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A B S T R A C T

Multiple sclerosis is a T cell-mediated inflammatory, demyelinating disease of the central nervous system, ac-
companied by neuronal degeneration. Based on the anti-inflammatory effects of Ginkgolide K (GK), a platelet
activating factor antagonist, we explored the possible application of GK in the treatment of MS. The results
showed that GK effectively ameliorated the severity of experimental autoimmune encephalomyelitis. The in-
tervention of GK inhibited the infiltration of inflammatory cells and demyelination in the spinal cord. At the
same time, the expression of the inflammation-related molecules TLR4, NF-κB, and COX2 in the spinal cord was
significantly lower in the GK-treated mice, indicating that GK intervention can inhibit the inflammatory mi-
croenvironment of the spinal cord in EAE mice. In mouse spleen lymphocytes, GK increased the proportion of
regulatory T cells (Treg) and reduced the proportion of T helper 17 cells (Th17), modifying the imbalance
between Th17/Treg cells. Additionally, GK shifted macrophage/microglia polarization from M1 to M2 cell type.
Importantly, GK inhibited the expression of chemotactic molecules CCL-2, CCL-3 and CCL-5, thereby limiting the
migration of inflammatory cells to the spinal cord. Our results provide the possibility that GK may be a promising
naturally small molecule compound for the future treatment of MS.

1. Introduction

Multiple sclerosis (MS) is a T cell-mediated, chronic progressive
inflammatory disease of the central nervous system (CNS) that attacks
the myelin sheath and the myelinated axons, resulting in physical dis-
ability [1]. Because the cause of MS is not fully understood, the ex-
ploration of treatment is still challenging. As is known, the immune
system begins to perceive myelin as an invader (antigen) and to gen-
erate reactive T cells, resulting in the demyelination in the CNS of MS
patients. Thus, the current treatment for MS with immunomodulatory
drugs mainly includes interferon beta (IFN-β), glatiramer acetate, na-
talizumab, ritiximab, fingolimod, teriflunomide, and dimethyl fuma-
rate, which are effective as the subcutaneous injection and oral medi-
cation used for RRMS for over decades. Besides injection site reaction,
IFN-β is only valid in 30–50% of MS patients, and after prolonged use of
IFN-β, some patients exhibited reduced responses to IFN-β due to the
production of IFN-β-neutralizing antibodies [2]. Natalizumab can de-
crease disease activity and prevent disability progression in patients

with relapsing-remitting MS (RRMS), but the treatment is associated
with an increased risk of fatal progressive multifocal leukoencephalo-
pathy [3,4]. Fingolimod decreases Th17 cells in the peripheral blood
and inhibits lymphocyte egress from the lymph node, thus decreasing
the reactive lymphocytes invading the CNS [5]. Teriflunomide leads to
a cytostatic effect on proliferating T and B lymphocytes by disrupting
DNA synthesis [5]. Dimethyl fumarate decreases the Th1/Th17 T cells
and increases Th2 T cells [5]. In the clinical trials, most common ad-
verse effects of these immunomodulatory drugs include headache, liver
enzyme abnormalities, viral infections, diarrhea, alopecia, nausea,
cough, vomiting, pruritus and papular eruption [5]. In addition, their
long term safety data should be continued to be monitored in the future.
So far, although a variety of FDA-approved drugs are available for MS,
we are still far from curing MS.

Ginkgo biloba, extracted from Ginkgo biloba, has broad spectrum
pharmacological properties, including neuroprotection, anticancer, car-
diac protection and stress relief, as well as against ischemic stroke,
Alzheimer's disease [6,7] and psychiatric disorders [8]. Ginkgolide B (GB)
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is the primary active monomer of ginkgolide that inhibits the activity of
platelet-activating factor (PAF) by binding to PAF receptors on the platelet
membrane [9]. GB exhibits protective effects on myocardial ischemia/
reperfusion dysfunction [10], cerebral ischemic injury and neurological
deficits in middle cerebral artery occlusion (MCAO) in rats [11]. GB also
protects human umbilical vein endothelial cells [12] and inhibits Signal
transducer and activator of transcription 1 (STAT1) expression to relieve
spinal cord injury efficiently [13]. GB treatment significantly reduced in-
tracranial pressure and decreased the percentage of lactic acid/pyruvate in
patients with nontraumatic severe acute hemorrhagic stroke [14]. Thus,
GB seems to enhance tissue protection in several diseases through different
mechanisms. However, GB treatment does not affect the development of
experimental autoimmune encephalomyelitis (EAE), a model of MS, de-
spite having a protective effect for postsynaptic density protein 95
(PSD95)-positive synapse in the hippocampi of mice [15]. Also, an open-
labeled pilot study of MS also showed that GB was not an effective
treatment for acute exacerbation of MS [16].

