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Abstract
Background: PPARγ and FOXO1 are key regulators of transcription factors that mediate insulin sensitivity.
We previously showed that a small ubiquitin-related modi�er of PPARγ1 at K77 (SUMOylation) favors
endothelial insulin resistance (IR) induced by high-fat/high-glucose (HF/HG) administration. However,
whether and how the crosstalk between SUMOylated PPARγ1 and FOXO1 mediates the development of IR
remains unclear. Here, we place emphasis on elucidating how PPARγ1-K77 SUMOylation interacts with
FOXO1 and participates in the development of endothelial IR.

Methods: Adenovirus or adeno-associated virus carrying a truncated PPARγ1 containing AF1 and DBD
domains fused with SUMO-1 (PPARγ1[1-182 aa]-SUMO-1 fusion protein) was utilized to simulate PPARγ1-
K77 SUMOylation. Furthermore, we carried out PPARγ1-K77 SUMOylation imitating-IR and worsening-IR
experiments in vitro and in vivo. The vascular diastolic function and levels of p-IKK, IKK, p-PI3K, PI3K, p-
Akt, Akt, p-eNOS, and eNOS were measured. To elucidate the underlying mechanism, the interaction of
PPARγ1-K77 SUMOylation and FOXO1 was examined by co-immunoprecipitation. The recruitment of
PPARγ1 or FOXO1 to PPRE was analyzed by chromatin immunoprecipitation, followed by measuring the
PPARγ1 transcriptional activity and translocation of FOXO1.

Results: Our results show that like HF/HG, PPARγ1-K77 SUMOylation imitates endothelial IR and
dysfunction, presenting decreased NO levels and elevated ET-1 levels, with PI3K/Akt/eNOS pathway
inhibited, and endothelium-dependent vasodilation function impaired. Moreover, combination of HF/HG
and PPARγ1-K77 SUMOylation exhibits a synergistic worsening effect on endothelial IR. Mechanistically,
the results reveal that PPARγ1-K77 SUMOylation readily interacts with FOXO1, and the PPRE binding site
of PI3K is competitively blocked by FOXO1, which represses PPARγ1 transcriptional activity and
downregulates the PI3K-Akt pathway. Inhibition of the PI3K-Akt pathway promotes the nuclear
accumulation of FOXO1, which interacts with SUMOylated PPARγ1 in the nucleus, exerting a positive
feedback effect on IR pathogenesis.

Conclusion: These results reveal a novel association between PPARγ1-K77 SUMOylation and FOXO1,
which inhibits PPARγ1 transcriptional activity and contributes to vascular endothelial IR. These �ndings
will be bene�cial for better understanding the pathogenesis of endothelial IR and providing novel
pharmacological targets for diabetic angiopathy.

Introduction
Insulin resistance (IR), a common feature of many metabolic disorders, is referred to as the long-term
weak responsiveness of insulin-sensitive target organs or tissues to insulin [1]. Endothelial IR renders the
vascular endothelium insensitive to insulin, characterized by a decrease in nitric oxide (NO) secretion
and/or an increase in endothelin-1 (ET-1) [2]. Moreover, endothelial IR plays signi�cant pathophysiological
roles in cardiovascular diseases, such as atherosclerosis and hypertension, which may be accompanied
by endothelial dysfunction [3].
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Peroxisome proliferator-activated receptor γ (PPARγ) is a crucial regulator involved in the process of
adipocyte differentiation, lipoprotein metabolism, and insulin sensitivity [4]. PPARγ exists as two different
isoforms, PPARγ1 and PPARγ2. PPARγ1 is expressed in nearly all cells, including hepatocytes, skeletal
muscle cells, vascular cells, cardiomyocytes, and macrophages, while PPARγ2 is highly expressed in
adipose tissue. PPARγ enhances insulin sensitivity and adipogenesis through ligand-dependent
transcriptional activation. Ligands for this receptor, such as thiazolidinediones (TZDs), have emerged as
potent insulin sensitizers and are used in the treatment of hyperglycemia with IR. Unfortunately, TZDs
including rosiglitazone and pioglitazone were withdrawn from the market and restricted for use in several
countries because of their cardiovascular side effects and increased risk of bladder cancer [5].
Accordingly, the exploration of novel targets and development of new drugs are imminently needed for
the amelioration of IR.

Numerous studies in the past decades have indicated that the transcriptional activity of PPARγ is
regulated by its posttranslational modi�cations [6]. Covalent modi�cation of many transcription factors
with small ubiquitin-like modi�er-1 (SUMO-1) has been identi�ed to engage in trans-activated regulation
[7]. PPARγ1 possesses SUMOylation sites at lysine 77 (K77) in the activation function1 (AF1) domain and
K365 (murine) in the ligand-binding domain (LBD). In addition, previous studies have reported that
SUMOylation of the PPARγ2 AF1 domain at K107 (equivalent to the K77 site of PPARγ1) markedly
inhibits PPARγ2 transcription activity in vitro and in vivo [8]. Another study showed that PPARγ1
SUMOylated at K365 in RAW 264.7 cells, but not at K77, mediated the trans-repression of in�ammatory
gene promoters by stabilizing the corepressor NCoR/histone deacetylase-3 complex, which is part of a
ligand-dependent but PPARγ response element (PPRE)-independent pathway [9]. However, whether
SUMOylation of PPARγ1-K77 inhibits PPARγ1 transcriptional activity and contributes to IR in a ligand-
independent and PPRE-dependent pattern remains unknown.

