 510 nm. Statistical analysis was per-
formed by determining the ratio of the signals at 340 nm/380 nm,
based on data from triple technical replicates for each independent
experiment.
2.9. Prediction of ginsenoside Rd docking proteins

The potential ginsenoside Rd docking proteins were predicted
using TargetNet (http://targetnet.scbdd.com/) [18]. In brief, the
structure of ginsenoside Rdwas transferred to SimplifiedMolecular
Input Line Entry System (SMILES) chemical format for docking
prediction. The predicted candidates with probability scores higher
than 0.5 were identified. Then, the specific atomic interaction be-
tween ginsenoside Rd and SLC5A1 (https://alphafold.ebi.ac.uk/
entry/P13866) was conducted using CB-Dock (http://clab.
labshare.cn/cb-dock/php/index.php) [19]. Only the bound poses
with Vina score lower than �5 were presented.
2.10. Surface plasmon resonance (SPR) analysis

The binding affinity of ginsenoside Rd to SLC5A1 protein was
measured using a Biacore T200 (GE Healthcare, Pittsburgh, PA,
USA). Human recombinant SLC5A1 protein (Novus Biologicals, Lit-
tleton, CO, USA) was captured on a CM5 chip via a standard amine
coupling procedure. Binding sensorgrams were recorded by serially
injecting diluted ginsenoside Rd over the immobilized SLC5A1
surface. Then, equilibrium dissociation constant (KD) value was
calculated with a steady affinity state model.
2.11. Real-time quantitative reverse transcription PCR (qRT-PCR)

qRT-PCR analysis was conducted as we described previously
[14]. SLC5A1 expression was normalized to that of ACTB, using the
2�DDCT method. The following primers were used: SLC5A1, forward,
50-CGCCTATCCAACCTTAGTGGTG-30, reverse, 50-CGCTGTTGAA-
GATGGAGGTCAG-3'; ACTB, forward, 50-CACCATTGGCAAT-
GAGCGGTTC-30, reverse, 50-AGGTCTTTGCGGATGTCCACGT-3'.
2.12. Statistical analysis

Data were integrated and analyzed using GraphPad Prism 8.01
software (GraphPad Software, San Diego, CA, USA). Multiple group
comparisonwas conducted using one-way ANOVA test, followed by
Tukey post hoc test. Welch's unpaired t-test was used for compar-
ison between two groups. Results are expressed as
mean ± standard derivation (SD). p < 0.05 was considered of
significance.
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3. Results

3.1. Ginsenoside Rd attenuates the OGD/R-induced damage of
blood-brain barrier (BBB) integrity in vitro

The effect of ginsenoside Rd (10, 30 and 60 mM) (Fig. 1A) on the
cell viability of HBMECs was assessed. Compared to the untreated
control group, 60 mM ginsenoside Rd treatment for 24 h signifi-
cantly reduced cell viability (100.7 ± 4.0% vs. 69.0 ± 4.6%, p < 0.001)
(Fig. 1B). 30 mM ginsenoside Rd did not significantly alter the cell
viability of HBMECs (Fig. 1B). Therefore, 30 mM was used as the
maximal ginsenoside Rd concentration for in vitro studies.

HBMECs with or without pretreatment of ginsenoside Rd were
subjected to OGD/R. OGD/R significantly impaired cell viability
(Fig. 1C). However, 15 and 30 mM ginsenoside Rd significantly
restored cell viability after OGD/R (Fig. 1C).

To explore whether ginsenoside Rd exerts protective effects on
in vitro BBB integrity after OGD/R, HBMECs were cultured in
transwell inserts under normoxia to form a monolayer (Fig. 1D).
When the insert reached the peak TEER value, the cell monolayers
with or without ginsenoside Rd pretreatment were subjected to
OGD/R. Then, the TEER value was measured again. Results showed
that OGD/R significantly decreased the TEER value of the HBMEC
monolayer (Fig. 1E). Ginsenoside Rd showed a dose-dependent
protective effect against the TEER drop in both OGD(2 h)/R (12 h)
or OGD(4 h)/R (12 h) groups (Fig. 1E). The barrier protective effect
was validated by FITC-dextran diffusion assays. The HBMEC
monolayer with ginsenoside Rd treatment has a significantly lower
permeability of FITC-dextran compared to the group without gin-
senoside Rd treatment (Fig. 1F).

