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Abstract
Vascular complications from diabetes often result in poor outcomes for patients, even 
after optimized interventions. Forkhead box protein O1 (FoxO1) is a key regulator of 
cellular metabolism and plays an important role in vessel formation and maturation. 
Alterations of FoxO1 occur in the cardiovascular system in diabetes, yet the role 
of FoxO1 in diabetic vascular complications is poorly understood. In Streptozotocin 
(STZ)-induced type 1 diabetic rats, FoxO1 expression was up-regulated in carotid 
arteries at 8 weeks of diabetes that was accompanied with adverse vascular remod-
elling characterized as increased wall thickness, carotid medial cross-sectional area, 
media-to-lumen ratio and decreased carotid artery lumen area. This adverse vascular 
remodelling induced by hyperglycaemia in diabetic rats required FoxO1 activation as 
pharmacological inhibition of FoxO1 with 50mg/kg AS1842856 (AS) reversed vas-
cular remodelling in type 1 diabetic rats. The adverse vascular remodelling in type 1 
diabetes mellitus (T1DM) occurred concomitantly with increases in pro-inflammatory 
factors, adhesion factors, apoptosis, NOD-like receptor family protein-3 inflammas-
ome activation and the phenotypic switch of arterial smooth muscle cells, which were 
all reversed by AS. In addition, FoxO1 inhibition counteracted the down-regulation of 
its upstream mediator PDK1 in T1DM. PDK1 activator reduced FoxO1 nuclear trans-
location, which serves as the basis for subsequent transcriptional regulation during 
hyperglycaemia. Taken together, our data suggest that FoxO1 is a critical trigger for 
type 1 diabetes-induced vascular remodelling in rats, and inhibition of FoxO1 thus 
offers a potential therapeutic option for diabetes-associated cardiovascular diseases.
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1  | INTRODUC TION

Diabetic vascular complications result in poor outcomes in dia-
betic patients, even after interventions from all medical disciplines, 
thereby posing a major challenge for today's healthcare practi-
tioners. However, the precise molecular and cellular mechanisms 
underlying the pathogenesis of diabetic vascular complications are 
still not fully understood.

Hyperactivation of forkhead box-containing protein O subfamily 
(FoxOs) has been reported to be associated with overt diabetes hall-
marks, such as hyperglycaemia, hypertriglyceridaemia and insulin 
resistance, as well as diabetic complications.1-6 Forkhead box pro-
tein O1 (FoxO1), a member of forkhead box-containing protein O 
subfamily, is a transcription factor and acts in a cell-specific manner 
to modulate the genes that control gluconeogenesis,7,8 blood ves-
sel assembly,9 muscle wasting10 and adipocyte differentiation.11 Its 
transcriptional activity is dependent on its phosphorylation state.12 
FoxO1 overexpression in liver and pancreatic β-cells is sufficient 
to induce diabetes in mice.1 Conversely, FoxO1 gene haploinsuf-
ficiency rescues the diabetic phenotype of insulin-resistant mice 
through lowering hepatic expression of gluconeogenic enzymes 
and increasing adipocyte expression of insulin-sensitizing genes.1 
Diabetic complications, such as retinopathy and impaired fracture 
healing, have been linked to elevated FoxO1 transcriptional activity 
under hyperglycaemic conditions.4,13-16 Based on these observa-
tions, we postulated that FoxO1 may be involved in diabetic vascular 
remodelling pathogenesis.

Vascular remodelling is an active process of structural alteration, 
depending on a dynamic interaction among locally generated growth 
factors, vasoactive substances and hemodynamic stimuli.17,18 High-
glucose condition directly impairs vascular smooth muscle cells 
(VSMCs) biology via promoting neo-intimal hyperplasia, yielding 
arterial narrowing or occlusion. This pathological process involves 
matrix production, inflammatory cell infiltration and smooth muscle 
cells (SMCs) phenotypic switching.19 As extracellular matrix scaffold 
degradation enables tissue reshaping, the participation of special-
ized enzymes, called matrix metalloproteinases (MMPs), has become 
the object of intense interest in relation to vascular remodelling.20 
As demonstrated in early post-mortem studies, inflammation and 
apoptotic SMCs play a great role in the progression of artery com-
plications in diabetic patients of sudden coronary death.21 Increased 
apoptotic SMCs in atherosclerotic lesions, in turn, increases the 
propensity of plaque rupture.22 Therefore, the progress of adverse 
diabetic vascular remodelling involves SMCs apoptosis, MMP ex-
pression as well as inflammatory cell infiltration and SMCs pheno-
typic switching.

3-phosphoinositide-dependent protein kinase 1 (PDK1) acti-
vates a group of protein kinases belonging to the protein kinase A 
(PKA)/PKG/PKC kinase family that play important roles in mediating 
diverse biological processes including vascular function.23-26 Indeed, 
it has been found that endothelial cells-specific deletion of PDK1 
enhances insulin sensitivity via reducing visceral fat and suppressing 
angiogenesis.27 In addition, PDK1/FoxO1 pathway is important in 

regulating glucose and energy homeostasis, but little is known about 
its role in diabetic vascular remodelling.