Forkhead box O (FOXO) transcription factors include four isoforms, namely FOXO1, FOXO3, FOXO4, and
FOXO6, which are expressed in various mammalian cells [10]. Among them, FOXO1 is highly expressed in
endothelial cells [11]. In comparison with the aorta endothelia in normal mice, FOXO1 is signi�cantly
upregulated in diabetic mice [12]. FOXO1, a canonical regulator of the insulin pathway, has been
identi�ed as a downstream target protein of Akt and plays a key role in regulating glucose and lipid
metabolism. However, the role of FOXO1 in endothelium IR and its relationship with other transcription
factors, such as PPARγ, warrants further investigation. In our previous studies, we found that high-fat and
high-glucose (HF/HG) resulted in PPARγ SUMOylation via reactive oxygen species (ROS)-IKK (IκB kinase)-
PIAS1 (a speci�c E3 ligase for PPARγ SUMOylation) pathway in human umbilical vein endothelial cells
(HUVECs). SUMOylated PPARγ stabilizes the PPARγ-NCoR complex, leading to endothelial IR [13]. Another
study reported that FOXO1 interacts with PPARγ, which represses target gene expression in rat primary
adipocytes [14]. Our previous study revealed that a component in green tea, epigallocatechin-3-gallate,
inhibited adipocyte differentiation and maturation by negatively regulating FOXO1 phosphorylation via
the PI3K-Akt pathway [15].
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Our hypothesis is that PPARγ1 SUMOylation at K77 in endothelial cells might crosstalk with FOXO1,
contributing to the IR induced by HF/HG. The following questions will be addressed: 1) whether PPARγ1
SUMOylation at K77 simulates and aggravates the IR effect in endothelial cells induced by HF/HG in vitro
and in vivo, and 2) whether SUMOylated PPARγ1 interacts with nuclear transcription factor FOXO1 and
how this interaction affects PPARγ1 binding to target gene promoters and ultimately in�uences the
transcriptional activity of PPARγ1.

Materials And Methods

Materials
Adenoviruses carrying PPARγ1(1-182 aa)-SUMO-1, PPARγ1(1-182 aa), and adeno-association
viruses carrying Tie2-PPARγ1(1-182 aa)-SUMO-1, Tie2-PPARγ1 (1-182 aa) were constructed and obtained
from GeneChem (Shanghai, CHN). Primary antibodies against p-PI3K (Tyr 458), PI3K, p-Akt (Ser 473), Akt,
p-eNOS (Ser 1177), eNOS, p-FOXO1 (Ser 256), FOXO1, His-tag, β-actin, and PCNA were purchased from
Cell Signalling Technology (MA, USA); antibodies against p-IKKα/β (Ser 176), IKKα/β were from Santa
Cruz Biotechnology (CA, USA). Dulbecco’s modi�ed Earle’s medium (DMEM), radio-immunoprecipitation
assay (RIPA) buffer and phenylmethanesulfonyl �uoride (PMSF) was purchased from Solarbio (Beijing,
CHN), and foetal bovine serum (FBS) and penicillin-streptomycin were obtained from Gibco (CA,
USA). The kits for nitric oxide (NO) assays and ELISA kits for endothelin-1 (ET-1) detection were all
purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, CHN). A kit used for chromatin
immunoprecipitation was purchased from Cell Signalling Technology (MA, USA). Recombinant human
insulin, acetylcholine (Ach) and sodium nitroprusside (SNP) were purchased from Sigma Aldrich (MO,
USA). 

Cell culture and establishment of IR model induced by
HF/HG in vitro
HUVECs were obtained from the American Type Culture Collection (ATCC, Catalogue No. CRL-1730, USA),
and primary rat thoracic aorta endothelial cells (RTAECs) were obtained according to a method described
in previous studies [16, 17]. Cells were cultured in 100 mm dishes with 5.5 mM low-glucose Dulbecco’s
modi�ed Earle’s medium(L-DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (100 U/mL). In additional, heparin (100 μg/mL) as well as endothelial cell growth factor (20
μg/mL) were needed for RTAECs. Cells were cultured in an incubator �lled with 5% CO2 at a humidi�ed
atmosphere and a constant temperature at 37 °C. 

The IR model was established with HF/HG in vitro as described in our previous report with a few
improvements [13]. Brie�y, the cells were �rst cultured in DMEM containing 22 mM of glucose and 0.25
mM palmitic acid (PA) for 48 h. Next, they were washed twice with PBS (pH 7.40) and cultured in FBS-free
DMEM for 4 h. Subsequently, the cells were treated with 5 mIU/L insulin for 10 min. Finally, the cell
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supernatant and cells were harvested for measurements of the levels of nitrite (equivalent to NO) and ET-
1, p-PI3K/PI3K, p-Akt/Akt, and p-eNOS/eNOS.

Adenovirus infection in cells and experimental design
The cells infected with adenoviruses carrying a truncation of PPARγ1 (GenBank Accession NM_138711)
with intact AF1 domain and a DNA binding domain (DBD) fused with SUMO-1 (GenBank
Accession NM_003352), namely Ad-PPARγ1(1-182 aa)-SUMO-1, were used as the PPARγ1-K77
SUMOylation mimic group (Mimic), while the cells infected with PPARγ1(1-182 aa) unfused with SUMO-1,
namely Ad-PPARγ1(1-182 aa), were used as the vehicle control group (Veh). The extent of sequence
ampli�cation and puri�cation, titer levels, and cell infection were measured according to the instructions
provided by GeneChem Technologies, Inc. In the PPARγ1-K77 SUMOylation-imitating IR
experiment, HUVECs cultured in either 5.5 mM low-glucose DMEM or 22 mM glucose combined with 0.25
mM PA (22/0.25 mM, HG/HF) for 48 h were respectively considered as the control (Ctrl) or IR group; cells
infected with either Ad-PPARγ1(1-182 aa)-SUMO-1 or Ad-PPARγ1(1-182 aa) (MOI=100) and cultured in
normal medium for 48 h were used as the SUMOylation mimic (Mimic) or the vehicle (Veh) group,
respectively. In the PPARγ1-K77 SUMOylation-worsening IR experiment, treatments in the Ctrl and IR
groups were the same as those in the SUMOylation-imitating IR experiment. However, the cells infected
with either Ad-PPARγ1(1-182 aa)-SUMO-1 or Ad-PPARγ1(1-182 aa) followed by exposure to HF/HG for 48
h were respectively used as the IR+Mimic or IR+Veh groups. Before evaluated, all these cells were �nally
stimulated with insulin (5 mIU/L) for 10 min in serum-free medium.

