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Background: Multiple sclerosis (MS) is an autoimmune inflammatory disease of the central nervous system (CNS). Huazhuo decoction
(HD) has been shown to ameliorate disease progression in MS patients, but the underlying mechanisms remain poorly understood.
Purpose: This study sought to assess the therapeutic efficacy of HD in an experimental autoimmune encephalomyelitis (EAE) model
of MS, and to further investigate the underlying mechanisms involved.

Methods: We assessed the curative effects of HD on EAE mice via neurological function scoring and histological staining and
identified the chemical composition of HD by UPLC-MS. RNA sequencing identified differentially expressed genes. Flow cytometry
detected the proportions of splenic Th17, Thl, and Treg cells. Expression of key molecules was evaluated by Western blotting and
quantitative PCR. Immunofluorescence was used to monitor microglia, astrocytes and oligodendrocytes.

Results: HD alleviated neurobehavioral impairment, inflammatory infiltration and demyelination in EAE mice. RNA sequencing
revealed that HD may ameliorate EAE by modulating adaptive immunity and affecting NLRP3-related signaling pathways. Further
studies demonstrated that HD suppressed the upregulation of NF-kB/NLRP3 pathway, balanced the proportions of peripheral Th17,
Th1 and Treg cells and regulated inflammatory cytokines. HD influenced innate immunity by reducing microglia and astrocytes and
increasing oligodendrocytes in the CNS. Notably, these protective effects of HD were attenuated by an NLRP3 agonist.
Conclusion: HD effectively alleviated the clinical symptoms of EAE mice and inhibited both peripheral and central immune
inflammatory responses by modulating the NF-kB/NLRP3 pathway, providing a strong basis for its clinical application.

Keywords: multiple sclerosis, Huazhuo decoction, NLRP3, regulatory T cell, Th17 cell, neuroinflammation

Introduction

Multiple sclerosis (MS), an autoimmune disease characterized by central nervous system (CNS) demyelination, is the
principal source of nontraumatic disability in young individuals (aged 18—40 years).! According to the MS Atlas,” there
are approximately 2.8 million individuals affected by MS around the world. The symptoms of MS include muscle
weakness, blurred vision, fatigue, balance difficulty and cognitive impairment,® which collectively impose a substantial

burden on both individuals and society.
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The etiology and pathogenesis of MS remain unclear. However, it is widely accepted that both innate and adaptive
immune responses play significant roles in the onset and progression of this disease.* ® Recent studies have demonstrated
that inflammasomes are expressed and activated in lymphocytes, particularly in T cells and B cells, playing a critical role
in regulating the adaptive immune response.” ° T lymphocytes, the main effectors of the adaptive immune response, are
represented in the pathogenesis of MS by a peripheral imbalance of proinflammatory Th1 and Th17 cells and functionally
impaired regulatory T (Treg) cells.'”

The homeostasis between Treg and Th17 cells orchestrates immune tolerance and host defense.'' Within the CNS, T cells
can initiate an inflammatory cascade that attracts additional leukocytes, resulting in direct T cell mediated damage to
oligodendrocytes and neurons.' T cells can also interact with microglia to exacerbate inflammation and neurotoxicity.'?
Microglia, the innate immune cells of the CNS, are recognized as essential players in maintaining brain homeostasis.'* In MS,
microglia enhance phagocytosis, promote demyelination,'* and exacerbate neuroinflammation. Reactive astrogliosis, part of
the innate immune response of the brain to injury,15 is common in MS plaques and leads to the continuous production of
proinflammatory factors and neuroaxonal dysfunction.'® Oligodendrocytes are myelin-making cells of the CNS.!” In MS,
remyelination of spared axons by oligodendrocytes restores saltatory conduction and even reverses loss of function.'® Both
innate and adaptive immune mechanisms have been identified as central to successful remyelination.'*°

In the acute phase of MS, current treatments involve mainly corticosteroid therapies, whereas the remission phase
includes disease-modifying therapies (DMTs) and symptomatic treatment.”?! DMTs significantly curtail relapse rates and
slow down disability progression.”> However, significant side effects have been found to be closely related to their long-
term use. Adverse events of DMTs include bradycardia, macular edema, heart block and secondary autoimmune adverse
effects.”® The existing clinical treatments for MS are insufficient, highlighting the urgent need for further research to
explore more effective therapeutic strategies for MS patients.

