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Ups and downs: The PPARg/p-PPARg seesaw of
follistatin-like 1 and integrin receptor signaling
in adipogenesis
Dongliang Fang 1,3, Xinyi Shi 1,3, Xiaowei Jia 1, Chun Yang 1, Lulu Wang 1, Baopu Du 1, Tao Lu 1, Lin Shan 2,
Yan Gao 1,*
ABSTRACT

Objective: Although Follistatin-like protein 1 (FSTL1), as an “adipokine”, is highly expressed in preadipocytes, the detail role of FSTL1 in
adipogenesis and obesity remains not fully understood.
Methods: In vitro differentiation of both Fstl1�/� murine embryonic fibroblasts (MEFs) and stromal vascular fraction (SVF) were measured to
assess the specific role of FSTL1 in adipose differentiation. Fstl1 adipocyte-specific knockout mice were generated to evaluate its role in obesity
development. Gene expression analysis and phosphorylation patterns were performed to check out the molecular mechanism of the biological
function of FSTL1.
Results: FSTL1 deficiency inhibited preadipocytes differentiation in vitro and obesity development in vivo. Glycosylation at N142 site was pivotal
for the biological effect of FSTL1 during adipogenesis; the conversion between PPARg and p-PPARg was the key factor for the function of FSTL1.
Molecular mechanism studies showed that FSTL1 functions through the integrin/FAK/ERK signaling pathway.
Conclusions: Our results suggest that FSTL1 promotes adipogenesis by inhibiting the conversion of PPARg to p-PPARg through the integrin/
FAK/ERK signaling pathway. Glycosylated modification at N142 of FSTL1 is the key site to exert its biological effect.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity has been recognized as one of the most serious public health
problems, which is caused by the accumulation of white fat as a result
of excessive energy intake. White adipose tissue (WAT) is the main
“storage site” of excess energy, primarily in the form of triglycerides
[1]. It has been reported that an increased adipocyte number (hyper-
plasia) and/or size (hypertrophy) contributes to development of obesity
[2e4]. Study on exploring the mechanism of adipogenesis has great
theoretical value and clinical significance for explaining the patho-
genesis of obesity and combating obesity.
Adipogenesis is the process of mesenchymal stem cells (MSCs) undergo
commitment to become preadipocytes and the program by which pre-
adipocytes differentiate into adipocytes [5]. Members of the BMP and
Wnt families are key mediators of stem cell commitment to produce
preadipocytes [6,7]. During the maturing process, phosphorylation of the
transcription factor CCATT enhancer binding protein b (C/EBPb) triggers
transcription of peroxisome proliferatoreactivated receptor-g (PPARg)
and C/EBPa, which coordinately activate genes whose expression
produces the adipocyte phenotype [8,9]. Among all transcription factors
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known to promote adipocyte development, none are as critical as
PPARg, which is considered the principal regulator of adipogenesis
[10e12]. Phosphorylation of PPARg was proved to inhibit PPARg ac-
tivity and that PPARg-binding compounds that modulate serine phos-
phorylation within the PPARg ligand-binding domain can be further
developed as potential anti-obesity drugs [13,14].
Follistatin-like protein 1 (FSTL1), also known as Transforming growth
factor-beta 1 (TGFb)-induced clone 36 (TSC-36), is highly expressed
during embryonic development, loss of FSTL1 can inhibit the devel-
opment of respiratory system and tracheal chondrogenesis in fetal
mice [15e17]. FSTL1 can also regulate the formation and differenti-
ation of mesenchymal stem cells into cartilage, which is closely related
to the occurrence and development of arthritis [18,19]. FSTL1 was
found to express highly in adipose tissue and was considered as an
“adipokine” [20,21]. During the differentiation of pre-adipocytes into
adipocytes, Fstl1 showed a transient short high-level expression to
become subsequently downregulated to the background level [22].
This suggests that FSTL1 may play a role in adipogenesis and obesity.
Glycosylated modification is a determinant of biological activity in
cardiomyocytes, the glycosylated form promoting proliferation and the
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non-glycosylated working anti-apoptotic [23]. The glycosylation state
shows differences between species and tissues, which might underlie
the differences observed in in vitro studies. In the sequence of mouse
FSTL1, three potential sites for N-glycosylation and two for O-glyco-
sylation are present, and in vitro studies have shown that only the three
aspartate residues Asp142, Asp173, and Asp178 are N-glycosylated [17].
A single N-Glycosylation site (N180) in human FSTL1 was shown to be
sufficient to increase cardiomyocytes proliferation and cardiac
regeneration [24].
Previous reports have shown that integrin-b1 regulates various bio-
logical functions, including cell migration and signal transduction,
particularly in the context of cancer [25]. The activity of integrin-b1 is
proposed to be impaired during adipogenesis. Adipocyte differentiation
is regulated by the downstream signaling of integrin-b1 such as FAK
and ERK [26,27]. FSTL1 was proposed as not only an antagonist of
BMP4 but also an agonist of TGF-b1 signaling, which plays important
roles during lung fibrosis. Deficiency of FSTL1 leads to reduced
collagen accumulation, which is a key factor in lung injury [15,28].
Building on these reports, we proposed the hypothesis that FSTL1 may
regulate adipogenesis through the integrin-b1/FAK signaling pathway.
In our previous study, we have shown that glycosylated FSTL1
secreted by brown adipocytes promotes the thermogenic program in
BAT [29]; however, the expression pattern of FSTL1 is quite different in
WAT and BAT. We planned to explore the role of FSTL1 in white fat,
based on the current popular view that different shades of adipose
tissue should be considered as different organs [30]. In this context, it
is demonstrated that FSTL1 facilitates adipogenesis by inhibiting
PPARg phosphorylation which is regulated by the integrin-b1/FAK/ERK
signaling pathway.