Establishment of IR model in vivo
Male SD rats (6-7 weeks old; 180-200 g) were purchased from Nanchang University School of
Medicine. All animal procedures were approved by the Institutional Animal Care and Use Committee of
Nanchang University School of Medicine and conducted in accordance with the guide for the Care and
Use of Laboratory Animals published by the US National Institute of Health (NIH Publication No.85-23,
revised 1996). All animals were acclimated to the SPF environment in a 12 h light-
dark alternate cycle and approximately 25 °C and 50% humidity and provided with sterilized water. IR was
induced by high-fat and high-sucrose (HFS) diets in vivo, as described in our previous study with minor
modi�cations [18]. Brie�y, after adaptation for 1 week, the rats were fed the HFS diet for 24
weeks. Serum NO and ET-1 levels were tested; protein levels of the PI3K-Akt-eNOS pathway
in aortic tissues were measured.

Adeno-associated virus construction and infection and
experimental design
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AAV9 and the endothelial cell-speci�c promoter Tie2 were used to construct AAV-Tie2-His-PPARγ1(1-
182 aa)-SUMO-1 and AAV-Tie2-His-PPARγ1(1-182 aa). Recombinant virus (1.25×1013 v.g.) was diluted in
0.2 mL saline solution and injected into the tail vein of rats. In the PPARγ1-K77 SUMOylation simulating
IR experiment, 40 male rats were randomly assigned to the normal group (30 rats) that were fed with
regular chow, and the IR group (10 rats), which was fed with HFS diets for 24 weeks. After 24 weeks of
feeding, the rats on the regular diet were randomly allocated into control (Ctrl), negative control (Veh),
and PPARγ1-K77 SUMOylation mimic (Mimic) groups. The rats in the Mimic group were intravenously
infected with AAV-Tie2-His-PPARγ1 [1-182 aa]-SUMO-1, whereas the rats in the Veh group were
intravenously infected with AAV-Tie2-His-PPARγ1 [1-182 aa]. After infection, all animals were fed a
normal diet for an additional 4 weeks. In the PPARγ1-K77-SUMOylation- worsening IR experiment, in
addition to the Ctrl and IR groups, an additional 20 IR-rats were �rst injected with AAV-Tie2-His-PPARγ1(1-
182 aa) (IR+Veh group) or AAV-Tie2-His- PPARγ1(1-182 aa)-SUMO-1 (IR+Mimic group), respectively, and
then fed with HFS diets for an additional 24 weeks.

Enzyme-linked immunosorbent assay (ELISA)
The concentrations of ET-1 in rats serum (the total blood column samples with visible hemolysis were
excluded) or cell supernatants were detected using a speci�c ELISA kit. Measurements were performed
according to the manufacturer’s instructions.

Western blot assay
Cells or aortic tissues isolated from rats were washed three times by pre-cold PBS and lysis buffer was
prepared as radio-immunoprecipitation assay (RIPA) buffer supplemented with phenylmethanesulfonyl
�uoride (PMSF) (PMSF: RIPA=1:100). Another phosphatase inhibitor cocktail tablet (APPLYGEN, Beijing,
CHN) was added for phosphorylation protein detection (1:100). Then, the samples were lysed on ice for
30 min, centrifuged at 14,000 rpm for 15 min at 4 °C, and the supernatants containing total protein were
collected immediately for quanti�cation using the BCA protein assay kit (TIANGEN, Beijing, CHN). Equal
amounts of protein were loaded and separated on an 8 %–12% SDS-PAGE gel by electrophoresis. The
protein samples were transferred onto a polyvinylidene �uoride membrane (Millipore, MA, USA), which
was then blocked with 7% skimmed milk solution for 1.5 h, and subsequently incubated at 4 °C overnight
with speci�c primary antibodies at a 1:1000 dilution, under gentle shaking. HRP-conjugated secondary
antibody (diluted 1:3000) was incubated for 1 h at room temperature, immunolabeled with an
ECL detection kit (FUDE, Hangzhou, CHN) and visualized in the dark. The intensity of the bands was
determined using a gel imaging system (Bio-Rad Laboratories, CA, USA), and lanes were quanti�ed using
Image J software.

Co-immunoprecipitation assay
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Protein samples were prepared for western blot assay, and a suitable quantity of samples was transferred
to a new tube as input, and the remaining samples were incubated with the primary antibody under gentle
shaking on a rotating shaker at 4 °C overnight. The next day, protein A/G-beads (Millipore) were washed
twice with PBS and then added to samples containing antigen-antibody, which was then incubated for 3
h at 4 °C. The beads were washed three times with immunoprecipitation buffer, and the samples were
assessed by western blotting.

Immuno�uorescence assay
HUVECs were seeded on glass coverslips and treated as previously described. Monolayer cells
were �rst cross-linked with 4% paraformaldehyde for 15 min and then washed three times with PBS. The
cells were permeabilized with 0.1% Triton X-100-PBS for 20 min. Next, the samples were blocked
with goat serum (Boster, Wuhan, CHN) for 1 h at room temperature, and incubated overnight with rabbit
anti-FOXO1 (1:100) at 4 °C under gentle shaking. Following three washes with PBS, the cells were
incubated with goat anti-rabbit IgG (H+L) CoraLite 594-conjugated secondary antibody (Proteintech,
Wuhan, CHN) for 1 h with gentle shaking. Subsequently, the coverslips were covered with 4, 6-diamidino-
2-phenylindole (DAPI) at a �nal concentration of 1 μg/mL (Solarbio Co., Beijing, CHN) for 5 min for
staining. After washing three times with PBS, the slices were covered with slides with a drop of mounting
medium. Images were captured at random �elds from various areas at 200× magni�cation using a laser
scanning confocal microscope (Olympus, Tokyo, Japan).

