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A B S T R A C T

Background: Spinal cord injuries (SCIs) trigger a cascade of detrimental processes, encompassing neuro-
inflammation and oxidative stress (OS), ultimately leading to neuronal damage. Phillygenin (PHI), isolated from
forsythia, is used in a number of biomedical applications, and is known to exhibit anti-neuroinflammation ac-
tivity. In this study, we investigated the role and mechanistic ability of PHI in the activation of microglia-
mediated neuroinflammation and subsequent neuronal apoptosis following SCI.
Methods: A rat model of SCI was used to investigate the impact of PHI on inflammation, axonal regeneration,
neuronal apoptosis, and the restoration of motor function. In vitro, neuroinflammation models were induced by
stimulating microglia with lipopolysaccharide (LPS); then, we investigated the influence of PHI on pro-
inflammatory mediator release in LPS-treated microglia along with the underlying mechanisms. Finally, we
established a co-culture system, featuring microglia and VSC 4.1 cells, to investigate the role of PHI in the
activation of microglia-mediated neuronal apoptosis.
Results: In vivo, PHI significantly inhibited the inflammatory response and neuronal apoptosis while enhancing
axonal regeneration and improving motor function recovery. In vitro, PHI inhibited the release of inflammation-
related factors from polarized BV2 cells in a dose-dependent manner. The online Swiss Target Prediction data-
base predicted that toll-like receptor 4 (TLR4) was the target protein for PHI. In addition, Molecular Operating
Environment software was used to perform molecular docking for PHI with the TLR4 protein; this resulted in a
binding energy interaction of − 6.7 kcal/mol. PHI inhibited microglia-mediated neuroinflammation, the pro-
duction of reactive oxygen species (ROS), and activity of the NF-κb signaling pathway. PHI also increased
mitochondrial membrane potential (MMP) in VSC 4.1 neuronal cells. In BV2 cells, PHI attenuated the over-
expression of TLR4-induced microglial polarization and significantly suppressed the release of inflammatory
cytokines.
Conclusion: PHI ameliorated SCI-induced neuroinflammation by modulating the TLR4/MYD88/NF-κB signaling
pathway. PHI has the potential to be administered as a treatment for SCI and represents a novel candidate drug
for addressing neuroinflammation mediated by microglial cells.
The translational potential of this article: We demonstrated that PHI is a potential drug candidate for the thera-
peutic management of SCI with promising developmental and translational applications.

Abbreviations: BBB, Basso Beattie Bresnahan; CETSA, Cellular thermal shift assay; CNS, Central nervous system; DMSO, Dimethyl sulfoxide; LPS, Lipopolysac-
charide; MEP, Motor-evoked potential; MMP, Mitochondrial membrane potential; OS, Oxidative stress; PHI, Phillygenin; PPI, Protein interaction; qRT-PCR, quan-
titative real-time polymerase chain reaction; ROS, Reactive oxygen species; SCI, Spinal cord injury; SD, Sprague Dawley; TLR4, Toll-Like Receptor 4; WB, Western
blot.
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1. Introduction

Spinal cord injury (SCI) is a serious neurological disorder that affects
millions of individuals worldwide and causes motor, sensory, and
autonomic dysfunction [1,2]. The initial traumatic injury can damage
the spinal cord or cause structural damage, followed by a range of sec-
ondary injuries, including inflammation, oxidative stress (OS),
apoptosis, and neuronal loss, ultimately leading to motor dysfunction
[3]. Currently, the management of SCI predominantly focuses on stra-
tegies to prevent and mitigate secondary damage [4,5]. However, there
is a lack of well-defined and effective therapeutic agents in current
clinical practice [6–8]; consequently, there is an urgent need to inves-
tigate potential pharmacological interventions for the management of
SCI.

Neuroinflammation plays a pivotal role in the secondary injuries
associated with SCI [9–11] and the microglia play a pivotal and irre-
placeable role in neuroinflammation within the central nervous system
(CNS) [12,13]. Following SCI, the microglia are rapidly activated, thus
leading to the upregulation of pro-inflammatory cytokines mediated by
various signaling cascades [14]. Excessive activation of the microglia
results in the release of numerous pro-inflammatory factors, including
IL-1β, TNF-α, and reactive oxygen species (ROS), which further exac-
erbate inflammation [11]. Simultaneously activated microglial cells can
also exert toxic effects on neurons, and are therefore crucial for the re-
covery of sensory and motor function following SCI [15]. Therefore, the
key to a patient recovering from SCI is to inhibit activation of the
microglia at the site of injury and to control the subsequent inflamma-
tory response.

Over recent years, numerous monomers derived from traditional
Chinese medicine have garnered significant attention for their potential
to treat SCI, particularly by virtue of their low levels of toxicity and
reduced side effects [16,17]. Phillygenin (PHI) [18] is the main active
ingredient of forsythia, a plant that is commonly used in traditional
medicine, and exhibits several important biological properties,
including anti-inflammatory effects [18], the amelioration of
non-alcoholic fatty liver [19], improvements in the intestinal mucosal
barrier [20], and the inhibition of pancreatic cancer cell survival [21].
Moreover, PHI has shown significant potential for mitigating liver
fibrosis induced by carbon tetrachloride [22]. Nevertheless, the phar-
macological effects of PHI on SCI have yet to be elucidated.

