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IL-27 alleviates high-fat diet-induced
obesity and metabolic disorders by
inhibiting adipogenesis via

activating HDACG6
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Obesity arises from an imbalance between adipogenesis and adipocyte thermogenesis. Interleukin-27
(IL-27), a heterodimer cytokine, is known to promote thermogenesis in brown adipose tissue.
However, its role in adipogenesis remains unclear. This study aims to investigate the effects of IL-27 on
adipogenesis both in vitro and in vivo, and to elucidate the underlying mechanisms. In vitro, an
adipogenic differentiation model of adipose-derived mesenchymal stem cells (ADSCs) demonstrate
that IL-27 is non-cytotoxic to ADSCs and inhibits ADSCs adipogenic differentiation. In vivo, using a
high-fat diet (HFD)-induced obese mouse model and a targeted adipose tissue-specific IL-27
overexpression adeno-associated viral (AAV) vector, we confirm that IL-27 suppresses adipogenesis,
prevents weight gain, and improves glucose and lipid metabolic homeostasis in obese mice.
Additionally, the inhibition of adipogenesis by IL-27 is mediated through HDACG activation of the
TGFp/Smads3 signaling pathway. Our study suggests that IL-27 is a potential therapeutic target for

obesity and metabolic disorders.

Obesity rates are escalating globally, with approximately 1.12 billion adults
projected to be affected by 2030". Obesity is a multifaceted disease that leads
to adipose tissue dysfunction and increases the risk of cardiovascular and
metabolic disorders™. Current therapeutic strategies for obesity focus on
inhibiting adipogenesis, enhancing energy expenditure, and reducing adi-
pose tissue inflammation®. Consequently, there is an urgent need to develop
new therapeutic targets and widely accessible treatments for obesity and its
related comorbidities.

Obesity is characterized by a significant enlargement in adipocyte
volume (hypertrophy) and an increase in adipocyte number (hyperplasia)’.
Adipose tissue-derived mesenchymal stem cells (ADSCs) are progenitors of
adipocytes located in the stroma of adipose tissue’. The adipogenic differ-
entiation of ADSCs is a complex process involving their transformation into
mature adipocytes, which requires the coordinated activation of transcrip-
tion factors such as CCAAT/enhancer-binding protein a (C/EBPa) and
peroxisome proliferator-activated receptor y (PPARY). The positive feed-
back regulation of C/EBPa and PPARYy sustains their high expression levels
during adipogenic differentiation’. Therefore, inhibiting the expression of
C/EBPa and PPARy may present a potential therapeutic strategy for obesity.

Epstein-Barr virus-induced 3 (EBI3) and p28 form a heterodimer
known as interleukin-27 (IL-27). It exerts dual roles in regulating inflam-
mation in target cells by signaling through the IL-27 receptor, composed of
IL-27Ra (also known as WSX1) and gp130™"°. Activated antigen-presenting
cells, such as macrophages and dendritic cells, are the main producers of IL-
27" 1IL-27Ra is expressed in various cell types, including B cells, T cells,
hematopoietic stem cells, and mesenchymal stem cells'*”’. According to
recent research, IL-27 may be involved in metabolic diseases. Notably, there
is a negative correlation between insulin resistance and obesity and human
serum IL-27 levels''°. Further research indicates that systemic delivery of
exogenous IL-27 plasmid can inhibit weight gain in high-fat diet-induced
(HFD) obese mice". This effect is likely due to IL-27’s ability to directly
promote thermogenesis in adipocytes'. Although some studies have con-
firmed the role of IL-27 in metabolic diseases, it remains unclear whether IL-
27 can treat obesity by inhibiting the adipogenic differentiation of ADSCs.

In this work, we examined the role of IL-27 and its potential
mechanisms in adipogenesis. By evaluating the expression levels of adipo-
genic markers, we determined that IL-27 could inhibit adipogenesis, sup-
press weight gain, and improve the balance of lipid and glucose homeostasis
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through HDACS6 in HFD obese mice. These findings suggest that IL-27
could be a promising therapeutic drug for obesity.

