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Brown adipose tissue ameliorates
autoimmune arthritis via inhibition
of Th17 cells
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The functions of adipose tissue are associated with autoimmune diseases, such as rheumatoid
arthritis (RA). Some studies have shown that the three compositions of adipose tissue (white, brown,
and beige) have different functions. Brown adipose tissue (BAT) is known to secrete several factors
that differ from those in white adipose tissue. This suggests that BAT might have potential positive
advantages in the physiology of autoimmune diseases. We compared the functions of collagen-
induced arthritis mice-derived BAT (CIA BAT) with normal mice-derived BAT. DBA/1J mice (6-7 weeks
of age) were immunized by intradermal injection at the base of the tail with 100 pg of bovine type

Il collagen (Cll) emulsified in complete Freund’s adjuvant. Immunized mice then received booster
immunizations by intraperitoneal injection with 100 pg of Cll in incomplete Freund'’s adjuvant. We
transplanted CIA BAT and normal BAT into CIA recipient mice. After transplantation, we measured
the functions of CIA BAT and normal BAT in mice. Normal BAT-transplanted mice showed significantly
lower scores of bone damage, inflammation, and cartilage damage. The proinflammatory cytokines in
normal BAT-transplanted mice, such as IL-12, IL-17, IL-6, and tumor necrosis factor-a (TNF-a), tended
to decrease. Microarray analysis showed that the PI3K-AKT signaling pathway and IL-17 levels of CIA
BAT tissues were significantly higher than those of normal BAT tissues. These results suggest that the
transplantation of normal brown fat may have a therapeutic effect in RA patients.

Adipose tissue, once regarded solely as a tissue that stores fat and serves a protective role, is now recognized as
an organ with many significant physiological functions’, such as inflammation and tissue repair? and endocrine
functions®. It is well known that obese people and animals have high levels of proinflammatory cytokines, such
as serum tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL)-1f, IL-6, and IL-17 all of which are pro-
duced by macrophages derived from adipose tissue**. Adipose tissue constitutes the major source of cytokines,
chemokines, and metabolically active mediators known as adipokines®”. It has been suggested that inflammation,
which is induced by adipose tissue, is associated with osteoarthritis®-'°, rheumatoid arthritis (RA)"-13, type 2
diabetes mellitus'*~"7, and coronary artery disease'®'°.

RA is linked with most components of metabolic syndromes, such as changes in body weight, dyslipidemia,
adipokine resistance, and insulin resistance?. Some studies have shown that obesity elevates the expression levels
of proinflammatory cytokines and reduces the expression levels of anti-inflammatory cytokines*"*2. Notably,
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Figure 1. Transplantation of normal brown adipose tissue reduces tissue damage, inflammation, and
development of experimental rheumatoid arthritis. (A) Schematic representation of the experiments. (B)
Epididymal white adipose tissues (¢eWAT'), normal brown adipose tissues (normal BAT) and collagen-induced
arthritis mice-derived BAT (CIA BAT) were presented. (C) Reductions of arthritis score and arthritis incidence
were observed in normal BAT-transplanted CIA mice. (D) Histological features of the joints were stained with
hematoxylin/eosin and Safranin O. (E) The histological score of bone damage, inflammation and cartilage
damage were presented. *P <0.05. Scale bars =100 pm.

our prior studies involved the use of metformin for the regulation of obesity-associated autoimmune disease®
and the balance of white/brown adipose tissue in obese mice**.

Recent studies have shown that adipose tissue is composed of three types of tissue: white, brown, and beige?.
However, because beige fat derives from white adipose tissue (WAT), through a process known as browning of
WAT?, adipose tissue is generally classified as white or brown®. WAT is an energy reservoir for other organs that
is capable of adjusting its storage and secretory role to the nutritional state of the organism?®. The size and quan-
tity of WAT increase to accommodate excess energy when the energy intake exceeds the energy expenditure?®.
Furthermore, WAT releases heat shock protein (Hsp72), macrophage chemoattractant protein (MCP-1), IL-6,
and IL-10 when it becomes stressed®. In contrast, brown adipose tissue (BAT) is a heat-producing adipose tissue,
a specialized organ responsible for thermogenesis, which is primarily found in infants; its abundance decreases
with age, such that it is lost in adulthood®"*2. Unlike WAT, BAT is equipped with abundant mitochondria and
uniquely expresses uncoupling protein (UCP)-1%, which allows protons produced by lipolysis and glycolysis to
reenter the mitochondrial matrix, while producing heat instead of adenosine triphosphate®. In addition, BAT
is highly innervated by the sympathetic nervous system™® and contains developed vasculature®. BAT is known
to secrete adiponectin and IL-6, similar to WAT®’”. However, several factors may be secreted by BAT alone, such
as fibroblast growth factor 21 (FGF-21)*. FGF-21 is expected to play a vital role in anti-inflammation by down-
regulating mRNA expression of IL-17, TNF-a, IL-1f, IL-6%. Taken together, endocrine factors produced by BAT
might have beneficial effects in autoimmune diseases.

We hypothesized that BAT can be associated with treating RA by reducing inflammatory cytokines. IL-
23-IL-17 axis is thought to have a critical role in RA*. Therefore, we thought that by reducing IL-17, further
deterioration of RA could be prevented. Hence, we compared the functions of collagen-induced arthritis (CIA)
mice-derived BAT (CIA BAT) with normal mice-derived BAT in this study. We injected CIA mice with CIA BAT
or normal BAT and evaluated the therapeutic role of normal BAT in CIA mice.
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Figure 2. Transplantation of normal brown adipose tissue reduces secretion of proinflammatory cytokines.
Immunohistochemistry images are shown with tissues stained by anti-IL-12, anti-IL-17, anti-IL-6, anti-TNF-a,
and anti-IL-10 antibodies. *P <0.05. Scale bars =100 pm.