Ginkgolide K (GK, Fig. 1A) is a novel naturally small molecule

compound isolated from Ginkgo biloba [17], and also acts as a PAF
antagonist, attracting much attention in recent years due to its potential
neuroprotection in several in vitro and in vivo models. In the MCAO
model, the pretreatment with GK diminished the infarction volume and
brain water content, and improved neurological deficit score [18]. GK
pretreatment promoted astrocyte proliferation and migration after
oxygen-glucose deprivation (OGD) via inducing protective autophagy,
indicating that GK might be a potential agent for cerebral ischemia/
reperfusion injury [19]. GK also exhibited neuroprotection against
PC12 and A53T cells through the degradation of unfolded protein [20].
It has been reported that GK confers neuroprotection against glutamate
cytotoxicity and oxidative stress in PC12 cells [21,22]. GK also pro-
tected the heart against endoplasmic reticulum stress injury by acti-
vating the inositol-requiring enzyme 1alpha/X box-binding protein-1
pathway [23]. Although GK has shown neuroprotective effects in sev-
eral models, its precise targets are still unclear. Up to now, there has
been no study about the effect of GK in MS or EAE.

Although disease-modifying therapies commonly used in MS are
effective and relatively safe, current treatment options are associated
with various limitations including widespread and severe adverse ef-
fects. Recently, herbal therapies represent a promising therapeutic ap-
proach for MS [24]. Therefore, it is still necessary to find new im-
munomodulatory drugs from natural plants in the treatment of MS. In
this study, we tried to observe the therapeutic potential of GK in EAE
and explored its possible cellular and molecular mechanisms, especially
as a peripheral immunomodulatory.

2. Material and methods

2.1. Animals

Female C57/B6 mice (8–10weeks old) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All
mice were housed under pathogen-free conditions and received food
and water ad libitum. They were kept under a reversed 12:12 h light/
dark cycle in a temperature-controlled room (25 ± 2 °C) for one week
before the experimental manipulation. The study was approved by the
Ethics Committee of Fudan University (Approval No. 20171542A493),
and the experiments were performed according to the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health
of the United States.

2.2. EAE induction and treatment

Myelin oligodendrocyte glycoprotein peptide 35–55 (MOG 35–55)
was obtained from CL. Bio-Scientific Company (Xian, China). EAE was
induced by subcutaneous immunization (4 loci/100 μL/mouse) in the
flanks with 250 μg of MOG35–55 incomplete Freund's adjuvant (CFA,
Sigma, USA) (including 350 μg/mouse of M. tuberculosis H37Ra, BD
Difco, USA). The mice were intraperitoneally (i.p.) injected with 300 ng
of pertussis toxin (List Biological Laboratories Inc., USA) at the same
time of immunization and 48 h after immunization. According to the
literature from other research groups, mice were i.p. injected with GK
(7.5mg/kg) or vehicle (35% PEG400+5% ethanol+60% saline) from
day 3 post-immunization (p.i.) to day 27 p.i. into 150 μg/mouse/day
[18,23,25]. The clinical scores were evaluated according to the fol-
lowing criteria: 0, no signs of disease; 1, loss of tone in the tail; 2, ataxia
or paresis of hind limbs; 3, paralysis of hind limbs or paresis of fore-
limbs; 4, tetraplegia; and 5, moribund or dead. Two investigators were
blinded to the treatments during the experiment.