Results

IL-27 signaling is downregulated during adipogenic
differentiation

To explore the differentially expressed genes during the process of adipo-
genic differentiation, we collected three datasets related to the process of
adipogenic differentiation of human ADSCs from the GEO database
(Supplementary Table 1)*~*". Using R packages for data screening and

A B

analysis, we identified 1837 differentially expressed genes in the GSE125331
dataset (Fig. 1A), 1522 differentially expressed genes in the GSE198481
dataset (Fig. 1B), and 2664 differentially expressed genes in the GSE249195
dataset (Fig. 1C). It is believed that chronic inflammation contributes to the
regulation of obesity”. To investigate the expression patterns of interleukin
cytokines during adipogenic differentiation, we found no common inter-
leukin genes among the upregulated genes (Fig. 1D). However, there were
two commonly downregulated interleukin genes, namely IL-6 and IL-27Ra
(Fig. 1E). The role of IL-6 in adipogenic differentiation of ADSCs has been
previously reported”, while the effect of IL-27 signaling in regulating
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Fig. 1 | IL-27 signaling is downregulated during ADSC adipogenic differentia-
tion. A-C Volcano plots of differentially expressed genes in three human ADSC
adipogenic differentiation datasets. D Commonly upregulated genes in the adipo-
genic differentiation process among the three datasets. E Commonly downregulated
genes in the adipogenic differentiation process among the three datasets. F Serum

IL-27 expression levels in high-fat diet-induced obese mice and normal diet-fed mice
(n=5). G-I Relative mRNA levels of IL27p28, EBI3, and IL-27Ra (n = 3). (Data are
presented as the mean + SEM, t-test between two groups, one-way ANOVA with
Tukey’s test between three or more groups. *p < 0.05, **p < 0.01, ***p <0.001,
*HHFED < 0.0001, ns no significance).
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adipogenic differentiation remains unknown. We further detected the
expression level of circulating IL-27 in HFD-induced obese mice and found
that it was decreased in the serum of HFD mice (Fig. 1F). Additionally, we
isolated and identified primary ADSCs from the adipose tissue of C57BL6/J
mice (Supplementary Fig. S1). After successfully constructing an adipogenic
differentiation model (Supplementary Fig. S2), we observed that the mRNA
expression of IL27p28, EBI3, and IL-27Ra were downregulated on day 3 of
differentiation and remained at low levels thereafter (Fig. 1G-I).

IL-27 exhibits no cytotoxic effects on ADSC proliferation

To investigate whether IL-27 affects ADSC proliferation and toxicity, we
measured cell viability and cytotoxicity using EQU and CCK-8 assay after
treatment with exogenous recombinant IL-27 protein. The EdU assay
confirmed that different doses of IL-27 (25, 50, 100, and 200 ng/mL) did not
affect DNA synthesis in ADSCs (Fig. 2A, B). Furthermore, in the CCK-8
assay, no significant differences in cell viability were observed at 24 h, 48 h,
72 h, or 96 h of treatment with varying IL-27 concentrations (Fig. 2C). These
results indicated that IL-27 did not exhibit noticeable cytotoxicity on ADSC.

IL-27 inhibits ADSC adipogenic differentiation

We further evaluated the effect of IL-27 on ADSC adipogenic differentia-
tion. ADSCs were treated with IL-27 (25, 50, 100, and 200 ng/mL) during
adipogenic differentiation for 7 days. It was found that IL-27 (100 ng/mL)
significantly inhibited lipid droplet formation (Fig. 2D, E), indicating an
inhibitory effect on adipogenic differentiation. Additionally, the mRNA
expression of adipogenic differentiation markers PPARy, C/EBPa, and
FABP4 was downregulated (Fig. 2F-H). Protein levels of these adipogenic
markers also decreased on days 3, 5, and 7 of differentiation induction with
IL-27 (100 ng/mL) treatment (Fig. 2I-L). These results suggested that IL-27
could suppress adipogenic differentiation.

