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Corilagin, a gallotannin, shows excellent antioxidant and anti-inflammatory effects. The NLRP3 inflammasome dysfunction has
been implicated in a variety of inflammation diseases. However, it remains unclear how corilagin regulates the NLRP3
inflammasome to relieve gouty arthritis. In this study, bone marrow-derived macrophages (BMDMs) were pretreated with
lipopolysaccharide (LPS) and then incubated with NLRP3 inflammasome agonists, such as adenine nucleoside triphosphate
(ATP), nigericin, and monosodium urate (MSU) crystals. The MSU crystals were intra-articular injected to induce acute gouty
arthritis. Here we showed that corilagin reduced lactate dehydrogenase (LDH) secretion and the proportion of propidium
iodide- (PI-)stained cells. Corilagin suppressed the expression of N-terminal of the pyroptosis executive protein gasdermin D
(GSDMD-NT). Corilagin restricted caspase-1 p20 and interleukin (IL)-1β release. Meanwhile, corilagin attenuated ASC
oligomerization and speck formation. Our findings confirmed that corilagin diminished NLRP3 inflammasome activation and
macrophage pyroptosis. We further discovered that corilagin limited the mitochondrial reactive oxygen species (ROS)
production and prevented the interaction between TXNIP and NLRP3, but ROS activator imiquimod could antagonize the
inhibitory function of corilagin on NLRP3 inflammasome and macrophage pyroptosis. Additionally, corilagin ameliorated
MSU crystals induced joint swelling, inhibited IL-1β production, and abated macrophage and neutrophil migration into the
joint capsule. Collectively, these results demonstrated that corilagin suppressed the ROS/TXNIP/NLRP3 pathway to repress
inflammasome activation and pyroptosis and suggest its potential antioxidative role in alleviating NLRP3-dependent gouty
arthritis.

1. Introduction

Corilagin (C27H22O18), a natural polyphenol tannic acid com-
pound, is the main active component of Phyllanthus urinaria,
Phyllanthus emblica, Geranium, and other medicinal plants
[1]. Recent pharmacological researches have demonstrated that
corilagin displays various biological activities, such as antioxi-

dation [2] and anti-inflammation [3] activities. For example,
corilagin can inhibit calcium oxalate crystal-evoked oxidative
stress, inflammation, apoptosis, and relieve kidney stones in
rats [4]. Corilagin enhances the survival rate of septic mice by
inhibiting the expression of proinflammatory cytokines such
as IL-1β, IL-6, and TNF-α [5]. Nevertheless, the mechanism
of corilagin on anti-inflammation has not been fully elucidated.
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The NLR family pyrin domain-containing protein 3
(NLRP3) inflammasome is deeply involved in the regulation
of inflammation-related diseases [6]. The NLRP3 inflamma-
some is mainly a multimeric cytosolic protein complex com-
posed of NLRP3, the adaptor protein apoptosis-associated
speck-like protein containing a CARD (ASC) and the effec-
tor protease caspase-1. The classical activation of NLRP3
inflammasome comprises two steps. First, cells are primed
via pattern recognition receptors, e.g., Toll-like receptor
(TLR) 4 or tumor necrosis factor receptor (TNFR)), which
activate the NF-κB signaling to initiate NLRP3 and IL-1β
genes transcription [7]. Second, the NLRP3 inflammasome,
composed of the NLRP3, ASC, and caspase-1, is activated
by pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs), e.g., ATP,
nigericin, and MSU crystals. Subsequently, precursor (pro)-
caspase-1 is cleaved into its active form (p10 and p20 sub-
units), which splits pro-IL-1β (31 kDa) to produce mature
IL-1β (17 kDa) [7]. Gasdermin D (GSDMD) was also
cleaved to obtain an N-terminal fragment (GSDMD-NT),
which is an effector protein to induce pyroptosis and release
cytokines [8]. Inflammation can eliminate foreign bodies
and promote tissue repair, while sustained uncontrolled
inflammation can engender tissue damage.

The NLRP3 can be activated by diverse molecules or cel-
lular events, including mitochondrial dysfunction and mito-
chondrial DNA, ROS, ion flux, and lysosomal damage [9].
Upon the second signal stimulation, mitochondrial mor-
phology changes and generates ROS. Excessive ROS causes
thioredoxin (TRX) to dissociate from thioredoxin-
interacting protein (TXNIP), and activated TXNIP com-
bines with NLRP3 to promote inflammasome activation
[10, 11]. The topical immunomodulator imiquimod induces
NLRP3 activation by triggering ROS and mitochondrial
complex I dysfunction [12]. However, it is unclear whether
corilagin manages ROS generation to interfere with NLRP3
inflammasome activation.

Purine metabolism disorder causes urate accumulation
to form MSU crystals, which can drive NLRP3 inflamma-
some oligomerization and IL-1β release and triggers acute
gouty arthritis flares [13]. The NLRP3 senses MSU crystals
mainly through the following two pathways. MSU crystals
increase intracellular ROS production, which promotes
TXNIP dissociation from TRX, thereby promoting NLRP3
inflammasome assembly. In addition, MSU crystals facilitate
IL-1β secretion, which stimulates nonhematopoietic cells to
generate IL-6 and chemokines to recruit neutrophils, result-
ing in inflammation and joint tissue damage [7, 14, 15].
Small molecular compounds derived from plants show
promising potential in antigouty arthritis. Our previous
research revealed that compounds derived from traditional
Chinese medicine display potential therapeutic effects on
NLRP3-dependent gouty arthritis [16, 17]. However,
whether corilagin targets NLRP3 to treat gouty arthritis is
unknown.

Here, we show that corilagin suppressed ASC polymeri-
zation, caspase-1 activation, mature IL-1β release, and mac-
rophage pyroptosis. Importantly, corilagin blocked ROS-
induced interaction between TXNIP and NLRP3. ROS acti-

vator imiquimod abrogated the function of corilagin in inhi-
biting NLRP3 inflammasome activation and macrophage
pyroptosis. In addition, corilagin prevented joint swelling,
reduced IL-1β and caspase-1 (p20) expression, and inhibited
neutrophils and macrophages aggregation in the MSU
crystals-caused arthritis mice. Our results illustrate that cor-
ilagin restricts ROS/TXNIP/NLRP3 pathway to diminish
macrophage pyroptosis and proinflammatory cytokines
release, thereby alleviating NLRP3-dependent gouty
arthritis.

2. Materials and Methods

2.1. Mice. 8-10 weeks-old C57BL/6 J male mice were came
from the Laboratory Animal Center of Guangzhou Univer-
sity of Chinese Medicine. NLRP3-deficient (NLRP3-/-) mice,
C57BL/6 J background, were kindly provided by Dr. Don-
gyun Ouyang of Jinan University, Guangzhou, China. All
mice were maintained at a temperature- and humidity-
controlled facility and fed in pathogen-free conditions. All
animal studies were conducted by following the strict guide-
lines defined by the Institutional Animal Care and Use
Committees of Guangzhou University of Chinese Medicine.

2.2. Reagents Resource. Corilagin (B20672) was acquired
from Yuanye Bio-Technology (Shanghai, China). 20mg cor-
ilagin was dissolved in 315μl DMSO to obtain a concentra-
tion of 100mM, and then aliquoted 50μl into 6 centrifuge
tubes and stored at -20°C. Adenosine triphosphate (ATP,
A6419), fetal bovine serum (FBS, S8318), Hoechst 33342
(B2261), lipopolysaccharide (LPS, L4391), and propidium
iodide (PI, P4170) were acquired from Sigma–Aldrich (St.
Louis, MO, USA). Colchicine (T0320), H2DCFDA
(T15458), and Imiquimod (T0134) were bought from Tar-
getMol (Boston, MA, USA). Nigericin (tlrl-nig) and MSU
crystals (tlrl-msu) were bought from InvivoGen (San Diego,
CA, USA). MitoSOX™ Red (M36008), MitoTracker® Deep
Red FM (M22426), and streptomycin/penicillin (15140122)
were obtained from Thermo Fisher Scientific (CA, USA).
The cell lysis buffer for western blot and IP (P0013),
Enhanced Mitochondrial Membrane Potential Assay Kit
with JC-1 (C2003S), Hematoxylin and Eosin (H&E) Staining
Kit (C0105), and Lactate Dehydrogenase (LDH) Cytotoxic-
ity Assay Kit (C0017) were purchased from Beyotime Bio-
technology (Haimen, China). The BCA Protein Assay Kit
(FD2001) and one-step gel preparation kit (FD341) were
purchased from Fude Biological Technology (Hangzhou,
China). Mouse TNF-α (EMC102a) and IL-1β (EMC001b)
ELISA kits were purchased from Neobioscience Technology
Co., Ltd. (Shenzhen, China). Histostain TM-Plus Kits (SP-
0022) were from Bioss (Beijing, China). DAB Chromogenic
Kit (G1212) was acquired from Servicebio Technology
(Wuhan, China). Mayer’s hematoxylin solution (G1080)
was from Solarbio Science and Technology (Beijing, China).
An ECL kit (picogram) (KF001) was obtained from Affinity
Biosciences (Cincinnati, USA). Protein G agarose beads
(#37478) and Protein A agarose beads (#9863) were
obtained from Cell Signaling Technology (Danvers, MA).
The antibody sources are shown in Table 1.
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2.3. Cell Culture and Stimulation. L929 cells were incubated
in high glucose DMEM supplemented with 10% FBS and
100U/ml penicillin–streptomycin. The L929 cells culture
medium was collected after the liquid was slightly yellow.
The abundant M-CSF in the supernatant of L929 cells could
induce mouse bone marrow-derived macrophages
(BMDMs). In our previous studies, we established a mature
method to generate BMDMs [16]. Briefly, bone marrow cells
were collected and gently blown to disperse into a suspen-
sion. Then red blood cells were lysed, and the remaining
bone marrow cells were incubated in high glucose DMEM
containing 20% L929 cell-conditioned medium, 10% FBS,
and 100U/ml penicillin–streptomycin for 7 days. The cul-
ture medium was changed every two days to obtain
BMDMs. Cells were seeded at 1 × 106 cells/ml in 12-well or
6-well plates overnight. The next day, macrophages were
stimulated with LPS (0.5μg/ml) for 4 hours followed by
challenge with NLRP3 activators ATP (3mM) and nigericin
(10μM) for 1 hour or MSU (300μg/ml) for 6 hours. Cell cul-
ture medium and cell lysates were gathered for subsequent
experiments.

2.4. Cell Death Detection. After stimulation, PI (2μg/ml) and
Hoechst 33342 (5μg/ml) were loaded onto the cell culture
plate and incubated at room temperature for 10min. Imme-
diately after staining, a BIO-RAD ZOE™ Fluorescent Cell
Imager was used to take images of multiple cell fields. Mul-
tiple cell fields were randomly selected and photographed to
count the frequency (%) of PI-positive cells.

LDH release was detected by LDH cytotoxicity assay kit
to analyze cell death. 120μl cell supernatant and 60μl pre-
pared LDH reagent were loaded to a 96-well plate, and then
incubated on a horizontal shaker in the dark for 30 minutes.
A PerkinElmer EnSpire was employed to measure the absor-
bance at 490nm.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA). Accord-
ing to the manual of the ELISA manufacturer, mouse IL-1β
and TNF-α ELISA kits were used to determine cytokine by
macrophages. In brief, the supernatant or standard sample
was loaded to the precoated plate and maintained at 37°C
for 90min. Then the plate was washed with a washing solu-
tion five times. Biotinylated antibody working solution was
loaded and reacted at 37°C for 1 hour in a dark place. Wash
the plate five times. The enzyme conjugate working solution
was loaded to the samples and maintained at 37°C for
30min. Next, chromogenic substrate (TMB) was loaded to
the plate and maintained at 37°C for 15min. Finally, the
reaction was blocked by the stop solution. Samples were
quantified in a PerkinElmer EnSpire to capture absorbance
at 450nm. The cytokine concentration of each sample was
analyzed with ELISACalc software using a standard curve
method.

2.6. Immunofluorescence and Confocal Microscopy. Macro-
phage or joint tissue was fixed in 4% paraformaldehyde,
followed by permeabilization with 0.5% Triton X-100, and
blocked in 1× PBS supplemented with 3% normal goat
serum. The samples were maintained in primary antibodies

Table 1: The source and identifier of antibodies used in this study.

Antibodies Source Identifier

Anti-NLRP3 Cell signaling technology Cat# 15101

Anti-ASC Cell signaling technology Cat# 67824

Anti-TXNIP Cell signaling technology Cat# 14715

Anti-Phospho (p)-IκBα Cell signaling technology Cat# 2859

Anti-Phospho (p)-NF-κB p65 Cell signaling technology Cat# 3033

Anti-IκBα Cell signaling technology Cat# 4814

Anti-NF-κB p65 Cell signaling technology Cat# 8242

Normal rabbit IgG Cell signaling technology Cat# 2729

Anti-rabbit IgG (Alexa Fluor® 488 conjugate) Cell signaling technology Cat# 4412

Anti-mouse IgG (Alexa Fluor® 555 conjugate) Cell signaling technology Cat# 4409

Anti-β actin antibody Abcam Cat# ab8227

Anti-GAPDH antibody Abcam Cat# ab181602

Anti-GSDMD antibody Abcam Cat# ab209845

Anti-NEK7 antibody Abcam Cat# ab133514

Anti-IL-1β antibody Abcam Cat# ab9722

Anti-α-tubulin antibody Proteintech Cat# 11224-1-AP

Anti-NLRP3 mouse mAb Adipogen life sciences Cat# AG-20B-0014-C100

Anti-caspase-1 (p20) Adipogen life sciences Cat# AG-20B 0042

Anti-caspase-1 antibody Novus biologicals Cat# NB100-56565

Ly-6G antibody Thermo fisher scientific Cat# 14-5931-82

F4/80 antibody Thermo fisher scientific Cat# 14-4801-82
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at 4°C overnight, and then combined with secondary alexa
antibodies from Cell Signaling Technology for 1 h. Cell
nuclei were counterstained with Hoechst 33342. Zeiss LSM
800 confocal laser scanning microscope was employed to
capture fluorescent images.

