MEDIC.
SCIEN (R

L

MONITOR

Received: 2019.02.20
Accepted: 2019.06.17
Published: 2019.10.06

Authors’ Contribution: DEFG
Study Design A AEF

Data Collection B
Statistical Analysis C
Data Interpretation D

Manuscript Preparation E
Literature Search F
Funds Collection G

Corresponding Authors:
Source of support:

AF

LAB/IN VITRO RESEARCH

e-ISSN 1643-3750
© Med Sci Monit, 2019; 25: 7499-7508
DOI: 10.12659/MSM.915806

Advanced Glycation End Products (AGEs) Induce
Apoptosis of Fibroblasts by Activation of NLRP3
Inflammasome via Reactive Oxygen Species
(ROS) Signaling Pathway

JiEZhi Dai Department of Orthopedic Surgery, Shanghai Sixth People’s Hospital, JiaoTong
Hua chen* University, Shanghai, P.R. China

Yimin Chai*

* Hua Chen and Yimin Chai contributed equally

Hua Chen, e-mail: chuadr@aliyun.com, Yimin Chai, e-mail: ymchai@sjtu.edu.cn

Sponsorship for this study and article processing charges was funded by the National Natural Science Foundation of China
(No. 81702140) and the Interdisciplinary Program of Shanghai Jiao Tong University (YG2017QN18)

Background:

Material/Methods:

Results:

Conclusions:

MeSH Keywords:

Abbreviations:

Full-text PDF:

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Type 2 diabetes impairs the healing process and induces apoptosis of fibroblasts, which are thought to be in-
volved in this process. We investigated the possible mechanisms involved in AGEs-induced apoptosis of hu-
man dermal fibroblasts.

We examined the expression of apoptosis-related proteins in fibroblasts isolated from human diabetic wounds.
Human dermal fibroblasts exposed to AGEs were used to study the links among apoptosis, ROS, and NLRP3
inflammasome activation. Signaling mechanisms were evaluated by preincubating the cells with appropriate
inhibitors. Cleaved caspase-8, cleaved caspase-3, BAX, Bcl-2, and NLRP3 inflammasome expression were mea-
sured by Western blot analysis. ROS generation, cell viability, and cell apoptosis were assessed.

We observed a higher level of cleaved caspase-8 and cleaved caspase-3 expression in fibroblasts isolated from
human diabetic wounds compared with controls. AGEs decreased the proliferation of cells in a concentration-
dependent and time-dependent manner. The exposure of fibroblasts to AGEs significantly increased the num-
ber of cells in early and late apoptosis stages. AGES-induced human dermal fibroblasts showed high expres-
sions of cleaved caspase3, cleaved caspase8, and Bax. Treatment with AGEs induced the expression of NLRP3,
caspase-1, and ASC. AGES-induced apoptosis was blocked by BAY 11-7082, an inhibitor of the NLRP3 inflam-
masome. AGEs increased the production of ROS in fibroblasts, and its apoptogenic effect was blocked by NAC.
AGEs cause apoptosis of fibroblasts by inducing the generation of ROS and activating the NLRP3 inflamma-
some. In vivo experiments are needed to confirm these results.

Apoptosis ¢ Fibroblasts ¢ Glycosylation End Products, Advanced ¢ Inflammasomes ¢
Reactive Oxygen Species

AGEs - advanced glycation end products; ROS - reactive oxygen species; ASC — the adapter mole-
cule apoptosis-associated speck-like protein containing a caspase recruitment domain; BAX — Bcl2-
associated X protein; Bcl-2 - B cell leukemia 2; BSA - bovine serum albumin; NAC — N-Acetyl-L-cysteine;

PAMPs — pathogen-associated molecular patterns; DAMPs — damage-associated molecular patterns
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Background

Diabetes is a public health problem of considerable magnitude.
The characteristic element is high blood glucose concentrations
promoting loss of insulin-producing pancreatic B-cells, which
is type | diabetes, or through loss of insulin responsiveness in
its target, like adipose and muscle tissue, which is type 2 dia-
betes [1]. Macro- and microvascular complications are com-
mon in long-standing type 2 diabetes and reduce the quali-
ty of life and life expectancy of patients [2]. Impaired wound
healing is a serious complication of diabetes, but the mecha-
nism by which type 2 diabetes impairs wound healing remains
unknown. Skin wound healing requires a series of coordinated
processes, including fibroblast cell proliferation and migration.
Accumulating evidence has indicated that the mechanism of
impaired diabetic wound healing is associated with increased
fibroblast apoptosis [3].