IL-27 reduces body weight and improves metabolic disorders in
HFD-fed mice

To further evaluate the impact of IL-27 on metabolic homeostasis during
obesity development in C57BL/6 ] mice, we first confirmed the successful
construction of the HFD-induced obese mouse model. Subsequently, we
constructed an adipose tissue-specific IL-27 overexpression vector (AAV2/
9-FABP4-1L27). This vector-mediated IL-27 was successfully overexpressed
in adipose tissue through tail vein injection (Supplementary Fig. S3). During
the 12-week HFD feeding period, we observed that the weight gain of mice
in the AAV-IL27 group was significantly inhibited from week 7 onwards
(Fig. 3A). We recorded the food intake of both groups and found no dif-
ferences (Fig. 3B). Body composition analysis using the QMR06-090H
imaging system showed that the fat tissue content in the HFD + AAV-IL27
group was significantly lower than that of the control group (Fig. 3C-F), but
there was little difference in lean mass between the two groups (Fig. 3G).
This indicates that IL-27 can inhibit HFD-induced adipose tissue accu-
mulation. Chronic inflammation in adipose tissue induced by HFD feeding
impairs glucose homeostasis. To learn more about the effect of IL-27 on
glucose metabolism in HFD-induced obese mice, we conducted GTT and
ITT.IL-27 improved glucose metabolism, as evidenced by lower peak blood
glucose and a 29.9% reduction in the mean area under the curve (AUC) in
the HFD + AAV-IL27 group compared to the control group. (Fig. 3H, I).
The insulin tolerance test also confirmed higher insulin sensitivity in the
HFD + AAV-IL27 group, especially 15 minutes after insulin injection
(Fig. 3], K). Additionally, the total cholesterol levels in the HFD + AAV-
1127 group were significantly lower than those in the control group (Fig. 3L),
although the total triglycerides showed no significant differences, only a
potential downward trend (Fig. 3M).

IL-27 inhibits adipogenic differentiation of ADSC via HDAC6

Given the pivotal role of the HDAC family in adipogenesis™ ™, we inves-
tigated the changes in HDAC mRNA levels following IL-27 (100 ng/mL)
treatment during ADSC adipogenic differentiation. We found that IL-27
significantly upregulated HDAC6 mRNA expression (Fig. 4A). Subsequent

protein analysis on days 3, 5, and 7 of adipogenic differentiation confirmed
that IL-27 promoted HDACES protein levels (Fig. 4B, C). Since IL-27 works
by attaching to its unique receptor IL-27Ra, we hypothesized that HDAC6
might act as a regulatory hub in IL-27 signaling. Co-IP assay in C3H10T1/2
cell line revealed a direct interaction between IL-27Ra and HDACS6, with IL-
27 treatment enhancing this interaction (Fig. 4D, E and Supplementary
Fig. $4). To clarify whether IL-27 inhibits adipogenic differentiation via
HDACS, we used Tubastatin A (TA), a specific inhibitor of HDACS, at a
concentration of 5pM?. Inhibiting HDAC6 during adipogenic differ-
entiation significantly increased the area stained with Oil Red O (Fig. 4F, G).
Western blot examination showed elevated expression of adipogenic mar-
kers PPARy and C/EBPa upon HDACEG inhibition by TA (Fig. 4H-K).
These results indicated that IL-27’s inhibition of adipogenic differentiation
partially depends on HDACS6.

IL-27 inhibits adipogenic differentiation through HDAC6-
mediated TGFB/Smad3 pathway activation in vitro

The Wnt/p-catenin, PI3K/Akt, and TGF-p/Smad3 pathways are crucial in
mesenchymal stem cell adipogenesis'™*”. Upon TA treatment, the
expression level of HDAC6 was inhibited (Fig. 5A, B). IL-27 had no impact
on the expression of p-catenin (Fig. 5A, C) but promoted the expression
level of p-Akt. However, TA did not affect p-Akt. (Fig. 5A, D). Interestingly,
IL-27 increased p-Smad3 expression, which was attenuated by TA (Fig. 5A,
E, F). To verify the role of IL-27 via the TGFf/Smad3 signaling pathway in
adipogenic differentiation, we used the TGFp receptor kinase inhibitor SB-
431542 (SB) (10 uM)™, which significantly increased adipogenesis (Fig. 5G,
H). SB reduced p-Smad3 expression without altering HDCAG6 levels
(Fig. 5I-L), accompanied by elevated adipogenic markers (Fig. 5I, M, N).
This indicated that IL-27 promotes p-Smad3 expression through HDACES.
Collectively, our results demonstrate that IL-27 inhibits ADSC adipogenic
differentiation by activating the TGFp/Smad3 signaling pathway
via HDACS.

IL-27 inhibits adipogenesis via HDAC6/TGFB/Smad3 pathway

in vivo

To further elucidate the effects and mechanisms of IL-27 on adipogenesis in
HFD mice, we performed anatomical and histopathological analyses of
adipose and liver tissues. The overall white adipose tissue in different parts of
the HFD + AAV-IL27 group was significantly smaller than that of the
control group (Fig. 6A). Hematoxylin and eosin (HE) staining revealed that
the fat content (triglycerides and other lipids) in the white adipose tissues of
the inguinal, epididymal, and scapular regions were significantly reduced in
the HFD 4 AAV-IL27 group (Fig. 6B-G). Adipocyte size and number were
both lower than those in the control group (Fig. 6H, I).

