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A B S T R A C T

Multiple sclerosis (MS) is a chronic autoimmune disease characterized by inflammatory infiltration and demyeli-
nation in the central nervous system (CNS). Among the factors involved in the immunological mechanisms of MS,
T helper 1 (Th1) cells and T helper 17 (Th17) cells play a critical role. Compound 21, a novel phloroglucinol de-
rivative, significantly protected myelin from damage in our previous study. However, it remains unclear whether
this compound affects MS. In this study, the experimental autoimmune encephalomyelitis (EAE) rat model was
established to mimic the pathological process of MS and evaluate the neuroprotective effect of Compound 21.
The results illustrated that Compound 21 treatment notably attenuates neurological deficits, immune infiltration,
and demyelination in EAE rats. Our mechanistic investigation revealed that Compound 21 treatment reduces the
population of Th1/Th17 cells and inhibits their infiltration into the CNS. Furthermore, we found that the inhi-
bition of Th1/Th17 cell infiltration is related to the direct suppression of Th1/Th17 cell differentiation and the
inhibition of proinflammatory microglial cells. Collectively, these results confirm that Compound 21 suppresses
infiltrated Th1/Th17 cells to alleviate demyelination in EAE rats, suggesting its potential role as a novel candi-
date for MS treatment.

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating disease of the
central nervous system (CNS) with a wide range of symptoms such as
difficulty walking, fatigue, pain, and memory loss [1]. The primary
pathological features of MS are inflammatory infiltration in the white
matter and demyelination of the CNS. The pathogenesis of MS is re-
lated to genetics [2,3], environment [4–6], and immunology [7]. Al-
though the specific mechanisms of MS are still unclear, both innate
and adaptive immune systems have been shown to be important in
the development of this demyelinating disease. Recruited by specific
autoimmune antigens, T cells invade into the CNS and progressively
damage myelin sheaths. This damage leads to further inflammatory
processes, which induce the activation of other immune cells and the
release of inflammatory cytokines. All these factors work together to
enhance the loss of myelin and eventually lead to permanent dam-
age of the nerves [8,9]. To investigate the mechanisms of MS, var-
ious animal models have been developed. The experimental autoim-
mune encephalomyelitis (EAE) model, an animal model that is devel-
oped by immunization with myelin basic protein (MBP), has many neu

ropathological characteristics in common with MS. This model is widely
used to investigate the mechanisms of MS and develop potential candi-
dates for MS treatment [10,11].

Many therapeutic agents that are currently available to treat MS fo-
cus on the overactivated immune response [12]. These drugs can be
divided into two categories. The first category broadly inhibits the im-
mune response and includes interferon (IFN)-β [13], glucocorticoids
[14], and cyclosporin A [15]. The second category targets specific re-
ceptors of immune cells and includes fingolimod (FTY720)Calabresi et
al., 2014; Chitnis et al., 2018; DiMarco et al., 2014; Lublin et al.,
2016[ 16–19], natalizumab [20], and alemtuzumab [21]. Although
these drugs can effectively relieve the symptoms of MS and reduce the
frequencies of relapse, most have shown severe adverse effects including
sudden fever, headache, or serious infections caused by the disturbed
immune system. Therefore, the development of novel drugs with new
targets is urgently needed to improve treatment for patients with MS.

To aid in this development, many scientists have been exploring
the underlying pathogenesis of MS. Several immunological studies have
demonstrated the important role of the overacti
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vated immune response [2,7]. Although the immune mechanisms are
complicated, two primary pathogenic subgroups of CD4+ T cells—T
helper 17 (Th17) and T helper 1 (Th1)—are thought to play a criti-
cal role in MS [22–25]. Both cell types can invade the CNS through
the blood–brain barrier with the assistance of cytokines they secrete,
then promote neuroinflammation and myelin sheath damage [26,27].
After the activation and invasion of Th1/Th17 cells into the CNS, the
proinflammatory microenvironment of CNS is important for the main-
tenance of Th1/Th17 activation in the CNS. The proinflammatory mi-
croglial cells in the CNS can produce inflammatory cytokines including
IFN-γ, interleukin (IL) 12, and IL-23 to stabilize the infiltrated Th1/Th17
cell activation [28,29]. Collectively, agents targeting the suppression of
Th1/Th17 infiltration are a potential approach to treat MS.

Our previous studies have demonstrated that a novel phlorogluci-
nol derivative, Compound 21, effectively suppresses neuroinflammation
both in vivo and in vitro [30,31]. In addition, our recent investiga-
tion showed that Compound 21 remarkably attenuates demyelination
in mice intoxicated by cuprizone (CPZ)[32]. However, it remains un-
clear whether the compound is protective against MS. The present study
aimed to evaluate the effect of Compound 21 in the EAE rat model and
further explore the underlying mechanisms.

2. Materials and methods

2.1. Agents

Compound 21 is formulated as (S)-3 hydroxy-2-[(2,4,6-trimethoxy-
benzyl) amino] propanoic acid, which was synthesized by the Depart-
ment of Pharmaceutical Chemistry, Institute of Materia Medica, Chinese
Academy of Medical Science (Fig. 1A). It is a white powder with 99.9%
purity. FTY720 was obtained from Novartis, Basel, Switzerland. For the
in vivo experiments, Compound 21 and FTY720 were dissolved in 0.5%
sodium carboxymethyl cellulose (Sigma-Aldrich, St. Louis, MO, USA).
For the in vitro assays, Compound 21 was dissolved in dimethylsulfoxide
(Sigma-Aldrich).

2.2. Animals

Female Lewis rats aged 6–8 weeks weighing 170–180 g and male
C57BL/6 mice aged 8–10 weeks weighting 20–25 g were obtained from
Beijing Vital River Laboratory Animal Technology Co. Ltd. (Beijing,
China). All the animals were housed under a 12 h light/dark cycle
and specific pathogen-free conditions with

free access to water and food. All the animal experiments were carried
out according to the guidelines of the Beijing Municipal Ethic Commit-
tee for the care and use of laboratory animals.

2.3. EAE induction and treatments

A total of 40 female Lewis rats were adapted to the conditions de-
scribed above for 7 days before experimentation. Then, they were di-
vided into the following four groups, consisting of 10 rats per group:
Control group, EAE group, Compound 21 group, and FTY720 group.
The EAE rat model was induced according to the standard accepted
methods. Briefly, 30 rats were immunized by subcutaneous injections
of 50 μg MBP (Sigma-Aldrich) and 100 μL phosphate-buffered saline
emulsified with an equal volume of complete Freund’s adjuvant (CFA;
Sigma-Aldrich) into both legs. Simultaneously, the other 10 rats were
injected with CFA (Sigma-Aldrich) without MBP, defined as the Con-
trol group. We designated the day of immunization as day 0 post-im-
munization. Additionally, 100 μL pertussis toxin (800 ng/100 μL;
Sigma-Aldrich) were given on day 0 and day 2 by intraperitoneal (i.p.)
injection. Meanwhile, the Control group rats were injected intraperi-
toneally with an equal volume of saline. Thereafter, rats received daily
oral administration of Compound 21 (35 mg/kg) or FTY720 (1 mg/kg,
Novartis) from day 9 to 16, defined as the Compound 21 group and
FTY720 group, respectively. The EAE group rats were treated with the
vehicle during this period. We calculated the dose of Compound 21 for
the EAE rats based on our previous study of Compound 21 in CPZ mice
[32]. The dose of FTY720 (1 mg/kg) was previously reported as ef-
fective in EAE rat models [33,34]. The animal treatment procedure is
shown in Fig. 1B.