In recent years, substantial attention has been paid to the role
that advanced glycation end products (AGEs) might play in the
pathophysiology of diabetes mellitus [4]. AGEs are a group of
heterogeneous compounds formed by irreversible adducts from
glucose-protein condensation reactions, as well as lipids and
nucleic acids exposed to reducing sugars [5]. In animal mod-
els, AGEs have been linked to many diabetic complications,
including diabetes-associated nephropathy, retinopathy, neu-
ropathy, and impaired dermal healing [6]. Zhu et al. [7] also
reported that increased AGEs concentrations impair wound
healing and re-epithelialization in mice.

AGEs increase the formation of intracellular reactive oxygen
species (ROS). Elevated and sustained ROS have been observed
in vivo and have been associated with impaired wound repair
in chronic non-healing wounds [8]. Excessive ROS production
in cells causes the loss of cellular homeostasis, oxidative stress,
and eventual cell destruction in organs [9]. Thus, excessive ROS
generation clearly is a major potential mechanism for the de-
velopment of impaired wound healing, possibly via the apop-
tosis of fibroblasts or their precursors.

Strong associations of chronic organ injury with dysregulated
inflammasome activity highlight the importance of the inflam-
masome in regulating immune responses [10]. Inflammasomes
are multiprotein oligomers that respond to inflammatory stim-
uli by initiating an intracellular inflammatory cascade [11].
Numerous inflammasomes have been identified, including
NLRP1, NLRP2, NLRP3, double-stranded DNA (dsDNA) sensors
absent in melanoma 2 (AIM2), and NLRC4 [12]. The most exten-
sively studied inflammasome is NLRP3 inflammasome, a mul-
tiprotein complex consisting of the NOD-like receptor NLRP3,
the adapter molecule apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC), and procas-
pase-1 [13]. The NLRP3 inflammasome senses endogenous
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and exogenous dangers, such as LPS and high glucose, result-
ing in the activation of caspase-1, followed by activation of
cytokines IL-1B/IL-18 [14]. ROS play a critical role in this pro-
cess [15]. Previous studies have demonstrated that the activa-
tion of ASC induces caspase-8-depenent apoptosis in human
cancer cell lines [16]. Apoptotic cell death, the major form of
cell death during development, involves cell shrinkage, nucle-
ar condensation and fragmentation, membrane blebbing, and
exposure of phosphatidylserine on the outer membrane leaf-
let as a phagocytic stimulus [17]. Therefore, we hypothesized
that AGEs induce caspase-mediated apoptosis by activating
the ROS/NLRP3 inflammasome in human dermal fibroblasts.

Although previous studies have reported activation of the NLRP3
inflammasome and IL-1p secretion in wounds of humans [18]
and diabetic mice [11], the role of NLRP3 inflammation in the
induction of cell apoptosis is unclear. In this study, we tested
the hypothesis that ROS generation activates NLRP3 inflam-
masome signaling to promote caspase-8/3-dependent apop-
tosis in AGEs-induced fibroblasts.

Material and Methods

Preparation of AGEs

BSA (25 mg/ml) was incubated under sterile conditions with
0.1 M glyceraldehyde in 0.2 M Na,PO, buffer (pH =7.4) for
7 days. Unincorporated sugars were removed by PD-10 column
chromatography and dialysis against phosphate-buffered sa-
line. Control nonglycated BSA was incubated in the same con-
ditions except for the absence of reducing sugars. Preparations
were tested for endotoxin using the Endospecy ES-20S system
(Seikagaku Co., Tokyo, Japan); no endotoxin was detectable.
The extent of chemical modification was determined as de-
scribed with 2,4,6-trinitrobenzenesulfonic acid as a difference
in lysine residues of modified and unmodified protein prepa-
rations [19]. The extent of lysine modification (%) of modified
BSA preparations was 65% for AGEs-BSA.

