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ABSTRACT

Recent studies have demonstrated that NLRP3 inflammasome complex acts 
as pivotal elements to initiate inflammatory responses and plays an important 
role in the dysfunction of cardiovascular complications. Meanwhile, simvastatin 
prevents vascular endothelial dysfunction from inflammasome invasion contributing 
to reduce cardiovascular risk. However, Whether or not the simvastatin improves 
vascular endothelial barrier function through inhibiting the activation of NLRP3 
inflammasome pathway remains unknown. Here, we explored the role and 
mechanisms of simvastatin in the activation of NLRP3 inflammasome which are 
involved in vascular endothelial hyperpermeability causing by the disruption of tight 
junction protein ZO-1 and adherens junction protein VE-Cadherin, an early initiation 
of cardiovascular complication. Our results found that high glucose significantly 
induced the formation and activation of NLRP3 inflammasome through NADPH 
oxidase-dependent reactive oxygen species (ROS) formation, associated with vascular 
endothelial hyperpermeability causing by ZO-1 and VE-Cadherin disruption in the 
rat aortic endothelial cells (RAECs). Simvastatin treatment remarkably abolished 
vascular endothelial hyperpermeability and enhanced the protein expression of ZO-1 
and VE-Cadherin through NLRP3 inflammasome. Mechanistically, the inhibitory role 
of simvastatin endothelial hyperpermeability is attributed to the decreased release 
of cytoplasmic high mobility group box protein-1 (HMGB1) derived from endothelial 
NLRP3 inflammasome activation. We further confirm the protective role of simvastatin 
on vascular leakage in the heart of diabetic rats injected with Evans blue dye, which 
was associated with HMGB1 release in the serum. Collectively, the mechanism of 
simvastatin treatment alleviating vascular endothelial permeability dysfunction may 
be through inhibiting the NLRP3 inflammasome-dependent HMGB1 release in RAECs.

INTRODUCTION

Recently studies have demonstrated a central role of 
inflammasome in the pathogenesis of cardiovascular diseases 
including atherosclerosis [1], hypertension [2], vascular 
inflammation [3] and cardiac remodeling [4]. In particular, 
the NLRP3 inflammasome as an important sensor is involved 

in the vascular endothelial pathological process, which 
assembly activate caspase-1 leading to the processing of bio-
active IL-1β secretion in diabetes [5, 6]. On the other hand, 
accumulating evidence indicate that inflammasome activation 
can cause cell dysfunction or injury via non-canonical 
actions through pyroptosis, interference with cytoskeleton 
arrangement, lipid handling, or direct regulation of synthesis,  

www.impactjournals.com/oncotarget/              Oncotarget, 2017, Vol. 8, (No. 53), pp: 91291-91305

                                                     Research Paper



Oncotarget91292www.impactjournals.com/oncotarget

metabolism, or secretion of functional proteins [7, 8]. In this 
respective, we recently reported that such non-canonical role 
of inflammasome was involved in endothelial dysfunction 
and injury during obesity [9, 10]. Therefore, there are 
great potential clinical implications in understanding the 
mechanisms underlying inflammasome regulation of vascular 
endothelial function by pharmacological interventions.

Statins, inhibitors of 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase, are extensively 
used to lower plasma cholesterol to treat atherosclerosis 
[11]. However, recent observations demonstrate that 
statins have anti-inflammation and immunomodulatory 
properties, improve nitric oxide bioavailability and prevent 
endothelial dysfunction that are well beyond their lipid-
lowering properties [12, 13]. Our previous results indicate 
that simvastatin may stabilize vascular smooth muscle 
cells in a more contractile phenotype and thereby prevent 
these cells from proliferation and growth [14]. On the 
contrary, epidemiological evidences have revealed that 
several statins were associated with small, but significant 
increased risk of new onset diabetes [15, 16]. Despite 
the emergence of new diabetes, it is clear that the risk–
benefit ratio for cardiovascular disease events is strongly 
in favor of statin therapy in those diseases at risk. Here, 
we detected the protective role of statins on diabetes-
induced vascular injury and the underlying mechanisms. It 
remains unknown whether simvastatin, a clinically widely 
used statin, could improve vascular endothelial injury via 
NLRP3 inflammasome. The present study hypothesized 
that inhibited NLRP3 inflammasome by simvastatin is an 
important mechanism leading to their preventive effects on 
vascular endothelial cells.

To test this hypothesis, we treated vascular endothelial 
cells and rats with simvastatin in diabetic condition and 
observed the NLRP3 inflammasome and changes of 
vascular permeability which is a common pathogenic 
change during the development of chronic inflammation 
such as type 2 diabetes [17]. Our results indicate that 
simvastatin inhibited the NLRP3 inflammasome pathway 
and thereby decreased the secretion of HMGB1 from 
vascular endothelial cells. We also demonstrated that this 
decrease of HMGB1 secretion results in the upregulation 
of tight junction protein ZO-1 and adherens junction VE-
Cadherin at cell junctions associated with recovery of 
vascular hyperpermeability by simvastatin. These studies 
thus revealed a potential mechanism for the beneficial 
action of statins in diabetic vascular complication.

RESULTS

High glucose induces NLRP3 inflammasome 
formation and activation in RAECs

NLRP3 inflammasome serves as a principal 
machinery to trigger the inflammatory responses in a variety 
of mammalian cells including endothelial cells [18]. We first 

confirm that high glucose induced NLRP3 inflammasome 
formation and activation in RAECs. As shown in Figure 
1A-1B, high glucose time-dependently and dose-
dependently increased the expression of NLRP3 protein in 
RAECs, which was highest under 30mmol/l glucose at 24h. 
We further found that glucose dose-dependently enhanced 
caspase-1 activity in RAECs exposed under 20, 30, and 
40 mmol/l glucose (Figure 1C), which is consist with the 
increase of IL-1β release, a primary caspase-1 substrate, in 
cell supernatants as measured by commercially available 
ELISA kit (Figure 1D).