2. MATERIALS AND METHODS

2.1. Animal studies
Fstl1flox/þ mice of a mixed background (129Sv/C57BL/6J) were
generated by Model Animal Research Center of Nanjing University; the
details were shown in our previously study. Fstl1flox/þ mice were bred
with EIIa-Cre and aP2(Fabp4)-Cre mice to generate Fstl1þ/� mice and
Fstl1ad KO mice. The primer set of Fstl1 is: forward, 50-TCCCAC
CTTCGCCTCTAACT-30; reverse, 50-GAACTCTGCGGCTGCTCTG-30. The
primer set of aP2-Cre is: forward, 50- ACCAGCCAGCTATCAACTCG-3’;
reverse, 50- TTACATTGGTCCAGCCACC-3’.
All animal experiments were performed in accordance with the
Administration Regulations on Laboratory Animals of Beijing Munici-
pality. All animals were maintained under 12 h/12 h light/dark cycle
under constant conditions of room temperature (22 �C) and humidity
with free access to food and water. For HFD feeding experiments, 6e8
weeks old male mice were fed with HFD (60 kcal%, Research Diets
Inc. D12492) diets for up to 14 weeks. Mouse genotyping was per-
formed using genomic DNA isolated from mouse tails.

2.2. Glucose tolerance test and insulin tolerance test
To determine glucose tolerance, 16-h-fasted mice were intraperito-
neally administered with glucose (1 g/kg of body weight). To determine
insulin sensitivity, 6-h-fasted mice were intraperitoneally administered
with insulin (1 U/kg of body weight). Blood glucose level from tail vein
blood was quantified by a NovaMax glucometer at the designated time
after administration.

2.3. Cell cultures
For MEFs and SVF cell isolation, Fstl1þ/� heterozygous mice were
crossed to generate Fstl1�/� homozygous embryos. After the mice
2 MOLECULAR METABOLISM 55 (2022) 101400 � 2021 The Author(s). Published by Elsevier GmbH. T
were pregnant for 13.5e14.5 days or 17.5e19.5 days, MEFs or SVF
were isolated separately according to the instructions. MEFs were
cultured in high glucose DMEM containing 10% FBS, 2 mM glutamine,
0.1 mM 2-mercaptoethanol, 50 U/mM penicillin, and 50 mg/mL
streptomycin. Adipogenic differentiation was induced two days post
confluence using DMEM/F12 Glutamax I, containing 10% fetal bovine
serum (FBS) supplemented with 5 mg/mL insulin, 0.25 mmol/L
dexamethasone, 0.5 mmol/L 3-isobutyl-1-methylxanthine (IBMX), and
10 mmol/L rosiglitazone for two days, after which the dexamethasone
and IBMX were removed, and the cells were allowed to undergo full
adipogenic differentiation.
For 3T3-L1 and SVF adipogenic differentiation, cells of 100% conflu-
ence were kept in growth medium for 2 days and induced with in-
duction medium for 2 days, differentiation medium (without T3) for the
following 6 days.
For PPARg activation or P-ERK1/2 inhibition, rosiglitazone (5 mM) or
U0126 (10 mM) was incubated with indicated durations as shown in
figures. For dish coating, diluted Collagen Type I with 5 mg/cm2 was
performed according to the instructions (Santa Cruz, sc-136157).
Recombinant mouse FSTL1 protein was incubated with cells for
24 h (1738-FN, R&D Systems, 100 ng/ml).

2.4. Morphological study
For adipocytes Oil red O staining, cultured cells were washed with PBS
and fixed with 10% formaldehyde for 15 min at room temperature. The
cells were then stained using the Oil red O working solutions (5 g/L in
isopropanol) and 4 ml ddH2O for 30 min. After staining, the cells were
washed with 60% isopropanol and pictured. For adipose tissues,
frozen sections were subjected with Oil red O solutions. The isolated
adipose tissues were fixed in 4% formaldehyde/PBS and maintained at
4 �C until use. The fixed tissues were dehydrated and processed for
paraffin embedding, and 4-mm sections were cut, followed by staining
with hematoxylin-eosin.

2.5. RNA-sequencing, RNA interference and lentivirus production
To knock down FSTL1 in 3T3-L1 cells, lentiviral vector (hU6-MCS-
Ubiquitin-EGFP-IRES-puromycin) containing the short-hairpin RNA
(shRNA) specifically targeting FSTL1 or a negative control sequence
was constructed (GeneChem, Shanghai, China). The sequences were
as follows:
Fstl1-RNAi (55013-1) NM_008047 50- AGAATGAAACAGCCATCAA -30
Fstl1-RNAi (55014-1) NM_008047 50- AGGTGAACACCAAAGAGAT -30
Fstl1-RNAi (55015-1) NM_008047 50- CTGCATTGAGCAATGCAAA -30
Negative control RNAi: 50- TTCTCCGAACGTGTCACGT -30.
Primers for the glycosylation site mutation of N142, N173 and N178
were designed with Oligo7.0, asparagine (N) was mutated to glutamine
(Q), lenti-virus were constructed by GeneChem corporation. The infec-
tion of virus was performed according to the manufacturer’s instruction.
To overexpress FSTL1 in 3T3-L1 cells, GV141 vector (CMV-MCS-
3FLAG-SV40-Neomycin) containing a FSTL1 coding sequence
(NM_008047) was constructed (GeneChem, Shanghai, China). 3T3-L1
cells were incubated with 2 mg DNA and 6 ml Lipofectamine 3000
diluted in Opti-MEM for 48 h and then subjected to differentiation.
3T3-L1 cells with Fstl1 knockdown and control group were induced for
differentiation with induction medium. After 2 days, total RNA was
isolated using Trizol. RNA-sequencing and data sorting were per-
formed by CapitalBio Technology.