The experimental specimens and cell culture

The experimental specimens were obtained from the Shanghai
Sixth People’s Hospital affiliated to Shanghai Jiao Tong
University. The study protocol was approved by the Ethics
Review Board of Shanghai Sixth People’s Hospital affiliated
to Shanghai Jiao Tong University. Human dermal fibroblasts
were obtained from patients without diabetes who under-
went plastic surgery, and were used as an experimental con-
trol (nFB) group. Patients were 18 to 60 years of age and did
not have any known comorbid malignancy or history of ra-
diation or chemotherapy. We also isolated fibroblasts from
chronic human diabetes wounds (dFB). We included type 2
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diabetic patients with chronic wounds on the lower leg that
had lasted at least 3 months. During sharp debridement, biop-
sies were taken from inflamed skin located near the center of
the wound. Written informed consent was obtained from all
of the enrolled participants.

The isolation and primary culture of human dermal fibroblasts
were performed as described previously [20]. Briefly, skin was
washed 3 times in PBS containing 1% penicillin and streptomy-
cin sulfate, then cut into small (2x2 mm) pieces and digested
with 1 mg/mL type Il collagenase at 4°C for 16 h. The epider-
mis and subcutaneous tissues were removed from the dermis,
and the dermis was finely minced. The tissue was later digest-
ed with 2.5 mg/mL trypsin for 15 min and placed in 10-cm
cell culture dishes (pre-coated with FBS, HyClone) in an atmo-
sphere of 5% CO, at 37°C. Dulbecco’s modified Eagle’s medi-
um (DMEM) containing 5.5 mM D-glucose, 10% fetal bovine
serum (FBS), 1% penicillin, streptomycin sulfate, and 2 mM
L-glutamine was used as the growth medium. The medium
was replaced every 3 days, and on day 7 of culture. Cells were
passaged by trypsinization. Cells at passages 2 to 3 were used
for all of our experiments.

Cell treatment protocol

For stimulation, cells were incubated with 100 ug/mL,
200 ug/mL, or 300 ug/mL AGEs for 72 h. For treatment, cells
were pre-treated with BAY 11-7082 (10 uM) or NAC (10 nM)
for 4 h, and then incubated with 300 ug/mL AGEs for 72 h.
Protein expression in lysates was analyzed by Western blotting
using antibodies specific for NLRP3, ASC, Caspase-1, cleaved
Caspase-3, Bax, Bcl-2, and cleaved Caspase-8. The Cellular
Reactive Oxygen Species Detection Assay Kit was used for
intercellular ROS assay. Cell viability and cell apoptosis were
assessed.

Cell viability analysis

Cell viability was determined using the Cell Counting Kit-8
(CCK-8; Dojindo, CK04) according to the manufacturer’s proto-
col [21]. Cells were digested into cell suspension and the con-
centration of the cells was adjusted to 1x10%/ml. Cells were
seeded in 96-well plates and incubated for 24 h. We exam-
ined cell viability at 0, 24, 48, and 72 h after AGEs treatment.
Cells were exposed to 10 ml of CCK-8 solution for 4 h at 37°C.
Subsequently, the optical density was measured at 450 nm
using a microplate reader.

Cell apoptosis analysis
Apoptosis was assessed using flow cytometry (FACS Calibur, BD

Biosciences, USA) with the Annexin V: FITC Apoptosis Detection
Kit Il (BD Biosciences) according to the kit instructions [22].
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The cells were washed with Dulbecco’s phosphate-buffered
saline (dPBS, pH=7.4) twice (2000xg, 5 min), resuspended in
500 pL binding buffer with 5 pL Annexin V-FITC in the dark for
10 min, and then stained with 5 L propidium iodide (PI) for
5 min. Apoptosis was analyzed at an excitation wavelength
of 488 nm using the FL1 channel for Annexin V-FITC and the
FL2 channel for PI.

