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and subsequent N‑glycan branching of TβRII/
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Abstract 

Background:  Peroxisome proliferator-activated receptor gamma (PPARγ) is an enhancer of Treg responses, but the 
mechanisms remain elusive. This study aimed to solve this problem in view of cellular metabolism.

Methods:  Three recognized PPARγ agonists (synthetic agonist: rosiglitazone; endogenous ligand: 15d-PGJ2; natural 
product: morin) were used as the tools to activate PPARγ. The fatty acid oxidation (FAO) was evaluated through the 
detection of fatty acid uptake, oxygen consumption rate, mitochondrial mass, mitochondrial membrane potential 
and acetyl-CoA level. The involvement of UDP-GlcNAc/N-linked glycosylation axis and the exact role of PPARγ in the 
action of PPARγ agonists were determined by flow cytometry, Q-PCR, western blotting, a commercial kit for enzyme 
activity and CRISPR/Cas9-mediated knockout.

Results:  Rosiglitazone, 15d-PGJ2 and morin all increased the frequency of CD4+Foxp3+ Treg cells generated from 
naïve CD4+ T cells, boosted the transcription of Foxp3, IL-10, CTLA4 and TIGIT, and facilitated the function of Treg cells. 
They significantly promoted FAO in differentiating Treg cells by up-regulating the levels of CD36 and CPT1 but not 
other enzymes involved in FAO such as ACADL, ACADM, HADHA or HADHB, and siCD36 or siCPT1 dampened PPARγ 
agonists-promoted Treg responses. Moreover, PPARγ agonists enhanced UDP-GlcNAc biosynthesis and subsequent 
N-linked glycosylation, but did not affect the expressions of N-glycan branching enzymes Mgat1, 2, 4 and 5. Notably, 
the enzyme activity of phosphofructokinase (PFK) was inhibited by PPARγ agonists and the effect was limited by 
siCD36 or siCPT1, implying PFK to be a link between PPARγ agonists-promoted FAO and UDP-GlcNAc biosynthesis 
aside from acetyl-CoA. Furthermore, PPARγ agonists facilitated the cell surface abundance of TβRII and IL-2Rα via 
N-linked glycosylation, thereby activating TGF-β/Smads and IL-2/STAT5 signaling, and the connection between 
N-linked glycosylation and Treg responses was revealed by tunicamycin. However, the increased surface abundance 
of CD36 was demonstrated to be mainly owing to PPARγ agonists-up-regulated overall expression. Finally, PPARγ 
antagonist GW9662 or CRISPR/Cas9-mediated knockout of PPARγ constrained the effects of rosiglitazone, 15d-PGJ2 
and morin, confirming the exact role of PPARγ.
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Background
Regulatory T (Treg) cells are a suppressive subset of 
CD4+ T cells that polarize under the control of forkhead 
box protein 3 (Foxp3). By preventing the dysregulated 
activation of cells within both the innate and adaptive 
arms of the immune system, and limiting their ability to 
release inflammatory cytokines, Treg cells play a central 
role in maintenance of immune homeostasis and ensure 
that the responses of immune system to foreign- or self-
antigens remain adequately balanced [1, 2]. As deficits in 
Treg number and function lead to immune dysfunctions, 
loss of tolerance and autoimmune phenomena, the ther-
apy of Treg enhancing has emerged as a focus aimed at 
curing or controlling inflammation and autoimmune dis-
eases, such as inflammatory bowel disease (IBD), rheu-
matoid arthritis (RA), multiple sclerosis (MS) and so on 
[3, 4].

With the respect to determine the molecular targets for 
regulating Treg cells, intensive research endeavors have 
been invested and an emphasis can be given to peroxi-
some proliferator-activated receptor gamma (PPARγ), a 
transcription factor long been considered as the target 
protein of thiazolidinediones [5]. It has been reported 
that PPARγ agonist ciglitazone can promote Foxp3 gene 

transcription, induce Treg cell generation, and enhance 
the anti-proliferation ability of Treg cells [6]. In the 
absence of TGF-β, the key stimulator for Treg differentia-
tion, pioglitazone is still able to elevating the frequency 
of CD4+CD25+Foxp3+ Treg cells, of which the effect can 
be blocked by PPARγ antagonist GW9662 [7]. Moreo-
ver, PGJ2 weakens the inhibition of advanced glycation 
end products (AGEs) on Treg function [8], and adoptive 
transfer of PPARγ-deficient Treg cells has a significantly 
weaker effect than wild-type cells on the prevention and 
treatment of colitis in SCID mice [9]. Based on these, a 
clear link between PPARγ and Treg cells can be obtained. 
However, the in-depth mechanisms of PPARγ as a prom-
ising molecular target for specific intervention in Treg 
responses are still in doubt and need more investigation.

Only recently, were the intrinsic metabolic program-
ming established as a key component for the differen-
tiation and function of immune cells. Unlike T helper 
(Th) CD4+ T cells, which are strongly biased toward gly-
colysis, glutaminolysis or fatty acid synthesis, Treg cells 
preferentially use fatty acid oxidation (FAO) for their 
energy supply, and the enhanced FAO has been reported 
to result in stronger Treg responses [10–14]. Of note, 
PPARγ is a critical regulator of cellular metabolism. By 

Conclusions:  The activation of PPARγ enhances Treg responses through up-regulating CD36/CPT1-mediated fatty 
acid oxidation and subsequent N-glycan branching of TβRII/IL-2Rα, which is beneficial for inflammatory and autoim-
mune diseases.
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interfering with FAO, PPARγ participates in M2 mac-
rophage polarization and possesses protective effects 
on obesity as well as pulmonary hypertension [15–17]. 
Therefore, in this study, we determined the effect of 
PPARγ on Treg responses by using three recognized 
PPARγ agonists (synthetic agonist: rosiglitazone; endog-
enous ligand: 15d-PGJ2; natural product: morin), and 
further explored the underlying mechanisms from the 
perspective of fatty acid oxidation.

Materials and methods
Animals
C57BL/6 mice, weighing 18–22 g, were purchased from 
the Comparative Medicine Centre of Yangzhou Uni-
versity (Yangzhou, China). The animal treatments were 
conducted with the approval of the Animal Ethics Com-
mittee of China Pharmaceutical University and complied 
with the National Institute of Health guidelines on the 
ethical use of animals. All animals were housed under a 
12 h light/dark cycle (21 ± 2  °C) and allowed ad  libitum 
access to a diet of standard laboratory chow and water.
Chemicals and reagents
Rosiglitazone and GW9662 were purchased from Tar-
getMol (Shanghai, China). 15d-PGJ2 was purchased 
from Sigma-Aldrich (St. Louis, USA). Morin (3, 5, 7, 
2′, 4′-pentahydroxyflavone, a flavonoid exists in Morus 
alba L. (Moraceae), Otostegia persica (Lamiaceae), etc.; 
purity > 98%) was purchased from Nanjing JingZhu Bio-
logical Technology Co., Ltd. (Nanjing, China). Mouse 
CD4+CD62L+ T-cell isolation kit was purchased from 
Miltenyi Biotech (Cologne, Germany), and rhTGF-β1 
was purchased from R&D Systems (Minneapolis, USA). 
Purified anti-mouse CD3/CD28 mAbs, PE-anti-Foxp3, 
and fixation/permeabilization concentrate and diluent 
reagent were purchased from eBioscience (San Diego, 
USA). FITC-anti-CD4 and PE-anti-CD36 was purchased 
from BioLegend (San Diego, USA). Antibodies against 
TβRII, CPT1 and PPARγ were purchased from Protein-
tech (Wuhan, China). Antibodies against Smad3, STAT5 
and pSTAT5 were purchased from Wanleibio (Shenyang, 
China). Antibody against β-actin was purchased from Bio-
world Technology, Inc. (Nanjing, China). Antibody against 
CD36 and pSmad3, MitoTracker Green and mitochondrial 
membrane potential assay kit with JC-1 and tunicamycin 
were purchased from Beyotime (Nantong, China). Actino-
mycin D (Act-D) was purchased from MedChemexpress 
(Monmouth Junction, USA). BODIPY-C16 and lipo-
fectamine 2000 was purchased from Invitrogen (Carlsbad, 
USA). FITC-L-PHA was purchased from Vectorlabs (Burl-
ingame, USA). TRIzol, HiScript™ reverse transcriptase 
system and AceQ™ qPCR SYBR® Green Master Mix were 
purchased from Vazyme (Nanjing, China).