2.3. Flow cytometry analysis

On day 28 p.i., the spleen was obtained under aseptic conditions,
and splenic mononuclear cells (MNCs) were isolated. The MNCs were
stimulated for 5 h with 2 μl/ml Leukocyte Activation Cocktail with BD
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Fig. 1. GK ameliorated the severity of EAE. Mice were immunized with
MOG35–55 and received with GK by i.p. injection from day 3 to 28 p.i. (A) The
chemical substructure of GK. (B) EAE clinical course of a representative experi-
ment (dots represent the mean clinical scores, error bars are SD, n=10 mice/
group, two pooled independent experiments; p < 0.0001 by two-way ANOVA).
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GolgiPlug™ (BD Biosciences, San Diego, CA, USA). Then, MNCs were
stained in 1% BSA-PBS buffer or 0.3% saponin/1% BSA-PBS buffer for
30min at room temperature (RT), with the following fluorescent-la-
beled antibodies: FITC-anti-CD4 and PE-anti-CD25; FITC-anti-CD4 and
PE-anti-IFN-γ; FITC-anti-CD4 and PE-anti-IL-17; as well as FITC-anti-
CD11b and PE-anti-CD16/32; FITC-anti-CD11b and PE-anti-CD206;
FITC-anti-CD11b and PE-anti-IL-10; FITC-anti-CD11b and PE-anti-IL-
12; PE-Mouse IgG2a Isotype Control and FITC-Mouse IgG2a Isotype
Control (BD Biosciences, San Diego, CA, USA). Data were acquired on a
FACSCalibur flow cytometer (BD Biosciences, San Diego, CA, USA) or
an Attune™ NxT flow cytometer (Thermo Fisher Scientific, Waltham,
MA, USA). We first established FSC and SSC to exclude most of the dead
cells, then used homotypic control to determine the location of negative
cells, and finally analyzed the proportion of double positive cells. The
raw data were analyzed using BD CellQuest (BD Biosciences, San Diego,
CA, USA) or FlowjoX10 (FlowJo, LLC, Ashland, Oregon, USA).

2.4. Histology and immunohistochemistry

Mice were anesthetized and perfused with saline and 4% paraf-
ormaldehyde on day 28 p.i. The lumbar enlargement of the spinal cord
was frozen in liquid nitrogen. Cryostat sections were cut at 10 μm, and
hematoxylin and eosin (H&E) and Luxol fast blue staining were de-
tected for histology. The slices were treated with 1% BSA to block
nonspecific sites and were permeabilized with 0.1% Triton X-100 in
PBS for 30min. These slices were then incubated overnight at 4 °C with
anti-IBA1 (1:1000, Millipore, USA). As a negative control, additional
sections were treated similarly, but the primary antibodies were
omitted. Then, sections were incubated with Alexa Fluor 488 secondary
antibody (1:1000, Invitrogen, USA). All the slices were examined by
using a fluorescence light microscope (Olympus BX60, PA, USA).

2.5. Western blot analysis

Tissues from spinal cords or Splenic MNCs were homogenized on ice
with T-Per tissue protein extraction (Thermo Scientific, USA) containing
Halt Phosphatase Inhibitor Cocktail (1:100, Thermo Scientific, USA) and
Halt Protease Inhibitor Cocktail (1:100, Thermo Scientific, USA). Protein
concentrations were determined by a Pierce BCA Protein Assay Kit
(Thermo Scientific, USA). Protein extracts (20 μg) were separated by
SDS-PAGE and transferred onto nitrocellulose blotting membranes (GE
Healthcare Life Science, Germany). We pooled four animals in each
group together for western blot, and the data obtained were expressed by
mean ± SEM. All experiments were repeated three times. Then, the
membranes were incubated with primary antibodies, including anti-p-
NF-κB/p65, anti-TLR4, anti-Arginase-1, anti-IBA1 (1:1000, Abcam, USA),

anti-COX2 (1:1000, BD Bioscience, USA), anti-GAPDH (1:500, Cell
Signaling, USA), and anti-iNOS (1:500, BD Biosciences, San Diego, CA,
USA) for 16 h at 4 °C. Bands were visualized by HRP-conjugated sec-
ondary antibodies and chemiluminescence (ECL) kit under the ChemiDoc
XRS+ system (Bio-Rad Laboratories, USA). The band intensity was
measured and normalized to loading control. The expression of the target
protein was presented as the fold changes relative to the vehicle.

