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ROS-activated NLRP3 inflammasome initiates  
inflammation in delayed wound healing in diabetic rats
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Abstract: Background: This study aims to evaluate the roles of reactive oxygen species (ROS) generation and in-
flammasome formation in the development of diabetic rat wound inflammation. Materials and methods: Diabetes 
was induced in rats by a single intraperitoneal injection of STZ, and a skin wound (2×2 cm2) was produced on the 
back. Diabetic animals were treated with NAC and Bay 11-7082 to block ROS and the NLRP3 inflammasome, re-
spectively. Total mRNA and protein were isolated from wound tissue and subjected to real-time polymerase chain 
reaction, Western blot analyses and ELISA. We also assessed the rate of wound closure and time to wound healing. 
Results: During healing, the diabetic rat exhibited increased ROS production, NLRP3 inflammasome activation and 
IL-1β secretion. NAC was responsible for the inhibition of ROS production and NLRP3 inflammasome activation in 
diabetic rat wounds. We also found that blocking ROS generation improved the impaired healing pattern in diabetic 
rats and decreased the time for complete skin healing. Conclusion: These data suggest that excessive ROS produc-
tion contributes to activating NLRP3-IL-1β pathway events and impairs wound healing in a diabetic rat wound model.
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Introduction

Diabetic chronic wounds are one of the most 
complex pathological complications that affect 
the quality of life for diabetes mellitus (DM) 
patients and is the most common cause of hos-
pitalization [1]. Healing impairment in diabetics 
is characterized by an increased and persistent 
inflammatory response, which in turn delays 
cellular infiltration and granulation tissue for-
mation, consequently decreasing collagen 
organization and angiogenesis [2, 3].

More recent studies have focused on innate 
immune-sensing receptors and their role in 
inflammation and the disease process. The 
NLRP3 inflammasome, a molecular platform 
that modulates innate immune functions by 
activation of caspase-1, catalyzes the proteo-
lytic processing and secretion of IL-1β and IL-18 
in immune cells [4]. This cascade triggers sus-
tained inflammation, which has been associat-
ed with metabolic diseases [5, 6]. In our previ-
ous study, we found a significantly higher 
expression of NLRP3, caspase-1, and secretion 
of IL-1β in human diabetic wounds [7]. This sug-
gests that NLRP3 inflammasome activation 

might contribute to the hyperinflammation in 
wound healing.

Activation of the NLRP3 inflammasome can be 
induced by intracellular ROS generation in 
response to a variety of cellular stressors [8]. 
ROS formation is a normal byproduct of cellul- 
ar metabolism and plays an important role in 
regulating cell signaling pathways [9]. En- 
vironmental stressors can dramatically in- 
crease ROS production, resulting in significant 
cell death [10]. Recently, an exciting role for 
ROS has been revealed in inflammatory disor-
ders, especially in the activation and control of 
innate immune responses. However, the pre-
cise role of an excess of ROS production in the 
development of diabetic wound inflammation is 
not well understood.

N-acetylcysteine (NAC) is an antioxidant that 
acts as a free radical scavenger; it also stimu-
lates glutathione synthesis, which acts intra- 
and extracellularly as an antioxidant eliminating 
ROS [11]. In this study, we detect the expres-
sion of the NLRP3 inflammasome and IL-1β in 
the wounds of diabetic rats and then observe 
the changes in influential components using 
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NAC blocked ROS, aiming to evaluate the role of 
ROS generation and inflammasome formation 
in the development of diabetic rat wound 
inflammation. This may provide a new approach 
for improving the chronic wound healing pro-
cess in diabetes mellitus.

Materials and methods

Animal

All male rats are purchased from Shanghai 
SLAC Laboratory Animal Co. Ltd. In total, 64 
Sprague-Dawley rats (200-220 g, 6 weeks) are 
used in this study. During the experiments, the 
animals are housed one per cage under con-
trolled environmental conditions (12 h light/
dark cycle, 23°C) and provided with standard 
food and water ad libitum. All animal mainte-
nance and experimental procedures are car-
ried out in accordance with the US National 
Institute of Health Guidelines for the Use of 
Experimental Animals and approved by the 
Ethics Review Board of Shanghai Six People’s 
Hospital affiliated to Shanghai Jiaotong Un- 
iversity.

We randomize rats into 4 groups (n=12 per 
group): Control (SD), diabetes mellitus (DM), 
DM + BAY 11-7082 and DM + NAC. The control 
group is fed the basal diet and the other groups 
are fed a high fat diet (HF diet, 16% fat and 
0.25% cholesterol). Diabetes is induced by a 
single intraperitoneal injection of streptozoto-
cin (STZ; 60 mg/kg i.p.) to rats [12] in the DM, 
DM + BAY 11-7082 and DM + NAC groups. 
Blood glucose levels are measured 72 h later, 
after rats have fasted overnight. Except for the 
control group, only rats with blood glucose lev-
els ≥ 11.1 nmol/L are used in the study.

