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ABSTRACT: Endothelial dysfunction caused by high glucose is recognized as an important event
in the pathogenesis of diabetes-related vascular complications. Ropivacaine is considered to have
the best safety profile among the commonly used amide local anesthetics, but the extent of its
actions remains incompletely understood. Here, we used human umbilical vein endothelial cells
exposed to high glucose to explore the effects of ropivacaine on oxidative stress and markers of
inflammation. Ropivacaine treatment exerted significant beneficial effects by rescuing oxidative
stress and downregulating interleukin (IL)-1β and IL-18. We also found that ropivacaine could
inhibit the secretion of the high-mobility group box 1 protein and improve cell viability.
Importantly, sirtuin-1 (SIRT1) knockdown experiments show that the inhibitory effects of
ropivacaine against NLRP3 inflammasome activation are dependent on SIRT1. Taken together,
these results demonstrate the potential of ropivacaine as a promising therapy against diabetic
endothelial dysfunction.

1. INTRODUCTION

Cardiovascular disease is considered the most common
complication associated with diabetes.1,2 The etiopathogenesis
of diabetes-associated cardiovascular disease is complicated,
but endothelial inflammation and dysfunction are recognized
as playing major roles in disease development and progression.
In particular, the chronic hyperglycemic state resulting from
diabetes-associated reduced insulin production leads to
oxidative stress and a sustained inflammatory response in
endothelial cells, thereby causing a loss of function and
increased apoptosis.3,4 Endothelial dysfunction alters the ability
of the endothelium to regulate vasodilation and increases
inflammation. It has been reported that among other things,
high glucose-induced endothelial dysfunction impairs signal
transduction, upregulates the expression of endothelial
constricting factors, and downregulates the release of
endothelium-derived relaxing factors. Meanwhile, the degrada-
tion of endothelial-derived relaxing factors is increased, thereby
further promoting vascular constriction.5 Oxidative stress has
also been implicated in endothelial dysfunction. High glucose
increases cellular and mitochondrial reactive oxygen species
(ROS) and nicotinamide adenine dinucleotide phosphate
oxidase 4 (NOX4). NOX4 regulates the production of ROS,
and suppression of NOX4 has been shown to ameliorate
diabetes-associated endothelial dysfunction.6 Thioredoxin-
interacting protein (TxNIP) is a crucial inhibitor that is
upregulated in response to high glucose and works to inhibit
the antioxidant thioredoxin, thereby promoting further
imbalance of the oxidant/antioxidant ratio. TxNIP is also a
mechanism for activating the NLRP3 inflammasome.7,8

The term inflammasome is used to describe a set of multi-
protein systems that are activated after infection, inflammation,
and the autoimmune response.9 The NLRP3 inflammasome,
an important complex involved in high glucose-induced
endothelial inflammation, is composed of NLRP3, apoptosis-
associated specklike protein containing a C-terminal caspase-
recruitment domain (ASC), and caspase-1. This inflammasome
plays a vital role in promoting inflammation by guiding the
maturation of interleukin (IL)-1β and IL-18.10,11 Inhibition of
the NLRP3 inflammasome is considered as a promising
therapeutic target against the development of type I and type II
diabetes9,12 as well as several diabetes-associated complica-
tions, including atherosclerosis,13,14 diabetic cardiomyopathy,15

and diabetic nephropathy.16 However, the cellular pathways
involved in NLRP3 inflammasome activation are poorly
understood.
Ropivacaine is one of the most widely used amide-based