Cell culture and differentiation
Naïve CD4+ T cells isolated from mesenteric lymph 
nodes (MLNs) of mice were purified with magnetic beads 
according to the manufacturer’s instructions for the 
CD4+CD62L+ T-cell isolation kit. The cells were main-
tained in RPMI 1640 (Gibco, Carlsbad, USA) contained 
10% fetal bovine serum (FBS) at 37 °C under a humidified 
5% (v/v) CO2 atmosphere.

For Treg cell differentiation, naïve CD4+ T cells were 
treated with plate-bound anti-CD3 (1 μg/mL), anti-CD28 
(1 μg/mL) and rhTGF-β1 (5 ng/mL) for 72 h. At the end 
of the differentiation, the cells were harvested and stained 
with FITC-anti-CD4 for 30 min at 4 °C, followed by fixa-
tion and permeabilization for 5  h. Then, the cells were 
stained with PE-anti-Foxp3 for another 1 h, washed and 
resuspended for detection by flow cytometry.

Cell viability assay
The cells were seeded into a 96-well plate at a density of 
1 × 106 cells/mL and treated with rosiglitazone (1, 3, 10, 
30, 100 μM), 15d-PGJ2 (1, 3, 10, 30, 100 μM) or morin (1, 
3, 10, 30, 100 μM) for 72 h.

For MTT assay, 20 μL of MTT (Beyotime, Nantong, 
China) solution (5  mg/mL dissolved in PBS) was added 
into each well 4 h before the end of incubation. Then, the 
supernatant was discarded, and 150 μL of DMSO was 
added to dissolve the crystals. The optical absorbance 
value was measured at 570 nm.

For CCK-8 assay, 10 μL of CCK-8 (Beyotime, Nantong, 
China) was added to each well 4 h before the end of incu-
bation, and the optical absorbance value was measured at 
450 nm.

Western blotting assay
The cell lysates were prepared by using NP-40 buffer 
(Beyotime, Nantong, China) which contained 1  mM 
PMSF (Beyotime, Nantong, China), and were centri-
fuged at 12,000  rpm for 10 min. The supernatants were 
collected and mixed with the loading buffer (Beyotime, 
Nantong, China). After being boiled for 10 min, all sam-
ples were separated by 10% SDS-PAGE, and the gels were 
transferred onto the pre-activated polyvinylidene fluoride 
(PVDF) membranes (Millipore, Billerica, USA). Then, the 
membranes were blocked with 9% nonfat milk for 2 h at 
room temperature, and probed with primary antibodies 
overnight at 4 °C, followed by incubation with horserad-
ish peroxide (HRP)-conjugated secondary antibodies for 
2  h at room temperature. The blots were finally visual-
ized by using enhanced chemiluminescent (ECL) reagent 
(Vazyme, Nanjing, China).
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Q‑PCR assay
The total RNAs of cells were extracted by TRIzol rea-
gent. Then, the HiScript™ reverse transcriptase system 
was used to reverse transcribe the RNAs into cDNAs. 
Finally, Q-PCR assay of target genes was performed 
using AceQ™ qPCR SYBR® Green Master Mix and 
gene-specific primers on the Bio-Rad CFX Connect 
real-time PCR system (Bio-Rad, Hercules, USA). The 
mRNA expression levels were normalized to β-actin. In 
addition, the details of the gene-specific primers (San-
gon Biotech, Shanghai, China) were listed in Table 1.

Measurement of fatty acid uptake
The naïve CD4+ T cells were prepared and treated with 
anti-CD3/CD28 in the presence or absence of TGF-β 
(5  ng/mL), rosiglitazone (10, 30  μM), 15d-PGJ2 (3, 
10  μM) as well as morin (10, 30  μM) for 48  h. Then, 
the cells were collected, washed and resuspended in 
PBS contained BODIPY-C16 (100  nM) for a 30  min-
incubation at 37  °C. At the end of the incubation, the 
cells were washed and the uptake of BODIPY-C16 was 
detected by flow cytometry.

Measurement of oxygen consumption rate (OCR)
The OCR was measured with a Seahorse XF96 bioana-
lyzer using the XF palmitate-BSA FAO substrate (Sea-
horse Bioscience, North Billerica, USA) and Mito Stress 
Test Kit (Seahorse Bioscience, North Billerica, USA) 
according to the manufacturer’s instructions. The OCR 
for oxidation of palmitate-BSA was measured in cells 
treated with palmitate-BSA (30 μL/well), oligomycin 
(1.5  μM), carbonyl cyanide 4-(trifluoromethoxy) phe-
nylhydrazone (FCCP; 2 μM), and rotenone/antimycin A 
(0.5 μM).

Measurement of mitochondrial mass
The naïve CD4+ T cells were prepared and treated 
with anti-CD3/CD28 in the presence or absence of 
TGF-β (5  ng/mL), rosiglitazone (10, 30  μM), 15d-
PGJ2 (3, 10 μM) as well as morin (10, 30 μM) for 48 h. 
Then, the cells were incubated with MitoTracker Green 
(100 nM) at 37  °C for 30 min. After staining, the cells 
were collected and resuspended in fresh media. The 
mitochondrial mass was observed with a fluorescence 
microscope (Olympus IX51).

Measurement of mitochondrial membrane potential
The naïve CD4+ T cells were prepared and treated 
with anti-CD3/CD28 in the presence or absence of 
TGF-β (5 ng/mL), rosiglitazone (10, 30 μM), 15d-PGJ2 
(3, 10  μM) as well as morin (10, 30  μM) for 48  h. The 
change of mitochondrial membrane potential was 
measured with a JC-1 assay kit according to manufac-
turer’s instruction. Briefly, JC-1 stock solution (200×) 
was diluted to working solution (1×) and added to the 
cells for a 20  min-incubation at 37  °C. Then, the cells 
were washed with washing buffer (1×), and the fluo-
rescence intensity was measured by flow cytometry. 
The ratio of JC-1 red/green fluorescence was calculated 
using mean fluorescence intensity of each channel.