In this study, we investigated the pharmacological effects of PHI on
the progression of SCI. We found that PHI exerted anti-
neuroinflammatory effects by inactivating the NF-κB signaling
pathway by targeting TLR4. The purpose of this study was to investigate
the potential neuroprotective activity of PHI on anti-neuroinflammatory
effects and functional recovery during the treatment of SCI. Our findings
have promising implications for the development of novel therapeutic
agents based on the pathogenesis of SCI.

2. Materials and methods

2.1. Animals

A total of 60 female Sprague Dawley rats (approximately 220 g in
weight and eight weeks-of-age) were sourced from Zhejiang Weitong
Lihua Experimental Animal Technology Co., Ltd(Zhengjiang, China).
Food and water were provided ad libitum to rats in a temperature-
controlled environment.

2.1.1. PHI reagents and cell culture
PHI (CAS. 487-39-8, purity ≥98 %) was purchased from GlpBio-

technology Co., Ltd. (Montclair, USA). PHI was dissolved in Dimethyl
sulfoxide(DMSO, MCE, USA) reagent, and lipopolysaccharide (LPS) was
diluted to 1 μg/mL (Merck, Germany). The BV2 microglial cell line and
the VSC4.1 spinal cord anterior horn motor neuron tumor cell line were
obtained from Procell Life Science & Technology Co., Ltd. (Wuhan,

China). Cells were cultured in DMEM (4.5 g/L glucose) supplemented
with 10 % FBS in a humidified incubator at 37 ◦C with 5 % carbon
dioxide.

2.2. SCI model and treatment

All rats were randomly assigned to one of three groups, each con-
taining 20 rats: a Sham operation group, a SCI group, and avSCI + PHI
group. Under sterile conditions, all rats were anesthetized via an intra-
peritoneal injection of 1 % sodium pentobarbital (50 mg/kg). Then, we
induced SCI by exposing the spinal cord at the T9–T10 level and
applying a vascular clip to the spinal cord tissue for 3 s to induce crush
damage. Rats in the treatment group were given an intraperitoneal in-
jection of PHI (50 mg/kg) immediately after the occurrence of SCI, with
continued administration for 7 days.

2.3. Functional behavior evaluation

Hindlimb movement recovery was assessed by the Basso Beattie
Bresnahan (BBB) motor rating scale on days 0, 1, 3, 7, 14, 21, 28, 35, and
42 post-surgery. On day 21 and until day 42 post-surgery, the rats in
each group were subjected to footprint analysis and electrophysiological
(MEP) evaluation. Behavioral experiments were scored by authors who
were blinded to the experimental conditions.

2.4. Histology

On day 42 post-surgery, spinal cord tissues, along with other major
organ tissues, including the heart, spleen, liver, kidney, and lungs, were
collected from rats in each group. These tissues were fixed in 4 %
paraformaldehyde, dehydrated, paraffin embedded, and subsequently
sectioned for hematoxylin and eosin staining.

2.5. Immunofluorescent staining of cells and sections

For in vitro experiments, BV2 and VSC4.1 cells were seeded onto 20
mm diameter glass slides placed within six-well plates. After rinsing
with PBS, we applied 0.5 % Triton X-100 to disrupt cell membranes,
followed by 5 % bovine serum albumin (BSA) to block the cells. Tissue
sections were dewaxed in xylene and dehydrated with a series of graded
ethanol concentrations. Following EDTA antigen–antibody repair, the
sections were blocked with 5 % BSA. Cell cultures and spinal cord tissues
were subsequently incubated overnight at 4 ◦C with appropriate primary
antibodies. The following morning, the sections were washed in PBS and
then incubated with appropriate fluorescent secondary antibodies for 1
h at room temperature. After additional washing steps, an anti-
fluorescence quencher (including DAPI) was added and the slides
were covered and sealed. Representative images were captured by a
confocal laser scanning microscope (Leica, Germany) and subsequently
analyzed by ImageJ software(National Institutes of Health, NIH, USA).
The following antibodies were employed in this study: anti-CD68
(1:400; Abcam), anti-Iba-1 (1:400; Abcam), anti-CD11b (1:400;
Abcam), anti-p65 (1:400; CST), anti-GFAP (1:500; CST), anti-NeuN
(1:200; CST), anti-Bcl-xL (1:400; CST), anti-GAP43 (1:200; CST), and
anti-MAP2 (1:200; CST).

2.6. Cell viability assays

BV2 cells were seeded into 96-well plates and subsequently exposed
to gradient concentrations of PHI (0, 12.5, 25, 50, 100, 200, or 400 μg/
mL) for a 24-h incubation period. Subsequently, 10 % of the volume of
culture medium was supplemented with CCK-8 reagent followed by
incubation for 2 h. Finally, we used a microplate reader (Thermo, USA)
to measure the absorbance at a wavelength of 450 nm, thus allowing us
to calculate the optical density.
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2.7. Plasmid construction and transfection

A TLR4 overexpression plasmid (PLV3-CMV-TLR4) and an empty
PLV3-CMV vector were obtained from Miaoling Biology (Wuhan,
China). The TLR4 plasmid was transfected into HEK 293T cells at a
density of 60%–70 %. After 48 h, the lentivirus supernatant was
collected, and a Lentivirus Concentration Solution (YiSheng, Shanghai,
China) was used to increase the virus titer. When the fusion rate of BV2
microglia reached 30%–40 %, the virus was mixed into the culture
medium for infection.