This study was designed to shed light on the role of FoxO1 in 
diabetic vasculature alteration, as well as the underlying mecha-
nisms. We showed that elevation of FoxO1 was a crucial factor 
associated with the increase of pro-inflammatory factors, MMP 
expression and SMCs phenotype switching, resulting in the de-
velopment of pathological vascular remodelling in type 1 diabetes 
mellitus (T1DM). Subsequently, we demonstrated that FoxO1 in-
hibition reversed the phenotypic switch of SMCs and lowered the 
chronic inflammatory states, thereby preventing diabetes-driven 
tunica media dysfunction. Inhibition of FoxO1 may provide a valu-
able tool to alleviate the adverse vascular remodelling in T1DM 
progression.

2  | MATERIAL AND METHODS

2.1 | Induction of diabetes

All rats (male Sprague-Dawley rats, 250 ± 10g, 6-8 weeks) were 
obtained from the Laboratory Animal Service Center (University 
of Hong Kong). The rats were housed in an animal unit and had 
free access to standard water and rat chow. The investigation op-
erated in accordance with the procedures described in the Use 
of Laboratory Animals and Guide for the Care published by the 
United States National Institutes of Health (NIH Publication No. 
85-23, revised 1996). The experimental protocol applied in this 
study was supported by the Committee for Use of Live Animals 
in Teaching and Research (CULATR 4554-17) of the University of 
Hong Kong. Diabetes was induced by Streptozotocin (STZ) (Sigma-
Aldrich, St. Louis, MO) tail vein injection at 65 mg/kg in 0.1 M 
citrate buffer (pH 4.5), or citrate buffer alone as control, under 
anaesthesia comprised of a combination of ketamine at 67.7 mg/
kg bodyweight and xylazine at 6.77 mg/kg. After 72 hours from 
injection, blood glucose was measured using a One Touch Ultra 
Glucose meter (Life Scan Inc USA); rats with blood glucose lev-
els >15 mM were recognized as diabetic.

2.2 | Experimental procedure

Diabetic rats (n = 6) were treated with a selective FoxO1 inhibi-
tor AS1842856 (AS), which has an IC50 of 0.033 mM to inhibit 
FoxO1, and can block FoxO1 expression at a final concentration 
of 0.05-1 mM without showing cytotoxicity.28,29 At fourth week of 
diabetes induction, diabetic rats were administrated intragastrically 
with AS AS1842856 (50 mg/kg) or the same dose of β-cyclodextrin 
as control, twice daily with 12-hour intervals between each admin-
istration, for 8 days before termination. Before administered to ani-
mals, the drug AS1842856 was dissolved in 10% w/v β-cyclodextrin 
and underwent ultrasound homogenization until obtaining ho-
mogenous suspension liquid.16 The rats were sacrificed at 8 weeks 



     |  13729LIU et aL.

after diabetes induction. Carotid arteries were then sampled. 
β-cyclodextrin has been widely used as solvent control of many 
pharmaceutical molecules as it increased the biocompatibility of the 
effect and also help release in a slow way. Our preliminary study 
showed that β-cyclodextrin did not affect target protein levels in 
liver/plasma.30

2.3 | Frozen section preparation

Fresh vascular tissues were embedded in OCT compound and sub-
sequently stored at −80°C. Sections at 8 µm thick were then cut 
and mounted on gelatin-coated slides. Before staining, slides were 
warmed at room temperature for 30-60 minutes, fixed in ice cold 
acetone as fixative for 10-15 minutes and then dried in air at room 
temperature for 30-60 minutes. After drying, slides were washed in 
PBS and subjected to standard staining procedure for immunofluo-
rescence, as well as haematoxylin and eosin (HE) staining.

2.4 | H&E staining

Sample slides were stained with haematoxylin (H3136, Sigma) for 
5 minutes; colour was checked under the microscope. Slides were 
then washed with tap water 3 times, followed by bluing in Scott's 
tap water (S5134, Sigma) for 30 seconds. After another 3 times of 
washing with tap water, slides were counterstained with Eosin Y 
(230 251, Sigma) for 40 seconds, followed by washing with tap water 
for another 3 times. After the final wash, slides were mounted with 
mountant (06 522, Sigma), covered with coverslip, dried overnight 
and checked with a microscope connected with computer using 
Olympus cellSens software (Version 2.1).

