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Abstract

Objective and design Multiple sclerosis (MS) is a debilitating autoimmune disease involving immune dysregulation of the
pathogenic T helper 17 (Th17) versus protective T regulatory (Treg) cell subsets, besides other cellular aberrations. Studies
on the mechanisms underlying these changes have unraveled the involvement of mitogen-activated protein kinase (MAPK)
pathway in the disease process. We describe here a gene expression- and bioinformatics-based study showing that celastrol,
a natural triterpenoid, acting via MAPK pathway regulates the downstream genes encoding serum/glucocorticoid regulated
kinase 1 (SGK1), which plays a vital role in Th17/Treg differentiation, and brain-derived neurotrophic factor (BDNF), which
is a neurotrophic factor, thereby offering protection against experimental autoimmune encephalomyelitis (EAE) in mice.
Methods We first tested the gene expression profile of splenocytes of EAE mice in response to the disease-related antigen,
myelin oligodendrocyte glycoprotein (MOG), and then examined the effect of celastrol on that profile.

Results Interestingly, celastrol reversed the expression of many MOG-induced genes involved in inflammation and immune
pathology. The MAPK pathway involving p38MAPK and ERK was identified as one of the mediators of celastrol action. It
involved suppression of SGK1 but upregulation of BDNF, which then contributed to protection against EAE.

Conclusion Our results not only provide novel insights into disease pathogenesis, but also offer promising therapeutic targets
for MS.
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Introduction

Multiple sclerosis (MS) is a chronic debilitating autoim-
mune disease involving inflammation and damage of the
central nervous system (CNS) [1-4]. MS affects about
400,000 people in the U.S. alone and over 2 million people
globally [2, 3]. Typically, MS affects people between the
ages of 20 and 50 years, and women are affected more than
men. The breakdown of immune tolerance to the antigenic
components of the myelin sheath leads to the induction
of a pathogenic T helper 17 (Th17) response as well as
suppression of the T regulatory (Treg) response, which is
required for the maintenance of tolerance to self-antigens
and inhibition of excessive immune response. This results
in an imbalance of Th17 and Treg cells [5—8]. In addition,
B cells, CD8+ T cells, macrophages, and microglia also
play an important role in the immune pathology of this
disease [4].

The activation of T cells under a defined cytokine
milieu results in the differentiation into the Th17 or Treg
phenotype [9, 10]. Furthermore, significant advances have
been made over the past decade in defining the pathogenic
effector functions of Th17 cells and the immunoregula-
tory functions of Treg cells [11-14]. These advances have
set the stage for developing novel therapeutic approaches
that target specific mediators of Th17/Treg balance and
help reset this balance to reinforce immune homeostasis
as well as control the progression of autoimmunity [8,
15-17]. One of the cellular signaling pathway influencing
Th17 differentiation is the p38 mitogen-activated protein
kinase (p38 MAPK) pathway, which in turn targets serum/
glucocorticoid regulated kinase 1 (SGK1) [18, 19]. Using
complementary approaches, different investigators have
unraveled the role of p38 MAPK in the pathogenesis of
MS [8, 18-21] and its animal model, experimental autoim-
mune encephalomyelitis (EAE) [19, 22-25]. In addition,
this pathway has also been invoked in oxidative stress [26,
27].

Therefore, it is anticipated that small molecules with
anti-oxidant activity might also be of use in the treatment
of MS/EAE. We previously identified celastrol, a small
molecule compound derived from a Chinese medicinal
herb, Celastrus aculeatus, as a potent immunomodulatory
agent for rat adjuvant arthritis, a model for human rheu-
matoid arthritis (RA) [28-31]. Specifically, we showed
that celastrol modulated the antigen-mediated cellular and
humoral responses, including the Th17/Treg balance in
arthritic rats. Subsequently, celastrol was shown by other
investigators to inhibit EAE [32-34]. Two of these studies
that were performed in the myelin-basic protein (MBP)-
induced EAE in SD rats [32, 34] revealed the role of
immune deviation from Th1 to Th2, of reduced expression
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of NF-kB and nitrite levels [32], and of anti-inflammatory
and anti-apoptotic effects [34] in the protective effect of
celastrol treatment. The third study based on the myelin
oligodendrocyte glycoprotein (MOG)-induced EAE in
C57BL/6 mice showed that celastrol inhibited the Th17
response [33]. These studies have laid the foundation for
more detailed examination of the molecular basis of the
regulation of the Th17/Treg balance as well as neuropro-
tection offered by celastrol in EAE, which remain to be
fully explored.

