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Current multiple sclerosis (MS) medications are mainly immuno-
modulatory, having little or no effect on neuroregeneration of
damaged central nervous system (CNS) tissue; they are thus primarily
effective at the acute stage of disease, but much less so at the chronic
stage. An MS therapy that has both immunomodulatory and neuro-
regenerative effects would be highly beneficial. Usingmultiple in vivo
and in vitro strategies, in the present study we demonstrate that
ursolic acid (UA), an antiinflammatory natural triterpenoid, also
directly promotes oligodendrocyte maturation and CNSmyelin repair.
Oral treatment with UA significantly decreased disease severity and
CNS inflammation and demyelination in experimental autoimmune
encephalomyelitis (EAE), an animal model of MS. Importantly,
remyelination and neural repair in the CNS were observed even after
UA treatment was started on day 60 post immunization when EAE
mice had full-blown demyelination and axonal damage. UA treat-
ment also enhanced remyelination in a cuprizone-induced demyelin-
ation model in vivo and brain organotypic slice cultures ex vivo and
promoted oligodendrocyte maturation in vitro, indicating a direct
myelinating capacity. Mechanistically, UA induced promyelinating
neurotrophic factor CNTF in astrocytes by peroxisome proliferator-
activated receptor γ(PPARγ)/CREB signaling, as well as by up-
regulation of myelin-related gene expression during oligodendrocyte
maturation via PPARγ activation. Together, our findings demonstrate
that UA has significant potential as an oral antiinflammatory and neural
repair agent for MS, especially at the chronic-progressive stage.
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Inflammatory demyelination, axonal damage, and neuron loss
in the central nervous system (CNS) are hallmarks of the

chronic stage of multiple sclerosis (MS) and its animal model, experi-
mental autoimmune encephalomyelitis (EAE) (1, 2). Current MS
therapies efficiently inhibit autoimmune response at the early in-
flammatory (acute) phase, but largely fail to promote myelin repair,
especially during the chronic-progressive phase of MS (2). Accumula-
tion of oligodendrocyte progenitor cells (OPCs) is frequently observed
in demyelinated lesions of MS patients; however, these cells rarely
mature into oligodendrocytes, the myelinating cells in the CNS,
resulting in disease progression and failure of spontaneous remyelina-
tion (3–5). Thus, a pharmacological intervention that effectively drives
OPC maturation in demyelinated lesions, enhancing remyelination,
while being at the same time also immunomodulatory, would represent
an important advance in MS treatment (3, 6).
Ursolic acid (UA), a triterpenoid compound (molecular weight:

456.7) naturally present in fruit peels and in many herbs and spices,
has been widely used as an herbal medicine with a wide spectrum of
pharmacological activities (7, 8). UA is a safe (9) and effective
treatment in several inflammatory diseases or related experimental
models (8, 9), including Parkinson’s disease (10), arthritis (11), di-
abetes (12), and myasthenia gravis (13). UA administration before
disease onset also prevents EAE development by inhibiting Th17

cell differentiation (14). In addition, UA has been shown to at-
tenuate neurodegenerative and psychiatric diseases (15). However,
the effect of UA treatment on oligodendrocyte development and
remyelination in ongoing and chronic EAE is not known.
In the present study, we tested our hypothesis that UA has a dual

effect in chronic EAE, immunomodulation, and neuronal repair. We
show that EAE severity, CNS inflammation, and demyelination were
significantly reversed by UA treatment, even when the treatment was
started on day 60 post immunization (p.i.). The direct effect of UA on
neural cells and remyelination was then confirmed in a cuprizone-
induced demyelination model, a CNS organotypic slice culture sys-
tem, and oligodendrocyte maturation assays, which, due to their
isolation from the systemic immune response, are considered com-
plementary models of neural cell development in the CNS. We fur-
ther defined a peroxisome proliferator-activated receptor γ (PPARγ)-
dependent mechanism of UA action.

Results
Oral UA Effectively Ameliorates CNS Autoimmunity. We first studied
whether oral administration of UA has beneficial effects on
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ongoing EAE. By administering different doses, we found that
25 mg/kg/d of UA is the optimal dose for suppressing EAE se-
verity (Fig. 1A); this dose was therefore used in all subsequent
in vivo experiments. UA treatment at this dose also significantly
inhibited disease severity when treatment was started at the peak
of disease (Fig. 1B). UA-treated animals exhibited significantly re-
duced inflammation and demyelination (Fig. 1 C and D), as well as
a decreased number of mononuclear cells (MNCs) in the CNS
compared with the phosphate-buffered saline (PBS)-treated control
group (Fig. 1E). PBS-treated control mice consistently had a large
number of CD45+ leukocyte infiltrates in the demyelinated areas
(MBP−), which was reversed by UA treatment (Fig. 1 F and G).
Furthermore, significantly increased MBP+ areas and numbers of
CC1+ cells (newly matured oligodendrocytes), but reduced density
of A2B5+ OPCs in UA-treated mice (Fig. 1 F and G), suggest that
UA induced OPC maturation in CNS lesions. UA administration
did not affect expression of the astrocyte marker GFAP (Fig. 1 F

and G). Taken together, these data indicate that UA reduces CNS
inflammation and possibly promotes myelin repair by enhancing
the maturation of endogenous OPCs into remyelinating
oligodendrocytes.
Evaluation of the effect of orally administered UA on the

peripheral immune response showed significantly reduced
numbers of antigen-presenting cells (CD11b+ and CD11c+)
among splenocytes of UA-treated mice and lower expression of
costimulatory molecules (SI Appendix, Fig. S1A). In UA-treated
mice, reduced frequencies of IFN-γ+, IL-17+, and GM-CSF+

CD4+ T cells and reduced production of these cytokines in
culture were also observed, while there was no effect on Th2/
Treg cytokines IL-5 and IL-10 (SI Appendix, Fig. S1B). In par-
allel, expression of key transcription factors ROR-γt (Th17 cells)
and T-bet (Th1 cells) was significantly reduced in splenocytes
isolated from UA-treated EAE mice, while expression of
GATA3 (Th2 cells) and Foxp3 (Treg cells) was not affected (SI