Table 1  Primers used in Q-PCR

Primers Sequence (5′–3′)

IL-10 (mouse) Forward TTC​TTT​CAA​ACA​AAG​GAC​CAGC​

Reverse GCA​ACC​CAA​GTA​ACC​CTT​AAAG​

CTLA4 (mouse) Forward CGC​AGA​TTT​ATG​TCA​TTG​ATC​CAG​AACC​

Reverse CAA​AGA​AAC​AGC​AGT​GAC​CAG​GAA​AC

TIGIT (mouse) Forward CAG​CAG​GCA​CGA​TAG​ATA​CAA​AGA​GG

Reverse CAG​AGG​AGA​AGT​GAC​ACT​GTA​AGA​TGAC​

Foxp3 (mouse) Forward TTT​CAC​CTA​TGC​CAC​CCT​TATC​

Reverse CAT​GCG​AGT​AAA​CCA​ATG​GTAG​

CD36 (mouse) Forward CTT​TGA​AAG​AAC​TCT​TGT​GGGG​

Reverse GTC​TGT​GCC​ATT​AAT​CAT​GTCG​

CPT1 (mouse) Forward CTA​CAT​CAC​CCC​AAC​CCA​TATT​

Reverse GAT​CCC​AGA​AGA​CGA​ATA​GGTT​

ACADL (mouse) Forward AAA​CAG​TTG​CAC​ACA​TAC​AGAC​

Reverse ATT​CAG​ATG​CCC​AGT​ATT​TTGC​

ACADM (mouse) Forward TCA​GAG​TGC​CTA​AGG​AAA​ATGT​

Reverse CGA​CTG​TAG​GTC​TGG​TTC​TATC​

HADHA (mouse) Forward GCA​GAC​GAA​GTG​GGT​GTG​GATG​

Reverse CTT​GCG​ACC​TAA​GAA​GCC​CTTGG​

HADHB (mouse) Forward GCT​GCC​TTT​GCT​GTT​TCT​CGA​ATG​

Reverse GTC​CTT​CAT​CCT​GTG​CCT​TCT​TGG​

Mgat1 (mouse) Forward CAG​CTA​CAG​GTG​GAG​AAA​GTAA​

Reverse GAA​GCT​GTC​TCT​GCT​AGT​GTAC​

Mgat2 (mouse) Forward AGC​AAT​GGG​CGA​CAA​AGG​AAGAG​

Reverse ATT​CGT​TTG​AGA​CCC​TGC​GGATG​

Mgat4 (mouse) Forward GAT​AGA​GTC​AGA​TTT​CGC​TCCA​

Reverse GAA​ATT​TCT​GGA​ACA​CCG​AACA​

Mgat5 (mouse) Forward CGT​CTG​GAC​TGT​GGA​TCT​CAA​TAA​CC

Reverse ATG​GCA​TAT​ACG​GCT​CAA​TCT​TCT​GG

GFPT (mouse) Forward TAA​GGC​ACT​GGA​TGA​AGA​AGTT​

Reverse CGG​GTA​TGA​GCT​ATT​CCA​AGAT​

PFK (mouse) Forward GAT​TGG​GAG​GAA​AAT​ATG​TGCC​

Reverse GCT​TAT​TTT​GCA​TGT​CGA​TTGC​

TβRII (mouse) Forward GAC​CTC​AAG​AGC​TCT​AAC​ATCC​

Reverse GTC​ATC​CAC​AGA​CAG​AGT​AGG​

IL-2Rα (mouse) Forward AGA​GGT​TTC​CGA​AGA​CTA​AAGG​

Reverse TTC​AAG​TTG​AGC​TGT​AAC​TTGC​
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Measurement of uridine diphosphate‑N‑acetylglucosamine 
(UDP‑GlcNAc)
UDP-GlcNAc was measured as previously described 
[18]. Briefly, the cells were collected, washed, and lysed 
by addition of 200 μL of chloroform/water (1:1). Then, 
the samples were vortexed for 2 min and centrifuged at 
15,000 × g for 20  min at 4  °C. The aqueous phase was 
transferred to a fresh tube and 10 μL of HCl (1  N) was 
added to hydrolyze UDP-GlcNAc to GlcNAc. After heat-
ing for 20 min at 80 °C, the sample was neutralized with 
10 μL KOH (1  N). Next, 50 μL of potassium tetraborate 
(200  mM) was added, and the samples were heated at 
80 °C for 25 min and then cooled on ice for 5 min. 150 μL 
of Ehrlich’s reagent (diluted 1:2 in acetic acid) was added 
to the samples followed by a 20 min-incubation at 37 °C. 
Finally, the samples were centrifuged at 15,000 × g for 
20 min, and the absorbance was measured at 595 nm.

Measurement of N‑linked glycosylation
For the measurement of N-linked glycosylation, the cells 
were collected, washed, and incubated with PBS con-
tained FITC-L-PHA (5 μg/mL) for 30 min at 4 °C. Then, 
the cells were washed again for flow cytometry.

Measurement of phosphofructokinase (PFK) 
and glutamine‑fructose‑6‑phosphate transaminase (GFPT) 
enzymatic activity
The PFK enzymatic activity was measured using a com-
mercial kit (Jiancheng Bioengineering Institute, Nanjing, 
China) according to the manufacturer’s instructions.

The GFPT enzymatic activity was measured as pre-
viously described [19] with the following modifica-
tions. Cells were sonicated in extraction buffer (60  mM 

KH2PO4, pH7.8, 50 mM KCl, 1 mM EDTA, 1 mM DTT) 
and the lysate was collected. Enzymatic reactions were 
performed in reaction buffer (60  mM KH2PO4, pH7.8, 
50 mM KCl, 1 mM EDTA, 1 mM DTT, 15 mM fructose-
6-P, 15 mM l-glutamine) at 37 °C for 1 h and terminated 
by heating up at 95 °C for 2 min. In negative reaction, all 
the proteins were denatured right away by heating up at 
95  °C for 2  min and therefore, the original level of glu-
tamate was measured for background deduction. After 
centrifugation, the supernatant was collected and the 
byproduct from the reaction, glutamate, was quanti-
fied using a glutamate assay kit (Solaibao Biotechnology 
Co., Ltd., Beijing, China) following the manufacturer’s 
instructions.

Cell transfection
For knockdown experiments, cells were transfected with 
mouse siCD36 (sense: 5′-CUG​AGU​AGG​UUU​UUC​
UCU​U-3′; anti-sense: 5′-AAG​AGA​AAA​ACC​UAC​UCA​
G-3′), siCPT1 (sense: 5′-GGU​UCA​AGC​UGU​UCA​AGA​
UAG-3′; anti-sense: 5′-AUC​UUG​AAC​AGC​UUG​AAC​
CUC-3′) or siPFK (sense: 5′-CAA​GAU​GUU​UGC​AAU​
CUA​UGA-3′; anti-sense: 5′-AUA​GAU​UGC​AAA​CAU​
CUU​GUG-3′) synthesized by RiboBio Co. (Guangzhou, 
China). For knockout experiments, cells were transfected 
with PPARγ CRISPR/Cas9 KO plasmid designed and 
constructed by Genomeditech (Shanghai, China). Trans-
fection was performed by using Lipofectamine 2000 
according to the manufacturer’s instructions.

Chromatin‑immunoprecipitation (ChIP) assay
The ChIP assay was performed by using a commer-
cial kit (Beyotime, Nantong, China) according to the 

