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Abstract
Steroid receptor coactivator-3 (SRC-3) has been demonstrated to regulate lipid metabolism by
inhibiting adipocyte differentiation. In the present study, the potential role of SRC-3 in experimental
autoimmune encephalomyelitis (EAE), which characterized by inflammatory demyelination in CNS,
was examined by analyzing disease progression in SRC-3 deficient (SRC-3−/−) mice. We found that
SRC-3 deficiency significantly attenuated the disease severity of EAE along with decreased
inflammatory infiltration and demyelination. However, these effects are not caused by inhibition of
peripheral T cell response, but by up-regulated expression of peroxisome proliferator-activated
receptor (PPAR)-β in CNS, which induced an alternative activation state of microglia in SRC-3−/−

mice. These alternatively activated microglia inhibited CNS inflammation through inhibition of pro-
inflammatory cytokines and chemokines, such as TNF-α, IFN-γ, CCL2, CCL3, CCL5 and CXCL10,
as well as up-regulation of anti-inflammatory cytokine IL-10 and opsonins such as C1qa and C1qb.
Moreover, microglia alternative activation promoted myelin regeneration through increased
accumulation of oligodendrocyte precursors (OPCs) in white matter and elevated expression of
myelin genes in the spinal cords of SRC-3−/− mice. Our results build up a link between lipid metabolic
regulation and immune functions, and the modulation of the expression of SRC-3 or PPAR-β may
hopefully has therapeutic modality in MS and possibly other neurodegenerative diseases.
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INTRODUCTION
Lipid has a high concentration in CNS. Accumulating evidence indicates that lipid metabolism
is a key event in tissue physiology and cell signaling in many neurological disorders (Adibhatla
and Hatcher, 2007). Even subtle perturbations in lipid content of CNS can disrupt their
functions and lead to myelin and axon degradation (Adibhatla and Hatcher, 2007; Sobrado et
al., 2009; White et al., 2009), while it still remains open how lipid metabolism functions to
induce or inhibit various disease progresses. Multiple sclerosis (MS), an inflammatory,
demyelinating disease of CNS, affects more than one million people worldwide. Many MS
patients have altered plasma lipid profile (Omoúlu et al., 2004); as a result, premises of some
diagnostic tests are based on lipid metabolism. With the consequence of change in lipid
metabolism even in normal appearing brain tissues, a mild alter in lipid composition could
affect the biophysical properties of myelin structure (Wheeler et al., 2008), which may explain
the disruption of myelin under imbalanced lipid metabolism. Experimental autoimmune
encephalomyelitis (EAE), the commonly used animal model for MS, was reported to be linked
with lipid metabolism during disease progression. Genetic deletion of fatty acid amide
hydrolase resulted in improved long-term outcome in chronic autoimmune encephalitis (Webb
et al., 2008). Besides, it was announced that epidermal fatty acid-binding protein has the ability
in potentiating inflammatory responses, and mice deficient for this lipid chaperone have
reduced inflammatory reaction, which resulted in impaired Th1 as well as Th17 generation and
protection from development of EAE (Li et al., 2009). However, direct evidences of lipid
metabolism in the pathogenesis of EAE and the related mechanisms still remain a lot unknown
and need to be further elucidated.

The steroid receptor coactivator (SRC)-3 is a member of the p160 family of coactivators that
interact with nuclear receptors to enhance their transactivation in a ligand-dependent manner
(Xu et al., 2000). Targeted disruption of SRC-3 gene in mice revealed many developmental
and physiological functions, such as retardation in growth and development (Coste et al.,
2008; Wang et al., 2000), increased insulin sensitivity and adipocyte differentiation (Louet et
al., 2006). In addition, SRC-3 has been reported to control the expression of peroxisome
proliferator-activated receptors (PPARs), play critical roles in lipid metabolism, controls lipid
transportation, usage, and storage (Michalik and Wahli, 2006; Wu et al., 2004; Yu et al.,
2007). Recently, a serial of PPARs agonist have been discovered to exhibit therapeutic effects
in EAE (Diab et al., 2002; Gocke et al., 2009; Polak et al., 2005). For example, PPAR-β agonist,
GW0742, was found to ameliorate EAE through inhibition of microglial inflammatory
activation and up-regulation of myelin genes in CNS (Polak et al., 2005).

Due to the importance of PPARs in SRC-3-mediated lipid metabolic regulation and the
beneficial activity of specific synthetic agonists of PPARs in inflammatory diseases, we
hypothesized that SRC-3 may participate in disease progress of MS through PPARs-mediated
functions. Based on this, EAE was induced to investigate the potential role of SRC-3 in the
pathogenesis of EAE. We found that SRC-3 deficiency significantly attenuated the disease
severity of EAE, which was attributed to the up-regulation of PPAR-β in CNS. Moreover,
PPAR-β up-regulation in SRC-3−/− mice induced an alternative activation state of CNS
microglia, which in turn modulated CNS inflammation and help promote myelin regeneration.
We hope this work will provide new insight into the role of lipid metabolism in neurological
diseases.
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MATERIALS AND METHODS
Mice

C57BL/6 × 129Sv SRC-3-deficient (SRC-3−/−) mice were generated as described previously
(Xu et al., 2000; Yu et al., 2007) and were kept under pathogen-free conditions in the animal
center of the Shanghai Jiao Tong University School of Medicine (Shanghai, China). Where
indicated, mice were fed with a high-fat diet (45% kJ from fat) for 2 months. Wild-type
(SRC-3+/+) littermate control mice were used for comparison in all experiments. All animal
experiments complied with the animal protocols approved by the institutional review board of
the Institute of Health Sciences (Shanghai, China).