In this study, using the MOG-induced EAE model, we
first performed a comprehensive gene expression analysis
of 77 genes of immune cells (splenocytes) of the diseased
mice to gain an insight into the mediators/pathways that are
most affected by the disease process. Then we examined the
effect of celastrol on that gene expression profile. Thereafter,
we selected 20 genes for further analysis by ingenuity path-
way analysis (IPA) in an attempt to identify their upstream
regulators. These analyses revealed that celastrol modulated
the MAPK (p38, ERK)-SGK1 pathway as well as induced
the expression of brain-derived neurotrophic factor (BDNF),
and suggested the role of SGK1 in regulating the Th17/Treg
balance and that of T cell-derived BDNF as a neurotrophic
factor, leading to inhibition of the progression of EAE. To
the best of our knowledge, this is the first report to inter-
connect the key components (MAPK, SGK1, BDNF, and
the Th17/Treg balance) that both play a vital role in EAE
pathogenesis as well as serve as targets of celastrol action,
leading to protection against EAE.

Materials and methods

Induction and evaluation of experimental
autoimmune encephalomyelitis (EAE)

All animal experiments performed in this study were done
according to the guidelines of the Institutional Animal Care
and Use Committee (IACUC) of UMB. EAE was induced
in 8 weeks old, male C57BL/6 mice as described elsewhere
[35]. Briefly, mice were immunized subcutaneously with
MOG35-55 peptide (150 pg) in complete Freund’s adju-
vant (CFA) followed by concomitant intraperitoneal (i.p.)
administration of pertussis toxin (200 ng) on day 0 and
day 2. Following immunization, these mice were observed
regularly for at least 25 days. The signs of EAE typically
developed on about day 10 after immunization. The sever-
ity of EAE was graded on a scale of 0-5 as described [36] :
(1 =partial or total flaccid paralysis of the tail; 2=hind limb
weakness/disrupted righting reflex; 3 =flaccid paralysis in
one hind limb; 4 =flaccid paralysis in both hind limbs; and
5 =moribund/dead.)
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Treatment of EAE mice with celastrol

A stock solution of celastrol was prepared in dimethyl sul-
foxide (DMSO; Sigma) at a concentration of 10 mg/300 ul
and stored at — 20 °C in small aliquots. The experimental
group of EAE mice received celastrol (20 pug per mouse)
diluted in 200 pl of PBS, which was injected i.p. every
2 days starting from the onset of the disease and continued
uninterrupted until the end of the observation period. The
control group of EAE mice received equal amount of the
vehicle (DMSO in PBS). All these mice were then observed
and graded regularly for the signs of EAE. The clinical
scores of EAE were recorded, and the representative spinal
cords were processed for histological evaluation following
staining with hematoxylin and eosin.

Preparation of splenocytes and their re-stimulation
with MOG in the presence or absence of celastrol

EAE mice were euthanized between day 15 and 20 after
MOG-immunization, which correspond to day 5-10 of
onset of disease, and their spleens were harvested. A single
cell suspension of splenocytes was prepared. These cells
were treated with ammonium chloride potassium (ACK)
buffer to remove red blood cells followed by three washings
with Hanks’ balanced salt solution (HBSS). These spleno-
cytes in culture were then restimulated with MOG peptide
(MOG35-55) (25 pg/ml) in the presence or absence of cel-
astrol (100 nM) [31] for different time points, specifically
3 h, 6 h, 12 h and 24 h. This concentration of celastrol is not
toxic for cells. The culture conditions consisted of 6x 10°
cells/well in a 6-well culture plate in Dulbecco’s modified
eagle medium (DMEM) containing 10% fetal bovine serum
(FBS) supplemented with 2 mM L-glutamine, 100 units/ml
penicillin G sodium, and 100 pg/ml of streptomycin sulfate
in an atmosphere of 95% air and 5% CO,. Cells cultured
without the addition of MOG or celastrol were referred to
as ‘Medium control’.

Measurement of mRNA expression using qRT-PCR

Total RNA was isolated from splenocytes cultured as
described above and then cDNA was prepared from RNA
using iScript cDNA synthesis kit. The resulting cDNA was
amplified in an Applied Biosystems StepOne instrument
using SYBR Green PCR Master Mix and appropriate prim-
ers. The sequences of the forward and reverse primers for the
detection of mRNAs were selected from the Primer Depot
[National Institutes of Health (NIH)] and the correspond-
ing primers were then obtained from Sigma-Aldrich. The
mRNA levels of specific genes were normalized to glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) or hypox-
anthine—guanine phosphoribosyltransferase (HPRT) mRNA

levels, and the relative gene expression levels were deter-
mined. The results were expressed either as ‘Fold change’
or ‘Relative message’. The optimal time point of expression
of individual genes was used for further characterization.