(See figure on next page.)
Fig. 1  PPARγ agonists promote the generation and function of Treg cells. a–d The cells isolated from mesenteric lymph nodes of mice were 
cultured with rosiglitazone (0, 1, 3, 10, 30, 100 μM), 15d-PGJ2 (0, 1, 3, 10, 30, 100 μM) and morin (0, 1, 3, 10, 30, 100 μM). Cell viability was analyzed 
by MTT and CCK-8 assay after 72 h, and the mRNA expression of LPL was measured by Q-PCR after 24 h. e–g The naïve CD4+ T cells were prepared 
and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (10, 30 μM), 15d-PGJ2 (3, 10 μM) as well as morin (10, 
30 μM) for 72 h. The frequency of CD4+Foxp3+ T cells was examined by flow cytometry (e), the protein level of Foxp3 was detected by western 
blotting (f), and the mRNA expression levels of IL-10, CTLA4 and TIGIT were measured by Q-PCR (g). h The naïve CD4+ T cells were stimulated 
under Treg differentiation conditions for 72 h, and then treated with anti-CD3/CD28 in the presence or absence of rosiglitazone (30 μM), 15d-PGJ2 
(10 μM) as well as morin (30 μM) for another 72 h. The mRNA expression levels of IL-10, CTLA4 and TIGIT were measured by Q-PCR. i The naïve CD4+ 
T cells were stimulated under Treg differentiation conditions for 72 h, and then co-cultured with CFSE-labeled CD4+ T cells under the stimulation 
of anti-CD3/CD28 in the presence or absence of rosiglitazone (30 μM), 15d-PGJ2 (10 μM) as well as morin (30 μM) for another 72 h. The suppressive 
activity of Treg cells were examined by flow cytometry. j The naïve CD4+ T cells were prepared and treated with anti-CD3/CD28 in the presence or 
absence of TGF-β (5 ng/mL), rosiglitazone (10, 30 μM), 15d-PGJ2 (3, 10 μM) as well as morin (10, 30 μM) for 72 h. The mRNA expression level of Foxp3 
was measured by Q-PCR. k, l The naïve CD4+ T cells were prepared and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), 
actinomycin D (Act-D; 1 μM), rosiglitazone (30 μM), 15d-PGJ2 (10 μM) as well as morin (30 μM) for 72 h. The mRNA expression level of Foxp3 was 
measured by Q-PCR (k), and the protein level of Foxp3 was detected by western blotting (l). Data were presented as the means ± S.E.M. of three 
independent experiments (n = 3). #P < 0.05, ##P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus TGF-β group (model group); $$P < 0.01 versus 
rosiglitazone group; &&P < 0.01 versus 15d-PGJ2 group; ††P < 0.01 versus morin group
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Fig. 1  (See legend on previous page.)
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manufacturer’s instruction. Briefly, the cells were har-
vested and treated with 1% formaldehyde for 10  min at 
37  °C for crosslinking, and the reaction was quenched 
by adding glycine. The cells were washed with PBS con-
taining 1 mM PMSF and resuspended in SDS lysis buffer 
(including 1  mM PMSF) for subsequent sonication 
(amplitude, 40  W; process time, 6  min; ON time, 4.5  s; 
OFF time, 9 s). Immunoprecipitation was further carried 
out by adding antibody against PPARγ and protein A + G 
Agarose/Salmon Sperm. Moreover, the protein-DNA 
complexes were de-crosslinked at 65 °C for 4 h, followed 
by proteinase K treatment so as to degrade the protein. 
The acquired DNAs were purified by using the DNA 
purification kit (Beyotime, Nantong, China), and the 
enrichment was detected by Q-PCR. The primers used 
were listed as follows: CD36 promoter (forward), 5′-CAG​
GCT​TTG​TTG​GGA​CAG​AC-3′; (reverse), 5′-GCT​AAT​
TTG​TGG​TTG​GTT​GCCA-3′; CPT1 promoter (for-
ward), 5′-CTG​GAG​AGG​AAT​GGG​ACA​AC-3′; (reverse), 
5′-ATT​GGG​GTG​GAG​AAA​ACA​GA-3′.

Statistical analysis
All the data were analyzed by SPSS software (SPSS, Chi-
cago, USA) and presented as the mean ± S.E.M. Inde-
pendent-Samples T test was performed to compare the 
mean differences between two groups. One-way ANOVA 
followed by the LSD test was conducted to compare the 
mean differences between multiple groups, and in cases 
where the latter condition was violated, non-paramet-
ric Games-Howell post hoc test was used. A value of p 
less than 0.05 (p < 0.05) was accepted as a significant 
difference.

Results
PPARγ agonists promote the generation and function 
of Treg cells
To evaluate the effects of PPARγ on Treg responses, 
the cytotoxicity of the tool drugs, three PPARγ agonists 
including rosiglitazone, 15d-PGJ2 and morin, was firstly 
examined. The results revealed that at the concentration 
below 100 μM, rosiglitazone and morin did not affect the 
viability of lymphocytes, while the safe concentration was 

lower in the case of 15d-PGJ2 as slight cytotoxicity exhib-
ited when the concentration reached 30 μM (Fig. 1a–c). 
By measuring the mRNA expression of PPARγ target 
gene LPL, it was found that rosiglitazone (30 μM), 15d-
PGJ2 (10  μM) and morin (30  μM) acted with a similar 
intensity in lymphocytes (Fig. 1d). As shown in Fig. 1e, f, 
after incubation with rosiglitazone (10, 30 μM), 15d-PGJ2 
(3, 10  μM) and morin (10, 30  μM), more CD4+Foxp3+ 
T cells were generated compared with untreated cells, 
and the protein level of Treg-specific transcription fac-
tor Foxp3 was distinctively increased by them, indicating 
that PPARγ agonists-stimulated T cells were more prone 
to differentiate towards Treg cells. In addition, rosigli-
tazone (30  μM), 15d-PGJ2 (10  μM) and morin (30  μM) 
favored the mRNA expressions of the function-related 
factors such as IL-10, CTLA4 and TIGIT in differenti-
ating or differentiated Treg cells, and enhanced the sup-
pressive activity as well (Fig. 1g–i). However, as revealed 
by Edu and Annexin V-FITC/PI staining, PPARγ agonists 
exerted only slight effects on the proliferation and apop-
tosis of cells during Treg differentiation (Additional file 1: 
Fig. S1).

Considering that Foxp3 is the master regulator for dif-
ferentiation and function of Treg cells [20], the effect 
of PPARγ agonists on it was explored for detail. It was 
found that the mRNA expression of Foxp3 was boosted 
by rosiglitazone (10, 30  μM), 15d-PGJ2 (3, 10  μM) and 
morin (10, 30  μM) (Fig.  1j), while the RNA synthesis 
inhibitor Act-D could restrict the increasing effects of 
PPARγ agonists on both the mRNA and protein levels 
of Foxp3 (Fig.  1k, l), implying a regulatory role PPARγ 
played at the transcriptional level. These findings sug-
gest that PPARγ agonists can facilitate the generation and 
function of Treg cells.
CD36/CPT1‑mediated FAO participates in PPARγ 
agonists‑induced Treg differentiation
The β-oxidation of exogenous fatty acid is a critical 
energy source for Treg cells. This multi-step process 
begins with the uptake of exogenous fatty acid into the 
cytosol and allows for the mitochondrial conversion 
into acetyl-coenzyme A (acetyl-CoA) [21]. The results 
in Fig.  2a–e revealed a connection between PPARγ 

Fig. 2  PPARγ agonists induce CD36/CPT1-mediated FAO during Treg differentiation. The naïve CD4+ T cells were prepared and treated with 
anti-CD3/CD28 in the presence or absence of TGF-β, rosiglitazone (10, 30 μM), 15d-PGJ2 (3, 10 μM) as well as morin (10, 30 μM) for 48 h. a The fatty 
acid uptake was examined by flow cytometry using BODIPY-C16. b The OCR was monitored by Seahorse XFe 96 analyzer. c The mitochondrial mass 
was observed with a fluorescence microscope using MitoTracker Green. d The mitochondrial membrane potential was analyzed by flow cytometry 
using a JC-1 assay kit. e The level of acetyl-CoA was determined using a commercial acetyl-CoA assay kit. f–k The mRNA expression levels of CD36, 
CPT1, ACADL, ACADM, HADHA as well as HADHB were measured by Q-PCR. l The protein levels of CD36 and CPT1 were detected by western 
blotting. Data were presented as the means ± S.E.M. of three independent experiments (n = 3). #P < 0.05, ##P < 0.01 versus control group; *P < 0.05, 
**P < 0.01 versus TGF-β group (model group)