Numerous studies have reported that natural compounds can ease MS symptoms, promote myelin repair, and offer
significant therapeutic benefits for MS without serious side effects.**> In 2006, Professor Xin-Lu Wang first discussed the
relationship between turbid blood and encephalopathy.® Huazhuo decoction (HD), which is based on the blood turbidity
theory of Chinese medicine proposed by Professor Xin-Lu Wang, has demonstrated effective clinical outcomes in MS
patients. HD consists of five Chinese medicinal herbs: Epimedium brevicornu (Yinyanghuo), Reynoutria multiflora
(Heshouwu), Viscum coloratum (Hujisheng), Reynoutria japonica (Huzhang) and Hirudo (Shuizhi). The total flavone of
Epimedium, the main active component of Epimedium brevicornu, inhibited the astrocyte-derived inflammatory response,
contributing to myelin protection and regeneration.”” Reynoutria multiflora suppressed Th17 cells and restored Treg cells in
experimental models of MS.?® Polydatin, the major extracted component of Reynoutria japonica, inhibited the activation of
NLRP3 inflammasome and the cleavage of caspase-1, thereby reducing the secretion of inflammatory cytokines.” Recently,
multi-target and combinatorial drug therapies have become an important treatment modality in complex diseases, including
traumatic brain injury, ischemic stroke, Alzheimer’s and Parkinson’s disease.>* 3¢ A Traditional Chinese Medicine (TCM)
formula usually comprises several medicinal herbs,’” which work together to achieve synergistic effects or reduce toxicity.>®
The aim of this study was to investigate the therapeutic effects and underlying mechanisms of HD as a multi-component herbal
formulation in experimental autoimmune encephalomyelitis (EAE) mice, a recognized animal model of MS, thereby
providing valuable insights into the clinical treatment of MS.

Materials and Methods

HD Preparation
All herbal components of HD were purchased commercially from the First Affiliated Hospital of Zhejiang Chinese Medical
University, as detailed in Table 1. We confirmed the official herb names in The World Flora Online (https://www.worldfloraon
line.org), MPNS (https://mpns.kew.org) and Chinese Herbal Medicine Database (https://herbaltcm.sn.polyu.edu.hk/).

The herbs were soaked for 30 minutes in distilled water. The mixture was boiled at high heat, and then decocted at

low heat for 30 minutes, after which the liquid was filtered. Distilled water was added, and the above decoction process
repeated. The two filtrates were subsequently combined and filtered.
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Table | Detailed Information of Herbs in HD

Latin Name Chinese Name | English Name Part(s) Used Weight (g)
Epimedium brevicornu | Yinyanghuo Epimedium brevicornu | Leaf 30
Reynoutria multiflora Heshouwu Polygonum multiflorum | Root tuber 20

Viscum coloratum Hujisheng Viscum coloratum Leaf and stem 30
Reynoutria japonica Huzhang Polygonum cuspidatum | Rhizome and root | 30

Hirudo Shuizhi Leech Dry whole 6

Detection of the Chemical Ingredients of HD
The constituents of HD were detected via a UPLC I-Class system (Waters Corporation, USA) linked to a quadrupole
Orbitrap mass spectrometer featuring a HESI source (Thermo Fisher Scientific, USA). Separation was performed on an
HSS T3 column (100 x 2.1 mm, 1.8 pm) maintained at 45°C with a 5 uL injection. The mobile phase consisted of 0.1%
formic acid in water (A) and acetonitrile (B), delivered at 0.35 mL/min. Mass spectrometry settings encompassed the
utilization of the HESI ion source, with signal collection performed in positive/negative switching mode using DDA.
LC-MS data were processed using Progenesis QI V2.3 (Waters). Key steps included baseline filtering, peak detection,
alignment, retention time adjustment, and standardization. The identification of compounds was achieved by matching
precise mass values, secondary fragment patterns, and isotopic distributions against reference data. Furthermore, the
characterization of these compounds was accomplished through consultation with the TCM database.

Mice

Animal studies were reported in compliance with the ARRIVE guidelines (Animal Research: Reporting of in vivo
Experiments). C57BL/6 female mice were purchased from Sippr-BK Laboratory Animal Co. Ltd. (Shanghai, China).
The mice were between 8—10 weeks of age, with an average body weight of 18-20 g. Mice were housed under a 12/12-h
light/dark cycle in an SPF facility with ad libitum access to food and purified water. Prior to immunization, the mice were
allowed to acclimate for 7 days to adapt to the experimental conditions. The animal study was reviewed and approved by the
Laboratory Animal Management and Ethics Committee of Zhejiang Chinese Medical University (IACUC-20221212-14).