2.4. Clinical scores assessment

To evaluate neurological dysfunction, two investigators blinded to
treatments performed daily the Knoz score test, which is based on the
following criteria [33,35,36]: 0, normal, absence of symptoms; 0.5,
partial loss of tail vitality, showing that the tail end cannot be curled;
1, tail paralysis; 2, paraparesis, hind limb weakness; 3, paraplegia, hind
limb paralysis; 4, tetraparesis, hind limb paralysis, mild forelimb weak-
ness and unable to recover after passive turning; 5, tetraplegia, complete
paralysis of all the limbs or moribund; 6, death. The intermediate case
was recorded as 0.5 points. In addition, all rats were weighed every day.

Fig. 1. Compound 21 treatment attenuated neurological deficits and body weight loss in experimental autoimmune encephalomyelitis (EAE) rats. (A) The chemical structure of Compound
21. (B) The flowchart of animal treatments. (C) Clinical scores of rats. (D) The body weights of rats. (E) The onset status of all the rats expressed by Kaplan-Meier Curve. MBP, myelin
basic protein; CFA, complete Freund’s adjuvant; PTX, pertussis toxin. Values are presented as the mean ± SD; n = 10 per group. ##P < 0.01, ###P < 0.001 versus the Control group;
*P < 0.05, **P < 0.01, ***P < 0.001 versus the EAE group.
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2.5. Cell culture

BV2 cells were obtained from the Cell Resource Center, IBMS,
CAMS/PUMC (Beijing, China) and maintained in 90% Dulbecco's Modi-
fied Eagle Medium (DMEM; Solarbio, Beijing, China) supplemented with
10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA). BV2 cells
were plated in 6-well plates at a density of 2 × 105 cells/well and kept
in 5% CO2 at 37 °C for 24 h.

Naïve CD4+ T cells were isolated from spleens of 18 C57BL/6 mice
using the MojoSort™ Mouse CD4 Naïve T Cell Isolation Kit (Biolegend,
San Diego, CA, USA). The cells were cultured in 90% Iscove’s Modified
Dulbecco’s Medium (IMDM; Gibco) containing 10% FBS (Gibco) at a
density of 1 × 106 cells/well in 24-well plates.

2.6. Co-culture of CD4+ T cells and BV2 cells

The BV2 cells were pretreated with or without the presence of Com-
pound 21 (10 μM) for 1 h and then cultured in the absence or presence
of lipopolysaccharides (LPS; 1 μg/mL, Sigma-Aldrich) for 24 h. Subse-
quently, the Naïve CD4+ T cells were added to BV2 cells at a ratio of
4:1 (4 × 105 Naïve CD4+ T cells, 1 × 105 BV2 cells) in the presence
of MBP (5 μg/mL, Sigma-Aldrich) and ConA (5 μg/mL, Sigma-Aldrich).
After 72 h of co-culture, the CD4+ T cells were collected for flow cyto-
metric analysis.

2.7. Hematoxylin & eosin staining

Three rats were randomly selected from each group and deeply anes-
thetized with 1% pentobarbital (40 mg/kg, i.p.), then they were per-
fused through the intracardiac route using saline infusion followed by
4% paraformaldehyde. The brains and lumbar spinal cords were ob-
tained and fixed in 4% paraformaldehyde for 24 h. Next, the tissue sam-
ples were kept in 4% paraformaldehyde containing 30% sucrose. The
brain and lumbar spinal cord tissues were embedded in paraffin and se-
rially sliced at a 5-μm thickness. To assess inflammatory cell infiltration,
the sections were stained with hematoxylin and eosin (H&E). The in-
flammatory infiltration was scored blindly by two observers as follows:
0, no inflammatory cells infiltration; 1, meningeal cells infiltration; 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; 4, a large number of cell infiltrations involv-
ing more than 20% of the white matter.

2.8. Luxol fast blue staining

To assess demyelination, the sections were processed as described
above and stained with luxol fast blue (LFB). In brief, the tissue slides
were incubated in LFB solution (0.1%) overnight at 60 °C. Then, the
sections were differentiated in 0.05% lithium carbonate solution to dis-
tinguish the white matter from the gray matter. Finally, the sections
were observed under a light microscope (Nikon E600, Tokyo, Japan).
Demyelination in EAE rats was evaluated blindly by two investigators
using the following scoring criteria: 0, no myelin loss; 1, a small range
of myelin loss; 2, two or three small areas of myelin loss; 3, up to two
large-scale myelin losses; 4, a large range of myelin loss involving more
than 20% of the white matter.

2.9. Immunohistochemical staining

The tissue processing was the same as described above. Demyeli-
nation/remyelination or T-cell infiltration was assessed using immuno-
histochemical (IHC) staining of the brain. The sec

tions were deparaffinized and rehydrated, then blocked in 3% bovine
serum albumin and incubated overnight at 4 °C with the following pri-
mary antibodies: anti-MBP, anti-Olig2, anti-IFN-γ, and anti-IL-17 (1:300,
Servicebio, Wuhan, China). Next, the sections were washed and incu-
bated with goat anti-rabbit IgG–horseradish peroxidase (1:200, Service-
bio) for 2 h at room temperature. The DAB reagent (Servicebio) was
used to visualize positive cells. The sections were observed using a Carl
Zeiss microscope (Jena, Germany), and the quantification of MBP, Olig2,
IFN-γ, and IL-17 was analyzed by Image Pro Plus 6.0 software.

2.10. Co-immunofluorescence staining

The tissues were prepared as described above. The sections were
deparaffinized and rehydrated. Subsequently, they were immersed in
EDTA antigen retrieval buffer (pH, 8.0) and maintained at a sub-boil-
ing temperature for 8 min. Next, we added 3% bovine serum albumin to
block nonspecific binding for 30 min and incubated slides overnight at
4 °C with the following primary antibodies: anti-Iba-1 (1:500, Service-
bio), anti-CD86 (1:200, Servicebio), and anti-CD206 (1:200, Servicebio).
To visualize the immunostained cells, goat anti-mouse IgG-CY3 (1:300,
Servicebio) and goat anti-rabbit IgG-Alexa Fluor 488 (1:400, Service-
bio) were used; nuclei were stained using DAPI solution. The images
were digitized using fluorescent microscopy (Nikon Eclipse C1, Tokyo,
Japan). The cell numbers were analyzed using Image Pro Plus 6.0 soft-
ware.