Results

Experimental RA requires normal BAT activity for therapy. The scheme of the transplantation of
BAT was presented (Fig. 1A). Epididymal white adipose tissues (eWAT), normal BAT which was acquired to
control mouse and BAT which was derived from CIA mouse (CIA BAT) were showed (Fig. 1B). Compared to
mice that received sham surgery or transplantation of CIA BAT, normal BAT transplantation mice had signifi-
cantly lower arthritis scores and incidence of arthritis throughout the experimental period (Fig. 1C). The joint
tissues were presented using H&E and safranin O staining for the disruption of tissues (Fig. 1D). Histological
analysis showed that the average scores of bone damage, inflammation, and cartilage damage of the normal BAT
group were significantly lower than those of the control and CIA BAT groups (Fig. 1E).

Transplantation of normal brown adipose tissue ameliorates proinflammatory cytokines and
impacts anti-inflammatory cytokine secretion. Inflammatory cytokines were observed by immuno-
histochemistry in murine joint tissues. Levels of proinflammatory cytokines, such as IL-12, IL-17, IL-6, and
TNF-a, tended to decrease in normal BAT-transplanted mice. IL-12 significantly increased in CIA BAT-trans-
planted mice, compared to its levels in normal BAT-transplanted mice. Levels of IL-10, an anti-inflammatory
cytokine, significantly differed between sham- and CIA BAT-transplanted mice. However, there were no signifi-
cant differences between sham- and normal BAT-transplanted mice (Fig. 2).
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Figure 3. Populations of Th17 and Treg cells were reduced by transplantation of normal BAT in CIA mice. (A)
Numbers of Th17 and Treg cells were measured by ex vivo FACS in the splenocytes of control and adipocyte
tissue-transplanted mice. (B) Splenic tissue from each group of mice was monitored by immunofluorescence
staining. *P <0.05. Scale bars =20 um.

Normal BAT ameliorates balance of Th17/Treg cells. To quantify the populations of Th17 and Treg
cells, splenocytes were analyzed by flow cytometry after mice had been sacrificed. The populations of Th17 and
Treg cells did not significantly differ in each group. However, Th17 cells in the normal BAT group tended to be
fewer than those in the control and CIA BAT groups (Fig. 3A). Confocal imaging showed significantly fewer
CD4'TL-17* cells in the spleen tissues of normal BAT-transplanted mice than in the spleen tissues of sham-
or CIA BAT-transplanted mice. Although CD4"CD25" Foxp3™ cells did not significantly differ in each group,
CD4*CD25* Foxp3* cells showed a tendency to increase in the normal BAT-transplanted group, compared to
the sham- or CIA BAT groups (Fig. 3B).

Brown adipose tissue inhibits IL-17 secretion and strongly induces IL-10 expression. To deter-
mine the expression of IL-17 and IL-10 in each adipose tissue, BAT, epididymal white adipose tissue (eWAT)
and CIA BAT were cultured for 72 h. IL-17 and IL-10 levels were detected by ELISA in BAT culture medium
and eWAT culture medium, respectively. In prevalent condition, IL-17 of brown fat tissues was lower expressed
compared with eWAT, however, IL-10 which is anti-inflammatory cytokine were highly expressed in brown
fat tissues. (Fig. 4A). Furthermore, IL-17 expression of eWAT was higher than BAT and IL-10 expression of
eWAT was lower than the BAT in the Th17 differentiation condition (Fig. 4B). The level of IL-17 of CIA BAT
was more elevated than normal BAT and the level of IL-10 was decreased in CIA BAT compared with normal
BAT (Fig. 4C). To investigate BAT decreases the population of Th17, the differentiated-Th17 cells derived from
CD4 positive splenocytes were cultured with BAT and eWAT respectively. Although the population of Treg
cells showed no significant differences, the population of Th17 cells was decreased in BAT co-culture condition
(Fig. 4D,E).

Comparison of gene expression between normal BAT with CIA BAT in murine. We compared
normal mice-derived BAT with CIA mice-derived BAT using a microarray (Fig. 5A). Differentially expressed
genes, identified using an absent/present (A/P) classification and >2-fold difference as cut-offs, constituted 252
of 24,532 genes (Fig. 5B): 94 were upregulated and 158 were downregulated (Fig. 5C). The 10 dominant gene
ontology (GO) terms of biological processes are presented in Fig. 5D. The 10 dominant GO terms of molecular
function are presented in Fig. 5E.

PI3K-AKT signaling-associated genes and IL-17 signaling-associated genes were highly
expressed in CIA BAT, compared to normal BAT. According to the Kyoto Encyclopedia of Genes and
Genomes, the PI3K-AKT and IL-17 signaling pathways significantly differed between CIA BAT and normal
BAT tissues (Table 1). In the PI3K-AKT pathway, Flt1, Pik3rl, Skl1, and Nr4al were highly expressed in CIA
BAT. Western blotting showed the expressions of PI3K/AKT pathway proteins (Fig. 5F). The expressions of
phosphorylated PI3K and AKT was increased in CIA BAT than normal BAT (Fig. 5G). However, Fnl, Col4a5,
Collal, and Colla2 (PIK3-AKT signaling-associated genes and focal adhesion molecules) were downregulated
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Figure 4. BAT inhibits Th17 differentiation and induces IL-10 expression in vitro. (A) IL-17 and IL-10 levels
were measured by ELISA in BAT and eWAT. (B) Levels of IL-17 and IL-10 in BAT and eWAT were detected
by ELISA under Th17-inducing conditions for 72 h. (C) IL-17 and IL-10 levels of normal BAT and CIA BAT
were measured by ELISA. (D,E) The population of Th17 cells and Treg cells in BAT co-culture condition were
measured. *P <0.05, **P <0.01, and ***P <0.005.

in CIA BAT. IL-17 signaling pathway-associated genes, such as Jun, S100a8, and S100a9, were highly expressed
in CIA BAT.