T cell isolation and T helper cell differentiation

Using magnetic-activated cell sorting (MACS), naive
CD4+T cells and natural Treg (nTreg) were isolated from
the splenocytes of 5-6-week-old C57BL/6 mice employ-
ing ‘Naive CD4+T cell isolation kit’ and ‘nTreg isolation
kit’ (both from Miltenyi Biotech), respectively. For the T
cell differentiation assay, 96-well plates were pre-coated
with anti-CD3 antibodies (2.5 pg/ml). For Th17 cell dif-
ferentiation, 1 10° naive T cells per well were cultured for
4 days in DMEM-containing soluble anti-CD28 (2.5 ug/
ml), TGFB1 (2.5 ng/ml), IL-6 (25 ng/ml), IL-1p (10 ng/
ml), IL-23 (50 ng/ml), anti-IFNy (1 pg/ml), anti-IL-4 (1 pg/
ml), and 10% FBS in the presence of absence of celastrol
(100 nM). For Treg differentiation, 1x 10° naive T cells per
well were cultured for 4 days in DMEM-containing solu-
ble anti-CD28 (2.5 pg/ml), TGFB1 (2.5 ng/ml), anti-IL-6
(1 pg/ml), anti-IFNy (1 pg/ml), anti-IL-4 (1 ug/ml), and 10%
FBS in the presence of absence of celastrol (100 nM). For
nTreg stimulation, 1x 10° cells per well were cultured for
48 h in DMEM-containing soluble anti-CD28 (2.5 ug/ml),
IL-2 (20 ng/ml) and 10% FBS. Naive T cells cultured in the
presence of anti-CD3 and anti-CD28 served as ThO controls.
The mRNA expression in these T cells was determined as
described above for splenocytes.

Flow cytometry analysis of the T cells

The T cells were treated for 10 min with 10% normal mouse
serum to block non-specific Fc-binding sites. Thereafter, the
cells were surface-stained with anti-mouse CD3-FITC and
anti-mouse CD4-APC. Following that, the cells were fixed
and permeabilized using the BD fixation/permeabilization
kit and stained with anti-mouse RORYyt-PerCP eFluor 710
and/or anti-mouse FOXP3-eFlour 450. For IL-17 expres-
sion analysis, cells were stimulated for 4-5 h with 50 ng/
mL phorbol myristate acetate (PMA) and 2 pM ionomycin
in the presence of Brefeldin A. This was followed by surface
staining and intracellular staining, the latter with anti-mouse
IL-17A-eFluor 450. Flow cytometric data were acquired on
LSRII (BD Bioscience) with gating set on unstained/isotype
controls, and data analysis was performed with FCS Express
6 software.

Ingenuity pathway analysis (IPA)

Information about 20 genes (including 15 downregulated
and 5 upregulated), whose expression was altered by
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celastrol in response to MOG re-stimulation, was uploaded
onto the Ingenuity Pathway Analysis (IPA) software (Qia-
gen, Inc.). A ‘Core functional analysis’ was performed to
predict the effects of these genes on ‘Diseases and biological
functions’ and ‘Canonical pathways’. Also identified were
the upstream regulators that are most significantly associ-
ated with the regulation of these genes based on Ingenuity
Knowledge Base in the IPA. ‘Fisher’s exact test” was used to
calculate the p value and presented as the negative logarithm
of the p value (—log (p value)) for the association between
the genes and the ‘Disease and function’/‘Canonical path-
way’. The predicted activation state (activated or inhibited)
of the canonical pathways or upstream regulators was deter-
mined by a ‘z score’ algorithm; it compared the gene expres-
sion dataset with the expected canonical pathway patterns
or the upstream regulators (http://ingenuity.force.com/ipa).
For canonical pathways, the ratio was determined by the
number of genes in the uploaded dataset that mapped to the
pathway divided by the total number of genes that mapped
to the canonical pathway. A mechanistic network, indicat-
ing the relationships between the genes in the dataset with
upstream regulator (p38 MAPK) as well as a network of the
celastrol-regulated genes associated with EAE pathology,
were also constructed by IPA.