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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Fig. 3  The Treg-promoting effect of PPARγ agonists is dampened by knocking down CD36/CPT1. a, b The naïve CD4+ T cells were transfected with 
siCD36 or siCPT1, and the protein levels of CD36 (a) and CPT1 (b) were detected by western blotting. c, d The naïve CD4+ T cells were transfected 
with siCD36 or siCPT1, and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (30 μM), 15d-PGJ2 (10 μM) as 
well as morin (30 μM) for 72 h. The frequency of CD4+Foxp3+ T cells was examined by flow cytometry (c) and the mRNA expression level of Foxp3 
was measured by Q-PCR (d). Data were presented as the means ± S.E.M. of three independent experiments (n = 3). #P < 0.05, ##P < 0.01 versus control 
group; **P < 0.01 versus TGF-β group (model group); $P < 0.05, $$P < 0.01 versus rosiglitazone group; &P < 0.05, &&P < 0.01 versus 15d-PGJ2 group; 
†P < 0.05 versus morin group
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and FAO, since rosiglitazone (10, 30  μM), 15d-PGJ2 (3, 
10  μM) and morin (10, 30  μM) significantly promoted 
the uptake of BODIPY-C16 (a kind of fluorescently 
labeled palmitate applied as the indicator for fatty acid 
uptake), up-regulated palmitate-based OCR, increased 

the mitochondrial mass, and up-regulated the mitochon-
drial membrane potential as well as the content of acetyl-
CoA. The expressions of CD36 and CPT1, two enzymes 
involved in the process of FAO, were elevated by PPARγ 
agonists, further consolidating the connection, although 

Fig. 4  PPARγ agonists increase the level of UDP-GlcNAc and subsequent N-glycan branching during Treg differentiation. a The process of 
hexosamine biosynthesis pathway and the N-glycan biosynthesis was shown. b–d The naïve CD4+ T cells were prepared and treated with anti-CD3/
CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (10, 30 μM), 15d-PGJ2 (3, 10 μM) as well as morin (10, 30 μM) for 48 h. The 
intracellular level of UDP-GlcNAc was detected (b), the level of N-linked glycosylation was examined by flow cytometry using FITC-L-PHA (c), and 
the mRNA expression levels of Mgat1, Mgat2, Mgat4 and Mgat5 (d) were measured by Q-PCR. ##P < 0.01 versus control group; *P < 0.05, **P < 0.01 
versus TGF-β group (model group)
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the expression levels of ACADL, ACADM, HADHA or 
HADHB were not distinctively affected (Fig. 2f–l).

In addition, to determine whether the CD36/CPT1-
mediated FAO participated in PPARγ agonists-induced 
Treg differentiation, small interfering RNA was used. As 
expected, by knocking down CD36 or CPT1, the pro-
moting effects of PPARγ agonists on the frequency of 
CD4+Foxp3+ T cells and the mRNA expression of Foxp3 
were reduced (Fig. 3). Therefore, PPARγ agonists induce 
Treg differentiation mainly through enhancing CD36/
CPT1-mediated FAO.

PPARγ agonists increase UDP‑GlcNAc level and N‑glycan 
branching during Treg differentiation
It is worth noting that acetyl-CoA derived from FAO is 
the building block of UDP-GlcNAc, the biosynthesis 
of which is also known as the hexosamine biosynthetic 
pathway (HBP) [22]. Moreover, UDP-GlcNAc is the 
sugar-nucleotide donor substrate required by the N-gly-
can branching enzymes Mgat1, 2, 4 and 5 during the 
process of N-linked glycosylation (Fig. 4a), and the UDP-
GlcNAc/glycosylation axis has been reported to play an 
essential role in Treg differentiation [23, 24]. Thus, atten-
tion was focused on UDP-GlcNAc and N-linked glyco-
sylation in order to gain insight into the mechanisms of 
PPARγ agonists subsequent to FAO.

As shown in Fig.  4b, rosiglitazone (10, 30  μM), 15d-
PGJ2 (3, 10  μM) and morin (10, 30  μM) obviously up-
regulated the level of UDP-GlcNAc in differentiating 
Treg cells, and the enhanced mean fluorescence inten-
sity (MFI) of FITC-L-PHA could be seen as well (Fig. 4c), 
indicating the increased N-glycan branching caused 
by them. However, the possibility that PPARγ agonists 
exerted a direct effect on N-glycan branching could be 
ruled out, as rosiglitazone (10, 30  μM), 15d-PGJ2 (3, 
10 μM) and morin (10, 30 μM) barely altered the mRNA 
expressions of Mgat1, Mgat2, Mgat4 and Mgat5 (Fig. 4d), 
confirming that the effect of PPARγ agonists on N-gly-
can branching was attributed to the increased supply of 

UDP-GlcNAc. These results suggest that PPARγ agonists 
enhance the UDP-GlcNAc/glycosylation axis during Treg 
differentiation.

PFK is a link between PPARγ agonists‑regulated FAO 
and UDP‑GlcNAc/glycosylation axis
Beyond acetyl-CoA, fructose-6-phosphate is another 
cornerstone for UDP-GlcNAc biosynthesis, allowing 
HBP to be an important bypath of glycolysis [23]. Indeed, 
de novo synthesis of UDP-GlcNAc begins with the con-
version of fructose-6-phosphate to glucosamine-6-phos-
phate through the rate-limiting enzyme GFPT, while 
fructose-6-phosphate is derived from glucose and enters 
glycolysis via the key regulatory enzyme PFK (Fig. 4a) [23, 
24]. Therefore, the competition for fructose-6-phosphate 
by GFPT and PFK directs the glucose flux into HBP or 
glycolysis.

To determine whether FAO exerted a regulatory effect 
on GFPT or PFK during Treg differentiation, the detec-
tion of mRNA expression based on Q-PCR assay was 
carried out. However, hardly any change in mRNA levels 
of GFPT or PFK could be observed in CD36- or CPT1-
defficient cells (Fig.  5a, b). Research and theoretical 
developments have offered an alternative perspective, 
as the activity of PFK can be limited by citrate and ATP, 
two important products of tricarboxylic acid (TCA) cycle 
secondary to FAO [25–27]. It was revealed in Fig. 5c, d 
that the activity of PFK was enhanced during Treg dif-
ferentiation when FAO was limited. On the contrary, 
the activity of PFK was dampened by all of three PPARγ 
agonists (Fig. 5e). In the case of GFPT, no obvious altera-
tion in its activity caused by disturbing FAO or PPARγ 
agonists could be seen (Fig. 5c–e). PFK was further con-
firmed to be a link between FAO and UDP-GlcNAc/gly-
cosylation axis in the action of PPARγ agonists, as PPARγ 
agonists could no longer up-regulate the level of UDP-
GlcNAc and N-glycan branching when PFK was deficient 
(Fig. 5f–i) and the inhibitory effects of PPARγ agonists on 
PFK activity could be disrupted by siCD36 and siCPT1 