2.5 | Immunofluorescence staining

Vascular tissue slides were perforated by 0.1% triton (X100, Sigma) 
for 15 minutes and then incubated with blocking solution (10% 
normal goat serum in PBS diluent) for 1 hour. The slides were 
then washed with PBS for 5 minutes, and slices were incubated 
with mouse anti-α-SMA antibody (1:500; Abcam), ICAM-1 (1:500; 
Abcam) or VCAM-1(1:500; Abcam) mixed with rabbit anti-FoxO1 an-
tibody (1:100; Cell Signaling Technology) at 4 C̊ overnight. Primary 
antibodies were then poured away and washed with PBS 3 times, 
10 minutes for each wash. Secondary antibodies (1:1000, Goat anti-
mouse Alexa-568 and Goat anti-rabbit EGFP-488; Cell Signaling 
Technology). were added and incubated for 1 hour followed by 
washing with PBS again 3 times, for 10 minutes each time. DAPI 
(D9542, Sigma) was added for 20 minutes, followed by another 3 
times of PBS washing, each time for 5 minutes. Slides were then 
mounted with mountant (06 522, Sigma), covered with coverslip, 
dried overnight and checked with a microscope connected with 
computer using ZEN 2012 (Version 2.3).

2.6 | Index of vascular structure

The artery wall was observed using a microscope (Leica, Wetzlar, 
Germany). Mean wall thickness, media-to-lumen ratio (M/L ratio), 
cross-sectional area (CSA) and lumen area were calculated using 
Image J.

2.7 | Cell culture and treatment

The human aortic smooth muscle cells (HASMCs) were obtained 
from American Type Culture Collection (ATCC). Cells (passage 
number 10 or less) were cultured in culture medium (Ham's F-12K, 
Kaighn's, 21 127 022, Thermo Fisher) with 10% Foetal bovine serum 
(10099-141, Thermo Fisher), 1% penicillin/streptomycin (100 U/mL, 
15 140 122, Thermo Fisher) and 1% Insulin-Transferrin-Selenium 
(41400-045, Invitrogen). All cells were incubated at 37°C with air 
atmosphere containing 5% CO2-95% O2.

To determine the specific role of PDK1 in cytoplasmic and nu-
clear FoxO1 regulation, 5 μM PS48 (PDK1 Activator, Sigma-Aldrich) 
as previous report31 was applied following high-glucose (HG, 
25 mmol/L) treatment.

2.8 | Nuclear and cytoplasmic protein separation

Frozen tissues were suspended in a buffer containing 10 mM Tris, 
pH 7.5, 1.5 mM MgCl2, 10 mM KCl and 0.1% Triton X-100, and lysed 
by homogenization. Nuclei were recovered by micro-centrifugation 
at 17 000 g for 5 min. The supernatant, containing cytoplasmic and 
membrane protein, was collected and stored at −80°C for further 
Western blot analysis. Nuclear proteins were extracted at 4°C by 
gently re-suspending the nuclei pellet in buffer containing 20 mM 
Tris, pH 7.5, 20% glycerol, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM 
EDTA and 0.1% Triton X-100, followed by 1 hour incubation at 4oC 
with occasional vortexing. After micro-centrifugation at 13,000 x g 
for 15 minutes at 4°C, the supernatant containing the nuclear pro-
tein was collected.

2.9 | Real-time polymerase chain reaction

Total RNA was isolated using TRIzol. Equal amounts of RNA were 
reverse-transcribed and processed using the PrimeScript RT Master 
Mix Kit (Cat. number RR036Q, Takara, Shuzou, Japan), according to 
the manufacturer's instructions. Quantitative real-time PCR was per-
formed as described32 using SYBR Green PCT master mix (RR820A, 
Takara) on an Applied Biosystems Prism 7000 sequence detection 
system (Applied Biosystems, Foster City, CA, USA). Amplification 
conditions were 30 seconds at 95°C for denaturation, 40 cycles of 
5 seconds at 95°C and 30 seconds at 60°C. Gene-specific primers 
sequences used were listed in Table S1. mRNA levels of the different 
genes tested were normalized to those of β-actin.
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2.10 | Western blotting

Protein concentration of lysates was measured with absorption of 
Coomassie Brilliant Blue in the spectrophotometer. Specific protein 
levels were assessed by Western Blot as described.33 Briefly, equal 
quantities of protein were separated by SDS-PAGE and transferred 
to polyvinylidene difluoride membranes (PVDF, Millipore, Bedford, 
MA, USA). The membranes were blocked in 5% non-fat dry milk di-
luted with Tris Buffered Saline with Tween-20 (TBST) (in mM: Tris-
HCl 20, NaCl 150, pH 7.5, 0.1% Tween 20) at room temperature for 
1 hour, and then probed with antibodies against FoxO1 (1:1000, 
Cat.2880, Cell Signaling Technology); phosphorylated (p)-FoxO1 
(1:1,000; Cat.9461, Cell Signaling Technology); ICAM-1 (1:1000; 
Cat.67836, Cell Signaling Technology); VCAM-1 (1:1000; Cat.39036, 
Cell Signaling Technology); NFκB-p50 (1:1000; Cat.13586); 
α-smooth muscle actin (α-SMA, 1:1000; Cat.19245, Cell Signaling 
Technology); smooth muscle myosin heavy chain (SM-MHC, 
1:1000, Cat.8505, Cell Signaling Technology); calponin-1 (1:1000; 
Cat.17819, Cell Signaling Technology); NLRP3 (1:1000; Cat.13158, 
Cell Signaling Technology); ASC (1:1000, Cat.13833, Cell Signaling 
Technology); Bcl-2 (1:1000; Cat.15071, Cell Signaling Technology); 
BaX (1:1000, Cat.5023, Cell Signaling Technology); PDK1 (1:1000; 
Cat.5662, Cell Signaling Technology); caspase-3 (1:1000; Cat.9662, 
Cell Signaling Technology); MMP-2 (1:1000; Cat.92536, Abcam); 
MMP-9 (1:1000; Cat76003, Cell Signaling Technology); and GAPDH 
(1:1000; Cat. 9485, Abcam, and histone (1:1000; Cat.1791, Abcam) 
at 4°C overnight. After extensive washing, the membranes were 
incubated with secondary horseradish peroxidase-conjugated anti-
mouse or anti-rabbit antibodies (diluted in 1:2000 5% Bovine Serum 
Albumin solution; Amersham Biosciences, UK). Immunoblots were 
visualized using an enhanced chemiluminescence detection system 
(Amersham Pharmacia Biotech, Uppsala, Sweden).