2.8. Co-culture of cells

BV2 microglial cells and neuronal VSC 4.1 cells were co-cultured
using a Transwell system with 0.4 μm wells in a six-well plate.
Initially, BV2 cells were pretreated with PHI (at concentrations of 0, 25,
50, or 100 μg/mL) for 24 h. Subsequently, the cells were stimulated with
1 μg/mL of LPS or left unstimulated, based on the experimental
grouping. Following washing with PBS, the BV2 cells were co-cultured
with VSC 4.1 cells in six-well plates. After 24 h of co-culture, immuno-
fluorescence and western blotting (WB) were used to determine the
expression of key markers.

2.9. WB analysis

Total proteins were separated by SDS-PAGE and transferred to PVDF
membranes (Millipore). Next, the membranes were blocked with 5 %
skimmed milk and then incubated overnight at 4 ◦C with the following
antibodies: Iba-1 (1:2000), Bcl-xL (1:1000), CD68 (1:2000), iNOS
(1:1000), GAP43 (1:1000), COX-2 (1:2000), MAP2 (1:1000), p65
(1:2000), phosphorylated (p)-p65 (1:1000), IκBα (1:1000), phosphory-
lated (p)-IκBα (1:1000), NeuN (1:1000), GAPDH (1:4000), and β-actin
(1:5000); all antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA). The following morning, membranes were washed
with TBST and incubated with appropriate secondary antibodies.
Finally, we used Image Lab software (Bio-Rad) to analyze the mem-
branes and Image J to perform quantitative analysis.

2.10. qRT-PCR

Total RNA was extracted from BV2 cells with a Universal RNA Pu-
rification Kit (EZBioscience, Shanghai), followed by reverse transcrip-
tion. Quantitative PCR (qPCR) was then conducted with a SYBR real-
time fluorescence quantitative PCR kit (Vazyme, China). Table S1 pro-
vides a comprehensive list of all primer sequences employed in this
investigation.

2.11. Live/dead staining

Following co-culture, VSC 4.1 cells were washed 1–2 times in buffer
and then treated with Calcein-AM and PI. Samples were then incubated
in the dark at room temperature for 15–30 min. Finally, the cells were
washed three times in buffer to eliminate excess dye. Fluorescence im-
ages were then acquired with an inverted fluorescence microscope
(ZEISS, Germany).

2.12. Detection of intracellular ROS

The levels of ROS in VSC4.1 cells were evaluated with a DCFH-DA
probe (10 μM). In brief, cells underwent 1–2 washes with buffer
washes and then incubated in the dark with DCFH-DA for approximately
30 min. Subsequently, cells were rinsed three times with buffer, and
fluorescence images were captured with an inverted fluorescence mi-
croscope (ZEISS, Germany).

2.13. Bioinformatic analysis

Next, we predicted the target protein for the PHI monomer (Pub-
Chem CID: 3083590) by utilizing Swiss Target Prediction(http://www.
swisstargetprediction.ch/), the SEA database(http://sea.bkslab.org/),
and the HERB database(http://herb.ac.cn/). By performing comparisons
with proteins related to inflammation, we considered the common
proteins identified in both sets of results as potential target proteins for
PHI in the context of inflammatory-related diseases. These overlapping
target proteins were then used to construct signaling pathway networks.
Subsequently, these networks were uploaded to the STRING database
(https://string-db.org/cgi/input.pl) and Cytoscape(http://www.cytos
cape.org/) to create protein–protein interaction (PPI) networks. Key
proteins were subsequently identified by topology analysis and MCODE
cluster analysis. PHI was then experimentally docked with the TLR4
protein (protein number: 4G8A) by AutoDock Vina software(https:
//vina.scripps.edu/), and the free binding energy was calculated.

2.14. Statistical analysis

Data are presented as means ± standard deviation (SD) and the
Shapiro–Wilk test was used to test whether data were normally
distributed. Tukey’s multiple-comparison test was used in conjunction
with one-way and two-way analysis of variance for significance testing.
GraphPad Prism 9.0(GraphPad Software, USA) was used for all data
analysis. p < 0.05 was considered statistically significant.

3. Results

3.1. PHI ameliorated pathology and motor function in a rat model of SCI

First, we evaluated the impact of PHI on functional recovery in rats
following SCI by applying the BBB open-field locomotor test in
conjunction with footprint analysis. Analysis indicated that the group
treated with PHI exhibited significantly superior motor function when
compared to the SCI group without PHI treatment (Fig. 1A–H; p < 0.05).
In addition, electrophysiological analysis revealed that the magnitude of
MEP potentials was higher in rats from the PHI group (Fig. 1K–M).
Compared to the SCI group, histological analyses of tissue sections
stained with H&E demonstrated a significant reduction in the longitu-
dinal and transverse cavity areas of rats from the PHI group (Fig. 1I and
J). These data suggest that PHI can significantly promote the regener-
ation of spinal cord tissue, reduce cavity volume, and enhance motor
function recovery following SCI.

Next, we evaluated the biological safety of PHI. Forty-two days after
SCI surgery, we harvested the internal organs of experimental rats that
had been treated with and without PHI. Tissue sections were then pre-
pared and stained with H&E for morphological examination. No sig-
nificant disparities were detected between the PHI-treated group and the
Sham group in terms of morphology (see Fig. S1), thus confirming that
PHI treatment was not toxic to the experimental rats.