Western blot analysis

Total protein was extracted from the cells by using M-PER
mammalian protein extraction reagent (Pierce, IL, USA) and
estimated using a bicinchoninic acid protein assay kit (Pierce).
Equal amounts of 15 ug protein were loaded onto (11%) SDS-
PAGE gels and transferred onto nitrocellulose membranes us-
ing a wet-style transfer tank. The membranes were incubated
with multiple antibodies, including antibodies against NLRP3
(1: 500) (Abcam, Cambridge, UK), ASC (1: 400), Caspase-1
(1: 400), Caspase-3 (1: 250), Caspase-3 p17 (1: 600), Bax
(1: 350), Bcl-2 (1: 400), Caspase-8 (1: 600), Caspase-8 p18
(1: 400), and B-actin (1: 1200) (Santa Cruz, CA, USA), followed
by the secondary HRP-conjugated anti-rabbit/mouse antibody
(Santa Cruz). After washing with Tris-buffered saline Tween
(TBST), the bands were detected by chemiluminescence (ECL)
and imaged with X-ray films. f-actin was used as an endoge-
nous reference for normalization.

Measurement of ROS production

Cellular ROS generation was measured with the Cellular
Reactive Oxygen Species Detection Assay Kit (Red Fluorescence),
which was purchased from Abcam (Cambridge, UK) [23]. Cells
were seeded at 1x10° cells/100 pL per well in a 96-well plate.
ROS Red Working Solution (100 pL) was added and incubat-
ed in a 37°C/5% CO, incubator for 60 min. Cells were then
treated with test compounds for 60 min to induce ROS pro-
duction. An increase in the fluorescence intensity at an exci-
tation wavelength of 535 nm and an emission wavelength of
590 nm was monitored in bottom read mode.

Statistical analysis

Data are presented as the mean +SD and were processed us-
ing SPSS 16.0 statistical software. Statistical significance was
determined using the t test for 2 experimental groups. For
more than 2 groups, the statistical evaluation of data was per-
formed using one-way analysis of variance (ANOVA). For all
tests, a P value <0.05 was considered to be significant.
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Results

Apoptosis analysis in human diabetic wound isolated
fibroblasts

We first examined the apoptosis-related protein expression in
human diabetic wound isolated fibroblasts. Higher levels of
cleaved caspase-8 and cleaved caspase-3 expressions were ob-
served in wounds of diabetic patients compared with the nFB
group (P<0.05) (Figure 1A, 1D, 1l). We also examined the ex-
pression of Bcl-2 and Bax, and observed higher levels of Bax
with lower levels of Bcl-2 when comparing human diabetic
wound isolated fibroblasts (dFB group) with the nFB group
(P<0.05) (Figure 1B, 1C, 11).

AGEs induce apoptosis in human dermal fibroblast

We treated cells with different concentrations of AGEs for dif-
ferent periods of time (0, 24, 48, and 72 h) and later evaluated
cell viability with the CCK-8 assay to determine the effects of
AGEs on fibroblasts. The results showed that AGEs decreased
the proliferation of cells in a concentration-dependent man-
ner (Figure 2A). AnnexinV-FITC/PI staining combined with flow
cytometric analysis was used to test the influence of AGEs on
cell apoptosis. The exposure of fibroblasts to AGEs significantly
increased the number of cells in early and late apoptosis stag-
es (Figure 2D). We also examined apoptosis-related proteins
in AGES-induced human dermal fibroblasts. AGEs-induced hu-
man dermal fibroblasts showed high expressions of cleaved
caspase3, cleaved caspase8, and Bax (Figure 1A, 1B, 1D, 1I).
AGEs promoted the expression of cleaved caspase3, cleaved
caspase8, and Bax in a concentration-dependent manner.
Decreased levels of Bcl-2 were also observed in AGES-induced
human dermal fibroblasts (Figure 1C, 1I).

AGEs induce NLRP3 inflammasome activation and ROS
generation

We accessed the expression of NLPR3 inflammasome and ROS
generation in AGEs-induced human dermal fibroblasts and
human diabetic wound isolated fibroblasts. In these cells, we
observed a concentration-dependent increase in expression
of NLRP3, caspase-1, and ASC (Figure 1E-1G, 1l). We also ob-
served a higher level of ROS generation in AGEs-induced hu-
man dermal fibroblasts and human diabetic wound isolated
fibroblasts (Figure 1H).