Fig. 1. Oral UA effectively ameliorates acute CNS autoimmunity. Female, 8- to 10-wk-old C57BL/6J mice were immunized with MOG35–55 and treated with PBS and
different doses of UA (Sigma-Aldrich, St. Louis) by oral gavage daily, starting on day 11 p.i. (onset, A) or day 18 p.i. (peak, B). Disease was scored daily on a 0 to 5 scale.
Thoracic spinal cord sections of EAEmice were analyzed by immunohistochemistry at different stages of the disease before (days 10 and 18 p.i.) or after treatment (day
30 p.i.). (C) Sections (lumbar spinal cord) were assayed for inflammation by hematoxylin and eosin (H&E) and demyelination by Luxol fast blue (LFB), and (D) CNS
pathology was scored on a 0 to 3 scale. (E) Absolute number of MNCs in cell suspension of each spinal cord was counted. (F) Immunohistochemistry on spinal cord
sections of PBS- and UA-treated EAEmice in the dorsal funiculus. Dorsal column at the thoracic spinal cord is shown as representative images. (G) Quantitative analysis
of CD45, MBP, A2B5, and CC1 expression using Image-Pro. The measured areas included 8 to 10 fields and cover virtually all of the white matter of the spinal cord.
Groups designated by the same letter are not significantly different, while those with different letters (a, b, or c) are significantly different, Student’s t test. **P < 0.01,
***P < 0.001, compared to PBS-treated group, one-way ANOVA with Tukey’s multiple comparisons test. All quantifications were made from three independent
experiments. Symbols represent mean ± SD; n = 5 to 8 mice in each group. (Scale bar, 100 μm in C; 40 μm in F; and 1 μm in the Insets.)
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Appendix, Fig. S1C). Addition of UA to Th1- and Th17-polarizing
cultures inhibited differentiation of these cells in a dose-
dependent manner (SI Appendix, Fig. S2). These data provide
evidence for the immunomodulatory effect of UA in vitro and
in vivo.

UA Promotes Neurological Recovery in Chronic EAE. We then de-
termined the therapeutic efficacy of UA in the chronic phase of
EAE. This is important, given the unmet need for effective
therapies for this stage of MS. When UA treatment (25 mg/kg/d)
was initiated at day 60 p.i., at which point chronic myelin and
axon damage is already established, clinical disease gradually
improved until the mice were killed (Fig. 2A). The cumulative
score from day 60 to 120 p.i. significantly decreased in the UA-
treated group (56.1 ± 3.6) compared to the PBS-treated control
(71.5 ± 6.2; P < 0.05).
To evaluate the effects of UA on CNS myelin repair at the

chronic stage of EAE, immunostaining for myelin and axons was
performed within standard 500-μm2 fields at specific sites of the
dorsal column of the lumbar spinal cord (at L3) as CNS
demyelinated lesions have been consistently observed in these
areas (16). As shown in Fig. 2 B and C, a significant degree of
myelin basic protein (MBP) loss (demyelination) had occurred
before treatment at day 60 p.i.; in PBS-treated mice, MBP loss
continued to accumulate until day 120 p.i., indicating disease
progression. UA-treated mice had smaller demyelinated areas
and higher MBP intensity compared to PBS-treated mice (at day
120 p.i. P < 0.01). Importantly, at day 120 p.i., the UA-treated
group had significantly increased MBP intensity compared to the
demyelination baseline (day 60 p.i.; before treatment) (Fig. 2C,
P < 0.01), thus providing evidence that UA treatment not only
halts further myelin damage, but also promotes myelin recovery.
We then determined the effect of UA on axonal loss within

spinal cord lesions using anti-MBP (myelin marker) and anti-
neurofilament (NFH; axonal marker) staining. As shown in
Fig. 2 B–E, apparent demyelination (NFH+MBP−), as well as
axon and myelin loss (NFH−MBP−), were observed at day 60 p.i.
(before treatment), and significantly fewer myelinated axons
(NFH+MBP+) were found at day 120 p.i. in PBS-treated mice,
indicating disease progression. In regions of myelin loss (MBP
low or negative), NFH staining showed fiber deterioration and
reduced axon numbers, indicative of the axonal pathology that
accompanies the demyelination process. In contrast, mice
treated with UA had a significantly greater number of axons,
especially myelinated axons (NFH+; red) surrounded by MBP+

rings (green), indicating the beneficial effects of UA in axonal
protection and repair. Importantly, the high magnification fields
of Fig. 2B are from the upper regions of the dorsal columns,
which are constituted mainly of ascending sensory fibers from
dorsal root ganglion (DRG) neurons. Therefore, the increased
number of axons in that region of the dorsal columns reflects, at
least in part, the axonal sprouting from those DRG neurons.
Furthermore, ultrastructural analyses of ventral spinal cords

revealed increased myelinated/remyelinated axons in lesions of
UA-treated mice compared to controls, and the fairly large size of
the axons suggests that they may be descending corticospinal tract
axons that directly contact motor neuron perikarya. Quantitative
analysis confirmed that there were more remyelinated axons in UA-
treated mice, as determined by greater numbers of axons sur-
rounded by thinner-than-normal myelin (Fig. 2G).
Given the neuronal abnormalities, e.g., dendrite disruption

and perikaryal atrophy, at the chronic stage of EAE (16), and the
protective effect of UA on neurons (10, 17, 18), we further
evaluated neuronal pathology after UA treatment using
microtubule-associated protein 2 (MAP2) immunostaining at
the lumbar anterior horns. MAP2 is specifically expressed in dendrites

and plays a key role in dendritic outgrowth, branching, and
synaptogenesis. Consistent with a previous study (16), PBS-
treated EAE mice exhibited dendritic abnormalities (thinning,
shortening, fragmentation, and even loss) and neuron perikaryal
atrophy. These neuronal abnormalities were significantly de-
creased after UA treatment, and MAP2a+ perikarya remained
similar to those in naive mice, which most likely indicates den-
dritic regeneration of motor neurons (Fig. 2 H and I).
Taken together, these results clearly demonstrate the reparative

capacities of oral UA for damaged myelin, axons, and neurons.