Induction of EAE
Mice (6–8 wk) were immunized s.c. with a synthetic peptide (100 μg) of myelin
oligodendrocyte glycoprotein (MOG35–55) (MEVGWYRSPFSRVVHLYRNGK) (GL
Biochem). Immunization was performed by mixing MOG peptide in CFA (Sigma-Aldrich)
containing 5 mg/ml Mycobacterium tuberculosis H37Ra (Difco). Pertussis toxin (200 ng; List
Biological Laboratories) in PBS was administered i.v. on days 0 and 2. Mice were examined
daily and scored for disease severity using the standard scale: 0, no clinical signs; 1, limp tail;
2, paraparesis (weakness, incomplete paralysis of one or two hind limbs); 3, paraplegia
(complete paralysis of two hind limbs); 4, paraplegia with forelimb weakness or paralysis; 5,
moribund or death. After the onset of EAE, food and water were provided on the cage floor.
To eliminate any diagnostic bias, scores were assigned by researchers blinded to mouse
identity.

Histology
Frozen sections of livers and hearts from mice were stained with Oil Red-O to show triglyceride
accumulation. For H&E and Luxol Fast Blue staining, paraffin-embedded sections of spinal
cords were stained with H&E or Luxol Fast Blue and examined by light microscopy.
Semiquantitative analysis of inflammation and demyelination was performed in a blinded
manner as previously described (Bright et al., 1998).

For immunofluorescence staining, sections of spinal cords were incubated with rat anti-mouse
CD11b or rabbit anti-mouse NG2 Ab (Chemicon), which were then labeled with FITC-
conjugated goat anti-rat IgG (Santa Cruz) or Cy3-conjugated goat anti-rabbit IgG (Jackson
Laboratories), counterstained with DAPI, and examined by confocal microscopy (Leica).
Oligodendrocyte precursors (OPCs) were quantified as described (Aharoni et al., 2008; Lin et
al., 2006). Briefly, immunopositive NG2-expression cells were counted in a field of 0.04
mm2, and only those with nuclei observable by DAPI staining were counted.

Cell proliferation and cytokine determination
Splenocytes isolated from MOG35–55-immunized mice were cultured in triplicate in complete
RPMI 1640 medium at a density of 5 × 105 per well in 96-well plates in the presence or absence
of MOG peptide at indicated concentration, and were maintained at 37°C in 5% CO2 for 72 h.
To measure T cell proliferation, cells were pulsed with 1 μCi [3H] thymidine during the last
16–18 h of culture before harvest and were measured as cpm as detected by a MicroBeta β
counter (PerkinElmer). Splenocyte cell culture supernatants collected at 48 h and spinal cord
extracts from from SRC-3+/+ and SRC-3−/− EAE mice 15 days post immunization were
collected as described previously (Lin et al., 2006), the concentrations of IFN-γ, TNF-α, IL-4
and IL-5 were measured by ELISA (BioSource) according to the manufacturer’s instructions.
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Preparation of CNS mononuclear cells and flow cytometry
For the preparation of CNS mononuclear cells, brains and spinal cords from MOG35–55-
immunized mice were excised and dissociated for 45 min at 37 °C by digestion with collagenase
IV (2 mg/ml, Sigmal-Aldrich) and DNase I (100 μg/ml, Sigmal-Aldrich) in DMEM medium.
Dispersed cells were passed through a 70 μm nylon mesh and collected by centrifugation. CNS
mononuclear cells were isolated through a Percoll density gradient and collected on the
interface fraction between 37% and 70% Percoll. After intensive washing, suspensions of cells
were stained with FITC-labeled anti-CD4, PE-conjugated anti-CD11b, APC-conjugated anti-
CD45 or PE-Cy7-conjugated anti-CD8 (all from BD PharMingen, San Diego, CA). Isotype
controls were used for determination of negative cells. The stained cells were analyzed on a
FACSAria instrument (BD Bioscience).

Microglial culture and stimulation
Microglial cell cultures were prepared as previously described (Ponomarev et al., 2005). The
purity of microglia were >90% through staining of CD11b and detected by flow cytometry.
For stimulation assay, microglia were incubated in DMEM and stimulated with 50 ng/ml IFN-
γ (R&D) at 37 °C in a humidified incubator with 5% CO2.

Quantitative real-time PCR
Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions, and reverse transcribed. The mRNA expression was determined
by real-time PCR using SYBR Green master mix (ABI, Foster City, CA). Primer sequences
are detailed in Table 1. Data were collected and quantitatively analyzed on an ABI Prism 7900
sequence detection system (ABI). Mouse β-actin gene was used as an endogenous control for
sample normalization.