(See figure on next page.)
Fig. 5  PFK participates in the effects of PPARγ agonists through associating FAO with UDP-GlcNAc/glycosylation axis. a–d The naïve CD4+ T cells 
were transfected with siCD36 (50, 100, 150, 200 nM) or siCPT1 (50, 100, 150, 200 nM), and treated with anti-CD3/CD28 in the presence or absence of 
TGF-β (5 ng/mL) for 48 h. The mRNA levels of GFPT and PFK were measured by Q-PCR (a, b), and the activity of PFK and GFPT was determined (c, d). 
e The naïve CD4+ T cells were prepared and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (10, 30 μM), 
15d-PGJ2 (3, 10 μM) as well as morin (10, 30 μM) for 48 h. The activity of PFK and GFPT was determined. f The naïve CD4+ T cells were transfected 
with siPFK, and the mRNA level of PFK was measured by Q-PCR. g–i The naïve CD4+ T cells were transfected with siPFK, and treated with anti-CD3/
CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (30 μM), 15d-PGJ2 (10 μM) as well as morin (30 μM) for 48 h. The intracellular 
level of UDP-GlcNAc was determined (g), and the level of N-linked glycosylation was examined by flow cytometry using FITC-L-PHA (h, i). j–l 
The naïve CD4+ T cells were transfected with siCD36 or siCPT1, and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), 
rosiglitazone (30 μM), 15d-PGJ2 (10 μM) as well as morin (30 μM) for 48 h. The activity of PFK (j) and the intracellular level of UDP-GlcNAc (k) were 
determined. The level of N-linked glycosylation was examined by flow cytometry using FITC-L-PHA (l). Data were presented as the means ± S.E.M. 
of three independent experiments (n = 3). ##P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus TGF-β group (model group); $P < 0.05, $$P < 0.01 
versus rosiglitazone group; &P < 0.05, &&P < 0.01 versus 15d-PGJ2 group; †P < 0.05, ††P < 0.01 versus morin group
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Fig. 5  (See legend on previous page.)
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Fig. 6  PPARγ agonists enhance cell surface retention of TβRII and IL-2Rα as well as downstream signaling. The naïve CD4+ T cells were prepared 
and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (10, 30 μM), 15d-PGJ2 (3, 10 μM) as well as morin (10, 
30 μM) for 48 h. a, b The cell surface levels of TβRII (a) and IL-2Rα (CD25) (b) were analyzed by flow cytometry. c The mRNA expression levels of TβRII 
and IL-2Rα (CD25) were measured by Q-PCR. d The protein levels of pSmad3, Smad3, pSTAT5 and STAT5 were detected by western blotting. Data 
were presented as the means ± S.E.M. of three independent experiments (n = 3). #P < 0.05, ##P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus 
TGF-β group (model group)
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(See figure on next page.)
Fig. 7  Surface retention of TβRII/IL-2Rα resulting from glycosylation links PPARγ agonists-boosted FAO and Treg responses. a The naïve CD4+ T cells 
were transfected with siCD36 or siCPT1, and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (30 μM), 
15d-PGJ2 (10 μM) as well as morin (30 μM) for 48 h. The cell surface levels of TβRII and IL-2Rα (CD25) were analyzed by flow cytometry. b–d The 
naïve CD4+ T cells were prepared and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), tunicamycin (1 μM), rosiglitazone 
(30 μM), 15d-PGJ2 (10 μM) as well as morin (30 μM). After 48 h, the cell surface levels of TβRII and IL-2Rα (CD25) (b) were analyzed by flow cytometry. 
After 72 h, the frequency of CD4+Foxp3+ T cells was examined by flow cytometry (c) and the mRNA expression level of Foxp3 was measured by 
Q-PCR (d). Data were presented as the means ± S.E.M. of three independent experiments (n = 3). #P < 0.05, ##P < 0.01 versus control group; **P < 0.01 
versus TGF-β group (model group); $P < 0.05, $$P < 0.01 versus rosiglitazone group; &&P < 0.01 versus 15d-PGJ2 group; ††P < 0.01 versus morin group

(Fig.  5j). Moreover, by knocking down CD36 or CPT1, 
the effects of PPARγ agonists on UDP-GlcNAc level 
and N-glycan branching  almost disappeared (Fig.  5k, 
l). Together, PPARγ agonists can favor glucose flux into 
HBP through limiting PFK activity as a result of the up-
regulated FAO.

PPARγ agonists enhance cell surface retention of TβRII 
and IL‑2Rα through regulating N‑linked glycosylation
As N-glycan branching facilitates cell surface retention/
localization of multiple receptors [28], the effects of 
PPARγ agonists on classical Treg-favoring TGF-β/Smads 
and IL-2/STAT5 pathways, which are reliant on mem-
brane TβRII and IL-2Rα respectively, were investigated. 
It was showed by flow cytometry that rosiglitazone (10, 
30  μM), 15d-PGJ2 (3, 10  μM) and morin (10, 30  μM) 
obviously elevated the cell surface levels of TβRII and 
IL-2Rα in differentiating Treg cells, although the expres-
sions of the two receptors were not altered, implying 
a promoting effect of PPARγ agonists on their cell sur-
face retention/localization (Fig.  6a–c). Expectedly, the 
phosphorylation of Smad3 and STAT5 was up-regulated 
by rosiglitazone (10, 30  μM), 15d-PGJ2 (3, 10  μM) and 
morin (10, 30  μM), which represented the activation of 
the downstream signals of TβRII and IL-2Rα (Fig.  6d). 
However, when the cells were treated with siCD36, 
siCPT1 or tunicamycin (an inhibitor of N-glycan branch-
ing; 1 μM), the effects of PPARγ agonists on cell surface 
retention of TβRII and IL-2Rα were abolished (Fig.  7a, 
b). Beyond N-linked glycosylation, O-GlcNAcylation 
is another kind of glycosylation. To confirm the specific 
effect of N-linked glycosylation on TβRII and IL-2Rα in 
the action of PPARγ agonists, OSMI-1, an O-GlcNAc 
transferase (OGT) inhibitor which specially restricts 
O-GlcNAcylation, was additionally used. Different from 
tunicamycin, only a weak limiting effect of OSMI-1 
could be seen on the membrane abundance of TβRII 
and IL-2Rα up-regulated by PPARγ agonists (Additional 
file 2: Fig. S2). What’s more, the frequency of Treg cells 
and the mRNA expression of Foxp3 up-regulated by 
PPARγ agonists were restored by tunicamycin (Fig.  7c, 
d). These findings indicate that, by regulating N-linked 

glycosylation, PPARγ agonists enhance the cell surface 
retention of TβRII and IL-2Rα, thus leading to the activa-
tion of TGF-β/Smads and IL-2/STAT5 signaling and the 
promotion of subsequent Treg differentiation.

The increased surface abundance of CD36 mainly results 
from the up‑regulation of its overall expression by PPARγ 
agonists
Considering that CD36 is a fatty acid transporter 
whose location may be under the control of N-linked 
glycosylation during Treg differentiation as well, the 
cell surface retention/localization of CD36 was addi-
tionally examined, and the UDP-GlcNAc was gener-
ated directly by exploiting the HBP where GlcNAc was 
used in order to bypass the effect of GFPT competi-
tion for fructose-6-phosphate. However, only a slight 
increasing effect was shown on the surface abundance 
of CD36 in cells supplemented with GlcNAc, while 
the expression of CD36 was not affected (Fig.  8a, b). 
Therefore, although rosiglitazone (10, 30  μM), 15d-
PGJ2 (3, 10 μM) and morin (10, 30 μM) increased the 
membrane level of CD36 under Treg-skewing con-
ditions, and tunicamycin could constrain the effect 
to some extent without altering CD36 expression 
(Fig.  8c–e), glycosylation-related localization was not 
the deciding factor in the action of PPARγ agonists. 
Intriguingly, unlike GlcNAc, PPARγ agonists caused 
the up-regulation of overall expression of CD36, 
which might be the possible reason giving rise to the 
increased the membrane level of CD36. The hypoth-
esis was confirmed by treatment with siCD36, as dis-
turbing CD36 expression markedly alleviated the effect 
of PPARγ agonists on its surface abundance (Fig.  8f ). 
These data suggest PPARγ agonists regulate the mem-
brane location of TβRII, IL-2Rα and CD36 by different 
means.