Effect of simvastatin on high glucose-induced 
NLRP3 expression and oligomerization

Next, we observed the role of simvastatin on NLRP3 
inflammasome activation in RAECs. RAECs were treated 
with different doses simvastatin, and it is found that 5μM 
simvastatin had the most significant effects on NLRP3 
protein expression (not shown) with no significant effects 
on cell viability with MTT assay (Supplementary Figure 1). 
In addition, NLRP3 siRNA was transfected into RAECs to 
silence NLRP3 gene, resulting in 70% inhibition of NLRP3 
protein expression (Figure 2A). MCC950 as an inhibitor 
of NLRP3 inflammasome had no inhibitory effects on the 
expression of NLRP3 protein (Figure 2B). Simultaneously, 
we analyzed the colocalization of inflammasome 
components by confocal microscopy. As shown in Figure 
2C and 2D, the colocalization of NLRP3 with ASC was 
markedly increased in response to high glucose priming for 
24 hours, indicating the aggregation or assembly of these 
inflammasome molecules. Under simvastatin treatment, the 
colocalization level of NLRP3 and ASC was significantly 
decreased, which further certified that simvastatin had an 
inhibitory effects on NLRP3 activation. In addition, we also 
found that the activation of NLRP3 inflammasome induced 
by high glucose shared similar characteristics with LPS and 
ATP (Supplementary Figure 1).

Effect of simvastatin on high glucose-induced 
caspase-1 activity and IL-1β release

When the Nlrp3 inflammasome complex is formed, 
caspase-1 is activated to cleave its substrates including 
the precursors of inflammatory cytokine interleukin IL-
1β. Thus,we also tested caspase-1 activity and IL-1β 
production. After NLRP3 siRNA transfection or MCC950 
pretreatment, RAECs were subsequently stimulated 
with high glucose (30mM), and after 6 hours, cells were 
incubated with simvastatin for 18 hours. We found that 
the expression of cleaved caspase-1(Figure 3A and 3B), 
caspase-1 activity (Figure 3C and 3D) and the release of 
IL-1β (Figure 3E and 3F) were dramatically suppressed 
by the pretreatment with simvastatin as well as NLRP3 
siRNA or MCC950, separately. However, simvastatin 
combined with MCC950 or NLRP3 siRNA showed no 
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additive effects on caspase-1 activity and the release of 
IL-1β, which confirmed that simvastatin indeed inhibited 
the activation of NLRP3 inflammasome induced by high 
glucose.

Effect of simvastatin on NADPH oxidase-
dependent ROS formation

It was reported that endogenous superoxide (O2
−) 

produced primarily contributes to NLRP3 inflammasome 
formation and activation [19]. Thus, we detected the effects 
of simvastatin on NADPH oxidase-dependent O2

− formation. 
O2

− oxidizes DHE to produce a strong red fluorescence, 
thus DHE is widely used for intracellular O2

− production. 
As showed in Figure 3A, simvastatin significantly blocked 
the increase in intracellular red fluorescence induced by 
high glucose compared with control. The inhibitory effects 
of NADPH oxidase inhibitor, apocynin (APO) on the 
oligomerization of NLRP3 and ASC induced by high glucose 
were also observed (Figure 4B), suggesting that simvastatin 
inhibited the NLRP3 inflammasome activation via NADPH 
oxidase-dependent ROS production in RAECs.

Effect of simvastatin on high glucose-induced 
tight and adherens junction proteins

Endothelium as a permeability barrier is composed 
of endothelial cells, which connected by junction proteins. 
Tight junction protein ZO-1 and adherens junction 
protein VE-Cadherin play an important role in regulating 
paracellular permeability of inter-endothelial junctions 
[8]. We further examined whether NLRP3 inflammasome 
was responsible for the role of simvastatin on disassembly 
of junction proteins caused by high glucose in RAECs. 
As shown in Figure 5A and 5D, high glucose treatment 
markedly degraded the protein expression of tight junction 
ZO-1 and adherens junction VE-Cadherin at cell junctions 
in endothelial cell monolayers, which were reversed by 
simvastatin. The activation of NLRP3 inflammasome 
caused disassembly of junction proteins as showed by the 
recovery of protein expression of ZO-1 (Figure 5B and 
5E) and VE-Cadherin (Figure 5C and 5F) by MCC950 
or NLRP3 siRNA compared with high glucose group. 
However, MCC950 or NLRP3 siRNA showed no further 
effects on the protein level of ZO-1 and VE-Cadherin 

Figure 1: High glucose induces NLRP3 inflammasome activation in RAECs.  Representative Western blot gel documents 
and summarized data showing the protein expression of NLRP3 in RAECs for 24, 48, 72h of exposure to high glucose (A), and 20, 30, 40 
mM glucose (B). (C) Summarized data showing caspase-1 activity in RAECs. (D) Summarized data showing IL-1β production in RAECs. 
*P<0.05 vs. Control (Ctrl) (n=3).
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followed by the pretreatment with simvastatin, which 
suggested that NLRP3 inflammasome mediated the 
inhibition of simvastatin on high glucose-induced tight and 
adherens junction proteins disruption. Such amelioration 
of simvastatin in tight and adherens junction proteins was 
further confirmed by immunocytochemistry (Figure 5G) 
and flow cytometry assay (Figure 5H).

Effects of simvastatin on high glucose-induced 
endothelial hyperpermeability

To confirm the effects of simvastatin on high glucose-
induced junction proteins, FITC-dextran was used to test 
cell permeability through fluorescent microplate reader. As 
shown in Figure 6A-6B, we observed a significant increase 
in the relative permeability of endothelial cell monolayers 

by high glucose, which was effectively prevented in cells 
pretreated with simvastatin. However, no further effects 
were found in the relative permeability by the addition 
with MCC950 or NLRP3 siRNA. Together, these results 
above suggested that NLRP3 inflammasome mediated the 
roles of simvastatin on high glucose-induced endothelial 
hyerpermeability in RAECs.