2.11. In vitro CD4+ T-cell differentiation

Naïve CD4+ T cells were seeded at a density of 1 × 106 cells/plate
in 24-well plates and cultured in nonpolarizing (Th0) and polarizing
(Th1 and Th17) conditions. For Th1-polarizing conditions, plate-bound
anti-mouse CD3ε (3 μg/mL, Biolegend) and soluble anti-mouse CD28
(3 μg/mL, Biolegend) supplemented with mouse IL-12 (10 ng/mL, Biole-
gend), mouse IL-2 (5 ng/mL, Biolegend), and anti-mouse IL-4 (10 μg/
mL, Biolegend) were used. For Th17-polarizing conditions, plate-bound
anti-mouse CD3ε (3 μg/mL, Biolegend) and soluble anti-mouse CD28
(5 μg/mL, Biolegend) supplemented with mouse IL-6 (50 ng/mL, Biole-
gend), mouse TGF-β1 (1 ng/mL, Biolegend), and mouse IL-23 (5 ng/mL,
Biolegend) were applied. CD4+ T cells cultured in different polarizing
conditions were treated with vehicle or Compound 21 (10 μM). After
96 h, Th1 and Th17 cells with different treatments were harvested and
stimulated using a cell activation cocktail (with Brefeldin A) (2 μL/test,
Biolegend) for 6 h.

2.12. In vitro CD4+ T-cell proliferation assay

The BV2 cells were pretreated with or without the presence of Com-
pound 21 (10 μM) for 1 h and then cultured in the absence or pres-
ence of LPS (1 μg/ml, Sigma-Aldrich) for 24 h. Subsequently, the Naïve
CD4+ T cells were added to BV2 cells at a ratio of 4:1 (4 × 105

Naïve CD4+ T cells, 1 × 105 BV2 cells) in the presence of MBP (5 μg/
mL, Sigma-Aldrich) and ConA (5 μg/mL, Sigma-Aldrich). After 72 h of
co-culture, the CD4+ T cells were collected for flow cytometric analysis.

2.13. In vitro CD4+ T-cell apoptosis assay

Naïve CD4+ T cells were plated in 24-well plates at a density of
1 × 106 cells/well and activated in different polarizing conditions with
or without the presence of Compound 21 for 96 h. CD4+ T cell apop-
tosis was measured using StarGlow Annexin V-FITC/PI Apoptosis De-
tection Kit (GenStar, Beijing, China). Briefly, the
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cells were harvested and washed with cold PBS three times, and then
they were resuspended in 100 μL Annexin V-FITC Binding Buffer fol-
lowed by rh Annexin V-FITC (5 μL/test) for 5 min at RT in the dark.
10 μL/test PI (20 μg/mL) and 400 μL/test PBS were added and the flow
cytometry was performed immediately.

2.14. Quantitative polymerase chain reaction assay

For in vivo experiments, the total RNA was extracted from the brain
or lumbar spinal cord tissues using the TransZol Up Plus RNA kit
(TransGen Biotech Co., Beijing, China) in accordance with the man-
ufacturer’s protocol. Then, identical amounts of RNA were reversed
into cDNA using TransScript One-Step gDNA Removal and cDNA Syn-
thesis SuperMix (TransGen Biotech Co.) following the manufacturer’s
instructions. Quantitative polymerase chain reaction assay (qPCR) of
different genes was conducted using TransStart Tip Green qPCR Su-
perMix (+DyeⅠ/+ DyeⅡ) (TransGen Biotech Co.). For in vitro exper-
iments, BV2 cells were preincubated with Compound 21 (10 μM) for
1 h, then stimulated with LPS (1 μg/mL, Sigma-Aldrich) for 6 h. Sub-
sequently, the total RNA was harvested from induced BV2 cells, and
the subsequent steps were the same as described above. The mRNA
was amplified for PCR with the sets of primers shown in Tables 1
and 2. PCR amplification was run in the 7900HT Fast Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA) with the follow-
ing thermocycler conditions: stage 1, 94 °C for 30 sec for one cycle;
stage 2, 94 °C for 5 sec, 59 °C for 15 sec, and 72 °C for 10 sec for 40
cycles; stage 3, 95 °C for 15 sec and 60 °C for 15 sec for one cycle.

The relative quantification of mRNA expression was calculated by
−ΔΔCt algorithms.

2.15. Enzyme-linked immunosorbent assay

After anesthetizing the rats with 1% pentobarbital (40 mg/kg, i.p.),
we quickly collected blood samples from the abdominal aorta in serum
separator tubes. Next, the samples were allowed to clott for 2 h at room
temperature and were centrifugated at 1000×g for 20 min. IL-17 and
IFN-γ concentrations were measured by IL-17 and IFN-γ enzyme-linked
immunosorbent assay (ELISA) kits following the protocol recommended
by the supplier (Jianglai Industrial Limited By Share Ltd, Shanghai,
China). Briefly, we added 50 μL of each sample to the appropriate
wells and incubated the microtiter plate at 37 °C for 30 min. Next, we
added 100 μL enzyme conjugate to each well and incubated at 37 °C for
60 min. Then, the microtiter plate was washed four times, and 50 μL
Substrate A and 50 μL Substrate B were added to each well and incu-
bated at 37 °C for 15 min. Finally, 50 μL stop solution was applied to
each well, and the optical density was detected at 450 nm. The cytokine
concentrations were calculated by standard protein concentration.

2.16. Flow cytometry analysis

For in vivo experiments, cells were isolated from the spleen and
plated in 24-well plates at a density of 1 × 106 cells/well. Then, the
cells were treated with a cell activation cocktail (2 μL/well, Biolegend)
containing ionomycin, phorbol myristate acetate, and Gol

Table 1
Primers used for quantitative PCR in rat tissues.

Gene Primer sequence(5′-3′)

Forward Reverse

Ifng GAGGTGAACAACCCACAGA TATTGGCACACTCTCTACCC
Il23 CACCTGCTGGACTCGGACAT CTGCGAAGGATCTTGGAACG
Il1b TGATGTTCCCATTAGACAGC GAGGTGCTGATGTACCAGTT
Tnf AAGCCCGTAGCCCACGTCGTA GCCCGCAATCCAGGCCACTAC
Il12a CTCTTCTTGGCCACCCTTGT CATGTCGTCCGTGGTCTTCA
Il17a TGAAGGCAGCGGTACTCATC GGGTGAAGTGGAACGGTTGA
Gapdh AGTGCCAGCCTCGTCTCATA GGTAACCAGGCGTCCGATAC

Table 2
Primers used for quantitative PCR in BV2 cells.