Chromatin immunoprecipitation (CHIP) assay
ChIP assay was performed using a commercially available kit, as previously reported [19, 20]. Brie�y, 37%
formaldehyde was added to the dishes at a �nal concentration of 1%, followed by incubation for 10 min
at 37 °C for protein-DNA cross-linking reaction. The reaction was stopped by supplementation with 125
mM glycine for 5 min at room temperature. After cell sonication, the extracted chromatin was digested
and randomly fragmented into 150–900 bp, and the fragments were then incubated overnight at
4 °C with ChIP-grade antibodies against His-tag, FOXO1 (1:50), and IgG, which served as the negative
control. Then, ChIP-grade protein G agarose beads were added, and the cross-linked DNA-protein
complexes were unlinked to obtain a pure DNA fragment for use as the template for PCR. The following
oligonucleotides spanning the putative PI3K-binding site were (F) 5′-TGG TGC ATA CCT GTA GTC CC-3′
and (R) 5′-TTT TGA GAT GGA GTC TCG CTT-3′. The bands were obtained by agarose gel electrophoresis.
Fold enrichment was calculated by quantitative real-time PCR (q-PCR) to evaluate the degree of PPARγ1
binding to PPRE in the PI3K promoter.

Double luciferase reporter gene assays
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For the transactivation assay with a 3×PPRE promoter, HUVECs were seeded on 24-well plates (6×104

cells/well), pre-treated as described above, and co-transfected with 250 ng of reporter plasmid (PMCS-
3×PPRE-TK-Luc) and 25 ng of Renilla plasmid (pRL-TK-Renilla) (10:1), which was regarded as the internal
control (GeneChem, Shanghai, CHN), using Lipofectamine 3000 reagent (Invitrogen, CA, USA). Twenty-
four hours later, the �re�y luciferase and Renilla activities were simultaneously measured using a dual
luciferase assay kit (Promega, WI, USA) and quanti�ed using a luminometer. Fire�y luciferase activity
was normalized to Renilla luciferase activity.

Detection of NO concentrations
The concentrations of NO in the cell supernatants or rats serum (the total blood column samples with
visible hemolysis were excluded) were measured using speci�c kits. The measurements were performed
according to the manufacturer’s instructions using a microplate reader at the speci�ed optical density.

Detection of vasodilation in vivo
Tests were performed as described in previously published studies, with a few modi�cations [21-24]. Pre-
treated rats were anesthetized with 3-4% iso�urane and administered an intraperitoneal injection of 1
U/kg insulin. Another batch of rats was successively injected with acetylcholine (Ach, 0.05 mg/kg) and
sodium nitroprusside (SNP, 0.5 mg/kg). Subsequently, the rats were placed in a supine position on a
platform with the left neck exposed to the transducer. To obtain better contact between the skin and
transducer, a site on the left side of the neck was shaved and gently smeared with ultrasound gel.
Subsequently, the left carotid artery was visualized by placing the probe beside the trachea, and images
were recorded using an ultrahigh-resolution small animal ultrasound imaging instrument (Vevo 2100,
Toronto, CAN). The inner diameter of the left carotid artery (mm) was measured and used for analysis.

Statistical Analysis
All data were expressed as the means ± standard deviation (SD) and analyzed using GraphPad Prism
6.0. Homogeneity of variance and one-way analysis of variance (ANOVA) were determined
where appropriate. Comparisons between inner groups were performed using unpaired Student's t-tests.
Differences were considered signi�cant if the P-value was less than 0.05.

Results

SUMOylation of PPARγ1-K77 simulates and worsens the
effect of IR induced by HF/HG in vitro and in vivo
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To simulate PPARγ1-K77 SUMOylation in vitro, a fusion protein vector Ad-PPARγ1(1-182 aa)-SUMO-
1 (Mimic) and a vehicle control vector Ad-PPARγ1(1-182 aa) (Veh) were constructed. Ad-PPARγ1(1-182
aa) contains only the K77 SUMOylation site, while the K365 SUMOylation site was excluded (Fig. S1A).
As expected, both HUVECs and RTAECs were successfully infected with the viruses (MOI=100, Fig.
S1B). Vectors targeting the endothelium AAV-Tie2-His-PPARγ1(1-182 aa) (Veh) and AAV-Tie2-His-PPARγ1
(1-182 aa)-SUMO-1(Mimic) were constructed. The western blot results showed higher expression levels of
His-tag in the thoracic aorta tissue than those in other tissues, such as the muscles, liver,
and adipose tissue (Fig. S1C and D), suggesting that the AAVs have a strong endothelium-targeting
ability.

To observe the effects of PPARγ1-K77 SUMOylation on endothelial IR in response to insulin stimulation,
the levels of NO and ET-1 in the supernatant and rat serum were examined. As shown in Fig. 1, the levels
of NO in the HF/HG-treated (IR) group were signi�cantly lower than those in the control (Ctrl) group.
Likewise, the NO levels in the Mimic group were signi�cantly lower than those in the Veh group (Fig. 1A).
In contrast, the ET-1 levels in the IR and Mimic groups were markedly higher than those in the Ctrl and Veh
groups, respectively (Fig. 1B). Results from RTAECs were consistent with those from HUVECs (Fig. S2A
and B). These data indicate that PPARγ1-K77 SUMOylation simulates HF/HG to induce endothelial IR,
along with decreased NO and increased ET-1 levels. Moreover, the levels of NO in the IR+Mimic group
were remarkably reduced compared with those in the IR + Veh or IR group, whereas the levels of ET-1 in
the IR + Mimic group were signi�cantly increased (Fig. 1C and D), which is consistent with the results
from the RTAECs (Fig. S2C and D). Additionally, the results in vivo were consistent with the in vitro
results (Fig. 2A-D). All these data suggest that SUMOylation of PPARγ1 at the K77
site simulates and exacerbates endothelial IR caused by HF/HG. 