Effects of simvastatin on NLRP3 inflammasome-
dependent HMGB1

HMGB1 is a member of high mobility group 
nuclear proteins, which is constitutively expressed in 
the nucleus of eukaryotic cells [20]. Recent studies have 
demonstrated that HMGB1 is one of the major DAMPs 
(damage associated molecular patterns), which can be 

Figure 2: Simvastatin inhibited high glucose-induced NLRP3 expression and oligomerization. RAECs were incubated with 
high glucose for 24h, which was treated with simvastatin (SIM, 5μM) in the presence or absence of the transfection of NLRP3 siRNA or 
pretreatment of MCC950 (15nM). (A, B) Representative Western blot gel documents and summarized data showing the protein expression 
of NLRP3. Representative confocal fluorescence images (C) and the colocalization efficiency (D) showing the colocalization of NLRP3 
with ASC. *P<0.05 vs. Scram Vehicle (Vehl) or Ctrl Vehl; #P<0.05 vs. HG treated group (n=4).
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derived from NLRP3 inflammasome activation and 
increases permeability of the endothelial cell monolayers 
[21]. By commercially available ELISA kit, we confirmed 
that HMGB1 release was significantly reduced by NLRP3 
inhibitor MCC950 and caspase-1 inhibitor WEND under 
hyperglycemic condition (Figure 7A). Next, we tested the 
role of simvastatin on NLRP3 inflammasome-dependent 

HMGB1 release upon high glucose stimulation. As 
shown by the increased protein expression of HMGB1 
in the culture medium, high glucose treatment increased 
HMGB1 release from RAECs (Figure 7B). Moreover, 
high glucose-induced HMGB1 release was dramatically 
inhibited by simvastatin treatment. We also noticed that 
HMGB1 activity inhibitor glycyrrhizin prevented high 

Figure 3: Simvastatin inhibited high glucose-induced caspase-1 activity and IL-1β release.  (A, B) Representative Western 
blot gel documents and summarized data showing the protein expression of pro-caspase-1 (Pro-casp1) and cleaved caspase-1 (Cle-casp1). 
(C, D) Summarized data showing caspase-1 activity in RAECs. (E, F) Summarized data showing IL-1β production in RAECs. *P<0.05 vs. 
Scram Vehicle (Vehl) or Ctrl Vehl; #P<0.05 vs. HG treated group (n=4).



Oncotarget91296www.impactjournals.com/oncotarget

Figure 4: Simvastatin inhibited high glucose-induced NADPH oxidase-dependent O2
− formation. RAECs were stained by 

DHE, and typical representative fluorescent images for DHE staining (A) and summarized data showing the role of simvastatin (SIM, 5μM) 
on O2

− production in RAECs incubated with HG (B). Representative confocal fluorescence images (C) and the colocalization efficiency (D) 
showing the role of NADPH oxidase inhibitor, apocynin (APO, 10-5M) on the colocalization of NLRP3 with ASC. *P<0.05 vs. Ctrl Vehl; 
#P<0.05 vs. HG treated group (n=4).
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glucose-induced endothelial permeability, and simvastatin 
showed similar effects on endothelial permeability with 
simvastatin combined with glycyrrhizin (Figure 7C). 
Together, this suggested that simvastatin inhibited high 
glucose-induced endothelial permeability through NLRP3 
inflammasome-dependent HMGB1 release.

Simvastatin prevented vascular 
hyperpermeability in the myocardium in rats

To investigate the protective effect of simvastatin 
on vascular leakage in rat heart in vivo, the rats were 
intravenously injected with Evans blue dye and leakage 

Figure 5: Simvastatin reversed protein expression of high glucose-induced ZO-1 and VE-Cadherin. RAECs were 
incubated with high glucose for 24h, which was treated with simvastatin (SIM, 5μM) in the presence or absence of NLRP3 siRNA or 
MCC950 (15nM). Representative Western blot gel documents (A, B) and summarized data showing the protein expression of ZO-1 (C, 
D) and VE-Cadherin (E, F). (G) Representative fluorescence images showing the cell membrane fluorescence of ZO-1 from at least three 
independent experiments. (H) Frequency histogram of ZO-1 in the membranes showing the protein expression of ZO-1 by flowcytometry. 
*P<0.05 vs. Scram Vehl or Ctrl Vehl; # P<0.05 vs. HG treated group (n=4).
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of Evans blue dye from plasma into the interstitial space 
was quantified. As shown in Figure 8A, diabetic rats by a 
high-fat diet and low dose streptozotocin had significantly 
higher vascular permeability to intravenously injected 
Evans blue dye in the heart compared to normal rat. 
Simvastatin significantly reduced vascular permeability 
compared to diabetic rats. In addition, diabetic rats 
had higher release of HMGB1 and IL-1β in the serum 
compared to normal rat (Figure 8B and 8C). Simvastatin 
significantly reduced HMGB1 and IL-1β level, which 
suggested that simvastatin ameliorated vascular pathology 
in T2DM rats through NLRP3 inflammasome dependent 
HMGB1 release.

DISCUSSION

The present study for the first time demonstrated 
that simvastatin inhibited vascular permeability in RAECs 
via enhancement of tight junction protein ZO-1 and 
adherens junction protein VE-Cadherin in endothelial cell 
monolayers. Notably, the inhibition of HMGB1 release 

by simvastatin resulted from the inactivation on NLRP3 
inflammasome, which was associated with recovery of 
diabetes-induced vascular permeability. Our data thus 
suggested that inhibition of NLRP3 inflammasome 
and consequent improvement of vascular permeability 
are important determinants of vascular endothelial cell 
protection by statins.

Endothelial dysfunction is developed at the very 
early stage of diabetes mellitus with multifactorial 
mechanism, including altered cell signaling, increased 
oxidative stress [22], proinflammatory activation [23], and 
mitochondrial dysfunction [24]. Recent studies indicate 
that the inflammasome plays important roles in regulating 
inflammatory cell functions during the development 
of diabetes [25]. In the present study, our data first 
demonstrated that high glucose stimulation induced the 
NLRP3 protein expression and the colocalization of 
NLRP3 with ASC in RAECs. Biochemical analysis further 
demonstrated that high glucose increased the caspase-1 
activity and IL-1β production in RAECs. Therefore, these 
results indicate that the NLRP3 inflammasome were 