3.2. PHI suppressed microglial activation and attenuated inflammation

To comprehensively evaluate the impact of PHI on microglial acti-
vation following SCI, we next conducted immunostaining to quantify the
presence of activated microglia, as indicated by Iba-1 and CD68 im-
munostaining in sections of spinal cord tissue. A significant reduction in
the number of Iba-1- and CD68-positive microglia was detected both
within and surrounding the site of SCI in the PHI-treated group when
compared to the SCI group (Fig. 2A–D, Fig. S2; p < 0.05). Furthermore,
the expression levels of inflammatory markers, including iNOS and COX-
2, as well as the levels of microglia-associated proteins (Iba-1 and
CD68), were significantly elevated in rats from the SCI group when
compared to the Sham group; however, these changes were effectively
mitigated by PHI treatment (Fig. 2E–H, Fig. S2; p < 0.05). Collectively,
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Figure 1. Phillygenin improved motor function recovery in rats following spinal cord injury (SCI). (A) BBB scores at different time points after SCI in three groups of
rats. (B–E) Analysis of BBB scores at 21-, 28-, 35-, and 42-days post-injury. (F) Footprint analysis at 21 and 42 days post-SCI to assess hindlimb motor function
recovery. (G, H) Quantitative assessment of footprint at 21 and 48 days post-injury to evaluate motor recovery. (I, J) Schematic representation and quantification of
the cavity area in spinal cord tissue at 42-days post-injury. (K) Motor-evoked potential (MEP) amplitude results from electrophysiology experiments for the three
groups of rats. (L, M) Quantitative bar graphs showing motor-evoked potential (MEP) amplitudes for each group. (n = 10–12 per group for BBB scores, n = 3 per
group for footprint assays, electrophysiology experiments and H&E staining at 42 days post-injury). Data are presented as mean ± SD, *P < 0.05 and **P < 0.01.

Figure 2. The administration of PHI significantly suppressed the inflammatory response following SCI in rats. (A, B) Iba-1 and GFAP staining in longitudinal sections
of spinal cord in rats from each group at 7 days post-injury, Scale bar = 1 mm. (C, D) Iba-1 and GFAP staining results in transverse sections of spinal cord in rats from
each group at 7 days post-injury, Scale bar = 500 μm. (E–H) iNOS, COX-2, and Iba-1 protein levels in rats from each group at 7 days post-injury. n = 3 per group for
immunofluorescence staining and n = 3 per group for WB. Data are presented as mean ± SD. *P < 0.05 and **P < 0.01.
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these findings indicate that PHI exerts a substantial anti-inflammatory
effect by suppressing the expression of inflammatory mediators and
mitigating microglial hyperactivation.

3.3. PHI mitigated neuronal death and enhanced axonal regeneration
following SCI

Next, we investigated the neuroprotective effects of PHI in vivo. Nissl
staining indicated that the loss of abdominal motor neurons was atten-
uated by PHI treatment (Fig. 3A). Furthermore, WB analysis of the SCI
region revealed a similar trend in the expression of NeuN (Fig. 3B and C;
p < 0.01). Bcl-xL, a member of the Bcl-2 family, is associated with
mitochondrial anti-apoptotic functionality. Immunofluorescence stain-
ing and WB revealed significantly higher expression levels of Bcl-xL in
the PHI group (Fig. 3D–G; p < 0.01). These findings suggest that PHI
effectively inhibited neuronal apoptosis in the injured spinal cord.

We also investigated the potential impact of PHI on axonal regen-
eration after SCI. Immunofluorescence analysis srevealed the presence
of MAP2-positive cells, representing neurons that exhibited a shorter
distance from the center of the injury site (dashed yellow line) in ani-
mals receiving PHI treatment (Fig. 4A and B; p < 0.05). When investi-
gating axonal regeneration, we observed a greater presence of
neurofilaments within GAP43-positive cells at the injury site in rats from
the PHI-treated group. Notably, these neurofilaments penetrated the
glial scar at the site of injury (Fig. 4C and D; p < 0.05). WB analysis
further indicated a significant elevation in the expression levels of
GAP43 and MAP-2 proteins in the PHI treatment group (Fig. 4E–G; p <

0.05); these findings were consistent with results arising from immu-
nofluorescence analysis. These results indicate that PHI treatment con-
tributes to the alleviation of neuronal loss and the stimulation of axonal
repair following SCI, thereby enhancing the recovery of motor function.

3.4. PHI suppressed the release of pro-inflammatory cytokines in
activated microglia

To investigate the mechanism by which PHI mitigates neuro-
inflammation, we next constructed a model of neuroinflammation using
activated BV2 cells. The chemical structure of PHI is shown in Fig. 5A.
Cell viability assays further revealed that PHI did not exert significant
toxic effects on microglia at concentrations below 100 μg/ml. Microglia
that had been pretreated with PHI exhibited attenuation of the amoeba-
like morphological changes in microglia induced by LPS stimulation
(Fig. 5B). qPCR results further demonstrated that PHI inhibited the
expression of inflammatory mediators (IL-1β, TNF-α, COX-2 and iNOS)
in activated microglial cells in a dose-dependent manner (Fig. 5D–G),
thus indicating that PHI exhibited anti-inflammatory effects. The double
immunostaining of CD11b and Iba-1 revealed a similar trend. Pretreat-
ment with PHI significantly inhibited activated microglial cells in a
dose-dependent manner (Fig. 5H and I). In addition, WB analysis
demonstrated that PHI suppressed the expression of iNOS and COX-2
proteins induced by LPS in a dose-dependent manner (Fig. 5J–L).
Collectively, these findings highlighted the substantial anti-
neuroinflammatory role of PHI in ameliorating excessive microglial
activation and the production of inflammatory mediators.