Discussion

The role of adipose tissue was once presumed to be the storage of fat and protection of the body*!. However, recent
studies have identified other functions of adipose tissue and its association with autoimmune diseases, such as
osteoarthritis and RA*?. Brown adipose tissue, a subtype of adipose tissue, is well known for its heat-producing
role**. In addition to this role, brown adipose tissue may be beneficial for the treatment of autoimmune diseases.

To determine whether functions differed between normal BAT and CIA BAT, we transplanted normal BAT
or CIA BAT into CIA mice. The results showed that normal BAT-transplanted mice had lower arthritis scores
and incidence of arthritis than control mice or CIA BAT-transplanted mice. This was confirmed by histological
analysis. Safranin O staining showed that the cartilage of normal BAT-transplanted mice was healthier than that
of sham- or CIA BAT-transplanted mice. The scores of bone damage, inflammation, and cartilage damage were
significantly lower in the normal BAT-transplanted group. Furthermore, compared with the severity of arthritis
in the normal CIA model and the sham CIA model, there were no notable differences (data not shown).

The proinflammatory cytokines of normal BAT-transplanted mice tended to decrease relative to those of other
experimental groups, as evidenced by immunohistochemistry analysis of mouse joint tissues. IL-12, a Th1 cell-
stimulating factor*$, was significantly higher in CIA BAT-transplanted mice than in normal BAT-transplanted
mice. Conversely, the expression of IL-10 was significantly lower in CIA BAT-transplanted mice than in control
mice. There were no significant changes between sham- and normal BAT-transplanted mice.

Ex vivo flow cytometry and immunofluorescence staining analyses showed that the populations of Foxp3*
Treg cells did not significantly differ among groups. However, the population of Th17 cells was significantly
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Figure 5. Comparison of gene expression between normal BAT and CIA BAT in mice by microarray analysis.
(A) Hierarchical cluster heatmap of normal BAT and CIA BAT. (B) Scatter plots of the expression levels of
genes between normal BAT and CIA BAT. (C) Significantly different gene numbers are shown in normal BAT
and CIA BAT. (D,E) Top 10 biological processes and molecular functions associated with upregulated and
downregulated genes in normal BAT and CIA BAT, based on gene ontology functional analysis. (F) The relative
expression levels of total PI3K (PI3K), phosphorylated PI3K (p-PI3K), total AKT (AKT) and phosphorylated
AKT (p-AKT) proteins were determined by western blotting. (G) The protein expression levels which were the
ratio of the phosphorylated protein/total protein values of PI3K and AKT were monitored. *P <0.05, **P <0.01,
and **P <0.005.

reduced in normal BAT-transplanted mice, as evidenced by immunofluorescence. Flow cytometry showed that
Th17 cells of normal BAT-transplanted mice tended to decrease. Although there is some controversy over the
function of IFNy*6, Th1 and Th17 cells are known to be involved in the development of arthritis in the CIA
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Map name P-value Genes | Fold change (CIA BAT/nor BAT) | Description

Flt1 2.107880 FMS-like tyrosine kinase 1

Pik3rl 3.895963 Phosphatidylinositol 3-kinase, regulatory

subunit

Sgkl 2.421112 Serum/glucocorticoid regulated kinase 1
PI3K-AKT signaling pathway | 6.04637E—-06 | Nrdal 4.452061 gl;i?errrle ceptor subfamily 4, group 4,

Col4a5 | -2.121215 Collagen, type IV, alpha 5

Fnl —2.389394 Fibronectin 1

Colla2 | -2.766700 Collagen, type I, alpha 2

Collal | -3.589281 Collagen, type I, alpha 1

Jun 2.187605 Jun proto-oncogene

$100 calcium binding protein A8 (cal-
IL-17 signaling pathway 0.026892276 | 510028 | 3759533 granulin A)

$100 calcium binding protein A9 (cal-

$100a9 4.426975 :
granulin B)

Table 1. The significant pathways in CIA BAT compared to nor BAT (P<0.05).

model**8, In this study, Thl cells were determined by flow cytometry in each mouse groups, there were no
significant differences respectively (data not shown).

Subsequently, IL-17 and IL-10 expression levels in the cell culture medium were measured by ELISA. Notably,
the IL-17 expression level in eWAT was significantly higher than that in normal BAT, while the IL-10 expression
level in eWAT was significantly lower than that in normal BAT. In Th17-inducing conditions, the expression
levels of IL-17 in eWAT and CIA BAT were significantly higher than in normal BAT. IL-10 was highly expressed
by normal BAT, but not by eWAT and CIA BAT. Taken together, these findings suggested that CIA BAT was
similar to eWAT and distinct from normal BAT.

To determine differences between CIA BAT and normal BAT, we performed microarray analysis, which
identified 252 differentially expressed genes. The 10 dominant GO terms of biological processes were identi-
fied; seven of these 10 terms were related to the regulation of cellular and biological processes (Fig. 5D). In the
Kyoto Encyclopedia of Genes and Genomes enrichment data, 11 of the top 20 enrichment terms were related to
human disease (data not shown). These data showed that brown fat in the RA mouse model differs from brown
fat in normal mice.

Eight of the 10 dominant GO terms of molecular function were related to protein binding and molecular
binding (Fig. 5E). PI3K signaling pathway-associated genes (Flt1, Pik3rl, Sgkl, and Nr4al) showed increased
expression in CIA BAT. Also, we assessed the expression of PI3K and AKT proteins by western blotting. The
activated forms of PI3K and AKT were known to be phosphorylated**°. Also, the activated form of PI3K and
AKT were known to be increase of inflammation through secreting of pro-inflammatory cytokines such as IL-1p,
IL-6 TNFo**2, This study showed that the activated form of PI3K and AKT was increased in BAT of CIA mice
than normal. The increased PI3K/AKT signaling is thought to aggravate inflammation in the CIA model. Other
genes showed reduced expression in CIA BAT, such as Fnl, Col4a5, Collal, and Colla2. These were both PI3k
signaling pathway-associated genes and focal adhesion-associated genes.