The Therapeutic Effect of UA on EAE Is PPARγ Dependent.Given that
UA functions as an agonist of PPARγ (19), the activation of
which mitigates neuroinflammation and exerts direct neuronal
protection after CNS injuries (20), we first confirmed the
structural basis and binding affinity of UA to PPARγ using
molecular docking (SI Appendix, Fig. S3). The crystal structure of
PPARγ (Protein Data Bank code: 2Q5S) bound to the synthetic
ligands thiazolidinedions was used (https://www.rcsb.org/structure/
2Q5S). From the generated docking model, UA was located in the
binding pocket of PPARγ (SI Appendix, Fig. S3A), and a hydrogen
bond formed between oxygen in the carboxyl group and Glu343
(SI Appendix, Fig. S3B). The role of PPARγ in the suppressive
effect of UA on EAE was then tested in PPARγ-deficient het-
erozygous mice (PPARγ+/−), as PPARγ knockout is embryonically
lethal (20). As shown in Fig. 3A, the PPARγ+/− mice developed
EAE with prolonged clinical paralysis similar to the wild-type
(WT) littermates (PPARγ+/+); however, oral UA did not pro-
tect PPARγ+/− mice from EAE even in the prophylactic regimen
(administration starting from day 0 p.i.). In line with the clinical
scores, UA decreased CNS inflammation and demyelination and
promoted MBP expression in WT, but not in PPARγ+/− mice
(Fig. 3 B and C). These results suggest that the mitigating effect of
UA in CNS autoimmunity is PPARγ dependent.

UA Enhances Remyelination in Cuprizone-Induced Demyelination in a
PPARγ-Dependent Manner. Neurologic recovery in EAE mice
treated with UA might be secondary to its immunomodulatory
effects. To test the direct myelinating effect of UA, we used the
toxic cuprizone-induced demyelination model with minimal in-
flammatory and T cell-dependent components (21). Wild-type
mice were fed with cuprizone for 6 wk to achieve complete de-
myelination in the corpus callosum; cuprizone was then with-
drawn and mice were again fed normal chow, allowing for
spontaneous remyelination to take place within the next 2 wk. Upon
withdrawal of cuprizone, UA treatment was initiated to specifically
determine its effect on the remyelination process (Fig. 4A). Under a
6-wk cuprizone treatment, most of the axons in the corpus callosum
lost their myelin sheath while there were a few axons with
loosely wrapped myelin, as evaluated by ultrastructual electron
microscopy (EM) (Fig. 4B). Two weeks after cuprizone with-
drawal, spontaneous remyelination was observed in the PBS-treated
group, while UA treatment significantly reduced the G-ratio of
the remyelinated axons, indicating a better recovery from de-
myelination (Fig. 4 B–D). These findings suggest that UA
treatment facilitates remyelination in the cuprizone-induced
demyelination model.
We also examined the role of PPARγ in UA-induced remye-

lination in the cuprizone model. In agreement with our findings
described above, the postcuprizone recovery of mature myelin in
the body of the corpus callosum of WT mice, but not in
PPARγ+/− mice, was remarkably accelerated (2.5- to 4-fold in-
crease) by UA supplementation (Fig. 4 E and F). UA supple-
mentation following cuprizone withdrawal dramatically increased
CC1+ oligodendrocyte numbers (3.6-fold), but led to an ∼60 and
∼67% reduction in IBA1+ microglial cells and A2B5+ OPCs,
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respectively (Fig. 4 G and H), suggesting that UA reduced
microglia activation, as well as induced OPC maturation in the
demyelinated lesions of the corpus callosum. However, the
remyelination process and microgliosis were unaltered by UA
in PPARγ+/− mice, similar to what we found in EAE mice.
Also, UA administration did not impact expression of the as-
trocyte marker GFAP in either WT or PPARγ+/− mice (Fig. 4G
and H). Overall, UA supplementation supports oligodendrocyte
differentiation, promotes remyelination, and attenuates axonal damage

after cuprizone withdrawal, and these effects of UA treatment are
PPARγ dependent.

UA Enhances Remyelination in Organotypic Cerebellar Slices. We
then investigated the remyelinating effect of UA in another,
completely distinct ex vivo model, lysophosphatidylcholine
(LPC)-induced demyelination in organotypic cerebellar slices.
At day 2 post LPC treatment, a notable decrease in myelinated
axons, as determined by the colocalization of MBP and NFH

Fig. 2. UA treatment alleviates chronic EAE, promotes remyelination, and reduces axon degeneration and neuron dendrite disruption. Female, 8- to
10-wk-old C57BL/6J mice were immunized with MOG35–55 and treated with PBS or UA (25 mg/kg/d) by oral gavage daily, starting on day 60 p.i. (late stage of
chronic EAE). (A) Disease was scored daily on a 0 to 5 scale (mean ± SD; n = 6 to 10 each group). Lumbar spinal cords of naive and EAE mice were harvested
before (day 60 p.i.) or after treatment (day 120 p.i.). (B) Double immunostaining of MBP (green) and NFH (red; for axons) showing significantly increased
numbers of myelinated axons in the dorsal column of the spinal cord (MBP+NFH+). (Scale bar, 20 μm for the Upper row, and 1 μm for the Insets in the Lower
row). (C) MBP intensity was measured in the white matter of spinal cord using Image-Pro. (D) Quantification of myelinated axons (MBP+NFH +) using Image-
Pro. (E) Total axons (NFH +) were quantified using Image-Pro. (F) Electron micrographs for tissues of ventral lumbar spinal cords of PBS- and UA-treated EAE
mice. (Scale bar, 2 μm.) (G) Quantification of the G-ratio (axon diameter/fiber diameter) of myelinated fibers in the ventral lumbar spinal cords of vehicle- and
UA-treated EAE mice (PBS group, G-ratio = 0.8136 ± 0.006856; UA group, G-ratio = 0.7225 ± 0.008690). (H) MAP2a (green; dendrite marker) immunostaining
at lumbar anterior horns of PBS- and UA-treated mice. (Scale bar, 10 μm.) (I) Scoring of MAP2a+ neuron dendritic disruption of different groups following a
previously described protocol (16). A score of 0 (normal) was assigned when most or all neuron dendrites were of normal thickness and length. A score of “+”
was assigned when the majority of neuron dendrites were thinner than normal, a score of “++” when the majority of neuron dendrites were shortened or
fragmented, and a score of “+++” when the majority of neuron dendrites were lost. Groups designated by the same letter are not significantly different,
while those with different letters (a, b, c, or d) are significantly different (P < 0.05 to 0.01), one-way ANOVA with Tukey’s multiple comparisons test. **P <
0.01, compared to PBS-treated group, one-way ANOVA with Tukey’s multiple comparisons test. All quantifications were made in three independent ex-
periments. Symbols represent mean ± SD; n = 10 random areas per group.
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staining, was observed in the UA-treated (LPC + UA) and un-
treated (LPC) groups compared with the normally myelinated
group (PBS) (Fig. 5 A and B; both P < 0.001). A certain spon-
taneous recovery of MBP expression and ensheathment occurred
at day 14 post LPC treatment (4.6- ± 1.3-fold compared with day
2 post LPC treatment; Fig. 4B); however, remyelination was
incomplete at this time point as shown previously (22). After 14 d
of treatment (LPC + UA), a significant increase in myelinated
axons was observed compared to the control group (2.1- ± 0.2-
fold over LPC control, P < 0.001), indicating enhanced remye-
lination by UA (Fig. 5B).
We then examined the effects of UA on the expression of