local anesthetics in both clinical and dental settings. Local
anesthetics work by blocking neural signal transduction
through inhibition of sodium-ion uptake in a limited area of
the body and for a limited amount of time.17 While research
has suggested potential cytotoxic and apoptotic effects of
amino amide local anesthetics including bupivacaine, ropiva-
caine, levobupivacaine, and mepivacaine, a recent literature
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review reported that among them, ropivacaine had the best
safety profile in terms of cytotoxicity.18 Recent research has
also demonstrated a potential anti-inflammatory effect of
ropivacaine through inhibition of proinflammatory cyto-
kines.19,20 Interestingly, it was recently shown that ropivacaine
could prevent apoptosis, inhibit the expression of IL-1β, IL-6,
and TNF-α, and suppress the activation of nuclear factor kappa
B (NF-κB) inflammatory signaling pathways, thereby signifi-
cantly suppressing inflammation.20 Sirtuin-1 (SIRT1) is
involved in regulating innate immunity, cell senescence,
apoptosis, metabolism, and the cell cycle. SIRT1 has been
demonstrated to exert a protective effect against endothelial
dysfunction by inhibiting premature cell senescence and
downregulating the expression of plasminogen activator
inhibitor 1 and endothelial nitric oxide.21 Importantly, SIRT1
negatively regulates the activity of the NLRP3 inflamma-
some.22 Here, we investigated the possible role of ropivacaine
in high glucose-induced NLRP3 inflammasome activation in
human umbilical vein endothelial cells (HUVECs).

2. RESULTS
2.1. Ropivacaine Reduced the Production of Mito-

chondrial ROS. Concentrations of 0.25 and 0.5% ropivacaine
are used clinically for regional anesthesia.23,24 The molecular
structure of ropivacaine is shown in Figure 1A. Therefore,
these two doses of ropivacaine were used. The effects of
ropivacaine treatment on high glucose-induced oxidative stress
were determined by measuring the generation of ROS and
NOX4. As shown in Figure 1B, the results of MitoSOX

staining reveal that exposure to high glucose resulted in a
greater than 3-fold increase in production of ROS, which was
decreased to only a 1.5-fold baseline by ropivacaine (0.25,
0.5%).

2.2. Ropivacaine Reduced High Glucose-Induced
NOX4. Next, we determined the roles of ropivacaine on
NOX4. The results in Figure 2A,B indicate that high glucose
elevated NOX4 at both the gene and protein levels, which was
ameliorated by ropivacaine.

2.3. Ropivacaine Suppressed the High Glucose-
Induced Release of Lactate Dehydrogenase. We assessed
cell viability upon exposure to high glucose as well as the two
doses of ropivacaine (0.25 and 0.5%) by determining the
release of lactate dehydrogenase (LDH). Exposure to high
glucose significantly increased the rate of cell death, which was
attenuated by ropivacaine (Figure 3).

2.4. Ropivacaine Inhibited High Glucose-Induced
Secretions of High-Mobility Group Box 1. Next, we
determined the effects of ropivacaine on the release of high-
mobility group box 1 (HMGB1). The results obtained using a
commercial HMGB1 kit revealed that high glucose signifi-
cantly increased the secretion of HMGB1, which was
suppressed by ropivacaine (Figure 4).

2.5. Ropivacaine Reduced TxNIP. We then determined
whether ropivacaine treatment impacted TxNIP expression. As
shown in Figure 5A,B, the two doses of ropivacaine could
prevent the increase in TxNIP caused by high glucose.

2.6. Ropivacaine Inhibited the Activation of the
NLRP3 Inflammasome in HUVECs. The results in Figure

Figure 1. Ropivacaine ameliorated the production of mitochondrial ROS in HUVECs. (A) Molecular structure of ropivacaine and (B)
mitochondrial ROS was measured with MitoSOX. Scale bars, 100 μm [*, P < 0.01 vs normal group; #, P < 0.01 high glucose only; $, P < 0.01 vs
high glucose + ropivacaine (0.25%), N = 5−6].

Figure 2. Ropivacaine reduced the expression of NOX4. (A) mRNA of NOX4 and (B) protein of NOX4 [*, P < 0.01 vs normal group; #, P < 0.01
high glucose only; $, P < 0.01 vs high glucose + ropivacaine (0.25%), N = 5−6].
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6A−C indicate that ropivacaine significantly reduced the levels
of the NLRP3 protein, ASC, and P10 induced by high glucose.
2.7. Ropivacaine Inhibited the Expression of IL-1β

and IL-18. To confirm that the ropivacaine-mediated reduced
TxNIP expression and the NLRP3 inflammasome could inhibit
the production of IL-1β, we determined the effects of
ropivacaine on high glucose-induced IL-1β and IL-18. As
shown in Figure 7, the two doses of ropivacaine significantly
ameliorated both high glucose-induced increased secreted
levels (Figure 7A,B) and intracellular levels (Figure S1) of IL-
1β and IL-18. MCC950, a selective small-molecule inhibitor
specific to NLRP3, was used as a positive control. The

presence of MCC950 significantly inhibited the high glucose-
induced expression of IL-1β and IL-18 (Figure S1A,B).