All rats in this study are anesthetized by pento-
barbitone sodium (50 mg/kg i.p.). The hair on 
the back is shaved and the skin is sterilized 
with alcohol. Full-thickness of skin defects of 
2×2 cm2 are made on rats.

Diabetic rats receive either BAY 11-7082 (20 
mg/kg i.p.) or NAC (20 mg/kg i.p.) every 2 days 
until the wounds close completely. Four ani-
mals from each group are killed seven and four-
teen days after wounding, and the wound is 
removed using a scalpel to cut the shape of an 
ellipse around the lesion. The tissue around  
the wound is collected for Western blot, gene 

expression and ELISA assays. The last 4 rats of 
each group are retained to measure the time 
needed to complete the wound closure (up to 
40 days).

The following compounds are supplied as 
shown: BAY 11-7082 by Adipogene (San Diego, 
CA); NAC by Sigma Aldrich (Milan, Italy), and STZ 
by Sigma Aldrich (Milan, Italy).

Wound analysis 

The wound images are collected using a digital 
camera every two days until the wounds heal. 
The morphometric analysis of the wounds is 
assessed using images of the wounds at days 
0, 7, 14, and day 21 post-operation, the remain-
ing wound area is measured using Image J soft-
ware (NIH, US). The rate of wound closure that 
represents the percentage of wound reduction 
from the original wound size is calculated using 
the following formula: wound area day 0-wou- 
nd area (day 7, 14, and 21)/wound area day 
0×100. Values are expressed as percentages 
of the healed wounds. The time for complete 
wound closure is defined as the time needed 
for the wound bed to be completely re-epitheli-
alize and fill with new tissue. It is shown by a 
closed linear healing ridge and is determined 
as described previously [13].

Real-time polymerase chain reaction

Total RNA is extracted from wound tissue by 
cell lysis with TRIzol (Invitrogen, Carlsbad, CA, 
USA). We use the reverse transcriptase kit 
(Promega, Madison, Wisconsin, USA) to synthe-
size the first strand of cDNA. The levels of 
NLRP3, caspase-1, ASC and IL-1β are mea-
sured by real-time PCR; β-actin is used as an 
endogenous control. Relative gene expression 
is determined using the 2-ΔCT method.

Western blotting

Western-blotting is employed for measuring  
the expression level of NLRP3, ASC and cas-
pase-1 at days 7 and 14. We use antibodies 
against NLRP3, ASC and caspase-1 (Cell Si- 
gnaling, Danvers, MA, USA). After washing, the 
membranes are incubated with the secon- 
dary peroxidase conjugated antibodies (Ab- 
cam, Cambridge, UK) at room temperature for 1 
hour. Finally, the immunoreactive protein sig-
nals are visualized by chemiluminescence (ECL, 
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Promega), and quantified by scanning densi-
tometry. The results of the Western-blot, mea-
sured on stripped blots, are expressed as the 
integrated intensity relative to β-actin.

ELISA

The wound lysate (30 mg of wound tissue in 1 
ml of PBS) is prepared. After centrifuging at 
15,000×g for 15 min, the supernatant is used 
for ELISA assays. IL-1β is analyzed by using 
human-specific ELISA assay kits (Anogen, 
Mississauga, Ontario, Canada) as instructed by 

the manufacturer. The level of IL-1β is expressed 
as pg/mL.

Intracellular ROS measurement

The intracellular ROS level is measured using 
the probe 2’,7’-dichlorofluorescein diacetate 
(DCFH-DA; Sigma). The supernatant from skin 
homogenates is directly treated with 10 μM 
DCFH-DA at 37°C for 30 min. The fluorescence 
intensity is monitored using an excitation wave-
length of 488 nm and an emission wavelength 
of 530 nm.

Figure 1. ROS production and 
NLRP3 inflammasome ex-
pression in diabetic (DM) and 
non-diabetic (SD) rat wound. 
The protein level of NLRP3, 
caspase-1, ASC and IL-1β are 
measured by Western blot (A-
C, J) and. Elisa (D), respective-
ly. The mRNA level of NLRP3, 
ASC, Caspase1 and IL-1β are 
measured by real-time PCR 
(E-H). The intracellular ROS 
production is measured with 
fluorescence probe DCFH-DA 
(I). Data is presented as the 
means ± SD. *P < 0.05 versus 
control.
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Statistical analyses

Quantitative data are presented as the mean ± 
standard deviations. Student’s t-test is used to 
compare two groups. A one-way analysis of 
variance (ANOVA) is used to assess the differ-
ences between multiple groups, followed by 
Tukey’s post hoc test. All statistical analyses 
are performed using SPSS 19.0 Windows edi-
tion (SPSS, Inc. Chicago, IL, USA). P < 0.05 is 
considered statistically significant.