2.6. Protein extraction and western blotting
Cells were lysed in the RIPA buffer with protease inhibitor and protein
phosphatase inhibitor. Protein concentration was determined with BCA
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Protein assay kit (Thermo Scientific, Rockford, IL, USA), the amount of
protein sample loading was 40e60 mg per lane. The primary anti-
bodies were as follows: FSTL1 (1:2000, AF1738 R&D Systems),
PPARg (1:1000, #2443 Cell Signaling Technology), p-PPARg (phos-
pho-Ser112) (1:1000, LS-C416660 LifeSpan BioSciences), ERK1/2
(1:1000, #4695 Cell Signaling Technology), p-ERK1/2 (1:1000, #4370
Cell Signaling Technology), p-FAK (phospho Y397) (1:1000, ab81298),
p-FAK (phospho Y576/577) (1:1000, #3281 Cell Signaling Technol-
ogy), p-FAK (phospho Y925) (1:1000, #3284 Cell Signaling Technol-
ogy), FAK (1:1000, #3285 Cell Signaling Technology), Flag (1:1000,
#14793 Cell Signaling Technology), HA (1:1000, sc-7392 SANTA
CRUZ), ITGB1 (1:1000, 26918-1-AP Proteintech), COLLAGEN1
(1:1000, ab270993), GAPDH (1:3000, #5174 Cell Signaling
Technology).

2.7. Coimmunoprecipitation and GST pull-down assays
For coimmunoprecipitation of endogenous FSTL1, ITGB1, 293T cells
were transfected with GV141 vector containing a Fstl1 coding
sequence, GV417 vector containing a Itgb1 coding sequence
(NM_010578). The whole experimental procedure was followed by
instructions (26146; Thermo scientific). For immunoprecipitation,
equal aliquots of tissue lysates were incubated with anti-FLAG antibody
or anti-HA antibody overnight at 4 �C, normal rabbit IgG was used as
control. Tissue lysates were then incubated with protein A/G-
conjugated agarose beads at 4 �C for 4 h. Beads were washed with
IP lysis/Wash Buffer three times, separately. Proteins were immuno-
blotted using antibodies as described above.
GST-fused constructs were expressed in BL21 Escherichia coli. In vitro
transcription and translation experiments were done with rabbit retic-
ulocyte lysate (TNT systems, Promega) according to the manufacturer’s
recommendation. For GST pull-down assays, about 5 mg of the
appropriate GST fusion proteins with 30 ml of glutathione-Sepharose
beads was incubated with 5e8 ml of in vitro transcribed/translated
products in binding buffer (75 mM NaCl, 50 mM HEPES, pH 7.9) at 4 �C
for 2 h in the presence of the protease inhibitor mixture. The beads were
washed 5 times with binding buffer, resuspended in 30 ml of 2� SDS-
PAGE loading buffer, and detected by western blotting.

2.8. Real-time quantitative PCR analysis
Cellular mRNA was isolated using total RNA kit (DP419, TIANGEN). The
concentration was measured with NanoDrop2000, cDNA synthesis
with FastKing RT Kit (KR116, TIANGEN), PCR amplification was per-
formed with SuperReal PreMix Plus (SYBR Green) Kit (FP205, TIAN-
GEN). All the primer sequences are shown in Supplementary Table 1.

2.9. Reaction for protein deglycosylation
The reaction protocol for protein deglycosylation was followed ac-
cording to the instructions of protein deglycosylation mix II kit (P6044;
NEB). A total of 100 mg of glycoprotein was dissolved in 40 ml H2O. To
the native glycoprotein, 5 ml 10x deglycosylation and mix buffer 1 were
added. Next, 5 ml protein deglycosylation mix II was added, and the
solution was mixed gently. The reaction mixture was incubated at
25 �C (room temperature) for 30 min. The reaction mixture was further
incubated at 37 �C for 16 h. Proteins were immunoblotted using FSTL1
antibody to confirm the deglycosylation was effective. Brown adipo-
cytes were incubated with supernatant, deglycosylation supernatant,
or Deglycosylation Mix for 12 h.

2.10. Statistical analysis
All statistical analyses were performed using GraphPad Prism (v.5.0).
Statistical significance was defined as *p < 0.05, **p < 0.01, and
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***p < 0.005, and determined by two-tailed Student’s t tests (for
comparison of two experimental conditions) or ANOVA (for comparison
of three or more experimental conditions). Data are representative of at
least three independent experiments.

3. RESULTS

3.1. FSTL1 was identified as a potential adipogenic cytokine
To study the role of FSTL1 in adipogenic differentiation, the protein and
mRNA levels of Fstl1 in different parts of adipose tissue of C57BL/6J
mice were detected. FSTL1 protein was highly expressed and glyco-
sylated in brown adipose tissue (BAT), and both glycosylated and non-
glycosylated protein were detected in WAT, including inguinal white
adipose tissue (iWAT), epididymal white adipose tissue (eWAT), and
retroperitoneal white adipose tissue (rWAT) (Figure 1A). The mRNA
level of Fstl1 was higher in WAT, but lower in BAT (Figure 1B). To
further determine the effect of FSTL1 in white adipocyte formation,
mouse embryo fibroblast (MEFs), stromal vascular fraction (SVF), and
3T3L1 were induced for differentiation. As the whole-body ablation
Fstl1 homozygous mice died at birth, we obtained MEFs from Fstl1�/�

embryos to study its function when FSTL1 is completely loss. Fstl1
protein and mRNA levels were initially upregulated after induction and
then gradually reduced to basal level (Figure 1CeF). These results
suggest that FSTL1 may play a role in adipocyte precursors
differentiation.