2.8. Ropivacaine Inhibited the Reduction of SIRT1.
We assessed the role of SIRT1 in NLRP3 inflammasome
activation. The results in Figure 8A,B showed that ropivacaine
treatment could reverse the reduction in SIRT1 induced by
high glucose in a dose-dependent manner.

2.9. Knockdown of SIRT1 Broke the Effects of
Ropivacaine on the NLRP3 Inflammasome. Next, we
determined whether ropivacaine-mediated inhibition of
NLRP3 is mediated through SIRT1. Successful knockdown
of SIRT1 was verified (Figure 9A,B). Silencing of SIRT1 broke
the negative regulatory effects of ropivacaine on the expression
of NLRP3 (Figure 9C), ASC, and P10. Additionally, inhibition
of SIRT1 ameliorated the roles of ropivacaine on both secreted
levels (Figure 9D) and intracellular levels (Figure S2) of IL-1β
and IL-18.

3. DISCUSSION
Endothelial inflammation and dysfunction play a leading role
in diabetes-associated cardiovascular disease by altering the
vasoconstrictive function of endothelial cells and creating a
proinflammatory environment. Among the factors contributing
to high glucose-induced endothelial dysfunction are oxidative
stress, increased cell apoptosis, and exacerbation of inflamma-
tion. ROS-mediated activation of TxNIP and the subsequent
NLRP3 inflammasome activation are critical events in the
pathological development of atherosclerosis and cardiovascular
risks.23,24 However, the exact mechanisms driving NLRP3
inflammasome activation and the inflammatory response in
diabetic endothelial dysfunction remain unclear. Here, we
studied the effects of the widely used amide local anesthetic
ropivacaine in NLRP3 inflammasome activation and inflam-
mation using HUVECs. We found that exposure to high
glucose induces endothelial dysfunction through ROS- and
TxNIP-mediated activation of the NLRP3 inflammasome.
However, treatment with ropivacaine significantly inhibits
endothelial dysfunction by suppressing IL-1β, IL-18, and
HMGB1. Furthermore, these protective effects of ropivacaine
appear to be mediated through the SIRT1 pathway.
Endothelial dysfunction, characterized by dysregulation of

vascular constriction and relaxation, is an important event in
diabetic vascular disease.25 Hyperglycemia is well documented
to induce endothelial dysfunction by disrupting the oxidant/
antioxidant balance and promoting the expression of IL-1β, IL-
18, and HMGB1.26−30 The findings in Figures 1 and 2 indicate
that ropivacaine could suppress the production of ROS and

Figure 3. Ropivacaine suppressed the release of LDH. The release of
LDH was measured using a kit [*, P < 0.01 vs normal group; #, P <
0.01 high glucose only; $, P < 0.01 vs high glucose + ropivacaine
(0.25%), N = 6].

Figure 4. Ropivacaine inhibited secretions of HMGB-1. The
secretions of HMGB-1 were determined using a commercial kit [*,
P < 0.01 vs normal group; #, P < 0.01 high glucose only; $, P < 0.01 vs
high glucose + ropivacaine (0.25%), N = 6].

Figure 5. Ropivacaine reduced TxNIP. (A) messenger RNA (mRNA) of TxNIP and (B) protein of TxNIP [*, P < 0.01 vs normal group; #, P <
0.01 high glucose only; $, P < 0.01 vs high glucose + ropivacaine (0.25%), N = 5−6].
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NOX4, thereby exerting a protective antioxidative stress
capacity in HUVECs. Previous studies investigating the effects
of ropivacaine and other amide local anesthetics on endothelial
cell viability have yielded conflicting results.30,31 Our findings
demonstrate that ropivacaine significantly improved dimin-
ished endothelial cell viability induced by high glucose.
HMGB1 is a cellular stress response signaling protein