2.11 | Statistics

For statistical analysis, SPSS version 25.0 software was used. Results 
were presented as mean ± standard deviation (SD). Comparison 
among groups was performed using one-way analysis of variance 
(ANOVA) followed by Duncan's multiple comparison post hoc tests. 
Differences were considered statistically significant at P < .05.

3  | RESULTS

3.1 | FoxO1 was elevated in the carotid arteries of 
diabetic rats that was attributable to adverse vascular 
remodelling in diabetes

We first investigated the expression of FoxO1 in the carotid arteries 
of Sprague-Dawley (SD) rats at 8 weeks of the diabetes. Western 
blot analysis showed that total FoxO1 expression was up-regulated 
in the carotid arteries of diabetic rats, which could be significantly 

attenuated by treatment with AS (a selective FoxO1 inhibitor 
AS1842856). On the other hand, the level of phosphorylated FoxO1 
in the carotid arteries of diabetic rats was significantly reduced as 
compared to that in the control group (P < .05) and AS treatment 
partially restored the phosphorylated FoxO1 level in diabetic group 
(P < .05, DM + AS vs DM, Figure 1A,B).

Next, the vascular wall structure was assessed by measuring 
carotid artery wall thickness, carotid medial cross-sectional area 
(CSA), media-to-lumen ratio (M/L ratio) and lumen areas at 8 weeks 
after STZ injection (Figure 1C-G). H&E staining showed that the 
wall thickness of carotid artery from diabetic rats was significantly 
greater than that in non-diabetic control group (Figure 1D, P < .05). 
T1DM was associated with arterial wall hypertrophy, with significant 
increases in CSA and M/L ratio as compared to those in non-diabetic 
control group (Figure 1E-F, P < .05). In addition, the media thickened 
to encroach on the lumen and resulted in decreased carotid lumen 
areas in diabetic rats, as compared with non-diabetic control group 
(Figure 1G, P < .05). AS treatment also prevented carotid wall mor-
phological changes seen in diabetic rats (all P < .05 DM + AS vs DM, 
Figure 1E-G). These data showed that inward remodelling occurred 
in the carotid artery in diabetic rats, which was slowed down or pre-
vented by FoxO1 inhibition, suggesting that FoxO1 contributed to 
the development of adverse vascular remodelling in T1DM.

To further investigate the role of FoxO1 in the pathological pro-
cess of type 1 diabetes-induced vascular remodelling, we examined 
the expression of α-smooth muscle actin (α-SMA), a contractile 
state SMCs-specific protein marker in carotid arteries. H&E staining 
showed increased media of carotid occurred in diabetic rats that was 
consistent with the findings of immunofluorescence staining which 
showed that α-SMA expression was down-regulated in diabetic rat 
carotid media and was restored by AS treatment (Figure 2).

Thus, the results demonstrated that type 1 diabetes-induced vas-
cular remodelling was associated with elevated FoxO1 and decreased 
phosphorylated FoxO1 levels, suggesting that high levels of FoxO1 
nuclear translocation stimulated the transcription of certain genes in-
volved in type 1 diabetes-induced vascular remodelling development.

3.2 | FoxO1 inhibition ameliorated NLPR3 
inflammasome-dependent inflammation in the carotid 
artery of type 1 diabetic rats

The mechanism whereby inhibition of FoxO1 attenuated the de-
velopment of diabetic vascular remoulding also needs to be further 
investigated. We, thus, observed the blood glucose of rats and the 
result showed that administration of AS did not affect blood glucose 
level (Table S2), suggesting that the inhibition of FoxO1 mediated 
improvement of vascular remodelling in diabetes was independent 
of blood glucose level.