Tight junction proteins such as claudin-5, ZO-1 and occludin
were important in maintaining the integrity of the BBB [20].
Immunofluorescent staining and western blotting confirmed
showed that compared to the negative control (NC) group, OGD/R
significantly reduced the protein content of ZO-1 and claudin-5 in
HBMECs (Fig. 1GeJ). However, ginsenoside Rd treatment reduced
the loss of these two proteins (Fig. 1GeJ).

3.2. Ginsenoside Rd suppresses OGD/R-activated NLRP3
inflammasome and pyroptosis in HBMECs

One recent study showed that OGD/R could activate NLRP3
inflammasome and pyroptosis in mouse brain-derived endothelial
b.End 3 cells [21]. Therefore, we further testedwhether ginsenoside
Rd protects HBMECs from OGD/R-activated NLRP3 inflammasome
and pyroptosis. OGD/R significantly increased the expression of
NLRP3, cleaved caspase-1, IL-1b, and GSDMD-N terminal (NT) in
HBMECs (Fig. 2AeE). Flow cytometric analysis showed that OGD/R
significantly increased the ratio of pyroptotic cells (caspase-1þ/
PI þ cells) (Fig. 2FeG). When cells were pretreated with ginseno-
side Rd or MCC950 (1 mM), OGD/R-activated NLRP3 inflammasome
and subsequent pyroptosis were significantly weakened
(Fig. 2AeG).

3.3. Ginsenoside Rd binds to SLC5A1 with a high affinity

To explore the molecular mechanisms underlying the protective
effects of ginsenoside Rd, we predicted its docking proteins using
TargetNet [18]. Only the proteins with a probability score higher
than 0.5 were identified as the candidates (Fig. 3A). Among the
candidates, SLC5A1 (also called sodium-dependent glucose trans-
porters 1, SGLT1) was significantly upregulated in cortical neurons
and capillary endothelial cells after focal cerebral ischemia in the