Additionally, liver sections stained with Oil Red O and H&E revealed
that hepatic fat deposition was significantly lower in the HFD + AAV-IL27
group than in the control group (Fig. 6]-M). The results indicate that IL-27
has the ability to suppress the formation of white adipose tissue in mice. To
verify the changes in signaling pathways in adipose tissue, we extracted
proteins from the inguinal white adipose tissue. In the HFD + AAV-1L27
group, the HDACS6 protein expression was elevated (Fig. 6N, O) as well as
TGFpR1 and the phosphorylation of Smad3 (Fig. 6N, P, Q). The expression
of PPARy and C/EBPa was decreased (Fig. 6N, R, S). Taken together, we
found that IL-27 effectively inhibits adipogenesis through HDAC6-
mediated activation of the TGFp/Smad3 pathway.

Discussion

IL-27, belonging to the IL-12 family, plays a significant role in innate
immunity and inflammatory responses in autoimmune diseases’*. Sub-
clinical chronic inflammation is believed to originate from adipose tissue™.
Our study highlights that IL-27 expression is downregulated during adi-
pogenic differentiation of ADSCs. In vitro experiments revealed that exo-
genous IL-27 inhibits ADSCs adipogenesis by activating the TGFp/Smad3
signaling pathway via HDAC6 without affecting ADSCs proliferation.
Additionally, targeted overexpression of IL-27 in adipose tissue inhibited
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Fig. 2 | The inhibitory effect of IL-27 on ADSC adipogenic differentiation. PPARy, C/EBPa, and FABP4 (n = 3). I-L Western blot bands and integral optical
A, B EdU assay to assess the effect of IL-27 on ADSC proliferation at 24 hours (n =5,  density (IOD) analysis of PPARy, C/EBPa, and FABP4 on days 3, 5, and 7 of
scale bar = 100 um). C CCK-8 assay to determine the effect of IL-27 on ADSC adipogenic differentiation (n = 3). (Data are presented as the mean + SEM, t-test

proliferation at 24, 48, 72, and 96 hours. D, E Oil Red O staining results on day 7 of ~ between two groups, one-way ANOVA with Tukey’s test between three or more
adipogenic differentiation (n = 3, scale bar = 100 um). F-H Relative mRNA levels of  groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns no significance).
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Fig. 3 | IL-27 reduces body weight in HFD-fed mice and improves glucose and
lipid metabolism. Male C57BL/6] mice were randomly assigned to the HFD +
AAV-NC or HFD + AAV-IL27 groups. At the start of the experiment, adeno-
associated virus overexpression or control vectors were administered via tail vein
injection. HFD feeding continued for 12 weeks. A, B Line charts of mouse body
weight and food intake (n = 5). C, D Representative photographs of mice and body

weight analysis (n = 5). E-G Analysis of fat and lean mass in mice (n=5). H, IGTT
(n=5).J, KITT (n=5). L, M Serum levels of total cholesterol and triglycerides
(n=5). (Data are presented as the mean + SEM, t-test between two groups, one-way
ANOVA with Tukey’s test, or two-way ANOVA with Sidak’s test between multiple
groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns no significance).
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Fig. 4 | IL-27 inhibits adipogenic differentiation of ADSCs through HDACé.

A Relative mRNA expression levels of the HDACs family (n = 3). B, C Western blot
bands and IOD analysis of HDAC on days 3, 5, and 7 of adipogenic differentiation
(n = 3). D, E Co-IP experiments reveal that IL-27 promotes the interaction between
IL-27Ra and HDAC6 in C3H10T1/2 cell lines. F, G Oil Red O staining and quan-
tification on day 7 of adipogenic differentiation with IL-27 and the HDAC6-specific
inhibitor Tubastatin A (TA). (n = 3, Scale bar = 100 um). H-K Western blot bands

and IOD analysis of HDAC6, PPARY, and C/EBPa on day 7 of adipogenic differ-
entiation with IL-27 and TA (n = 3). (C3H10T1/2 cells were used exclusively in the
Co-IP assay, while ADSCs were used for all other experiments. Data are presented as
the mean + SEM, t-test between two groups, one-way ANOVA with Tukey’s test
between three or more groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
ns no significance).
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Fig. 6 | IL-27 inhibits adipogenesis through the HDAC6/TGFp/Smad3 pathway
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white adipose tissue expansion and improved metabolic homeostasis in
HFD-fed mice. These findings suggest that IL-27 exerts an inhibitory effect
on ADSC adipogenesis through HDAC6-mediated activation of the TGFp/
Smad3 signaling pathway.