2.7. Western Blotting. To concentrate cell supernatants for
immunoblotting, 800μl of cell supernatant, an equal volume
of methanol and 1/4 volume of chloroform were mixed and
vortexed for 1min. The mixtures were centrifuged at
12000 rpm at 4°C for 10min. Supernatants were removed,
and the remaining pellet was resuspended in 35μl 1× sample
loading buffer. Macrophages were lysed by RIPA buffer
supplemented with the protease and phosphatase inhibitor
cocktail. Whole protein density was measured by a BCA Pro-
tein Assay Kit. Concentrated supernatants and cell lysates
were denatured under 95°C for 5min. The denatured protein
samples were separated by SDS–PAGE and transferred onto
the PVDF membrane. The next day, the PVDF membrane
was blocked in 5% nonfat milk in 1× TBST at room temper-
ature for 1 h. The samples were maintained in the primary
antibodies at 4°C overnight, followed by incubation with
the secondary antibodies at room temperature for 1 h. The
PVDF membrane was detected using a picogram ECL kit
(Affinity, KF001). Protein visualization occurred on a Tanon
4600 imaging system (Tanon, Shanghai, China).

2.8. ASC Oligomerization and Speck Formation Assay. Mac-
rophages were treated as described above. Cells were fixed in
4% paraformaldehyde at room temperature for 15min,
followed by permeabilization with ice-cold methanol. Then
macrophages were incubated with anti-ASC antibody with
a final dilution of 1 : 300 at 4°C overnight and Alexa Fluor
488 goat anti-rabbit IgG antibody for 1 h. Cell nuclei were
counterstained with Hoechst 33342. ASC specks images
were captured under a Zeiss Axio observer 3 fluorescence
microscope.

LPS-primed BMDMs were treated with ATP or nigericin
as stated above. Then, macrophages were lysed in ice-cold
PBS supplemented with 0.5% Triton-X 100 and a protease
inhibitor cocktail for 30min. Cell lysates were centrifuged
at 6,000 × g at 4°C for 15min. The remaining pellets were
washed twice with PBS and resuspended in 200μl PBS.
Disuccinimidyl suberate (2mM) was loaded onto the pellets
and maintained at room temperature for 30min to cross-
link. The samples were centrifuged at 6,000 × g at 4°C for
15min. 30μl loading buffer was added to the cross-linked
pellets and subsequently boiled for 5min. The sample was
run on a gel and immunoblotted using an anti-ASC antibody.

2.9. Coimmunoprecipitation (Co-IP). BMDMs were lysed in
ice-cold cell lysis buffer for western blotting and IP. Cell
lysates were transferred into microcentrifuge tubes and cen-
trifuged at 12000 rpm at 4°C for 15min. The protein concen-
tration of each sample was determined using a BCA Protein
Assay Kit. Cell lysate samples were dispensed and precleared
on Protein A/G agarose beads with mild rotation at 4°C for
30min. The sample was maintained in anti-TXNIP antibody
or IgG antibody on a rotational cell mixer at 4°C overnight.

The next day, protein A/G agarose beads were added to the
immune complexes and gently rotated at 4°C for 2 h. The
samples were then centrifuged. The beads were washed with
cell lysis buffer five times. The proteins of each sample were
eluted from washed beads by boiling for 5min in 3× SDS
loading buffer and analyzed by SDS–PAGE.

2.10. MitoSOX and MitoTracker Staining. LPS-primed mac-
rophages were stimulated with the NLRP3 inflammasome
activators. MitoSOX was used to detect mitochondrial ROS
(mtROS). MitoTracker was employed to assess mitochon-
drial morphology. MitoTracker (200 nM) or MitoSOX red
(5μM) was loaded and incubated for 30min before the
stimulation was complete. BMDMs were washed with PBS
three times and counterstained with Hoechst 33342. Cells’
fluorescent images were observed and took photographed
through a Zeiss LSM 800 confocal laser scanning microscope.

2.11. Mitochondrial Morphology Analysis. Open Fiji-ImageJ
(NIH) and click Plugins to install MiNA macros. Images
from the Zeiss LSM 800 were loaded into FIJI for mitochon-
dria morphology analysis. The binary image was converted
into a skeleton representing the features in the original
image by using “skeletonize”. Next, the mean branch length
and the number of individuals were determined by using the
“Analysis Skeleton” plug-in.

2.12. Mitochondrial Membrane Potential Assay with JC-1 Kit.
After treating the cells as described above, aspirate the old
medium. Cells were loaded with JC-1 working solution and
maintained in a cell incubator at 37°C for 20 minutes in the
dark. Aspirate the supernatant and wash with JC-1 staining
buffer twice. The mitochondrial membrane potential is high
in healthy cells, and JC-1 exists as aggregates with bright red
fluorescence. When the mitochondrial membrane potential
decreased, the number of JC-1 monomers increased and
showed green fluorescence. Then the cell fluorescence images
were observed and captured using a laser scanning microscope.

2.13. MSU-Induced Gouty Arthritis in Mice. A knee joint gouty
arthritis mice model was established according to our previous
studies [16, 17]. Corilagin (20mg/kg) or colchicine (1mg/kg)
was intraperitoneally injected into the right knee joint of
C57BL/6 J mice colchicine treated group was a positive control.
After one hour, 0.5mg MSU crystals resuspended in 20μl of
sterile PBS were injected into the knee joint of each mouse.
We determined the joint diameter using an electronic caliper
at the indicated time of up to 24 hours. The knee joints were iso-
lated and incubated in Opti-MEM supplemented with 100U/
ml penicillin–streptomycin for 1h. The joint culture medium
was collected for cytokine measurement. The harvested knee
joint was fixed and decalcified for histological staining.

2.14. Histological Evaluation and Immunohistochemistry. The
knee joint was embedded in paraffin. Then the joint tissue
was sectioned and stained with hematoxylin and eosin (H&E)
to determine morphological injury and inflammation. In addi-
tion, joint sections were deparaffinized, rehydrated, and
unmasked with antigen in citrate buffer at 60°C overnight.
The joint sections were incubated with 3% hydrogen peroxide,
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Figure 1: Continued.
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followed by permeabilization with 0.1% Triton X-100 in PBS.
After washing, the joint sections were maintained in 3% sheep
serum at room temperature for 1h. The joint sections were
incubated with an antibody specific for F4/80 (macrophage
marker) or myeloperoxidase (Ly-6G, neutrophil marker).
NLRP3 inflammasome components of the joint were immuno-
stained with caspase-1 p20 or IL-1β antibodies at 4°C
overnight. Joint sections were maintained in HRP-conjugated
secondary antibody and then reacted with DAB. Then the cell
nuclei were counterstained with hematoxylin. Immunohisto-
chemistry images were taken pictures by a Zeiss Axio observer
3 microscope. Moreover, the joint sections were maintained in

alexa secondary antibody at 37°C for 1h. Hoechst 33342 was
used to stain cell nuclei. The fluorescence pictures were cap-
tured through a Zeiss LSM 800 confocal laser scanning
microscope.

2.15. Statistical Analysis. The data are represented as the
mean ± standard deviation (SD) or mean ± standard error
of the mean (SEM). The statistical analysis method and the
significance levels are also displayed in the respective figure
legends. Either Student’s t-test (two-tailed, unpaired) or
one-way ANOVA was employed to analyze raw data,
followed by either Tukey’s or Dunnett’s correction test using
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Figure 1: Corilagin inhibits NLRP3 inflammasome activation and pyroptosis in BMDMs. (a–h) BMDMs were primed with LPS (0.5 μg/ml)
for 4 h and then stimulated with ATP (3mM) or nigericin (10 μM) for 1 h with or without corilagin. (a–d) Cells were stained with PI (2 μg/
ml) and Hoechst 33342 (5 μg/ml) for 10min, and the percentage of PI-positive (red) cells relative to total cells (Hoechst 33342, blue) was
analyzed (n = 6). Scale bar, 100μm. (e) Cell supernatant was collected to detect LDH release. (f) ELISA determined IL-1β level in
supernatants. (g and h) Western blotting was used to detect protein expression in the culture supernatant (Sup.) and cell lysate (Lys.).
COR: corilagin. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001.
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Figure 2: Corilagin prevents ASC aggregation in BMDMs. (a–c) BMDMs were primed with LPS (0.5 μg/ml) for 4 hours and then incubated
with ATP (3mM) or nigericin (10 μM) for 1 hour with or without corilagin (40 μM). (a) Representative image of cell immunofluorescence
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Figure 3: Continued.
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GraphPad Prism 8 (GraphPad Software Inc, La Jolla, CA). P
value less than 0.05 was considered significant.

3. Results

3.1. Corilagin Blocks NLRP3 Inflammasome Activation and
Pyroptosis. Corilagin exerts anti-inflammatory activity mainly
by abating proinflammatory cytokines expression, but the
mechanism is uncertain. NLRP3 inflammasome activation
and pyroptosis contribute to promoting the maturation of
inflammatory cytokines such as IL-1β. LPS-primed BMDMs
were stimulated with classical NLRP3 inflammasome activa-
tors (ATP and nigericin) in the presence of corilagin. The pro-
portion of cell death was analyzed by propidium iodide (PI)
staining and LDH release detection. ELISA determined the
density of IL-1β in culture supernatants. In addition, immu-
noblotting was performed to detect caspase-1 p20 (20kDa)
and mature IL-1β (17 kDa) in the supernatant to identify
inflammasome activation and the expression of the NLRP3
inflammasome component and pyroptosis executive protein
GSDMD in the cell lysate.

The results showed that corilagin dose-dependently
reduced ATP- and nigericin-caused mortality in LPS-primed
BMDMs (Figures 1(a)–1(d)) and limited LDH and IL-1β
release in the supernatant (Figures 1(e) and 1(f)). Western blot
results showed that LPS stimulated NLRP3 and pro-IL-1β
expression, whereas corilagin did not influence NLRP3, pro-
IL-1β, ASC, or caspase-1 expression in LPS-primed and
NLRP3-activated cells. Corilagin significantly inhibited ATP-
and nigericin-induced release of caspase-1 p20 and mature
IL-1β (17kDa) into the culture supernatant and decreased
GSDMD-NT expression (Figures 1(g) and 1(h)). LPS binds to
TLR4 to activate the NF-κB pathway and gene transcription.

BMDMswere pretreated with corilagin before LPS stimulation,
followed by challenge with or without nigericin. The immuno-
blotting results showed that corilagin did not inhibit LPS-
activated phospho (p)-P65 and p-IκB and could not abolish
LPS-induced IκB degradation (Figure S1). The result
indicated that corilagin could not inhibit TLR4/NF-κB
pathway. Collectively, we conclude that corilagin specifically
obstructs NLRP3 inflammasome activation and macrophage
pyroptosis, thereby reducing IL-1β release.

3.2. Corilagin Suppresses ASC Oligomerization and Speck
Formation. NLRP3 inflammasome is a multiprotein com-
plex. ASC acts as a linker between NLRP3 and caspase-1
and participates in caspase-1 activation. NLRP3 activation
is accompanied by ASC protein oligomerization, and ASC
specks are a significant marker of NLRP3 inflammasome
aggregation. ATP and nigericin were added to stimulate
LPS-primed macrophages for NLRP3 inflammasome activa-
tion. Immunofluorescence results displayed that ASC specks
were increased and irregularly distributed in the positive
group, and corilagin significantly blocked ASC speck forma-
tion (Figures 2(a) and 2(b)). Furthermore, ASC oligomeriza-
tion was detected by chemical cross-linking and western
blotting. The results showed that corilagin inhibited ATP-
and nigericin-caused ASC oligomerization in LPS-
stimulated BMDMs (Figure 2(c)). Altogether, these results
indicate that corilagin can reduce ASC speck formation by
blocking ASC oligomerization, which reveals its potential
to restrict NLRP3 inflammasome assembly and activation.