Establishment of the EAE Model and HD Treatment
Female C57BL/6 mice were immunized subcutaneously with 300 pg of MOG s-ss peptide (ChinaPeptides, China)

emulsified in complete Freund’s adjuvant (F5881, Sigma-Aldrich, USA) containing Mycobacterium tuberculosis
H37Ra (231141, BD, USA). Pertussis toxin (300 ng; List Biological, 181) was injected intraperitoneally on day 0 and
2 post-immunization. The modelling method for EAE was the same as that used previously.*® Neurological evaluations
were performed daily via the EAE clinical scoring scale:>® 0, no clinical disease; 1, complete tail paralysis; 2, tail
paralysis and hind limb weakness; 3, severe hind limb weakness; 4, complete bilateral hind limb paralysis; 5, complete
hindlimb paralysis and forelimb weakness; 5.5, complete paralysis (tetraplegia); and 6, death.

The mice were randomly separated into five groups of eight using a random number table: control, EAE model, EAE + HD
12.5 g/kg, EAE + HD 25 g/kg, and EAE + HD 50 g/kg. The medium dose of HD was derived from the clinical equivalent for
humans, converted based on standard interspecies dosage translation guidelines.*®*' The mouse equivalent dose was
determined by multiplying the human dose by a factor of 12.3, based on body surface area conversion.*' Therefore, the
median therapeutic dose was set at 25 g/kg, with 12.5 g/kg (half the median dose) and 50 g/kg (double the median dose) used to
assess dose-response linearity. After the optimal dose of HD was determined on the basis of our preliminary experiments, the
new batch of mice was assigned to 4 groups: control, EAE model, EAE + HD, and EAE + HD + agonist. NLRP3 agonist 1
(HY-156413, MCE, USA) was injected intraperitoneally at a dose of 1.5 mg/kg every two days from day 1. HD was orally
administered once daily by gavage, while EAE model and control mice were administered the same amount of saline (500 pLL
per mouse).
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Histopathology

On day 21 after immunization, the mice were anaesthetized and perfused with saline and 4% paraformaldehyde (PFA).
Spinal cord samples were collected, fixed in 4% PFA, embedded with OCT frozen section embedding agent, and sliced
on a frozen section machine. Spinal cord sections were subjected to staining with hematoxylin and eosin (HE) to evaluate
the degree of inflammatory infiltration, and with luxol fast blue (LFB) to evaluate the extent of demyelination.
Inflammatory infiltration was evaluated in a blinded manner by two observers according to the following criteria:** 0,
no inflammatory cell infiltration; 1, meningeal cells in the filtration; 2, up to four small areas of perivascular cell
infiltration; 3, five or more than five small areas of perivascular cell infiltration, and/or more than one large scale cell
infiltration; and 4, a large number of cells in filtrations involving more than 20% of the white matter. Demyelination was
evaluated blindly by two investigators as follows:** 0, no myelin loss; 1, a small area of myelin loss; 2, two or three small
areas of myelin loss; 3, up to two large areas of myelin loss; and 4, a large area of myelin loss involving more than 20%
of the white matter.

RNA Sequencing

On the basis of our preliminary study, the optimal HD dosage group, together with the model and control groups, was
chosen for further RNA-seq analysis. Total RNA was extracted from spinal cord samples via a TRIzol-based Total RNA
Extractor Kit (B511311, Sangon, China), followed by RNase-free DNase I treatment. RNA integrity was confirmed
through 1.0% agarose gel electrophoresis. The RNA quality and quantity were further determined via spectrophotometer
(NanoPhotometer, IMPLEN) and fluorometer (Qubit 2.0, Invitrogen). Qualified RNA samples were forwarded to Sangon
Biotech (Shanghai) for subsequent library construction and sequencing.

Sequencing libraries were constructed via the VAHTSTM mRNA-seq V2 Library Prep Kit (Illumina, USA). Index
codes were used to demultiplex sequencing reads to their corresponding samples. Specifically, mRNA was isolated from
total RNA via poly-T oligo-attached magnetic beads. Library fragments were purified with the AMPure XP system
(Beckman Coulter, USA). The quality of the libraries was evaluated via an Agilent Bioanalyzer 2100 system. The
libraries were then subjected to paired-end sequencing on the NovaSeq platform.

The raw data were processed in the following steps. 1) The quality of the sequencing data was assessed by FastQC
(version 0.11.2). Raw reads were filtered by Trimmomatic (version 0.36). 2) Clean reads were aligned to the reference
genome using HISAT?2 (version 2.0) with default parameters. 3) Gene expression values of the transcripts were computed
by StringTie (version 1.3.3b). 4) DESeq2 (version 1.12.4) was used to identify differentially expressed genes (DEGs)
between two samples. 5) The selected genes were subjected to further analysis using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) to determine significantly enriched terms and pathways.