Statistical analysis
GraphPad Prism (version 4.0, GraphPad) software was used for statistical analysis. One-way
ANOVA, where applicable, was performed to determine whether an overall statistically
significant change existed before Student’s t test to analyze the difference between any two
groups. Data are shown as means ± SD. A P-value of <0.05 was considered statistical
significance.

Results
SRC-3−/− mice exhibited increased level of lipid metabolism

To characterize the relationship between SRC-3 and lipid metabolism, we investigated the
differences of body weight and levels of lipid metabolism between C57BL/6 × 129Sv
SRC-3−/− mice and their wild-type littermate mice. As illustrated in Fig. 1A, SRC-3−/− mice
were lean and had lower body weight compared to SRC-3+/+ mice (18.47 ± 0.46 vs. 24.60 ±
0.40, p < 0.05), which were consistent with the results in C57BL/6 mice (Coste et al., 2008).
In addition, after maintaining on a high-fat diet for 2 months, SRC-3+/+ mice developed a
massive accumulation of triglyceride, whereas SRC-3−/− mice did not accumulate much
triglyceride as indicated by Oil Red-O staining in livers and heart muscles (Fig. 1B). We then
analyzed the expression of key enzymes that regulate lipid metabolism in the mice livers, and
found that compared with SRC-3+/+ mice, genes responsible for lipid oxidation such as
stearoyl-CoA desaturase 1 (SCD1), fatty acid synthase (FAS) and acetyl-CoA carboxylase
(ACC1) were significantly down-regulated, whereas genes responsible for lipid synthesis such
as Acyl CoA dehydrogenase (Acad) were markedly up-regulated in SRC-3−/− mice. These
findings suggest that SRC-3−/− mice exhibit increased level of lipid metabolism compared to
their wild-type littermate.
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SRC-3 deficiency attenuated disease severity of EAE
To study the role of SRC-3 in the pathogenesis of EAE, age-matched SRC-3−/− and
SRC-3+/+ mice were immunized with MOG35–55 and disease progressions were monitored by
clinical assessments. All mice developed typical neurological signs of EAE such as loss of tail
tonicity and paralysis starting at about day 9 post immunization (Fig. 2A and Table 2),
indicating that the priming phase of the disease was unaltered. SRC-3+/+ mice followed a
typical disease course and developed signs of severe paralysis, reaching a mean maximum
clinical score of 3.5 (Table 2). In contrast, SRC-3−/− mice developed considerably less severe
disease, showing only mild paralysis, and reached a mean maximum clinical score of 2.3. These
results indicate that SRC-3 has a pathogenic function in EAE.

To analyze pathological differences between SRC-3−/− and wild-type mice in EAE, histologic
staining was performed to examine CNS inflammatory infiltration and demyelination. The
results revealed spinal cord sections from SRC-3−/− mice exhibited significantly less
inflammatory infiltration as well as demyelinated lesions, compared to SRC-3+/+ mice.
Therefore, mice absent of SRC-3 appear to be more resistant to EAE, leading to reduced
inflammatory infiltration and myelin damage in CNS.

Less pro-inflammatory expression in SRC-3-deficient CNS
The efficient activation of T lymphocytes is a critical requirement for the induction of CNS
inflammation and pathology in EAE. To determine whether the deficiency of SRC-3 affects
peripheral T cell proliferation and activation, splenocytes were isolated from SRC-3−/− and
wild-type EAE mice, and characterized for T cell reactivity and cytokine profile in response
to in vitro challenge by the disease-eliciting MOG peptide. Results revealed that the activation
and proliferation status of encephalitogenic T cells between SRC-3−/− and wild-type mice were
comparable with each other, as indicted by FACS analysis of activation markers in T cells and
[3H] thymidine incorporation (Supp. Info. Fig. 1 and Fig. 2D). In addition, there was no
significant difference in the amounts of cytokines (IFN-γ, TNF-α, IL-4 and IL-5) released by
T cells obtained from SRC-3+/+ and SRC-3−/− mice (Fig. 2E). Therefore, SRC-3 deficiency
appeared unable to inhibit peripheral encephalitogenic T cell response, implying that the
observed protection from EAE in SRC-3−/− mice is not caused by directly inhibition of T cell
response in the peripheral.

As SRC-3−/− mice had normal peripheral immune responses, we hypothesized that the
resistance of these mice to EAE pathology might be due to the impairment of pro-inflammatory
activity in CNS. It is clear that pro-inflammatory cytokines and chemokines, such as IFN-γ,
TNF-α, CCL2, CCL3, CCL5 and CXCL10, play pivotal roles in establishment and
maintenance of EAE (Carter et al., 2007; Gerard and Rollins, 2001; Kassiotis et al., 2001; Lees
et al., 2008). Therefore, we examined the expression of these pro-inflammatory cytokines and
chemokines in spinal cords of EAE mice. We found that in SRC-3−/− mice, as compared to
SRC-3+/+ mice, the production of IFN-γ and TNF-α decreased significantly in the spinal cords
(Fig. 3A), suggestive of decreased infiltration of inflammatory cells in CNS. Expectedly, real-
time PCR analysis revealed significantly down-regulated expression of CCL2, CCL3, CCL5
and CXCL10 in SRC-3−/− mice as compared to SRC-3+/+ mice (Fig. 3B). Accordingly, the
infiltration of macrophages (CD11b+CD45hi) and CD4+ T cells (CD4+CD45hi) in CNS of
MOG35–55-immunized SRC-3−/− mice were significantly decreased as compared with that in
SRC-3+/+ mice. Meanwhile, the number of microglia (CD11b+CD45lo) in CNS and CD8+ T
cell (CD8+CD45hi) infiltration displayed no significant difference in both types of EAE mice
(Fig. 3C, D). These findings collectively suggested that the deficiency of SRC-3 decreased the
expression of key mediators involved in CNS inflammation, leading to reduced inflammatory
infiltration in CNS during the pathogenesis of EAE.