IL-27 exhibits infection-dependent dual inflammatory effects that
depend on the environment. While immune cells are the main producers of
IL-27, it is worth noting that non-immune cells, including adipocytes, can
also synthesize IL-27**. Obese individuals have much lower levels of circu-
lating IL-27 than lean individuals do (about 200 pg/ml vs. 700 pg/ml,
respectively)'’. Consistently, we found reduced serum IL-27 levels in HFD-
fed obese mice. Furthermore, in vitro experiments demonstrated that IL-27
signaling transcription levels were downregulated during adipogenesis
process, aligning with previous study. The significance of IL-27 in obesity
and metabolic illnesses has garnered increased attention. Studies indicate
that IL-27 signaling deficiency exacerbates the incidence of streptozotocin-
induced diabetes in mice, whereas exogenous recombinant IL-27 can restore
hyperglycemia in the EBI3™"~ mouse model but not in the IL-27Ra™""
mice”. Our study found that targeted overexpression of IL-27 in adipose
tissue effectively improved glucose and lipid metabolism disorders induced
by HFD and significantly reduced adipose tissue content. Food intake is a
crucial factor in obesity development®. Zhang et al. indicated that admin-
istering exogenous IL-27 directly into the hypothalamus of mice resulted in
a reduction in ghrelin and food consumption”. However, we did not
observe changes in food intake in HFD-fed mice, possibly due to our use of
an adipose tissue-specific IL-27 overexpression viral vector, which avoids
IL-27’s effects on other tissues or organs.

IL-27 is considered a promising therapeutic target for obesity. Studies
have found that IL-27 can enhance the production of UCPI in brown
adipose tissue, enhancing thermogenesis in adipocytes'”'*. However, its role
in adipogenesis remains unclear. Adipogenesis is a complex process tightly
regulated by a series of specific transcription factors, notably PPARy and C/
EBPa*, which activate a cascade of adipogenic genes containing C/EBP and
PPAR regulatory elements in their promoters”. We found that IL-27 sig-
nificantly inhibits the expression of PPARy and C/EBPa. HDACs, acting as
transcriptional repressors, can inhibit the transcriptional activity of adipo-
genic transcription factors”. HDACs can regulate the expression of inter-
leukins and are reciprocally regulated by them™*'. Studies have shown that
increased HDACS activity can inhibit primary cilia elongation and adipo-
cyte differentiation through regulation of a-tubulin acetylation®. Given the
connection between interleukins and HDACs, we examined the expression
levels of various HDAC family members. Our results indicate that IL-27 can
upregulate HDAC6 expression and promote interaction between IL-27Ra
and HDACS, suggesting that HDAC6 may serve as an adapter protein in IL-
27 signal transduction.

The TGF{/Smad signaling pathway plays a crucial role in regulating
adipogenesis™*. TGFB has been shown to inhibit adipocytes formation
from mesenchymal stem cells by suppressing PPARy and C/EBPa
transcription®. Phosphorylation and nuclear accumulation of Smad3 are
regulated by HDAC6". Our study found that HDAC6 activates the TGFp/
Smad3 signaling pathway, possibly through modulation of TGF(RI.
Additionally, we examined other important signaling pathways involved in
adipocyte differentiation, such as Wnt/B-catenin and PI3K/Akt"”*’. Speci-
fically, IL-27 can upregulate p-Akt levels, which are not reversed by
HDACS6-specific inhibitors and do not alter f-catenin levels. To further
elucidate the role of the TGFp/Smad3 signaling pathway in ADSC adipo-
genic differentiation, we enhanced adipogenic differentiation by inhibiting
this pathway with SB, demonstrating that activation of the TGFp/
Smad3 signaling pathway inhibits adipogenic differentiation.