several cytokines and neurotrophin in organotypic slice cultures
(at day 14 post LPC and UA treatment), which included a total
of 37 neurotrophin genes in the neurotrophin and receptor PCR
array and 8 cytokine genes. Ten genes were down-regulated and 19
were up-regulated. UA treatment substantially reduced expression
of inflammatory factors, including TNFα, iNOS, and GM-CSF,
while enhancing expression of several antiinflammatory cytokines.
Among neurotrophins tested, the most robustly induced (∼50-fold
higher over LPC control) was ciliary neurotrophic factor (CNTF;
Fig. 5C), an important survival factor for oligodendrocytes, with a
strong myelinating effect (23). Other neurotrophic factors up-
regulated by UA treatment included brain-derived neurotrophic
factor, fibroblast growth factor, glial cell line-derived neurotrophic

factor, glia maturation factor, and nerve growth factor, but with
much lower levels than CNTF (also in Fig. 5C). The induction of
CNTF was further verified by an enzyme-linked immunosorbent
assay (ELISA) (3.9- ± 0.8-fold over LPC control, P < 0.001; Fig. 5D).
Collectively, UA treatment significantly promoted remyelination in
an LPC-induced demyelination model, most likely through creating a
supportive environment, e.g., induction of neurotrophic factor CNTF.

CNTF Secreted by UA-Treated Astrocytes Enhanced OPC Maturation In
Vitro. Given that CNTF was the most robustly induced by UA
among all neurotrophic factors tested (as discussed above for
Fig. 5C) and that astrocytes are the main source of CNTF (24),
we first examined if UA could stimulate CNTF expression in
astrocytes in vivo in EAE mice when treatment was started at day
60 p.i. Whereas almost no CNTF staining was found in GFAP+

cells in PBS-treated EAE mice, a remarkable elevation of
CNTF-positive staining was found to colocalize with GFAP+

cells in UA-treated EAE mice (Fig. 6 A and B). In vitro, UA
induced up to a 25-fold increase in CNTF messenger RNA
(mRNA) expression in primary astrocytes, while induction of
other CNTF family members, e.g., IGF1, IL-11, and leukemia
inhibitory factor (LIF), was much lower (Fig. 6C). Consistent
with increased mRNA levels, CNTF protein concentrations were
significantly elevated in the supernatants of cultured astrocytes
after UA treatment (Fig. 6D).

Fig. 3. The therapeutic effect of UA on CNS autoimmunity is PPARγ dependent. (A) Clinical score of UA- or PBS-treated WT (PPARγ+/+) or PPARγ+/− mice
(C57BL/6J background). (B) Sections (lumbar) were assayed for inflammation by H&E, demyelination by LFB, and MBP expression by immunostaining. Dorsal
column at the thoracic spinal cord is shown as representative images. (C) CNS pathology was scored on a 0 to 3 scale, and MBP intensity was measured in the
white matter of spinal cord using Image-Pro. The measured areas included 8 to 10 fields and covered virtually all of the white matter of the spinal cord.
Groups designated by the same letter are not significantly different, while those with different letters (a, b, or c) are significantly different (P < 0.05–0.01). All
quantifications were made from three independent experiments. Symbols represent mean ± SD; n = 5 to 8 mice per group. (Scale bar, 100 μm in B.)
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To confirm that CNTF secreted by UA-treated astrocytes has
a role in OPC maturation, we treated primary OPCs with
astrocyte-conditioned media (UA-ACM). As shown in Fig. 6E,
OPCs treated with UA-ACM for 7 d became mature MBP+

oligodendrocytes with more myelin sheaths and branching of the
processes compared with those treated with PBS-ACM, and
these effects were abolished by the presence of CNTF-neutralizing
antibody (Fig. 6 E and F). These results indicate that CNTF se-
creted by UA-treated astrocytes contributes to oligodendrocyte
maturation.

UA Induced Astroglial CNTF Production through PPARγ/CREB Signaling.
Given that UA functions as an agonist of PPARγ (SI Appendix,
Fig. S3) to promote remyelination (Figs. 3 and 4), we then investigated

whether UA induces astroglial CNTF expression via PPARγ. We
first investigated the role of PPARγ signaling in astrocytes during
EAE by its knockdown in astrocytes as described in our previous
study (25). Consistent with the observations in PPARγ+/− mice
with EAE, LV-GFAPpro-shPPARγ treatment significantly blocked
the mitigating effects of UA in disease progression, as indicated by
unaltered disease scores and failure to recover (SI Appendix, Fig.
S4B). Both PPARγ and CNTF expression levels in GFP+ astrocytes
from LV-GFAPpro-shPPARγ–treated mice were significantly down-
regulated compared with those from LV-GFAPpro-shCtrl–treated
mice (SI Appendix, Fig. S4C). Although CNTF expression was obvi-
ously induced in sorted astrocytes by UA in LV-GFAPpro-shCtrl
–treated EAE mice, this effect was significantly blocked in
LV-GFAPpro-shPPARγ–treated EAE mice (SI Appendix, Fig. S4C).