2.6. Quantitative PCR (qPCR)

Splenic MNCs were lysed in RNAiso Plus (Takara Bio, USA), and total
RNA was isolated by phenol-chloroform extraction. The total RNA yield
and concentration were measured by using Synergy™ H1 (BioTek
Instruments, USA). cDNA was then generated using the Prime Script™ RT
Master Mix (Takara Bio, USA), according to the manufacturer's instruc-
tion. Quantitative real-time PCR was performed by using SYBR® Premix
Ex Taq™ (Takara, China) on the Cobas z 480 real-time PCR instrument
(Roche Diagnostics, USA). The primers used in this study are as follows:

Cycle conditions were 95 °C for 30 s, followed by 40 cycles of 95 °C
for 5 s and 60 °C for 30 s, and the melt curve was 95–65-95 °C (20 °C/s-
20 °C/s-0.1 °C/s). Changes in mRNA levels were quantified using the
2−ΔΔCT method using Actin mRNA as a control.

2.7. Enzyme-linked immunosorbent assay (ELISA)

According to the process mentioned above (Western blot analysis), the
extract of splenic MNCs was carried out. Then, the levels of IL-1β, IL-6,
TNF-α, INF-γ, IL-4, and IL-10 in the extract of splenic MNCs were mea-
sured by ELISA kits (eBioscience, USA) following the manufacturer's in-
structions. A standard curve was run for each microwell plate. According
to the standard curve, the concentration of cytokine was determined.

2.8. CFSE proliferation assay

On day 9 p.i., the splenic MNCs were isolated and resuspended in
prewarmed PBS with 0.1% BSA at a final concentration of 1×106cells/
ml and were labeled with 5 nM carboxyfluorescein succinimidyl ester
(CFSE; Molecular Probes™, Thermo Fisher Scientific, Waltham, MA,
USA) for 5min at 37 °C, 5% CO2. Then, an equal amount of FBS
quenched the reaction. The cells were washed and plated in 96-well
round-bottom plates at a concentration of 2×105 cells/well. The CFSE-
labeled cells were then incubated in the presence of MOG35–55 (10 μg/
ml) for 3 days and analyzed for proliferation index by using an Attune™
NxT flow cytometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.9. Transwell assay

On day 9 p.i., splenic MNCs were obtained and cultured in the

Forward primer Reverse primer

Actin GAGACCTCAACACCCCAG CATCACAATGCCTGTGGTAC
Tbet CCATTCCTGTCCTTCACCGT CCTGTAATGCTTGTGGGCT
Foxp3 GTCTGGAATGGGTGTCCAGG AGCGTGGGAAGGTGCAGAG
Rorc AGCTGCGACTGGAGGACCTT CCCGTGAAAAGAGGTTGGTG
Ccl2 GAGTAGGCTGGAGAGCTACAAGAG AGGTAGTGGATGCATTAGCTTCAG
Ccl5 GAGGATTCCTGCAGAGGATCAAGACAG TCCAAAGAGTTGATGTACTCCCGAACC
Ccl3 CAATTCATCGTTGACTATT CAGTGATGTATTCTTGGA
Cxcl10 TCCTTGTCCTCCCTAGCTCA ATAACCCCTTGGGAAGATGG
Cd86 CCTGGTCATTAGAGACCTGAGG TGCTGCCATAACTTACGGTAGA
Fcgr3 TTTGGACACCCAGATGTTTCAG GTCTTCCTTGAGCACCTGGATC
Nos2 CCCTTCAATGGTTGGTACATGG ACATTGATCTCCGTGACAGCC
Il1b TACATCAGCACCTCACAAGCA CCAGCCCATACTTTAGGAAGA
Tgfb1 AGGACCTGGGTTGGAAGTGG AGTTGGCATGGTAGCCCTTG
Mrc1 CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCAGCTTC
Il10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
Retnla CCCTTCTCATCTGCATCTC CAGTAGCAGTCATCCCAGCA
Il4 ACTCTAGTGTTCTCATGGAGCTGC AAAGCATGGTGGCTCAGTACTACG
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presence of GK (10 μg/ml and 50 μg/ml) and MOG35-55 (10 μg/ml).
After 48 h, splenic MNCs were centrifuged. Then the resuspension of the
cells (1× 105/50 μl) was added on top of the transwell membrane in
the upper chamber, and 200 μl of complete cell culture was added to the
lower chamber. After 24 h, migrated cells in the bottom well were
counted under a microscope (Olympus BX60, PA, USA).