Flow Cytometry

Flow cytometry was used to measure the percentages of Thl (CD4'IFN-y"), Th17 (CD4'IL17A"), and Treg
(CD4"CD25 Foxp3™") cells in the spleens of the mice in each group. Mouse spleens were processed into single-cell
suspensions according to the protocol in the instructions (7211011, DAKEWE, China). Cells were restimulated using
a cell stimulation cocktail (423303, BioLegend, USA). CD4 and CD25 staining was performed with a CD4 antibody
(11-0042-82, eBioscience, USA) and a CD25 antibody (101909, BioLegend, USA). Intracellular factors (IL17A and
IFN-y) were anchored to the Golgi using a transcription factor staining buffer kit (00-5523-00, eBioscience, USA). For
intracellular and intranuclear staining, IL17A (506915, BioLegend, USA), IFN-y (25-7311-41, eBioscience, USA) and
Foxp3 (12-5773-80, eBioscience, USA) antibodies were used. Flow cytometry was conducted on NovoExpress with data
analysis performed via FlowJo. The comprehensive figure illustrating the step-by-step gating hierarchy was shown in

Figure S1.

Immunofluorescence
Frozen sections of the spinal cord were prepared as described in the histopathology section. Following several washes
with phosphate-buffered saline (PBS), the sections were treated with 0.1% Triton X-100 for 15 minutes to enhance
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permeability. The sections were subsequently blocked with 5% BSA for 1 hour to reduce nonspecific binding. The
sections were then incubated with primary and secondary antibodies. Nuclear staining was performed with DAPI for
5 minutes, and the sections were mounted with anti-fluorescence quenching sealing tablets (0100-20, SouthernBiotech,
USA). The detailed information of the antibodies used was as follows: anti-NLRP3 (AF06824, AiFang, China), anti-
Olig2 (AB109186, Abcam, USA), anti-GFAP (SAF007, AiFang, China) and anti-Ibal (AF301643, AiFang, China).
A double-labelled trichrome multiple fluorescence staining kit (AFIHC023, AiFang, China) was used for secondary
antibody incubation and fluorescent dye labelling. Images were captured with multichannel fluorescence scanner
(KFBIO, China) and analyzed with Image].

Quantitative PCR (qPCR)

Total RNA extraction reagent (9109, TAKARA, JPN) was used to isolate RNA from spinal cord tissue. The extracted
RNA was reverse transcribed into cDNA using a reverse transcription kit (RR036A, TAKARA, JPN). Real-time PCR
amplification was conducted using a qPCR master mix (RR420A, TAKARA, JPN) in accordance with the instructions.
The relative expression level of the target gene was determined by the comparative 2~ **“* method using p-actin for
normalization, with primers listed in Table S1.

Western Blotting

Total protein was isolated from spinal cord tissue with RIPA lysis buffer (P0013B, Beyotime) supplemented with
a protease/phosphatase inhibitor cocktail (78441, Thermo). A BCA assay kit (P0010, Beyotime, China) was used to
quantify protein content. Following separation on 10% SDS-PAGE gels, proteins were electrophoretically transferred to
PVDF membranes (IPVH0010, Millipore, US). Membranes were blocked for 30 min at room temperature using a rapid
blocking buffer (PS108P, Epizyme, China) and then incubated overnight at 4°C with anti-NLRP3 (ab270449, Abcam,
USA), NF-«xB (8242S, CST, USA), IL-1B (31202, CST, USA), IL-18 (ab207323, Abcam, USA) and caspase-1 (24232,
CST, USA) antibodies. B-actin (66009-1-Ig, Proteintech, China) was utilized as internal control. Membranes were
incubated with HRP-conjugated -goat anti-rabbit IgG (H+L) (111-035-003, Jackson, USA) or HRP-conjugated -goat
anti-mouse IgG (H+L) (115-035-003, Jackson, USA) for 1 h at room temperature. Chemiluminescent substrate (FD8020,

FDbio, China) was used for visualization, and ImageJ for quantitative analysis of the blots.

Statistical Analysis

Statistical analysis was conducted with SPSS 25.0 software. The data are expressed as the means =+ standard deviations.
Comparisons between groups were performed using the ¢-test for normally distributed data or the Mann—Whitney test for
non-normal data. Comparisons of multiple groups were assessed by one-way ANOVA with LSD test or Kruskal-Wallis
test for nonparametric tests. A P value <0.05 was considered statistically significant. GraphPad Prism 9.5 software was
used to graph the data.