Further studies are needed to better understand the mechanisms of IL-
27 in treating obesity. Due to ethical limitations, obtaining human-derived
ADSCs is challenging, so we relied on analysis from the GEO database.
Notably, other studies have found that macrophages also specifically express
FABP4, which may lead to off-target effects of AAV-overexpressed IL-27".
However, some studies have shown that FABP4-Cre is expressed only in
adipose tissue, with no detection in the liver, heart, skeletal muscle, or

macrophages”’. Regardless, our experiments demonstrate that IL-27 can
inhibit adipogenesis, and this conclusion is not influenced by other factors.
Moreover, as IL-27 is a dual-function inflammatory factor®, while we have
shown that IL-27 inhibits adipogenesis, its regulation of adipose tissue
inflammation or its effects on other tissues remain to be further explored.

Our study demonstrates that IL-27 can inhibit adipogenesis, suppress
weight gain, and improve the balance of glucose and lipid metabolism
through the activation of the HDAC6-mediated TGFp/Smad3 signaling
pathway in HFD mice. Our findings suggest that IL-27 is a potential target
for the treatment of obesity and related metabolic disorders. Nevertheless,
additional investigation may be necessary to comprehensively comprehend
its mechanisms and long-term effects.

Materials and methods

Analysis of Gene Expression Omnibus (GEO) database

We retrieved the GEO database with specific criteria: 1) Limited to Homo
sapiens, 2) Availability of ADSCs adipogenic differentiation time series data,
and 3) mRNA expression profiles. We selected datasets GSE125331,
GSE198481, and GSE249195 for analysis™". All three datasets pertain to
adipogenic differentiation of human adipose-derived mesenchymal stem
cells. Differential gene screening was performed using the GEO2R online
tool (www.ncbinlm.nih.gov/geo/geo2r) under conditions of p < 0.05 and |
log2FC | 22. Volcano plots of differential genes were generated using R
(Version 4.3.3), and common differential genes among the three datasets
were identified using the “VennDiagram” R package (Version 1.7.3).

Isolation, culture, and adipogenic differentiation of ADSCs
Primary ADSCs were isolated from subcutaneous adipose tissue of 5-week-
old male C57BL/6 ] mice. The tissue was then cut into pieces approximately
0.5-1 mm® in size and digested with 0.1% type II collagenase in a shaking
water bath at 37°C until fully dissolved. The digestion was terminated and
centrifuged to obtain the cell pellet. Next, Cell pellets were filtered using a
70 pum cell strainer and then inoculated into culture flasks containing 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin in Dulbecco’s
Modified Eagle’s Medium Nutrient Mixture F-12 (DMEM/F12). The first
medium change was performed after 48 hours, and subsequently, the
medium was changed every 3 days. Cells were passaged at 80-90% density.
Cells obtained from passages 3 to 5 were utilized for future investigations.

The C3H10T1/2 mesenchymal stem cell line was purchased from
Procell (Wuhan, China) and cultured in a specialized culture medium
(Procell, Wuhan, China) at a temperature of 37 °C in an environment
containing 5% CO2.

For adipogenic differentiation, cells were grown to 100% confluence.
Two days post-confluence, adipogenic differentiation was induced using
high-glucose DMEM containing 10% FBS and an MDI cocktail (100 uM
indomethacin, 10 ug/mL insulin, 0.5 mM 3-isobutyl-1-methylxanthine, and
1 uM dexamethasone, all from Sigma)*. The cells were cultured in induc-
tion medium for 3 days, followed by maintenance medium for 2 days, with
alternating medium changes until lipid droplet were clearly formed. IL-27
treatment was refreshed with each medium change. On day 7, IL-27 was
reintroduced during the medium change, and samples were collected
6 hours later for subsequent experiments.

Recombinant mouse IL-27 was purchased from Biolegend (San Diego,
CA). The Dimethyl sulfoxide, the HDAC6-specific inhibitor TA, and the
TGFp/Smad signaling pathway inhibitor SB were purchased from MCE
(New Jersey, USA).

Cytotoxicity assay

The impact of IL-27 on the proliferation of ADSCs was evaluated using the
Cell Counting Kit-8 (CCK-8) assay. ADSCs were cultured in 96-well dishes
with a density of 3 x 10 cells per well. After 24 hours, once the cells adhered,
different concentrations of IL-27 (0, 25, 50, 100, and 200 ng/mL) were
added. At 24, 48,72, and 96 hours, 10% CCK-8 reagent (Dojindo Molecular
Technologies, Japan) was added to 96-well dishes, incubated for 2 hours at
37 °C, and the absorbance was measured at 450 nm. The impact of IL-27 on
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cell proliferation was further examined using the 5-ethynyl-2’-deoxyuridine
(EdU) assay. BeyoClick™ EdU-488 (Beyotime, China) was used for the
experiment, following the directions provided by the manufacturer.