released by immune cells upon cell death or injury and
contributes to diabetic endothelial dysfunction.32,33 A recent
study provided evidence that downregulation of HMGB1 may

serve as a potential approach for preventing endothelial
dysfunction by inhibiting inflammation and apoptosis.33 Our
findings demonstrate that ropivacaine treatment can signifi-
cantly inhibit the high glucose-induced expression of HMGB1.
TxNIP is an antioxidant-inhibitory protein that activates the
NLRP3 inflammasome. Importantly, TxNIP/NLRP3 inflam-
masome activation is important for the development of
diabetic vascular disease and endothelial dysfunction.32,34

Our results indicate that ropivacaine obviously suppressed
the activation of the NLRP3 inflammasome complex by

Figure 6. Ropivacaine inhibits the activation of the NLRP3 inflammasome in HUVECs. (A) NLRP3, (B) ASC, and (C) P10 [*, P < 0.01 vs normal
group; #, P < 0.01 high glucose only; $, P < 0.01 vs high glucose + ropivacaine (0.25%), N = 5−6].

Figure 7. Ropivacaine inhibits the expression of IL-1β and IL-18. HUVECs were stimulated with high glucose (25 mM) with or without
ropivacaine (0.25, 0.5%) or MCC950 (5 μM) for 24 h. (A) Secretion of IL-1β and (B) secretion of IL-18 [*, P < 0.01 vs normal glucose; #, P <
0.01 high glucose only; $, P < 0.01 vs high glucose + ropivacaine (0.25%), N = 5−6].

Figure 8. Ropivacaine inhibits the reduction of SIRT1. (A) mRNA expression of SIRT1 and (B) protein of SIRT1 [*, P < 0.01 vs normal glucose;
#, P < 0.01 high glucose only; $, P < 0.01 vs high glucose + ropivacaine (0.25%), N = 5−6].
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suppressing the activation of TxNIP. Generation of IL-1β and
IL-18, as well as their precursors, is orchestrated by the NLRP3
inflammasome. The endothelial release of IL-1β induced by
high glucose has been suggested as the origin of upregulated
IL-1β associated with diabetic retinopathy and is well
recognized as a major proinflammatory mediator of diabetic
vascular disease.34

SIRT1 is a protective factor that has been shown to inhibit
the inflammatory response in endothelial cells by suppressing
the NLRP3 inflammasome. SIRT1 was also shown to be
reduced in response to lipopolysaccharide and adenosine
triphosphate exposure.35 Concordantly, our findings indicate
that high glucose reduces SIRT1 and that ropivacaine
treatment can ameliorate this effect. Importantly, these results
indicate that SIRT1 signaling plays a key role in the beneficial
effects of ropivacaine treatment demonstrated by the other
experiments performed in this study.
There are several limitations to the current study. First, high

glucose will induce a change in the osmotic strength of the cell
culture medium. Altered osmotic strength will exert various
impacts on gene action. Therefore, future investigations should
include the influence of osmotic strength. Second, we only
examined the effects of ropivacaine in an in vitro primary
endothelial cell culture model. Further in vivo investigations
will help to verify the pharmacological function of ropivacaine
in endothelial inflammation.

4. CONCLUSIONS

Our results demonstrate the potential of ropivacaine as a
possible therapy against diabetic endothelial dysfunction.

5. MATERIALS AND METHODS

5.1. Cell Culture and Treatment. HUVECs were
maintained in an EGM-2 (Lonza, Switzerland) supplemented
with fetal bovine serum (10%) (Gibco, USA) and P/S (1%)
(Sigma-Aldrich, USA) in T75 cell culture flasks. The cells were
divided into four groups and incubated in 12-well cell culture
plates: (1) normal group (5.5 mM glucose), (2) high glucose
treatment group (25 mM glucose),7,13 and (3) high glucose +
ropivacaine groups (25 mM glucose + 0.25%, 0.5%
ropivacaine) (Cat# 1605497, Sigma-Aldrich).