2.10. Statistical analysis

Raw data were analyzed by Prism version 7.0 (GraphPad Software,
USA). Unpaired two-tailed Student's t-tests or a one-way ANOVA followed
by Tukey's multiple comparisons test were used to assess the statistical
significance. The severity scores of EAE were analyzed by two-way analysis
of variance (ANOVA). Statistical significance is reported as not significant
(n.s.), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results

3.1. GK ameliorated the severity of EAE

Clinical scores and pathological changes are critical indicators of
treatment effectiveness in EAE. In this study, GK significantly lowered
the EAE clinical scores and reduced the severity of the disease (Fig. 1B,
p < 0.0001). Consistent with the severity of the clinical score, the H&E

and Luxol fast blue staining of the spinal cord showed that GK reduced
inflammatory infiltration and demyelination in the spinal cord of mice
compared with control mice (Fig. 2A and B, p < 0.01 and p < 0.001,
respectively).

3.2. GK improved the inflammatory microenvironment in the spinal cord of
EAE mice

Compared with the EAE control mice, the administration of GK
significantly decreased the expression of inflammatory molecules toll-
like receptor 4 (TLR-4), cyclooxygenase-2 (COX-2), and phosphorylated
nuclear factor kappa-light-chain-enhancer of activated B cells/p65
subunit (p-NF-κB/p65) in the spinal cord (Fig. 3A, p < 0.05 and
p < 0.0001, respectively). This finding indicated that the administra-
tion of GK inhibited the development of inflammation in the spinal cord
of EAE mice.

Ionized calcium-binding adapter molecule 1 (IBA-1) appears to be an
excellent marker for detecting microglial activation that was upregulated
in activated microglia under immune responses in the CNS [26,27]. By
both immunohistochemistry and western blot, we also found that GK
clearly prevented the upregulation of Iba-1 in the spinal cord compared
with EAE control mice (Fig. 3B p < 0.01). These data suggested that
microglia are activated in EAE mice, but GK intervention significantly
prevented the activation of microglia in the spinal cord of EAE mice.
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Fig. 2. GK inhibited the infiltration of inflammatory cells and demyelination in the spinal cord of EAE mice. Mice were immunized with MOG35–55 and received with
GK by i.p. injection from day 3 to 28 p.i. On day 28 p.i., mice were euthanized, and the spinal cord was collected for histological analysis. To evaluate infiltration in
the spinal cord, 10 μm frozen spinal cord sections were stained with hematoxylin and eosin: inflammatory cells(arrow) (A). The numbers of infiltrating cells were
counted in ImageJ. To visualize demyelination, 10 μm frozen spinal cord sections were stained with Luxol fast blue (B). The percentage of demyelination (de-
myelination area in total white matter) was quantified using thresholding in ImageJ. Results are shown as mean ± SEM, n=4, and differences were analyzed using
Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. GK modified peripheral T cell subsets

The results from the spinal cord showed that there were almost no
infiltrating cells in the spinal cord of EAE mice that were treated with
GK, compared with EAE control mice. This finding suggested that GK
intervention prevented the generation of the inflammatory micro-
environment in the spinal cord, possibly through direct peripheral im-
mune regulation. We analyzed lymphocyte subsets of splenic MNCs on
day 28 p.i by flow cytometry, qPCR, and ELISA. The results showed that
the proportion of CD4+CD25high T cells in GK-treated mice was sig-
nificantly higher than that in the EAE control mice (Fig. 4A,
p < 0.001). The levels of interleukin 4 (IL-4) and interleukin 10 (IL-10)

in the extracts of splenic MNCs were also elevated in GK-treated mice
compared with those in the EAE control mice (Fig. 4B, p < 0.05 and
p=0.056, respectively). In contrast, the administration of GK reduced
the percentage of CD4+IFN-γ+ and CD4+IL-17+ T cell subgroups
compared with the EAE control mice (Fig. 4A, p < 0.01 and
p < 0.001, respectively). The concentration of interleukin 17 (IL-17)
in the extracts of splenic MNCs was also reduced in GK-treated mice by
ELISA (Fig. 4B, p < 0.01).