SGK1 enzyme inhibition assay

This assay was performed using SGK1 kinase assay kit (Pro-
mega). Briefly, the enzyme (SGK1) was incubated with the
substrate [Adenosine triphosphate (ATP)] along with either
celastrol (test product) or Staurosporine (a known inhibitor
of SGK1) in the kinase buffer. Following incubation, the
adenosine diphosphate (ADP) formed by the enzyme activity
was determined by adding ADP-Glo™ reagent and kinase
detection reagent, followed by recording of luminescence.

Statistical analysis

The difference in gene expression comparing diseased
(EAE) and celastrol-treated EAE mice for a given gene was
assessed by Student’s ‘¢’ test and p values below 0.05 were
considered to be statistically significant. In regard to the dis-
ease scores, Wilcoxon rank sum test was performed and p
value of less than 0.05 was considered significant.
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Results

Celastrol suppresses EAE in mice and regulates
antigen (MOG)-induced gene expression in immune
cells (splenocytes)

EAE was induced in C57BL/6 mice by immunization with
MOG. Beginning from the onset of the disease, the experi-
mental group of EAE mice was treated with celastrol intra-
peritoneal (i.p.) on alternate days and then continued for
25 days. The control EAE mice received the vehicle i.p.
The celastrol-treated mice showed significant reduction in
the clinical scores of EAE compared with the control group
(Fig. 1a). The suppression of EAE by celastrol was further
validated by histological examination of the spinal cord
using hematoxylin and eosin staining. The mononuclear cell
infiltration into the spinal cord of celastrol-treated mice was
markedly decreased in contrast to the control mice (Fig. 1b).

We then examined the relative gene expression in spleno-
cytes of untreated EAE mice and also assessed the effect of
celastrol on 77 genes that are involved in the pathogenesis
of EAE (Fig. lc—g, Suppl. Figure 1). These genes included
those encoding cytokines, chemokines, cytokine/chemokine
receptors, transcription factors and other mediators of
inflammation. As expected, exposure to MOG upregulated
the expression of genes for most of the pro-inflammatory
mediators of EAE, but downregulated the expression of
some of the anti-inflammatory mediators. Noticeably, cel-
astrol largely reversed the MOG-induced gene expression
(Fig. 1c—g). Significant inhibition of the expression of pro-
inflammatory cytokines (e.g., TNFa, IFNy, IL-1f and IL-
17A), pro-inflammatory chemokines or their receptors (e.g.,
CCL2 and CCRY), T cell-related transcription factors (e.g.,
RUNXT1) and other inflammatory mediators (e.g., SGK1
and NOS2) was observed in cells treated with MOG in the
presence of celastrol versus MOG alone. On the contrary,
some of the other mediators (e.g., IL6ST and CCR3) showed
significant increase in expression. Further, we observed a
good trend towards the inhibition of TGFp, IL-12p, IL-12a,
CCLI1, CXCL9 and TBX21, but upregulation of IL-11,
HEYL and BDNF following celastrol treatment, although
these changes were not statistically significant. However,
in regard to BDNF, subsequent qRT-PCR testing confirmed
its significant upregulation following celastrol treatment, as
described below.

IPA analysis reveals critical disease-related
pathways and upstream regulator of genes

‘Core analysis’ of the ingenuity pathway analysis (IPA)
was performed on the top 20 celastrol-regulated genes,
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Fig. 1 Celastrol suppresses EAE and regulates antigen-induced gene
expression in splenocytes. a The clinical scores of EAE mice treated
with celastrol or the vehicle on alternate days starting from the day
of onset of the disease are shown. The graph represents mean+SEM
(n=5-6 mice per group). (*p<0.05 by Wilcoxon rank sum test). b
H&E-stained spinal cord sections of representative mice from celas-
trol-treated and control group on day 25 after MOG-immunization

which were selected on the basis of the results described
above (Fig. 1c—g), to determine the major ‘Diseases and
function’ (Fig. 2) and ‘Canonical pathways’ (Fig. 3)
affected by celastrol, as well as the upstream regulators
of the celastrol-modulated gene expression (Table 1 and
Fig. S2). Interestingly, ‘Cell-mediated immune response’
was the top ‘Diseases and function’ associated with cel-
astrol-regulated genes, whereas, ‘T helper cell differen-
tiation’ was the top canonical pathway affected by cel-
astrol. Among these pathways, the high mobility group
box 1 (HMGB1) signaling pathway is predicted to be sig-
nificantly inhibited (with a negative z score), whereas the
Th2 pathway is predicted to be activated (with a positive
z score) (the assessment of ‘z score’ is described under
“Ingenuity pathway analysis (IPA)”). Also, the neuroin-
flammation signaling pathway is predicted to be inhibited.