Figure 6: Simvastatin inhibited high glucose-induced endothelial hyperpermeability.  RAECs were stained by FITC-dextran 
to test cell permeability. Summarized data showing the role of simvastatin (SIM, 5μM) on the relative permeability of endothelial cell 
monolayers in the presence or absence of NLRP3 siRNA (A) or MCC950 (B). *P<0.05 vs. Scram Vehl or Ctrl Vehl; # P<0.05 vs. HG treated 
group (n=4).
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Figure 7: Simvastatin inhibited NLRP3 inflammasome-dependent HMGB1 release.  (A) Summarized data showing the role 
of NLRP3 inhibitor MCC950 and caspase-1 inhibitor WEND on HMGB1 release from RAECs by commercially available ELISA kit. (B) 
Representative Western blot gel documents and summarized data showing the effect of control or simvastatin (SIM, 5μM) on the expression 
of HMGB1 or β-actin in either cell culture medium (M) or homogenized cytoplasm (H) of RAECs. (C) Summarized data showing the role 
of simvastatin (SIM) on the relative permeability of endothelial cell monolayers in the presence or absence of the pretreatment of HMGB1 
inhibitor glycyrrhizin (130μM). *P<0.05 vs. Ctrl Vehl; # P<0.05 vs. HG treated group (n=4).
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functioning in RAECs and that high glucose stimulation 
can lead to their activation. Our results are consistent 
with previous findings that NLRP3 inflammasome can be 
activated by hyperglycemia in cultured mouse vascular 
endothelial cells or human umbilical vein endothelial cells 
[17, 26]. In addition, NLRP3 inflammasome are activated 
in endothelial cells under different pathological conditions 
such as LPS and ATP, shear stress and adipokine visfatin 
[27, 28]. Thus, the NLRP3 inflammasome plays a central 
role in endothelial dysfunction in response to various 
stimuli and therefore blocking this inflammasome or its 
key effectors has shown promise for diabetic therapy.

Statins are the most widely prescribed drug class in 
North America and are used for the prevention and treatment 
of cardiovascular disease risk [11]. Several recent studies have 
shown that simvastatin, inhibitor of HMG-CoA reductase, 
is not only used to treat atherosclerotic disease by blocking 
cholesterol biosynthesis, but also having an essential effect 
on anti-inflammation and then preventing endothelial 
dysfunction [29]. However, the role of simvastatin on NLRP3 
inflammasome in endothelial cell is not yet understood. 
MCC950 was a novel diarylsulfonylurea-based compound 
that acts as a selective inhibitor of NLRP3 inflammasome 
activity with no inhibition on the AIM2, NLRC4 or NLRP1 

Figure 8: Simvastatin prevented vascular hyperpermeability in rat myocardium.  Type 2 diabetic rats (T2DM) produced by 
a high-fat diet and low dose streptozotocin (40mg/kg) were intravenously injected with Evans blue dye. (A) Summarized data show that 
the effect of simvastatin (SIM, 5μM) on the leakage of Evans blue dye from plasma into the interstitial space in rat heart. Summarized data 
show the level of HMGB1 (B) and IL-1β (C) in the rat serum by commercially available ELISA kit. *P<0.05 vs. Ctrl; # P<0.05 vs. T2DM 
rats (n=6-12).
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inflammasomes, suggesting that MCC950 specifically blocked 
NLRP3 inflammatory pathway [30]. The Supplementary 
Figure 2 demonstrated that the activation of NLRP3 
inflammasome pathway induced by high glucose shared similar 
characteristics with LPS and ATP. Here, we demonstrated for 
the first time that by using MCC950 and gene silencing for 
NLRP3 inflammasome, simvastatin inhibited high glucose-
induced NLRP3 inflammasome formation and activation. The 
anti-inflammatory effect of statins may be a key pleiotropic 
effect that improves cardiovascular disease risk. However, a 
series of findings have shown that statins could promote insulin 
resistance by activating the NLRP3 inflammasome, which is 
associated with an increased risk of new onset diabetes [31]. 
The effects of statins on adipocytes, myocytes or hepatocytes 
are speculated to be more relevant to induction of insulin 
resistance, and the protective effects of statins on endothelial 
cells that are more relevant to cardiovascular disease. Thus, 
statin treatment should not be withheld in those at high risk 
of cardiovascular disease for the relatively minor concern of 
progression to diabetes. In current study, the anti-inflammatory 
effects of simvastatin through NLRP3 inflammasome in 
RAECs provide the evidence regarding the benefits of statin 
therapy in reducing major cardiovascular events.

Our previous study demonstrated that simvastatin 
inhibited Rac1 and Rac1-dependent NADPH oxidase 
activity to exert their beneficial effects in atherosclerosis 
[12]. Thus, we hypothesize that NADPH oxidase-
dependent O2

− generation mediates the role of simvastatin 
on NLRP3 inflammasome. The current study found that 
simvastatin decreased O2

− formation and inhibited the 
NLRP3 inflammasome activation via NADPH oxidase-
dependent O2

− production in RAECs. It was consistent 
with the report that endogenous ROS produced primarily 
contributes to NLRP3 inflammasome formation and 
activation [19]. It was also reported that Rac at the cell 
membrane is a necessary component of the NADPH 
oxidase complex that drives O2

− generation, a key 
component of ROS that are known to be endothelial 
barrier-disruption [32]. Thus, it is possible that simvastatin 
plays a protective role in endothelial tight junction through 
inhibiting NLRP3 inflammasome regulated by NADPH 
oxidase-dependent O2

− production.
Endothelial cells are connected to each other by 

junction proteins including tight junction and adherens 
junction proteins, such as ZO-1 and VE-Cadherin [33, 34]. 
The junction proteins are essential to regulating the integrity 
of the endothelial monolayer and playing a dominant role 
in the stability of endothelial cell contacts. The disruption 
of junction proteins occurs in the early-stage of vascular 
enhanced endothelial permeability [35], which represents 
one of the initial pathologic processes leading to endothelial 
dysfunction. In the present study, our data demonstrate 
that the protein expressions of ZO-1 and VE-Cadherin in 
RAECs were significantly reduced under high glucose, 
whereas such decreases were significantly attenuated in 
simvastatin treatment through NLRP3 inflammasome. 

Furthermore, we demonstrated that simvastatin recover the 
permeability of endothelial cell staining by FITC-dextran 
via NLRP3 inflammasome. Together, our data strongly 
suggest that recovery of inter-endothelial junction integrity 
and the consequent endothelial barrier dysfunction in 
diabetes are associated with endothelial inflammasome 
inhibition by simvastatin. To our knowledge, these data for 
the first time link endothelial protection of simvastatin to 
improvement of endothelial tight junction.