The expression of genes in the IL-17 signaling pathway was higher in CIA BAT than in normal BAT (Table 1).
Notably, proinflammatory genes (Jun, S100a8, and S100a9) were increased in CIA BAT, compared to normal
BAT; these are closely related to inflammation. Taken together, these data indicate that the brown fat of the RA
model mouse activates the PI3K pathway and promote inflammatory conditions. However, the reduction of focal
adhesion molecules in CIA BAT can reduce cell survival.

Our study showed that normal brown fat had a therapeutic effect on the RA mouse model. However, brown
fat derived from CIA mice did not have a therapeutic effect on other CIA mice. Normal brown fat reduced the
pathological score of arthritis in CIA mice and reduced the levels of proinflammatory cytokines in tissues. In
particular, brown fat tissue showed significant differences in proinflammatory cytokine (IL-17) and an anti-
inflammatory cytokine (IL-10), compared with epididymal white tissue. Microarray data showed that expression
levels in some pathways significantly differed between normal BAT and CIA BAT. Taken together, the brown fat of
RA mouse model showed a similar aspect with white adipose tissues. Since normal brown adipose tissue has the
ability to regulate immunity, we suggested that the normal brown fat transplantation or the trans-differentiation
of white fat to brown fat may have therapeutic effects in RA patients.

Materials and methods

Animals. Male DBA/1] mice (6-8 weeks of age) were purchased from Orient Bio (Seoul, Korea). All mice
were reared under specific pathogen-free conditions. All experiments were approved by the Animal Research
Ethics Committee of the Catholic University of Korea (permit number: CUMC: 2015-0128-01) and conducted
in accordance with the guidelines of the National Institutes of Health.

Type Il collagen (Cll) immunization and induction of CIA. DBA/1] mice were immunized by intra-
dermal injection at the base of the tail with 100 pg of bovine type II collagen (CII) emulsified in complete Fre-
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und’s adjuvant (Arthrogen-CIA, Redmond, WA, USA) (1:1, w/v). Two weeks later, the mice received booster
immunizations by intraperitoneal injection with 100 pug of bovine CII in incomplete Freund’s adjuvant (DIFCO,
Detroit, MI, USA) (1:1, v/v).

Assessment of arthritis. Mice were observed three times per week for the onset, duration, and severity of
joint inflammation for 9 weeks after the primary immunization. The severity of arthritis in each paw was graded
in accordance with an established scoring system, as follows: 0 =normal, 1 =mild swelling, 2 =moderately severe
arthritis involving toes and ankle, 3 =severe arthritis involving an entire paw, and 4 = severe arthritis resulting in
ankylosis and loss of the joint; the maximum cumulative score for each animal was 16>.

Immunohistochemistry. Mouse joint tissues were fixed in 4% paraformaldehyde, decalcified in EDTA
bone decalcifier, and embedded in paraffin. Seven-micrometer sections were prepared and stained with hema-
toxylin/eosin and Safranin O to detect proteoglycans. The sections were dewaxed using xylene and dehydrated
using an alcohol gradient. Endogenous peroxidase activity was quenched with 3% H,0, in methanol Immu-
nohistochemistry was performed using the Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA).
Tissues were incubated with primary anti-IL-17, anti-IL-10, anti-IL-12, anti-IL-6 and TNF-a antibodies (all
from R&D Systems, Minneapolis, MN, USA) overnight at 4 °C, followed by incubation with a biotinylated sec-
ondary linking antibody and streptavidin—peroxidase complex for 1 h. The final color product was developed
using DAB chromogen (DAKO, Carpinteria, CA, USA). The sections were counterstained with hematoxylin and
photographed with an Olympus photomicroscope (Tokyo, Japan).

Histological assessment of arthritis. The hematoxylin/eosin-stained sections were scored for inflam-
mation and cartilage damage. Inflammation was scored in accordance with established criteria®, as follows:
score 0: no inflammation; score 1: slight thickening of lining layer or some infiltrating cells in subliming layer;
score 2: slight thickening of lining layer and some infiltrating cells in subliming layer; score 3: thickening of
lining layer, influx of cells in subliming layer, and presence of cells in the synovial space; and score 4: synovium
highly infiltrated with many inflammatory cells. Cartilage erosion was scored as follows: score 0: no destruction;
score 1: minimal erosion limited to single spots; score 2: slight to moderate erosion in a limited area; score 3:
more extended erosions; and score 4: general destruction. Neutrophil quantification was performed in three
adjacent sections.

Confocal microscopy. For immunostaining, 7-pum tissue sections of spleens were used. To analyze the pop-
ulations of T helper 17 cells, we used PE-conjugated anti-CD4 and fluorescein isothiocyanate (FITC)-conjugated
anti-IL-17 antibodies (eBioscience; San Diego, CA, USA). To analyze the populations of regulatory T cells, the
samples were stained with FITC-conjugated anti-CD4, APC-conjugated anti-CD25, and PE-conjugated anti-
Foxp3 antibodies. The stained sections were observed using a Zeiss microscope (LSM 510 Meta; Carl Zeiss,
Oberkochen, Germany) at x 400 magnification. Positive cells were counted, and the values were expressed as the
mean * standard deviation.

Flow cytometry. To quantify the populations of Th17 cells and Foxp3-positive Treg cells, splenocytes were
stimulated with 25 ng/mL PMA and 250 ng/mL ionomycin (both from Sigma-Aldrich, St. Louis, MO, USA) and
Golgi Stop (BD Biosciences, San Diego, CA, USA) in a 24-well plate and incubated for 4 h. The stimulated cells
were stained with Percp-conjugated anti-CD4 antibody (eBiosciences), then fixed and permeabilized using the
Cytofix/Cytoperm Plus kit (BD Biosciences), in accordance with the manufacturer’s instructions; they were then
stained with FITC-conjugated anti-IL-17 antibody (eBioscience). For analysis of Treg cells, splenocytes were sur-
face-labeled with anti-CD4 and anti-CD25 antibodies, followed by fixation, permeabilization, and intracellular
staining with anti-Foxp3 antibody, in accordance with the manufacturer’s protocol. All samples were examined
using a FACS Calibur device (BD Pharmingen).