Results
HD Alleviated EAE Symptoms in Mice

Neurological scores were used to determine the efficacy of HD on clinical symptoms in EAE mice (Figure 1A).
Neurological signs emerged in EAE mice on day 13 post-immunization, with clinical scores reaching a peak on day 17.
Compared to the EAE group, HD treatment (12.5, 25, or 50 g/kg) significantly ameliorated the disease severity in EAE
mice. The EAE mice in the HD (25 g/kg) group had the latest onset of disease and the lowest peak clinical scores.
Inflammatory infiltration and demyelination of the CNS were assessed by HE and LFB staining, respectively. In the spinal
cord, the EAE group presented severe inflammatory infiltration and demyelination (Figure 1B and C). The degree of
inflammatory infiltration and demyelination in the spinal cords of HD treated EAE mice improved (p < 0.05, p < 0.01).

These results indicated HD alleviated inflammation and demyelination in EAE mice.
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Figure |1 HD alleviated EAE symptoms in mice. (A) Line plots of neurological scores (n = 8). (B) Hematoxylin eosin (HE) and luxol fast blue (LFB) staining of spinal cords
on day 21 after immunization. (C) Assessment of inflammatory infiltration and demyelination (n = 4). *p < 0.05 and **p < 0.0 compared to the EAE group.

Identification of the Chemical Constituents of HD

The UPLC-MS analysis identified 1154 compounds in the mid-dose HD. Compounds exhibiting higher scores and
fragmentation scores were considered more stable. Applying thresholds of a score >58.0 and fragmentation score
>94.0,%* 13 compounds meeting these criteria were identified (Figure S2A). Chromatographic consistency across multi-
ple extraction batches of HD confirmed its stability in both positive and negative ion modes (Figure S2B and C). The top
10 chemical components of HD such as baohuoside VI, afzelin, polydatin and icariin were summarized in Figure 2A. For
all identified components, pie charts were constructed based on their quantity under each chemical classification
(Figure 2B). HD mainly contained flavonoids, phenylpropanoids, terpenes, glycosides, alkaloids and phenols. The UV
absorption at 254 nm was shown in Figure 2C. Components containing structures such as benzene rings and double
bonds, had strong absorption at this wavelength. To explore the potential bioactive basis of HD’s therapeutic effects, we
cross-referenced the identified compounds with published literature on their pharmacological activities (Table S2).

RNA Sequencing Identified Genes Associated with the Effect of HD for EAE

To further explore the underlying mechanisms of HD treatment in EAE mice, RNA sequencing was performed to identify
the differentially expressed transcripts (DETSs) in spinal cord tissue across groups. GO enrichment analysis of DETs enables
the identification of distinct biological characteristics across three categories: biological processes, cellular composition,
and molecular function. The top 30 enriched GO terms were visualized in a bubble diagram. Biological process terms were
enriched in immune system process, inflammatory response and leukocyte activation (Figure 3A and B). Cellular
component analysis indicated that DETs were involved mainly in MHC protein complex, T cell receptor complex and
inflammasome complex (Figure S3A and B). Molecular function was enriched in chemokine activity, cytokine binding and
T cell receptor binding (Figure S3C and D).
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Figure 3 RNA sequencing identified genes associated with the effect of HD for EAE. (A and B) GO enrichment analysis in biological processes (BP) of Control vs. EAE and
EAE vs. EAE+HD. (C and D) KEGG pathway enrichment analysis of Control vs. EAE and EAE vs. EAE+HD.

KEGG pathway analysis revealed multiple enriched signaling pathways, and the top 30 pathways were visualized with
a bubble diagram (Figure 3C and D). The enriched signaling pathways in Control vs. EAE and EAE vs. HD were both involved
in NF-kappa B signaling pathway, Th17 cell differentiation, NOD-like receptor signaling pathway and T cell receptor signaling
pathway. In summary, the DETs and enriched pathways suggested that HD exerted its therapeutic effects on MS by modulating
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adaptive immunity, and highlighted the underlying mechanisms, such as the NF-kB and NLRP3 signaling pathways. In

44 46

combination with recent studies, targeting the NLRP3 inflammasome could be a potential therapeutic strategy for MS.