Extensive research has identified inflammatory response as 
a key driver in the initiation and progression of vascular disease 
within the context of diabetes mellitus, from the early asymptom-
atic stage of vascular injury to the subsequent clinical manifestation 
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of vascular dysfunction and remodelling in the advanced stage. To 
investigate whether FoxO1 mediated pro-inflammatory response 
in diabetic rats, inflammatory cytokine gene expression was ex-
amined by RT-qPCR. Tumour necrosis factor α (TNF-α) mRNA 
expression was up-regulated in carotid arteries of diabetic rats 
and was decreased following treatment with AS (Figure 3A). In 
the meantime, the levels of interleukin (IL)-1β, IL-6 and IL-8 were 

significantly elevated in carotid arteries in diabetic rats, and such 
increases were offset by AS (Figure 3A). Given that monocyte at-
tachment is involved in vascular remodelling, Immunofluorescence 
staining was performed to examine the protein levels of cell ad-
hesion molecules VCAM-1 and ICAM-1. The results showed that 
both VCAM-1 and ICAM-1 levels were significantly increased in 
diabetic rat carotid and were reduced by AS treatment (Figure 3B).

Following the finding that AS reduced diabetes-induced inflam-
mation, we went on to further investigate the role of NLRP3 (NOD-
like receptor family, pyrin domain containing 3) inflammasome in this 
pathology, given that NLRP3 has emerged as a central regulator in 
the inflammatory process that contributes to the aggravation of DM 
and diabetic complications.34 As expected, the expression of key in-
flammasome-associated enzymes NLRP3 and ASC (apoptosis-asso-
ciated speck-like protein with a caspase-recruitment domain) protein 
levels in diabetic rat carotid artery were significantly increased as 
compared to those in the control group, and these increases were 
offset by AS (Figure 3C, D).

3.3 | Inhibition of FoxO1 prevented cell apoptosis 
in the carotid artery of diabetic rats

Emerging evidence showed that, in addition to inflammation, vascular 
proliferation and apoptosis contribute significantly to inward vascular 
remodelling, with apoptosis localized to the outer periphery which 
reduces the vessel outer diameter while inward growth decreases 
lumen diameter despite it contributes to the maintenance of the 
media volume. Whether apoptosis is a growth-related compensatory 
mechanism, or a primary process involved in vessel growth, remains 
to be clarified. We wondered whether FoxO1 mediated vascular re-
modelling in diabetes was attributable to the enhancement of apop-
tosis under hyperglycaemic environment. Our further results showed 
that the anti-apoptotic protein Bcl-2 was significantly down-regulated 
(Figure 4A, B, P < .05 vs control) whereas the pro-apoptotic proteins 
Bax and cleaved Caspase-3 were significantly up-regulated in diabetic 
rats (Figure 4C-F, P < .05 vs control) compared to controls and FoxO1 
inhibition reduced those divergences in diabetic rats back towards the 

F I G U R E  1   Up-regulation of FoxO1 is associated with changes 
in vascular structure in diabetic rat carotid artery. (A) Western 
blot analysis of FoxO1 and phosphorylated (p)-FoxO1 protein 
expression in carotid arteries from STZ (streptozotocin)-treated 
rats with/without AS treatment. Protein expression was normalized 
to housekeeping protein GAPDH. (B) Mean values of normalized 
protein expression of FoxO1 and phosphorylated (p)-FoxO1 
in carotid arteries from diabetic rats (n = 6) with/without AS 
treatment. Data are presented as mean ± SD. *P < .05 vs Control; 
#P < .05 vs Diabetes. Con: Control, DM: diabetic rats. DM + AS: 
diabetic rats with treatment of FoxO1-selective inhibitor AS 
(AS1842856). (C) Representative images of haematoxylin and eosin 
(H&E) staining of carotid artery samples from Sprague-Dawley rats 
(100X magnification). (D) Vascular wall thickness. (E) Vascular cross-
sectional area. (F) Media/lumen ratio. (G) Lumen area
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control level, along with decreased cleaved Caspase-3 and Bax and 
increased Bcl-2 levels (P < .05 vs DM). Thus, our data confirmed the 
pro-apoptotic role of FoxO1 in type 1 diabetic rats.

3.4 | FoxO1 inhibition counteracted the phenotypic 
switch of SMCs in diabetic rats

Based on in vivo observation, we postulated that FoxO1 may have 
contributed to vascular remodelling in diabetes via its impact on cel-
lular phenotypic switching. SMCs exist in a diverse range of pheno-
types. In normal mature blood vessels, the predominant phenotype 
is the quiescent, also known as contractile or differentiated SMCs, 
whose major function is regulating blood vessel diameter (through 
vasodilation and vasoconstriction) and blood flow. During patho-
logical vascular remodelling (ex. arteriosclerosis), SMCs with non-
contractile or synthetic phenotype generate intimal vascular lesions. 
The protein levels of α-SMA, SM-MHC and calpoinin-1, three widely 
used SMCs differentiation markers, were found to be significantly 
decreased in diabetic rat carotid arteries, which were all restored 
towards control levels by AS treatment (Figure 5A, B). Thus, these 
results indicated that AS treatment reverted the phenotypic switch 
of SMCs in type 1 diabetic rats and restored it to a contractile state.