Murine T-cell isolation and differentiation. Spleen cell cultures were cultured in RPMI 1640 medium
supplemented with 5% FBS. To purify CD4" T cells, the cells were reacted with CD4-coated magnetic beads and
isolated using magnetically activated cell sorting (MACS) separation columns (Miltenyi Biotec). Selected CD4
positive T cells were stimulated with plate-bound anti-CD3 (0.5 pug/mL), soluble anti-CD28 (1 pug/mL; both from
BD Biosciences), anti-interferon-y (2 pg/mL), anti-IL-4 (2 pg/mL) antibodies, recombinant TGF-p (2 ng/mL),
and recombinant IL-6 (20 ng/mL) (R&D Systems) for 3 days to achieve polarization of Th17 cells.

Co-culture of Th17 cells with adipocytes. Sorted Th17 cells were seeded in 24-well plates at 1x 10 per
well in 5% FBS added-RPMI and brown/white adipocyte was a layer on to Th17 cells. Cells were incubated at
37 °C for 72 h. 3 days later, the culture supernatants were collected.

Enzyme-linked immunosorbent assay (ELISA). The quantity of IL-17 and IL-10 in culture super-
natants were measured by sandwich EILSA (R&D Systems, Minneapolis, MN). Alkaline phosphatase (Sigma-
Aldrich) was used for color development. The absorbance was determined at a wavelength of 405 nm on an
ELISA microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Western blotting. Proteins were isolated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membranes (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Western

SCIENTIFIC REPORTS |

(2020) 10:12374 | https://doi.org/10.1038/s41598-020-68749-x



www.nature.com/scientificreports/

blotting was assessed using a SNAP i.d. Protein Detection System (Millipore, Billerica, MA, USA). Membranes
were stained with primary antibodies against Akt, p-Akt (Ser*’?), PI3K, p-PI3K and GAPDH (All from Cell
Signaling, MA, USA).

Transplantation of BAT. BAT was acquired from DBA1/J donor mice (age 7 weeks) and washed in ster-
ile PBS. BAT of donor mice has coated with phenol red-free Matrigel (BD Biosciences). We then transplanted
0.2 g donor BAT into the subcutaneous dorsal region of CIA mice as quickly as possible. The spleen samples of
recipient mice were obtained 5 weeks after the transplantation. The sham surgery group underwent the same
procedure. The procedure was described in Fig. 1A.

Microarray analysis. We performed microarray analysis using an Affymetrix Mouse Gene 2.0 ST array for
24,532 genes (Illumina) by Macrogen Co. (Seoul, Korea), in accordance with the manufacturer’s instructions.

Statistical analysis. All data were analyzed using the nonparametric Mann-Whitney U test to com-
pare two groups or one-way analysis of variance with Bonferroni’s post hoc test for multiple comparisons (>3
groups). GraphPad Prism software (ver. 5.01) was employed for all analyses. A value of P<0.05 was considered
statistically significant. Data are expressed as means + standard deviations.

Received: 16 December 2019; Accepted: 5 June 2020
Published online: 23 July 2020

References

1. Murawska-Cialowicz, E. Adipose tissue—morphological and biochemical characteristic of different depots. Postepy Hig. Med.
Dosw. (Online) 71, 466-484 (2017).

2. Scheja, L. & Heeren, J. The endocrine function of adipose tissues in health and cardiometabolic disease. Nat. Rev. Endocrinol. 15,
507-524. https://doi.org/10.1038/s41574-019-0230-6 (2019).

3. Kershaw, E. E. & Flier, ]. S. Adipose tissue as an endocrine organ. J. Clin. Endocrinol. Metab. 89, 2548-2556. https://doi.org/10.1210/
j€.2004-0395 (2004).

4. Engin, A. The pathogenesis of obesity-associated adipose tissue inflammation. Adv. Exp. Med. Biol. 960, 221-245. https://doi.
0rg/10.1007/978-3-319-48382-5_9 (2017).

5. Stampanoni Bassi, M. et al. Obesity worsens central inflammation and disability in multiple sclerosis. Mult. Scler. https://doi.
0rg/10.1177/1352458519853473 (2019).

6. Guzik, T. ], Skiba, D. S., Touyz, R. M. & Harrison, D. G. The role of infiltrating immune cells in dysfunctional adipose tissue.
Cardiovasc. Res. 113, 1009-1023. https://doi.org/10.1093/cvr/cvx108 (2017).

7. Huda, S. S. et al. Visceral adipose tissue activated macrophage content and inflammatory adipokine secretion is higher in pre-
eclampsia than in healthy pregnancys. Clin. Sci. (Lond.) 131, 1529-1540. https://doi.org/10.1042/CS20160832 (2017).

8. Belluzzi, E. et al. Systemic and local adipose tissue in knee osteoarthritis. J. Cell. Physiol. 232, 1971-1978. https://doi.org/10.1002/
jcp.25716 (2017).

9. Chang, J. et al. Systemic and local adipose tissue in knee osteoarthritis. Osteoarthr. Cartil. 26, 864-871. https://doi.org/10.1016/j.
joca.2018.03.004 (2018).

10. Wang, T. & He, C. Pro-inflammatory cytokines: the link between obesity and osteoarthritis. Cytokine Growth Factor Rev. 44, 38-50.
https://doi.org/10.1016/j.cytogfr.2018.10.002 (2018).

11. Gremese, E., Tolusso, B., Gigante, M. R. & Ferraccioli, G. Obesity as a risk and severity factor in rheumatic diseases (autoimmune
chronic inflammatory diseases). Front. Immunol. 5, 576. https://doi.org/10.3389/fimmu.2014.00576 (2014).