HD Ameliorated Symptoms in EAE Mice Through the NF-xB/NLRP3 Signaling Pathway
A new batch of mice were assigned to 4 groups: control, EAE model, EAE + HD (25 g/kg), and EAE + HD + agonist and their
neurological function were scored (Figure 4A). Compared to the EAE group, HD treatment significantly reduced the peak and
cumulative scores of EAE mice (Figure 4B and C, p < 0.01, p < 0.001). The agonist group had higher peak and cumulative
scores than the HD group (p < 0.01). Inflammatory infiltration and demyelination were less severe in the spinal cord of mice in
the HD group compared to the agonist group (Figure 4D and E, p < 0.01). These results indicated that the agonist partially
diminished the effects of HD in ameliorating symptoms and reducing inflammation and demyelination in EAE mice.

On day 21 after immunization, the protein levels of NF-kB, NLRP3, IL-18, IL-1p and caspase-1 were significantly
increased in the EAE mice (p < 0.05, p <0.01 and p <0.05, Figure 5A and B). After HD treatment, the expression of NF-«B,
NLRP3, caspase-1, IL-18 and IL-1f was remarkably decreased in EAE mice (p <0.05, p <0.01 and p <0.05). To determine
whether HD exerts its effects through the NF-kB/NLRP3 signaling pathway, an NLRP3 agonist was administered. The
results showed a significant increase in NF-kB, NLRP3, caspase-1, IL-18 and IL-1f levels in the HD + agonist group
compared to the HD group (p < 0.01, p <0.001, p < 0.05 and p <0.01). These findings suggested that the NLRP3 agonist
partially inhibited the regulatory effect of HD on the NF-kB/NLRP3 pathway. In terms of mRNA expression, NF-kB and
NLRP3 levels were greater in EAE mice than in control mice (p < 0.05, p < 0.001, Figure 5C and D), whereas their
expression was remarkably reduced by HD. The NLRP3 agonist significantly reduced the inhibitory effect of HD on the
mRNA expression of NF-kB and NLRP3 (p < 0.01). These results suggest that HD may alleviate EAE through the NF-«xB/
NLRP3 signaling pathway. Moreover, the protective effects of HD were diminished by an NLRP3 agonist, further
supporting the involvement of the NF-kB/NLRP3 pathway.

HD Regulated the Proportions of Th17, Thl and Treg Cells

The ratio of Th17 and Th1 cells in the spleens of EAE mice was significantly elevated (Figure 6A-F, p < 0.01, p <0.001),
whereas the proportion of Treg cells did not change significantly. HD treatment markedly reduced the proportions of Th17 and
Thl cells (p < 0.05, p < 0.01). Conversely, there was a noticeable increase in the proportion of Treg cells (p < 0.01), while
agonist administration weakened this effect. Gene expression of CD4" T cell subtype specific cytokines in EAE mice was
further examined. As shown in Figure 6G, the expression of the Th17 cell specific cytokine IL-17A was greater in the EAE
mice than in the control mice (p < 0.01). HD treatment significantly decreased the expression of IL-17A (p < 0.01), whereas
the expression of Treg cell specific cytokines IL-10 and TGF-§ were increased (Figure 6H and I, p < 0.01). These changes
were more pronounced in the HD group than in the HD + agonist group. These results suggested that HD could reduce the
proportion of Th17/Treg cells and regulate the adaptive immune response in EAE mice.

HD Suppressed Excessive Activation of Microglia and Astrocytes

We performed double labeling for NLRP3, IBA1 (microglia marker), and GFAP (astrocyte marker) to detect microglia and
astrocyte activation (Figures 7A and 8A). We detected a significant increase in the number of IBA1, GFAP, NLRP3/IBA1 and
NLRP3/GFAP double-positive cells in the EAE mice (p < 0.001, Figures 7B, C and 8B, C). HD treatment reduced the number of
IBAL cells, GFAP cells and corresponding cells double-labelled with NLRP3 (p < 0.001). Reactive microglia and astrocytes also
produce inflammatory cytokines such as TNF-a and IL-1p, leading to further immune activation.*”*® Consistent with the
fluorescence results, the mRNA expression of TNF-a and IL-1p in EAE mice was reduced by HD treatment (p < 0.05, p <0.001,
Figure 8D and E), while the presence of an agonist partially attenuated this effect. These results suggested that HD treatment
inhibited excessive activation of microglia and astrocytes in EAE mice.