Xiao et al. Page 5

Glia. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SRC-3 deficiency promoted PPAR-β-mediated alternative activation of microglia
PPARs were found to play critical roles in the regulation of lipid metabolism and inflammatory
activities (Bensinger and Tontonoz, 2008), and elevated PPARs activity up-regulates
expression of genes involved in cholesterol trafficking while down-regulates expression of
genes encoding pro-inflammatory proteins (Makowski et al., 2005). Previous reports have
indicted that SRC-3 deficiency promote the activation of PGC-1α, which play important roles
in the up-regulation of PPARs (Coste et al., 2008; Evans et al., 2004; Pan et al., 2009). As
SRC-3−/− mice exhibit decreased expression of pro-inflammatory cytokines and chemokines
in CNS during the process of EAE, we hypothesized that the suppressive effect of EAE in
SRC-3−/− mice might be mediated by up-regulation of PPARs. Because SRC-3−/− mice are
observed to be lean, and PPAR-β is mainly responsible for fat-burning through modulation of
lipid metabolic genes (Evans et al., 2004). We then analyzed the expression of PPAR-β in
spinal cords from EAE mice. As shown in Fig. 4A, the mRNA expression of PPAR-β was
comparable between SRC-3−/− and wide-type mice in spinal cords and spleens under normal
conditions, but was specifically up-regulated in spinal cords of SRC-3−/− mice as compared
with those of wild-type mice during EAE disease process. However, this up-regulation of
PPAR-β was not detected in spleens in SRC-3−/− mice. These results confirmed our hypothesis
that SRC-3 deficiency lead to up-regulation of CNS PPAR-β, through which inhibit CNS
inflammation in EAE.

Recently, it has been demonstrated that PPAR-β promoted alternative activation of resident
macrophages in adipose tissue and liver, respectively (Kang et al., 2008; Odegaard et al.,
2008). Thus, we examined the expression of some phenotypic markers, such as Ym1/2, FIZZ1
and MRC1, for microglia alternative activation under PPAR-β up-regulation in CNS. We found
that there was no significant difference of the expression of these markers in spinal cords from
SRC-3−/− and wide-type mice under normal conditions. However, when mice were induced
with EAE, the expression of these markers in spinal cords from SRC-3−/− mice was
significantly increased as compared to SRC-3+/+ mice (Fig. 4B). In addition,
immunofluorescence analysis revealed that microglia in SRC-3−/− EAE mice showed more
ramified morphology distinguished from that in SRC-3+/+ EAE mice, which exhibited more
round soma (Fig. 4C), a typical hallmark of reactive microglia (Ling and Wong, 1993; Thomas,
1992). Moreover, we found that IL-10, which was reported to be produced by alternatively
activated macrophages to suppress inflammation (Gordon, 2003), was significantly up-
regulated in SRC-3−/− mice as compared with that SRC-3+/+ mice under EAE conditions (Fig.
4D). These together with impaired inflammatory profile in CNS shown in Fig. 3 implying that
microglia might be induced to an alternative activation state in SRC-3−/− mice during the
process of EAE.

To further validate the concept that SRC-3 deficiency promoted PPAR-β-mediated alternative
activation of microglia during the pathogenesis of EAE, we isolated CNS microglia from
unimmunized adult SRC-3+/+ and SRC-3−/− mice and stimulated by IFN-γ in vitro. The results
revealed that there is no significant difference of the expression of alternative activation
markers between unstimulated SRC-3+/+ and SRC-3−/− microglia (data not shown). However,
IFN-γ significantly elevated the expression of Ym1/2 and MRC1 (FIZZ1 not detected), most
prominently the anti-inflammatory cytokine IL-10 (>10 times) in SRC-3−/− microglia as
compared with that in SRC-3+/+ microglia (Fig. 5B). Accordingly, SRC-3−/− microglia
exhibited higher PPAR-β expression upon IFN-γ stimulation than that in SRC-3+/+ microglia
(Fig. 5C). In addition, we fount that SRC-3 deficiency significantly up-regulated the expression
of opsonins such as complement component-1qa (C1qa) and C1qb in microglia (Fig. 5D),
which is in accordance with the most recently published data that PPAR-β promote opsonins-
mediated phagocytosis of apoptotic cells and production of anti-inflammatory cytokine IL-10
in macrophages to counteract autoimmune disease (Mukundan et al., 2009). These results
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suggested that up-regulation of opsonins could be one of the mechanisms by which
alternatively activated microglia promote tolerance of EAE in SRC-3−/− mice.