To further clarify the mechanism underlying the 
simvastatin on endothelial permeability, HMGB1 as 
a novel permeability factor in vitro and in vivo was 
assayed. HMGB1 is a ubiquitous nuclear and cytosolic 
protein and released by damaged or necrotic cells during 
sterile inflammation and infection. It has been shown 
that caspase-dependent HMGB1 release is regulated by 
NLRP3 inflammasomes, which may represent a very early 
signaling event during atherogenesis [36]. Our data also 
confirmed that HMGB1 release was significantly reduced 
by NLRP3 inhibitor MCC950 and caspase-1 inhibitor 
WEND under hyperglycemic condition. Additionally, 
the release of HMGB1 promotes the secretion of IL-1β 
maturation via NLRP3-inducing caspase-1 pathway [37]. 
Our data showed that simvastatin inhibited HMGB1 
release in endothelial cells stimulated by high glucose. 
Recent studies have shown that HMGB1 is released from 
endothelial cells as an autocrine or paracrine to cause 
junction protein disruption in endothelial cell monolayers 
[8]. HMGB1 increases the permeability of enterocytic 
monolayers and impairs intestinal barrier function in 
mice [38]. Our data further demonstrate that endothelial 
permeability induced by high glucose was mediated by 
NLRP3-dependent HMGB1 release, which accounted 
for the mechanisms about endothelial protective role of 
simvastatin via NLRP3 inflammasome. In human and 
mouse endothelial cells, HMGB1 enhances permeability 
of endothelial monolayers possibly via advanced glycation 
end products (RAGE)-mediated pathway [39]. Future 
studies will further detect whether the RAGE-mediated 
pathway is involved in protection of simvastatin in 
hyperglycemia-induced endothelial dysfunction.

Vascular endothelium is a semipermeable membrane 
composed of vascular endothelial cell monolayer, regulating 
the exchange balance of nutrients and metabolic products 
between the inner and outer of vascular endothelium [40]. 
In present study, we further confirm the protective role of 
simvastatin on vascular leakage in the heart of diabetic 
rats injected with Evans blue dye. Moreover, simvastatin 
significantly reduced HMGB1 level in the serum of diabetic 
rats. Thus, the present study provided direct evidence 
showing that high glucose treatment enhanced the vascular 
permeability in the myocardium in vivo, which was indeed 
ameliorated by simvastatin through lowering NLRP3 
inflammasome dependent HMGB1. Further study will 
be done to test whether simvastatin ameliorates vascular 
pathology in T2DM rats.
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In summary, the present study demonstrated that 
simvastatin inhibited NLRP3 inflammasome in RAECs 
through inhibiting NADPH oxidase-dependent O2

− 
production. This effect of simvastatin is associated with its 
inhibitory action of HMGB1 release, which results in the 
recovery of tight junction and vascular permeability. These 
findings increase our understanding of the mechanisms 
underlying the anti-inflammatory effects of statins on 
vascular pathology, which are beyond their lipid-lowering 
properties.

MATERIALS AND METHODS

Cell culture and reagents

The rat aortic endothelial cells (RAECs) line was 
purchased from American Type Collection Center (ATCC). 
RAECs were cultured in RPMI medium 1640 basic (1×) 
(Gibco, USA), containing 10% of fetal bovine serum 
(Gibco, USA) and 1% penicillin–streptomycin (Gibco, 
USA). The cells were incubated in 5% CO2 at 37°C.

Simvastatin (sigma) was dissolved in 95% ethanol 
and 0.1 M NaOH, heating at 50°C for 2 h, and neutralizing 
with HCl to pH 7.2 as described previously [11]. HMGB1 
inhibitor glycyrrhizin (Gly) was purchased from Aladdin 
was dissolved in 1% ethanol and adjusted to PH7.2 with 
1M NaOH [8].

RNA interference of NLRP3

Small interference RNAs (siRNAs) were 
commercially available (QIAGEN), and the target sequence 
was as follows: AAGGCAGACCATGTGGATCTA. The 
sequence for NLRP3 siRNA was confirmed to be effective 
in silencing NLRP3 gene in different cells by the company. 
The scrambled small RNA has been also confirmed as 
non-silencing double stranded RNA and was used as 
a control in this study. Transfection of NLRP3 siRNA 
was performed using the GeneTran™ III(BIOMIGA) 
according to the manufacturer’s instructions, and the 
efficiency of RNA interference on the expression of 
NLRP3 protein was confirmed with Western blot analysis.

Western blot analysis

Western blot analysis was performed as we described 
previously [41]. Cells were washed twice with phosphate-
buffered saline (PBS) and scraped in RIPA lysis buffer 
(Beyotime). The lysates were centrifuged at 5000×g for 
10 minutes at 4°C and the supernatant was collected. 
Microsomes and cytosols were isolated by a differential 
centrifugation of the homogenate at 10,000 ×g for 20 min 
and then at 100,000 ×g for 90 min. The pellet (microsomes) 
was resuspended in lysis buffer and the supernatant 
(cytosol) was also collected. The total, cytoplasmic and 
membrane protein concentration were tested by BCA 

protein quantitative kit (KeyGEN BioTECH). After boiling 
for 5 min at 95°C in a 5× loading buffer (BU), the prepared 
proteins were separated by 6% or 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS PAGE) at 
80 V for 30 min and then 120V for 1 h, transferred onto 
polyvinylidene fluoride membranes (PVDF membrane, 
0.45 μm, Millipore Co.Ltd.) at 200 mA for 1 h, and then 
blocked with nonfat milk (5% w/v) in Tris-buffered saline 
with Tween 20 for 1 h. The membranes were probed with 
primary antibody of anti-HMGB1 (1:1000; Proteintech) or 
anti-ZO-1 (1:500; BOSTER), anti-VE-Cadherin (1:1000; 
Affinity), anti-β-actin (1:300; BOSTER) overnight at 4°C. 
After three washed by Tris-buffered saline with Tween 
20, the membranes were incubated with Goat Anti-Mouse 
IgG or Goat Anti-Rabbit IgG (1:3500;BOSTER) for 1.5 
hours at room temperature. The immunoreactive bands 
were detected by chemiluminescent detection systems 
with LumiGlo and Peroxide (1:1, BU). The density of the 
bands was analyzed using ImageJ software (NIH, Littleton, 
CO, USA).