Gene Primer sequence(5′-3′)

Forward Reverse

Tnf ACGGCATGGATCTCAAAGAC AGATAGCAAATCGGCTGACG
Nos2 CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG
Il23 CCAGCAGCTCTCTCGGAATC CAGACCTTGGCGGATCCTTT
Cd16 TATCGGTGTCAAATGGAGCA GCACCTTAGCGTGATGGTTT
Cd32 AATCCTGCCGTTCCTACTGATC GTGTCACCGTGTCTTCCTTGAG
Arg1 TGAACACGGCAGTGGCTTTA GTAGTCAGTCCCTGGCTTATGG
Ifng ACGGCACAGTCATTGAAAGCCTAGA TGTCACCATCCTTTTGCCAGTTCC
Il12a AAATGAAGCTCTGCATCCTGC TCACCCTGTTGATGGTCACG
Il6 CCTACCCCAATTTCCAATGCT TATTTTCTGACCACAGTGAGGAAT
Cd206 GGATAGATGGAGGGTGCGGTA GGTTCAGTAGCAGGGATTTCGT
Cd86 TGTTTCCGTGGAGACGCAAG CAGCTCACTCAGGCTTATGTTTT
Tgfb1 GCCCGAAGCGGACTACTATG TGCTTCCCGAATGTCTGACG
Il10 ACTTGGGTTGCCAAGCCTTA AGAAATCGATGACAGCGCCT
Gapdh ATGACTCTACCCACGGCAAG GATCTCGCTCCTGGAAGATG
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giStop for 6 h in 5% CO2 at 37 °C. For surface staining, the cells were
incubated with FITC mouse anti-rat CD4 (2 μL/test, BD Biosciences,
Franklin Lakes, NJ, USA) for 30 min at 4℃. Subsequently, they were
permeabilized and fixed using the Cytofix/Cytoperm Fixation/Perme-
abilization solution kit (250 μL/test, BD Biosciences) for intracellular
staining. Fc receptors were blocked with 5% FBS (Gibco), and the cells
were stained with PE mouse anti-rat IFN-γ (20 μL/test, Biolegend), APC
mouse anti-rat IL-17A (0.625 μL/test, BD Biosciences) and appropriate
isotype-matched controls for 30 min at 4 ℃, then analyzed using a BD
FACS Canto II flow cytometer (BD Biosciences).

For in vitro experiments, the BV2 cells were seeded at a density
of 2 × 106/well in 6-well plates and treated with LPS (1 μg/mL,
Sigma-Aldrich) for 24 h (LPS group). For the LPS + Compound 21
group and LPS + IL-4 group, cells were pretreated with Compound 21
(10 μM) or IL-4(10 ng/mL, ProTech, Rocky Hill, NJ, USA) for 1 h and
then treated with LPS (1 μg/mL, Sigma-Aldrich) for 24 h. The cells were
harvested and blocked by anti-mouse CD16/32 (2 μL/test, Biolegend)
and incubated with Alexa Fluor 488 anti-mouse CD86 antibody (4 μL/
test, Biolegend). Then, they were permeabilized and fixed for intracellu-
lar staining using Alexa Fluor 647 anti-mouse CD206 (MMR) antibody
and Alexa Fluor 647 Rat IgG2a, κ Isotype Ctrl Antibody (2 μL/test, Biole-
gend) for 30 min at 4℃. The subsequent staining steps were performed
as described above. A final acquisition of stained cells was carried out
using an ImageStreamX imaging flow cytometer (Amnis, Seattle, WA,
USA).

Flow cytometry was also used to detect CD4+ T-cell differentiation
in vitro. Naïve CD4+ T cells were treated in different conditions and col-
lected after being stimulated with cell activation cocktail (with Brefeldin
A) (2 μL/test, Biolegend) for 6 h. Then, cells were surface-labeled with
FITC anti-mouse CD4 antibody (1 μL/test, Biolegend) for 30 min at
4 °C. For the intracellular staining, cells were permeabilized and fixed.
Fc receptors were blocked with anti-mouse CD16/32 (2 μL/test, Biole-
gend), and the cells were incubated with PE anti-mouse IFN-γ antibody
(1.25 μL/test, Biolegend), APC anti-mouse IL-17A antibody (1.25 μL/
test, Biolegend), and appropriate isotype-matched controls for 30 min at
4 °C. The samples were analyzed using the BD FACS Canto II flow cy-
tometer (BD Biosciences).

2.17. Statistical analysis

We conducted the statistical analysis using SPSS version 20.0 soft-
ware. Data were presented as the means ± standard deviation. Multi-
ple comparisons were performed by one-way analysis of variance, fol-
lowed by the least significant difference test. For clinical and histological
scores and cell numbers, the Kruskal-Wallis test was used, followed by
the Mann-Whitney U test. Log-rank analysis was conducted to compare
the incidences of different groups. The independent t test was applied
to two-group comparisons. P values<0.05 were considered statistically
significant.

3. Results

3.1. Compound 21 treatment alleviates neurological deficits and body
weight loss in EAE rats

Body weight loss and neurological dysfunction are commonly wit-
nessed in EAE rats. To evaluate the protective effect of Compound 21
on EAE rats, female Lewis rats were immunized with MBP peptide, and
two groups were fed Compound 21 or FTY720 from day 9 post-im-
munization (Fig. 1B). In this study, rats in the EAE group started to
show severe MS symptoms on day 11 (11.00 ± 2.05) post-immuniza-
tion. By contrast, only 80% of the rats fed with Compound 21 showed
much slighter symptoms. Moreover, Compound 21 treatment promi-
nently delayed the onset of EAE symptoms to day 15 (14.70 ± 0.82;
P < 0.01) (Table 3 and Fig. 1E). As illustrated in Fig. 1C, the clin-
ical scores of the EAE group peaked on day 13. Compound 21 treat-
ment remarkably deceased the maximum clinical scores (EAE group,
5.11 ± 0.93; Compound 21 group, 2.6 ± 1.15; P < 0.001) and signif-
icantly reduced the mean scores (EAE group, 1.36 ± 0.54; Compound
21 group, 0.36 ± 0.17; P < 0.001). Compound 21 showed comparable
protective effects on clinical scores as FTY720 (Table 3; Fig. 1C and
E). In general, EAE rats treated with Compound 21 showed remarkably
lower disease incidence, delayed onset, and lower clinical scores com-
pared to vehicle-treated EAE animals. Correspondingly, the EAE group
showed significantly lower body weight than the Control group. How-
ever, Compound 21 treatment remarkably attenuated the weight loss
in EAE rats (Fig. 1D). Together, these data suggest that Compound 21
treatment alleviates neurological deficits and body weight loss in EAE
rats.

3.2. Compound 21 alleviates pathological features in EAE rats

MS is pathologically characterized by immune infiltration and de-
myelination in the CNS. Characteristic infiltration of inflammatory cells
was detected in the spinal cord and brain of EAE rats using H&E stain-
ing. In the spinal cord, Compound 21 treatment decreased the histolog-
ical score of inflammation from 3.67 in the EAE group to 0.78 in the
Compound 21 group (P < 0.001). Consistently, Compound 21 admin-
istration reduced the score from 3.89 to 1.00 in the brain (P < 0.001)
(Fig. 2A–C). In addition, LFB staining revealed that Compound 21 treat-
ment protects the spinal cord (P < 0.001) and the brain (P < 0.01)
from demyelination (Fig. 2D–F). Olig2 and MBP, the markers represent-
ing oligodendrocytes and myelin sheaths, respectively, were tested us-
ing IHC to further determine the myelin status in EAE rats. As shown
in Fig. 2G–I, the brains of the EAE group showed fewer Olig2-posi-
tive cells and lower MBP expression than those of the Control group.
Compound 21 treatment protected Olig2-positive cells (EAE group, 544
cells/mm2; Compound 21 group, 944 cells/mm2; P < 0.05) and pre-
served MBP expression in the brain of EAE rats (P < 0.001), suggest-
ing Compound 21 attenuates myelin damage. However, the FTY720
group rats showed no differences in Olig2 and MBP expression com-
pared with the EAE group rats (Fig. 2G–I).