Since serum NO levels do not completely originate from endothelial eNOS, the inner diameter of the
carotid artery was measured using an ultrasonic apparatus to directly evaluate the endothelial response
to insulin in vivo. After stimulation with insulin, the inner diameter of the rat carotid artery in
the IR group was signi�cantly lower than that in the Veh group, and the inner diameter in the Mimic
group was markedly smaller than that in the Veh group. In addition, the inner diameter of the carotid
artery in the IR+Mimic group was smaller than that in the IR or IR + Veh groups (Fig. 2E and F). Taken
together, these data suggest that PPARγ1 SUMOylation at the K77 site imitates and exacerbates the
degree of endothelial IR caused by HFS diets.

To further investigate whether PPARγ1-K77 SUMOylation manifests a systemic IR phenotype, we
examined the physical and serum biochemical parameters in rats. It was shown that the rats in all these
groups had an equivalent body length, but a signi�cant increase in body weight in the IR, IR+Veh, and
IR+Mimic groups compared to Ctrl; however, no increase in body weight was observed in the Veh or Mimic
groups (Fig. S3A, B, J, K). The rats in the IR group exhibited signi�cant increases in levels of FBG, INS, TC,
TG, and HOMA-IR index, as well as the AUC of GTT and ITT, indicating that SUMOylation of PPARγ1-
K77 simulates the systemic IR effect induced by the HFS diet (Fig. S3C-I). In addition, as in the IR group,
the rats in the IR+Veh group also showed remarkable increases compared with the Ctrl group. However,
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the rats in the IR+Mimic group presented more striking elevations compared with the IR+Veh or IR group,
demonstrating that SUMOylation of PPARγ1-K77 worsened the systemic IR effect induced by the HFS
diet (Fig. S3L-R). These �ndings indicate that PPARγ1-K77 SUMOylation imitates or further aggravates
the IR phenotype caused by HF/HG in vitro and in vivo.

PPARγ1-K77 SUMOylation impairs endothelium-dependent
vasodilation function 
To investigate vascular diastolic function in rats, we used an ultrasound imaging instrument to examine
the inner diameter of the carotid artery in response to acetylcholine (Ach) and sodium
nitroprusside (SNP). The results indicate that in the Ctrl and Veh groups, the left carotid arteries of rats
showed dose-dependent vasodilation in response to Ach; however, this effect was abolished in the IR and
Mimic groups. Moreover, the vascular diastolic function of rats in the IR+Mimic group was much worse
than that of rats in the IR or IR+Veh group, with no dose-dependent response to Ach (Fig. 3A and B).
However, the endothelium-independent vasodilation response induced by SNP did not signi�cantly
change among the groups (Fig. 3A and C). These �ndings indicated that PPARγ1-K77 SUMOylation
impaired endothelium-dependent vasodilation function in vivo, but the endothelium-independent
vasodilation functions were unaffected.

PPARγ1-K77 SUMOylation activates IKK and downregulates
PI3K-Akt-eNOS cascade 
To further evaluate the effects of PPARγ1-K77 SUMOylation on the insulin pathway, phosphorylation
levels of PI3K, Akt, and eNOS were examined after infection with adenoviruses or adeno-associated virus
constructs in vitro and in vivo. The ratio of p-IKK (α/β) to IKK (α/β) in the IR group was
remarkably increased compared to that in the Ctrl group. In comparison to the Veh group, there was a
signi�cant increase in the p-IKK (α/β) / IKK (α/β) levels in the Mimic group , which was consistent with
the results of the comparison between the Ctrl and IR groups (Fig. 4A and B). These results suggest
that PPARγ1-K77 SUMOylation activates IKK. We subsequently investigated the effects of PPARγ1-K77
SUMOylation on the PI3K/Akt/eNOS pathway. The phosphorylation levels of PI3K-Akt-eNOS cascades in
the IR and Mimic groups were lower than those in the Ctrl or Veh groups (Fig. 4A and C-E). Similar results
were obtained from RTAECs (Fig. S4A-E). Moreover, the HUVECs in the IR+Mimic group showed evidently
higher phosphorylation levels of IKK and lower phosphorylation levels of PI3K, Akt, and eNOS than those
in the IR or IR+Veh group (Fig. 4F-J). These data were further veri�ed in RTAECs (Fig. S4F-J). As expected,
the results in vivo were consistent with the in vitro results (Fig. 5).

PPARγ1 K77 SUMOylation promotes PPARγ1 interaction
with FOXO1 and inhibits the transcriptional activity of