AGES-induced cell apoptosis is dependent on NLRP3
inflammasome activation

To further investigate the necessity of NLRP3 in enhanced cy-
tokine secretion, NLRP3 expression was inhibited by BAY 11-
7082 in fibroblasts. After the inhibitor treatment, a significant
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reduction in NLRP3 inflammasome protein expression level
was found (Figure 3E-3H). Pretreatment of AGEs-induced cells
with the NLRP3 inhibitor significantly reduced the pro-apop-
totic proteins caspase-8, caspase-3, and Bax expression but
increased the expression of the anti-apoptotic protein Bcl-2
(Figure 3A-3D, 3H). We evaluated cell viability with the CCK-8
assay to determine the effects of NLRP3 inflammasome inhib-
itor on AGEs-induced human dermal fibroblasts (Figure 2B).
The results show that BAY 11-7082 treatment promoted cell
proliferation in a time-dependent manner compared with the
group that did not receive BAY 11-7082. Flow cytometric anal-
ysis showed a lower apoptosis rate in the BAY 11-7082 pre-
treatment group when compared to the AGEs alone treatment
group (Figure 2D). These results suggest that the promotion
of apoptosis in AGEs induced fibroblast was mediated by
NLRP3 activation.

ROS-mediated NLRP3 inflammasome activation is involved
in AGES-induced cell apoptosis in fibroblasts

Intracellular reactive oxygen species (ROS) play a critical role
in different types of cell survival. When these cells were treat-
ed with 5 mM NAC (ROS scavenger), the elevation in the pro-
tein expression levels of NLRP3, ASC, and caspase-1 induced by
AGEs in fibroblast was obviously eliminated (Figure 4E-4G, 41).
Pretreatment with 5 mM NAC reversed the effect of AGEs on
the expression of apoptosis-related molecules. NAC pretreat-
ment significantly decreased the expression of the pro-apoptotic
proteins Bax, caspase-3, and caspase-8, but increased the ex-
pression of the anti-apoptotic protein Bcl-2, compared with the
AGES alone treatment group (Figure 4A-4D, 4l). Furthermore,
NAC treatment promoted cell proliferation in a time-dependent
manner when assessed using the CCK-8 assay and compared
to the AGEs alone treatment group (Figure 2C). Pretreatment
of NAC decreased the apoptotic population of fibroblasts as de-
termined by flow cytometric analysis (Figure 2D). These results
suggest that intracellular ROS plays an important role in AGEs-
induced inflammasome activation and apoptosis in fibroblasts.

Discussion

In response to hyperglycemia in patients with diabetes, vari-
ous metabolic mechanisms contribute to the pathogenesis of
diabetic complications [24]. The close participation of AGEs in
impaired diabetic wound healing has been well documented.
One mechanism through which AGEs may affect pathological
processes is by enhanced apoptosis, as supported by in vitro
studies [25]. However, the mechanisms by which AGEs lead to
apoptosis are unclear. In the present study, we observed that
AGEs significantly induced caspase-8/3-dependent apoptosis
in fibroblasts. The ROS generation and NLRP3 inflammasome
activation were upregulated by AGEs treatment. Moreover,
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Figure 1. Protein expression, ROS production, and cell viability in AGEs-induced human dermal fibroblasts and human diabetic wound
isolated fibroblasts. (A) Protein expression of cleaved Caspase-3 and Caspase-3. (B) Protein level of Bax. (C) Protein level
of Bcl-2. (D) Protein expression of cleaved Caspase-8 and Caspase-8. (E) Protein level of NLRP3. (F) Protein level of ASC.
(G) Protein level of Caspase-1. (H) ROS production was measured with fluorometry. (I) Protein expression of Bax, Bcl-2,
NLRP3, ASC, and Caspase-1 were determined by Western blot. nFB — human dermal fibroblasts; dFB — fibroblasts isolated
from diabetic wounds. * p<0.05 vs. control (nFB).
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Figure 2. Cell viability and cell apoptosis analysis in fibroblasts. (A) Cells were treated with various concentrations of AGEs, and cell
viability were measured using the CCK-8 assay. (B) Cells were treated with Bay 11-7082 for 4 h prior to incubation with
300 ug/mL AGEs for 72 h, and cell viability were measured using the CCK-8 assay. (C) Cells were treated with NAC for 4 h prior
to incubation with 300 ug/mL AGEs for 72 h, and cell viability were measured using the CCK-8 assay. (D) The effects of AGEs,
Bay 11-7082, and NAC on cell apoptosis by AnnexinV-FITC/PI staining combined with flow cytometric analysis. nFB — human
dermal fibroblasts; dFB — fibroblast isolated from diabetic wounds. * p<0.05 vs. nFB, # p<0.05 vs. nFB+AGE (300 ug/mL).