Th2 cytokines, such as IL-4 and IL-13, have been reported to up-regulate PPAR-β expression,
and then promote alternative activation of adipose tissue resident macrophages and Kupffer
cells (Kang et al., 2008; Odegaard et al., 2008). However, we found here that the expression
of IL-4 as well as IL-13, was not increased in spinal cords of SRC-3−/− EAE mice (Supp. Info.
Fig. 2), indicating that PPAR-β-mediated alternative activation of microglia in SRC-3−/− mice
was independent of Th2 cytokines, but the deficiency of SRC-3. These results collectively
suggest that SRC-3 deficiency specifically up-regulate CNS PPAR-β, which induce
alternatively activated microglia to counteract CNS inflammation during the process of EAE.

Promoted neuroprotective effect in SCR-3−/− mice through PPAR-β-mediated alternative
activation of microglia

The induction of alternatively activated microglia/macrophage has been demonstrated to limit
inflammation through reduced pro-inflammatory cytokine secretion and synthesis of trophic
factors, which promote tissue regeneration (Gordon, 2003; Ponomarev et al., 2007). Thus, we
examined the expression of neurotropic factors, such as insulin-like growth factor-I (IGF-I)
and brain-derived neurotrophic factor (BDNF) in spinal cords. As shown in Fig. 6A, both IGF-
I and BDNF decreased significantly in SRC-3+/+ EAE mice, while IGF-I expression in
SRC-3−/− mice increased significantly upon EAE induction. Although in SRC-3−/− EAE mice,
BDNF expression was not up-regulated, its level was significantly higher than that in
SRC-3+/+ mice under EAE condition.

The evidence that OPCs are major source of remyelinating oligodendrocyte is compelling, and
NG2-expressing OPCs seem to be responsible for producing new myelin sheaths (Franklin and
Ffrench-Constant, 2008). As IGF-I and BDNF both were demonstrated to exhibit
neuroprotective effects through promotion of NG2+ OPCs differentiation (Butovsky et al.,
2006; Girard et al., 2005; Van’t Veer et al., 2009), the status of OPCs in SRC-3−/− and wide-
type EAE mice were examined. Results revealed that the number of NG2+ OPCs significantly
increased in white matter of spinal cords from SRC-3−/− EAE mice, while fewer were observed
in demyelinated lesions of SRC-3+/+ EAE mice (Fig. 6B). These were in accordance with the
tendency of IGF-I/BDNF expression in SRC-3−/− and wide-type EAE mice, indicating that the
increased accumulation of NG2+ OPCs in demyelinated lesions in spinal cords of SRC-3−/−

EAE mice may be result from the up-regulated expression of neurotrophic factors.

Myelin genes, such as myelin basic protein (MBP) and proteolipid protein (PLP), are late
markers during oligodendroglial maturation cascade (Hemmer et al., 2002). Previous studies
have shown the expression of myelin genes was up-regulated during remyelination, and this
early alteration in gene expression is believed to reflect an important step in the generation of
new mature oligodendrocytes during remyelination. (Jurevics et al., 2002; Lin et al., 2006). In
this study, we found that the expression of these myelin genes decreased significantly in
SRC-3+/+ mice upon EAE induction, exhibit similar trends as neurotrophic factors. Moreover,
the expression levels of these myelin genes in spinal cords from SRC-3−/− mice were
significantly higher than that from SRC-3+/+ mice under EAE condition (Fig. 6C). Therefore,
SRC-3 deficiency exhibited neuroprotective effect in EAE disease process through up-
regulation of neurotrophic factors, which may be produced by PPAR-β-induced alternatively
activated microglia.

Discussion
Lipid metabolic regulation has long been found to be associated with the pathogenesis of MS
(Omoúlu et al., 2004; Wheeler et al., 2008). During periods of disease inactivity, axons may
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partially normalize CNS lipid profile, but the inability to normalization may contribute to the
onset and progressive damage in MS. However, the mechanisms by which lipid metabolism
functions in MS or EAE, the commonly used animal model for MS, still need to be elucidated.

SRC-3 has been reported to play important roles in many developmental and physiological
processes especially lipid metabolism (Coste et al., 2008; Louet et al., 2006; Wang et al.,
2000; Xu et al., 2000). In this study, we found that genetic ablation of SRC-3 in mice exhibited
up-regulated lipid metabolism. Additionally, SRC-3 deficiency significantly attenuated disease
severity of EAE with inhibited inflammatory infiltration, and reduced demyelination in the
CNS. However, the activation and proliferation of peripheral encephalitogenic T cells was not
impaired in SRC-3−/− EAE mice as compared with that in SRC-3+/+ EAE mice. But the
expression of pro-inflammatory cytokines and chemokines in CNS were significantly
decreased in SRC-3−/− mice, suggesting that the attenuation of EAE in SRC-3−/− mice was not
caused by an impairment of periphery T cell response, but by modulating the inflammatory
environment in CNS.