3.5. PHI inhibited the activation of BV2 cell-mediated neuronal apoptosis

We investigated the ability of PHI to inhibit the activation of
microglial cells and suppress the production of related inflammatory
mediators. These findings support the significant efficacy of PHI in the
inhibition of microglial polarization and inflammation, and its ability to
create a permissive environment for neuronal survival [23]. In
conjunction with our in vivo results, the administration of PHI suffering
from SCI exhibited a significantly lower rate of neuronal apoptosis in
spinal cord tissue when compared to the SCI group.

Next, we investigated the impact of PHI on neuronal cell apoptosis.
Initially, we evaluated the direct impact of PHI on VSC4.1 neuronal

Figure 3. PHI alleviated apoptosis levels in neurons after SCI.
(A) The assessment of neuronal survival in transverse sections 7 days post-injury by Nissl staining, scale bar = 500 μm. (B, C) Detection and quantification of the
levels of neuronal protein NeuN in spinal cord tissues from each group 7 days post-injury. (D, E) Detection and quantification of the expression levels of Bcl-xL in
spinal cord tissues from each group 7 days post-injury. (F) Double immunofluorescence staining of Bcl-xL and NeuN in longitudinal tissue sections 7 days post-injury,
Scale bar = 15 μm. (G) Quantitative analysis of Bcl-xL fluorescence intensity in neurons. n = 3 per group for histology analysis and n = 3 per group for WB. Data are
presented as mean ± SD. *P < 0.05 and **P < 0.01.
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Figure 4. PHI promoted axonal regeneration after SCI.
(A) At 42 days post-injury, the PHI group exhibited shorter distances of neurons closest to the injury center, as indicated by GFAP (green) and MAP-2 (red), scale bar
= 1 mm. (B) Quantitative bar graph showing the distances of neurons to the lesion center, as shown in panel A. (C) At 42 days post-injury, the PHI group featured a
larger number of axonal markers passing through the lesion area, as labeled by GFAP (green) and GAP43 (red), scale bar = 1 mm. (D) Quantitative bar graph showing
the GAP43 fluorescence intensity from C. (E–G) WB images and quantification showing the expression levels of MAP-2 and GAP43 proteins in the lesion area. n = 3
per group for immunofluorescence staining and n = 3 per group for WB. Data are shown as mean ± SD. *P < 0.05 and **P < 0.01. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Figure 5. PHI suppressed the release of pro-inflammatory mediators in lipopolysaccharide-activated microglia. (A) Chemical structure of PHI. (B) PHI inhibited
morphological changes in activated microglia, scale bar = 100 μm. (C) Impact of different concentrations of PHI on the viability of BV2 cells, as determined by CCK-8.
(D–G) RT-qPCR analysis of the expression of inflammatory markers, iNOS, COX-2, TNF-α, and IL-1β, in different groups. (H, I) Immunofluorescence staining and
corresponding bar graph quantification data demonstrating the expression levels of CD11b and Iba-1 in microglia for each experimental group, scale bar = 200 μm.
(J–L) The effect of a gradient of PHI concentrations on iNOS and COX-2 protein levels in microglia. n = 3 per group for immunofluorescence staining and n = 3 per
group for WB. Data are shown as mean ± SD. *P < 0.05 and **P < 0.01.
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cells. By employing the Transwell cell co-culture method, VSC4.1
neuronal cells were pretreated with a gradient of PHI concentrations and
then co-cultured with polarized BV2 cells. When VSC4.1 neuronal cells
were directly exposed to PHI, there was no difference in the apoptosis
rate when compared between the untreated group and the VSC4.1
neuronal cells that had been pretreated with a gradient of PHI concen-
trations following stimulation with inflammatory mediators, as revealed
by Calcein-AM/PI double staining. These results suggested that PHI
cannot directly inhibit apoptosis in VSC4.1 neuronal cells (Fig. 3S).

Building upon the indication that PHI can inhibit BV2 microglial

cells from producing inflammatory mediators, we proceeded to inves-
tigate whether the ability of PHI to inhibit apoptosis in VSC 4.1 neuronal
cells depended on its action on BV2 microglial cells, as illustrated in
Fig. 6A. When VSC 4.1 cells were co-cultured with LPS-activated
microglia, they exhibited significant morphological changes, including
axonal contraction. Nevertheless, the pretreatment of BC2 cells with PHI
prior to LPS exposure partially mitigated these morphological changes
when co-cultured with VSC 4.1 cells, thus resulting in longer synaptic
structures (Fig. 6B). Consistent with WB results, the PHI intervention
group exhibited a significant increase in the expression of Bcl-xL protein

Figure 6. PHI exerted neuroprotective effects against neurotoxicity mediated by activated microglia. (A) Schematic representation of BV2 microglial cells and
VSC4.1 neuronal cells following co-culture. (B, C) Expression levels of Bcl-xL and Phalloidin in VSC4.1 cells, scale bar = 30 μm. (D, E) WB images and quantification
showing the levels of Bcl-xL protein in VSC4.1 cells. (F) Detection of intracellular ROS in VSC4.1 cells, scale bar = 200 μm. (G) Quantitative analysis of the proportion
of ROS-positive VSC4.1 cells in each group. (H) Double labeling revealing the proportions of live cells (green) and dead VSC4.1 cells (red) in each group, as
determined by Calcein-AM/PI, scale bar = 200 μm. (I, J) Quantitative analysis of the proportions of dead and live VSC4.1 cells. n = 3 per group for WB. Data are
presented as means ± SD. *P < 0.05 and **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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(Fig. 6B–E; p < 0.05). Next, we investigated the impact of PHI on
neuronal apoptosis using a live/dead double staining kit (Calcein-AM/
PI). Analysis demonstrated that PHI had the ability to counteract the
neuronal apoptosis induced by activated microglia (Fig. 6H–J; p< 0.01).