AGEs-induced apoptosis was significantly suppressed by pre-
treating the cells with NLPR3 inhibitors. ROS inhibition showed
similar inhibitory effects on apoptosis. Our results indicate that
AGEs-induced apoptosis of fibroblasts might be the result of
ROS generation and NLRP3 activation.

Wound healing requires the coordination of several cell types,
including keratinocytes, fibroblasts, endothelial cells, and in-
flammatory cells [26]. Fibroblasts are the primary cellular
component of connective tissues, and fibroblast cell prolif-
eration and migration play key roles in the formation of new

extracellular matrix and further wound repair [27]. This orderly
progression of the healing process is severely impaired in dia-
betic patients, and high glucose is thought to be the primary
reason for delayed wound healing [20]. The formation of AGEs
is enhanced by hyperglycemia and participates in many patho-
logical processes of diabetes. Previous studies have extensive-
ly investigated the role of AGEs in the induction of apoptosis
in various cell types [28,29]. In our study, pretreatment with
AGEs decreased the proliferation of fibroblasts in a concentra-
tion-dependent and time-dependent manner. We also observed
high expression of cleaved caspase8, cleaved caspase3, and
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Figure 3. The role of BAY 11-7082 treatment in AGEs-induced human dermal fibroblasts. (A) Protein expression of cleaved Caspase-3
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Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




LAB/IN VITRO RESEARCH

Dai ). et al.:
AGEs induce apoptosis of fibroblasts by activation of NLRP3 inflammasome...
© Med Sci Monit, 2019; 25: 7499-7508

A B C
Gsp3pr [ D S
o - -
107 087 157
ué_ 0.8 . 0.6- 0
2 £ £ 1.07 *
< 0.6 = * =
o 0.4 X o
< 8 2 05
g 021 0.21
go
004 004 00-
& & & & & & &
& & & & & &
& & &
N N N
D E F
Gspsprs D - —
RN
107 081 107
< 08 08
g N = 067 £
S 06 S I 06
= S 04 * < *
S 04 g 2 04
& = | g
g 02 02 < 0o
L)
004 004 004
S & & S & & S & &
§ %xyb &XQ § %Xé} %XQ § %Xb %Xg
& 8 & 8 R 8
N N N
G H |
087 100007 Bax o
=3
S 8000
0.67 < Bdl-2
g E 6000
S 04 x 2 so00. NLRP W
2 P *
021 > 2000 Caspase-1 -—— “ -
o {
0.0 0 - P
& $ & S & & ASC -
®X &X é‘%x Vsé&( .
& & pan G - —
N & &
§ %x@ %x@
$ e
&
<«

Figure 4. The role of NAC treatment in AGEs-induced human dermal fibroblasts. (A) Protein expression of cleaved Caspase-3 and
Caspase-3. (B) Protein level of Bax. (C) Protein level of Bcl-2. (D) Protein expression of cleaved Caspase-8 and Caspase-8.
(E) Protein level of NLRP3. (F) Protein level of ASC. (G) Protein level of Caspase-1. (H) ROS production was measured with
fluorometry. (1) Protein expressions of Bax, Bcl-2, NLRP3, ASC, and Caspase-1 were determined by Western blot. nFB — human

dermal fibroblasts. * p<0.05 vs. control (nFB+AGE)
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Bax in AGEs-induced human dermal fibroblasts. These results
are in agreement with our in vivo findings that patients diag-
nosed with diabetic wounds have upregulated expressions of
cleaved caspase8, cleaved caspase3, and Bax proteins com-
pared to normal controls. This connection between our in vi-
tro results and those obtained in diabetic wound patients sup-
ports the notion that diabetes has an adverse effect on the
proliferation of fibroblasts.