Recently, it has been reported that SRC-3 promoted the expression of the prime PGC-1α
acetyltransferase GCN5, which facilitates the acetylation and the consecutive inactivation of
PGC-1α (Coste et al., 2008; Lerin et al., 2006). Genetic deletion of SRC-3 was found to reduce
GCN5 acetylation of PGC-1α and lead to its activation, which improve insulin sensitivity and
protect against obesity (Coste et al., 2008). As a transcriptional co-activatior, PGC-1α could
positively regulate the expression of PPAR-β and PPAR-γ (Evans et al., 2004; Pan et al.,
2009). In addition, PPARs are major modulators that regulate lipid metabolism, among which
PPAR-β is mainly responsible for burning the fat through modulation of lipid metabolic genes
(Evans et al., 2004; Lee et al., 2006). Moreover, up-regulation of PPAR-β was found to promote
tolerance in autoimmune diseases (Mukundan et al., 2009; Polak et al., 2005). Expectedly, we
found that the expression of PPAR-β was specifically up-regulated in spinal cord of
SRC-3−/− mice, but not in SRC-3+/+ mice under EAE condition. PPAR-β has diverse functions,
not only regulate lipid metabolism, but also exhibit anti-inflammatory effect and promoting
tissue repair and regeneration activities (Michalik and Wahli, 2006). It was reported that PPAR-
β was stimulated upon the pro-inflammatory cytokine produced by injured cells after tissue
damage, and PPAR-β-null mice exhibit impaired function of tissue repair (Michalik and Wahli,
2006; Tan et al., 2001). Moreover, PPAR-β agonist was found to ameliorate EAE not by
inhibition of peripheral T cell response, but by modulation of local environment in CNS (Polak
et al., 2005), which was consistent with our results. These findings together suggest that PPAR-
β may act as a stress-induced molecule that counteracts tissue damage where inflammation
occurs. However, SRC-3 could negatively regulate the expression of PPAR-β through GCN5-
mediated acetylation of PGC-1α, which was confirmed by limited expression of PPAR-β in
CNS from SRC-3+/+ EAE mice, in which leading to persisted and uncontrolled inflammation
and aggravated CNS damage. In contrast, the expression of PPAR-β was significantly up-
regulated in SRC-3−/− EAE mice, in which CNS inflammation and damage was attenuated.

Although PPAR-β agonist exhibit protective effect in EAE, the mechanism of which is far
from uncovered. Recently, it has been demonstrated that PPAR-β played a prime role in
inducing alternative activation of adipose tissue resident macrophages and liver Kupffer cells
(Kang et al., 2008; Odegaard et al., 2008). It is known that alternatively activated macrophages
limit tissue damage and promote tissue repair under inflammation (Gordon, 2003). In
autoimmune diseases as EAE, CNS resident macrophages, microglia, are over-activated in
response to injury signals, together with infiltrated macrophages, produce large amount of
neurotoxic pro-inflammatory substances, which increased myelin destruction and uncontrolled
inflammation in CNS. (Becher et al., 2000; Carson, 2002). In addition, modulation of
microglial activities could effectively suppress the disease severity of EAE (Butovsky et al.,
2006; Heppner et al., 2005). Here we demonstrat that microglia in SRC-3−/− EAE mice are
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induced to an alternative activation state upon PPAR-β up-regulation, with phenotypic and
functional changes including decreased pro-inflammatory cytokines and chemokines
production, and promoted anti-inflammatory cytokines and alternatively activated markers
expression. Moreover, we found SRC-3−/− microglia showed higher expression of oposinins
than SRC-3+/+ microglia upon IFN-γ stimulation. Oposinins, such as C1qa and C1qb, are major
modulators responsible for complement-mediated phagocytosis and clearance of apoptotic
cells by macrophages. Most recently, macrophage PPAR-β has been found to sense the
apoptotic signals and up-regulate the expression of oposinins to promote the phagocytosis and
clearance of apoptotic cells, thus induce the tolerance in autoimmune disease (Mukundan et
al., 2009). Thus, elevated expression of oposinins in SRC-3−/− microglia and oposinins-
mediated clearance function of apoptotic cell could be another mechanism that synergistically
alleviated EAE pathology, or another property of PPAR-β-induced alternatively activated
microglia or maybe other type macrophages.

In EAE, inflammatory damage to myelin and oligodendrocytes is the major cause of
demyelination. To minimize the damaging potential of over-activated microglia, maintaining
their ability to promote CNS repair may have therapeutic potential in EAE disease process
(Popovich and Longbrake, 2008). In this study, we found SRC-3 deficiency promoted the
expression of IGF-I and BDNF, which may be due to PPAR-β-induced alternatively activated
microglia. It is known that neurotrophic factors, such as IGF-I and BDNF, play important roles
in promoting OPCs activation, recruitment, and differentiate into remyelinating
oligodendrocytes, which are critical for remyelination (Franklin and Ffrench-Constant,
2008). In response to up-regulation of IGF-I and BDNF, NG2+ OPCs accumulation in CNS
white matter and the expression of myelin genes were significantly increased in SRC-3−/− EAE
mice. These results could explain the neuroprotective effect of PPAR-β-induced alternatively
activated microglia, which up-regulated neurotrophic factors, together with more energy that
produced by PPAR-β-induced up-regulation of lipid metabolism, to promote CNS repair in
SRC-3−/− EAE mice.