ELISA

Cells were seeded in 96-well plates at a 
concentration of 104 cells /well and incubated until 50-
60% confluent. After the treatment, cell lysates and cell 
supernatants were collected and caspase-1activity and IL-
1β production was respectively measured by commercially 
available ELISA kit (AOGENE) according to the protocol 
described by the manufacturer. Data represent the mean ± 
standard deviation (SD) from 3 independent experiments.

Immunocytochemistry

RAECs were grown on glass substrate culture dish 
for confocal laser scanning (NEST). After rinsed in PBS, 
cells were fixed with 4% paraformaldehyde (PFA) in PBS 
for 15 min at room temperature and blocked with 5% BSA 
for 90min. The cells coverslips were probed with primary 
antibody of anti-ZO-1 (1:200 BOSTER) overnight at 4°C 
and incubated for 1 hour with CY3-goat anti-rabbit IgG 
(1:75 BOSTER) after washing three times with PBS. The 
slices were visualized through scanning on an Olympus 
laser scanning confocal microscope (LSM700). In addition, 
dual-staining was used to detect the colocalization of 
NLRP3 and ASC, which was analysed by the Image-
Pro Plus 6.0 software. The summarized co-localization 
efficiency data were expressed as Pearson correlation 
coefficient (PCC) as previous described [10].

Measurement of O2
− production

Total O2
− production in RAECs was measured using 

the fluorescent probe dihydroethidium (DHE, Sigma, CAS 
104821-25-2). The RAECs were cultured in 24-well plates 
in 5% CO2 at 37°C. After treatment, each well was washed 
twice with 2mL PBS, meanwhile DHE was diluted with 
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serum free-RPMI 1640 medium without phenol red to a final 
concentration of 10μM. 1mL dilution was evenly added to 
each well, and incubated in 5% CO2 at 37°C without light for 
30 min. After the incubation, RAECs were washed 3 times 
with 1mL PBS, red fluorescence images were captured by 
fluorescence microscopy (Olympus IX53). The intensity of 
fluorescence was analyzed and processed by ImageJ software 
and the ratio of fluorescence intensity to that at basal level 
was quantified to show O2

− level.

Flowcytometry assay

The expression of ZO-1 on the cell membrane 
of intercellular tight junctions was also assessed by 
flowcytometry. RAECs were cultured in 24-well culture 
plates and treated as indicated. RAECs were washed with 
PBS and then blocked with 1% bovine serum albumin 
(BSA) for 10 min at 4°C. After two washes, RAECs 
were incubated with rabbit anti-ZO-1 (1:200 BOSTER) 
for 1 hour, followed by incubation with FITC labeled 
goat anti-rabbit IgG (1:75 BOSTER) for 30 min. After 
another three times 5-min washes in PBS, the cells were 
trypsinized by 100 μl 2×trypsine for 1 min and terminated 
by 500μl RPMI 1640 media. Then the cells in each well 
were suspended and run on a flow cytometer (BD Accuri) 
and analyzed with FlowJo 7.6 software.

Vascular endothelial permeability

Cells were seeded on polyester 0.4μm pore 
membranes in Transwell inserts (Millipore) and placed 
in 24-well plates, and incubated for 24 hours to allow the 
growth of a confluent monolayer. Monolayers were treated 
as indicated for 24h, and then the transwell inserts were 
moved into new wells with 500μl fresh medium (RPMI 
1640 medium, no phenol red; Solarbio Beijing). Monolayers 
were incubated at 37°C for 2 hours after added 10μl 10 
mg/ml 10-kDa fluorescein isothiocyanate (FITC)-Dextran 
(Sigma) to the upper chamber. Specifically, aliquots of the 
lower and upper chambers were withdrawn, added to a 96 
well plate, and then measured for fluorescence intensity 
at excitation/emission of 485/530nm in a fluorescent 
microplate reader (FL×800, BIO-TEK Instruments; POLAR 
star Omega). Permeability was calculated as Pa=[A]/t×1/
A×V/[L],where [A] is the fluorescence intensity of the 
lower chamber, A is the area of the transwell (cm2),V is the 
volume of the lower chamber, and [L] is the fluorescence 
intensity of the upper chamber. Data represent the mean 
standard deviation (SD) from 3 independent experiments.

Vascular permeability assay

Male Sprague-Dawley rats weighing 120-150g 
were purchased from the Laboratory Animal Center of 
Nanjing Qinglongshan. Animal handling and experimental 
procedures were approved by the ethic committee of 
China Pharmaceutical University, in accordance with the 

Guidelines of Animal Experiment set by the Bureau of 
Sciences and Techniques of Jiangsu Province, China [NO.
SYXK2007-0025].

The rats were randomly allocated into 2 groups: 
a normal diet group (ND, n=12), and a type 2 diabetes 
mellitus group (T2DM, n=12). The rats were fed either a 
normal diet or a high fat diet for 13 weeks. After 4 weeks 
of dietary manipulation, the rats in T2DM group were 
received intraperitoneal injection of streptozocin (STZ, 
Sigma, USA) at a dose of 40mg/kg (dissolved in 0.1M 
sodium citrate buffer, pH4.5). After 2 weeks of fasting 
blood glucose monitoring at one week intervals, a diabetic 
rat model was confirmed when hyperglycemia was greater 
than 11.1 mmol/L. Subsequently the rats in T2DM group 
were randomly divided into two groups: (1) STZ injected 
alone; (2) STZ injected and intervention with simvastatin 
(20mg/Kg, qd) by intragastric administration for two 
weeks. All rats were maintained in a standard environment 
at a controlled temperature (25±2°C).

Assessment of vascular permeability in rat hearts 
was performed as described previously [42]. Rats were 
injected with 60mg/kg of Evans blue solution via the tail 
vein, and anesthetized by 3% chloral hydrate after 2 hours, 
subsequently, injected with PBS to remove the residual 
blood and Evans blue solution in heart. The dissected heart 
were dipped in Normal saline-acetone (VNS:Vacetone=3:7) to 
grind into 10% homogenate (Mheart/VNS-acetone), overnight at 
4°C, and the supernatant was collected after centrifuging 
at 1250×g for 15 minutes. The amount of Evans blue in 
heart was quantitated by UV-specrophotometer at 620 nm.