Results

ROS and NLRP3 inflammation expression in 
diabetic and non-diabetic rat wounds

The data show increased and persistent ROS 
production in diabetic rats at days 7 and 14 
(Figure 1I). The data also show higher levels of 
NLRP3, caspase-1 and ASC protein in the dia-
betic rat groups (Figure 1A-C, 1J). With the up-
regulated proteolytic activity of NLRP3, the 
level of IL-1β is also increased (Figure 1D). At 
the gene level, we find a similar phenomenon. 
In the control group, lower mRNA expression of 
NLRP3, caspase-1 and ASC are found at all 
time points (Figure 1E-G), as well as with IL-1β 
mRNA (Figure 1H). These data indicate that 
ROS production, NLRP3 inflammation activa-
tion and IL-1β secretion in diabetic rat wounds 
are abnormally increased.

NAC is responsible for the inhibition of ROS 
production and NLRP3 inflammasome activa-
tion

We examine changes in the NLRP3 inflamma-
some activity and ROS production when 
wounds are treated with the ROS scavenger 
NAC. ROS production is inhibited at day 7 and 
day 14 (Figure 2I). NAC suppresses the in- 
creased mRNA levels of the NLRP3 inflamma-
some and of IL-1β induced by diabetes, but not 
for ASC mRNA level at day 7 (Figure 2E-H). 
Protein levels of the NLRP3 inflammasome and 
mature IL-1β are decreased after NAC treat-
ment (Figure 2A-D, 2J).

Inflammasome blockade and activation of 
downstream pathways

The effectiveness of the NLRP3 inhibitor BAY 
11-7082 in reducing NLRP3 mRNA and protein 
expression is verified with real-time PCR and 

Western blot analysis (Figure 2A, 2E, 2J). 
Meanwhile, the protein and mRNA expression 
of ASC and caspase-1 are significantly reduced 
in BAY 11-7082 treated diabetic rat wounds 
(Figure 2B, 2C, 2F, 2G, 2J). Declining levels of 
the active forms of IL-1β in wound lysate are 
sustained at day 7 and day 14 after BAY 
11-7082 treatment (Figure 2D, 2H).

Wound closure

Images of the wounds are taken at days 0, 7, 14 
and 21 (Figure 3A). Rats are observed for up to 
40 days and complete wound healing is 
observed at 20 ± 1.4 in the control group, while 
wounds in diabetic rats close completely after 
27 ± 2.2 days. Treatment with NAC or BAY 
11-7082 improves the wound closure (22.0 ± 
1.4 and 24 ± 1.1 days, respectively) of rat skin 
when compared with the diabetic group (Figure 
3B). The mean rates of wound healing are high-
er in the NAC and BAY 11-7082 treatment 
groups when compared with the control group 
on days 7, 14 and 21 post-wounding (Figure 
3B).

Discussion

In this study, we investigate the role of ROS pro-
duction and the NLRP3 inflammasome signal-
ing pathway in the wound healing of diabetes 
mellitus, and the results reveal that in a diabet-
ic rat wound model, an increase in ROS genera-
tion triggers NLRP3 inflammasome complex-
ation and activation leading to increases in 
bioactive IL-1β secretion and impaired wound 
healing.

Chronic wounds are typically associated with a 
persistent inflammatory response [14]. Findings 
from previous studies have reported elevated 
levels of IL-1β in wounds from humans [7] and 
diabetic mice [15]. In our study, we also find 
increased in bioactive IL-1β secretion in a dia-
betic rat model, which exhibits a persistent in- 
flammatory response and impaired wound 
healing. Sustained IL-1β expression in diabetic 
wounds is associated with a pro-inflammatory 
macrophage phenotype [16]. Pro-inflammatory 
cytokines such as IL-1β and TNF-α act as pri-
mary chronic stimulators of cell metabolism 
and stimulate the innate immune response, 
activating downstream signal transduction 
pathways to produce large amounts of inflam-
matory mediators and lead to chronic inflam-
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mation. All these persistent inflammatory re- 
sponses contribute to delayed re-epithelializa-
tion and granulation tissue formation, and 
impaired angiogenesis and wound healing [17]. 