Table 3
Clinical features of experimental autoimmune encephalomyelitis (EAE) rats by group.

Group Number of rats Incidence Disease onset (days p.i.) Maximum clinical score Mean clinical score

Control 10 0 – 0 0
EAE 10 100% 11.00 ± 2.05 ### 5.11 ± 0.93 ### 1.36 ± 0.54 ###

Compound 21 10 80% 14.70 ± 0.82** 2.6 ± 1.15*** 0.36 ± 0.17***
FTY720 10 80% 13.30 ± 1.64* 2.41 ± 1.18*** 0.51 ± 0.30**

Abbreviations: p.i., post-immunization.
Values are presented as the means ± SD. ###P < 0.001 versus Control rats. *P < 0.05, **P < 0.01, ***P < 0.001 versus EAE rats.
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Fig. 2.

These data indicate that Compound 21 treatment inhibits immune infil-
tration and attenuates demyelination in EAE rats.

3.3. Compound 21 treatment reduces Th1/Th17 cell population and
infiltration in EAE rats

In the pathogenesis of MS, Th1 and Th17 cells differentiate from
CD4+ T cells in the periphery [25,37], then invade the CNS and dam-
age myelin sheaths [7]. To determine whether the improvement in EAE
rats by Compound 21 was related to its suppression on the Th1/Th17
cell population, we detected the percentages of Th1 and Th17 cells
in the periphery using flow cytometry. As shown in Fig. 3A–D, the
spleens of EAE rats exhibited remarkably higher percentages of Th1 and
Th17 cells (both P < 0.01). The Compound 21 group showed a signif-
icantly lower percentage of Th1 cells than the EAE group (EAE group,

5.03%; Compound 21 group, 1.91%; P < 0.01). For Th17 cells, the per-
centage declined in the Compound 21 group compared with that of the
EAE group (EAE group, 2.57%; Compound 21 group, 0.98%; P < 0.01).
In addition, the EAE group showed higher levels of serum IFN-γ and
IL-17 (the representative cytokines produced by Th1 and Th17 cells,
respectively) as detected by ELISA. Consistent with decreased splenic
Th1 and Th17 cells, the Compound 21 group exhibited lower levels of
serum IFN-γ (EAE group, 65.85 pg/mL; Compound 21 group, 52.67 pg/
mL; Fig. 3E) and IL-17 (EAE group, 40.49 pg/mL; Compound 21 group,
34.74 pg/mL; Fig. 3F) than the EAE group (both P < 0.001). Accord-
ing to qPCR results of spinal cord and brain tissues, the expression of
Ifng and Il17a were higher in the EAE group and lower in the Compound
21 group (Fig. 3J–K). From IHC analysis, IFN-γ-positive (Th1) cells
(P < 0.01) and IL-17–positive (Th17) cells (P < 0.001) were higher in
the EAE group rats than the Control group. Compound 21 treatment re

Fig. 3. Compound 21 treatment decreased Th1/Th17 cell population and infiltration in experimental autoimmune encephalomyelitis (EAE) rats. Flow cytometric analysis of (A and B)
IFN-γ and (C and D) IL-17 expression in the spleens of rats. Expression of (E) IFN-γ and (F) IL-17 in the serum of rats detected by ELISA. (G) Representative IHC staining images of IFN-γ
and IL-17 in the brain. Statistical analysis of IHC staining of (H) IFN-γ and (I) IL-17. The mRNA expression of (J) Ifng and (K) Il17a detected by qPCR in the CNS. Black squares indicate the
positions of high magnification fields. All splenic cells, tissues, and serum were collected on day 16 post-immunization. Values are presented as the mean ± SD; n = 5 per group for flow
cytometric analysis and ELISA analysis; n = 3 per group (3 sections per rat) for IHC analysis. ##P < 0.01, ###P < 0.001 versus the Control group; *P < 0.05, **P < 0.01, ***P < 0.001
versus the EAE group.

7

Compound 21 treatment alleviated pathological features of experimental autoimmune encephalomyelitis (EAE) rats. (A) Representative images of H&E staining in the spinal cord and
brain; black arrows indicate perivascular cuffing and inflammatory infiltration. Statistical analysis of inflammatory cell infiltration in the (B) spinal cord and (C) brain. (D) Representative
images of LFB staining in the spinal cord and brain; black arrows point to areas of demyelination. Statistical analysis of LFB staining of the (E) spinal cord and (F) brain. (G) Representa-
tive images of IHC staining of Olig2 and MBP in the brain. Statistical analysis of IHC staining of (H) Olig2 and (I) MBP. Black squares indicate the positions of high magnification fields.
All brain and spinal cord tissues were collected on day 16 post-immunization. MBP, myelin basic protein. Values are presented as the mean ± SD; n = 3 per group (3 sections per rat).
#P < 0.05, ###P < 0.001 versus the Control group; *P < 0.05, ***P < 0.001 versus the EAE group.
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duced the numbers of Th1 cells (EAE group, 765 cells/mm2; Compound
21 group, 427 cells/mm2; P < 0.01) and Th17 cells (EAE group, 993
cells/mm2; Compound 21 group, 553 cells/mm2; P < 0.01) in the brain
(Fig. 3G–I), indicating Compound 21 effectively inhibits the infiltra-
tion of Th1/Th17 cells. For all the above-mentioned effects, Compound
21 showed similar potency to FTY720. These results suggest that Com-
pound 21 inhibits the Th1/Th17 cell population and infiltration, con-
tributing to its protective effect.