Statistics

Data are presented as means ± SE. Significant 
differences between and within multiple groups were 
examined using ANOVA for repeated measures, followed 
by Duncan’s multiple-range test. The Students t test was 
used to detect significant differences between two groups. 
P<0.05 was considered statistically significant.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of 
interest.

FUNDING

This work was supported by the National Natural 
Science Foundation of China (No. 81570413 and 
No.81773732) and National Natural Science Foundation 
of Jiangsu (No.BK20161461).

REFERENCES

1.	 Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, 
Bauernfeind FG, Abela GS, Franchi L, Nunez G, Schnurr 



Oncotarget91304www.impactjournals.com/oncotarget

M. NLRP3 inflammasomes are required for atherogenesis 
and activated by cholesterol crystals. Nature. 2010; 
464:1357-1361.

2.	 Henao-Mejia J, Elinav E, Jin C, Hao L, Mehal WZ, 
Strowig T, Thaiss CA, Kau AL, Eisenbarth SC, Jurczak MJ. 
Inflammasome-mediated dysbiosis regulates progression of 
NAFLD and obesity. Nature. 2012; 482:179-185.

3.	 Deng ZY, Hu MM, Xin YF, Gang C. Resveratrol alleviates 
vascular inflammatory injury by inhibiting inflammasome 
activation in rats with hypercholesterolemia and vitamin D2 
treatment. Inflammation Research. 2015; 64:321-332.

4.	 Roh JD, Sawh-Martinez R, Brennan MP, Jay SM, Devine 
L, Rao DA, Yi T, Mirensky TL, Nalbandian A, Udelsman 
B. Tissue-engineered vascular grafts transform into mature 
blood vessels via an inflammation-mediated process of 
vascular remodeling. Proceedings of the National Academy 
of Sciences. 2010; 107:4669-4674.

5.	 He Y, Zeng MY, Yang D, Motro B, Nunez G. NEK7 is an 
essential mediator of NLRP3 activation downstream of 
potassium efflux. Nature. 2016; 530:354-357.

6.	 Gammon K. Inflammation: A complex problem. Nature. 
2013; 502:S86-S87.

7.	 Chen H, Lu Y, Cao Z, Ma Q, Pi H, Fang Y, Yu Z, Hu 
H, Zhou Z. Cadmium induces NLRP3 inflammasome-
dependent pyroptosis in vascular endothelial cells. 
Toxicology letters. 2016; 246:7-16.

8.	 Chen Y, Pitzer AL, Li X, Li PL, Wang L, Zhang Y. 
Instigation of endothelial Nlrp3 inflammasome by adipokine 
visfatin promotes inter-endothelial junction disruption: role 
of HMGB1. Journal of cellular and molecular medicine. 
2015; 19:2715-2727.

9.	 Xia M, Boini K, Abais J, Li XX, Xu M, Li PL. NALP3 
Inflammasome Activation in the Coronary Arterial Wall of 
Obese Mice. Faseb J. 2012; 26.

10.	 Wang L, Chen Y, Li X, Zhang Y, Gulbins E, Zhang Y. 
Enhancement of endothelial permeability by free fatty 
acid through lysosomal cathepsin B-mediated Nlrp3 
inflammasome activation. Oncotarget. 2016; 7:73229-
73241. https://doi.org/10.18632/oncotarget.12302.

11.	 Wei YM, Li X, Xu M, Abais JM, Chen Y, Riebling CR, 
Boini KM, Li PL, Zhang Y. Enhancement of autophagy by 
simvastatin through inhibition of Rac1-mTOR signaling 
pathway in coronary arterial myocytes. Cellular physiology 
and biochemistry. 2013; 31:925-937.

12.	 Wei YM, Li X, Xiong J, Abais JM, Xia M, Boini KM, 
Zhang Y, Li PL. Attenuation by statins of membrane raft-
redox signaling in coronary arterial endothelium. The 
Journal of pharmacology and experimental therapeutics. 
2013; 345:170-179.

13.	 Tawfik HE, El-Remessy AB, Matragoon S, Ma G, Caldwell RB, 
Caldwell RW. Simvastatin improves diabetes-induced coronary 
endothelial dysfunction. The Journal of pharmacology and 
experimental therapeutics. 2006; 319:386-395.

14.	 Duan H, Zhang J, Li L, Bao S. Effect of Simvastatin on 
Proliferation of Vascular Smooth Muscle Cells During 
Delayed Cerebral Vasospasm After Subarachnoid 
Hemorrhage. Turkish neurosurgery. 2016; 26:538-544.

15.	 Sattar N, Preiss D, Murray HM, Welsh P, Buckley BM, de 
Craen AJ, Seshasai SR, McMurray JJ, Freeman DJ, Jukema 
JW, Macfarlane PW, Packard CJ, Stott DJ, et al. Statins and 
risk of incident diabetes: a collaborative meta-analysis of 
randomised statin trials. Lancet. 2010; 375:735-742.

16.	 Ma T, Tien L, Fang CL, Liou YS, Jong GP. Statins and new-
onset diabetes: a retrospective longitudinal cohort study. 
Clinical therapeutics. 2012; 34:1977-1983.

17.	 Chen Y, Wang L, Pitzer AL, Li X, Li PL, Zhang Y. 
Contribution of redox-dependent activation of endothelial 
Nlrp3 inflammasomes to hyperglycemia-induced 
endothelial dysfunction. Journal of molecular medicine. 
2016; 94:1335-1347.

18.	 Chen Y, Li X, Boini KM, Pitzer AL, Gulbins E, Zhang Y, Li 
PL. Endothelial Nlrp3 inflammasome activation associated 
with lysosomal destabilization during coronary arteritis. 
Biochimica et biophysica acta. 2015; 1853:396-408.

19.	 Abais JM, Xia M, Zhang Y, Boini KM, Li PL. Redox 
regulation of NLRP3 inflammasomes: ROS as trigger 
or effector? Antioxidants & redox signaling. 2015; 
22:1111-1129.

20.	 Wang Y, Zhong J, Zhang X, Liu Z, Yang Y, Gong Q, Ren 
B. The Role of HMGB1 in the Pathogenesis of Type 2 
Diabetes. Journal of diabetes research. 2016; 2016:2543268.