3.5 | Elevation of FoxO1 contributed to the increase 
in MMP-2 and MMP-9 in the carotid arteries of type 1 
diabetic rats

As degradation of the extracellular matrix scaffold enables tissue 
reshaping, participation of specialized enzymes, called matrix metal-
loproteinases (MMPs), has become the object of interest in relation 

to vascular remodelling.20 Evidence indicates that the major drivers 
of vascular remodelling, such as haemodynamics, injury, inflamma-
tion and oxidative stress, regulate MMP expression and activation. 
Diffuse wall thickening can be frequently seen in the carotid arteries 
of type 1 diabetic rats, which is found to be closely associated with 
MMP-2 and MMP-9 activation.35

In an attempt to further confirm the changes in MMPs expres-
sion during inflammation, we measured MMP-2 and MMP-9 protein 
levels. Our results showed that levels of MMP-2 and MMP-9 protein 
expression were both increased in carotid arteries in type 1 diabetic 
rats, whereas AS treatment decreased those levels back towards 
control ones (P < .05, Figure 5C-D).

3.6 | PDK1 regulated FoxO1 nuclear translocation 
during type 1 diabetes-induced vascular remodelling

The 3-phosphoinositide-dependent protein kinase 1 (PDK1)/FoxO1 
pathway is important in regulating glucose and energy homeosta-
sis,26,27 but little is known about its role in type 1 diabetes-induced 
vascular remodelling. We, thus, evaluated PDK1 protein level by 
Western blot in the diabetic rat carotid arteries. The results showed 
that PDK1 protein expression was markedly decreased in type 1 
diabetic rats and restored by AS treatment (Figure 6A, B). To con-
firm whether PDK 1 was involved in FoxO1 nuclear translocation 
and the subsequent transcription, nuclear FoxO1 protein expres-
sion in cultured HASMCs in the presence of PS48 (PDK1 Activator) 
and HG were examined by Western blot. The results showed that 
nuclear protein level of FoxO1 was decreased after application of 
PS48 (Figure 6C, D), suggesting that PDK1 regulated FoxO1 trans-
location in HG condition in HASMCs. These findings suggested that 
high glucose may affect the PDK1-FoxO1 signalling, resulting in 

F I G U R E  2   FoxO1 inhibition with AS1842856 restored down-regulated α-SMA in the carotid of diabetic rats. Representative 
immunofluorescence photomicrographs of FoxO1 (green) and α-smooth muscle actin (α-SMA, a smooth muscle cell-specific marker, red) in 
carotid arteries from STZ-treated rats with/without AS treatment. Nuclei are counter stained with DAPI (blue). Scale bars: 10 μm. Images are 
representative of n = 6 carotid arteries per group. Con: Control, DM: diabetic rats. DM + AS: diabetic rats with treatment of FoxO1-selective 
inhibitor AS1842856



     |  13733LIU et aL.

down-regulation of PDK, along with the subsequent FoxO1 activa-
tion and the adverse type 1 diabetes-induced vascular remodelling 
(Figure 6E).

4  | DISCUSSION

The major finding of the current study is that FoxO1 is a novel pro-
moter of vascular remodelling in type1 diabetic rats. We discovered 
that diabetes increases FoxO1 protein level in rat carotid arteries and 
the increase in FoxO1 protein is associated with vascular remodel-
ling. Administration of pharmacological FoxO1 inhibitor ameliorated 
type 1 diabetes-induced vascular remodelling through decreasing 
the expression of pro-inflammatory factors, NLRP3 inflammasome 
activation, adhesion factors, MMPs and apoptosis, reversing the 
SMCs phenotypic switching. The underlying mechanism by which 
FoxO1 pharmacological inhibition reverses the progression of vas-
cular remodelling in T1DM rats includes the activation of PDK1/
FoxO1 pathway and the decrease in FoxO1 nuclear translocation. 

Along with other study,36 we found that inhibition of FoxO1 with AS 
showed a dropping trend in blood glucose level (Table S2), while the 
differences between groups are not significant (partly because of 
the limited sample size).

Although great advances in cardiovascular therapy and preven-
tion have reduced diabetes-related coronary mortality in developed 
countries, the overall cardiovascular morbidity and mortality are still 
high in diabetic patients. Moreover, cardiovascular disease (CVD) 
risk in diabetes remains high even after optimal treatment with 
statins. Abundant evidence suggests that FoxO1 is an important 
factor for cardiac metabolic regulation and for maintaining cardiac 
function. Physiologically, FoxO1 is known to be associated with fast-
ing and cAMP-induced glycogenolysis and gluconeogenesis,36 with 
respect to the regulation of various metabolic pathways in adapting 
to fasting and feeding states.37 Interestingly, decreased circulating 
insulin in diabetes is associated with increased FoxO1 activation,3 
whereas mitochondrial reactive oxygen species (ROS) production 
was enhanced by altering redox balance and impacting the activity 
of redox-sensitive proteins, such as protein kinase C-ε. Furthermore, 