In regard to the upstream regulators of celastrol-mod-
ulated genes, a subset of transcription factors and kinases
that have a significant p value, a reported activation z score,
and a predicted activation status of the upstream regulator is

MOG with celastrol/MOG alone
(fold change)

MOG with celastrol/MOG alone
(fold change)

are shown. The arrows indicate the site of mononuclear cell infiltra-
tion. c—g qRT-PCR analysis of mRNA expression in splenocytes from
EAE mice. The optimal difference in mRNA expression in cells after
re-stimulation with MOG35-55 in the presence of celastrol versus
MOG35-55 alone is presented as a ratio. Graphs show a representa-
tive profile of gene expression

shown in Table 1. Of the top 10 upstream regulators identi-
fied, p38 MAPK matched the directional relationship with
13 of 20 target genes, with 65% match. Likewise, IKBKB
(inhibitor of nuclear factor kappa-B kinase subunit beta)
matched 9 target genes (45% match) and RELA (nuclear fac-
tor NF-kappa-B P65) matched 8 targets genes (40% match).
The remaining upstream regulators had a directional match
of less than 8 target genes (less than 40% match). Based on
this analysis, p38 MAPK was the optimal choice for further
analysis. Therefore, we then examined in more detail the
network of p38 MAPK upstream regulator, which included
13 direction-matched target genes and 3 target genes with no
specified direction (RUNX1, CXCL9 and CCRS5) together
with other participating molecules (Fig. S2). Interestingly,
RELA and IKBKB [as part of nuclear factor kappa B subunit
1(NFKB1)] mentioned above are associated with the p38
MAPK network. Furthermore, ERK is also involved in the
regulation of some of the genes shown to be regulated by
p38 MAPK but it is shown below p38MAPK in IPA, indi-
cating a more predominant role of p38 MAPK in regulating
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Fig.2 ‘Diseases and biological
functions’ identified using inge-
nuity pathway analysis (IPA) of
celastrol-regulated genes. Top
15 ‘Disease and function’ of
the 20 genes, whose expression
is altered by celastrol treat-
ment as identified by the IPA.
‘Threshold levels’ are based on
significance (p <0.05)

Diseases and Function

Cellular Movement

Immune Cell Trafficking
Tissue Development
Immune Response

Tissue Morphology
Connective Tissue Disorders

Inflammatory Disease

Organismal Injury and Abnormalities

Skeletal and Muscular Disorders

Cell-To-Cell Signaling and Interaction

Gastrointestainal Disease

Lymphoid Tissue Structure and Development

Organismal Survival

various genes examined. Taken together, our results suggest
that p38 MAPK is one of the key upstream regulators of
celastrol-regulated genes.

We generated another network using ‘Molecular activ-
ity prediction’ tool on IPA involving 20 celastrol-regulated
genes and the 3 upstream regulators to visualize the effect of
those molecules on the pathology of EAE (Fig. S3). Interest-
ingly, celastrol-induced gene regulation together with pre-
dicted inhibition of their upstream regulators was found to
be associated with the suppression of EAE.

Celastrol inhibits SGK1 expression but induces BDNF
expression in T cells under Th17-differentiating
conditions

As shown in Figs. 2 and 3, ‘Cell-mediated immune
response’ and ‘T helper cell differentiation” were the top
‘Diseases and function’ and canonical pathway, respec-
tively, affected by celastrol. As in some other autoimmune
conditions, the Th17/Treg balance is a critical regulator
of EAE. Therefore, we tested the expression of two of the
celastrol-modulated genes, SGK1 and BDNF, in Th17 and
natural Treg (nTreg) cells (Fig. 4a). SGK1 is a recently
identified regulator of Th17/Treg balance [37], whereas
BDNF is known to regulate neuronal development and
function [38, 39]. Our pilot IPA analysis showed that
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BDNF is a stabilizer of FOXP3 expression, implying the
role of BDNF in Treg function. Interestingly, these two
genes (SGK1 and BDNF) were found to be differentially
expressed in Th17 and nTreg cells (Fig. 4a). The expres-
sion of SGK1 was significantly increased in Th17, but
decreased in nTreg compared to ThO cells. In contrast, the
expression of BDNF was significantly decreased in Th17,
but increased in nTreg.