21.	 Chi W, Chen H, Li F, Zhu Y, Yin W, Zhuo Y. HMGB1 
promotes the activation of NLRP3 and caspase-8 
inflammasomes via NF-kappaB pathway in acute glaucoma. 
Journal of neuroinflammation. 2015; 12:137.

22.	 Gamez-Mendez AM, Vargas-Robles H, Rios A, Escalante 
B. Oxidative Stress-Dependent Coronary Endothelial 
Dysfunction in Obese Mice. PloS one. 2015; 10:e0138609.

23.	 Murdoch CE, Chaubey S, Zeng L, Yu B, Ivetic A, Walker 
SJ, Vanhoutte D, Heymans S, Grieve DJ, Cave AC, 
Brewer AC, Zhang M, Shah AM. Endothelial NADPH 
oxidase-2 promotes interstitial cardiac fibrosis and 
diastolic dysfunction through proinflammatory effects 
and endothelial-mesenchymal transition. Journal of the 
American College of Cardiology. 2014; 63:2734-2741.

24.	 Szewczyk A, Jarmuszkiewicz W, Koziel A, Sobieraj I, 
Nobik W, Lukasiak A, Skup A, Bednarczyk P, Drabarek 
B, Dymkowska D, Wrzosek A, Zablocki K. Mitochondrial 
mechanisms of endothelial dysfunction. Pharmacological 
reports. 2015; 67:704-710.

25.	 Abderrazak A, Syrovets T, Couchie D, El Hadri K, Friguet 
B, Simmet T, Rouis M. NLRP3 inflammasome: from a 
danger signal sensor to a regulatory node of oxidative 
stress and inflammatory diseases. Redox biology. 2015; 
4:296-307.



Oncotarget91305www.impactjournals.com/oncotarget

26.	 Schroder K, Tschopp J. The inflammasomes. Cell. 2010; 
140:821-832.

27.	 Kim J, Ahn H, Woo HM, Lee E, Lee GS. Characterization 
of porcine NLRP3 inflammasome activation and its 
upstream mechanism. Veterinary research communications. 
2014; 38:193-200.

28.	 Yang H, Xiao L, Yuan Y, Luo X, Jiang M, Ni J, Wang N. 
Procyanidin B2 inhibits NLRP3 inflammasome activation 
in human vascular endothelial cells. Biochemical 
pharmacology. 2014; 92:599-606.

29.	 S Antonopoulos A, Margaritis M, Lee R, Channon K, 
Antoniades C. Statins as anti-inflammatory agents in 
atherogenesis: molecular mechanisms and lessons from the 
recent clinical trials. Current pharmaceutical design. 2012; 
18:1519-1530.

30.	 Primiano MJ, Lefker BA, Bowman MR, Bree AG, Hubeau 
C, Bonin PD, Mangan M, Dower K, Monks BG, Cushing L, 
Wang S, Guzova J, Jiao A, et al. Efficacy and Pharmacology 
of the NLRP3 Inflammasome Inhibitor CP-456,773 
(CRID3) in Murine Models of Dermal and Pulmonary 
Inflammation. J Immunol. 2016; 197:2421-2433.

31.	 Mitchell P, Marette A. Statin-induced insulin resistance 
through inflammasome activation: sailing between Scylla 
and Charybdis. Diabetes. 2014; 63:3569-3571.

32.	 Chen W, Pendyala S, Natarajan V, Garcia JG, Jacobson JR. 
Endothelial cell barrier protection by simvastatin: GTPase 
regulation and NADPH oxidase inhibition. American 
journal of physiology Lung cellular and molecular 
physiology. 2008; 295:L575-583.

33.	 Tornavaca O, Chia M, Dufton N, Almagro LO, Conway 
DE, Randi AM, Schwartz MA, Matter K, Balda MS. ZO-1 
controls endothelial adherens junctions, cell-cell tension, 
angiogenesis, and barrier formation. The Journal of cell 
biology. 2015; 208:821-838.

34.	 Giannotta M, Trani M, Dejana E. VE-cadherin and 
endothelial adherens junctions: active guardians of vascular 
integrity. Developmental cell. 2013; 26:441-454.

35.	 Lander HM, Grant AM, Albrecht T, Hill T, Peters CJ. 
Endothelial Cell Permeability and Adherens Junction 
Disruption Induced by Junin Virus Infection. American Journal 
of Tropical Medicine and Hygiene. 2014; 90:993-1002.

36.	 Lu B, Nakamura T, Inouye K, Li J, Tang Y, Lundback P, 
Valdes-Ferrer SI, Olofsson PS, Kalb T, Roth J, Zou Y, 
Erlandsson-Harris H, Yang H, et al. Novel role of PKR 
in inflammasome activation and HMGB1 release. Nature. 
2012; 488:670-674.

37.	 Keyel PA. How is inflammation initiated? Individual 
influences of IL-1, IL-18 and HMGB1. Cytokine. 2014; 
69:136-145.

38.	 Sappington PL, Yang R, Yang H, Tracey KJ, Delude RL, Fink 
MP. HMGB1 B box increases the permeability of Caco-2 
enterocytic monolayers and impairs intestinal barrier function 
in mice. Gastroenterology. 2002; 123:790-802.

39.	 Huang W, Liu Y, Li L, Zhang R, Liu W, Wu J, Mao E, 
Tang Y. HMGB1 increases permeability of the endothelial 
cell monolayer via RAGE and Src family tyrosine kinase 
pathways. Inflammation. 2012; 35:350-362.

40.	 Mather KJ. The vascular endothelium in diabetes--a 
therapeutic target? Reviews in endocrine & metabolic 
disorders. 2013; 14:87-99.

41.	 Xu M, Li XX, Wang L, Wang M, Zhang Y, Li PL. 
Contribution of Nrf2 to Atherogenic Phenotype Switching 
of Coronary Arterial Smooth Muscle Cells Lacking 
CD38 Gene. Cellular physiology and biochemistry. 2015; 
37:432-444.

42.	 Garcia AN, Vogel SM, Komarova YA, Malik AB. 
Permeability of endothelial barrier: cell culture and in vivo 
models. Methods Mol Biol. 2011; 333-354.