Page 12/29

PPARγ1
To explore whether PPARγ1-K77 SUMOylation alters the interaction with FOXO1 and affects its
transcriptional activity. As shown in Fig. 6A, PPARγ1(1-182 aa)-SUMO-1 presented a stronger ability to
interact with FOXO1 than PPARγ1(1-182 aa) unfused SUMO-1. The JASPAR program was used to
analyze the PPRE region in the upstream of PI3K promoter. A putative site from -1425 to -1440 bp in the
PPRE region was predicted. ChIP assays were conducted to determine
whether SUMOylated PPARγ1 at K77 or FOXO1 was recruited to the PPRE site. In both normal and IR
states, compared to the Veh group, the SUMOylated-PPARγ1 was less recruited to the PPRE of its target
gene PI3K in the Mimic group (Fig. 6B and D). However, a completely opposite recruitment effect was
observed for FOXO1 (Fig. 6C and E), indicating that the recruitment of FOXO1 to the PPRE region in the
PI3K promoter competitively blocks the recruitment of PPARγ1(1-182 aa) in the Mimic group. To examine
the impact of PPARγ1-K77 SUMOylation on its transactivation capacity, reporter gene assays in HUVECs
were performed using a luciferase reporter gene driven by a 3×PPRE response element or Renilla linked to
the TK promoter. The relative promoter activity of the Mimic group was approximately one-third or one-
fourth of the level in the Veh group; likewise, the activity of the IR group was about one-�fth that of the
Ctrl group (Fig. 6F). Moreover, the activation observed in the IR+Mimic group was lower than that
observed in the IR group or IR+Veh group (Fig. 6G), demonstrating that PPARγ1 K77 SUMOylation
markedly inhibited the transactivation capacity of PPARγ1.

PPARγ1-K77 SUMOylation modulates the nuclear
translocation of FOXO1
To explore how PPARγ1-K77 SUMOylation affected the expression of FOXO1 and its intracellular sub-
localization, phosphorylation levels of FOXO1 were �rst assessed by western blotting. The ratios of p-
FOXO1/FOXO1 in the IR and PPARγ1-K77 SUMOylation mimic groups were lower than those in the Ctrl
group (Fig. 7A and C).The ratios of p-FOXO1/FOXO1 in the IR+Mimic group were markedly decreased
compared to those in the IR or IR+Veh groups (Fig. 7B and D). The effect of PPARγ1-K77 SUMOylation on
the translocation of FOXO1 was subsequently determined in nuclear fractions by immuno�uorescence
staining (Fig. 7E) and western blotting (Fig. 7F) in HUVECs. Compared to the Ctrl or Veh group, HF/HG
treatment and PPARγ1-K77 SUMOylation signi�cantly promoted FOXO1 translocation to the nuclei in
HUVECs. Moreover, the nuclear expression level of FOXO1 in the IR+Mimic group was markedly higher
than that in the IR or IR+Veh group. These �ndings indicate that PPARγ1-K77 SUMOylation causes
FOXO1 nuclear accumulation.

Discussion
IR is a cardiovascular risk factor in the general population, particularly in patients with T2DM [25–28].
Long-term high glucose/fat diet consumption increases the development of IR and promotes the



Page 13/29

occurrence of cardiovascular disorders [29, 30]. In the current study, we established an endothelial IR
model by combining high-fat with high-glucose treatments in vivo and in vitro.

Recent studies have shown that SUMOylation of PPARγ may signi�cantly affect its transcriptional
activity [31]. Our previous study indicated that hyper-SUMOylation by co-infecting with adenoviruses,
including Ad-PPARγ1, Ad-SUMO-1, and Ad-PIAS1, caused vascular endothelial IR in rats [18]. However, off-
target effects of PPARγ1 SUMOylation were possible. Therefore, we studied the effects of PPARγ1-K77
SUMOylation on endothelial IR and explored its underlying mechanism by constructing a PPARγ1(1-182
aa)- SUMO-1 fusion protein vector.

Reduced NO production and unaltered or enhanced ET-1 secretion are regarded as the major mechanisms
underlying vascular complications [32]. After establishing the IR models, we �rst used these markers to
evaluate the endothelial function. As expected, PPARγ1-K77 SUMOylation markedly decreased NO levels
and increased ET-1 levels both in vitro and in vivo. Importantly, NO production was shown to depend on
the phosphorylation of endothelial NO synthase (eNOS) at Ser1177 via the PI3K/Akt pathway [33].
Moreover, NO production is derived from not only eNOS but also iNOS from in�ammatory cells; thus, the
serum levels of NO may not completely re�ect the vasodilation function of endothelial cells.

To evaluate this function intuitively, we observed the vasodilation function of rats in response to Ach and
SNP using an ultrasound imaging technique. PPARγ1-K77 SUMOylation not only simulated but also
aggravated endothelial dysfunction induced by HFS diet intake in a dose-dependent manner, but the
effect of SNP on vasodilatation was unaffected. Notably, Ach targets and acts on vascular endothelial
cells to induce the secretion of NO; however, SNP, an NO donor, directly targets VSMCs and triggers
endothelium-independent relaxation via the sGC/cGMP pathway [34]. The results further indicated that
PPARγ1-K77 SUMOylation impaired endothelium-dependent vascular relaxation and not endothelium-
independent vascular relaxation. This was mainly because HFS diet consumption and PPARγ1-K77
SUMOylation disrupted the function of the vascular endothelium to produce NO or reduce NO
bioavailability.