3.2. FSTL1 promoted adipogenesis by inhibiting the conversion of
PPARg to p-PPARg
Adipocyte formation is a process enclosing six specific orchestrated
steps but is broadly divided into two phases. The first phase is the
differentiation of mesenchymal precursors, which can differentiate into
preadipocytes, while the second phase consists of the differentiation of
preadipocytes into mature adipocytes [31]. As the whole-body ablation
Fstl1 homozygous mice died at birth, we obtained MEFs from E13.5
and E18.5 Fstl1�/� embryos to study the detail role of FSTL1 in whole
period of adipogenic differentiation. The genotypes (Fstl1þ/þ [WT],
Fstl1�/� [KO]) were verified, and no FSTL1 protein was detected in KO
MEFs (Figure s1A, B). The proliferation of MEFs, SVF was almost equal
between WT and KO group (Figure s1C, D). MEFs and SVF were then
induced for differentiation into adipocytes. Oil Red O staining for lipids
revealed that there was almost no lipid accumulation in KO MEFs
compared to WT group (Figure 2A,D). Histomorphological observation
of mouse embryo sections by HE and Oil red O staining showed that the
development of KO embryo adipose tissue was defective, and just a
little bit of lipid accumulation was shown (Figure s1F, G). During
adipogenic differentiation, the PPARg/p-PPARg ratio was significantly
lower in the KO group than in the control group on the 4th and 6th days
(Figure 2B,E). The expression of adipogenic genes (Fabp4, C/ebpa,
Adiponectin) was much lower in KO cells, while Pparg gene expression
was almost equal (Figure 2C,F).
We carried out a series of knockdown and overexpression experiments
with 3T3L1 cell line to check the role of FSTL1 in the adipogenic
process. Knockdown and overexpression of FSTL1 in 3T3L1 were
verified by Western blot and RT-PCR (Figure s2AeD). The proliferation
of 3T3L1 was not altered by Fstl1 knockdown ((Figure s1E). Consistent
with the results of previous study, Fstl1 deficiency inhibited lipid
accumulation and reduced the PPARg/p-PPARg ratio and adipogenic
genes expression (Figure 3AeC). On the contrary, Fstl1 overexpression
promoted lipid accumulation, PPARg/p-PPARg ratio, and adipogenic
genes expression (Figure 3DeF). Consistent with previous study,
Pparg gene expression was not altered by Fstl1 reconstruction (Figure
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 1: The expression of FSTL1 in preadipocytes differentiation and adipose tissues of mice. (A) The protein levels of FSTL1 in inguinal white adipose tissue (iWAT),
epididymal white adipose tissue (eWAT), retroperitoneal white adipose tissue (rWAT) and brown adipose tissue (BAT) of C57BL/6J mice. 50 kDa, glycosylated; 37 kDa, hypo-
glycosylated. (B) mRNA levels of Fstl1 in iWAT, eWAT, rWAT, and BAT were detected by RT-PCR. (C) Time course of FSTL1 protein levels during MEFs differentiation detected by
western blot. (D) Time course of Fstl1, Pparg, and C/ebpa gene expression during MEF differentiation by RT-PCR. (E, F) Time course of FSTL1 protein levels during SVF and 3T3L1
differentiation.

Figure 2: Fstl1 deletion inhibited the differentiation of MEFs and SVF by promoting PPARg phosphorylation. (A) MEFs extracted from E13.5 wild-type (WT) and Fstl1�/�
(KO) mouse embryos were induced to differentiate into adipocytes for 10 days and stained with Oil Red O. The oil red O stain was extracted and quantitated by measuring
absorbance at 492 nm (n ¼ 3), Scale bar, 200 mm 100 mm, 50 mm. (B) Western blot analysis of protein levels of PPARg and p-PPARg during MEF differentiation. PPARg and p-
PPARg band intensities were normalized relative to the GAPDH bands, and the PPARg/p-PPARg ratio was calculated and analyzed. (C) Relative mRNA levels of adipogenic genes
(Pparg, Fabp4, C/ebpa, Adipoq) of MEFs (as in A) detected by qPCR. Two-way ANOVA followed by Bonferroni post-tests, n ¼ 3. (D) SVF extracted from iWAT of E18.5 wild-type
(WT) and Fstl1�/� (KO) mouse embryos were induced to differentiate into adipocytes and stained with Oil Red O. The oil red O stain was extracted and quantitated by measuring
absorbance at 492 nm (n ¼ 3), Scale bar, 200 mm 100 mm, 50 mm. (E) Western blot analysis of protein levels of PPARg and p-PPARg during SVF differentiation. PPARg and p-
PPARg band intensities were normalized relative to the GAPDH bands, and the PPARg/p-PPARg ratio was calculated and analyzed. (F) Relative mRNA levels of adipogenic genes
(Pparg, Fabp4, C/ebpa, Adipoq) of SVF (as in D) detected by qPCR. Two-way ANOVA followed by Bonferroni post-tests, n ¼ 3. Data are expressed as mean � SEM, *P < 0.05,
**P < 0.01, ***P < 0.005.
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Figure 3: Differentiation of 3T3L1 cells was inhibited or promoted by Fstl1 knockdown or overexpression. (A) 3T3L1 fibroblasts expressing shFstl1 or vector control were
differentiated into adipocytes and stained with Oil Red O at day 8. The oil red O stain was extracted and quantitated by measuring absorbance at 492 nm, Student’s t test, n ¼ 3.
Scale bar, 100 mm. (B) The protein levels of PPARg and p-PPARg during differentiation of the 3T3L1-NC and 3T3L1-shFstl1 groups were detected by western blot. PPARg and p-
PPARg band intensities were normalized relative to the GAPDH bands, and the PPARg/p-PPARg ratio was calculated and analyzed. (C) mRNA levels of adipogenic genes (Fabp4, C/
ebpa, Adipoq) in 3T3L1 cells (as in A) were detected by qPCR. Two-way ANOVA followed by Bonferroni post-tests, n ¼ 3. (D) 3T3L1 fibroblasts with Fstl1 overexpression or control
were induced for differentiation using cocktail with no rosiglitazone, and stained with Oil Red O at day 8. The oil red O stain was extracted and quantitated by measuring
absorbance at 492 nm, n ¼ 3. Scale bar, 100 mm. (E) The protein levels of PPARg and p-PPARg during differentiation of 3T3L1 cells with Fstl1 OE and control groups were
detected by western blot. The PPARg/p-PPARg ratio was analyzed as mentioned above. (F) mRNA levels of adipogenic genes in 3T3L1 cells (as in D) were detected by qPCR. Two-
way ANOVA followed by Bonferroni post-tests, n ¼ 3. Data are expressed as mean � SEM, *P < 0.05, **P < 0.01, ***P < 0.005.
s2E, F). Taken together, these loss-of-function and gain-of-function
data demonstrate that FSTL1 is essential for inducing the differentia-
tion of adipocytes by inhibiting the conversion of PPARg to p-PPARg.