Plasmid construction and transfection

Mus-IL-27Ra-3xHA and Mus-HDAC6-3xFlag overexpression plasmids
were constructed by IGEBio (Guangzhou, China). C3H10T1/2 cells were
cultured in 100 mm dishes to achieve 70%-80% confluency for transfection.
The plasmid was diluted in Opti-MEM serum-free medium (Gibco, USA)
and mixed thoroughly. Immediately, Polyethylenimine Linear MAX (PEI,
Yeasen, China) was added to the diluted plasmid solution and mixed gently.
The mixture was incubated at room temperature for 15 minutes to form the
plasmid-PEI transfection complex. Old growth medium was replaced with
fresh, pre-warmed serum-free medium and the transfection complex was
introduced. After 6 hours, the medium was substituted with a complete
growth medium, and the cells were cultured for subsequent experiments.

Flow cytometry

ADSCs surface markers were analyzed by flow cytometry at passage 3
(1x10°/mL) using antibodies: FITC-CD34 (Thermo Scientific, USA), FITC-
CD29, FITC-90, PE-CD44, and PE-CD45 (All from BD Bioscience, USA).
Flow cytometric analysis was performed by flow cytometer (BD LSR For-
tessa, USA), and data was further analyzed using FlowJo v10.

Animals and treatments

C57BL/6] male mice (5-week-old, 16-20 g) were purchased from TopBio-
tech Co., Ltd. (Shenzhen, China). Mice were housed in temperature- and
humidity-controlled animal facilities (25 °C, 12-hour light/dark cycle) with
free access to food and water. After one week of adaptive feeding on a
standard chow diet (CD), 6-week-old mice were fed a 60% HFD (Research
Diets, USA) for 12 weeks. An adeno-associated virus (AAV) vector for IL-27
overexpression targeting adipose tissue (AAV2/9-FABP4-IL27-3xFlag) and
control vector (AAV2/9-FABP4-NC) were constructed by HanBio
(Shanghai, China). At 6 weeks of age, each mouse received an intravenous
injection of 1.9x10" viral genomes via the tail vein®. Subsequent experi-
ments were conducted after 12 weeks of feeding on either a HFD or CD.
Weekly measurements were taken for body weight and food intake. The
QMRO06-090H analyzer (Niumag, China) was applied to conduct body
composition analysis.

Histology

Liver, inguinal, epididymal, and scapular white adipose tissues were col-
lected and preserved in 4% paraformaldehyde solution. The samples were
dehydrated through an ethanol gradient and fixed in paraffin. Sections were
stained with hematoxylin for 5 minutes, dehydrated in graded alcohol, and
then stained with eosin for 5 minutes. After alcohol dehydration, sections
were sealed with neutral resin. For Oil Red O staining of the liver, fresh
frozen liver tissue sections were prepared and brought to room temperature.
Sections were stained with Oil Red O dye solution, differentiated with 60%
isopropanol, counterstained with hematoxylin, and mounted using glycerin
gelatin. The prepared slides were converted into digital format utilizing the
Panoramic Scan 150 system for picture analysis.

For adipogenic differentiation of ADSCs, the medium was discarded,
and the cells were gently washed twice with phosphate buffered saline (PBS).
The cells were treated with 4% paraformaldehyde for half an hour. After
discarding the paraformaldehyde, the cells were gently washed three times
with PBS. Next, the Oil Red O dye solution (Formulated by combining the
Oil Red O stock solution (Solarbio, China) and distilled water at a pro-
portion of 3:2) was added to each well of a six-well dish. It took 20 minutes of
staining the cells in the dark at room temperature. Subsequently, the cells
were delicately washed with PBS. This study involves two methods for
quantifying Oil Red O staining. The first method involves randomly cap-
turing images of Oil Red O-stained samples under a light microscope,
followed by measuring the stained area using Image] software. Second, the
Oil Red O dye was extracted from the cells using 100% isopropanol (v/v).

The absorbance at 510 nm was measured to determine the amount of
staining.