PI3K-Akt-eNOS is a classical pathway that regulates NO production in the endothelium [35, 36]. As
expected, the phosphorylation levels of PI3K, Akt, and eNOS were markedly decreased in both the IR and
mimic groups. Moreover, PPARγ1-K77 SUMOylation followed by HF/HG treatment induced a noticeable
decline in the levels of p-PI3K, p-Akt, and p-eNOS in vitro and in vivo, suggesting that similar to HF/HG
treatment, PPARγ1-K77 SUMOylation may negatively regulate the PI3K-Akt-eNOS pathway. IKK is an
enzyme complex that activates NF-κB and is involved in the pathogenesis of IR. Moreover, IKKβ directly
phosphorylates IRS-1 at Ser307 and impedes the activation of IRS-1, thus negatively regulating the PI3K-
Akt pathway [37]. We next investigated whether PPARγ1-K77 SUMOylation, similar to HF/HG treatment,
could activate IKK. Interestingly, PPARγ1-K77 SUMOylation markedly increased the phosphorylation levels
of IKKα/β and downregulated the PI3K-Akt-eNOS pathway, thus promoting the pathogenesis of IR.
However, whether it also promotes the expression of in�ammation-related genes (IL-6, TNF-α, etc.)
associated with IR requires further veri�cation.
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Like PPARγ, FOXO1 is also a key nuclear transcription regulator related to the pathogenesis of IR. In the
present study, we focused on FOXO1 because information regarding the interaction between PPARγ1-K77
SUMOylation and FOXO1, as well as their effects on endothelium IR, was limited. Accumulating evidence
has demonstrated that under physiological conditions, insulin stimulation activates Akt, which in turn
inactivates FOXO1 via phosphorylation, alleviating the inhibitory effect of FOXO1 on eNOS. However, in
endothelial IR conditions, impaired insulin signaling inhibits the activation of eNOS by de-
phosphorylating FOXO1, leading to endothelial dysfunction [38]. Hyperglycemia mediates the nuclear
translocation of FOXO1 and enhances its transactivation, which leads to the production of inducible NO
and results in endothelial dysfunction [39]. In the current study, the phosphorylation of FOXO1 was
signi�cantly decreased, followed by the downregulation of eNOS phosphorylation in HF/HG-treated
HUVECs. Moreover, these changes were also observed in the PPARγ1-K77 SUMOylation mimic group,
suggesting that PPARγ1-K77 SUMOylation may interact with FOXO1 and participate in the process of
endothelial IR. Interestingly, the fusion protein that imitated PPARγ1-K77 SUMOylation could bind to
FOXO1 markedly more strongly than unfused SUMO-1. However, the functional domain of PPARγ1 that
binds to FOXO1 needs to be determined. In addition, compared with PPARγ1(1-182 aa), which did not
fuse with SUMO-1, SUMOylated PPARγ1-K77 was more strongly bound to FOXO1 and failed to be
recruited to the PPRE of its target gene PI3K. However, a completely opposite recruitment effect was
observed for FOXO1, suggesting that FOXO1 may compete with SUMOylated PPARγ1 to bind with the
PPRE of its target gene. Moreover, the transcriptional activity of SUMOylated PPARγ1-K77 was decreased
under both normal and IR conditions compared to that in the Veh group. Several studies are consistent
with the �ndings of the current study, which indicate that FOXO1 binds to the promoter of PPARγ and
represses its transcriptional activity [40]. However, other studies have reported that FOXO1 interacts with
PPARγ1 and increases its transcriptional activity in hepatic steatosis [41]. This discrepancy may be due
to the different tissues used under various pathological states. Therefore, further studies are essential to
verify how FOXO1 regulates the transcriptional activity of PPARγ in other insulin-sensitive tissues, such
as skeletal muscle or adipose tissue.

It is widely known that the intracellular sub-localization of FOXO1 is mainly regulated by its post-
translational modi�cation (PTM), especially the phosphorylation of FOXO1 at Ser256 [42], which is
consistent with our present observations. The current study demonstrated that similar to HF/HG
treatment, PPARγ1-K77 SUMOylation inhibited the translocation of FOXO1 from the nucleus to the
cytoplasm, which was accompanied by markedly decreasing FOXO1 phosphorylation. Furthermore, these
effects were worsened in the HF/HG-treated PPARγ1-K77 SUMOylation mimic group compared to the
cells treated with HF/HG alone. It has been demonstrated that elevated intracellular ROS production may
activate FOXO1 expression via the JNK pathway. In addition, FOXO1 is retained in the nucleus under
oxidative stress conditions [43]. Therefore, we suspected that FOXO1 was translocated from the
cytoplasm to the nucleus, not only mediated by the downregulation of the PI3K/Akt pathway but also
related to ROS production from HF/HG stimulation. The accumulation of FOXO1 in the nucleus might
then facilitate its combination with SUMOylated PPARγ1, thus exerting a synergistic effect on the
mechanism underlying IR pathogenesis. Similar to the HF/HG treatment, PPARγ1-K77 SUMOylation might
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contribute to vascular oxidative stress and play a role in the pathogenesis of IR. These issues warrant
further investigation.

While the current study demonstrated the role of PPARγ1-K77 SUMOylation in the pathogenesis of IR, it
has some limitations. We constructed a truncated mutant of PPARγ1 fused with SUMO-1, with forced co-
expression of PPARγ1 and SUMO-1 proteins, which might be different from the endogenous covalent
modi�cation of SUMO-1 at the K77 site in vivo. Thus, this mutant might not represent the function of an
intact gene, and this approach might not completely simulate SUMOylation-induced endogenous
modi�cation in vivo. In addition, whether de-SUMOylation of PPARγ1-K77 SUMOylation could rescue the
effect of HF/HG treatment on IR and whether adverse side effects of TZD administration, such as weight
gain, could be avoided by using mice homozygous for a mutation (K77R) that prevents SUMOylation at
the K77 site needs to be con�rmed. There is a need for additional detailed studies in the future to develop
a drug that affects PPARγ1 SUMOylation and can be applied for the treatment of IR.

Conclusion
In summary, we demonstrate in the current study that PPARγ1 SUMOylated at the K77 site readily
interacts with FOXO1, which blocks the PPRE binding site and inhibits PPARγ transcriptional activity. This
negatively regulates the PI3K-Akt pathway and leads to IR. Inhibition of the PI3K-Akt pathway hinders the
phosphorylation and translocation of FOXO1, which promotes the interaction of FOXO1 with SUMOylated
PPARγ1 in the nucleus, forming a positive feedback and thereby aggravating IR in vascular endothelial
cells (Fig. 8). This may provide a new therapeutic strategy for reducing and alleviating diabetic vascular
complications.
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Figure 1

SUMOylation of PPARγ1 at the K77 site results in IR in HUVECs. A-D: Changes in NO and ET-1 levels
induced by PPARγ1-K77 SUMOylation imitating (A, B) and worsening IR (C, D) in HUVECs. All the data are
expressed as mean ± SD of 3 independent experiments. **P<0.01, and ***P<0.001 vs. the Ctrl group;
#P<0.05, ##P<0.01, and ###P<0.001 vs. Veh or IR+Veh group; &P<0.05, and &&P<0.01 vs. IR group.