ROS refer to a class of oxidative molecules including superoxide
anions, hydrogen peroxide, and hydroxyl radicals [24]. Elevated levels
of ROS are known to induce OS, thus leading to oxidative damage in
cells [25]. We observed a dose-dependent reduction in ROS levels in VSC
4.1 cells when co-cultured with BV2 cells treated with different con-
centrations of PHI, as detected by a ROS assay kit (Fig. 6F and G; p <

0.01). The mitochondrial membrane potential (ΔΨm or MMP) repre-
sents the electrochemical gradient formed by uneven proton distribution
across the inner mitochondrial membrane [26]. A reduction in MMP is a
hallmark event of cell apoptosis [27]. Hence, we proceeded with addi-
tional assessments to investigate whether the neuroprotective effects of
PHI are linked to the stabilization of mitochondrial function. We used a
JC-1 assay kit and observed that PHI treatment led to a dose-dependent
restoration of MMP in co-cultured VSC 4.1 cells (Fig. 4S; p < 0.05). This
observation aligns with the trend observed for ROS indicators following
the pretreatment of VSC 4.1 cells with PHI (Fig. 6F; p < 0.05). These
findings confirmed that PHI exhibits strong neuroprotective effects by
inhibiting the neuronal apoptosis mediated by activated microglia, as
well as the mitigation of mitochondrial dysfunction and a reduction in
ROS production.

PHI directly targeted the TLR4 protein and inhibited inflammatory
factors by inhibiting the expression of TLR4.

Next, we investigated the molecular mechanisms underlying the
ability of PHI to suppress neuroinflammation in microglia. To do this, we
conducted bioinformatic analysis to identify potential targets of PHI. By
searching the Swiss Target Prediction online database, 193 proteins
were predicted to be targets of PHI. Simultaneously, we identified 106
common targets from a pool of 3727 proteins associated with inflam-
matory diseases sourced from the GeneCards, NCBI, and OMIM data-
bases (Fig. 7A–D). We performed KEGG pathway enrichment analyses
for overlapping targets. These were then sorted by correlation pathways
(Fig. 7B). Our investigation revealed the involvement of toll-like re-
ceptor signaling pathways in the modulation of inflammatory responses
mediated by microglia, and that this pathway ranked the highest among
all inflammation-related pathways. TLR4 was identified as a central core
target by both topological and MCODE clustering analyses (Fig. 7D).
Furthermore, the core target identified by clustering, TLR4, is also an
important molecule within the toll-like receptor signaling pathway. We
applied AutoDock Vina for the molecular docking of PHI (PubChem CID:
3083590) with the TLR4 protein (protein number: 4G8A) and observed
that PHI exhibited binding capability to the active pocket of TLR4. The
predominant conformation was chosen for subsequent docking analysis,
and the binding energy generated by interaction was calculated to be
− 6.7 kcal/mol (Fig. 7E and F).

Figure 7. PHI can bind to TLR4 and affect its translation. (A) Intersection of PHI target proteins and inflammation-related proteins, revealing 106 common targets.
(B) KEGG pathway enrichment analysis of common targets related to drugs and diseases. (C, D) Common targets were imported into Cytoscape software and key
proteins were identified by topological analysis and MCODE cluster analysis. (E, F) Molecular docking of PHI molecules and TLR4 protein by AutoDock Vina. The
spatial binding model demonstrates PHI binding within the TLR4 binding pocket. (G, H) CETSA quantitative analysis showing the thermal stability of TLR4 protein
with PHI treatment (100 μg/mL) or without treatment. (I) qRT-PCR analysis of TLR4 mRNA levels in activated BV2 cells treated with PHI. (J, K) Assessment of TLR4
protein expression in activated BV2 cells treated with gradient concentrations of PHI, followed by quantitative analysis. (L, M) Activated BV2 cells were treated with
CHX, with or without PHI treatment. Protein expression of TLR4 was analyzed by WB and quantified. n = 3 per group for WB. Results are shown as mean ± SD. *P <

0.05 and **P < 0.01.
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qRT-PCR further revealed that PHI treatment had no impact on the
mRNA levels of TLR4 in BV2 cells, thus suggesting that PHI did not in-
fluence the transcription of TLR4. However, PHI exhibited a dose-
dependent inhibition of TLR4 protein expression in BV2 cells (Fig. 7J).
Cellular thermal shift assays (CETSAs) with BV2 cells further demon-
strated that PHI improved the thermal stability of TLR4, thus indicating
that PHI might be responsible for the interaction with TLR4 (Fig. 7G and
H). Furthermore, we employed cycloheximide (CHX), a translational
inhibitor, to treat BV2 cells, in an attempt to investigate whether PHI
had an impact on the stability of the TLR4 protein. WB analysis revealed
that CHX led to the time-dependent inhibition of TLR4 protein expres-
sion in BV2 cells. Notably, the inhibitory effects of CHX on TLR4 protein
expression were significance enhanced when cells were co-treated with
PHI (Fig. 7L). These findings strongly suggested that PHI affected TLR4
protein translation and stability rather than influencing gene
transcription.