The regulation of CD36/CPT1 and Treg responses by PPARγ 
agonists is dependent on PPARγ
Aside from PPARγ, rosiglitazone, 15d-PGJ2 and morin 
can function through other targets [29–31]. Of note, 



Page 15 of 22Miao et al. Cell Communication and Signaling           (2022) 20:48 	

Fig. 7  (See legend on previous page.)
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both CD36 and CPT1 have been reported to be PPARγ 
target genes [32, 33]. Since rosiglitazone (30  μM), 15d-
PGJ2 (10 μM) and morin (30 μM) enhanced the binding 
of PPARγ to the promoter of CD36/CPT1 gene, and the 
RNA synthesis inhibitor Act-D restrained the elevated 
expression of CD36/CPT1 caused by them (Fig.  9a–c), 
it could be reached that these PPARγ agonists did acti-
vate PPARγ, thereby boosting the transcription of CD36 
and CPT1. Furthermore, the involvement of PPARγ in 
rosiglitazone-, 15d-PGJ2- and morin-regulated mRNA 
expression of CD36/CPT1 was confirmed by combi-
nation treatment with the PPARγ antagonist GW9662 
(1 μM), and the CRISPR/Cas9 KO plasmid for knocking 
out PPARγ was used in a more comprehensive experi-
ment, where similar results were obtained as indicated by 
Fig. 9d, e, k, l. In addition, Fig. 9f–j, m, n revealed that, by 
interfering with PPARγ, the promoting effects of rosigli-
tazone (30  μM), 15d-PGJ2 (10  μM) and morin (30  μM) 
on the frequency of CD4+Foxp3+ T cells as well as the 
mRNA expressions of Foxp3, IL-10, CTLA4 and TIGIT 
almost disappeared. These results indicate the exact role 
PPARγ plays in rosiglitazone-, 15d-PGJ2- and morin-reg-
ulated CD36/CPT1 expression as well as Treg responses.

Discussion
Treg cells are the major gatekeepers of immune system 
for the maintenance of immune homeostasis. Upon T cell 
receptor (TCR) ligation and co-stimulation, naïve CD4+ 
T cells are activated and develop into Treg cells when 
stimulated by TGF-β, or along with IL-2. Through the 
secretion of inhibitory cytokines such as IL-10 or cell-to-
cell crosstalk mechanisms which are contact-dependent 
and include the expressions of inhibitory molecules such 
as CTLA4, TIGIT, etc., Treg cells are able to suppress 
the activation and proliferation of effector cells [1, 34]. 
Although the role of PPARγ, a ligand-dependent tran-
scription factor of the nuclear receptor superfamily that 
attracts intensive research endeavors, in controlling Treg 
differentiation and function has been unveiled, more 
experiments are still needed to garner an understanding 

of the underlying mechanisms. In this study, three PPARγ 
agonists were used for an attempt to solve this problem. 
Among them, rosiglitazone is a synthetic compound 
belonging to thiazolidinediones, which have long been 
considered as the classical PPARγ agonists [35]. 15d-
PGJ2, the most widely studied cyclopentenone pros-
taglandin, is the first identified endogenous ligand of 
PPARγ [36]. Morin, a natural flavonoid exists in Morus 
alba L. (Moraceae) and Otostegia persica (Lamiaceae), 
has recently been recognized as a PPARγ agonist in our 
laboratory by carrying out the competitive binding assay 
together with the luciferase reporter gene assay [37]. 
As expected, the results revealed the boosting effects of 
rosiglitazone, 15d-PGJ2 and morin on Treg responses, 
which were attributed to the up-regulated transcription 
of Foxp3, allowing them to be the ideal tool drugs for fur-
ther research.

In mechanistic studies, attention was focused on FAO, 
which might be a potential link between PPARγ and Treg 
responses, as the β-oxidation of exogenous fatty acid 
fuels Treg cells, while PPARγ is a master regulator of 
energy metabolism including FAO [10–17]. The process 
of exogenous FAO is complex [21, 38]. Under the action 
of fatty acid transporter CD36 and so on, exogenous fatty 
acids enter the cytoplasm and are activated to fatty acyl-
CoA before shuttling into mitochondria. Subsequently, 
fatty acyl-CoA is converted to fatty acyl-carnitine by 
CPT1 on the outer mitochondrial membrane, permitting 
the entry into mitochondria where fatty acyl-carnitine 
is converted back to fatty acyl-CoA. The majority of this 
fatty acyl-CoA then enters the β-oxidation cycle, pro-
ducing acetyl-CoA fragments until the fatty acyl-CoA is 
completely degraded. Our previous research has revealed 
that a natural PPARγ agonist, madecassic acid, can up-
regulate the level of CD36 as well as the frequency of 
Treg cells in dextran sulfate sodium (DSS)-induced coli-
tis mice [39]. Another published paper has reported that, 
by preventing the degradation of PPARγ, the expression 
of CD36 can be enhanced, while the Th17/Treg bal-
ance can be restored in mice with colitis, implying the 

Fig. 8  The increased cell surface level of CD36 is mainly attributed to the regulation of its overall expression by PPARγ agonists. a, b The naïve 
CD4+ T cells were prepared and treated with anti-CD3/CD28 in the presence or absence of GlcNAc (10, 20, 40, 80 mM) for 48 h. The cell surface 
level of CD36 were analyzed by flow cytometry (a), and the mRNA expression level of CD36 was measured by Q-PCR (b). c The naïve CD4+ T cells 
were prepared and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (10, 30 μM), 15d-PGJ2 (3, 10 μM) as 
well as morin (10, 30 μM) for 48 h. The cell surface level of CD36 was analyzed by flow cytometry. d, e The naïve CD4+ T cells were prepared and 
treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), tunicamycin (1 μM), rosiglitazone (30 μM), 15d-PGJ2 (10 μM) as well as 
morin (30 μM) for 48 h. The cell surface level of CD36 was analyzed by flow cytometry (d), and the mRNA expression level of CD36 was measured 
by Q-PCR (e). f The naïve CD4+ T cells were transfected with siCD36, and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/
mL), rosiglitazone (30 μM), 15d-PGJ2 (10 μM) as well as morin (30 μM) for 48 h. The cell surface level of CD36 was analyzed by flow cytometry. Data 
were presented as the means ± S.E.M. of three independent experiments (n = 3). #P < 0.05, ##P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus 
TGF-β group (model group); $P < 0.05, $$P < 0.01 versus rosiglitazone group; &P < 0.05, &&P < 0.01 versus 15d-PGJ2 group; †P < 0.05, ††P < 0.01 versus 
morin group

(See figure on next page.)
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Fig. 8  (See legend on previous page.)
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involvement of fatty acid oxidation (FAO) in the effects 
of PPARγ on Treg responses in  vivo [40]. In this study, 
it was showed that PPARγ agonists facilitated the trans-
port of fatty acids, as rosiglitazone, 15d-PGJ2 and morin 
had a promoting effect on the expressions of CD36 and 
CPT1, which imported fatty acids into the cell and mito-
chondria respectively, thereby enhancing FAO and Treg 
differentiation.

Recently, reports have indicated that the biosynthesis 
of UDP-GlcNAc and subsequent N-linked glycosylation 
play an essential role in determining the Treg pheno-
type. Abolishing N-glycan branching via Mgat1/Mgat5 
deficiency or using branching inhibitor kifunensine 
eliminates Treg differentiation induced by TGF-β, while 
raising branching with GlcNAc has the opposite effect 
[24]. It is worth noting that FAO may have a link with 
UDP-GlcNAc biosynthesis in two ways. On one hand, by 
providing the acetyl group, the resulting acetyl-CoA from 
FAO is directly involved in the formation of N-acetylglu-
cosamine-6-phosphate (GlcNAc-6P), an important inter-
mediate in UDP-GlcNAc biosynthesis [41]. On the other 
hand, FAO may participate in UDP-GlcNAc biosynthesis 
through an indirect mechanism. In detail, acetyl-CoA 
derived from FAO can enter the TCA cycle for further 
oxidization, leading to the accumulation of two PFK 
allosteric inhibitors, citrate and ATP, and thus has a role 
in regulating the availability of fructose-6-phosphate for 
UDP-GlcNAc biosynthesis by modulating the activity of 
PFK [24–27]. That means the heightened FAO caused by 
PPARγ agonists is possible to enhance UDP-GlcNAc bio-
synthesis and subsequent N-linked glycosylation during 
Treg differentiation. The results in this study confirmed 
the conjecture, and the connection between PPARγ 
agonists-enhanced FAO and UDP-GlcNAc/glycosyla-
tion axis under Treg-skewing conditions was actually 
revealed.