Figure 2

PPARγ1-K77 SUMOylation mimics or aggravates the endothelial IR in rats. A-D: changes in serum NO and
ET-1 levels induced by PPARγ1-K77 SUMOylation imitating (A and B) and worsening IR (C and D) in rats.
E and F: inner diameters of the carotid artery induced by PPARγ1-K77 SUMOylation imitating and
worsening IR in the rat. All the data are expressed as the mean ± SD of 3 independent experiments.
*P<0.05, **P<0.01, and ***P<0.001 vs. the Ctrl group; #P<0.05, ##P<0.01, and ###P<0.001 vs. the Veh or
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IR+Veh group; &P<0.05 and &&&P<0.001 vs. the IR group; $$P<0.01, or ns (no signi�cance) vs. the groups
without insulin.

Figure 3

PPARγ1-K77 SUMOylation impairs endothelium-dependent vasodilation in vivo. A-C: the inner diameters
of the left carotid artery in the presence of various concentrations of Ach (A and B) and SNP (i.p.) (A and
C) were shown. All data are expressed as the mean ± S.D. of 6 rats. **P<0.01 vs. Ctrl group; #P<0.05, and
##P<0.01 vs. Veh or IR+Veh group;&P<0.05 vs. IR group; $P<0.05, and $$P<0.01 vs. 0 mg/kg group. ns:
no signi�cance.
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Figure 4

PPARγ1-K77 SUMOylation activates IKK and inhibits PI3K-Akt-eNOS pathway in HUVECs. To investigate
the IR imitating and worsening effects of PPARγ1-K77 SUMOylation, A-J: representative western blot
bands and the expression analysis for p-IKK/IKK (A, B and F, G), p-PI3K/PI3K (A, C and F, H), p-Akt/Akt (A,
D and F, I) as well as p-eNOS/eNOS (A, E and F, J) were shown. All the data are expressed as mean ± SD
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of 3 independent experiments. **P<0.01, and ***P<0.001 vs. the Ctrl group; ##P<0.01, and ###P<0.001
vs. the Veh or IR+Veh group; &&P<0.01, and &&&P<0.001 vs. the IR group.

Figure 5

PPARγ1-K77 SUMOylation activates IKK and inhibits PI3K-Akt-eNOS pathway in rats. To investigate the IR
imitating and worsening effects of PPARγ1-K77 SUMOylation in the rat, A-J: representative western blot
bands and the expression analysis for p-IKK/IKK (A, B and F, G), p-PI3K/PI3K (A, C and F, H), p-Akt/Akt (A,
D and F, I) as well as p-eNOS/eNOS (A, E and F, J) were shown. All the data are expressed as the mean ±
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SD of 3 independent experiments. **P<0.01, and ***P<0.001 vs. the Ctrl group; #P<0.05, ##P<0.01, and
###P<0.001 vs. the Veh or IR+Veh group; &&P<0.01, and &&&P<0.001 vs. the IR group.

Figure 6

PPARγ1-K77 SUMOylation interacts with FOXO1 and represses the transcriptional activity of PPARγ1. A:
PPARγ1-K77 SUMOylation promotes its binding with endogenous FOXO1 as demonstrated by Co-IP
assays. B and C: a 150 bp region of the human PI3K promoter was ampli�ed spanning the PPRE
sequence by CHIP assay. D and E: CHIP-qPCR assay analysis indicates that PPARγ1-K77 SUMOylation is
required for FOXO1 recruitment to the promoter of the target gene PI3K under both normal and IR
conditions. F and G: HUVECs were co-transfected with TK-PPRE×3-Luc and Renilla-Luc. Fire�y and Renilla
luciferase activities were detected for PPARγ1-K77 SUMOylation imitating (F) and worsening IR (G). All
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the data are expressed as the mean ± SD of 3 independent experiments. **P<0.01, and ***P<0.001 vs. the
Ctrl group; #P<0.05, ##P<0.01, ###P<0.001 vs. the Veh or IR+Veh group; &P<0.05 vs. the IR group.

Figure 7

PPARγ1-K77 SUMOylation affects FOXO1 translocation. A-D: representative western blot bands and the
expression analysis for p-FOXO1/FOXO1 to investigate the IR imitating (A and C) and worsening (B and
D) effects of PPARγ1-K77 SUMOylation in HUVECs. E: the sub-localization of FOXO1 in HUVECs was
assessed by immuno�uorescent staining; panels show FOXO1 (red), DAPI (blue), and merged signals
obtained by confocal microscopy (×200). F: nuclear and cytoplasmic extracts from HUVECs were
subjected to western blotting to detect the expression of FOXO1, and the nucleus/cytoplasm ratio of
FOXO1 was measured. Results are expressed as mean ± SD (n=3). ***P<0.001 vs. Ctrl group; ##P<0.01,
###P< 0.001 vs. the Veh or IR+Veh group; &&P<0.01, and &&&P<0.001 vs. IR group. Scale bar: 50 μm.
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Figure 8

Hypothesis of the interaction between SUMOylated PPARγ1 and FOXO1 exerting positive feedback
effects on IR. The crosstalk between PPARγ1-K77 SUMOylation and FOXO1 inhibits PPARγ1
transcriptional activity and negatively regulates the PI3K-Akt pathway. Inhibition of the PI3K-Akt pathway
leads to the nuclear accumulation of FOXO1, which promotes the interaction of FOXO1 with SUMOylated
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PPARγ1 in the nucleus, forming a positive feedback and thereby aggravating IR in vascular endothelial
cells.
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