We conclude from our findings that SRC-3 deficiency attenuated the disease severity of EAE
through PPAR-β up-regulation, which induce an alternative activation state of microglia. These
alternatively activated microglia inhibited the production of pro-inflammatory cytokines and
chemokines, and increased the expression of anti-inflammatory cytokine, oposinins and
neurotrophic factors, which help promote myelin regeneration through increased OPCs
accumulation in demyelinated regions and elevated myelin gene expression. More importantly,
the present study uncovered the possible mechanism by which PPAR-β promotes tissue repair
in response to injury, and build up a link between lipid metabolic regulation and immune
function. The modulations of the expression of SRC-3 and/or PPAR-β may have therapeutic
modality in MS and possibly other neurodegenerative diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MS multiple sclerosis

EAE experimental autoimmune encephalomyelitis

SRC steroid receptor coactivator

PPAR peroxisome proliferator-activated receptor

MOG myelin oligodendrocyte glycoprotein

OPCs oligodendrocyte precursors

IGF-I Insulin-like growth factor-I

BDNF brain-derived neurotropic factor

MBP myelin basic protein

PLP proteolipid protein
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FIGURE 1.
SRC-3−/− mice are lean with increased lipid metabolism rate compared to SRC-3+/+ mice.
(A) Body weight of SRC-3+/+ (n=17) and SRC-3−/− mice (n=16). * P < 0.05. (B) Mice were
maintained on a high-fat diet for 2 months, representative triglyceride accumulation in livers
(×200) and heart muscles (×100) from SRC-3+/+ and SRC-3−/− mice were indicated by Oil-
Red O staining. (C) Quantification of mRNA expression of SCD1, FAS, ACC1, Cpt1 and Acad
in livers from high-fat diet-fed SRC-3+/+ (solid bars) and SRC-3−/− (open bars).
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FIGURE 2.
SRC-3 deficiency attenuates MOG35-55-induced EAE without impairment of peripheral T cell
response. (A) Clinical course and severity of EAE were assessed after immunization with
MOG35–55 in SRC-3+/+ (n=10, closed circle) and SRC-3−/− mice (n=10, open circle). Mice
were monitored and scored daily as described in Materials and Methods. Data are
representative of three independent experiments. (B) Histopathology of spinal cord tissue
sections from SRC-3+/+ and SRC-3−/− EAE mice by H&E and Luxol Fast Blue staining (×40).
(C) Semiquantitative analysis of inflammation and demyelination in spinal cords from
SRC-3+/+ (solid bars) and SRC-3−/− (open bars) EAE mice. *P < 0.05. (D) Splenocytes were
isolated from SRC-3+/+ (solid bars) and SRC-3−/− (open bars) EAE mice 15 days post
immunization and examined ex vivo for proliferation in the absence (Med) or indicated
concentration of the MOG35-55 peptide. Data are presented as mean ± SD in triplicates. (E)
Splenocytes from SRC-3+/+ (solid bars) and SRC-3−/− (open bars) EAE mice 15 days post
immunization were challenged with the MOG35-55 peptide (20 μg/ml), and culture supernatants
were collected at 48 h for cytokine measurement by ELISA. Data are presented as mean mean
± SD of triplicate samples.
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FIGURE 3.
Ablation of SRC-3 inhibits the expression of pro-inflammatory mediators and reduces
inflammatory infiltration in CNS. (A) ELISA analysis of IFN-γ and TNF-α in spinal cords
from SRC-3+/+ (solid bars) and SRC-3−/− (open bars) EAE mice 15 days post immunization.
Data are presented as mean ± SD in triplicates. * P < 0.05. (B) Quantification of mRNA
expression of CCL2, CCL3, CCL5 and CXCL10 in spinal cords from SRC-3+/+ (solid bars)
and SRC-3−/− (open bars) EAE mice 15 days post immunization. The data were analyzed by
real-time PCR using β-actin as a reference. The values represent mean ± SD in triplicates. *
P < 0.05. (C) CNS mononuclear cells from SRC-3+/+ and SRC-3−/− EAE mice 15 days post
immunization were isolated by Percoll gradient and assessed by flow cytometry. (D)
Quantification of absolute numbers of CNS-infiltrating cells in SRC-3+/+ (solid bars) and
SRC-3−/− (open bars) EAE mice 15 days post immunization. Results are presented as mean ±
SD of three independent experiments.
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FIGURE 4.
Up-regulation of alternative activation genes through PPAR-β in CNS of SRC-3−/− EAE mice.
(A) Quantification of mRNA expression of PPAR-β in spinal cords and spleen from
SRC-3+/+ (solid bars) and SRC-3−/− (open bars) normal mice and EAE mice 25 days post
immunization. (B, D) Quantification of mRNA expression of FIZZ1, MRC1 and IL-10 in spinal
cords from SRC-3+/+ (solid bars) and SRC-3−/− (open bars) normal mice and EAE mice 25
days post immunization. The data were analyzed by real-time PCR using β-actin as a reference.
The values represent mean ± SD in triplicates. * P < 0.05. (C) Representative images of CD11b
expression showing microglial activation in the lesion site of spinal cords from SRC-3+/+ and
SRC-3−/− mice (×200).
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FIGURE 5.
SCR-3 deficiency promotes PPAR-β-mediated alternative activation of microglia. (A) The
purity of isolated microglia from naïve mice CNS were assessed by staining CD11b through
flow cytometry. (B, C, D) Microglia were stimulated by 50 ng/ml IFN-γ for 24 h, and the
mRNA expression of Ym1/2, MRC1, Arg1, IL-10, PPAR-β, C1qa and C1qb in SRC-3+/+ (solid
bars) and SRC-3−/− (open bars) microglia were quantified through real-time PCR using β-actin
as a reference. The values represent mean ± SD in triplicates. * P < 0.05.
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FIGURE 6.
SCR-3 deficiency exhibits promoted neuroprotective effect during the pathogenesis of EAE.
(A) Quantification of mRNA expression of IGF-I and BDNF in spinal cords from SRC-3+/+