In mammalian cells, most receptors and transporters 
at cell surface are glycoproteins modified with N-gly-
cans in the endoplasmic reticulum and Golgi apparatus. 
Branched N-glycans can bind galectins and form the 
lattice at cell surface so as to facilitate the membrane 
retention/localization of these receptors and transport-
ers, thereby providing adaptive control over cell growth 
and differentiation [28, 42]. In the case of T cells, suffi-
cient surface abundance of TβRII and IL-2Rα permits the 
cellular sensitivity to TGF-β and IL-2, two Treg-skewing 
cytokines in the extracellular environment [43–45]. Upon 
ligand-receptor binding, the constitutively active TβRII 
is able to phosphorylate the intracellular kinase domain 
of TβRI, which then propagates the signal through phos-
phorylation of the downstream Smad proteins, while the 
binding of IL-2 to IL-2Rα causes the activation of JAK-
STAT pathway, particularly JAK1 and JAK3, which in 
turn phosphorylate STAT5 [43, 45]. Finally, both the acti-
vation of TGF-β/Smads and IL-2/STAT5 signaling path-
ways can result in the assembling of transcription factors 
on the Foxp3 locus and consequent transcription, thus 
leading to the induction of Treg generation and function 
[44, 46]. Therefore, we explored how PPARγ agonists-
enhanced UDP-GlcNAc/glycosylation axis participated 
in Treg responses from the perspective of regulating 
these two pathways, and found that PPARγ agonists 
could increase the cell surface abundance of TβRII and 
IL-2Rα via N-linked glycosylation, which promoted the 
subsequent signaling and Treg responses.

Beyond TβRII and IL-2Rα, fatty acid transporter 
CD36 is another protein of which the surface abun-
dance is essential for its function [47]. However, 
although glycosylation of CD36 is necessary for mem-
brane retention/localization, it seems to be a redun-
dancy that partially glycosylated CD36 mutants are 
still properly distributed to the cell surface [48]. In 

(See figure on next page.)
Fig. 9  The regulation of PPARγ agonists on CD36/CPT1-mediated FAO and Treg responses exerts a PPARγ-dependent feature. a The naïve CD4+ 
T cells were prepared and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (10, 30 μM), 15d-PGJ2 (3, 
10 μM) as well as morin (10, 30 μM) for 48 h. The binding of PPARγ to the promoter of CD36/CPT1 was detected by ChIP assay. b, c The naïve CD4+ 
T cells were prepared and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), actinomycin D (Act-D; 1 μM), rosiglitazone 
(30 μM), 15d-PGJ2 (10 μM) as well as morin (30 μM) for 48 h. The mRNA expression levels of CD36 and CPT1 were measured by Q-PCR (b), and the 
protein levels of CD36 and CPT1 were detected by western blotting (c). d–j The naïve CD4+ T cells were prepared and treated with anti-CD3/CD28 
in the presence or absence of TGF-β (5 ng/mL), GW9662 (1 μM), rosiglitazone (30 μM), 15d-PGJ2 (10 μM) as well as morin (30 μM). After 48 h, the 
mRNA expression levels of CD36 (d) and CPT1 (e) were measured by Q-PCR. After 72 h, the frequency of CD4+Foxp3+ T cells was examined by flow 
cytometry (f), and the mRNA expression levels of Foxp3 (g), IL-10 (h), CTLA4 (i) and TIGIT (j) were measured by Q-PCR. k–n The naïve CD4+ T cells 
were transfected with PPARγ KO plasmid and treated with anti-CD3/CD28 in the presence or absence of TGF-β (5 ng/mL), rosiglitazone (30 μM), 
15d-PGJ2 (10 μM) as well as morin (30 μM). After 48 h, the mRNA expression levels of CD36 (k) and CPT1 (l) were measured by Q-PCR. After 72 h, the 
frequency of CD4+Foxp3+ T cells was examined by flow cytometry (m), and the mRNA expression level of Foxp3 (n) was measured by Q-PCR. Data 
were presented as the means ± S.E.M. of three independent experiments (n = 3). #P < 0.05, ##P < 0.01 versus control group; *P < 0.05, **P < 0.01 versus 
TGF-β group (model group); $P < 0.05, $$P < 0.01 versus rosiglitazone group; &P < 0.05, &&P < 0.01 versus 15d-PGJ2 group; †P < 0.05, ††P < 0.01 versus 
morin group
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Fig. 9  (See legend on previous page.)
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addition, different from TβRII and IL-2Rα, which 
have low density of N-glycans (N-linked glycosylation 
sites: n ≤ 4), CD36 has 10 N-linked glycosylation sites 
located in the extracellular segment [48–50]. At low 
level of branching, glycoprotein with higher density of 
N-glycans is capable of generating significant avidity 
for galectins, while high level of branching is required 
by glycoprotein with low density of N-glycans to incor-
porate into the galectin lattice and maintenance at the 
cell surface [49]. Thus, distinctive responses to the 
increasing UDP-GlcNAc concentration may exhibit as 
have been noted previously [51], and it is possible that 
upon TCR and TGF-β stimulation, the intracellular 
level of UDP-GlcNAc is enough to facilitate the mem-
brane retention/localization of CD36, resulting in the 
slight change of its surface abundance caused by fur-
ther supplementing GlcNAc. Moreover, it was reached 
in this study that PPARγ agonists could break down 
the barriers by expanding the CD36 pool (boosting the 
expression of CD36), leading to the up-regulated cell 
surface level of CD36.

Of note, although rosiglitazone, 15d-PGJ2 and 
morin are PPARγ agonists, several lines of evidence 
suggest that they can function through other targets 
instead of PPARγ. For example, rosiglitazone dampens 
the expression of pigment epithelium-derived factor 
(PEDF), a driver of insulin resistance, in hepatocytes 
and adipocytes by activating AMP-activated protein 
kinase (AMPK) rather than PPARγ [29]. 15d-PGJ2 
functions as an inhibitor of NF-κB to dampen the NLR 
family leucine-rich repeat protein (NLRP)1 and NLRP3 
inflammasomes independent of PPARγ [30]. Morin 
can suppress cell chemotaxis and nitric oxide produc-
tion in RAW264.7 cells by inhibiting the tautomerase 
activity of macrophage migration inhibitory factor 
(MIF) [31]. In this study, we excluded this possibility, 
as rosiglitazone, 15d-PGJ2 and morin could boost the 
transcription of CD36 and CPT1, two target genes of 
PPARγ [32, 33], and the effects of them on CD36 and 
CPT1 and subsequent Treg responses were rescued by 
using the PPARγ antagonist GW9662 or knocking out 
the PPARγ.

Conclusions
In summary, the activation of PPARγ boosts Treg 
responses through up-regulating FAO and subsequent 
N-glycan branching. The precise mechanisms can be 
summarized as follows: boosting the expressions of 
CD36/CPT1, up-regulating FAO, enhancing UDP-Glc-
NAc biosynthesis, promoting the N-linked glycosylation 
of TβRII/IL-2Rα as well as the downstream signaling and 
thus increasing the transcription of Foxp3.
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