We also compared the expression of SGK1 and BDNF
in the T cells cultured under Thl7-differentiation condi-
tions in the absence or presence of celastrol (Fig. 4b).
Interestingly, celastrol significantly inhibited SGK1, but
induced BDNF in these cells. Furthermore, the pattern
of expression of these two genes matched the results of
celastrol-modulated gene expression shown in Fig. 1.

Finally, we tested the effect of celastrol on Th17 dif-
ferentiation and induction of Treg in vitro. We observed
that celastrol inhibited Th17, but facilitated Treg differ-
entiation (Fig. 4c). Our results suggest that in Th17 cells,
celastrol treatment inhibited RORyt, but did not have
much effect on FOXP3. However, in Treg cells, celastrol
markedly increased FOXP3 expression. On the basis of
our other results (Fig. 4a, b), we suggest that the effect of
celastrol on the differentiation of Th17 and Treg is medi-
ated in part via the inhibition of SKG1. This suggestion
was further examined as described below.
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Fig.3 ‘Canonical pathways’ identified using Ingenuity Pathway
Analysis (IPA) of celastrol-regulated genes. Top 15 ‘Canonical
pathways’ of the 20 genes, whose expression is altered by celastrol
treatment as identified by the IPA. ‘Threshold levels’ are based on
significance (p <0.05). A negative z score indicates that the pathway

Celastrol regulates expression of SGK1 and BDNF
in T cells via MAPK (p38, ERK) pathway

We described above results indicating that p38 MAPK and
ERK serve as mediators of celastrol action (Table 1 and
Fig. S2). Furthermore, p38 MAPK and ERK are upstreams
of the two genes (SGK1 and BDNF) mentioned above.
Accordingly, we hypothesized that celastrol might regulates
SGK1 and BDNF via inhibiting p38 MAPK. To directly
examine this proposition, we determined the expression
of SGK1 and BDNF in the T cells in response to celastrol
(test compound), using SB203580, a known p38 MAPK
inhibitor as a positive control (Fig. 5). The T cells activated
with anti-CD3/anti-CD28 in the presence of IL-6 showed
an increase of SGK1, but reduction of BDNF expression
(Fig. 5a). Interestingly, this pattern of expression of SGK1
and BNDF was reversed in the presence of either celastrol or
p38 MAPK inhibitor (Fig. 5a). Importantly, the overall effect
of celastrol was comparable to that of p38 MAPK inhibitor,

positive z-score [l
z-score =0

negative z-score [
no activity pattern available
ratio

is inhibited, whereas a positive z score indicates that the pathway is
activated. Gray bars represent ‘no activity pattern available’. The ratio
(orange dots connected by an orange line) indicates the ratio of genes
from the dataset that map to the pathway divided by the total number
of genes that map to the same pathway

although the latter was slightly more effective than celas-
trol under the test conditions. These results suggest that the
expression of SGK1 and BDNF is controlled by p38 MAPK.
Furthermore, we tested whether celastrol can directly inhibit
the enzyme activity of SGK1. Also tested in parallel was
staurosporine, a known SGKI inhibitor. Our results (Fig. 5b)
showed that celastrol did not inhibit the activity of SGK1
enzyme, whereas staurosporine was quite effective in inhib-
iting SGK1 activity. Taken together, these results show that
celastrol regulates SGK1 indirectly via MAPK pathway.

Discussion

Several studies, including ours have reported diverse tar-
gets of celastrol, including NFkB, certain cell signaling
molecules, and anti-oxidant and anti-inflammatory media-
tors [32-34, 40-46], which in turn contribute to protec-
tion against EAE. However, the search continues for newer
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Table 1 IPA prediction of downstream genes that are altered by inhibition of specific upstream regulators
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Upstream regulator

No.

Upregulated

Inhibited

matched/20

(%)

zZ score

Name

—2.668
—2.741
-2.796
—2.511
-2.575
—2.542
—2.441
—2.423
—2.391
—2.427

P38 MAPK

IKBKB
RELA

13 (65)
9 (45)
8 (40)
7(35)
7(35)
7(35)
6 (30)
6 (30)
6 (30)
5(25)