3.4. Compound 21 influences CD4+ T cells by directly inhibiting Th1/Th17
differentiation in vitro

To explore whether Compound 21 inhibits Th1/Th17 cell popula-
tion and infiltration in EAE rats by directly suppressing Th1 and Th17
cells, we isolated and purified naïve CD4+ T cells from mice spleens,
then cultured them under nonpolarizing (Th0) and polarizing (Th1/
Th17) conditions with or without the presence of Compound 21 (10 μM)
in vitro. Flow cytometric analyses were performed to detect the effects
of Compound 21 on the proliferation, apoptosis and differentiation of
Th1/Th17 cells. No differences in apoptosis (Fig. 4A–D) and prolifer-
ation (Fig. 4I–K) were shown between the CD4+ T cells in the Com-
pound 21 group and those of the vehicle group, suggesting these fac-
tors are not affected by Compound 21. However, the differentiation
of Th1/Th17 cells was significantly influenced by Compound 21. The
percentage of IFN-γ-positive (Th1) T cells elevated from 9.12% in the
Th0 condition to 11.57% in the Th1-ploarizing condition (P < 0.05);
however, Compound 21 (10 μM) treatment reduced the percentage of
Th1 cells to 8.07% (P < 0.01) (Fig. 4E–F). In the Th17-polarizing
condition, Compound 21 treatment reduced the frequency of Th17

cells from 15.23% to 12.10% (P < 0.05), which was still higher than
that in the Th0 condition (Fig. 4G–H). These results suggested that
Compound 21 directly inhibits Th1 differentiation and influences Th17
differentiation. Therefore, the suppressive effects of Compound 21 on
Th1/Th17 cell population and infiltration were partially mediated by its
direct influence on the differentiation of Th1/Th17 cells rather than pro-
liferation or apoptosis.

3.5. Compound 21 treatment inhibits proinflammatory microglial cells to
suppress Th1/Th17 cell differentiation and stabilization

Of the glial cells in the CNS, proinflammatory microglial cells are
believed to play a key role in EAE development [38]. Many cytokines
generated by proinflammatory microglial cells, including IL-12, IFN-γ,
and TNF-α, could induce naïve CD4+ T cells to differentiate into Th1
cells. Several other proinflammatory molecules such as TGF-β, IL-6,
IL-1β, and IL-23 are involved in Th17 cell differentiation [38]. Some
of these cytokines are also responsible for maintaining the stabiliza-
tion of infiltrated Th1/Th17 cells [39]. Once the levels of these cy-
tokines are reduced, the differentiation and stabilization of infiltrated
Th1/Th17 cells in the CNS would be disturbed. Therefore, we hy-
pothesized that inhibiting microglial cells from producing proinflam-
matory cytokines in the CNS was involved in the suppressive effect
of Compound 21 on infiltrated Th1/Th17 cells. To verify the hypothe-
sis, naïve CD4+ T cells were co-cultured with BV2 cells, a mouse mi-
croglial cell line. In brief, BV2 cells were pretreated with Compound
21 (10 μM) or the vehicle, then stimulated by LPS to mimic the induc-
tion of proinflammatory microglial cells. Next, we added naïve CD4+

T cells to the BV2 cells with different treatments and co-cultured for
72 h. Finally, CD4+ T cells were analyzed using flow cytometry. The re

Fig. 4. Compound 21 treatment inhibited Th1/Th17 cell differentiation in vitro. (A) Flow cytometric analysis of CD4+ T-cell apoptosis in different polarizing conditions. The percentages
of annexin-V+PI- cells regarded as apoptotic cells in (B) nonpolarizing, (C) Th1-polarizing, and (D) Th17-polarizing conditions. Flow cytometric analysis of (E and F) Th1 (IFN-γ+ CD4+)
cells and (G and H) Th17 (IL-17+ CD4+) cells in different polarizing conditions in vitro. (I) Cell proliferation of CD4+ T cells in Th1 and Th17 polarizing conditions by CFSE staining.
Statistical analysis of proliferation rates in (J) Th1 and (K) Th17 polarizing conditions. Values are presented as the mean ± SD; n = 5 per group for cell apoptosis and cell proliferation
analysis; n = 3 per group for CD4+ T-cell differentiation analysis. #P < 0.05, ###P < 0.001 versus nonpolarizing cells; *P < 0.05, **P < 0.01 versus polarizing cells.
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sults showed that Compound 21 significantly reduced the percentages
of Th1 cells (from 18.97% to 9.16%; P < 0.001) (Fig. 5A and B) and
Th17 cells (from 8.40% to 5.47%; P < 0.05) (Fig. 5A–C), indicating
that suppressing proinflammatory microglial cells are involved in in-
hibiting Th1/Th17 cell differentiation in the CNS.

To further determine whether the suppressive effects of Compound
21 treatment in the co-culture system were mediated by influencing the
levels of cytokines produced by proinflammatory microglial cells, we
tested the expression of these related cytokines both in vivo and in vitro
using qPCR. In both the spinal cord and brain, Il12a levels were ele-
vated in EAE rats (P < 0.05) and reduced after treatment with Com-
pound 21 (P < 0.05) (Fig. 5D). Similarly, Compound 21 treatment sig-
nificantly suppressed Il23 levels in the spinal cord (P < 0.001) and the
brain (P < 0.01) of EAE rats (Fig. 5E). IL-23 was reported to be impor-
tant for Th17 stabilization in the CNS, so we speculated that Compound
21 treatment might inhibit proinflammatory microglial cells from pro-
ducing IL-23 to interfere with Th17 cell stabilization. The striking alter-
ation of Il1b levels in the spinal cord of EAE rats (P < 0.001) indicates
that IL-1β may play a critical role in the development of EAE (Fig. 5F).
In addition, Compound 21 illustrated inhibitory effects on the produc-
tion of these cytokines comparable to FTY720.

For the cytokine detection in vitro, we directly pretreated BV2 cells
with the vehicle or Compound 21 (10 μM). Then, the cells were stim-
ulated by LPS to detect the levels of proinflammatory cytokines using
qPCR. Consistent with the results in vivo, Th1-related cytokines includ-
ing Il12a (P < 0.01), Ifng (P < 0.01), and Tnf (P < 0.001) decreased
remarkably after treatment with Compound 21 in vitro (Fig. 5G–I). As
shown in Fig. 5J–L, Th17-related cytokines such as Il6, Il23, and Tgfb1
were also downregulated after Compound 21 treatment (P < 0.01). All
the evidence suggested that Compound 21 treatment directly inhibits
proinflammatory microglial cells from producing cytokines responsible
for Th1/Th17 cell differentiation and stabilization. These effects con-
tribute to reducing the infiltrated Th1/Th17 cells in the CNS.

3.6. Compound 21 treatment suppressed proinflammatory microglial cells by
switching M1/M2 polarization both in vivo and in vitro

Scientists have reported that resident microglia could be activated
into two phenotypes: proinflammatory M1 or alternative M2. Microglial
cells of the M1 phenotype were found to be involved in the develop-
ment of EAE, and a switch from M1 to the M2 phenotypes was shown
to alleviate the disease [40]. To further investigate whether Compound
21 treatment inhibited proinflammatory microglial cells from generating
cytokines essential for Th1/Th17 cell differentiation and stabilization
via modulating M1/M2 polarization, we assessed the microglial pheno-
types among different groups both in vivo and in vitro using immunoflu-
orescence, flow cytometry, and qPCR. The corpus callosum region was
immunostained with CD86 as the M1 marker, CD206 as the M2 marker,
and Iba-1 as the marker of total microglia. The EAE group exhibited
a higher number of cells co-expressing CD86 and Iba-1 (M1 microglia)
than the Control group (P < 0.001). After the administration of Com-
pound 21, the numbers of double positive cells decreased (P < 0.001)
(Fig. 6A–D). Meanwhile, the EAE group had fewer cells co-expressing
CD206 and Iba-1 (M2 microglia) than the Control group (P < 0.01). Af-
ter Compound 21 administration, the percentage of M2 microglial cells
significantly increased (P < 0.001) (Fig. 6E–H), indicating Compound
21 suppresses M1 microglial cells and converts them into the M2 pheno-
type.