3.3. The biological activity of FSTL1 relied on N-glycosylated
modification
It was reported that glycosylated or non-glycosylated FSTL1 showed
different biological functions, suggesting that glycosylated modification
is crucial for the FSTL1 protein [24]. To explore the role of glycosylation
on the function of FSTL1 in the process of adipogenesis, we firstly
isolated protein from 3T3L1 cells and supernatant. Western blot
analysis showed that the molecular weight of FSTL1 in cells is 37kD,
while the molecular weight of FSTL1 in supernatant is 50kD. When the
medium was incubated with deglycosylation enzymes, the glycosyla-
tion on FSTL1 could be fully removed by the enzyme mix (Figure 4A).
N-Glycosylation sites of FSTL1 were predicted by NetNGlyc 1.0 Server,
and three sites, including N142, N173, N178, were verified. We
constructed three mutants (N142Q, N173Q, N178Q) and transfected
into 3T3L1 cells for adipogenic differentiation. The protein expression
of FSTL1 was mostly unaltered, while the molecular weight of FSTL1
extracted from media of triple-mutant cells was obviously smaller than
that of control (Figure 4B). When all the three sites were mutated
totally, there was almost no lipid accumulation. A single site mutation
of N178 resulted moderate decrease of lipid accumulation, and it is
much less if N173 site was mutated, while N142 mutation resulted
almost no lipid accumulation compared to WT control (Figure 4C).
N142 mutation decreased adipogenic genes expression, and the
PPARg/p-PPARg ratio compared to WT control (Figure 4D,E). These
MOLECULAR METABOLISM 55 (2022) 101400 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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results suggest that N-glycosylation is necessary for the function of
FSTL1 in adipogenesis, the mutation of a single site (N142Q) is
sufficient.

3.4. FSTL1 attenuated the conversion of PPARg to p-PPARg by
reducing ERK1/2 phosphorylation
It has been reported that the phosphorylation of PPARg could be
modified by p-ERK1/2 [32]. We tried to find out whether the effect of
FSTL1 was also related to the phosphorylation of ERK1/2. The effec-
tiveness of p-ERK1/2 inhibitor (U0126) was firstly confirmed at con-
centration of 10 mM (Figure 5A). Oil-red O staining showed that Fstl1
knockdown inhibited lipid accumulation of 3T3L1 cells as shown in
previous studies, while it was rescued by p-ERK1/2 inhibition with
U0126 (Figure 5B). Meanwhile, the down-regulated mRNA levels of
adipogenic genes (Fabp4, C/ebpa, Adiponectin) and lipogenic genes
(Acc, Fas) resulted by Fstl1 knockdown recovered by U0126
(Figure 5C). The conversion of PPARg to p-PPARg was also rescued by
p-ERK1/2 inhibition (Figure 5D).
To further verify the molecular axis of FSTL1 by inhibiting ERK1/2
phosphorylation and downstream PPARg phosphorylation. We
attempted to investigate the effect of activated PPARg on ERK phos-
phorylation; the effectiveness of PPARg agonist rosiglitazone (RG) was
confirmed at concentration of 5 mM, and p-ERK1/2 level was not
altered by RG (Figure 6A). The inhibition of lipid droplet aggregation
and expression of mRNA levels of adipogenic genes (Fabp4, C/ebpa,
Adiponectin) and lipogenic genes (Acc, Fas) resulted by Fstl1 knock-
down was rescued by RG (Figure 6B,C). The conversion of PPARg to p-
PPARg was also rescued by PPARg agonist, while the protein level of
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 4: A single site mutation of N142 glycosylation was sufficient for the function of FSTL1. (A) Western blot analysis of FSTL1 protein extracted from 3T3L1 cells and
supernatant (upper panel). Western blot analysis of FSTL1 protein extracted from supernatant or supernatant reacted with deglycosylation enzymes. (B) Western blot analysis of
FSTL1 protein both in cell lysate and media of 3T3L1 with N-glycosylation mutants (N142, N173, N178). (C) Glycosylated modification sites (N142, N173, N178) were mutated
separately or totally in 3T3L1 fibroblasts. Oil Red O staining was measured after inducing differentiation for 8 days. The oil red O stain was extracted and quantitated by measuring
absorbance at 492 nm, n ¼ 3. Scale bar, 100 mm. (D) mRNA levels of adipogenic genes (Fabp4, C/ebpa, Adipoq) of 3T3L1 cells with N142 site mutation after inducing dif-
ferentiation for 8 days. Two-way ANOVA followed by Bonferroni post-tests, n ¼ 3. (E) Relative protein levels of PPARg and p-PPARg during differentiation of 3T3L1 cells with N142
site mutation by western blot. PPARg and p-PPARg band intensities were normalized relative to the GAPDH bands, and the PPARg/p-PPARg ratio was calculated and analyzed.
Data are expressed as mean � SEM, *P < 0.05, **P < 0.01, ***P < 0.005.