5.2. Real-Time Polymerase Chain Reaction Analysis.
Upon completion of the necessary treatment, RNA was
extracted using TRIzol. The concentration and purity of the
RNA samples from the different groups were determined using
a NanoDrop 2000. Purified RNA was then used to produce
complementary DNA (cDNA) using a kit. The generated
cDNA was then used for real-time polymerase chain reaction
(PCR) to measure the target genes on an ABI 7500 fast real-
time PCR system. The expression was calculated by normal-
izing to the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene. The primers used are as follows: SIRT1
[forward (for): 5′-TCACCACCAGATTCTTCAGTG-3′; re-
verse (rev): 5′-CCTCTTGATCATCTCCATCAGTC-3′];
TxNIP (for: 5′-TGGATCTGGTGGATGTCAATAC-3′; rev:
5′-TCTGAGTCAGCACCTTGGTCTG-3′); NOX-4 (for: 5′-
C TTTTGGAAGTCCATTTGAG - 3 ′ ; r e v : 5 ′ -
CGGGAGGGTGGGTATCTAA-3′); and GAPDH (for: 5′-
ACTGGCGTCTTCACCACCAT-3′; rev: 5′-AAGGCC
ATGCCAGTGAGCTT-3′).

5.3. Western Blot. Upon completion of the necessary
treatment, HUVECs were washed. Proteins were isolated from
HUVECs with the radioimmunoprecipitation assay buffer in

Figure 9. Knockdown of SIRT1 abolished the effects of ropivacaine on activation of NLRP3. NS, nonspecific group; siSIRT1, SIRT1 small
interfering RNA. (A,B) Successful silencing of SIRT1 was verified (*, P < 0.01 vs NS group), (C) levels of NLRP3, ASC, and P10, and (D) IL-1β
and IL-18 production [*, P < 0.01 vs normal glucose; #, P < 0.01 high glucose only; $, P < 0.01 vs high glucose + ropivacaine (0.5%) + NS group, N
= 5−6].
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the presence of protease cocktail inhibitors (Sigma-Aldrich,
USA). Protein samples (20 μg) from each experimental group
were loaded onto the sodium dodecyl sulfate−polyacrylamide
(10%) gel, followed by electrophoresis. Separated protein
samples were transferred to a polyvinylidene difluoride
membrane (Millipore, USA). Membranes were then blocked
with non-fat milk (5%) on a shaker and incubated with
primary antibodies. After three washes with Tris-buffered
saline−Tween 20, membranes were probed with the horse-
radish peroxidase-conjugated secondary antibody at room
temperature for 2 h. The immunoblot bands were detected
using an ECL Detection Kit. Western blot data were analyzed
using the ImageJ software (NIH, USA). Briefly, the images
were converted to grayscale. The background was then
subtracted. The integrated density of each band was
determined.
5.4. Enzyme-Linked Immunosorbent Assay Analysis.

Upon completion of the necessary treatment, the supernatant
pipetted into 96-well plates to measure the secretion of IL-1β
and IL-18 using ELISA kits (Cat# SLB50, R&D system; Cat#
QK318, R&D system). The optical density values were
measured at 450 nM.
5.5. Determination of Mitochondrial ROS. Upon

completion of the necessary treatment, HUVECs were stained
with the indicator MitoSOX Red to assess the levels of
mitochondrial superoxide. Briefly, the cells were washed three
times and loaded with MitoSOX Red (5 μM) for 30 min.
Fluorescence signals were detected using a LSM710 laser
confocal microscope (Zeiss, Germany) with a ×20 objective
lens under 543 nm excitation light.
5.6. LDH Release. The amount of released LDH was

determined using a LDH kit. After stimulation, the super-
natants were used to determine the LDH release activity.
5.7. Determination of HMGB1 Secretion. The amount

of secreted HMGB1 was tested using an HMGB1 commercial
kit (Shino-Test Corporation, Kanagawa, Japan). After
stimulation, the supernatants were used to determine the
levels of secreted HMGB1.
5.8. Statistical Analysis. The experimental data in the

current study are shown as means ± standard error of the
mean. The significance of differences was assessed using
ANOVA, followed by Bonferroni’s test. P < 0.05 was
considered statistically significant.
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