F I G U R E  3   FoxO1 is associated with 
increased pro-inflammatory factors in 
diabetic rat carotid artery. (A) mRNA 
expression profiles of TNF-α, IL-1β, 
IL-6 and IL-8 in carotid arteries derived 
from real-time (RT) qPCR from diabetic 
Sprague-Dawley rats with/without 
AS treatment (n = 6). Expression 
was normalized to housekeeping 
GAPDH mRNA. (B) Representative 
immunofluorescence photomicrographs 
of ICAM-1 and VCAM-1 (both in red) 
in carotid arteries from diabetic rats 
with/without AS treatment (n = 6, Scale 
bars: 20 μm). (C) Western blot analysis 
of NLRP3 (NOD-like receptor family 
protein-3) and ASC (apoptosis-associated 
speck-like protein with a caspase-
recruitment domain) protein expression in 
carotid arteries from diabetic rats with/
without AS treatment. Protein expression 
was normalized to housekeeping protein 
GAPDH. (D) Mean values of normalized 
protein expression of NLRP3 and ASC 
in carotid arteries from STZ-treated rats 
with/without AS treatment (n = 6). Data 
are presented as mean ± SD. *P < .05 
vs Control; #P < .05 vs Diabetes. Con: 
Control, DM: diabetic rats. DM + AS: 
diabetic rats with treatment of FoxO1-
selective inhibitor AS
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ROS reduces insulin signalling and induces subsequent insulin re-
sistance, yielding elevated FoxO1 activation. On the other hand, 
FoxO1 is involved in angiogenesis through participating in the reg-
ulation of endothelial cell metabolism.9 Therefore, we investigated 
the role of FoxO1 in the pathological progress of diabetic vascular 
complications. In the present study, FoxO1 was consistently found 
to be highly expressed in carotid arteries, accompanied by hyper-
glycaemia-induced vascular remodelling, while FoxO1 inhibitor 
ameliorated the hyperglycaemia-induced SMCs decrease in carotid 
medium of type 1 diabetic rats. This is suggestive of FoxO1 alter-
ation as a major contributing factor to the development of diabetic 
vascular complications. Of note, diabetic db/db mice with acute 
administration of AS1842856 drastically decreased fasting plasma 
glucose.38 In our previous study,16 AS1842856 treatment reduced 
mitochondrial ROS content, cardiac apoptosis and improved cardiac 
performance, but do not have any significant effects on existing hy-
perglycaemia in STZ-induced diabetic rats. In this study, the value 
of random blood glucose rather than fasting plasma glucose was re-
corded and we found that AS1842856 treatment had no effects on 
elevated random blood glucose (Table S2) in STZ-induced diabetic 
rats model, suggesting the beneficial effects of AS1842856 treat-
ment on diabetic vascular remodelling is not through lowering blood 
glucose.

Unlike the cardiovascular risk in T1D is mainly driven by hy-
perglycaemia, the cause of carotid arteries remodelling in T2D is 
multifactorial, featuring several factors largely absent in T1D such 
as obesity and hypertension.39 Nevertheless, the pathological 
process involves in carotid arteries remodelling is similar to some 
extent in both diabetic groups, such as matrix metalloproteinases 
(MMPs) alteration, inflammatory cell infiltration and smooth mus-
cle cells (SMCs) apoptosis.19,21,22 MMPs promote arterial remodel-
ling.40 MMP-associated invasion and de-differentiation of VSMCs 

is an essential molecular and cellular event of diffuse IMT (intra 
medial thickness). Intracellularly activated MMP-2 cleaves SMCs 
calponin-1, a differentiation marker, shifting the cell phenotype 
to a de-differentiated state.41 Extracellularly activated MMPs 
cleave collagen and basement membranes, releasing resident 
VSMCs from a non-permissive quiescent status to a permissive 
synthetic state.42 Additionally, MMP-mediated VSMC synthetic 
phenotypes in vivo also contributes to arterial remodelling.43,44 
In this study, MMP-2 and MMP-9 protein levels were found to 
be increased in carotid arteries in diabetic rats compared to con-
trols, but decreased in the FoxO1 inhibitor group. Thus, the cur-
rent study demonstrates the necessity of FoxO1 activation for 
MMP-2 and MMP-9 dependent vascular remodelling. The fact 
that MMPs are a family of zinc-dependent endopeptidases highly 
activated by inflammatory signalling prompted us to investigate 
the role of inflammation on the vascular remodelling induced by 
hyperglycaemia.