12. Kontny, E. et al. Distinct secretory activity and clinical impact of subcutaneous abdominal adipose tissue in women with rheuma-
toid arthritis and osteoarthritis. Inflammation 40, 106-116. https://doi.org/10.1007/s10753-016-0459-3 (2017).

13. Scrivo, R., Vasile, M., Muller-Ladner, U., Neumann, E. & Valesini, G. Rheumatic diseases and obesity: adipocytokines as potential
comorbidity biomarkers for cardiovascular diseases. Mediat. Inflamm. 2013, 808125. https://doi.org/10.1155/2013/808125 (2013).

14. Burhans, M. S., Hagman, D. K., Kuzma, J. N., Schmidt, K. A. & Kratz, M. Contribution of adipose tissue inflammation to the
development of type 2 diabetes mellitus. Compr. Physiol. 9, 1-58. https://doi.org/10.1002/cphy.c170040 (2018).

15. Kohlgruber, A. & Lynch, L. Adipose tissue inflammation in the pathogenesis of type 2 diabetes. Curr. Diabetes Rep. 15, 92. https
://doi.org/10.1007/s11892-015-0670-x (2015).

16. Liang, W. & Ye, D. D. The potential of adipokines as biomarkers and therapeutic agents for vascular complications in type 2 diabetes
mellitus. Cytokine Growth Factor Rev. 48, 32-39. https://doi.org/10.1016/j.cytogfr.2019.06.002 (2019).

17. Mraz, M. et al. Dendritic cells in subcutaneous and epicardial adipose tissue of subjects with type 2 diabetes, obesity, and coronary
artery disease. Mediat. Inflamm. 2019, 5481725. https://doi.org/10.1155/2019/5481725 (2019).

18. Emamalipour, M., Seidi, K., Jahanban-Esfahlan, A. & Jahanban-Esfahlan, R. Implications of resistin in type 2 diabetes mellitus and
coronary artery disease: Impairing insulin function and inducing pro-inflammatory cytokines. J. Cell. Physiol. 234, 21758-21769.
https://doi.org/10.1002/jcp.28913 (2019).

19. Garofallo, S. B. et al. Correlations between traditional and nontraditional indicators of adiposity, inflammation, and monocyte
subtypes in patients with stable coronary artery disease. J. Obes. 2019, 3139278. https://doi.org/10.1155/2019/3139278 (2019).

20. Kerekes, G. et al. Rheumatoid arthritis and metabolic syndrome. Nat. Rev. Rheumatol. 10, 691-696. https://doi.org/10.1038/nrrhe
um.2014.121 (2014).

21. Manning, P.]. et al. Postprandial cytokine concentrations and meal composition in obese and lean women. Obesity (Silver Spring)
16, 2046-2052. https://doi.org/10.1038/0by.2008.334 (2008).

22. Patel, C. et al. Prolonged reactive oxygen species generation and nuclear factor-kappaB activation after a high-fat, high-carbohydrate
meal in the obese. J. Clin. Endocrinol. Metab. 92, 4476-4479. https://doi.org/10.1210/jc.2007-0778 (2007).

23. Kim, E. K. et al. Metformin ameliorates experimental-obesity-associated autoimmune arthritis by inducing FGF21 expression and
brown adipocyte differentiation. Exp. Mol. Med. 50, e432. https://doi.org/10.1038/emm.2017.245 (2018).

24. Kim, E. K. et al. Metformin prevents fatty liver and improves balance of white/brown adipose in an obesity mouse model by induc-
ing FGF21. Mediat. Inflamm. 2016, 5813030. https://doi.org/10.1155/2016/5813030 (2016).

25. Zhu, Q. et al. Neuroendocrine regulation of energy metabolism involving different types of adipose tissues. Int. . Mol. Sci. https
://doi.org/10.3390/ijms20112707 (2019).

SCIENTIFIC REPORTS |

(2020) 10:12374 | https://doi.org/10.1038/s41598-020-68749-x


https://doi.org/10.1038/s41574-019-0230-6
https://doi.org/10.1210/jc.2004-0395
https://doi.org/10.1210/jc.2004-0395
https://doi.org/10.1007/978-3-319-48382-5_9
https://doi.org/10.1007/978-3-319-48382-5_9
https://doi.org/10.1177/1352458519853473
https://doi.org/10.1177/1352458519853473
https://doi.org/10.1093/cvr/cvx108
https://doi.org/10.1042/CS20160832
https://doi.org/10.1002/jcp.25716
https://doi.org/10.1002/jcp.25716
https://doi.org/10.1016/j.joca.2018.03.004
https://doi.org/10.1016/j.joca.2018.03.004
https://doi.org/10.1016/j.cytogfr.2018.10.002
https://doi.org/10.3389/fimmu.2014.00576
https://doi.org/10.1007/s10753-016-0459-3
https://doi.org/10.1155/2013/808125
https://doi.org/10.1002/cphy.c170040
https://doi.org/10.1007/s11892-015-0670-x
https://doi.org/10.1007/s11892-015-0670-x
https://doi.org/10.1016/j.cytogfr.2019.06.002
https://doi.org/10.1155/2019/5481725
https://doi.org/10.1002/jcp.28913
https://doi.org/10.1155/2019/3139278
https://doi.org/10.1038/nrrheum.2014.121
https://doi.org/10.1038/nrrheum.2014.121
https://doi.org/10.1038/oby.2008.334
https://doi.org/10.1210/jc.2007-0778
https://doi.org/10.1038/emm.2017.245
https://doi.org/10.1155/2016/5813030
https://doi.org/10.3390/ijms20112707
https://doi.org/10.3390/ijms20112707

www.nature.com/scientificreports/

26.
27.
28.
29.

30.

31.

32.
. Schulz, T. J. & Tseng, Y. H. Brown adipose tissue: development, metabolism and beyond. Biochem. J. 453, 167-178. https://doi.

34,
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.