Fig. 4. UA enhances remyelination in cuprizone-induced demyelination in a PPARγ-dependent manner. (A) Treatment paradigms. Male, 8- to 10-wk-old
C57BL/6J mice were fed with cuprizone (CUP) for 6 wk to achieve complete demyelination, followed by feeding PBS or UA (25 mg/kg/d) for another 2 wk. (B)
Representative electron microscopy images of the corpus callosum region isolated from cuprizone-fed mice treated with UA or PBS for 2 wk. (C) Quantifi-
cation of the myelinated axons. (D) Quantification of the G-ratios (axon diameter/fiber diameter) of myelinated fibers. (E) Representative LFB and Fluo-
roMyelin stains in the body of the corpus callosum of UA- or PBS-treated WT or PPARγ+/− mice at 2 wk after cuprizone withdrawal. (F) Quantitative analysis of
myelinated and fluoromyelinated areas measured in the body of the corpus callosum using Image Pro software. (G) Immunohistochemistry on corpus cal-
losum sections of UA- or PBS-treated WT or PPARγ+/− mice at 2 wk after cuprizone withdrawal. (H) Quantitative analysis of GFAP, IBA1, A2B5, and CC1
expression using Image-Pro. Groups designated by the same letter are not significantly different, while those with different letters (a, b, c, or d) are sig-
nificantly different (P < 0.05 to 0.01), one-way ANOVA with Tukey’s multiple comparisons test. All quantifications were made from three independent ex-
periments. Symbols represent mean ± SD; n = 5 to 8 mice each group. (Scale bar, 2 μm in B, 100 μm in E, and 20 μm in G.)
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These data indicate that the improvement brought about by UA
treatment in EAE mice is mediated, at least partially, by astroglial
PPARγ signaling.
Next, to investigate the mechanism underlying UA-mediated

up-regulation of astroglial CNTF via PPARγ, primary astrocytes
were incubated with UA and/or specific antagonists for PPARγ,
and CNTF production was then determined by immunofluores-
cence analysis (SI Appendix, Fig. S4D). CNTF expression was
highly induced in astrocytes by UA, and this induction was
largely abrogated by the PPARγ-specific antagonist GW-9662
(SI Appendix, Fig. S4 D and E). These results indicate that
PPARγ-dependent signals mediate the effect of UA on CNTF
protein expression. We then further tested whether UA induced
PPAR activity in astrocytes using peroxisome proliferator elements

(PPRE)-luciferase reporter assay (26). Primary mouse astrocytes
were transfected with tk-PPRE ×3-Luc, a PPRE-dependent lu-
ciferase construct, and luciferase activity was then measured.
PPAR-specific agonist (WY-14643) was used as positive control.
As shown in Fig. 7A, UA alone was able to induce PPRE-
dependent luciferase activity in a dose-dependent manner, in-
dicating a direct and strong capacity of UA for PPAR activation
in astrocytes.
In addition, we investigated mechanisms by which PPARγ

controls UA-induced CNTF expression in astrocytes. Surpris-
ingly, using the MatInspector promoter analysis tool (Genomatix
software GmbH), we found that the CNTF promoter does not
contain any PPREs for PPARs to bind, ruling out a direct role of
PPARs in regulating CNTF expression. Rather, the promoter

Fig. 5. UA enhances remyelination following LPC demyelination of organotypic cerebellar slices. Cerebellar slices from postnatal day 1 to 2 mouse pups were
cultured for 6 d and then demyelinated using LPC for 16 h. Cultures were then allowed to remyelinate over the next 2 or 14 d in the presence or absence of
UA (10 μg/mL), after which remyelination was assessed using specific antibodies. (A) Representative confocal images of slices at days 2 and 14 post LPC-
induced demyelination, immunostained against axons (NFH; green) and myelin (MBP; red). (Scale bar, 20 μm.) (B) Quantification of myelinated axons by the
alignment of axonal and myelin markers. (C) Expression of neurotrophin genes of organotypic slice cultures treated with vehicle (LPC group) or UA (LPC + UA group)
at day 14 post LPC was determined using Custom RT2 Profiler PCR Array (Qiagen, Valencia, CA). (D) Supernatants of organotypic slice cultures treated with vehicle (LPC
group) or UA (10 μg/mL, LPC + UA group) at day 14 post LPC were analyzed by ELISA for the level of CNTF. Data are shown as mean values ± SD (n = 5 to 6 per group)
and are representative of three experiments. Groups designated by the same letter are not significantly different, while those with different letters are significantly
different (P < 0.05 to 0.001), ***P < 0.001, compared to untreated group, one-way ANOVA with Tukey’s multiple comparisons test.
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harbors multiple cAMP response elements (CRE) for CREB.
CREB, the promoter of which does contain a consensus PPRE
site (−1,164 to −1,152), is directly activated by PPARα/γ at the
transcriptional level in neurons as well as in astrocytes (27, 28).
We therefore hypothesized that UA-induced CNTF expression is
regulated by PPARγ via CREB. To test this hypothesis, we
performed site-directed mutagenesis of the PPRE in the CREB
promoter (Fig. 7B). The mutant and wild-type promoter con-
structs pCREB(mut) and pCREB(wt) were then cloned into the
pGL4.20 vector and transfected into mouse primary astrocytes.
UA treatment markedly induced pCREB(wt)-driven luciferase
activity in astrocytes (Fig. 7C). Suppression of pCREB(wt) lu-
ciferase activity in UA-treated astrocytes by GW-9662, an an-
tagonist of PPARγ, suggested that PPARγ plays a role in UA-
induced activation of the CREB promoter. Furthermore, when
the construct with the mutated PPRE site pCREB(mut) was
transfected into mouse primary astrocytes, we found a dramatic
decrease in luciferase activity in UA-treated cells containing the
mutant construct (Fig. 7C).
A causal relationship between UA-mediated CREB induction