BDNF IL11

IL17A

TBX21 SGK1

TGFB1
TGFB1
TGFB1

CCL2 ILI12A

IFNG
IFNG
IFNG
IFNG
IFNG
IFNG
IFNG

NOS2

CXCLI9

SGK1

CCL2

NOS2

IL12A
IL12A
IL12A

CCL2

NOS2

MAPK9
TLR

CCL2

NOS2

CCL2

NOS2

MAPKS
IRF8

TBX21

CCL2

NOS2

IL12A

NOS2

PKC(s)
GSK3B
STAT4

CCRS

TGFB1

IFNG CCL2
IFNG

NOS2

D D S D D D (D D

CXCL9 CCR5

TBX21

TNF

targets of celastrol and to further understand its mechanism
of action in EAE and other autoimmune diseases. In this
context, using the EAE model, we examined the antigen
(MOG)-induced gene expression profile in splenocytes of
the diseased mice, and also evaluated the changes induced
by celastrol. As expected, several pro-inflammatory media-
tors were induced, along with induction of a few anti-inflam-
matory mediators, albeit to a lesser extent, in splenocytes
of the diseased mice. This latter effect might represent the
host immune system’s effort to combat the pro-inflammatory
response induced by MOG. Importantly, celastrol reversed
the expression of many genes that were upregulated by
MOG, but it also induced the expression of certain other
genes. These changes in gene expression highlight the
potential mediators and pathways that are influenced by
celastrol. This is further elaborated by our extensive bio-
informatics analyses described above. The present study
is the first comprehensive testing of 77 genes, providing a
broader landscape of molecular changes occurring during
EAE development. The ‘Upstream regulator’ analysis of
celastrol-modulated genes suggested p38 MAPK and ERK
as targets of celastrol. Furthermore, IPA analysis suggested
a prominent effect of celastrol on ‘Cell-mediated immune
response’ and ‘T helper cell differentiation’, which then
directed us to examine the Th17/Treg differentiation in
more detail. A couple of earlier reports showing the inhibi-
tory activity of celastrol against p38 MAPK [47, 48] sup-
port our results on celastrol targets, although EAE was not
tested in those two studies. Furthermore, the significance of
p38MAPK in EAE is demonstrated by a few studies men-
tioned above, but celastrol was not tested in those studies.
For example, in a study using genetically manipulated mice,
it was shown that regulation of the p38 MAPK pathway in
CD4 T cells alone was sufficient to modulate EAE sever-
ity [25]. Furthermore, p38 MAPK inhibition was shown to
suppress the expression of IL-17 in CD4 T cells. Another
study examined the relationship between p38 activity and
IL-17 mRNA expression, showing that p38 positively regu-
lated the transcription of the IL17 gene, and that an orally
administered p38a inhibitor reduced the severity of EAE
[24]. Our results are also supported by another study show-
ing the inhibitory effect of celastrol against EAE [33]. We
further provide here a mechanism of inhibition of Th17
via MAPK-SGKI1 axis. Recently, SGK1 is reported to be a
critical regulator for the reciprocal control of RORyt+Th17
cell and FOXP3+ Treg cells [19, 37, 49, 50]. The inhibition
of SGK1 was shown to suppress Th17, but facilitate Treg
differentiation [37]. Interestingly, our IPA-based analysis
also revealed that SGK1 expression is controlled by p38
MAPK. Previous studies have suggested the p38 MAPK-
mediated regulation of SGK1 [51-53], although celastrol
was not tested in those studies. Therefore, we hypothesized
that celastrol-regulated Th17/Treg through inhibition of the
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Fig.4 Celastrol regulates the expression of SGK1 and BDNF in T
cells. a RNA isolated from Th17 cells, natural Treg (nTreg), as well
as ThO cells was analyzed by qRT-PCR for mRNA expression. b
Naive T cells were cultured under Thl7-differentiation conditions
for 4 days in the presence or absence of celastrol. The expression of
SGK1, BDNF, and IL-17 mRNA was measured using qRT-PCR. ¢

p38 MAPK-SGKI1 axis. This conclusion is supported by
our results showing that SGK1 is highly expressed in Th17
cells, but its expression is inhibited following treatment with
celastrol. The inhibition of p38 MAPK directly by celastrol
is reported by few other investigators [47, 48] but those stud-
ies were not based on EAE. Furthermore, the activation of
SGKI1 by cytokines such as IL-23 [50] provides another link
with Th17 response, and we suggest that celastrol might
mediate its effect in part via inhibiting pro-inflammatory
cytokines. Taken together, our results suggest that the activa-
tion of the p38 MAPK-SGK1 axis can dysregulate the Th17/
Treg balance in favor of Th17, and thereby, inhibition of
this axis can reset this T subset balance, leading to the con-
trol of EAE. Furthermore, p38-MAPK-SGKI1 axis has been
implicated in oxidative stress [26]. Celastrol is known to
have anti-oxidant activity [40, 41, 45], and thereby, the p38-
MAPK-SGKI1 pathway can contribute to the EAE-protective
effect of celastrol in two ways, via anti-oxidant effect and
restoring the Th17/Treg balance. Another notable target of
p38 MAPK revealed in our IPA analysis was BDNF, whose
expression was enhanced. This was in contrast to the effect
of p38 MAPK on SGK1, whose expression was inhibited.