The secretion of bioactive IL-1β is predomin- 
antly controlled by the activation of caspase-1 
through the assembly of a multiprotein scaffold 
inflammasome composed of NLRP3, ASC, and 
procaspase-1 [18]. Our previous studies have 

demonstrated a significantly higher expression 
of the NLRP3 inflammasome and secretion of 
IL-1β in human diabetic wound and in high glu-
cose-induced macrophages, suggesting that 
NLRP3 inflammasome activation might contrib-
ute to hyperinflammation in wound healing [7]. 
In this study, we report the activation of the 
NLRP3 inflammasome in a diabetic rat wound 
model. We also demonstrate the effectiveness 
of blocking the NLRP3 inflammasome on wound 

Figure 2. The role of NAC and BAY 11-
7082 treatment of the expression of ROS 
generation and NLRP3 inflammasome 
activation in diabetic rat wound. The pro-
tein level of NLRP3, caspase-1, ASC and 
IL-1β are measured by Western blot (A-C, 
J) and. Elisa (D), respectively. The mRNA 
level of NLRP3, ASC, Caspase1 and IL-
1β are measured by real-time PCR (E-H). 
The intracellular ROS production is mea-
sured with fluorescence probe DCFH-DA 
(I). Data is presented as the means ± 
SD. *P < 0.05 versus control; #P < 0.05 
versus control.
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healing, due to reduced activation of the inflam-
matory cascade. Rats treated with BAY 11-7082 
demonstrate a marked reduction in active cas-
pase-1 expression and IL-1β secretion at the 
wound site. This emphasizes that the activation 
of the NLRP3 inflammasome is one of the 
mechanisms involved in impaired healing dur-
ing glucotoxicity.

The mechanisms leading to NLRP3 inflamma-
some activation are a matter of debate. Pr- 
evious literature has reported several models, 
including the K+ channel model, lysosomal da- 
mage model, and ROS model, although they 
may not be mutually exclusive [19, 20]. More 
recent studies indicate that NLRP3 agonists 
trigger ROS generation, which leads to activa-
tion of the NLRP3 inflammasome via the ROS-
sensitive NLRP3 ligand thioredoxin interacting 
protein (TXNIP) [21, 22]. Mitochondria and NA- 
DPH oxidase are the two major sources of ROS 
that are induced by external stimuli, and the 
mitochondria respiratory chain is considered 
an important site of ROS production within 
most cells [23]. Under the condition of oxidative 
stress, ROS is overproduced leading to DNA 
fragmentation, lipid peroxidation and protein 
oxidation [24]. Shimada et al. have reported 
that mitochondrial dysfunction and apoptosis 
can lead to oxidized mtDNA, a ROS oxidation 
product, being released into the cytosol and 
directly binding to NLRP3, which is regarded as 
a new molecule, to trigger the secondary signal 
of NLRP3 activation [25]. Other researchers 
demonstrated that lipopolysaccharide-trigge- 
red NLRP3 inflammasome activation in macro-

phages can be inhibited by molecular hydrogen 
via targeting mitochondrial reactive oxygen 
species [26]. ROS-dependent activation of 
NLRP3 emphasizes the application of antioxi-
dants with ROS-scavenging ability in the treat-
ment of inflammatory pathological damage. 
Even ROS has been largely linked to various 
diseases including cancer, heart disease, and 
autoimmune disease, but there is not sufficient 
evidence to show how it impacts chronic wound 
healing in diabetes mellitus [27].

The role of ROS production in promoting this 
chain of events is proven by showing that the 
inhibitor NAC downregulates NLRP3 inflamma-
some activation and IL-1β secretion. In vivo the 
therapeutic effectiveness of NAC is validated 
by showing that NAC treatment improves the 
wound healing in diabetic rats. All these effects 
normalize skin remodeling, as suggested by the 
rate of wound healing and time to complete clo-
sure, which represents the main outcome for 
any therapeutic agent aimed at improving 
wound healing in diabetic rats. If the ROS-in- 
duced inflammasome activation is proven in 
humans to contribute to diabetic wound inflam-
mation pathogenesis, targeting ROS genera-
tion with therapeutic drugs may be an effective 
approach to treat this condition.

In conclusion, we identify a functional role for 
excessive ROS production in the activation of 
the NLRP3-IL-1β pathway in a diabetic rat wo- 
und model. This finding implicates an essential 
priming role for the ROS-NLRP3-IL-1β pathway 
in chronic diabetic wounds, which reveals a 

Figure 3. Wound healing of the diabetic wound. A: 
Gross imaging of the wound healing at different time 
points as indicated. B: The areas of wounds are quan-
tified at different time points as indicated and the 
mean ratios of wounds closure are expressed. 
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potentially novel target for ROS inhibitors, 
which could target the priming source of this 
disease in rats. The mouse model symptoms 
are similar to what occurs in diabetic patients. 
This correspondence warrants further studies 
to assess in a clinical setting if treatment with 
ROS inhibitors improves wound healing in 
patients with diabetes.
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