Figure 5: The conversion of PPARg to p-PPARg was contributed by ERK1/2 phosphorylation when Fstl1 was deficient. (A) The protein levels of p-ERK1/2 and T-ERK1/2 in
3T3L1 cells treated with a p-ERK1/2 inhibitor (U0126) were determined by western blot. (B) Oil red O staining of the lipid droplets in three groups (Fstl1 knockdown, Fstl1
KD þ U0126, control) of 3T3L1 cells after inducing differentiation for 8 days. Oil red O stain was quantified as mentioned above, One-way ANOVA followed by Dunnett’s multiple
comparison test. Scale bar, 100 mm. (C) mRNA levels of adipogenic (Fabp4, C/ebpa, Adipoq) and lipogenic genes (Acc, Fas) in 3T3L1 cells as in B. Two-way ANOVA followed by
Bonferroni post-tests, n ¼ 3. (D) Western blot analysis of protein levels of p-ERK1/2, T-ERK1/2, p-PPARg, and PPARg during differentiation of 3T3L1 cells as in B. p-ERK1/2, T-
ERK1/2, p-PPARg, and PPARg band intensities were normalized relative to the GAPDH bands. p-ERK/T-ERK and PPARg/p-PPARg ratios were analyzed. Data are expressed as
mean � SEM, *P < 0.05, **P < 0.01, ***P < 0.005.
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Figure 6: Fstl1 deficiency promoted ERK1/2 phosphorylation and then the conversion of PPARg to p-PPARg. (A) Western blot analysis of protein levels of PPARg, p-
PPARg, p-ERK1/2 and T-ERK1/2 in 3T3L1 cells treated with rosiglitazone at indicated concentrations. (B) Oil red O staining of lipid droplets in 3T3L1 cells of Fstl1 knockdown, Fstl1
KD þ RG and control group after inducing differentiation for 8 days. The oil red O stain was extracted and quantitated by measuring absorbance at 492 nm, One-way ANOVA
followed by Dunnett’s multiple comparison test. Scale bar, 100 mm. (C) mRNA levels of adipogenic (Fabp4, C/ebpa, Adipoq) and lipogenic genes (Acc, Fas) in cells as mentioned in
B. Two-way ANOVA followed by Bonferroni post-tests, n ¼ 3. (D) Western blot analysis of protein levels of p-PPARg, PPARg, p-ERK1/2, and T-ERK1/2 during differentiation of
3T3L1 cells as in B. p-ERK1/2, T-ERK1/2, p-PPARg, and PPARg band intensities were normalized relative to the GAPDH bands, PPARg/p-PPARg and p-ERK/T-ERK ratios were
analyzed. Data are expressed as mean � SEM, *P < 0.05, **P < 0.01, ***P < 0.005.

Figure 7: FSTL1 exerted biological effects by inhibiting the integrin b1-mediated activation of the focal adhesion kinase pathway. (A, B) Heatmap of selected differential
genes enrichment based on the RNA sequencing of the 3T3L1-NC and 3T3L1-shFstl1 groups after inducing for differentiation. (C) Gene Ontology analysis of differential genes in
RNA-seq. (D) Western blot analysis of ITGB1 protein levels in the 3T3L1-NC and 3T3L1-shFstl1 groups after inducing for differentiation. GAPDH was used for loading control, ITGB1
band intensity was normalized relative to the GAPDH band. Student’s t-test, ***P < 0.005. (E, F) The culturing dishes were coated or not coated with Collagen Type I, and the
protein levels of p-FAK (s397, s576/577, s925), FAK, p-ERK1/2 and T-ERK1/2 in 3T3L1 cells with Fstl1 knockdown (overexpression in F) and control group were analyzed by
western blot. GAPDH was used for the loading control. (G) 293T cells were transfected with plasmids expressing Flag-tagged Fstl1 and HA-tagged Itgb1. Total cell lysate were
subjected to IP with Flag or HA antibodies and immunoblotted for FSTL1 and ITGB1. Unspecific IgG antibodies were used as a control. (H) FSTL1 and ITGB1 protein complex was
pulled down using glutathione-Sepharose beads and then subjected to western blot analyses with anti-FSTL1 antibody to confirm the presence of FSTL1 (upper). The presence of
ITGB1 was detected with anti-ITGB1 antibody (lower). (I) 293T cells were transfected with HA-tagged Itgb1. The culturing dishes were coated or not coated with collagen Type I.
ITGB1-HA was immunoprecipitated with HA-agarose and incubated with 100 ng FSTL1 protein. COL1 and ITGB1 were detected with anti-COL1 and anti-HA antibodies, respectively.
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Figure 8: FSTL1 was required for obesity development in adipose knockout mice. (A) Adipocyte-specific Fstl1 mutant (f/f-aP2) and control (f/f) mice were fed high fat diet
(HFD) for 14 weeks. Total body weight was determined weekly. Student’s t-test, n ¼ 9 for controls and n ¼ 11 for KOs. (B) Weights of individual fat pads from f/f-aP2 and control
mice following 14 weeks on HFD. n ¼ 10 per group. (C) Representative images of wet fat pads of iWAT and eWAT from f/f-aP2 and f/f mice following 14 weeks on HFD. (D)
Intraperitoneal glucose tolerance test (1.5 mg/kg) in male, HFD feeding f/f-aP2 and f/f mice. Two-way ANOVA followed by Bonferroni post-tests, n ¼ 6 per group. (E, F) Cell size of
iWAT and eWAT from male f/f-aP2 and f/f mice following 14 weeks on HFD. Representative images from hematoxylin and eosin (H&E) stained sections. Scale bar, 100 mm. Mean
adipocyte area of the representative section from iWAT and eWAT was analyzed. Two-way ANOVA followed by Bonferroni post-tests, n ¼ 3 per group. (G) The protein levels of
FSTL1, p-PPARg, PPARg, p-ERK1/2, T-ERK1/2, p-FAK (s397), and FAK in iWAT of mice were analyzed by western blot. GAPDH was used for loading control. Data are expressed as
mean � SEM, *P < 0.05, **P < 0.01.
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p-ERK1/2 was not disrupted (Figure 6D). These results suggest that
FSTL1 maintains adipogenesis by inhibiting ERK1/2 phosphorylation
and subsequently the PPARg phosphorylation.