Forkhead box P3 (Foxp3) is not only a marker for regulatory T cells
(Tregs) but also is critically required for their suppressive capacity
[28,29]. Retinoid-related orphan receptor r-c (RORC), the primary
transcription factor that controls T helper cells 17 (Th17) cell

Fig. 3. GK inhibited the inflammatory molecules in the spinal cord of EAE mice. Mice were immunized with MOG35–55 and received with GK by i.p. Injection from
day 3 to 28 p.i. On day 28 p.i., spinal cords were obtained, and the expression of TLR-4, COX-2 and p-NF-κB/p65 (A), the expression of IBA-1 (B) were measured by
western blot or immunohistochemistry. Results are shown as mean ± SEM, n=4, and differences were analyzed using Student's t-test. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

W.-B. Yu, et al. International Immunopharmacology 70 (2019) 284–294

288



differentiation, cooperates with other transcription factors to induce IL-
17 expression [30]. As expected, the administration of GK upregulated
the levels of Foxp3 mRNA and downregulated the levels of Rorc mRNA
in the splenic MNCs (Fig. 4C, p < 0.0001 and p < 0.001 respectively),
which was consistent with the results of the T cell subsets from flow
cytometry. These results demonstrated that GK inhibited inflammatory
T helper cells 1 (Th1) and Th17 subsets and upregulated Tregs and T
helper cells 2 (Th2) T cell subsets, modifying the imbalance of Th1/
Th17 and Th2/Tregs that occurs in EAE.

3.4. GK shifted the polarization of M1 to M2 macrophages

A large number of studies demonstrated that TLR4, NF-kB, and COX-
2 are essential signal transduction elements for M1 microglial polariza-
tion, contributing to the generation of an inflammatory

microenvironment and the development of EAE. Inducible NO synthase
(iNOS) and arginase-1 (Arg-1) are two the most specific markers for M1
and M2 microglia/macrophage. We detected the expression of iNOS and
Arg-1 in the spinal cord by western blot. Compared to the control of EAE
mice, GK downregulated the expression of iNOS and upregulated the
expression of Arg-1 (Fig. 5A, p < 0.0001 and p < 0.05 respectively).

In the spinal cord, downregulation of iNOS and upregulation of Arg-
1 expression were observed in GK-treated mice. Next, we investigated
whether GK can influence the phenotype of peripheral macrophages by
flow cytometer. The results showed that the expression of CD206 and
IL-10 (well-known M2 macrophage markers) was significantly in-
creased in splenic CD11b+ macrophages of EAE mice treated with GK
(Fig. 5B p < 0.01, respectively). However, the treatment of GK did not
influence the percentage of CD16/32+CD11b+ or IL-12+CD11b+ cells
(well-known M1 macrophage markers) compared with that in EAE
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and received with GK by i.p. injection from day
3 to 28 p.i. On day 28 p.i., spleens were ob-
tained, the expression of arginase and iNOS (A)
were measured by western blot. The percen-
tages of CD11b+CD16/32+, CD11b+CD206+,
CD11b+IL-12+ and CD11b+IL-10+ cells were
detected by flow cytometry (B). The expression
of M1 Cxcl10, Cd86, Fcgr3, Nos2, Il1b mRNA
and M2 Tgfb1, Mrc1, Ccl2, Il10, Retnla, Il4
mRNA was measured by qPCR (C). Results are
shown as mean ± SEM, n= 4, and differences
were analyzed using Student's t-test.
*p < 0.05, **p < 0.01, ****p < 0.0001.
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control mice. We further measured the expression of the M1 molecule
C-X-C motif chemokine 10 (Cxcl10), T-lymphocyte activation antigen
CD86 (Cd86), Low-affinity immunoglobulin gamma Fc region receptor
III (Fcgr3), Nitric oxide synthase, inducible (Nos2) and Interleukin-1
beta(Il1b) mRNA, as well as the expression of M2 molecule trans-
forming growth factor beta1 (Tgfb1), Macrophage mannose receptor 1
(Mrc1), C-C motif chemokine 2 (Ccl2), Interleukin-10 (Il10), rental

resistin-like alpha (Retnla) and Interleukin-4 (Il4) mRNA in splenic
MNCs by qPCR. The results showed that GK inhibited the expression of
Fcgr3, Nos2, and Il1b mRNA and induced the expression of Ccl2, Il10
and Retnla mRNA in splenic MNCs (Fig. 5C, p < 0.05 respectively).
Taken together with the data from Western blot, flow cytometry, and
qPCR, it is clear that GK shifts the polarization of M1 to M2 microglia/
macrophages in EAE mice.