3.3. Corilagin Prevents Inflammasome Activation Dependent
on NLRP3. To further prove the specificity of corilagin in
restricting the NLRP3 inflammasome, bone marrow cells
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Figure 3: Corilagin restrains inflammasome activation and pyroptosis in an NLRP3-dependent manner. (a–d) NLRP3-/- BMDMs and WT
BMDMs were pretreated with LPS (0.5 μg/ml) for 4 hours and then stimulated with ATP (3mM) or nigericin (10 μM) in the presence of
corilagin for 1 hour. (a) NLRP3-/- BMDMs were stained with PI and Hoechst 33342 for 10min. Scale bar, 100 μm. (b) The percentage of
PI-positive (red) cells relative to total cells (Hoechst 33342, blue) was analyzed (n = 5). (c) The LDH release in the supernatant was
detected. (d) The distribution of ASC in BMDMs was observed by immunofluorescence. Scale bar, 20 μm. (e and f) Western blotting was
used to analyze the proteins in the supernatant concentrate and cell lysate. COR: corilagin; WT: wild type. ∗∗∗P < 0:001.
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from NLRP3-deficient (NLRP3-/-) mice and wild-type (WT)
mice were isolated and induced to obtain BMDMs. NLRP3
inflammasome activation was then induced with LPS and
ATP or nigericin. PI staining results displayed that few cells
died in NLRP3-/- BMDMs, and corilagin showed no noticeable
antipyroptosis effect (Figures 3(a) and 3(b)). LDH release was
inhibited by corilagin in ATP-activated cells but not nigericin-
stimulated cells (Figure 3(c)). In addition, ASC specks were not
observed in NLRP3-/- BMDMs (Figure 3(d)). ATP and nigeri-
cin could not trigger the generation of caspase-1 p20, mature
IL-1β, and GSDMD-NT (Figures 3(e) and 3(f)). Almost no
secreted IL-1β was detected in the supernatant of NLRP3-/-

BMDMs (Figure S2). In summary, these results demonstrate
that corilagin prevents NLRP3-dependent inflammasome
activation and pyroptosis.

3.4. Corilagin Diminishes ROS Generation and the Interaction
between TXNIP and NLRP3. Mitochondrial morphology
changes cause increasingmitochondrial reactive oxygen species
(mtROS). Excessive ROS induces TXNIP binding to NLRP3
and activates NLRP3 inflammasome [11]. To explore the

mechanism of how corilagin inhibited NLRP3 inflammasome
activation, we employed MitoTracker to identify mitochondria
and MitoSOX Red to stain mtROS. Furthermore, H2DCFDA
and JC-1 were used to detect intracellular ROS and mitochon-
drial membrane potential, respectively. Next, the interaction
between TXNIP and NLRP3 was determined by Co-IP assay
and immunofluorescence. Our results showed that nigericin
significantly induced a fragmented mitochondrial morphology
as indicated by a decrease in mitochondrial individuals and
mean branch length, while corilagin restored mitochondrial
morphology phenotype (Figures 4(a) and 4(d)). Consistently,
corilagin reduced the production of mtROS (Figures 4(b) and
4(c)) and intracellular ROS (Figures 4(e) and 4(f)). Besides,
corilagin prevented the loss of mitochondrial membrane
potential in nigericin-stimulated BMDMs (Figure 4(g)). The
study has proved that serine/threonine kinase NEK7 binds to
NLRP3 and promotes NLRP3 inflammasome activation [18].
However, the Co-IP results showed that corilagin did not affect
the interaction between NEK7 and NLRP3 (Figure S3).
Furthermore, we examined the interaction between TXNIP
and NLRP3 by immunofluorescence and Co-IP. As shown in
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Figure 4: Corilagin decreases the production of mtROS and the NLRP3-TXNIP interaction. (a–i) LPS-primed BMDMs were incubated with
or without corilagin (40 μM) for 30min, and then stimulated with nigericin for 1 h. (a–c) MitoTracker or MitoSOX reagent stained cells for
30min before the stimulation was complete. A confocal microscope randomly photographed multiple cell regions. (c) Quantification of
representative images shown in (a and b). The quantitative statistics of mitochondrial individuals and mean branch length in (a) were
represented in (d) (n=5). (e) Cellular ROS level was detected by H2DCFDA, and the relative fluorescence intensity was shown in (f).
Scale bar, 10 μm. (g) Cells stained with JC-1 and captured by confocal microscopy. Scale bar, 20μm. (h) Coimmunoprecipitation analysis
of the interaction between TXNIP and NLRP3. (i) Representative fluorescent images of BMDM costained for TXNIP and NLRP3. Scale
bar, 10μm. COR: corilagin. ∗∗∗P < 0:001.
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Figured 4(h) and 4(i), nigericin caused the colocalization of
TXNIP and NLRP3, but corilagin abolished the interaction
between TXNIP and NLRP3.

To further identify whether corilagin modulates inflam-
masome by the ROS-TXNIP-NLRP3 pathway in MSU-
stimulated BMDMs. Immunofluorescence results also
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Figure 5: Corilagin inhibits MSU-induced activation of the ROS-TXNIP-NLRP3 pathway. (a–h) LPS-primed BMDMs were treated with
corilagin (40 μΜ) for 30min followed by stimulation with MSU (300 μg/ml) for 6 h. (a and b) The cells were stained with MitoTracker
or MitoSOX for 30min, and fluorescence images were taken by the confocal microscope. Statistical analysis of cell fluorescence intensity
was shown in (c and d) (n = 5). (e) Histograms show the mitochondrial individuals and mean branch length in (a). (f)
Immunofluorescence staining of TXNIP (green) and NLRP3 (red). Scale bar, 10μm. (g) Immunofluorescence analysis of the subcellular
distribution of ASC specks (white arrow indicator). Scale bar, 20 μm. Quantitative analysis of the percentage of ASC specks displayed in
(h). (i) NLRP3 inflammasome components were analyzed by western blot. COR: corilagin. ∗∗P < 0:01, ∗∗∗P < 0:001.
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showed that corilagin inhibited MSU-induced mitochondria
fragmentation to restore mitochondrial morphology pheno-
type (Figures 5(a), 5(c), and 5(e)) and reduced MSU-
stimulated mtROS generation (Figures 5(b) and 5(d)) and
NLRP3-TXNIP interaction (Figure 5(f)). In addition, corilagin
prevented MSU-induced ASC speck formation (Figures 5(g)
and 5(h)) and decreased the production of caspase-1 p20 and
mature IL-1β in the culture medium (Figure 5(i)). Collectively,
these results demonstrate that corilagin restrains TXNIP-
NLRP3 interaction by inhibiting mitochondrial morphology
changes and mtROS generation to prevent NLRP3 inflamma-
some activation.

3.5. Corilagin Inhibits Inflammasome Activation and
Pyroptosis Depending on the ROS/TXNIP/NLRP3 Pathway. A
variety of molecules regulate the NLRP3 inflammasome, in
which the PKA signal inhibits the inflammasome by increasing
the phosphorylation of NLRP3 at Ser/Thr residues [19, 20].
Nrf2 blocks NLRP3 inflammasome activation by promoting
antioxidant activity [21]. We adopted the PKA inhibitor H89
and the Nrf2 inhibitor ML385, and the results showed that
these two inhibitors did not counteract the effect of corilagin
(Figure S4). Imiquimod can induce decreased mitochondrial
respiratory activity and dynamic imbalance [22]. Imiquimod
can activate the NLRP3 inflammasome by inducing ROS
generation [12]. Since corilagin is a potential antioxidant, we
employed imiquimod to determine whether corilagin inhibits
the NLRP3 inflammasome by modulating ROS production.

Our data showed that imiquimod reversed the effect of
corilagin in decreasing pyroptosis and LDH release in

nigericin-stimulated BMDMs (Figures 6(a)–6(c)). Addition-
ally, corilagin reduced ASC specks in ATP- or nigericin-
stimulated BMDMs, while imiquimod restored ASC speck
formation (Figures 6(d), 6(e), 6(h), and 6(i)). Imiquimod
also restored IL-1β expression upon corilagin incubation in
LPS- and nigericin-treated cells (Figure 6(f)). Moreover, cor-
ilagin restrained caspase-1 p20, mature IL-1β, and GSDMD-
NT production, while imiquimod antagonized the function
of corilagin. (Figures 6(g) and 6(j)). Overall, we conclude
that imiquimod resists the inhibitory function of corilagin
on NLRP3 inflammasome activation and macrophage
pyroptosis.

Imiquimod can significantly increase the production of
mitochondrial ROS [23]. However, whether imiquimod neu-
tralizes the effect of corilagin via the mitochondrial ROS
pathway remains unknown. Upon nigericin or MSU stimula-
tion, LPS-primedmacrophages were incubated with or without
imiquimod, followed by treated with corilagin. MitoTracker
fluorescence images showed that corilagin protected macro-
phages from nigericin- and MSU-induced mitochondrial mor-
phology changes, while imiquimod antagonized the effect of
corilagin and exacerbated mitochondrial morphology
fragmentation (Figures 7(a), 7(c), 7(d), and 7(f)). MitoSOX
fluorescence images showed that corilagin could reduce
mtROS levels, while imiquimod enhanced mtROS generation
in the presence of corilagin (Figures 7(b), 7(c), 7(e), and 7(f)).
Immunoprecipitation results revealed that corilagin inhibited
MSU-induced TXNIP binding to NLRP3, while imiquimod
promoted the TXNIP-NLRP3 interaction (Figure 7(g)). These
results demonstrate that imiquimod abrogates the effect of
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Figure 6: Imiquimod resists the inhibitory effect of corilagin on NLRP3 inflammasome activation and pyroptosis. (a–f, h and i) LPS-primed
BMDMs were incubated with imiquimod (70 μM) for 30min, treated with corilagin (40 μM) for 30min, and then stimulated with nigericin
or ATP for 1 h. (a) Representative images of cell death (PI positive) are shown in BMDMs staining with Hoechst 33342 and PI. Scale bar,
100μm. (b) Quantification of cell death in (a). (c) Analysis of culture supernatant levels of LDH. (d and h) Representative
immunofluorescence images of BMDMs stained for ASC. White arrows indicate ASC speck. Scale bar, 20μm. (e and i) Quantification of
the ASC specks in (d and h) (n = 6). (f) IL-1β level was assayed by ELISA kit. (g and j) Immunoblot analysis of pro- and activated (p20)
caspase-1, pro- and mature IL-1β, GSDMD, NLRP3, and ASC. β-Actin was used as the internal control.
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corilagin on reducing mitochondrial morphology changes and
mtROS generation, further confirming that corilagin inhibits
inflammasome activation partly through the ROS/TXNIP/
NLRP3 pathway.

3.6. Corilagin Ameliorates Monosodium Urate Crystals-
Induced Gouty Arthritis.MSU crystals can motivate the activa-
tion of NLRP3 inflammasome, which triggers the gout flare.
We have demonstrated that corilagin can effectively inhibit
MSU-stimulated NLRP3 inflammasome activation in vitro.
Therefore, MSU crystals-caused gouty arthritis were employed
to explore the anti-inflammation activity of corilagin in vivo,
and colchicine was taken as the positive control. The results
reveal that corilagin alleviates MSU crystals-caused knee swell-
ing in mice (Figure 8(a)). ELISA was applied to detect inflam-
matory cytokines in the culture supernatant of the isolated
knee joint. We found that both corilagin and colchicine could
reduce IL-1β and TNF-α generation (Figures 8(b) and 8(c)).
We also observed that corilagin and colchicine restrained
MSU-induced inflammatory cell infiltration (Figure 8(d)).
Immunohistochemical results showed that corilagin and col-
chicine decreased the production of IL-1β and caspase-1 p20
in the joint tissue (Figure 8(e)).

To further determine which inflammatory cells gather,
the joint tissue was stained with Ly-6G (neutrophil marker)
antibody or F4/80 (macrophage marker) antibody. The
immunofluorescence image results showed that MSU
attracted the neutrophils and macrophages aggregation in
the joint, but corilagin and colchicine reduced the accumula-
tion of these inflammatory cells (Figure 8(f)). Collectively,
we conclude that corilagin alleviates MSU crystals-caused
gouty arthritis by restraining NLRP3 inflammasome activa-
tion, inflammatory cytokines expression, and immune cell
infiltration.

4. Discussion

Colchicine, NSAIDs, or glucocorticoids are often used as
first-line drugs to treat gout flares, but several patients have

poor tolerance or contraindications to these common anti-
inflammatory therapies. Here, we find that corilagin, a com-
pound derived from traditional Chinese medicine, alleviates
MSU-induced acute gouty arthritis by preventing NLRP3
inflammasome and reducing IL-1β production and immune
cell infiltration, and no significant adverse reactions were
observed. We provide evidence that corilagin inhibits the
interaction between TXNIP and NLRP3 by reducing mito-
chondrial morphology changes and ROS generation. Ulti-
mately, corilagin suppresses NLRP3 inflammasome
activation and the subsequent release of mature IL-1β.