and CNTF expression was also verified by knockdown experi-
ments. Astrocytes were treated with lentivirus-delivered CREB-
specific small interfering RNA (siRNA) (LV-siCREB), followed
by the addition of UA. Successful knockdown of CREB ex-
pression (Fig. 7D), which resulted in decreased CNTF expression
in astrocytes, was confirmed. Notably, induction of CNTF by UA
was abrogated after CREB knockdown, as shown by immuno-
fluorescence analysis (Fig. 7 E and F). Taken together, these
findings provide evidence that UA induces CNTF expression in
astrocytes via PPARγ/CREB signaling.

UA Directly Induces OPC Maturation via PPARγ Signaling. To exam-
ine whether UA has a direct effect on OPC maturation, we an-
alyzed the effects of UA on primary OPC cultures. Under
differentiation conditions, UA treatment enhanced OPC matu-
ration into mature oligodendrocytes, with myelin-like sheaths
and extension of processes in a dose-dependent manner
(Fig. 8 A–C). Consistent with these findings, UA treatment
down-regulated the expression of OPC-specific transcription
factors (e.g., Olig2, Nkx2.2) and cell-surface markers (e.g.,
PDGFRα, NG2) with up-regulated mRNA expression of classic
and defining markers of bona fide oligodendrocytes such as Mag,
Mog, Cnp1, Plp1, and Mbp (Fig. 8D).
We next investigated the role of PPARs in UA-mediated

myelin gene expression and maturation of primary OPC cul-
tures. Immunofluorescence analysis showed a significant in-
crease in numbers of MBP+ oligodendrocytes (Fig. 8 E and F)
and morphological changes (Fig. 8 E and G) under UA treat-
ment; however, this effect was abrogated by GW-9662, a PPARγ-
specific antagonist (Fig. 8 E–G), indicating that UA-induced
OPC maturation was PPARγ dependent. As PPARs are known
to bind PPREs present in the promoters of different genes, we
searched the promoter regions of up-regulated oligodendrocyte
genes shown in Fig. 8D using the MatInspector promoter anal-
ysis tool and PPRESearch (http://www.classicrus.com/PPRE/).
The results showed that Cnp1 and Klk6 promoters harbor con-
sensus PPREs (Fig. 8H), and UA-induced Cnp1 and Klk6 pro-
duction was blocked by the PPAR-γ antagonist GW-9662
(Fig. 8 I and J). Together, our results indicate that UA also acts
as a potent promyelinating compound, directly inducing OPC
maturation via the PPARγ-signaling pathway.

Discussion
Given the chronic inflammation and extensive tissue damage
in the CNS at the chronic stage of MS/EAE, an ideal thera-
peutic strategy would have the capacity both to suppress CNS

Fig. 6. CNTF secreted by UA-treated astrocytes enhances OPC differentia-
tion in vitro. EAE mice were treated with UA or PBS as shown in Fig. 3A. (A)
Thoracic spinal cord sections of EAE mice were analyzed by double immu-
nostaining of GFAP (red) and CNTF (green). (Arrows indicated the area of the
inset. Scale bar, 20 μm.) (B) GFAP+ and CNTF+ intensity was measured in the
white matter of spinal cord using Image-Pro. (C) Primary mouse astrocytes
isolated from 2- to 3-d-old pups were cultured in six-well cell culture plates
or glass slide chambers. After 24 h, cells were treated with UA at indicated
concentrations. mRNA relative expression of LIF, IL-11, IGF1, and CNTF in
astrocytes treated with UA (10 μg/mL) for 6 h was detected by real-time PCR.
(D) After 72 h of UA treatment, the protein level of CNTF in the supernatants
was assayed by ELISA. (E) Supernatants from UA-treated astrocytes en-
hanced OPC differentiation. OPCs (5,000 cells/cm2) were cultured in differ-
entiation medium for 3 d, and half of the medium was replaced by culture
supernatants (astrocyte-conditioned media) of astrocytes treated with UA
(UA-ACM) or PBS (PBS-ACM) in the presence or absence of CNTF-neutralizing
antibodies (α-CNTF-Abs) for another 4 d. Mature oligodendrocytes are
identified by the specific marker MBP (red). (Scale bar, 50 μm.) One of five
representative experiments is shown. (F) Quantitative analysis was per-
formed for numbers or branch score of MBP+ mature oligodendrocytes. Data
are shown as mean values ± SD (n = 5 to 6 per group) and are representative
of three independent experiments. Groups designated by the same letter
are not significantly different, while those with different letters are signif-
icantly different (P < 0.05–0.001). **P < 0.01, ***P < 0.001, compared to
control group, one-way ANOVA with Tukey’s multiple comparisons test.
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inflammation and to induce neural repair with minimal side
effects. UA has been shown to prevent EAE by inhibiting Th17
cell differentiation when administered intraperitoneally before
disease onset (14). We demonstrate in the present study that
oral UA effectively reduces disease severity and improves
clinical recovery at the onset, peak, and chronic phases of EAE
and reduces numbers of both Th1 and Th17 cells. These effects,
together with direct promotion of oligodendrocyte maturation
and summarized in Fig. 9, provide evidence that UA has great

value as an orally available agent with both antiinflammatory
and neuroreparative capacities for MS.
An important reason for remyelination failure at the chronic

stage of MS is that, despite OPC accumulation in CNS disease
foci, their maturation process is halted (4, 6). Promoting OPC
maturation into myelinating oligodendrocytes is therefore crucial
for myelin repair. Neuroprotective approaches for CNS re-
generation have thus far not been successful in clinical practice,
and drugs that enhance remyelination are still not available for