Fig. 6. GK inhibited the proliferation of reactive T cells and
regulated T cell subsets in encephalomyelitic cells in vitro.
Mice were immunized with MOG35-55, and spleens were
obtained on day 9 p.i. Splenic MNCs were prepared and
treated with GK (10 μg/ml and 50 μg/ml) in the presence of
MOG (10 μg/ml) for 24 h at 37 °C. The proliferation of re-
active CD4+ T cells was detected by CFSE labeling (A). The
proportion of CD4+IFN-γ+, CD4+IL-4+ and CD4+IL-17+ T
cells, gated on CD4+ T cells, were detected by flow cyto-
metry (B). Quantitative results are mean ± SEM, n= 4,
and analyzed from three independent experiments with si-
milar results. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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3.5. GK inhibited the proliferation and migration of peripheral immune cells
in vitro

To better understand the mechanisms for GK-inhibited the infiltration
of inflammatory cells in the spinal cord of EAE mice, we further carried
out in vitro experiments with splenic MNCs on day 9 p.i., based on this
consideration that splenic MNCs at this point can induce EAE by adoptive
transfer of MOG-specific CD4+ T cells. As shown in Fig. 6A, GK (50 μg/
ml) inhibited the proliferation of reactive CD4+ T cells by CFSE staining
(Fig. 6A, p < 0.05). The results from flow cytometry showed that GK
(10 μg/ml and 50 μg/ml) increased the proportion of CD4+IFN-γ+ and
CD4+IL-4+ T cells and decreased the proportion of CD4+IL-17+ T cells
(Fig. 6B, p < 0.05, p < 0.001 and p < 0.0001, respectively).

To further study why peripheral immune cells did not migrate into the
spinal cord in GK-treated mice, we also explored the expression of CCL-2,
C-C motif chemokine 3 (CCL-3) and C-C motif chemokine 5 (CCL-5),
which affect the adhesion, chemotaxis, and migration of peripheral im-
mune cells. The treatment of GK inhibited the expression of Ccl2, Ccl3 and
Ccl5 mRNA in splenic MNCs compared with EAE control mice (Fig. 7A,
p < 0.05 and p < 0.001, respectively). As expected, the treatment with
GK reduced the migratory ability of splenic MNCs from EAE mice on day 9
p.i., (Fig. 7B p < 0.05 and p < 0.01, respectively), which may be related
to the inhibition of chemotactic factors in splenic MNCs.

4. Discussion

In this study, we firstly found that GK effectively reduced the se-
verity of EAE and demyelination of the spinal cord. GK also decreased

the infiltration of inflammatory cells and the inflammatory micro-
environment in the spinal cord. A further investigation demonstrated
that the mechanism of GK action in the treatment of EAE might include
the following: 1) GK modified the imbalance between Th1/Th17 and
Th2/Tregs; 2) GK shifted inflammatory M1 microglia/macrophages to
the M2 phenotype; and 3) GK reduced the migration of immune cells in
the spleen, possibly by inhibiting chemotactic factors of immune cells.

Considering our results in EAE, the target of GK may be the per-
ipheral immune system rather than the central immune system. By
using flow cytometry, qPCR and ELISA, we found that the proportion of
CD4+ CD25high Tregs with Foxp3 mRNA levels significantly increased,
indicating that GK may promote the differentiation of Tregs in the
splenic MNCs. Dysregulated Foxp3+ Tregs function resulted in un-
controlled immune activation and autoimmunity [31]. Because of the
maintenance of peripheral immune tolerance, Tregs are thought to play
a critical role in the treatment of MS and EAE [32–34]. Therefore, the
strategy inducing Tregs is an area of great importance for MS ther-
apeutics.

At the same time, we also found that GK significantly reduced the
proportion of CD4+IL-17+ Th17 cells with Rorc mRNA levels, trig-
gering the incidence and progression of inflammatory reactions and
autoimmune diseases, such as MS [35–38]. Therefore, the inhibition of
pathogenic Th17 cells is associated with improvement in the immune
dysregulation and may provide a rationale for targeting Th17 cells in
EAE. A Th17/Treg imbalance is associated with various autoimmune
and inflammatory diseases, including MS/EAE [39]. An approach to
suppress Th17 cell differentiation and to correct Th17/Treg imbalances
could be an effective treatment for MS/EAE.