3.6. PHI inhibited inflammatory factors by inhibiting the expression of
TLR4

To determine whether PHI induces inflammatory factors via the in-
hibition ofTLR4, the levels of TLR4 were upregulated by the transfection
of BV2 cells with PLV3-CMV-TLR4. WB analysis revealed a significant
upregulation in the protein levels of the inflammatory cytokines iNOS
and COX-2, both of which were inhibited by PHI (Fig. 8A–D). The mRNA
levels of iNOS, COX-2, IL-1β, and TNF-α were inhibited by PHI in BV2
cells overexpressing TLR4 (Fig. 8E–H). In addition, we further evaluated
the expression of Iba-1 protein by immunofluorescence staining in BV2

cells overexpressing TLR4 and found that Iba-1 protein was down-
regulated by PHI (Fig. 8I). Collectively, these data suggested that PHI
downregulated inflammatory factors by targeting TLR4.

3.7. PHI induced the NF-κB signaling pathway by inhibiting the expression
of TLR4

In BV2 microglia, WB analysis revealed that the levels of TLR4 and
MYD88 proteins increased significantly in response to LPS treatment, as
confirmed by WB analysis. Notably, this effect was effectively amelio-
rated by pretreatment with PHI (Fig. 9A–C). Subsequently, we investi-
gated whether PHI modulated LPS-induced neuroinflammation via the
NF-κB pathway. WB analysis revealed that LPS treatment significantly
increased the phosphorylation levels of P65 and IκBα in BV2 microglia,
which were effectively attenuated by PHI pretreatment (Fig. 9D–F). To
further investigate the role of the NF-κB signaling pathway in the PHI-
induced reduction of pro-inflammatory mediator release, microglia
were pretreated with PHI (0 or 100 μg/ml) prior to exposure to LPS.
Cells were incubated with or without the NF-κB pathway inhibitor
pyrrolidinedithiocarbamate (PDTC, 50 μmol/L) for 2 h. As demonstrated
in Fig. 9G–I, the therapeutic combination of PDTC and PHI significantly
reduced the phosphorylation of P65 and IκBα when compared with
PDTC or PHI monotherapy (p < 0.05). Similarly, the simultaneous
administration of PDTC and PHI led to a significant reduction in the
levels of iNOS and COX-2 proteins when compared to individual treat-
ments with PDTC or PHI alone (Fig. 9J–L). To further investigate the
effect of PHI on the subcellular localization of p65 in activated micro-
glia, we next conducted immunofluorescence staining. Following LPS

Figure 8. PHI suppressed neuroinflammation by inhibiting TLR4 expression. BV2 cells were infected with PLV3-CMV-TLR4 or empty vector; after infection, cells
were treated with 100 μg/mL PHI for 12 h. (A, B) Protein expression of TLR4 in each group following PHI treatment. (C, D) The expression of inflammatory markers
(iNOS and COX-2 proteins) in each group following PHI treatment. (E–H) mRNA levels of inflammatory factors in each group following PHI treatment, as determined
by qRT-PCR. (I, J) The expression levels of Iba-1 in microglial cells in each group after PHI treatment, scale bar = 200 μm. n = 3 per group for WB. Data are shown as
mean ± SD. *P < 0.05 and **P < 0.01.
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Figure 9. PHI suppressed LPS-induced neuroinflammatory response in microglial cells by targeting TLR4 to inhibit the NF-κB signaling pathway. (A–C) WB images
and quantification depicting the expression levels of TLR4 and MyD88 in microglial cells after gradient PHI treatment. (D–F) WB images and quantification of the
expression levels of p-p65, p65, p-IκBα, and IκBα in microglial cells after gradient PHI treatment. (G–I) WB images and quantification showing the expression levels of
p-p65, p65, p-IκBα, and IκBα in microglial cells after treatment with PHI and PDTC. (J–L) WB images and quantification showing the protein expression levels of iNOS
and COX-2 after treatment with PHI and PDTC. (M) Immunofluorescence detection of p65 (green fluorescence) cellular localization after treatment with PHI and
PDTC, scale bar = 15 μm. n = 3 per group for immunofluorescence staining, n = 3 per group for WB. Data are presented as mean ± SD. *P < 0.05 and **P < 0.01.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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treatment, the phosphorylation of p65 increased, thus resulting in the
enhanced translocation of p65 into the cell nuclei. However, PHI pre-
treatment effectively attenuated the LPS-induced elevation in p65 nu-
clear translocation. Additionally, the combination of PDTC and PHI
demonstrated a more pronounced inhibitory effect on p65 nuclear
translocation (Fig. 9M). These findings collectively indicated that the
anti-inflammatory action of PHI was mediated by its interaction with the
TLR4/MYD88/NF-κB pathway.

4. Discussion

Neuroinflammation is a crucial pathophysiological response to SCI
and plays a significant role in its development [28,29]. An important
component of secondary injury is microglial activation, which results in
OS and the onset of neuroinflammation [30,31]. PHI, the primary
bioactive compound in forsythia, is known to exert a range of biomed-
ical effects and demonstrates potent anti-inflammatory activity [18].
The biological effects of PHI on SCI remain unclear. In this study, we
identified PHI as a potent agent for inhibiting the detrimental progres-
sion of SCI. Furthermore, our research demonstrated that PHI could
enhance the restoration of neurological function in rats suffering from
SCI. Furthermore, we demonstrated that PHI effectively reduced the
inflammatory response and neuronal apoptosis in spinal cord tissue in a
rat model of SCI. Subsequent in vitro investigations further substantiated
that PHI effectively attenuated neuroinflammation mediated by acti-
vated microglia. The effects of PHI on the inhibition of neuro-
inflammation and neuronal apoptosis were confirmed by the microglial
activation and co-culture assay model. Moreover, TLR4 was predicted
and confirmed as the target protein for PHI. By transfecting cells with
TLR4 overexpression plasmids, the anti-inflammatory properties of PHI
were partially reversed.