HD Increased Oligodendrocyte Number

Oligodendrocytes are myelin-forming cells in the CNS.* We performed double labelling for NLRP3 and Olig2
(oligodendrocyte marker) to detect oligodendrocytes (Figure 9A). HD treatment significantly increased the number of
Olig2-labelled cells compared to the EAE group (p < 0.001, Figure 9B). Conversely, the number of NLRP3-labelled cells
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the EAE group; *p < 0.001 compared to the EAE + HD group.

in the HD group was much lower than that in the EAE group (p < 0.01, Figure 9C). These changes were more
pronounced in the HD group than in the HD + agonist group. The results showed that HD treatment increased the number
of oligodendrocytes, which in combination with LFB staining showed that HD attenuated demyelination, which could

indicate a neuroprotective effect of HD.

Discussion
MS is considered to be one of the most common causes of non-traumatic neurological disability in young adults.' Recent

evidence proved that both the innate and adaptive immune systems played crucial roles in the onset and progression of
MS. #1929 Additionally, a substantial body of research had established that the NLRP3 inflammasome, as a key
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Figure 8 HD suppressed excessive activation of astrocytes. (A) Representative immunofluorescent staining images of GFAP (green), NLRP3 (red), and DAPI (blue).
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Figure 9 HD increased oligodendrocyte number. (A) Representative immunofluorescent staining images of Olig2 (green), NLRP3 (red), and DAPI (blue) in the spinal cord
on day 21 after immunization. (B) Quantification of Olig2 expression level. (C) Quantification of NLRP3 expression level (n = 3). *p < 0.0] and ***p < 0.001 compared to
the EAE group; *p < 0.01 compared to the EAE + HD group.

component of the innate and adaptive immune response, engaged in various pathways in the pathogenesis of MS.” %4446

In this study, we investigated the therapeutic effects of HD in MS with EAE model. Our findings demonstrated that HD
significantly alleviated neurobehavioral impairments and reduced inflammatory cell infiltration and demyelination in
EAE mice. Our further experiments revealed that HD exerted its effects through the NF-kB/NLRP3 inflammasome
pathway, modulating the balance of Th1/Th17/Treg cells in the periphery, while reducing the levels of microglia and
astrocytes in the CNS. These findings established a pharmacological foundation for the clinical use of HD in the
treatment of MS, emphasizing its potential to modulate immune responses and enhance neuroprotection.

The maintenance of immune homeostasis is of vital importance in the prevention of autoimmunity, suppression of
excessive effector immune responses and host tissue injury.’® Th17 cells mediate proinflammatory responses to invading
pathogens by secreting IL-17. Treg cells suppress self and microbiota antigens and prevent Th17 and Thl cell
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differentiation by releasing mainly IL-10 and TGF-B.>' Treg cells also promote oligodendrocyte differentiation and
remyelination.> The transdifferentiation of Th17 cells into Treg cells may facilitate the resolution of inflammation,
offering a potential therapeutic approach for MS.>® B cells secrete autoantibodies involved in antibody-dependent
cytotoxicity damage. Antibody oligoclonal bands are detected in more than 90% of MS patients.* B cells in the CNS
could act in MS by secreting chemokines/cytokines and by presenting antigen to T cells.” Peripheral B cells of MS
patients exhibit aberrant pro-inflammatory cytokine responses, including increased TNF-a® and decreased IL-10
secretion.”” Furthermore, Thl and Th17 cells secrete pro-inflammatory cytokines that activate macrophages, dendritic
cells, and recruit more B cells, thereby promoting CNS pathology.>® Our results confirmed that HD maintained immune
homeostasis by balancing the proportion of Th17/Treg cells, thereby further ameliorating the progression of EAE.

Microglia secrete inflammatory mediators which can sustain chronic inflammation in the CNS>” and further damage
myelin and disrupt synaptic activity.®® Inflammatory microglia, by releasing cytokines such as IL-1$ and TNF-o, can
induce astrocytes to transform into highly reactive and neurotoxic cells.®'** These reactive astrocytes lose the ability to
promote neuronal synaptogenesis and phagocytosis and induce the death of oligodendrocytes.®' Oligodendrocyte
depletion is an important determinant of remyelination failure,®® which has been suggested as a pathological substrate
for disease progression in MS.®* Studies have confirmed the pro-regenerative myelin effect of an anti-inflammatory
environment.'*®> Treatment of progressive MS should be based on a combination of anti-inflammatory, myelin
regenerative, and neuroprotective strategies.®>®” Our results demonstrated that HD suppressed excessive activation of
microglia and astrocytes and increased oligodendrocyte numbers, thereby attenuating inflammatory infiltration and
demyelination. Whether HD promotes myelin regeneration can be further explored in the future with additional
experiments, such as electron microscopy of myelin thickness or lineage tracing of oligodendrocytes. Th17 cells can
interact with microglia to exacerbate inflammation and neurotoxicity,'* such as secretion of IL-17A to activate microglia.
Treg cells promote oligodendrocyte differentiation and remyelination.’> Therefore, HD not only maintained T cells
immune homeostasis but also reduced the interaction between T cells and microglia, and promoted the increase of
oligodendrocytes, further reducing inflammation and neuronal damage.