Corilagin has been demonstrated to prevent inflamma-
tion by inhibiting the production of proinflammatory cyto-
kines such as IL-1β and TNF-α [24]. In addition, corilagin
exerts its potent antioxidant effect by decreasing ROS
expression [25–27]. Consistent with the previous studies,
we find that corilagin significantly prevents inflammasome
activation and IL-1β expression (Figures 1, 2, and 5), and
this effect depended on NLRP3 (Figure 3). Excessive mito-
chondrial ROS promotes TXNIP binding to NLRP3 and
thus induces NLRP3 inflammasome activation [10, 11]. We
show herein that corilagin limits mitochondria morphology
changes, reduces mtROS generation, and prevents the inter-
action between TXNIP and NLRP3. (Figures 4 and 5). These
findings suggest that corilagin suppresses NLRP3 inflamma-
some activation through the ROS/TXNIP/NLRP3 pathway.
Lian et al. also confirmed that ROS/TXNIP/NLRP3 is a crit-
ical priming signaling pathway for periodontitis [28]. Met-
formin has been shown to inhibit TXNIP expression and
the interaction between TXNIP and NLRP3 and decrease
caspase-1 and GSDMD-NT expression, thereby protecting
barrier function from intestinal ischemia-reperfusion injury
and abating oxidative stress and inflammation [29]. These
results reveal that targeting the ROS/TXNIP/NLRP3 path-
way could be a potential anti-inflammation strategy. Imiqui-
mod, a ROS activator, can reverse the inhibitory function of
corilagin on the NLRP3 inflammasome and macrophage
pyroptosis (Figure 6). Furthermore, imiquimod promotes
the binding of TXNIP to NLRP3 by inducing mitochondrial
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Figure 7: Imiquimod counteracts the effect of corilagin by activating the ROS/TXNIP/NLRP3 pathway. (a–g) LPS-primed BMDMs were
treated with corilagin (40 μM) in the presence or absence of imiquimod (70 μM), and then stimulated with MSU. (a and b, d and e)
BMDMs were stained with MitoTracker or MitoSOX for 30min. Fluorescence images were taken by the confocal laser scanning
microscope. Scale bar, 10 μm. (c and f) The relative fluorescence intensity of MitoTracker or MitoSOX was analyzed and normalized to
the control (n = 5). (g) Immunoprecipitation analysis of the interaction between TXNIP and NLRP3. COR: corilagin. ∗∗∗P < 0:001.
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morphology changes and ROS production (Figure 7). Our
results preliminarily proved that corilagin limited NLRP3
inflammasome activation and the macrophage pyroptosis
through antioxidant effects.

Multiple molecules and pathways regulate the NLRP3
inflammasome. NEK7, a serine/threonine kinase is an inte-
gral part of the NLRP3 inflammasome. NEK7 binds to the
inflammasome by binding to the LRR domain of NLRP3,
which is necessary for the activation of the NLRP3 inflam-
masome [18]. However, the Co-IP analysis results revealed
that corilagin did not prevent the interaction between

NEK7 and NLRP3 (Figure S3). In addition, our previous
studies have proved that wedelolactone increases Ser/Thr
phosphorylation of NLRP3 by enhancing the PKA signal,
thereby impeding NLRP3 inflammasome activation and
macrophage pyroptosis. Meanwhile, the PKA inhibitor
H89 can reverse the function of wedelolactone [16]. Gallic
acid enhances Nrf2 signaling and reduces mtROS
production to limit NLRP3 inflammasome activation, while
the Nrf2 inhibitor ML385 antagonizes the effect of gallic
acid [17]. Cells were treated with H89 and ML385 during
stimulation. However, these two inhibitors could not
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Figure 8: Corilagin relieves MSU-induced arthritis in C57BL/6 J mice. (a–g) C57BL/6 J mice were intraperitoneal injection with corilagin
(20mg/kg) or colchicine (1mg/kg), and then MSU crystals were injected into the knee joint for 24 h. (a) Joint swelling was measured at
different times. (b and c) Levels of IL-1β and TNF-α were detected by ELISA kits (n = 6). (d) H&E staining of knee joint section. Black
arrows indicate cell infiltration. Scale bar, 100 μm. (e) Immunohistochemistry analysis for IL-1β and caspase-1 p20. Scale bar, 100μm. (f
) Immunofluorescence staining of F4/80 and Ly-6G in joint sections. Scale bar, 50μm. ∗∗∗P < 0:001.
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counteract the effect of corilagin (Figure S4). The results
conclude that corilagin obstructs NLRP3 inflammasome
independent of the PKA or Nrf2 pathway.

Colchicine, a microtubule-depolymerizing agent used in
the prevention and treatment of acute gout attacks, reduces
the MSU crystals-induced painful inflammatory response
in joints [13]. However, colchicine often causes gastrointes-
tinal and other adverse reactions. The in vivo results suggest
that the gastrointestinal reactions of corilagin are signifi-
cantly lower than in colchicine treated group. Corilagin
reduces immune cell infiltration and inflammatory symp-
toms in MSU-induced acute gouty arthritis (Figure 8). Cor-
ilagin mainly inhibits the infiltration of macrophages and
neutrophils by blocking NLRP3 activation and IL-1β release.
Although corilagin treats gouty arthritis by obstructing the
NLRP3 inflammasome, the in vivo function of corilagin in
mediating the ROS/TXNIP/NLRP3 pathway remains
unclear. In addition, it is also unclear whether corilagin
can lower serum uric acid. Corilagin displays extensive phar-
macological activities in cells and mice models. One study
indicated that corilagin (100μM) displayed no cytotoxicity
to human normal cells (LO2, BEAS-2B, and HEK293).
Moreover, oral administration of corilagin (300mg/kg)
showed no apparent toxicity or detrimental effects, mice
body weight and organ weight also did not change signifi-
cantly [30]. However, there are fewer clinical trials of corila-
gin in vivo. Therefore, the safety and clinical transformation
of corilagin in humans deserve further study.

In summary, we confirm that corilagin inhibits the
NLRP3 inflammasome and pyroptosis by protecting mito-
chondrial integrity, reducing mitochondrial ROS produc-
tion, and preventing the interaction between TXNIP and
NLRP3. In addition, we have proved that corilagin can
reduce inflammatory cytokines expression and immune cell
infiltration during acute gouty arthritis flares (Figure 9).
These results provide a reliable pharmacological basis for
preclinical studies. As one of the active ingredients of natural
medicine, the safety of corilagin is also guaranteed. There-
fore, corilagin possesses excellent potential to treat NLRP3-
dependent inflammatory diseases such as gout, diabetes, sep-
sis, and cancer.
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Type 2 diabetes mellitus (T2DM) is associated with an elevated risk of cognitive impairment. And the underlying mechanism
remains unillustrated. HSPB8 is a member of the small heat shock protein family. In this study, we found that the expression
of HSPB8 was upregulated in the hippocampus of high − fat diet ðHFDÞ + streptozotocin ðSTZÞ − induced diabeticmice and
N2a cells exposed to high glucose. Overexpression of HSPB8 relieved cognitive decline in DM mice. Mechanically, HSPB8
overexpression in the hippocampus of diabetic mice inhibited NOD-like receptor protein 3 (NLRP3) inflammasome activation
via dephosphorylating mitochondrial fission-associated protein dynamin-related protein 1 (DRP1) at the phosphorylated site
Ser616 (p-Drp1S616). Furthermore, HSPB8 overexpression increased mitochondrial membrane potential (MMP) and reduced
oxidative stress. These results indicate a protective effect of HSPB8 in the hippocampus of diabetic mice and N2a cells exposed
to high glucose. Overexpression of HSPB8 might be a useful strategy for treating T2DM-related cognitive decline.

1. Introduction

Diabetes mellitus is a common metabolic disorder that can
cause multiple comorbidities, such as nephropathy, cardio-
vascular disease, and retinopathy [1]. Additionally, people
with type 2 diabetes mellitus perform poorly on learning
and memory tests [2]. Due to the diabetes pandemic and
the concomitant rise in the aging population worldwide,
diabetes-related cognitive dysfunction substantially affects
society and seriously affects patients’ quality of life and has
received significant attention [3]. But the potential mecha-
nisms underlying Type 2 diabetes mellitus (T2DM) related
cognitive decline remain elusive. Therefore, it is urgent to
clarify the pathogenesis of diabetes-related cognitive decline
and find effective prevention and treatment strategies.

HSPB8, Heat shock protein 22 (HSP22), known as H11
kinase, E21G1, is a member of the small HSP family of pro-

teins containing an α-crystalline domain and has been dem-
onstrated to have a protective effect against various
conditions including oxidative stress, aging, cancer, and apo-
ptosis [4–7]. Notably, HSPB8 could regulate mitochondrial
biogenesis and prevent excessive mitochondrial fission [5].

Mitochondria are dynamic organelles providing neces-
sary energy for cells. The morphology of these organelles
can make adaptive changes according to the needs of the
cells and undergo continuous fusion and fission. Mitochon-
drial fusion and fission defects would cause mitochondrial
dysfunction [8–10]. Mitochondrial fusion is mainly medi-
ated by the fusion proteins Mfn1, Mfn2, and OPA1 [11,
12]. The central player in mitochondrial fission is DRP1
[13]. The activity of DRP1 is mediated by phosphorylation
of two critical phosphorylation sites, serine 616 (active form)
and serine 637 (inactive form) [8, 10, 14, 15]. Due to the vital
role of mitochondria homeostasis in the T2DM-related
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cognitive decline, it is vital to explore whether overexpres-
sion of HSPB8 could ameliorate mitochondrial dysfunction
in the brains of the T2DM mouse model.

In the current study, we used mice treated with a high-
fat diet and streptozotocin to mimic T2DM. The results
showed upregulated expression of HSPB8 in the hippocam-
pus of diabetic mice and N2a cells exposed to high glucose.
Overexpressing HSPB8 in the hippocampi inhibited NLRP3
inflammasome activation via dephosphorylating DRP1 at
the phosphorylated site Ser616 (p-Drp1S616), reduced oxi-
dative stress, and ultimately relieved cognitive impairments.
This study suggests that HSPB8 could be a promising thera-
peutic target for T2DM-related cognitive decline.

2. Materials and Methods

2.1. Animals. Male C57BL/6 mice (7-week-old) were pur-
chased from Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd. These mice were randomly divided into four
groups (n = 20 per group). Two groups of mice were fed with
high-fat diet (HFD) (60 kcal% fat). Then, at 20 weeks old,
mice were treated with streptozotocin (STZ) (100mg/kg)
by intraperitoneal (i.p.) injection. One week later, we
detected blood glucose levels with fasting 12h. Mice with
the features (polyphagia, polydipsia, and polyuria) and
blood glucose levels exceeding 11.1mmol/L were thought
to be T2DM. At 28th week, the virus was injected into the
hippocampus. One group of mice received virus AAV-
HSPB8-EGFP (group: DM+HSPB8). Another group
received the control virus AAV-EGFP (group: DM).
Another two groups of mice were treated with normal diet.
Then, mice received a single dose of citrate buffer vehicle
(pH4.5). One group of mice received virus AAV-HSPB8-
EGFP(group: WT+HSPB8). Another group received the
control virus AAV-EGFP (group: WT). All animals were
housed in a specific pathogen-free environment at 22°C,
with 12 h light-dark cycles. Mice were allowed to move for
food and water freely. Animal experiments were performed
according to protocols approved by the animal ethics com-
mittee of Tongji Medical College, Huazhong University of
Science and Technology.

2.2. Stereotactic Injection. Adeno-associated virus was coded
for HSPB8 with enhanced green fluorescent protein EGFP.
AAV-HSPB8-EGFP (1 × 1013 vg/mL) and the control AAV-
EGFP (1 × 1013 vg/mL) were obtained from OBiO Biologic
Technology Co., Ltd. (Shanghai, China). Mouse was fixed on
stereotaxic apparatus after anesthesia with isoflurane. Animals
were bilaterally injected with 1μL of virus into the hippocam-
pus (AP-1.9mm; ML ± 1:5mm; DV-1.9mm) at an injection
rate of 100nl/min. Before being removed, the needle was
allowed to remain for an additional 10min. Behavioral tests
were performed 4 weeks after virus injection.

2.3. Novel Object Recognition (NOR). According to the previ-
ous report [16], a novel object recognition test was per-
formed in a box (50 × 50 × 50 cm). First, mouse was put in
the box to adapt to the environment for 5min in an empty
box 24 h before testing. Two identical objects (A and B) were

put at two different corners during the training phase. Mice
were placed in the center of the bottom and allowed to
explore for 5min freely. Time to explore each object was
recorded. Twenty-four hours later, the testing phase began.
A differently new object C was used to take the place of
object A. And mice were placed in the box to explore for
another 5min. Time to explore object B and object C was
recorded. The recognition index was calculated as ðobject C
exploration timeÞ/ðobject A exploration time + object C
exploration timeÞ.
2.4. Morris Water Maze (MWM). Morris water maze test
was carried out to evaluate spatial learning and memory. A
circular pool (120 cm diameter) filled with water was divided
into 4 quadrants. 1.5 cm beneath the water surface, a plat-
form (10 cm diameter) was placed in a fixed position at the
center of the target quadrant. The mice were trained to find
the platform for five consecutive days. Mice were put into
water from four different quadrants daily for 60 s or till the
platform was found and then they were allowed to rest on
the platform for 20 s. Latencies loading to the platform were
recorded. After 24 h of the last training, a probe test was con-
ducted. In the probe test, the platform was removed and the
number of times the mice crossed through the platform
position, and the time stayed at the target quadrant and
the locus of the movement was recorded (60 s of test dura-
tion). All data were recorded by using Chengdu Taimeng
Software Co. Ltd. (China).

2.5. Western Blotting. Protein samples from all groups were
lysed with RIPA lysis buffer. Via centrifugation at 12,000 g
for 15min at 4°C, the supernatant was obtained. Protein
concentration was decided by the BCA Protein Assay kit
(Beyotime, Shanghai, China). After SDS acrylamide gel elec-
trophoresis, the proteins were subjected to transfer onto
nitrocellulose membranes (Amersham Biosciences, Ger-
many). Following by blocking with 5% BSA at 25°C for 1 h,
the membranes were incubated with primary antibodies
overnight at 4°C. Primary antibodies used were listed in
Table 1. After that, the membranes were subjected to incu-
bation with the corresponding secondary antibody for 1 h
at room temperature. Finally, the proteins were visualized
by Odyssey Infrared Imaging System (Licor biosciences, Lin-
coln, NE, USA) and ECL Imaging System (610007-8Q, Clinx
Science Instruments Co., Ltd.). The quantitative analysis of
proteins was performed by using ImageJ software.