Fig. 7. UA induces astroglial CNTF production via PPARγ/CREB signaling. (A) Astrocytes were transfected with tk-PPRE ×3-Luc (Addgene plasmid #1015), a
PPRE-dependent luciferase reporter construct. pRLTK, a plasmid encoding Renilla luciferase, was used as transfection efficiency control. After 24 h of
transfection, cells were cultured with different concentrations of UA (0, 1, 5, and 10 μg/mL) for 6 h, and activity of firefly and Renilla luciferase was monitored
in cell lysates by a Dual-Glo Luciferase Assay kit (Promaga). Data were normalized to an internal control Renilla luciferase (n = 8). (B) Map of wild-type and
mutated CREB promoter constructs. (C) Astrocytes were transfected with pCREB(mut) and pCREB(wt) for 24 h followed by treatment with UA (10 μg/mL) or
GW-9662 (10 nM) alone and in combination and subjected to luciferase assay. (D) CREB and CNTF expression in astrocytes transfected with CREB-specific or
control LV-siRNAs overnight in the presence or absence of UA (10 μg/mL) was detected by real-time PCR. (E) Primary mouse astrocytes isolated from 2- to
3-d-old pups were cultured in glass slide chambers. Double labeling of astrocytes for GFAP and CNTF was performed under indicated treatment: PBS, UA
(10 μg/mL) or UA + LV-siCREB/LV-siRNA. (Scale bar, 50 μm.) One of five representative experiments is shown. (F) Quantitative analysis was performed for
numbers of GFAP+CNTF+ cells. Data are shown as mean values ± SD (n = 5 to 6 per group) and are representative of three experiments. Groups designated by
the same letter are not significantly different, while those with different letters are significantly different (P < 0.05 to 0.001), *P < 0.05, ***P < 0.001,
compared to control group, one-way ANOVA with Tukey’s multiple comparisons test.
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patients with demyelinating diseases. In the present study, the
potential of UA as a promyelinating and neurorestorative ther-
apy is clearly highlighted by several lines of evidence. First, when
treatment was started at the chronic stage of EAE—when
chronic demyelination, axonal damage, and neuron loss have
already occurred—UA not only inhibited ongoing demyelin-
ation, but also promoted MBP production and increased num-
bers of myelinated axons and neuronal cells. Second, UA
treatment enhanced remyelination and process extension of ol-
igodendrocytes following both the cuprizone and LPC-induced
demyelination of organotypic cerebellar slices, confirming that
UA exerts a direct promyelination/remyelination effect, which is
essential for regeneration of already damaged CNS tissues.
Third, UA treatment drives primary OPCs to mature into

oligodendrocytes in a dose-dependent manner in culture. Thus,
whereas the in vivo effect of UA on remyelination and neural
repair could result from a combination of both immunomodu-
lation and a direct effect on CNS cells, results from organotypic
slice cultures and primary OPCs confirm the capacity of UA
to promote remyelination in addition to, or independent
of, immunomodulation. This effect, together with its effect on
neuronal protection (14), provides a solid basis to consider UA
for neuroreparative therapy.
Loss of neurotrophic factors has been implicated in the

pathogenesis of MS, and increasing their levels and/or main-
taining their physiological levels in the CNS is beneficial for MS
patients (23, 29, 30). However, attempts for clinical application
of neurotrophic factors were limited because of poor penetration

Fig. 8. UA directly induced OPC differentiation and myelin-related gene expression via PPARγ. (A) UA enhanced oligodendrocyte differentiation in primary
OPC cultures. Primary OPCs, prepared from newborn C57BL/6J mouse brains, were cultured in differentiation medium with or without UA (1 to 10 μg/mL) for 5
to 7 d, followed by MBP immunofluorescence staining. Nuclei were stained with DAPI (blue). One of five representative experiments is shown. (Scale bar, 50
μm.) Quantitative analysis was performed for numbers (B) or branch score (C) of MBP+ mature oligodendrocytes. (D) Expression of known genes associated
with OPC maturation and myelination. Primary OPCs were cultured in differentiation medium for 5 d with or without UA (10 μg/mL), and OPC/oligoden-
drocyte-related genes were determined using Custom RT2 Profiler PCR Array (Qiagen, Valencia, CA). (E) Primary OPCs were cultured in differentiation me-
dium with UA (10 μg/mL) alone or pretreated for 30 min with GW-9662 (PPARγ-specific antagonist) before addition of UA, or GW-9662 (10 nM) alone, for 7 d
followed by MBP immunofluorescence staining. Nuclei were stained with DAPI (blue). One of five representative experiments is shown. (Scale bar, 50 μm.)
Quantitative analysis was performed for numbers (F) or branch score (G) of MBP+ mature oligodendrocytes. (H) Position of PPREs in the promoters of mouse
Cnp1 and Klk6. TSS: transcription start site. (I) Cnp1 and Klk6 expression in OPCs treated with UA and/or GW-9662 was detected by Western blot with specific
antibodies. (J) Protein expression was standardized using β-actin as a sample loading control; quantification is presented in each panel. Data are shown as
mean values ± SD (n = 5 to 6 per group) and are representative of three experiments. Groups designated by the same letter are not significantly different,
while those with different letters are significantly different (P < 0.05 to 0.001). **P < 0.01, ***P < 0.001, compared to control group, one-way ANOVA with
Tukey’s multiple comparisons test.
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into the CNS and low bioavailability (31). Thus, drugs that have
the ability to induce expression of neurotrophic factors and re-
store their levels in the CNS would be a feasible approach to
overcome such issues. Our current study clearly shows that in
astrocytes UA robustly up-regulates CNTF, a strong promyeli-
nating neurotrophic factor that exhibits beneficial effects in EAE
(23, 32). Importantly, while the supernatants of UA-treated as-
trocytes supported maturation of MBP+ oligodendrocytes, the
effect was specifically abolished by CNTF-neutralizing anti-
bodies. We therefore conclude that UA induces CNTF pro-
duction by astrocytes, thus promoting remyelination. The contribution
of other less-induced neurotrophic factors may also be important, and
this would be worthy of further investigations.
UA has been shown to be a potent agonist of PPARγ (19); we