An in vitro experiment was also conducted. IL-4, a classic inducer
of M2 microglial cells, was used to stimulate BV2 cells into the M2
phenotype [41,42]. As shown in the flow cytometry results, a higher
expression of CD86 and a lower expression

of CD206 were witnessed in LPS-induced BV2 cells, indicating LPS trig-
gers M1 activation. Compound 21 treatment decreased CD86 expression
and increased CD206 expression similar to IL-4 administration, suggest-
ing that Compound 21 administration converts BV2 cells from the M1
phenotype to the M2 phenotype (Fig. 7A–D). Consistent with the results
from flow cytometry, the increase in M2 markers (Cd206, Arg1, and Il10)
and the decrease in M1 markers (Cd86 and Nos2) in BV2 cells treated
with Compound 21 were confirmed by qPCR (Fig. 7E–I). These in vivo
and in vitro results suggest that Compound 21 treatment can convert mi-
croglial cells from the M1 phenotype to the M2 phenotype, contributing
to the inhibition of cytokine generation essential for Th1/Th17 cell dif-
ferentiation and stabilization in the CNS.

4. Discussion

Compound 21 is a phloroglucinol derivative with anti-inflamma-
tory properties, as confirmed both in vivo and in vitro by our previ-
ous studies [30,31]. The hit compound of phloroglucinol derivatives,
3-methyl-1-(2,4,6-trihydroxyphenyl) butan-1-one, was isolated from Ly-
sidice rhodostegia roots. We performed structural modification and op-
timization to improve its stability and enhance its pharmacological ef-
fects. Altogether, 43 compounds including Compound 21 were derived.
Then, these derivatives were screened by anti-inflammatory activity ex-
periments, and four top compounds were chosen for further pharmaco-
kinetic properties and safety evaluation. Compound 21 exhibited potent
anti-neuroinflammatory effects, good blood–brain barrier penetration,
and desirable safety margins, suggesting that this compound would be a
potential candidate in neuroinflammatory diseases such as MS. Further
mechanistic studies revealed this neuroinflammation inhibition may be
related to the Src/PTEN/Akt and Kalirin signaling pathways. However,
it has yet to be determined whether Compound 21 interacts with a spe-
cific receptor or inespecific diffusion. A preliminary study in our labora-
tory showed that Compound 21 alleviated demyelination in an CPZ-in-
toxicated mouse model [32].

The current study demonstrated for the first time that Compound 21
treatment effectively alleviates the clinical signs and pathological fea-
tures of EAE rats. Further studies suggest that Compound 21 treatment
reduces the population of Th1/Th17 cells and inhibits their infiltration
to alleviate demyelination in EAE rats. These effects partially resulted
from the direct inhibition of Th1/Th17 cell differentiation by Compound
21 treatment. In addition, Compound 21 reduced the neuroinflamma-
tory cytokines produced by proinflammatory microglia via switching
M1/M2 polarization. In this way, Compound 21 affected the infiltrated
Th1/Th17 cell differentiation and stabilization in the CNS.

The EAE rat model immunized with MBP is an animal model widely
used to mimic the initiation and development of MS. Similar to MS, ac-
tive EAE is characterized by acute T-cell inflammation and minimal pri-
mary demyelination [43]. After immunization, antigen-presenting cells
recognize the injected antigens and interact with T cells in the spleen or
lymph nodes, triggering the activation of pathogenic Th1 and Th17 cells.
These pathogenic T cells infiltrate across the blood–brain barrier and
promote inflammation and demyelination locally in the CNS [44]. The
present study successfully established the EAE rat model to further esti-
mate the effect of Compound 21 on MS and investigate the underlying
mechanisms. FTY720, which exerts its effect via modulating sphingo-
sine-1-phosphate (S1P)-receptor (S1PR), is the first oral agent approved
by FDA for MS treatment [45]. Extensive experiments revealed that the
immunosuppressive effects of FTY720 was mediated by its critical ef-
fects on T and B cell trafficking via impairment of S1PR1-associated re-
circulation, leading to significantly decreased lymphocyte in the blood
and accumulation of lymphocyte in lymphoid tissues [46–48]. Here in
the current study, we applied FTY720 as the positive control agent.
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Fig. 5.

Our findings demonstrated that the Compound 21 group rats had re-
markably lower EAE incidence, maximum clinical score, and mean clini-
cal score than the EAE group rats. Besides neurological deficits, the EAE
group rats exhibited more severe symptoms during the experiment, in-
cluding visible lethargy, worse appetites, nasal and orbital hemorrhage,
and incontinence, supporting that Compound 21 effectively attenuates
EAE. Using H&E staining, we found that Compound 21 administration
effectively inhibits the infiltration of immune cells in the CNS of EAE
rats. In addition, EAE rats treated with Compound 21 had reduced de-
myelination, as revealed by LFB staining and IHC analysis. By contrast,
FTY720 showed no significant difference in protecting demyelination,
which is consistent with other studies [49,50]. Therefore, our study
showed that Compound 21 treatment is protective against EAE in rats,
and the pathological results suggest that inhibiting infiltrated immune
cells contributes to this effect.

Of all the infiltrated immune cells in the CNS, Th1 and Th17 cells
have been shown to be critical in the pathogenesis of MS7. In pa-
tients with MS, Th1 and Th17 cells, as well as the cytokines produced
by them, are elevated [26,37,51]. Both the activation of Th1/Th17
cells and their subsequent infiltration into the CNS are pivotal proce-
dures in the onset and development of MS [26,52–54]. To further ex-
plore the underlying mechanisms of Compound 21, we detected Th1/
Th17 cells in EAE rats using qPCR, flow cytometry, and IHC analysis.
In agreement with previous findings, our findings revealed a remark-
able increase in Th1/Th17 cell numbers in both the periphery and the
CNS of EAE rats. Consistent with attenuating the clinical symptoms of
EAE rats, Compound 21 treatment effectively reduced the population of
Th1/Th17 cells and inhibited their infiltration into the CNS. Moreover,
ELISA results further confirmed the compound’s suppression of the Th1/
Th17 cell population. Meanwhile, Compound 21 demonstrated compa-
rable effects on Th1 and Th17 cell infiltration to the positive control
agent FTY720. To further determine if Compound 21 had direct effects
on CD4+ T cells, proliferation, apoptosis, and differentiation assays in
vitro were conducted. The results showed that Compound 21 can in-
hibit Th1 differentiation under polarizing conditions. After being treated
with Compound 21, Th0 cells still differentiated into Th17 cells, but the
process was not as efficient as in the absence of Compound 21. All these
findings suggest that Compound 21 treatment partially suppresses the
population and infiltration of Th1/Th17 cells by directly inhibiting Th1/
Th17 cell differentiation without any effects on proliferation or apopto-
sis.