Th17/Treg differentiation was performed in the presence or absence
of celastrol and then the cells analyzed for various cellular markers
(RORyt, FOXP3, or CD25) by flow cytometry. Bar graphs represent
the relative levels of RORyt and FOXP3 in cells under the indicated
culture conditions

The role of BDNF as a neurotrophic factor is well known
[54, 55]. In addition, it has been shown that BDNF also can
be expressed in the T cells, and that the T cells infiltrat-
ing the demyelinating lesions in MS patients secrete BDNF
locally [54-56]. This local BDNF secretion is believed to
contribute to the recovery process following neuroinflam-
mation in the course of MS. Whether BDNF has any direct
effect on the programming of T cell differentiation into Th17
and Treg remains to be examined. Our results of T cell sub-
set analysis show that nTreg express much higher levels of
BDNEF than Th17 cells. In addition, celastrol enhances the
expression of BDNF in T cells under Th17-differentiating
conditions. Interestingly, Fingolimod, a drug used for the
treatment of MS, has also been shown to increases BDNF
expression [57]. Thus, new drugs or natural products that
enhance BDNF expression can be further examined for the
treatment of MS. In this study, we focused our attention on
Th17 and Treg cells. However, it is well known that Thl
cells are also critical in EAE pathogenesis [58, 59]. In fact,
our data show marked downregulation of IFN-y and Tbx21
(Fig. 1). While IFN-y itself may not be necessary for EAE,
T-bet and IFN-y-expressing Th1 cells are pathogenic in EAE
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Fig.5 Celastrol regulates SGK1 and BDNF via p38 MAPK. a Naive
T cells were stimulated with anti-CD3 and anti-CD28 combination in
the presence of IL-6 and/or indicated concentration of celastrol (test
compound) or SB203580 (a known p38 MAPK inhibitor; positive
control). RNA isolated from these cells was analyzed by qRT-PCR
for mRNA expression. b SGK1 inhibition assay involving pre-incuba-
tion of SGK1 and celastrol/staurosporine followed by incubation with
an enzyme substrate. The enzyme activity was determined by meas-
uring luminescence intensity

and many other autoimmune diseases. Further, as mentioned
above, p38 signaling in DCs and macrophages is also critical
for EAE. Therefore, celastrol’s effect on suppressing EAE
not only involves Th17 cells, but also Th1, DCs, and mac-
rophages. Finally, the IPA analysis also suggested an asso-
ciation between certain intermediate mediators including
members of the NF-kB complex and ERK 1/2 in the regula-
tion of celastrol-modulated genes. In this regard, celastrol
has previously shown by others [32, 60] and us [28, 31] in
different experimental systems to inhibit NF-kB and ERK
1/2. Based on these observations, we suggest that celastrol
might also modulate the expression of some of the genes
tested in this study by inhibiting one or both of these two
mediators besides inhibiting p38 MAPK. Furthermore, our
bioinformatics analysis showed celastrol targeting both p38
MAPK and ERK, which are components of MAPK path-
way, with a predominant role of p38 MAPK in hierarchy.
Our study on celastrol has further expanded the mechanistic
aspects of modulation of EAE by traditional Chinese medi-
cine, as also exemplified by comprehensive recent studies
using the testing of Pien Tze Huang (PZH) [61] and Astra-
galoside IV from Astragalus membranaceus [62] in the EAE
model. In summary, our results highlight novel pathways
targeted by celastrol in mediating its protective effect against

@ Springer

EAE. These involve MAPK (p38 MAPK, ERK), SGK1, and
BDNF. These results have advanced our understanding of
the disease process as well as offered novel therapeutic tar-
gets for MS.

Conclusion

Our previous studies [28, 29, 31] and those by other inves-
tigators [32, 33] have revealed the immunomodulatory
activity of celastrol in animal models of RA and MS. This
disease-suppressing activity of celastrol is partly attributed
to the regulation of the Th17/Treg balance [28]. However,
the mechanisms by which celastrol alters Th17/Treg balance
are not yet fully defined. The results of this study based on
the EAE model suggest that celastrol’s effects are mediated
via MAPK and SGKI1 to reset the Th17/Treg balance, and to
enhance BDNF production in T cells, leading to protection
against EAE.
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