Recent studies have increasingly demonstrated the therapeutic po-
tential of bioactive compounds derived from Chinese herbal medicines
for SCI [32,33]. PHI is the principal active ingredient of forsythia, a
traditional medicinal plant [34]. PHI offers several pharmacological
benefits, including hepatoprotective, cardiovascular protective, and
antioxidant properties, all with low levels of systemic toxicity [18]. In a
previous study, Zhang et al. [35] demonstrated that PHI was able to
ameliorate osteoarthritis by inhibiting the inflammation of chon-
drocytes in mice. In another study, Zhou et al. [19] demonstrated that
PHI alleviated non-alcoholic fatty liver disease by enhancing
TFEB-mediated lysosome biogenesis and by promoting lipophagy. In
addition, PHI was reported to exhibit a significant anti-RSV effect by
inhibiting the PI3K/AKT signaling pathway [36]. However, the specific
mechanisms responsible for the anti-inflammatory and neuroprotective
effects of PHI in SCI have yet to be elucidated.

In the present research, we found that PHI efficiently inhibited
microglial activation and reduced the release of inflammatory media-
tors. The treatment of SCI with PHI reduced neuroinflammation and
neuronal apoptosis, ultimately promoting the recovery of SCI. These
data suggest that PHI can effectively impede the progression of SCI, thus
identifying a new functional application for this medicine. Over recent
years, an increasing array of natural compounds have been identified as
potential agents for the treatment of SCI. One example is alpinetin, the
main active ingredient in Alpinia katsumadai Hayata, which has been
reported to be beneficial for patients recovering from SCI [37]. Our
present study is the first to suggest that PHI represents a novel agent for
the improvement of SCI.

Secondary injury develops within minutes to weeks following initial
SCI [38] and is characterized by an inflammatory response involving
neutrophil infiltration and microglial activation [29] that leads to the
release of ROS and pro-inflammatory cytokines [9,39]. The stabilization
of MMP is essential for maintaining normal functionality in neuronal
cells [40,41]. Furthermore, uncontrolled neuroinflammation is a sig-
nificant contributor to increased apoptosis and dysfunction in various
essential cell types, thereby exacerbating the neurological consequences

of SCI [42]. Microglia, the primary resident immune cells of the CNS
[43,44], respond to diverse forms of nerve injury and play a pivotal role
in neuroinflammation in the CNS [45]. In the current study, we highlight
the role of PHI as a novel anti-inflammation agent for activated micro-
glia. In VSC4.1 neuronal cells, PHI treatment induced the reversal of
ROS production and MMP, ultimately reducing apoptosis. These find-
ings indicated that PHI exerted an anti-inflammatory effect on activated
microglia, thus demonstrating the critical role of PHI in the modulation
of neuroinflammation and neuronal apoptosis during the development
of SCI.

TLR4 is a pivotal component within the toll-like receptor signaling
pathway and plays a significant role in the pathophysiology of neuro-
degenerative diseases [46,47]. Notably, previous studies have shown
that TLR4 inhibitors can effectively halt the elevation of
pro-inflammatory protein levels following ischemic brain injury [48].
Furthermore, the NF-κB pathway is increasingly being acknowledged as
a central player in the neuroinflammation mediated by activated
microglia, making this pathway a promising therapeutic target for
mitigating neuroinflammatory responses [49,50]. Typically, LPS is
recognized by TLR4, triggering a subsequent signaling cascade [51].
This reaction causes TLR4 to engage with its downstream partner,
MyD88, which, in turn, activates the NF-κB-related signaling pathway in
a MyD88-dependent manner. This activation step facilitates the release
of inflammatory cytokines and chemokines, including tumor necrosis
factor-α (TNF-α) and IL-1β [46,52,53]. In the present study, we identi-
fied TLR4 as the primary target of PHI. Molecular docking analysis
revealed that PHI binds effectively to the active pocket of TLR4 to inhibit
both TLR4 and NF-κB phosphorylation in activated microglia. Impor-
tantly, this inhibitory effect did not influence the total protein levels of
P65 and IκBα. Additionally, the suppression of NF-κB pathway activity
by PDTC substantially attenuated the LPS-induced P65 and IκBα phos-
phorylation levels, as well as the protein expression of iNOS and COX-2.
Furthermore, when PDTC and PHI were used in combination, we
observed a synergistic effect in the inactivation of the NF-κB pathway
and the suppression of neuroinflammation. Collectively, these findings
present a novel mechanism by which PHI targets TLR4, reducing its
protein expression, and subsequently deactivating the NF-κB pathway,
ultimately exerting potent anti-inflammatory effects.

5. Conclusions

In this study, we acquired compelling evidence to support the fact
that PHI can efficiently prevent microglial activation and the subsequent
neuroinflammatory response. This action is achieved by targeting TLR4
and inhibiting the NF-κB pathway following SCI. Furthermore, this in-
hibition mitigates neurotoxic factor-induced neuronal apoptosis, ulti-
mately promoting axonal regeneration and facilitating motor function
recovery following SCI (Fig. 10). Collectively, these findings provide a
novel mechanism by which PHI mitigates the progression of SCI, thus
suggesting its potential as a therapeutic agent for SCI.
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