http://targetnet.scbdd.com/
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https://alphafold.ebi.ac.uk/entry/P13866
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Fig. 1. Ginsenoside Rd attenuates the OGD/R-induced damage of blood-brain barrier (BBB) integrity in vitro. A. Chemical structure of ginsenoside Rd. B. Effect of ginsenoside Rd (10,
30, and 60 mM) treatment (24 h) on cell viability of HBMECs. C. CCK-8 assays were performed to assess the protective effects of ginsenoside Rd against OGD/R-induced loss of cell
viability in different injury time. D. A schematic image of the in vitro BBB model. HBMECs were seeded on the top side of the transwell insert to form a monolayer. Then, TEER and
paracellular diffusion of FITC-dextran (70 kDa) were measured. E-F. Relative TEER values (E) and relative concentration of FITC-dextran (F) were calculated to assess the protective
effect of ginsenoside Rd (5, 15 and 30 mM) against OGD/R-induced damage of barrier function in different OGD/R time. G-J. Representative immunofluorescent images (G) and
western blotting assays (HeJ) showing the expression of ZO-1 (green) and claudin-5 (red) in HBMECs after OGD(2 h)/R (12 h), with or without treatment of ginsenoside Rd (30 mM).
Scale bar ¼ 20 mm. G.Rd: ginsenoside Rd. Results were reported as mean ± SD (n ¼ 3). ***p < 0.001. n.s.: not significant.
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Fig. 2. Ginsenoside Rd suppressed OGD/R-activated NLRP3 inflammasome and pyroptosis in HBMECs. A-E. Representative blots (A) and quantitative analysis (BeE) of NLRP3,
cleaved caspase-1, IL-1b and GSDMD-NT expression in HBMECs after OGD stimulation, with or without treatment of MCC950 (1 mM) or ginsenoside Rd (15 or 30 mM). F-G.
Representative flow cytometric images (F) and quantitative data (G) of caspase-1þ/PI þ cell ratio were provided. Results were reported as mean ± SD (n ¼ 3). ***p < 0.001. n.s.: not
significant.
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mouse and rat model of middle cerebral artery occlusion (MCAO)
[22,23]. Its upregulation exacerbates neuronal damage caused by
post-ischemic hyperglycemia [22,24]. Then, the potential interac-
tion between ginsenoside Rd and the residuals of SLC5A1 was
estimated by molecular docking, using CB-Dock [19]. Results
showed that ginsenoside Rd has three high potential binding sites
in SLC5A1, with dozens of binding residuals (Fig. 3B). Then, we
checked the structural basis of SLC5A1 and the model of its inter-
action with glucose proposed by one previous study [25] (Fig. 3C).
The sugar-binding site of SLC5A1 includes residues Q445, Q457,
T460, R499, and Y506 (Fig. 3C, left). Residues on the external sur-
face are highlighted in yellow blocks in the right panel (Fig. 3C, left).
Therefore, ginsenoside Rd might directly bind to three critical
glucose binding sites (Q445, R499 and E503) of SLC5A1 on its
surface (Fig. 3B, red arrows). To confirm if ginsenoside Rd directly
binds to SCL5A1, we utilized the SPR technology. Ginsenoside Rd
exhibited a concentration-dependent binding with recombined
human SLC5A1 protein, with an estimated KD of 0.68 mM (Fig. 3D).
Next, we conducted CETSA to check the melting curves of SLC5A1
generated in HBMEC lysates, with or without the presence of gin-
senoside Rd. Results showed that compared to the DMSO group,
30 mM ginsenoside treatment increased the thermal stability of
SLC5A1 (Fig. 3EeF). These results showed that ginsenoside Rd bind
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to SLC5A1 with a high affinity. Since it might bind to the critical
glucose binding site, we hypothesized that ginsenoside Rd might
interfere with the physiological functions of SLC5A1.
3.4. Ginsenoside Rd reduces OGD/R-induced sodium influx and
potassium efflux in HBMECs

OGD/R resulted in significantly upregulated SLC5A1 expression
at the mRNA and protein levels (Fig. 4AeB). However, ginsenoside
Rd treatment did not influence OGD/R-induced SLC5A1 upregula-
tion (Fig. 4AeB). SLC5A1 mediates sodium-dependent glucose up-
take [26]. Increased sodium influx after ischemic/reperfusion
exacerbates cerebral neuronal damage [24]. Therefore, we moni-
tored intracellular concentrations of Naþ and Kþ after OGD/R and
the potential influences of ginsenoside Rd. Results showed that
OGD/R significantly elevated intracellular Naþ concentration but
lower intracellular Kþ concentration (Fig. 4CeD). These alterations
were significantly alleviated by ginsenoside Rd and phlorizin (a
SLC5A1/SLC5A2 inhibitor and Naþ/K þ -ATPase inhibitor) treat-
ment (Fig. 4CeD). Similar to ginsenoside Rd, phlorizin treatment
showed protective effects on OGD/R-induced damage to in vitro
BBB integrity (Fig. 4EeF) and the loss of tight junction proteins
(Fig. 4GeJ).



Fig. 3. Ginsenoside Rd binds to SLC5A1 with a high affinity. A. Predicted docking protein of ginsenoside Rd, by using TargetNet. B.Molecular docking of between ginsenoside Rd and
SLC5A1. The estimated thee binding positions and related residuals within SLC5A1 were provided in the bottom panel. C. Left: schematic of proposed interactions between SLC5A1
and glucose by one previous study [25]. X, XI, XII and XIII are four translocation domains of SLC5A1. The magenta ellipse indicates the aromatic stacking with the hydrophobic
surface of the pyranose. Right: Three-dimensional model of the glucose binding domains of SLC5A1 [25]. The same helical domains in the left and right panels are labeled with the
same color. Residues on the external surface are highlighted with yellow boxes in the right panel. D. SPR analysis of ginsenoside Rd binding to human recombinant SLC5A1 protein.
E-F. Representative images (E) and quantitation (F) of CETSA of SLC5A1 with 30 mM ginsenoside Rd. n ¼ 3 independent experiments. **p < 0.01, ***p < 0.001.
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3.5. Inhibiting SLC5A1 suppresses OGD/R-activated NLRP3
inflammasome and pyroptosis in HBMECs