2.6. Golgi Staining. Golgi staining was conducted using FD
Rapid GolgiStainTM kit (FD NeuroTechnologies, USA).
Hippocampus from all groups was immersed in solutions
A and B at room temperature for 4 weeks. After that, brains
were transferred into solution C in the dark for a week. Brain
tissues were sliced at a thickness of 100μm. The slices were
stained in a mixture of solution D and solution E for
10min. Following dehydrating with ethanol and clearing
with xylene, the sections were mounted on slides.

2.7. Immunofluorescence. Brains were paraffin-embedded,
and slices (5μm thickness) were used for immunofluores-
cence analysis. After removing paraffin with xylene, slices
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were subjected to rehydrated through incubation in gradi-
ent ethanol. Followed by antigen repairing in sodium cit-
rate, the slices were then going through membrane
rupturing with 0.5% Triton X-100 and blocking in 5%
BSA at room temperature. After that, sections were incu-
bated with primary antibodies at 4°C overnight. The pri-
mary antibodies were as follows: after 3 times washing
with PBS, sections were incubated with fluorescent second-
ary antibodies (Alexa Fluor 488 and 594). DAPI was
needed for the staining of nuclei for 10min at 25°C.
Finally, immunofluorescence images were observed with a
microscope (SV120, OLYMPUS).

2.8. Quantitative Real-Time PCR. Total RNA was extracted
from hippocampi of all groups using Trizol reagent
(TaKaRa). The reverse transcription and amplification were
performed according to manufacturer’s instruction
(TaKaRa). RT-PCR was conducted on a StepOne Plus
Real-Time PCR Detection System (Applied Biosystems).
The expression level of the target gene was normalized to
β-actin mRNA expression level and calculated by the 2ΔΔCt
method for relative expression analysis. Primers employed
in this study were listed in Table 2.

2.9. Transmission Electron Microscopy. Hippocampi were
separated and fixed in 2.5% glutaraldehyde at 4°C. Then, tis-
sues were postfixed with 1% osmium tetroxide for 2 h. After
that, samples were subjected to dehydrate in graded ethanol
and followed by embedding in epoxy resin. The tissues were
cut into ultrathin sections (50 nm). After staining with ura-
nyl acetate for 20min and lead citrate for 5min, slices were
observed with a transmission electron microscope (Thermo
Fisher Scientific).

2.10. SOD, CAT, and MDA Assays. To detect superoxide dis-
mutase (SOD), catalase (CAT), and malondialdehyde
(MDA), mice were anesthetized and decapitated. Hippo-
campus was rapidly removed and homogenized. After cen-
trifugation, the supernatant was collected to evaluate the
levels of MDA (Beyotime, Haimen, China) and activities of

SOD (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) and CAT with assay kits (Nanjing Jiancheng Bioen-
gineering Institute, Nanjing, China) following the manufac-
turer’s directions.

2.11. Cell Culture, Treatments, and Transfection.Mouse N2a
neuroblastoma cells were obtained from Professor Gongp-
ing Liu from Tongji Medical College, Huazhong Univer-
sity of Science and Technology. Cells were cultured in
Dulbecco’s modified Eagle’s medium (containing 25mM
glucose, NG group) supplemented with 10% FBS, strepto-
mycin/penicillin (1%). When cells were approximately
70–80% confluent, they were exposed to high glucose
condition (HG group). In the present study, 100mM con-
centration of glucose was used as high glucose condition
[17]. For transfection experiments, N2a cells were plated
onto 12-well plates, and HSPB8-EGFP plasmids (OBiO
Biologic Technology, Shanghai) and shRNA(HSPB8)-
EGFP (OBiO Biologic Technology, Shanghai) were trans-
fected using NEOFECTTM DNA transfection reagent
(NEOFECT, Beijing). All cells were maintained in a
humidified incubator at 37°C under 5% CO2 containing
atmosphere.

2.12. Assessment of Mitochondrial Membrane Potential by
JC-1. The mitochondrial membrane potential (MMP) was
measured by JC-1 dye (Beyotime, Haimen, China). N2A
cells were incubated with cell culture medium mixed with
JC-1 staining working solution and mixed well. After incu-
bation at 37°C for 20 minutes, the supernatant was removed

Table 1: Antibodies used in this study.

Antibody Host Dilution (WB) Dilution (IF) Company

Anti-HSPB8 Rabbit 1 : 500 1 : 50 Abcam

Anti-β-actin Mouse 1 : 4000 Proteintech

Anti-NLRP3 Rabbit 1 : 1000 Abcam

Anti-Caspase1 Rabbit 1 : 1000 Proteintech

Anti-IL-1β Rabbit 1 : 1000 Proteintech

Anti-ASC Mouse 1 : 1000 Santa Cruz

Anti-MFN1 Rabbit 1 : 1000 Cell Signaling Technology

Anti-MFN2 Rabbit 1 : 1000 Cell Signaling Technology

Anti-OPA1 Rabbit 1 : 1000 ABclonal

Anti-DRP1 Rabbit 1 : 1000 ABclonal

Anti-(pDrp1S616) Rabbit 1 : 1000 1 : 50 ABclonal

Anti- SOD1 Rabbit 1 : 1000 Proteintech

Anti-catalase Rabbit 1 : 1000 ABclonal

Table 2

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′)

HSPB8
ATGAAGAGAAGC
AGCAGGAAGGTG

TGGTTGTCTTGA
GGAAGCTCGTTG

β-Actin
GGCTGTATTCCC

CTCCATCG
CCAGTTGGTAAC
AATGCCATGT
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and washed cells twice with JC-1 staining buffer. Then, add
2mL fresh medium to the well.

Finally, cells were observed under confocal microscope
(Leica, Germany). The ratio of red and green fluorescence
was analyzed.

2.13. Statistical Analysis. Data were expressed as the Mean
± SEM. Statistical analysis was performed using GraphPad
Prism 9. Comparisons were evaluated using unpaired Stu-
dent’s t-test, one-way ANOVA, or two-way repeatedmeasures
ANOVA followed by Tukey’s post hoc test. Differences with
p < 0:05 were considered as statistical significance.

3. Results

3.1. Increased HSPB8 Protein Expression in the Hippocampus
of DM Mice.Wemeasured the protein (Figures 1(a) and 1(b))
and mRNA levels (Figure 1(c)) of HSPB8 in the hippocampus
of WT and DMmice. Upregulation of HSPB8 was detected in
DM mice. These findings were validated by immunofluores-
cence staining (Figure 1(d)). Overexpression of HSPB8 was
shown by western blotting and immunofluorescence in the
virus-injected hippocampus (Figure 1(e) and 1(f)).

3.2. HSPB8 Overexpression Relieves Cognitive Dysfunction in
DM Mice. To explore the role of HSPB8 overexpression in
learning and memory abilities, we conducted the Morris
water maze (MWM) and novel object recognition (NOR)
tests. In the MWM test, DM mice showed longer latency
to reach the platform during the training stage, indicating
memory deficits than WT mice. However, HSPB8 overex-
pression attenuated the spatial learning deficits, as shown
by the downregulated escape latency at the 4th and 5th day
during the training phase (Figure 2(a)). On the 7th day, by
removing the platform, we found that HSPB8 overexpres-
sion ameliorated the DM mice’s memory deficits as they
spent less time arriving platform placed previously
(Figure 2(b)), increased time stayed in the target quadrant
(Figure 2(c)), and the times across the target quadrant
(Figure 2(e)). A representative swimming trace was shown
(Figure 2(d)). No significant difference in swimming speed
was detected (Figure 2(f)), indicating no motor dysfunction
among the four groups. Furthermore, NOR was performed,
and DM mice spent less time with the novel object com-
pared with WT mice, which indicated cognitive impairment.
While HSPB8 overexpression ameliorated this performance,
showing upregulated time spent with the new novel object at
24 h in DM mice (Figure 2(g)).
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Figure 1: Upregulation of HSPB8 in the hippocampus of DM mice. (a, b) Representative western blot images and quantitative analyses of
HSPB8 in the hippocampus of WT and DMmice (n = 5mice per group). ∗∗, p < 0:01. (c) mRNA levels of HSPB8 in the hippocampus of WT
and DM mice were detected by PCR. ∗∗, p < 0:01. (d) Representative immunofluorescence staining images of HSPB8 (red) in the
hippocampus of WT and DM mice. Nuclei were counterstained with DAPI (blue). Scale bar = 200μm. (e) Upregulation of HSPB8 was
confirmed by western blotting and (f) immunofluorescent staining when injected virus in the hippocampus (n = 5 mice per group).
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Figure 2: Overexpression of HSPB8 relieved cognitive dysfunction in DMmice. (a) Latency to the platform during training stage in Morris water
maze (MWM), n = 11 mice/group, two-way repeated-measures ANOVA test followed by Tukey’s post hoc test, ∗, p < 0:05, ∗∗∗, p < 0:001, ∗∗∗∗,
p < 0:0001, WT group vs. DM group; #p < 0:05, DM group vs. DM+HSPB8 group. (b–f) The cognitive ability was detected by MWM. (b)
Escape latency, (c) time in the target quadrant, (d) the representative swimming path of the mice during the MWM probe test, (e) and times
across the platform. (f) There was no significant difference in swimming speed among the four groups. (n = 10 − 13 mice/group). ∗, p < 0:05, ∗∗,
p < 0:01. (g) Recognition index during training and test in new object recognition (NOR) (n = 10 mice/group). ∗, p < 0:05, ∗∗, p < 0:01.
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These results suggest that HSPB8 overexpression
relieved cognitive dysfunction in DM mice.

3.3. HSPB8 Overexpression Relieves Synaptic Damages in DM
Mice. Golgi staining was performed to reveal the change of
density of the spine in the hippocampus.

We observed a reduction in spine density in the DM
group when compared with the WT group.

Then, HSPB8 overexpression ameliorated the decrease of
spine density in DM mice (Figures 3(a) and 3(b)). Further-
more, we performed transmission electron microscopy.
The result showed a significant synapse loss in the
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Figure 3: Overexpression of HSPB8 relieved synaptic damages in DM mice. (a, b) Dendritic spine density was detected by Golgi staining in
the hippocampal regions and quantitative analysis. Scale Bar, 10 μm. (n = 3 mice per group). (c, d) The synaptic density in the hippocampus
of mice was detected by electron microscopy and quantitative analysis (n = 3 mice for each group). Blue arrows indicate synapses. Scale
bar = 2 μm. All data are shown as the mean ± SEM. One-way ANOVA test followed by Tukey’s post hoc test, ∗p < 0:05, ∗∗∗, p < 0:001.
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Figure 4: Continued.
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hippocampus of DM group when compared with the WT
group. Notably, HSPB8 overexpression increased the num-
ber of synapses in the hippocampus of DM mice
(Figures 3(c) and 3(d)). These data suggest that HSPB8 over-
expression relieved synaptic damages in DM mice.

3.4. HSPB8 Overexpression in the Hippocampus Alleviates
Mitochondrial Fission. Mitochondria are highly dynamic
organelles, continuously going through fission and fusion.
Dynein-related protein 1 (DRP1) is a critical regulator
resulting in mitochondrial fission. We did not detect a sig-
nificant increase in DRP1 expression in the hippocampus
of DM group compared to WT group. However, the result
of western blotting showed that p-Drp1/Drp1 was upregu-
lated (Figures 4(a) and 4(b)). The levels of p-Drp1 were also
upregulated in the hippocampus of DM group compared
with WT group, as shown by immunostaining
(Figure 4(c)). After HSPB8 overexpression, western blotting
and immunostaining showed decreased expression levels of
p-Drp1/Drp1 (Figures 4(a)–4(c)). In addition, we examined
the levels of mitochondrial fusion proteins Mitofusin-1
(MFN1), Mitofusin-1 (MFN2), and optic atrophy1 (OPA1)
by western blot. As shown in Figures 4(a) and 4(b), the levels
of MFN1 and MFN2 were reduced in DM group compared
to WT group. However, HSPB8 overexpression did not
affect their expression. Electron microscopy revealed that
the size of mitochondria in the hippocampus of the DM

group was decreased compared to the WT group
(Figure 4(d)). HSPB8 overexpression decreased the number
but increased the length of the mitochondrial in DM+HSPB
8 group compared with DM group (Figures 4(f) and 4(g)).

3.5. HSPB8 Overexpression in the Hippocampus Alleviates
Oxidative Stress. Next, due to the important role of oxidative
stress (OS) in the T2DM-related cognitive decline, we
explored the role of HSPB8 on OS. As shown in Figures 5(a)
and 5(b), the activity of superoxide dismutase 1 (SOD) and
catalase (CAT) was reduced in the hippocampus of DM group
compared with WT group. Malondialdehyde (MDA), used to
assess lipid peroxidation, was significantly elevated in DM
mice (Figure 5(a)). HSPB8 overexpression reversed the patho-
logical changes in DM mice. Western blotting revealed the
same results that protein levels of critical antioxidant enzymes
SOD1 and CAT were significantly declined in the DM mice
compared with WT mice (Figures 5(d)–5(f)). Moreover,
HSPB8 overexpression increased the expression of SOD1
and CAT in the hippocampus of DM mice.