The NLRP3 inflammasome plays a crucial role in the expansion of Th1/Th17 cells and its inhibition results in an
increased frequency of Treg cells.”® A study had shown that T cells need to be primed in NLRP3 inflammasome-
sufficient mice to migrate into the CNS and induce EAE, which the involvement of IL-1p and IL-18 was demonstrated.®’
The NF-kB/NLRP3 axis in activated microglia is essential in neuroinflammation.”®”" Our results confirmed that HD
significantly decreased the expression of NF-kB, NLRP3, caspase-1, IL-18 and IL-1p in EAE mice. We further showed
that an NLRP3 agonist significantly weakened the effects of HD on regulating the Th17/Treg ratio, suppressing excessive
activation of microglia and astrocytes, and attenuating demyelination. These findings indicated that HD alleviated EAE
through the NF-kB/NLRP3 pathway.

Based on the recent research,? plenty of natural compounds exhibit therapeutic and preventive effects against MS. Small
molecule compounds, particularly polyphenols, flavones and alkaloids, generally have great therapeutic potential for MS
without causing serious adverse effects. The chemical components of HD analyzed by UPLC-MS included flavonoids,
phenylpropanoids, terpenes, alkaloids and phenols, with flavonoids accounting for the highest percentage. The top 10
chemical components of HD included baohuoside VI, afzelin, polydatin and icariin. Icariin and afzelin also belonged to the
flavonoids. Previous studies have shown that icariin, the main active compound of Epimedium, can effectively penetrate the
blood-brain barrier and has potent anti-neuroinflammatory and antioxidant activity against multiple diseases.”>’* Icariin also
enhanced remyelination and axons rewrapped in CPZ-induced mice.”> Molecular docking revealed that Icariin could stably
bind to the pocket of NLRP3 with relatively high docking score of 9.3 kcal/mol.”® Icariin decreased microglial activation by
inhibiting the NLRP3 inflammasome and the secretion of IL-1f and TNF-a. Afzelin, a flavonoid-rich compound in Reynoutria
multiflora (Heshouwu) extract, can mitigate oxidative stress, modulate inflammation, and promote cellular regeneration in
neurodegenerative and cancer diseases.’”"”® Polydatin, also known as piceid, is the most abundant form of resveratrol in
nature’® and belongs to the polyphenols. Polydatin has been shown to be neuroprotective,***' downregulate the expression of
NF-kB, and ameliorate blood-brain barrier permeability.**** Evidence suggests that polydatin has potent antioxidant
activity,® ameliorates mitochondrial dysfunction, promotes remyelination and improves motor coordination in a cuprizone
model of MS.* Polydatin can also attenuate neuronal damage of the optic nerves and spinal cord,*” and prevent neuronal loss
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in a chronic relapsing EAE model.*® Herbs are frequently combined to enhance efficacy and minimize toxicity. The HD
compound decoction is relatively concise, with each herb contributing its unique function within the prescription. Our research
demonstrated that HD ameliorated clinical symptoms and reduced inflammatory infiltration and demyelination in EAE mice.
Further molecular experiments revealed that HD exerted effects through the NF-kB/NLRP3 inflammasome pathway,
regulating the balance of Th1/Th17/Treg, reducing microglia and astrocytes and increasing oligodendrocytes.

This study had several limitations. First, this study focused primarily on the immune responses of T cells and glial
cells, yet the mechanisms underlying neurodegeneration in MS are multifaceted, involving mitochondrial dysfunction,
iron toxicity and oxidative stress.'”> Future research should explore HD’s role in these interconnected pathways to offer
a more comprehensive understanding of its therapeutic potential. Second, our study pays more attention to the responses
of T cells and glial cells. Crosstalk among T cells, glial cells and neurons can be studied in depth. Third, MS is a highly
heterogeneous disease characterized by various subtypes and diverse clinical manifestations. The unpredictability of MS
progression poses significant challenges in determining the optimal timing for natural compound intervention.>

Conclusion

HD presents a promising therapeutic strategy for MS by improving clinical symptoms, regulating immune responses and
reducing neuroinflammation and demyelination. The mechanisms of action of HD, especially its modulation of the NF-
kB/NLRP3 pathway, establish a robust foundation for its clinical application.
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