(solid bars) and SRC-3−/− (open bars) normal mice and EAE mice 25 days post immunization.
The data were analyzed by real-time PCR using β-actin as a reference. The values represent
mean ± SD in triplicates. * P < 0.05. (B) Immunofluorescence staining of NG2+ OPCs in the
white matter of lumbar spinal cords of SRC-3+/+ and SRC-3−/− EAE mice 25 days post
immunization (×200). NG2 positive cells in the spinal cords of SRC-3+/+ and SRC-3−/− EAE
mice were quantified by counting in a field of 0.04 mm2. (C) Quantification of mRNA
expression of MBP and PLP in spinal cords from SRC-3+/+ (solid bars) and SRC-3−/− (open
bars) normal mice and EAE mice 25 days post immunization. The data were analyzed by real-
time PCR using β-actin as a reference. The values represent mean ± SD in triplicates. * P <
0.05.
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Table I

Specific primers used in real-time PCR analysis

Gene Primer Sequence (5′→3′)

β-actin FWa
RV

ATGGAGGGGAATACAGCCC
TTCTTTGCAGCTCCTTCGTT

SCD1 FW
RV

GCCGAGCCTTGTAAGTTCTG
CCTCCTGCAAGCTCTACACC

FAS FW
RV

GTTGGCCCAGAACTCCTGTA
GTCGTCTGCCTCCAGAGC

ACC1 FW
RV

GAAGCCACAGTGAAATCTCG
GATGGTTTGGCCTTTCACAT

Cpt1 FW
RV

AGTGGCCTCACAGACTCCAG
GCCCATGTTGTACAGCTTCC

Acad FW
RV

TCTTGCGATCAGCTCTTTCA
GGTACATGTGGGAGTACCCG

PPAR-β FW
RV

CTGTGGCTGTTCCATGACTG
AGATGAAGACAAACCCACGG

CCL2 FW
RV

ATTGGGATCATCTTGCTGGT
CCTGCTGTTCACAGTTGCC

CCL3 FW
RV

ACCATGACACTCTGCAACCA
GTGGAATCTTCCGGCTGTAG

CCL5 FW
RV

CCACTTCTTCTCTGGGTTGG
GTGCCCACGTCAAGGAGTAT

CXCL10 FW
RV

CCTATGGCCCTCATTCTCAC
CTCATCCTGCTGGGTCTGAG

Ym1/2 FW
RV

GGGCATACCTTTATCCTGAG
CCACTGAAGTCATCCATGTC

FIZZ1 FW
RV

TCCCAGTGAATACTGATGAGA
CCACTCTGGATCTCCCAAGA

MRC1 FW
RV

CAGGTGTGGGCTCAGGTAGT
TGTGGTGAGCTGAAAGGTGA

Arg1 FW
RV

TTTTTCCAGCAGACCAGCTT
CATGAGCTCCAAGCCAAAGT

IL-10 FW
RV

GGTTGCCAAGCCTTATCGGA
ACCTGCTCCACTGCCTTGCT

IGF-I FW
RV

GCAACACTCATCCACAATGC
TGGATGCTCTTCAGTTCGTG

BDNF FW
RV

GCCTTCATGCAACCGAAGTA
TGAGTCTCCAGGACAGCAAA

MBP FW
RV

GCTCCCTGCCCCAGAAGT
TGTCACAATGTTCTTGAAGAAATGG

PLP FW
RV

GCCCCTACCAGACATCTAGC
AGTCAGCCGCAAAACAGACT

a
FW, Forward; RV, Reverse.
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Table II

EAE in SRC-3−/− and wild-type micea

SRC-3+/+ SRC-3−/−

Incidence 10/10 (100%) 4/10 (20%)*

Day of onset 9.8 ± 0.4 10.6 ± 0.4

Maximal score 3.5 ± 0.2 2.3 ± 0.3*

a
SRC-3−/− and SRC-3+/+ mice in which EAE was induced by s.c. immunization with MOG35–55.

*
P < 0.05
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