Taken together, our findings revealed that HSPB8 could
alleviate oxidative stress.

3.6. HSPB8 Overexpression in the Hippocampus Alleviates
NLRP3 Inflammation in DM Mice. In this study, we also
evaluated the effect of NLRP3 in DM mice. NLRP3 inflam-
masome signals, including NLRP3, ASC (apoptosis-
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Figure 4: HSPB8 overexpression in the hippocampus alleviates mitochondrial fission. (a) Expressions of p-Drp1, Drp1, MFN1, MFN2, and
OPA1 in the hippocampus were detected by Western blot. β-Actin was used as loading control. (n = 5 each group) and (b) quantitative
analysis. ∗, p < 0:05, ∗∗, p < 0:01, ∗∗∗∗, p < 0:0001. (c, d) Representative images of immunofluorescence staining against p-Drp1 (green) in
the (dentate gyrus) DG and CA1. Nuclei were counterstained with DAPI (blue) (n = 3 mice per group). Scale bar = 100 μm. (e)
Representative electron microscopy images showing mitochondrial morphology in hippocampal neurons (n = 3 mice per group). Scale
bar = 1 μm. (f, g) Measurements of mitochondrial numbers and mitochondrial length. One-way ANOVA test followed by Tukey’s post
hoc test. Data are shown as the mean ± SEM. ∗p < 0:05, ∗∗, p < 0:01.
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associated speck-like protein), cleaved caspase1 p20, and IL-
1β (interleukin-1β), were measured by western blotting, as
shown in Figures 6(a)–6(e).

NLRP3, ASC, cleaved caspase1 p20, and IL-1β were
upregulated in the hippocampus of the DM mice compared
with WT mice. However, HSPB8 overexpressing reversed
these changes (Figures 6(a)–6(e)).

These results suggest that HSPB8 overexpression inhibits
NLRP3 inflammasome activation in DM mice.

3.7. HSPB8 Overexpression Attenuates MMP and NLRP3
Inflammasome Activation in High Glucose-Treated N2a
Cells. The protein level of HSPB8 was significantly upregu-
lated in high glucose-treated cells when compared with
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Figure 5: HSPB8 overexpression in the hippocampus alleviates oxidative stress. (a–c) The superoxide dismutase (SOD), catalase (CAT), and
malondialdehyde (MDA) levels in the hippocampus of four groups (n = 3 mice per group). (d–f) Western blotting and quantification of
SOD1 and CAT in the hippocampus (n = 5 mice per group). β-Actin was used as loading control. All data are shown as the mean ± SEM
. One-way ANOVA test followed by Tukey’s post hoc test, ∗p < 0:05, ∗∗, p < 0:01, ∗∗∗, p < 0:001, ∗∗∗∗, p < 0:0001.
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exposed to normal glucose (NG) (Figure 7(a)). Mitochon-
drial membrane potential (MMP) was measured by JC-1
staining. High glucose treatment decreased the MMP in
N2a cells compared with cells treated with NG, while over-
expression of HSPB8 and mdivi-1 treatment reversed high
glucose-mediated downregulation of MMP (Figures 7(b)
and 7(c)). In addition, we evaluated the effect of HSPB8 on
DRP1 at S616 phosphorylation in N2a cells (Figures 7(d)
and 7(e)). HSPB8 overexpression and Mdivi-1 treatment
decreased the ratio of p-Drp1/Drp1 (Figure 7(a)). In the

meantime, the protein levels of NLRP3, cleaved caspase1
p20, ASC, and IL-1β were also decreased (Figures 7(f)–7(i)).

These results suggest that HSPB8 overexpression attenu-
ates MMP and NLRP3 inflammasome activation in HG-
treated N2a cells via inhibiting mitochondrial fission.

4. Discussion

In this study, we report elevated expression of HSPB8 in the
hippocampus of diabetic mice and the N2a cells exposed to
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Figure 6: HSPB8 overexpression in the hippocampus alleviates NLRP3 inflammation in DM mice. (a–e) Western blotting and
quantification of NLRP3, ASC, caspase-1 p20, and IL-1β levels in the hippocampus of four groups of mice (n = 5 each group). β-Actin
was used as loading control. All data are shown as the mean ± SEM. One-way ANOVA test followed by Tukey’s post hoc test, ∗p < 0:05,
∗∗, p < 0:01, ∗∗∗, p < 0:001.
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Figure 7: Continued.
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high glucose. The heat shock family is composed of many
proteins which are induced by various stress. HSPB8 is a
kind of small heat shock protein [18]. Our result is consis-
tent with previous experimental studies showing upregu-
lated protein levels of HSPB8 under various stress.
According to the previous reports, it exacted beneficial effect
on alleviating mitochondrial biogenesis, oxidative stress,

endothelial cell activation, and reduced apoptosis [4–7].
HSPB8 is mainly regulated by heat shock factor signaling;
however, it was prevented from further increasing due to a
negative feedback loop between the heat shock factor and
HSPB8. Thus, HSPB8 cannot constantly increase and fully
exert its effects under stress [7, 19]. The current study dem-
onstrated that overexpression of HSPB8 exacted protective
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Figure 7: Overexpression of HSPB8 attenuates MMP and NLRP3 inflammasome activation in high glucose treated N2a cells. (a)
Representative western blot images and quantitative analyses of HSPB8 in cells from all groups. β-Actin was used as loading control. (b)
Representative images of JC-1 immunochemistry staining showing the mitochondrial membrane potential in each group of cells.
(c) Relative quantitative comparison of red-to-green fluorescence intensity ratios between each group. (d–i) Expressions of p-Drp1,
Drp1, NLRP3, cleaved caspase1 p20, and IL-1β in N2A cells of all groups were detected by western blot and quantitative analysis.
β-Actin was used as loading control. All data are shown as the mean ± SEM. Two-tailed Student’s t-test, ∗p < 0:05, ∗∗, p < 0:01,
∗∗∗, p < 0:001, ∗∗∗∗, p < 0:0001.
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effects, which in turn ameliorated the excessive mitochon-
drial fission, aggravated neuroinflammation, reduced oxida-
tive stress, and ultimately relieved cognitive impairments.

Mitochondria are highly dynamic organelles that contin-
uously change their size, shape, and numbers via fusion and
fission to supply the energy required for the cells and main-
tain metabolic homeostasis [8, 20]. An increasing number of
studies suggested that Dynein-related protein 1 (DRP1) is a
critical regulator in mitochondrial fission. Protein phosphor-
ylation is a posttranslational modification. It is widely used
to regulate protein functions in cells. The phosphorylation
residue of p-Drp1S616 was a vital residue for regulating
DRP1. Increasing p-Drp1S616 showed extended phosphory-
lation of DRP1 and induced excessive mitochondrial fission
[21–23]. In this study, evidence showed that the expression
of p-Drp1S616 was upregulated in the hippocampus of
DM mice. Our finding is consistent with the results that
the expression of p-Drp1S616 in the hippocampus of
leptin-deficient (ob/ob) was elevated [24]. In the hippocam-
pus of DM mice, transmission electron microscopy demon-
strated that mitochondrial number was increased, and
length was decreased compared with WT mice. Conversely,
overexpression of HspB8 could downregulate the number
and increase the length of mitochondria. p-Drp1S616 was
increased in N2a cells exposed to high glucose. These find-
ings are consistent with the in vivo results. In addition, JC-
1 was performed to investigate mitochondrial membrane
potential (MMP). High glucose exposed N2a cells showed
decreased MMP. HSPB8 overexpression inhibited high
glucose-induced loss of membrane potential.

Hippocampus is rich in mitochondria and generates
energy for synaptic activity. Mitochondrial dynamics are
impaired in the hippocampus of diabetic mice [25], which
results in reducing energy metabolism, disrupting cell signal
cascade, and ultimately causing synaptic damage and cogni-
tive dysfunction [26–28]. In the present study, the DM mice
displayed excessive mitochondrial fission. Abnormal mito-
chondrial dynamics may contribute to neuronal damage
leading to lack of ATP energy in the hippocampus. These
findings indicated that HSPB8 might ameliorate synaptic
damage and cognitive dysfunction in diabetic mice due to
regulating mitochondrial fission. Furthermore, the expres-
sion levels of MFN1, MFN2, and OPA1 were decreased.
However, HSPB8 overexpression did not change their levels
in DM mice, indicating that HSPB8 may not be able to reg-
ulate mitochondrial fusion, or we need more samples to
explore the effect.

Oxidative stress (OS) plays a crucial role in the patho-
genesis of various neurodegenerative diseases [29, 30]. It
could reduce the production of ATP, which is critical for
neuron survival and metabolism. Therefore, OS is acknowl-
edged as a key factor in the deterioration of learning and
memory in the hippocampus [31–33]. In this study, we
explored several certain biochemical parameters such as
SOD, MDA, and catalase. Results showed decreased activity
of SOD and catalase and elevated levels of MDA in the hip-
pocampus of DM mice compared with WT mice. HSPB8
overexpression reversed described levels for cognitive
decline. Additionally, the western blotting of SOD1 and cat-

alase showed consistent results. As antioxidant enzyme,
SOD1 and catalase were reduced in DM mice compared
with WT mice, leading to a subsequent increase in oxidative
stress. HSPB8 overexpression suggested an ameliorative
antioxidative capacity in the hippocampus of DM mice.
HSPB8 overexpression helped to mediate the oxidative stress
system and improved cognitive impairment. These results
concordant with previous findings that HSPB8 overexpres-
sion protects cells from oxidative stress [6, 7].

NLRP3 inflammasome activation is known to contribute
to diabetes and dementia by triggering IL-1β maturation.
NLRP3 inflammasome activation was also observed in dia-
betic cognitive impairment model mice/rats [34, 35]. Mito-
chondrial fission was reported to regulate NLRP3
inflammasome activation [36–38]. Further experiments
in vitro revealed that when the ratio of p-Drp1S616/DRP1
was upregulation, the activation of NLRP3 inflammasomes,
including NLRP3, cle-caspase-1, and IL-1β was increased.
HSPB8 overexpression or treatment with Mdivi-1 (a specific
inhibitor of Drp1) inhibited DRP1 phosphorylation at Ser-
616 and thus reduced excessive mitochondrial fission in
N2a cells exposed to high glucose. This result is consistent
with previous studies that mdivi-1 exacted the protection
by decreasing phosphorylation of DRP1 at serine 616 (p-
Drp1S616) [39–41]. It is reported that exogenous HSPB8
significantly conveys neuroprotection via attenuation of
mitochondrial damage partly by suppressed drp1-mediated
mitochondrial fission through AMPK-PGC1α signaling
pathway after subarachnoid hemorrhage (SAH). Whereas
knockdown of HSPB8 reversed the above protective effects
[5]. According to the above, HSBP8 should be the upstream
cause of downregulation of p-Drp1S616. Importantly, we
observed that the activation of NLRP3 inflammasomes was
downregulated after treatment with HSPB8 or mdivi-1.
Mdivi-1 attenuated activation of NLRP3 inflammasomes
by downregulating mitochondrial fission in N2a cells
exposed to high glucose. At the same time, mdivi-1 treat-
ment did not affect the expression of HSPB8. On the con-
trary, knocking down the expression of HSPB8 elevated the
levels of p-Drp1/Drp1, NLRP3, cleaved caspase-1 p20, and
IL-1β. Collectively, the available evidence indicated that
HSPB8 could downregulate mitochondrial fission, thus sup-
press the activation of NLRP3 inflammasome. Our findings
confirm that regulation of mitochondrial dynamics could
be a new therapeutic alternative for diabetic complications
[25]. At the same time, we provide a new possibility for
the activation of NLRP3.

5. Conclusions

In the present study, we revealed elevated expression of
HSPB8 protein in the hippocampus of diabetic mice. Over-
expressing HSPB8 in the hippocampi could inhibit NLRP3
inflammasome activation via regulation of Drp1 phosphory-
lation (p-Drp1S616), reduce oxidative stress, and relieve
cognitive impairments in diabetic mice. These results sug-
gest that HSPB8 could be a promising therapeutic target
for Type 2 diabetes mellitus(T2DM)-related cognitive
decline.
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Background. Hypoglycemia is a dangerous side effect of intensive glucose control in diabetes. Even though it leads to adverse
cardiovascular events, the effects of hypoglycemia on vascular biology in diabetes have not been adequately studied. Methods.
Aged Sprague-Dawley rats were fed a high-fat diet and given streptozotocin to induce type 2 diabetes mellitus (T2DM). Acute
and recurrent hypoglycemia were then induced by glucose via insulin administration. Vascular function, oxidative stress, and
pyroptosis levels in aortic tissue were assessed by physiological and biochemical methods. Results. Hypoglycemia was
associated with a marked decrease in vascular function, elevated oxidative stress, and elevated pyroptosis levels in the thoracic
aorta. The changes in oxidative stress and pyroptosis were greater in rats with recurrent hypoglycemia than in those with acute
hypoglycemia. Conclusions. Hypoglycemia impaired vascular function in aged rats with T2DM by inducing pyroptosis. The
extent of injury increased with the duration of blood glucose fluctuation.