3.5. FSTL1 inhibited ERK1/2 phosphorylation by disturbing the
integrin-b1/FAK signaling pathway
As mentioned above, FSTL1 was glycosylated and secreted extracel-
lular to promote adipogenesis. We attempted to determine the mem-
brane receptor-mediated signaling pathway through which FSTL1
activates the intracellular response. We performed a gene expression
analysis on 3T3L1-RNA of Fstl1 knockdown and control group after
inducing differentiation (Figure s3 and s4). This analysis revealed more
than 10 upregulated and 5 downregulated collagen-related genes in
the differentiated 3T3L1 cells with Fstl1 knockdown compared with
control (Figure 7A). A series of ECM-degradation genes, including
matrix metalloproteinase and serine proteinase, were found to
decrease in differentiated 3T3L1 cells with Fstl1 knockdown
(Figure 7B). Gene ontology enrichment analysis revealed an over-
representation of genes associated with integrin-ECM interaction,
collagen formation, extracellular matrix organization, and focal adhe-
sion (Figure 7C). However, no integrin-ECM associated pathway was
enriched in the undifferentiated 3T3L1 cells with Fstl1 knockdown
compared with control (Figure s5). On the basis of RNA-seq study, we
hypothesized that FSTL1 might inhibit ERK phosphorylation by atten-
uating the integrin-b1 mediated signaling during preadipocytes dif-
ferentiation. Western blot showed that the protein level of ITGB1 was
increased in 3T3L1 cells with Fstl1 knockdown compared with control
(Figure 7D). RNA-seq analysis indicated the potential effect of collagen
for the function of FSTL1, and we coated the culturing dishes of 3T3L1
cells with Collagen Type I. Western blot showed that the protein levels
8 MOLECULAR METABOLISM 55 (2022) 101400 � 2021 The Author(s). Published by Elsevier GmbH. T
of phosphorylated FAK (including s397, s576/577 and s925) and
phosphorylated ERK1/2 were significantly increased in the Fstl1
knockdown group compared with the control group, while these pro-
teins were decreased obviously in the Fstl1 overexpression group
(Figure 7E,F). The relationship among FSTL1, COL1, and ITGB1 then
needs to be clarified. To determine whether there is an interaction
between FSTL1 and ITGB1, FSTL1 was coimmunoprecipitated with
ITGB1 to form a complex by co-IP experiments (Figure 7G). Further,
GST-pull down was performed to confirm that FSTL1 directly binds
ITGB1 (Figure 7H) but not COL1 (Figure s2G). The binding of FSTL1 to
ITGB1 diminished presentation of COL1 to the integrin-b1 receptor
(Figure 7I). These data suggest that FSTL1 regulates the downstream
FAK/ERK signaling pathway by attenuating the interaction between
collagen and integrin-b1.

3.6. FSTL1 was required for HFD-induced obesity development
To evaluate the role of FSTL1 in obesity development, we generated
adipocyte specific Fstl1 knockout mice using the aP2-Cre driver strain
(Fstl1flox/flox � aP2-cre). Fstl1 gene expression was obviously lower in
iWAT of f/f-aP2 mice than in the control group (Figure s6A). But the
mRNA and protein levels of FSTL1 in SVF from iWAT were almost equal
between the two groups (Figure s6B, C). Fstl1 deletion mice gained
similar amounts of body weight and fat mass as the control group with
equal amount of food intake under chow diet (CD) feeding (Figure
s6DeF). The capability of glucose and insulin tolerance was also
equal between the two groups (Figure s6G, H). During the switch from
chow diet to high fat diet (HFD), Fstl1 deletion mice gained less
amounts of body weight and fat mass (iWAT, eWAT) than control mice
(Figure 8AeC). Intraperitoneal glucose tolerance test (IPGTT) showed
that the glucose level of Fstl1 deletion mice was lower than that in the
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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control group (Figure 8D). Smaller adipocytes were observed in iWAT
and eWAT of Fstl1 deletion mice than that of control (Figure 8E,F).
Western blot showed that the protein levels of phosphorylated FAK,
ERK1/2 and PPARg were increased in iWAT of Fstl1 deletion mice than
control mice (Figure 8G). These data suggest that FSTL1 is necessary
for obesity development in vivo.