Therefore, we checked whether inhibiting SLC5A1 alleviates
OGD/R-activated NLRP3 inflammasome and pyroptosis. HBMECs
pretreated with phlorizin had reduced expression of NLRP3,
cleaved caspase-1, IL-1b and GSDMD-NT (Fig. 5AeE), and a lower
ratio of pyroptosis (caspase-1þ/PI þ cells) (Fig. 5FeG).
4. Discussion

Although natural protopanaxadiol ginsenosides exhibit low
absorption in the human intestine, recent human pharmacokinetic
studies following administration of red ginseng extract suggested
that ginsenoside Rd is detected in the human plasma samples
[27,28]. Therefore, although there might be no active absorption,
there is still intestinal permeability of Rd, with slow elimination
705
[28]. Similar findings were observed in mice and rats following the
repeated oral administration of red ginseng extract [29]. Ginseno-
side Rd has been characterized as a promising natural compound
with neuroprotective effects and a potential clinical candidate drug
for treating neurological diseases [1,10]. However, the molecular
mechanisms supporting its neuroprotective effects remain fully
illustrated. In the murine stroke model, NLPR3 inflammasome in-
hibition alleviates hypoxic endothelial cell death and helps main-
tain the BBB integrity [30]. The NLPR3 inflammasome-inhibiting
effects of ginsenoside Rd were observed in mice model of colitis
[31] and microglia cells in mice model of ischemia brain injury [8].
Therefore, we focused on the effect of ginsenoside Rd on NLPR3
inflammasome activation and the following pyroptosis in human
microvessel endothelial cells. Using HBMECs as in vitro cell model,
we explored the effect of ginsenoside Rd on OGD/R-induced
endothelial cell injury. Our findings demonstrated that ginseno-
side Rd treatment attenuated OGD/R-induced damage of BBB



Fig. 4. Ginsenoside Rd reduces OGD/R-induced sodium influx and potassium efflux in HBMECs. A. SLC5A1 mRNA expression in HBMECs after OGD/R stimulation, with or without
treatment of ginsenoside Rd. B. SLC5A1 and SLC5A2 protein expression in HBMECs after OGD/R stimulation, with or without treatment of ginsenoside Rd. C-D. Relative intracellular
Naþ (C) and Kþ (D) were detected in HBMECs after OGD(2 h)/R (1 h) stimulation, with or without the presence of ginsenoside Rd. E-F. Relative TEER values (E) and relative
concentration of FITC-dextran (F) were calculated to assess the protective effect of phlorizin (25 and 50 mM) against OGD/R-induced damage of barrier function in different OGD/R
time. G-J. Representative immunofluorescent images (G) and western blotting assays (HeJ) showing the expression of ZO-1 (green) and claudin-5 (red) in HBMECs after OGD(2 h)/R
(12 h), with or without phlorizin treatment (50 mM). Scale bar ¼ 20 mm. Results were reported as mean ± SD (n ¼ 3). ***p < 0.001. n.s.: not significant.
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integrity in vitro and the loss of tight-junction proteins (ZO-1 and
Claudin-5). Claudin-5 is the most enriched tight junction protein in
the BBB and acts as a gatekeeper of neurological function [32]. In
addition, ginsenoside Rd suppressed NLRP3 inflammasome acti-
vation and subsequent cellular pyroptosis.