1. Introduction

Type 2 diabetes mellitus (T2DM) is characterized by hyper-
insulinemia and hyperglycemia and is the most common
type of diabetes mellitus, and the vascular inflammation that
accompanies T2DM usually leads to a variety of serious
complications [1, 2]. The prevalence of T2DM increases
with age, and current studies show that the elderly have a
relatively high incidence and an increased risk of serious
complications [1–6]. Glucose control therapy is the pre-
ferred clinical intervention for T2DM. Intensive glucose
control can result in hypoglycemia, a dangerous side effect
that can lead to adverse cardiovascular events, and elderly
patients are at increased risk [4, 6]. The pathophysiology of
hypoglycemia includes increased oxidative stress that can
result in vascular injury, and recurrent hypoglycemia can
interfere with vascular homeostasis, especially endothelial
function [4]. Although an association between hypoglycemia
and vascular dysfunction in diabetes has been shown, the
underlying molecular mechanisms remain elusive and con-

troversial. Endothelium-dependent vasodilatation is regu-
lated by endothelial nitric oxide synthase (eNOS). As
hypoglycemia in diabetes interferes with endothelial func-
tion, including endothelium-dependent vasodilation, eNOS
activity may be affected [7–14].

Pyroptosis is a type of inflammatory programmed cell
death. It is mediated by gasdermin (GSDM) and is charac-
terized by inflammasome activation, caspase activation,
and formation of cell membrane pores [15–17]. GSDMD-
mediated pyroptosis has a role in the occurrence and devel-
opment of diabetic cardiomyopathy and diabetic nephropa-
thy [15, 18, 19]. Although the relationship between diabetic
vascular injury and pyroptosis is not well established,
current studies prompted us to clarify the significance of
pyroptosis in diabetic vascular injury, the initial engine in
pathological progress of diabetes.

Diabetic hypoglycemia promotes mitochondrial dysfunc-
tion in vascular cells that consequently increases the levels of
reactive oxygen species (ROS) [20–23]. Increased expression
of proinflammatory cytokines stimulates inducible nitric oxide
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synthase (iNOS) expression, which results in the aggravation
of oxidative stress and worsening of chronic inflammation
and endothelial dysfunction in diabetes [24, 25]. Oxidative
stress-mediated activation of nucleotide-binding domain and
leucine-rich repeat-containing receptor 3 (NLRP3) inflamma-
somes occurs in pyroptosis [26–28]. Hence, we hypothesized
that hypoglycemiamay induce pyroptosis by increasing oxida-
tive stress that results in vascular dysfunction.

2. Material and Methods

2.1. Animals. Male 12-month-old Sprague-Dawley rats
weighing 380–420 g were purchased from the Experimental
Animal Center of Chongqing Medical University. All animal
procedures were carried out following the guidelines on the
China Animal Protection Law and were approved by the
Institutional Ethics Committee of Chongqing Medical Uni-
versity. Animals were kept in a 12 h light–dark cycle at 22–
25°C with ad libitum access to food and water. The aged rats
were randomly divided into four groups (n = 6): an aged
control, T2DM model (DM), T2DM hypoglycemia (H-
DM), and T2DM recurrent hypoglycemia (RH-DM). Rats
were fed a high-fat diet (HFD) combined with streptozoto-
cin (STZ) to induce T2DM. Rats in the diabetes groups were
fed an HFD (Nantong, Jiangsu, China) for 12 weeks followed
by intraperitoneal injection of 35mg/kg STZ (Sigma, MO,
USA) in pH4.2–4.5 citric acid [29, 30]. The citrate buffer
vehicle was injected into control rats. Twelve weeks after
STZ injection, rats with three consecutive random blood glu-
cose levels > 16:7mmol/L and diabetes behavior changes
(e.g. increased food intake, increased urination, and weight
loss) were considered successful T2DM models.

2.2. Diabetic Rat Hypoglycemia Model. To induce severe
hypoglycemia, diabetic rats were injected with insulin (Wan-
bang, China) 10.0 units/kg at 8:00–9:00 in the morning after
an overnight fast. Control rats were given an equal volume
of phosphate buffered saline (PBS) instead of insulin. The
diabetic rat hypoglycemia model (Figure 1) included an
acute hypoglycemia group (hypoglycemia for 4 h/1 day)
and a recurrent hypoglycemia group (hypoglycemia for
1 h/5 days). After insulin injection, blood samples were
obtained by tail prick for blood glucose monitoring every
30min to ensure that the rats maintained the glucose levels
in severe hypoglycemia (<2.3mmol/L). Rats were given
50% glucose in PBS to terminate the hypoglycemia episode.
None of rats experienced seizures or coma during hypogly-
cemia attack. All rats were sacrificed by sodium pentobarbi-
tal anesthesia, and blood samples and aortas were collected
for subsequent experiments.

2.3. Western Blot Assays and Antibodies. Thoracic aortas
were isolated, immersed in liquid nitrogen, and then immedi-
ately transferred to a −80°C refrigerator until used in western
blot assays. Proteins were separated by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and incubated with
primary antibodies: eNOS (1 : 1000, ab300071, Abcam), iNOS
(1 : 1000, ab283655, Abcam), NOX2 (1 : 2000, 19013-1-AP,
ProteinTech), NOX4 (1 : 2000, 14347-1-AP, ProteinTech), p-

p65 (1 : 1000, 3033, Cell Signaling Technology), p65 (1 : 1000,
8242, Cell Signaling Technology), NLRP3 (1 : 1000, NBP2-
12446, NOVUS), ASC (1 : 1000, sc-514414, Santa Cruz),
Caspase-1 (1 : 1000, bs-10743R, Bioss), cGAS (1 : 1000,
NBP3-16666, NOVUS), STING (1 : 1000, CST50494, Cell
Signaling Technology), GSDMD (1 : 1000, NBP2-33422,
NOVUS), Bax (1 : 1000, 50599-2-Ig, ProteinTech), Bcl-2
(1 : 1000, 26593-1-AP, ProteinTech), and β-actin (1 : 5000,
20536-1-AP, ProteinTech). The membranes were then incu-
bated with horseradish peroxidase-conjugated anti-rabbit or
anti-mouse IgG (1 : 5000, ProteinTech) secondary antibodies
for 2h at 37°C and visualized a with chemiluminescent reagent
kit (Beyotime, Shanghai, China). The lane densities were read
with a Bio-Rad imaging system.

2.4. Oxidative Stress Determination. Blood samples were
collected with vacuum hemostix, and the sera were stored
at −80°C. Antioxidant and oxidative stress indicators in
serum were assayed with reagent kits provided by the
Nanjing Jiancheng Bioengineering Institute (Nanjing,
China) [31]. Superoxide dismutase (SOD) activity was
assayed by the hydroxylamine method. Glutathione perox-
idase (GSH-Px) activity was assayed by a colorimetric
method. Malondialdehyde (MDA) was assayed by the
thiobarbituric acid method.

2.5. Vascular Reactivity Tests. Thoracic aortas were removed
and placed in an oxygen-containing physiological salt solu-
tion (PSS) buffer [32]. Adherent fat and connective tissues
were removed, and the vascular tissue was cut into 3mm
rings to measure vascular tone as previously described.
Briefly, the aortic rings were mounted horizontally on an
isometric force transducer (DMT620 Multi Wire Myograph;
DMT) in chambers filled with 5mL PSS buffer at 37°C and
aerated with 95% O2 and 5% CO2. The aortic rings were
allowed to equilibrate for 90min at an initial tension of
1.5 g. Concentrations of 10−9 to 10−5M acetylcholine
(ACh) for endothelium-dependent relaxation, sodium nitro-
prusside (SNP) for endothelium-independent relaxation,
and phenylephrine (PE) were added and concentration–
response curves were plotted. Vascular function was
reported as the EC50, the concentration that produced 50%
of the maximum response, Emax, the maximum response,
and area under the curve (AUC), which are determined by
nonlinear regression analysis using GraphPad version 9.0.

2.6. Vascular Morphology. A section of the aorta was dis-
sected from each rat, fixed in 4% paraformaldehyde, embed-
ded in paraffin, sectioned at 5μm, and mounted on slides.
The slides were transferred to an oven and baked for
30min at 60°C to melt the wax, which was then removed
by treatment with xylene for 20min. Tissue sections were
rehydrated in a descending ethanol series of 100% for
5min and 95%, 90%, 80%, and 70% for 3min each. After
washing three times in PBS, the sections were stained with
hematoxylin and eosin or incubated with a primary anti-
body. All images were captured with a Leica DM4B upright
microscope (Leica Inc., Germany).
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2.7. Immunohistochemical Staining. After dewaxing and
rehydration, tissue sections were placed in citrate buffer
and boiled for 5min for antigen retrieval, washed twice with
PBS, and blocked with 5% goat serum for 30min. Tissue sec-
tions were incubated overnight with primary antibodies
overnight at 4°C, washed three with PBS, incubated for 1 h
at 37°C with secondary antibodies, and then washed three
times with PBS. After diaminobenzidine color development
for 5min, the slides were washed with distilled water to
remove float color, and the tissue was counterstained with
hematoxylin for 10 s. The tissue was dehydrated in an etha-
nol gradient with 3min at each concentration, cleared in
xylene for 5min, mounted with resin, and observed by light
microscopy (Leica Inc., Germany). The primary antibodies
used were eNOS (1 : 200, ab300071, Abcam), iNOS (1 : 200,
ab283655, Abcam), NLRP3 (1 : 200, NBP2-12446, NOVUS),
and GSDMD (1 : 200, NBP2-33422, NOVUS). Area quanti-
tative assessment of immunohistochemical staining was per-
formed by the ImageJ 1.8 software (USA).

2.8. Immunofluorescence Staining. Aorta sections were
permeabilized with 0.1% Triton X-100 in PBS for 20min,
blocked with 5% goat serum for 1 h, and incubated with
antibodies overnight at 4°C. The tissue sections were then
incubated for 5 minutes with 4′,6-diamidino-2-phenylindole
(DAPI) and then for 1 h with fluorescence-conjugated sec-
ondary antibodies (Beyotime, Shanghai, China) in the dark
at 37°C. Tissues were observed by fluorescence microscopy
(Leica Microsystems, Germany). The antibodies used were
8-OHdG (1 : 200, bs-1278R, Bioss), NLRP3 (1 : 200, NBP2-

12446, NOVUS), and GSDMD (1 : 200, NBP2-33422,
NOVUS). Fluorescence intensity was quantified using the
ImageJ 1.8 software.

2.9. Data Analysis. Numeric values were reported as the
means ± standard deviation. Normality of the distribution
of data was assessed by the Shapiro-Wilk normality test.
To calculate the comparisons between 2 groups, normally
or nonnormally distributed data were compared using the
unpaired 2-tailed Student t tests or the Mann–Whitney U
test, respectively. To calculate the comparisons between
multiple groups (≥3 groups), normally or nonnormally dis-
tributed data were compared using one-way analysis of var-
iance (ANOVA) followed by the Bonferroni post hoc test or
Kruskal-Wallis test followed by the Dunn post hoc test,
respectively. The statistical analysis was performed with
GraphPad Prism 9.0. p values < 0.05 were considered statis-
tically significant.

3. Results

3.1. Establishment of Acute or Recurrent Hypoglycemia
Models in Aged T2DM Rats. The primary purpose of the
study was to establish a reliable rat model of T2DM hypogly-
cemia. As shown in Figure 1, diabetes was induced by STZ
(10.0 units/kg), which destroyed pancreatic β-cells and
induced insulin resistance when combined with an HFD.
We observed a significant increase in blood glucose levels
(22:8 ± 2:2mM). As shown in Figure 1(a), insulin treatment
resulted in severe hypoglycemia (2:0 ± 0:3mM/L) in the H-
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Figure 1: Glucose levels in T2DM model rats and insulin-induced acute or recurrent hypoglycemia; ∗p < 0:05 pretreatment vs.
posttreatment.
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DM group that was maintained for 4 h. As shown in
Figure 1(b), the blood glucose values in the RH-DM group
reached the target levels for 5 consecutive days. Subsequent
procedures were based on this model.

3.2. Vascular Function, eNOS, and iNOS Expression in
Response to Acute and Recurrent Hypoglycemia in Aged
T2DM Rats. We first evaluated vascular function in the
study groups, which was reported as EC50 and Emax. The
effect of hypoglycemia on vasodilation of the aorta was eval-
uated by ACh- and SNP-induced relaxation responsiveness.
As shown in Figures 2(a) and 2(b), after the tension of PE-
mediated vasoconstriction was balanced, ACh or SNP
(10−9–10−5M) was added in half-log increments. Compared
with control, ACh-induced dilation function was impaired
in DM (−log EC50: control 7.10, DM 6.44; AUC: control
199.0, DM 155.0; p < 0:05). Acute and recurrent hypoglyce-
mia significantly exacerbated ACh-induced vasodilation of
the aorta, compared with DM (−log EC50: H-DM 6.10,
RH-DM 5.88; AUC: H-DM 102.9, RH-DM 30.3; p < 0:05).
ACh-induced relaxation in the group with recurrent hypo-
glycemia was worse than that in the group with acute hypo-
glycemia (p < 0:05). There were no significant differences in
the SNP-induced vasodilation function among the groups
(Figure 2(b); p > 0:05). The results indicate that hypoglyce-
mia in the model rats impaired endothelium-dependent
relaxation and that recurrent hypoglycemia had a potentially
more harmful effect on the endothelium-dependent
relaxation.