Previously, it has been shown that sustained NLRP3 inflam-
masome activity in wounds of diabetic humans and mice con-
tributes to the persistent inflammatory response and impaired
healing characteristic of these wounds [30]. Besides the role
of the NLRP3 inflammasome in the development of lytic py-
roptotic death via activation of caspase-1, the present study
shows that caspase-8/3-dependent apoptosis is an additional
pathway resulting from inflammasome activation. Numerous
lines of evidence have indicated that endogenous molecules
from cell metabolism or the degradation of the extracellular
matrix trigger inflammation, acting as ‘danger signals’ called
damage-associated molecular patterns (DAMPs) [31]. We pro-
posed that AGEs in diabetes are a class of DAMPs that activate
the NLRP3 inflammasome in a manner similar to that found
in other chronic inflammatory diseases. Caspase-8 and cas-
pase-3 were seen with the NLRP3 inflammasome in response
to AGEs stimulation. The involvement of the NLRP3 inflamma-
some in AGEs-induced fibroblast apoptosis was shown by en-
hanced NLRP3 inflammasome activity and through inhibition
of apoptosis with a specific NLRP3 inhibitor.

Several factors lead to NLRP3 inflammasome activation, includ-
ing pathogen-associated molecular patterns (PAMPs), damage-
associated molecular patterns (DAMPs), other exogenous in-
vaders, or environmental stress. ROS has been identified to
play a critical role in this process. All known PAMPs and DAMPs,
including the NLRP3 activators mentioned above, such as AGEs
or high glucose, trigger the production of ROS, which leads to
activation of the NLRP3 inflammasome [32]. ROS arises from
the accumulation of damaged ROS-generating mitochondria.
Environmental stresses such as high glucose, lipid peroxidation,
and protein oxidation can dramatically increase ROS produc-
tion, resulting in oxidative stress, cell damage, and death [23].
Mitochondrial dysfunction has been shown to participate in the
induction of apoptosis and has even been described as playing
a key role in the apoptotic pathway [33]. In this study, the ex-
posure of fibroblasts to AGEs significantly increased the ROS
Red Dye fluorescence and showed increased intracellular ROS
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production in parallel with increased apoptosis. Furthermore,
our data indicated that an ROS scavenger, NAC, can significant-
ly prevent NLRP3 inflammasome activation and cell apopto-
sis during AGEs stimulation. Many of the studies showing that
AGEs induce the apoptosis of fibroblasts have documented in-
creased ROS production in the treated cells. To the best of our
knowledge, our results are the first to demonstrate that ROS
generation induced by AGEs results in the apoptosis of fibro-
blasts through activation of NLRP3 inflammasome signaling.
This finding suggests a possible priming role for ROS genera-
tion in impaired diabetic wound healing progression since the
AGEs are stimulated mostly in response to the environmental
stresses that these diabetic patients experience.

On the basis of these results, we suggest the following path-
way as one of the possible mechanisms through which apop-
tosis can occur. After AGEs simulation, ROS generation induc-
es NLRP3 inflammasome activation, which leads to enhanced
caspase-8/3 activity, and subsequently cleaves many cellular
proteins, leading to apoptosis. Since healing in human diabetic
wounds is associated with higher levels of fibroblast apopto-
sis, the formation of AGEs may impair diabetic healing, part-
ly by inducing fibroblast apoptosis. The identification of sig-
naling pathways that lead to fibroblast apoptosis may provide
novel therapeutic options to improve diabetic wound healing.

Conclusions

In summary, we found that AGEs cause apoptosis of fibroblasts
via induction of ROS generation and NLRP3 inflammasome ac-
tivation. The apoptosis of fibroblasts by AGEs may be an im-
portant mechanism for the suppression of wound healing in
diabetes. Our findings indicate that targeting the NLRP3 in-
flammasome is a promising approach. To extend the present
findings, further in vivo experiments are needed.
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