As a natural compound, the regulative effects of ginsenoside Rd
might largely rely on its docking proteins. It binds to the epidermal
growth factor receptor (EGFR) with a high binding affinity and in-
hibits the metastasis of colorectal cancer [33]. It inhibits hepatic
uptake of phiopogonin D by organic anion-transporting poly-
peptides [34]. It blocks the activity of calcineurin, a key phospha-
tase for activating Death Associated Protein Kinase 1 (DAPK1),
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thereby inhibiting NMDA receptor (NMDAR)-triggered currents
and sequential excitotoxicity [35]. By bioinformatic molecular
docking and subsequent SPR analysis, we revealed that ginsenoside
Rd interacts with SLC5A1 with a high affinity. Both SLC5A1 and
SLC5A2 are important mediators of epithelial glucose transporters.
SLC5A2 is almost exclusively expressed in the kidney and is
responsible for glucose reabsorption from the tubular system,
while SLC5A1 mediates glucose absorption in the small intestine
[36]. In addition, SLC5A1 is also expressed in the skeletal muscles,
heart and brain [37]. Based on five eligible randomized clinical
trials (EMPA-REG (Empagliflozin), CANVAS (Canagliflozin),
DECLARE-TIMI 58 (Dapagliflozin), CREDENCE (Canagliflozin) and



Fig. 5. Inhibiting SLC5A1 suppresses OGD/R-activated NLRP3 inflammasome and pyroptosis in HBMECs. A-E. Representative blots (A) and quantitative analysis (BeE) of NLRP3,
cleaved caspase-1, IL-1b and GSDMD-NT expression in HBMECs after OGD stimulation, with or without phlorizin treatment. F-G. Pyroptotic cells with the same treatment in panel A
were assessed by caspase-1 and PI staining. Representative flow cytometric images (F) and quantitative data (G) of caspase-1þ/PI þ cell ratio were provided. Results were reported
as mean ± SD (n ¼ 3). ***p < 0.001.
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VERTIS CV (Ertugliflozin)) involving 46,969 participants, SLC5A2
inhibitors were associated with a significant 50% reduction of
hemorrhagic stroke risk [38]. Although these SLC5A2 inhibitors had
higher affinities to SLC5A2 compared to SLC5A1, they still bind to
SLC5A1 [39]. Therefore, SLC5A inhibitors might have potential
microvascular protective effects.

SLC5A1 mediates sodium-dependent glucose uptake and
transports two Naþ ions with one D-glucose molecule against the
concentration gradients [26]. Its upregulation was observed in rat
cerebral endothelial cells after OGD/R [23,40] and was confirmed in
HBMECs in the current study. Ginsenoside Rd could not alter
SCL5A1 expression. In the current studies, we confirmed that
HBMECs had significantly elevated intracellular Naþ concentration
and decreased Kþ concentration. Ginsenoside Rd treatment
significantly reversed these alterations. Previous studies showed
that Kþ efflux is a common activator of NLRP3 inflammasome
activation, which is required and adequate for caspase-1 activation
[41]. Besides, sodium influx exacerbates NLRP3-dependent
inflammation [17]. Therefore, we infer that via binding to SLC5A1,
ginsenoside Rd could reduce OGD/R-induced sodium influx and
potassium efflux in HBMECs. Using phlorizin as a positive control of
SLC5A1 selective inhibitor, we confirmed that by SLC5A1 inhibition
could weaken OGD/R-induced damage to in vitro BBB integrity and
alleviate OGD/R-activated NLRP3 inflammasome and pyroptosis of
HBMECs.
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Compared to ginsenoside Rd, the metabolite compound K has a
significantly higher diffusion rate and area under the plasma drug
concentration-time curve (AUC) [27,28]. Our preliminary studies
showed that compound K still binds to SLC5A1, with similar bind-
ing sites with ginsenoside Rd (data were not shown here). There-
fore, it is meaningful to further assess the functional role in
compound K in in vivo studies.
Conclusion

This study revealed a novel mechanism of ginsenoside Rd in
protecting HBMECs from OGD/R-induced injury. It binds to SLC5A1
with a high affinity and reduces OGD/R-induced sodium influx and
potassium efflux, thereby alleviating NLRP3 inflammasome acti-
vation and pyroptosis of HBMECs. However, animal studies are
supposed to be performed to validate these molecular mechanisms
in vivo.
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