48.
49.
50.
51.

52.

53.

54.

Rui, L. Brown and beige adipose tissues in health and disease. Compr. Physiol. 7, 1281-1306. https://doi.org/10.1002/cphy.c1700
01 (2017).

Wang, W. & Seale, P. Control of brown and beige fat development. Nat. Rev. Mol. Cell. Biol. 17, 691-702. https://doi.org/10.1038/
nrm.2016.96 (2016).

Choe, S. S., Huh, J. Y., Hwang, I. J., Kim, J. I. & Kim, J. B. Adipose tissue remodeling: its role in energy metabolism and metabolic
disorders. Front. Endocrinol. (Lausanne) 7, 30. https://doi.org/10.3389/fendo.2016.00030 (2016).

Pellegrinelli, V., Carobbio, S. & Vidal-Puig, A. Adipose tissue plasticity: how fat depots respond differently to pathophysiological
cues. Diabetologia 59, 1075-1088. https://doi.org/10.1007/s00125-016-3933-4 (2016).

Speaker, K. J. et al. Six weeks of voluntary wheel running modulates inflammatory protein (MCP-1, IL-6, and IL-10) and DAMP
(Hsp72) responses to acute stress in white adipose tissue of lean rats. Brain Behav. Immun. 39, 87-98. https://doi.org/10.1016/j.
bbi.2013.10.028 (2014).

Carpentier, A. C. et al. Brown adipose tissue energy metabolism in humans. Front. Endocrinol. (Lausanne) 9, 447. https://doi.
org/10.3389/fendo.2018.00447 (2018).

Contreras, C. et al. The brain and brown fat. Ann. Med. 47, 150-168. https://doi.org/10.3109/07853890.2014.919727 (2015).

org/10.1042/BJ20130457 (2013).

Clerte, M. et al. Brown adipose tissue blood flow and mass in obesity: a contrast ultrasound study in mice. J. Am. Soc. Echocardiogr.
26, 1465-1473. https://doi.org/10.1016/j.ech0.2013.07.015 (2013).

Morrison, S. E. & Madden, C. J. Central nervous system regulation of brown adipose tissue. Compr. Physiol. 4, 1677-1713. https
://doi.org/10.1002/cphy.c140013 (2014).

Shimizu, I. et al. Vascular rarefaction mediates whitening of brown fat in obesity. J. Clin. Investig. 124, 2099-2112. https://doi.
org/10.1172/JCI71643 (2014).

Townsend, K. & Tseng, Y. H. Brown adipose tissue: recent insights into development, metabolic function and therapeutic potential.
Adipocyte 1, 13-24. https://doi.org/10.4161/adip.18951 (2012).

Quesada-Lopez, T. et al. The lipid sensor GPR120 promotes brown fat activation and FGF21 release from adipocytes. Nat. Com-
mun. 7, 13479. https://doi.org/10.1038/ncomms13479 (2016).

Jankovic, B. D., Janezic, A. & Popeskovic, L. Brown adipose tissue and immunity. Effect of neonatal adipectomy on humoral and
cellular immune reactions in the rat. Immunology 28, 597-609 (1975).

Lubberts, E. The IL-23-IL-17 axis in inflammatory arthritis. Nat. Rev. Rheumatol. 11, 562. https://doi.org/10.1038/nrrheum.2015.128
(2015).

Konige, M., Wang, H. & Sztalryd, C. Role of adipose specific lipid droplet proteins in maintaining whole body energy homeostasis.
Biochim. Biophys.. Acta 393-401, 2014. https://doi.org/10.1016/j.bbadis.2013.05.007 (1842).

Holers, V. M. & Banda, N. K. Complement in the initiation and evolution of rheumatoid arthritis. Front. Immunol. 9, 1057. https
://doi.org/10.3389/fimmu.2018.01057 (2018).

Contreras, C., Nogueiras, R., Dieguez, C., Rahmouni, K. & Lopez, M. Traveling from the hypothalamus to the adipose tissue: the
thermogenic pathway. Redox Biol. 12, 854-863. https://doi.org/10.1016/j.redox.2017.04.019 (2017).

Hsieh, C. S. et al. Development of TH1 CD4+ T cells through IL-12 produced by Listeria-induced macrophages. Science 260,
547-549. https://doi.org/10.1126/science.8097338 (1993).

Cosmi, L., Liotta, F,, Maggi, E., Romagnani, S. & Annunziato, F. Th17 and non-classic Th1 cells in chronic inflammatory disorders:
two sides of the same coin. Int. Arch. Allergy Immunol. 164, 171-177. https://doi.org/10.1159/000363502 (2014).

Maggi, L. et al. Brief report: etanercept inhibits the tumor necrosis factor alpha-driven shift of Th17 lymphocytes toward a nonclas-
sic Th1 phenotype in juvenile idiopathic arthritis. Arthritis Rheumatol. 66, 1372—1377. https://doi.org/10.1002/art.38355 (2014).
Dai, Q, Li, Y., Yu, H. & Wang, X. Suppression of Th1 and Th17 responses and induction of Treg responses by IL-18-expressing plas-
mid gene combined with IL-4 on collagen-induced arthritis. Biomed. Res. Int. 2018, 5164715. https://doi.org/10.1155/2018/51647
15 (2018).

Sarkar, S., Cooney, L. A. & Fox, D. A. The role of T helper type 17 cells in inflammatory arthritis. Clin. Exp. Immunol. 159, 225-237.
https://doi.org/10.1111/j.1365-2249.2009.04016.x (2010).

Melendez, J. et al. RhoA GTPase is dispensable for actomyosin regulation but is essential for mitosis in primary mouse embryonic
fibroblasts. J. Biol. Chem. 286, 15132-15137. https://doi.org/10.1074/jbc.C111.229336 (2011).

Yuan, T. L., Wulf, G., Burga, L. & Cantley, L. C. Cell-to-cell variability in PI3K protein level regulates PI3K-AKT pathway activity
in cell populations. Curr. Biol. 21, 173-183. https://doi.org/10.1016/j.cub.2010.12.047 (2011).