Besides these effects, Compound 21 treatment may also inhibit Th1/
Th17 cell infiltration by suppressing proinflammatory microglial cells in
the CNS. Some inflammatory cytokines produced by proinflammatory
microglia have shown to be significant in the activation of pathogenic
Th1/Th17 cells in the CNS [39]. IL-12, IFN-γ, and TNF-α are required
for Th1 cell differentiation. For Th17 cells, TGF-β, and IL-6 can promote
their differentiation. IL-21 is responsible for Th17 cell amplification and
IL-23 is important in stabilizing activated Th17 cells25, 27. The lack
of these cytokines may contribute to the differentiation and stabiliza-
tion of Th1/Th17 cells in the CNS. The findings of the co-culture exper-
iment with BV2 cells and naïve CD4+ T cells suggest that the inhibi-
tion of proinflammatory microglial cells is involved in suppressing infil

trated Th1/Th17 cell differentiation by Compound 21. To determine
whether Compound 21 treatment inhibited the proinflammatory activity
of microglia by reducing cytokine production, we detected the expres-
sion levels of some representative cytokines both in vivo and in vitro. The
qPCR results demonstrated that the proinflammatory cytokines includ-
ing Il12a, Il23, and Il1b declined significantly in the spinal cord and the
brain of EAE rats after Compound 21 treatment. The experiment in vitro
showed that the expression of these related cytokines were elevated in
LPS-induced microglial cells and remarkably reduced by Compound 21
treatment. These results further indicate that suppression of the proin-
flammatory microglia is an underlying mechanism of Compound 21 to
downregulate Th1/Th17 infiltration in EAE rats.

Local microglial cells can be activated into two phenotypes: the
proinflammatory M1 phenotype, which promotes EAE pathogenesis;
and the anti-inflammatory M2 phenotype, which attenuates the disease
[38,39]. In this study, we further detected the M1/M2 polarization of
microglial cells both in vivo and in vitro. The results illustrated that EAE
rats possess a high proportion of proinflammatory microglia in the CNS;
Compound 21 administration significantly suppressed the stimulation of
M1 microglial cells and increased the percentage of M2 microglial cells
both in vivo and in vitro. We suggest that the anti-inflammatory effect
of Compound 21 administration is related to the regulation of M1/M2
polarization. Collectively, Compound 21 treatment switched the polar-
ization of microglial cells to reduce the generation of inflammatory cy-
tokines, thus affecting the infiltrated Th1/Th17 cell differentiation and
stabilization in the CNS. However, further mechanisms still need to be
elucidated to determine how Compound 21 treatment regulates the ac-
tivation of microglia and which pathways are altered in the suppression
of Th1/Th17 cell differentiation.

All the protective effects of Compound 21 on EAE rats suggest its role
as a novel candidate for MS treatment. However, several potential chal-
lenges exist in developing Compound 21 for clinical use. First, it is far
from clear whether this compound exerts similar effects in humans, so
further in vivo studies and clinical trials are needed. Second, the phar-
macokinetic and pharmacodynamic features of Compound 21 in humans
may differ from those in animals and need more specific evaluation.
Lastly, although no side effects of Compound 21 have been detected in
animal models, its side effects should be carefully evaluated for clini-
cal use. Because Compound 21 exerts inhibitory effects on inflammation
and immune response, possible effects related to immune suppression
should be carefully examined.

5. Conclusions

Taken together, we report for the first time that the novel phloroglu-
cinol derivative Compound 21 can attenuate neurological deficits and
demyelination in the EAE rat model by decreasing the population and
infiltration of Th1/Th17 cells. This protective effect is probably medi-
ated by directly suppressing Th1/Th17 cell differentiation and inhibiting
the activation of proinflammatory microglial cells in the CNS. The cur-
rent investigation provides evidence that Compound 21 may be a novel
candidate for MS treatment.
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Compound 21 treatment inhibited proinflammatory microglial cells to suppress Th1/Th17 cell differentiation and stabilization. (A) Flow cytometric analysis of Th1 (IFN-γ+ CD4+) cells
and Th17 (IL-17+ CD4+) cells co-cultured with BV2 cells in vitro. Statistical analysis of percentages of (B) Th1 (IFN-γ+ CD4+) cells and (C) Th17 (IL-17+ CD4+) cells co-cultured with
BV2 cells treated with vehicle or Compound 21. mRNA expression of cytokines in the spinal cord and brain of EAE rats: (D) Il12a expression, (E) Il23 expression, and (F) Il1b expression.
mRNA expression of cytokines in BV2 cells: (G) Il12a expression, (H) Ifng expression, (I)Tnf expression, (J) Il6 expression, (K) Il23 expression, and (L) Tgfb1 expression. All the brain and
spinal cord tissues were collected on day 16 post-immunization. LPS, lipopolysaccharides. Values are shown as the mean ± SD; n = 3 per group. #P < 0.05, ##P < 0.01, ###P < 0.001
versus the Control group. *P < 0.05, **P < 0.01, ***P < 0.001 versus the EAE group or LPS group.
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Fig. 6. Compound 21 treatment reduced M1 phenotype of microglial cells and increased M2 phenotype of microglial cells in vivo. (A) Representative captures of immunofluorescence in
the corpus callosum region of nuclei (DAPI, blue), total microglial cells (Iba-1, red), and M1 phenotype microglial cells (CD86, green). (B) The numbers of Iba-1+/CD86+ cells. (C) The
numbers of Iba-1+ cells. (D) The numbers of CD86+ cells. (E) Representative captures of immunofluorescence in the corpus callosum region of nuclei (DAPI, blue), total microglial cells
(Iba-1, red) and M2 phenotype microglial cells (CD206, green). (F) The numbers of Iba-1+/CD206+ cells, (G) Iba-1+ cells, and (H) CD206+ cells. All the brain tissues were collected on
day 16 post-immunization. Values are presented as the mean ± SD; n = 3 per group (3 sections per rat). ###P < 0.001 versus the Control group; ***P < 0.001 versus the EAE group.
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Fig. 7. Compound 21 treatment switched M1/M2 phenotypes of microglial cells in vitro. (A) Flow cytometric analysis of the M1 marker (CD86) and M2 marker (CD206) of BV2 cells. (B)
Mean intensities of CD86 detected by flow cytometry. (C) Mean intensities of CD206 detected by flow cytometry. (D) Representative images of BV2 cells stained by CD86 and CD206.
mRNA expression levels in BV2 cells: (E) Nos2 expression, (F) Cd86 expression, (G) Arg1 expression, (H) Cd206 expression, and (I) Il10 expression. LPS, lipopolysaccharides. Values are
shown as the mean ± SD; n = 5 per group for flow cytometry; n = 3 for qPCR. ##P < 0.01, ###P < 0.001 versus control cells; *P < 0.05, **P < 0.01, ***P < 0.001 versus LPS cells.
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