Inflammation has long been considered as a major risk factor in 
diabetes, which is associated with development and progression of 
diabetic complications. Hyperglycaemia-induced oxidative stress 
promotes inflammation through increased endothelial cell dam-
age, microvascular permeability and increased release of pro-in-
flammatory cytokines, including TNF-α, interlukin-1β (IL-1β) and 
interlukin-6 (IL-6). All these changes ultimately lead to decreased 
insulin sensitivity and diabetic complications. Hyperglycaemia-
induced FoxO1 plays an important role in inducing pro-inflamma-
tory cytokines. It is shown that FoxO1 directly binds to the IL-1β 
promoter, increasing its expression in macrophages.45 Recent 
studies show that FoxO1 promotes inflammation during diabetes 
by enhancing TLR4-mediated signalling.46 Our results showed that 
inflammation was induced in carotid arteries in type 1 diabetic 
rats, contributing to vascular remodelling that was prevented by 

F I G U R E  4   FoxO1 is associated with 
increased apoptosis in diabetic rat carotid 
artery. (A-F) Western blot analysis of Bcl-
2, BaX and caspase-3 protein expression 
in carotid arteries from diabetic Sprague-
Dawley rats with/without AS treatment. 
Protein expression was normalized to 
housekeeping protein GAPDH. (B, D, 
F) Mean values of normalized protein 
expression of Bcl-2, BaX and caspase-3 
(n = 6). Data are presented as mean ± SD. 
*P < .05 vs Control; #P < .05 vs Diabetes. 
Con: Control, DM: diabetic rats. DM + AS: 
diabetic rats with treatment of FoxO1-
selective inhibitor AS
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FoxO1 inhibitor AS both in vivo and in vitro. These data strengthen 
the evidence that FoxO1 acts as a key mediator of inflammatory 
responses during T1DM.

In the context of diabetes, the role of inflammasomes in dia-
betes-associated atherosclerosis has attracted only modest atten-
tion. A critical role of the NLRP3 inflammasome in the development 
of diabetic vascular complications has been postulated based on 
previous studies that reported increases in inflammasome com-
ponents NLRP3, ASC and IL-1β both in a diabetic porcine model 
of atherosclerosis47 and STZ-induced diabetic ApoE KO mice.48 
Moreover, NLRP3 has been found in macrophage and foam cell cy-
toplasm, and is associated with cholesterol crystal clefts inside and 
outside the cells.49 Furthermore, NLRP3 gene polymorphisms are 
strongly correlated with increased risk of macrovascular compli-
cations, particularly myocardial infarction, in diabetic patients.34 
Clinical verification on the role of NLRP3 and NLRP3 activation 
products in the development of macrovascular complications may 
serve as a basis to incorporate this inflammasome family as a use-
ful clinical predictor for cardiovascular events in diabetic patients. 
In addition, previously study found that increased FoxO1 could 
induced NLRP3 inflammasome expression.50 This was confirmed 
by our data showing increases in NLRP3 inflammasome compo-
nents, NLRP3 and ASC, in diabetic rat carotid arteries, and these 
increases were offset by AS treatment. These data strengthen the 

evidence for FoxO1 as a mediator of inflammasome-dependent in-
flammation in diabetes.

The PDK1/FoxO1 pathway is important in regulating glucose 
and energy homeostasis, but little is known about this pathway in 
carotid tissue under hyperglycaemic condition. It has reported that 
PDK1 contribute to increased serotonin-induced contraction in the 
carotid arteries of type 2 diabetic rats and the underlying mecha-
nism is still unclear.51,52 The insulin signalling has been reported to 
activate PDK1 in carotid artery.52 In this way, plasma insulin level is 
absolutely deficient in our STZ-induced type 1 diabetic rats (data not 
shown), which is consistent with the decreased expression or activ-
ity of PDK1 in carotid artery of type 1 diabetic rats in our current 
study. We further demonstrated that PDK1 was involved in the up-
stream signalling response to hyperglycaemia. The disrupted PDK1/
FoxO1 pathway therefore promoted FoxO1 nuclear translocation 
for subsequent transcriptional regulation. These data may represent 
a novel mechanism to explain the role of PDK1 in carotid arteries 
remodelling of type 1 diabetes.

Collectively, we demonstrated that FoxO1 as a novel trigger for 
the progression of type 1 diabetes-induced vascular remodelling 
via its initiation of NLPR3 inflammasome-dependent inflammation. 
The interaction between PDK1/FoxO1/NLPR3 inflammasome may 
have important therapeutic implication for diabetic cardiovascular 
diseases.

F I G U R E  5   FoxO1 is associated with the synthetic phenotype switch of SMCs and increased expression of MMP-2 and MMP-9 in 
diabetic rats. (A) Western blot analysis of α-SMA, SM-MHC (smooth muscle myosin heavy chain) and calpoinin-1 protein expression of 
carotid arteries from diabetic Sprague-Dawley rats with/without AS treatment. Protein expression was normalized to housekeeping protein 
GAPDH. (B) Mean values of normalized protein expression of α-SMA, SM-MHC and calpoinin-1 in carotid arteries from STZ-treated rats 
with/without AS treatment. (C) Western blot analysis of MMP (matrix metalloproteinases)-2 and MMP-9 protein expression in carotid 
arteries from diabetic Sprague-Dawley rats with/without AS treatment. Protein expression was normalized to housekeeping protein 
GAPDH. (D, E) Mean values of normalized protein expression of MMP-2 and MMP-9 in carotid arteries from diabetic rats with/without AS 
treatment (n = 6). Con: Control, DM: diabetic rats. DM + AS: diabetic rats with treatment of FoxO1-selective inhibitor AS1842856
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