Gao, N, Zhang, Z., Jiang, B. H. & Shi, X. Role of PI3K/AKT/mTOR signaling in the cell cycle progression of human prostate cancer.
Biochem. Biophys. Res. Commun. 310, 1124-1132. https://doi.org/10.1016/j.bbrc.2003.09.132 (2003).

Yang, E, Cai, H. H., Feng, X. E. & Li, Q. S. A novel marine halophenol derivative attenuates lipopolysaccharide-induced inflam-
mation in RAW264.7 cells via activating phosphoinositide 3-kinase/ Akt pathway. Pharmacol. Rep. https://doi.org/10.1007/s4344
0-019-00018-9 (2020).

Williams, R. O., Feldmann, M. & Maini, R. N. Anti-tumor necrosis factor ameliorates joint disease in murine collagen-induced
arthritis. Proc. Natl. Acad. Sci. U.S.A. 89, 9784-9788. https://doi.org/10.1073/pnas.89.20.9784 (1992).

Han, E. S, Oh, J. Y. & Park, H. J. Cordyceps militaris extract suppresses dextran sodium sulfate-induced acute colitis in mice and pro-
duction of inflammatory mediators from macrophages and mast cells. J. Ethnopharmacol. 134, 703-710. https://doi.org/10.1016/j.
jep.2011.01.022 (2011).

Acknowledgements

We thank the Institutional Animal Care and Use Committee, School of Medicine, Catholic University of Korea,
for help with animal care and study. This work was supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MSIP) (NRF-2017R1A2B3007688) and a grant of the Korea
Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI), funded
by the Ministry of Health and Welfare, Republic of Korea (grant number: HI15C3062).

Author contributions

JH.M., D.S.K,, EKK, S.Y.L.,, S.H.P. and M.L.C. designed and performed of the experiment and analyzed data;
JH.M., G.N.K. and S.H.R. wrote the manuscript; H.S.N. performed mice in vivo experiments and analyzed
data; K.A.J. and J.W.C. performed confocal and immunochemistry of mice tissue. A.R.L. performed the western
blotting.

Competing interests
The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2020) 10:12374 | https://doi.org/10.1038/s41598-020-68749-x


https://doi.org/10.1002/cphy.c170001
https://doi.org/10.1002/cphy.c170001
https://doi.org/10.1038/nrm.2016.96
https://doi.org/10.1038/nrm.2016.96
https://doi.org/10.3389/fendo.2016.00030
https://doi.org/10.1007/s00125-016-3933-4
https://doi.org/10.1016/j.bbi.2013.10.028
https://doi.org/10.1016/j.bbi.2013.10.028
https://doi.org/10.3389/fendo.2018.00447
https://doi.org/10.3389/fendo.2018.00447
https://doi.org/10.3109/07853890.2014.919727
https://doi.org/10.1042/BJ20130457
https://doi.org/10.1042/BJ20130457
https://doi.org/10.1016/j.echo.2013.07.015
https://doi.org/10.1002/cphy.c140013
https://doi.org/10.1002/cphy.c140013
https://doi.org/10.1172/JCI71643
https://doi.org/10.1172/JCI71643
https://doi.org/10.4161/adip.18951
https://doi.org/10.1038/ncomms13479
https://doi.org/10.1038/nrrheum.2015.128
https://doi.org/10.1016/j.bbadis.2013.05.007
https://doi.org/10.3389/fimmu.2018.01057
https://doi.org/10.3389/fimmu.2018.01057
https://doi.org/10.1016/j.redox.2017.04.019
https://doi.org/10.1126/science.8097338
https://doi.org/10.1159/000363502
https://doi.org/10.1002/art.38355
https://doi.org/10.1155/2018/5164715
https://doi.org/10.1155/2018/5164715
https://doi.org/10.1111/j.1365-2249.2009.04016.x
https://doi.org/10.1074/jbc.C111.229336
https://doi.org/10.1016/j.cub.2010.12.047
https://doi.org/10.1016/j.bbrc.2003.09.132
https://doi.org/10.1007/s43440-019-00018-9
https://doi.org/10.1007/s43440-019-00018-9
https://doi.org/10.1073/pnas.89.20.9784
https://doi.org/10.1016/j.jep.2011.01.022
https://doi.org/10.1016/j.jep.2011.01.022

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-68749-x.

Correspondence and requests for materials should be addressed to S.R. or M.-L.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |  (2020) 10:12374 | https://doi.org/10.1038/s41598-020-68749-x


https://doi.org/10.1038/s41598-020-68749-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Brown adipose tissue ameliorates autoimmune arthritis via inhibition of Th17 cells
	Anchor 2
	Anchor 3
	Results
	Experimental RA requires normal BAT activity for therapy. 
	Transplantation of normal brown adipose tissue ameliorates proinflammatory cytokines and impacts anti-inflammatory cytokine secretion. 
	Normal BAT ameliorates balance of Th17Treg cells. 
	Brown adipose tissue inhibits IL-17 secretion and strongly induces IL-10 expression. 
	Comparison of gene expression between normal BAT with CIA BAT in murine. 
	PI3K-AKT signaling-associated genes and IL-17 signaling-associated genes were highly expressed in CIA BAT, compared to normal BAT. 

	Discussion
	Materials and methods
	Animals. 
	Type II collagen (CII) immunization and induction of CIA. 
	Assessment of arthritis. 
	Immunohistochemistry. 
	Histological assessment of arthritis. 
	Confocal microscopy. 
	Flow cytometry. 
	Murine T-cell isolation and differentiation. 
	Co-culture of Th17 cells with adipocytes. 
	Enzyme-linked immunosorbent assay (ELISA). 
	Western blotting. 
	Transplantation of BAT. 
	Microarray analysis. 
	Statistical analysis. 

	References
	Acknowledgements