4. DISCUSSION

Obesity has become a global pandemic, and it is closely associated with
other metabolic diseases [33]. Because obesity is characterized by
excessive accumulation of white adipose tissue, targeting adipogenesis
represents a promising strategy to manage obesity [34]. Serum levels of
FSTL1 were found to be higher in overweight and obese subjects than
in controls, which indicates a potential pro-obesity effect [35,36]. The
specific role and molecular mechanism of FSTL1 in adipogenesis have
not been clarified. In this study, we carried out a series of Fstl1
knockdown and overexpression experiments in vitro and verified its
function in promoting adipogenesis. In vivo studies, our adipose tissue-
specific Fstl1 deletion mice indeed have defects in gaining body weight
under HFD feeding. We comprehensively elucidated the role of FSTL1 in
adipogenesis both in vitro and in vivo. During differentiation of pre-
adipocytes into adipocytes, Fstl1 showed a transient short high-level
expression to become subsequently downregulated to background
levels at both the mRNA and protein level (Figure 1). We desired a Cre
strain that expresses during the adipogenic process in animal studies.
Adiponectin-cre lines are the best Cre strains used for targeting mature
adipocytes, while the Pdgfra-Cre lines are preferable for targeting
adipocyte progenitors in vivo. Ap2-Cre mediated recombination occurs
not only in mature adipocytes, but also in adipocytes progenitors [37].
We chose Ap2-cre in our animal model, although it was studied to be
expressed not only in adipose tissue but some other cell types. How-
ever, we found that FSTL1 was not efficiently deleted in adipocyte
precursor cells of KO mice. The deficiency of FSTL1 in the KO mice was
to inhibit the size of adipocytes (hypertrophy) rather than the number
(hyperplasia) of precursor cells. Compared to the control group, the KO
mice show an improved metabolic profile when fed a high fat diet. For
further studies, Adiponectin-cre and Pdgfra-Cre should be considered
for using in our animal model.
It was reported that non-glycosylated FSTL1 induced cardiomyocytes
proliferation, whereas the glycosylated protein working anti-apoptotic
[23]. This indicates that glycosylated modification is a determination
for the function of FSTL1. In our previous studies, we identified that
glycosylated modification was essential for FSTL1 in promoting BAT
thermogenesis during cold exposure or b3-adrenergic signaling acti-
vation [29]. In this study, we confirmed that N-glycosylation is
necessary for FSTL1 in promoting white adipogenic differentiation. We
performed N-glycosylation site mutation and found that Asp142

modification was of great significance for the function of FSTL1. Our
previous reports and the current study together reveal that N-glyco-
sylation is necessary for the biological effect of FSTL1 in both BAT and
WAT. It is well known that WAT acts to store energy in the form of
triglycerides, whereas BAT dissipates heat against cold. FSTL1 is
essential for both WAT and BAT formation through our studies. Upon
cold exposure, BAT secretes more FSTL1 to promote thermogenesis of
itself. During HFD-induced obesity development, FSTL1 is necessary
for WAT hypertrophy. It is complicated in vivo studies, and FSTL1 is
secreted by many tissues and organs. More types of conditional
knockout mice should be measured to further illustrate the role of
FSTL1 in obesity development.
MOLECULAR METABOLISM 55 (2022) 101400 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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Peroxisome proliferator-activated receptor g (PPARg) is a key regu-
latory factor for adipogenesis and obesity [9]. Phosphorylated modifi-
cation was proved to inhibit the activity of PPARg, and thus the process
of adipogenesis. PPARg phosphorylation was found to increase in the
obese state [13]. Treatment of mice with classical and non-classical
thiazolidinediones (TZDs), such as rosiglitazone, prevents PPARg
phosphorylation and inducing expression of a constituent lipid gene
[38]. The efficacy of synthetic ligands of PPARg in controlling blood
glucose has been widely recognized. However, their clinical usage is
limited due to side effects, including weight gain, fluid retention, bone
fracture, cardiovascular disease, and bladder cancer [39]. Many recent
studies have focused on the post-translational modifications of PPARg,
such as phosphorylation, acetylation, ubiquitination et,al. In our study,
we find that FSTL1 inhibits the conversion of PPARg to p-PPARg,
which provides a potential therapeutic target in combating obesity.
FSTL1 was involved in multiple signaling pathways; binding to mem-
brane receptors has been shown, but other molecular partners prob-
ably exist [40e43]. In our study, we found that FSTL1 inhibited PPARg
phosphorylation to promote adipogenesis. It was reported that the
phosphorylation of PPARg could be modified by CDK5, p-ERK1/2 and
other cytokines [26,32]. We proved that FSTL1 inhibited the conversion
of PPARg to p-PPARg by reducing ERK1/2 phosphorylation. We were
then curious about the signaling pathway through which FSTL1 reg-
ulates ERK1/2 phosphorylation. Our gene expression analysis showed
that the organization of extracellular matrix (collagen, tenascin, MMP
et al.) was disrupted when FSTL1 was lost, and the signaling pathways
associated with ECM-receptor interaction were enriched. It was re-
ported that the downstream signaling of integrin-b1 such as FAK and
ERK is involved in adipocyte differentiation [44]. We finally concluded
that the role of FSTL1 in the late stage of adipogenic differentiation was
related with FAK/ERK signaling pathway; however, its role in the phase
of mitotic clonal expansion prior to differentiation and the phase of
determination was possibly otherwise related. Here, our study dem-
onstrates the conversion between PPARg and p-PPARg as a potential
downstream target of FSTL1, and we propose a new mechanism of
FSTL1 as a component of extracellular matrix. We have proven that
FSTL1 directly binds with ITGB1, but how FSTL1 inhibits the binding
between collagen and integrin-b1 is still unclear in this research.
Previous reports have shown that integrin-b1 regulates various bio-
logical functions, including cell migration and signal transduction,
particularly in the context of cancer [45e47]. It will also be interesting
to determine whether morphofunctional modifications of adipocytes
are involved in the action of FSTL1 in promoting adipogenesis.
Together, our studies reveal that FSTL1 is an important adipokine in
promoting adipogenesis and obesity development. N-glycosylation is
necessary for the function of FSTL1 in adipogenesis, and modification
at Asp142 is of great significance. FSTL1 promotes adipogenesis by
disrupting the interaction between collagen and integrin-b1, which
caused the inhibitory effect of FAK and ERK1/2 phosphorylation, and
then the PPARg phosphorylation. Thus, PPARg phosphorylation
regulated by FSTL1 might prove to be a novel target in adipogenesis
and obesity.
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