Adipocyte size and number

The prepared adipose tissue sections were digitized using the Panoramic
Scan 150 system for detailed image analysis. The average diameter (d) of
adipocytes was obtained using ImageJ software. The weight of a single
adipocyte can be estimated based on its volume (approximated as a sphere,
ntd’/6) and the density of adipose tissue (0.9 g/ml). The weight of adipose
tissue in mice was determined using the QMR06-090H analyzer. The total
number of adipocytes in the body was estimated by calculating the body fat
weight and adipocyte volume distribution®"*”.

Glucose tolerance test (GTT) and insulin tolerance test (ITT)

To perform GTT, mice were given a 20% glucose solution (2 g/kg) intra-
peritoneally after a 12-hour fast. Blood glucose levels were measured at 30,
60, 90, and 120 mins. For ITT, a 4-hour fast was followed by an intraper-
itoneal dose of insulin (0.5 U/kg). Blood glucose levels were measured at 15,
30, 60, 90, and 120 mins. Fasting blood glucose levels before the procedures
were taken as baseline. Blood glucose was measured from tail blood using a
glucometer (Sinocare, China).

Blood biochemistry assay

Specimens were obtained and preserved at —80°C. IL-27 levels were
measured using a mouse IL-27 ELISA kit (Multisciences, China) following
the guidelines provided by the manufacturer. Total cholesterol and total
triglyceride levels were measured using the Total Cholesterol (TC) Colori-
metric Assay Kit and Triglyceride (TG) Colorimetric Assay Kit
(Elabscience, China), respectively, following the manufacturer’s protocols.

RNA extraction and real-time quantitative PCR (QPCR) assays
RNA was extracted from cells using pre-cooled TRIzol reagent (Sigma,
USA). After mixing with chloroform and performing high-speed cen-
trifugation, isopropanol was used to obtain the RNA precipitate. Following
the washing step with 75% ethanol, the RNA precipitate was dissolved in
water that had been treated with diethyl pyrocarbonate. The manufacturer’s
protocol for the Evo M-MLV Reverse Transcription Premix Kit (Accurate
Biology, China) was adopted. cDNA synthesis followed timing and tem-
perature guidelines. The qPCR procedure was conducted according to the
SYBR Green kit (Accurate Biology, China). Primer sequence details are
shown in Supplementary Table 2. Using the Roche Diagnostic Light Cycler
480 System, Ct values were obtained by the established protocol procedures.
The 2*“ method was used for relative quantitative analysis.

Western blot and co-immunoprecipitation (Co-IP)

Western blot was performed as previously described™. The Co-IP assay was
conducted using the Pierce Direct Magnetic IP/Co-IP Kit (Thermo Scien-
tific, USA), following the directions provided by the manufacturer. The
following antibodies were used: B-actin (Cell Signaling Technology, 4970),
PPARy (Cell Signaling Technology, 2435), CEBPa (Cell Signaling Tech-
nology, 8178), FABP4 (Cell Signaling Technology, 2120), HDAC6 (Cell
Signaling Technology, 7612), p-Akt (Cell Signaling Technology, 4060), Akt
(Cell Signaling Technology, 4691), -catenin (Cell Signaling Technology,
8480), TGFPR1 (Proteintech, 30117-1-AP), p-Smad3 (Abcam, ab52903),
Smad3 (Cell Signaling Technology, 9523), Anti-rabbit IgG HRP-linked
Antibody (Cell Signaling Technology, 7074), Anti-mouse IgG HRP-linked
Antibody (Cell Signaling Technology, 7076), DYKDDDDK (Proteintech,
66008-4-1g), HA Tag (Proteintech, 66006-2-Ig).

Statistics and reproducibility

The data were processed and plotted using Prism 8.4.0 (GraphPad Software
Inc., La Jolla, CA, USA). Each experiment was conducted with a minimum
of three biological replicates. The Shapiro-Wilk method was used to test the
normality of the data. Data are shown as mean + standard error of the mean
(mean + SEM). Differences between two groups were analyzed using the
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t-test. For multiple group comparisons, one-way ANOVA with Tukey’s test
or two-way ANOVA with Sidak’s test was used. A p-value of <0.05 was
considered statistically significant.

Data availability

Source data and unedited blot images can be obtained in Supplementary
Data 1 and 2. Mus-HDAC6-3xFlag and Mus-IL-27Ra-3xHA plasmid
sequence deposited at Addgene (#235661, #235665). Data will be available
from the corresponding author on reasonable request.
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