Macrophage polarization is the process by which macrophages are
transformed into M1 (proinflammatory macrophages) or M2 (anti-in-
flammatory macrophages) under different microenvironment [40,41].
Long-term M1 macrophages are detrimental, while M2 macrophages
are responsible for tissue repair [42]. Our results showed that GK
promoted polarization of M1 macrophages toward M2 phenotype in
splenic MNCs. IL-17A neutralization alleviated inflammation and fa-
cilitated tissue repair by modulating macrophage polarization toward
the M2 phenotype [43], finding a compelling linkage between the IL-17
and M1 macrophages [44]. Additionally, GK enhanced Th2 cytokines,
such as IL-4 and IL-10, that in turn polarize the M2 phenotype [45,46].
We speculated that GK could convert the imbalance of Th17/Treg oc-
curring in EAE, which contributes to the polarization of M1 to M2.

Splenic MNCs obtained from mice of EAE on day 9 post-im-
munization can induce EAE model by passive transfer, which is con-
sidered as encephalomyelitic cells. In the spinal cord of mice treated
with GK, we hardly observed the infiltration of inflammatory cells.
Therefore, the inflammatory response in the spinal cord was low, the
damage to the tissue was small, and the symptom of EAE was mild. It is
assumed that GK may affect cell migration by inhibiting cell migration-
related molecules in encephalomyelitic cells. Our results demonstrated
that GK strongly inhibited expression of chemotactic factors, such as
CCL-2, CCL-3, and CCL-5, in encephalomyelitic immune cells, thereby
prohibiting the migration of inflammatory cells into the spinal cords of
EAE mice.

Besides, chemokines have proinflammatory abilities that induce
extravasation of leukocytes, which regulates the migration and in-
filtration of monocytes, dendritic cells and T cells [47,48], participating
in the generation and development of EAE through monocytes/mac-
rophages activation and recruitment [49]. A previous study observed a
significant increase in the amount of leukocyte rolling and adhesion on
days 7, 14 and 21 after EAE induction compared to control mice [50].
CCL-2 dramatically increased during the relapsing phase of chronic
relapsing EAE, and CCL-2 antibodies effectively mitigated the severity
of disease [51,52]. CCL-3 and CCL-5 were also efficient chemoat-
tractants for Th1 cells [53]. Similarly, the administration of anti-CCL-3
and anti-CCL-5 neutralizing antibodies resulted in almost complete
suppression of autoimmune diseases via the inhibition of leukocyte
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Fig. 7. GK inhibited the expression of chemokines and declined the migration of cells.
Mice were immunized with MOG35-55, and spleens were obtained on day 28 p.i.
Splenic MNCs were prepared, and the expression of Ccl2, Ccl3, and Ccl5 mRNA was
detected by qPCR. Results are shown as mean ± SEM of four mice (A). Mice were
immunized with MOG35-55, and spleens were obtained on day 9 p.i. Splenic MNCs
were prepared and treated with GK (10μg/ml and 50μg/ml) in the presence of MOG
(10μg/ml) for 24h at 37 °C. Themigration of cells was detected by Transwell assay(B).
Quantitative results are mean ± SEM, n=4, and analyzed from three independent
experiments with similar results. *p < 0.05, **p < 0.01, ***p < 0.001.
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adhesion to the pathological microvasculature and reduction of in-
flammatory cell recruitment [50,54]. Based on our results, GK drama-
tically inhibited the levels of Ccl2, Ccl3, and Ccl5 mRNA in en-
cephalomyelitic immune cells, partly explaining why inflammatory
cells and inflammatory microenvironment are limited in the spinal
cords of EAE mice.

5. Conclusion

GK, a naturally monomeric compound from Ginkgo biloba, effec-
tively relieved the severity of EAE, possibly through several coordina-
tion mechanisms: 1)the site of GK action may mainly be the peripheral
immunity and not in the spinal cords; 2) GK modified the imbalance
between Th17 and Treg cells; 3) GK shifted macrophage/microglia
polarization from M1 to M2 cell type; and 4) GK inhibited the expres-
sion of chemotactic molecules, thereby limiting the migration of in-
flammatory cells to the spinal cord.
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