therefore tested the involvement of this pathway in the effect of
UA on astrocytes. Indeed, UA induced PPAR activation in as-
trocytes, and inhibition of PPARγ significantly suppressed UA-
induced CNTF production by these cells. As a key nuclear re-
ceptor, PPARγ/RXR (retinoid X receptor) signaling has been
identified as an important regulator of remyelination (33, 34). In
elucidating how the PPARγ pathway regulates the transcription
of CNTF in astrocytes, we observed that UA-induced CNTF
synthesis was markedly diminished by knockdown of CREB in
cultured astrocytes. Furthermore, UA failed to drive expression
of the CREB promoter containing a mutated PPRE site, in-
dicating a crucial role for PPARs in the transcription of CREB
activated by UA. Taken together, these findings demonstrate
that UA enhances the expression of astrocyte-derived CNTF
through PPARγ and CREB signal pathways.
In addition to the indirect mechanisms through astrocyte-

derived CNTF, we provide compelling evidence indicating that
UA directly induced myelin-related gene expression and OPC
maturation via PPARγ signaling. PPARγ agonists have been
shown to protect OPCs by preserving their integrity and favoring
their differentiation into myelin-forming cells, and they may
promote recovery from demyelination by direct effects on oli-
godendrocytes (20, 35); our results indicate that this is also the
case for UA treatment. Although UA-induced up-regulation of

the oligodendrocyte-related molecules Cnp1 and Klk6 is PPARγ
dependent, the molecular mechanism of UA-induced down-
regulation of OPC-specific molecules, e.g., Olig2, Nkx2.2,
NG2, and PDGFRα, is still unclear. Given that these OPC-
related genes have no PPREs in their promoter, UA may mod-
ulate expression of these genes via PPARγ-independent signal-
ing. These mechanisms are not completely understood and
continue to be a topic of active investigation.
Recent reports using high-throughput screening have identi-

fied a number of compounds that enhance remyelination
(36–39). However, the clinical potential of some compounds is
limited by deleterious side effects and/or their action on off-
target receptors. Continued screening of novel small molecule
compounds is clearly an unmet need. As a natural compound
found ubiquitously in plants and human diets, UA has low tox-
icity and is well tolerated when administered orally in both hu-
mans and rodents (8, 9, 40). UA has been identified as an active
component in many medicinal herbs; it has long been used in
clinical practice in Asian countries and is inexpensive (40). In the
present study, the UA dose that proved effective for EAE
treatment (25 mg/kg/d) is ∼350 times lower than the dose
showing acute toxicity (LD50 = 8,330 mg/kg) (41). Furthermore,
UA is currently undergoing clinical trials to evaluate safety in
patients with tumors (42–44); preliminary results demonstrated
that UA is safe and has beneficial therapeutic effects in select
patients (40), suggesting that UA would be safe as MS treatment.
Importantly, analysis of the distribution of UA orally adminis-
tered to mice for 4 or 8 wk has shown that this lipophilic com-
pound crosses the blood–brain barrier and is sequestered in the
brain parenchyma (45), giving UA the great advantage of being
able to exert effects directly on CNS cells.
Taken together, our findings provide important insights into

the neural repair capacities of UA through both immunomo-
dulation and oligodendrocyte maturation in the chronic phase of
experimental models of MS. We also provide detailed in-
tracellular mechanisms responsible for UA action in the devel-
opment of Th1/Th17 cells, astrocytes, and OPCs (diagram in
Fig. 9B). These studies, together with the excellent safety record

Fig. 9. Model of UA-mediated immunomodulation
and neuroregeneration effects in EAE. (A) Extracel-
lular effects of UA treatment in the periphery and
CNS. In the periphery, UA inhibits Th1/Th17 cell dif-
ferentiation and decreases Th1/Th17 cell infiltration
in the CNS. In the CNS, UA reduces inflammation and
demyelination and promotes OPC maturation and
remyelination via direct and indirect mechanisms. (B)
Intracellular mechanisms of UA effects on Th1/Th17
cells, astrocytes, and OPCs. During T cell differenti-
ation, UA suppresses IFN-γ and IL-17 production by
antagonizing the functions of T-bet and RORγt. In
astrocytes, UA activates PPARγ, which was recruited
to PPRE of CREB promoter and leads to the tran-
scription of CREB. CREB then binds to the CRE site of
CNTF promoter to promote expression of CNTF. Ac-
tivated astrocytes under UA treatment release CNTF,
an important neurotrophic factor for OPC differen-
tiation with strong promyelination effect. UA in-
duces CNTF expression in astrocytes that favor the
beneficial outcome of reactive astrogliosis and are
thus considered neuroprotective. Furthermore, UA
directly induces OPC differentiation by activated
PPARγ, which binds to PPRE of promoters and leads
to expression of different myelin-related genes such
as Cnp1 and Klk6.

9092 | www.pnas.org/cgi/doi/10.1073/pnas.2000208117 Zhang et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.2000208117


of UA, its low cost, and oral route of administration, pave the
way for clinical applications in the chronic stage of MS, for which
there is currently no effective therapy.

Materials and Methods
A complete description of the methods and associated references are in SI
Appendix, Materials and Methods. The EAE and cuprizone-induced de-
myelination model were treated with UA. All experimental procedures and
protocols of mice were approved by the Institutional Animal Care and Use
Committee of Thomas Jefferson University and were carried out in accor-
dance with the approved institutional guidelines and regulations. C57BL/6J
mice (8 to 10 wk of age) and PPARγ+/− mice (C57BL/6J background) were
purchased from Jackson Laboratory (Bar Harbor, ME). The reagents and
experimental procedure for histopathological examination, preparation of
infiltrating MNCs from the CNS, cytokine measurement by ELISA, flow

cytometry, molecular docking, organotypic slice cultures, isolation of pri-
mary mouse astrocytes and OPCs, electron microscopy, immunofluorescence,
transient transfection and luciferase reporter assay, Western blot analysis,
real-time RT-PCR, and other experiments mentioned in this paper are dis-
cussed in SI Appendix, Materials and Methods.

Data Availability. The authors confirm that all data supporting the findings of
this study are included in the main text and SI Appendix.
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