Studies have shown an enhanced response to catechol-
amines in DM [33–35]. We therefore explored the role of
hypoglycemia on the contraction of the aortas of the model
rats (Figure 2(c)). The Emax of PE-induced contraction was
increased in DM rats compared with controls (Emax: control
16.96, DM 22.06; AUC: control 35.37, DM 52.12; p < 0:05),
but the EC50 was not significantly affected (p < 0:05). The
results showed that both acute and recurrent hypoglycemia
significantly raised PE-induced contraction of aortas from
model rats (Emax: H-DM 27.74, RH-DM 29.23; AUC: H-
DM 66.19, RH-DM 70.82; p < 0:05).

We also determined the expression of two nitric oxide
synthases, eNOS, and iNOS, in the aorta. As shown in
Figure 2(d), eNOS protein expression decreased, and that
of iNOS increased in DM compared with control (p < 0:05
). Interestingly, insulin treatment significantly increased
eNOS expression in the hypoglycemia groups compared
with DM (p < 0:05), and expression was higher in the RH-
DM than in the H-DM group (DM 0.54-, H-DM 1.13-,
and RH-DM 1.76-fold compared with controls; p < 0:05).
H-DM and RH-DM significantly increased iNOS expression
in the aortas (DM 1.51-, H-DM 2.80-, and RH-DM 3.34-fold
compared with controls; p < 0:05).

Vascular morphology analysis revealed that inflammatory
cell infiltration of the intima and subintimal layers was signif-
icantly increased in diabetic compared with nondiabetic rats,
with disruption of the morphology of the endothelium and
smooth muscle layers (gray arrows). Importantly, inflamma-
tory cell infiltration and disruption of endothelial structures
were worse in the H-DM and RH-DM groups (Figure 2(e)).

The results of eNOS and iNOS immunohistochemical stain-
ing are shown in Figure 2(e). Acute and recurrent hypoglyce-
mia significantly increased the area of iNOS in DM, especially
in the endothelium and perivascular tissue. Rupture of the
endothelial layers was obvious in the hypoglycemic groups
(gray arrows).

3.3. Oxidative Stress in Aged T2DM Rats with Acute and
Recurrent Hypoglycemia. NADPH oxidase (NOX) 2 and 4
are key enzymes involved in electron transfer in the cell
membrane and are sources of ROS in the cardiovascular sys-
tem [36, 37]. To determine the level of oxidative stress, we
assayed the expression of NOX2 and NOX4 in the aorta by
western blotting. As shown in Figure 3(a), H-DM and RH-
DM significantly increased NOX2 and NOX4 expressions
in the aortas of model rats (NOX2: DM 1.59-, H-DM 1.89-
, and RH-DM 2.20-fold compared with controls; NOX4:
DM 1.55-, H-DM 2.22-, and RH-DM 2.50-fold compared
with control). To further investigate the effects of hypoglyce-
mia on oxidative stress, SOD and GSH-Px (antioxidant
enzymes active against free radicals), and MDA (an indica-
tor of lipid peroxidation) were assayed in serum
(Figures 3(b)–3(d)). Antioxidant activity was significantly
higher in the RH-DM group than in the other groups
(p < 0:05). To better understand the effects of diabetic hypo-
glycemia on vascular damage and the underlying mecha-
nisms, we assayed 7,8-dihydro-8-oxo-2-deoxyguanosine (8-
OHdG) in aorta tissue by immunofluorescence. 8-OHdG is
formed in aerobic organisms by the oxidation of DNA and
reflects the level of cellular oxidative stress and the degree
of mitochondrial damage [38, 39]. 8-OHdG levels were
higher in the hypoglycemia groups than in the DM group,
and all tissues of the aorta were involved (Figure 3(e)).

3.4. The Nuclear Factor Kappa B (NF-κB), NLRP3, and Cyclic
Guanosine Monophosphate–Adenosine Monophosphate
Synthase– (cGAS–) Stimulator of Interferon Genes (STING)
Pathways in Acute and Recurrent Hypoglycemia in Aged
T2DM Rats. The NF-κB inflammatory pathway promotes
NLRP3 transcription, which in turn causes vascular dysfunc-
tion in diabetes [40, 41]. As shown in Figure 4(a), the per-
centage of phosphorylated NF-κB core protein p65
increased to 2.57-fold in the aortas from rats with acute
hypoglycemia and to 3.48-fold in those with recurrent hypo-
glycemia compared with control rats at baseline. The role of
pyroptosis induced by NLRP3 inflammasomes in diabetic
vascular dysfunction has been confirmed. We used western
blotting to assay the expression of NLRP3, apoptosis-
associated speck-like protein (ASC), and cleaved caspase-1
in aorta tissue (Figure 4(b)). The related proteins detected
in the H-DM and RH-DM groups were activated compared
with the DM group (p < 0:05). NLRP3 pathway activity was
higher in the RH-DM group than in the other groups
(NLRP3: DM 1.74-, H-DM 2.09-, and RH-DM were 2.45-
fold compared with control; p < 0:05). The expression and
location of NLRP3 were determined by immunohistochem-
istry (Figure 4(c)) and immunofluorescence (Figure 4(d)).
NLRP3 expression was stronger in rats with hypoglycemia
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Figure 2: Continued.
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compared with the DM group, and all the vessel layers were
involved (gray arrows).

cGAS–STING is a DNA sensor that triggers the innate
immune response. cGAS produces the second messenger
cGAMP and activates STING, which participates in autoim-
mune and inflammatory diseases [42]. The pathway was
activated in the aortas of elderly diabetic rats (p < 0:05),
and the difference between recurrent and acute hypoglyce-
mia was not significant (cGAS: DM 1.36-, H-DM 1.78-,
and RH-DM 1.62-fold compared with control).

3.5. Pyroptosis in Acute and Recurrent Hypoglycemia. To
confirm whether acute and recurrent hypoglycemia affected
pyroptosis activity in the aortas of diabetic rats, expression
of the pyroptosis-associated protein GSDMD-N was assayed
by western blotting, immunohistochemistry, and immuno-
fluorescence. As shown in Figure 5(a), GSDMD-N expres-
sion increased in the DM group compared with control
(p < 0:05). Insulin treatment significantly increased pyropto-
sis in the hypoglycemia groups compared with the DM
group (p < 0:05), and pyroptosis activity was higher with
RH-DM than with H-DM (DM 2.54-, H-DM 3.08-, and
RH-DM 4.04-fold compared with control). As shown in
Figures 5(b) and 5(c), GSDMD-N expression was stronger
in rats with hypoglycemia compared with the DM group,
and all the vessel layers were involved, especially the endo-
vascular cortex (gray arrows). To assess the influence of
acute and recurrent hypoglycemia on apoptosis, the expres-
sion of proapoptotic proteins (Bax) and antiapoptotic pro-
teins (Bcl-2) was assayed. As shown in Figure 5(d),
apoptosis was increased in in aorta tissue from the H-DM
compared with the DM group (p < 0:05). Apoptosis rates

in the RH-DM and DM groups were not significantly differ-
ent, but apoptosis was significantly lower in the RH-DM
than in the H-DM group (Bax: DM 1.55-, H-DM 1.83-,
and RH-DM 1.62-fold compared with control; Bcl-2: DM
0.50-, H-DM 0.30-, and RH-DM 0.44-fold compared with
control). Acute and recurrent hypoglycemia increased
GSDMD-N expression and promoted pyroptosis. Apoptosis
was not increased in rats with RH-DM.

4. Discussion

Our study found that hypoglycemia-induced vascular dys-
function in aged diabetes was associated with an increase
of pyroptosis and is the first to report the effect of hypogly-
cemia on pyroptosis. Hypoglycemia is a common clinical
event in diabetes patients, especially those with intensive gly-
cemic control and using insulin or other hypoglycemic
agents [4, 7, 43]. Most studies of diabetic hypoglycemia have
focused on cognitive dysfunction [23, 43–45]. As glucose is
the primary the energy source of the adult human brain,
severe hypoglycemia, a blood glucose of <2.3mM, can lead
to coma, permanent brain damage, or death. Unfortunately,
most instances of clinical hypoglycemia are not occasional
but are recurrent and persistent. It is urgent to reveal the
underlying mechanisms of cognitive deficits that result from
RH and identify new intervention targets.

Most studies have shown that hypoglycemia promotes
oxidative stress-induced brain damage in diabetes patients
[21, 23, 43]. We believe that such events are mainly related
to vascular damage. This study focused on vascular dysfunc-
tion in DM, which is a frequent complication that can result
in generalized inflammation of small vessels and even
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Figure 2: Vascular function, eNOS, and iNOS expression in aortas from aged T2DM rats in response to acute and recurrent hypoglycemia.
(a) ACh- and (b) SNP-induced relaxation responsiveness and (c) PE-induced contraction responsiveness in controls, aged diabetes (DM),
acute hypoglycemia (H-DM), and recurrent hypoglycemia (RH-DM) groups were determined by testing the reactivity of aorta rings.
Vascular function was reported by EC50, Emax, and the AUC. eNOS and iNOS protein expressions were assayed in (d) western blots and
(e) by immunohistochemical staining. Aorta morphology was evaluated by hematoxylin and eosin staining; ∗p < 0:05 DM vs. control; #p
< 0:05 H-DM, RH-DM vs. DM; &p < 0:05 H-DM vs. RH-DM.
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Figure 3: Oxidative stress in the aorta in response to acute and recurrent hypoglycemia in aged T2DM rats. NOX2/4 expression was assayed
by (a) western blotting, (b) serum levels of SOD, (c) GSH-Px, and (d) MDA were tested. (e) 8-OHdG location and expression were
determined by immunofluorescence; ∗p < 0:05 DM vs. control; #p < 0:05 H-DM, RH-DM vs. DM; &p < 0:05 H-DM vs. RH-DM.
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Figure 4: Continued.
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multiorgan failure. We used thoracic aortas as a representa-
tive vessel for the investigation of vascular function. The
next step of our research team is to compare whether cere-
brovascular and conduction vessels respond differently to
hypoglycemic events.

Endothelial cells regulate vascular tension by the release
of potent vasoactive substances such as nitric oxide. One
causes of endothelial dysfunction is a decline in NO produc-
tion [12, 32, 46]. In addition to the physiologic and bio-
chemical findings, our study revealed impaired endothelial-
dependent vasodilation responses to acute and recurrent
hypoglycemia in aged diabetic rats. ACh promotes the
release of factors such as NO and prostacyclin that cause
relaxation. SNP directly affects vascular smooth muscle by
increasing guanylate cyclase activity, resulting in an
endothelium-independent relaxation [31]. We found that
the response of the vascular smooth muscle to NO was not
changed in the aortas of diabetes model rats and that hypo-
glycemia interfered with endothelium-dependent relaxation
that was induced by Ach (Supplementary file 1).

It is noteworthy that eNOS and iNOS expressions were
both the highest in the RH-DM group. The decoupling of
eNOS induced by acute fluctuations of blood glucose in the
endothelial cells of aged diabetic rats reduced the effective-
ness of eNOS and resulted in an excess of peroxide anions
[8–11]. Increased production of iNOS and decoupled eNOS
led to accumulation of highly cytotoxic reactive nitrogen
species, i.e., nitric oxide-derived compounds such as
ONOO–, which induces vascular hyporeactivity and cell
death [47]. Most previous studies focused on how hypergly-
cemia induced vascular events by impairing eNOS activity or
inducing eNOS uncoupling in diabetes [25, 46]. They did
not adequately investigate the molecular mechanisms under-
lying the relationship between vessel damage and hypoglyce-
mia. This is the first report that shows the recurrent
hypoglycemia-induced eNOS decoupling, and we will inves-
tigate that relationship in future studies.

The endothelium of intact aortas from RH-DM and H-
DM rats was more responsive to the contractile effects of
norepinephrine than aortas from controls. The mechanisms

are not completely understood, but some reasons for the
increased vascular responsiveness to contractile agents are
deficient endothelial activity, enhanced sensitivity of calcium
channels, increased sensitivity to adrenergic agonists,
enhanced oxidative stress, and decreased antioxidant
defenses [34]. Two major conclusions from the study results
are that the relaxation response to ACh was decreased by
hypoglycemia and that the contractile response of the endo-
thelium of intact aortas from diabetic rats to catecholamine
was increased.

The prevalence of diabetes increases with age and is esti-
mated as 20% in those 65–79 years of age [1]. Most previous
studies have used young animals to model diabetes. In this
study, an aged T2DM model was induced by STZ combined
with 12 weeks of an HFD. Age is a key factor in determining
both the risk of diabetes and subsequent outcomes [48].
Changes in molecular and cellular aging processes are cur-
rently believed to be the basis of cardiovascular disease,
including autophagy, inflammation, oxidative stress, DNA
damage, protease inactivation, and epigenetic disorders
[49]. Aging is the greatest risk factor for most chronic dis-
eases that have increased risks of morbidity and mortality.
Aging is associated with progressive impairment of meta-
bolic pathways that affect body composition, insulin resis-
tance, mitochondrial dysfunction, and inflammation [5].
Aging research has focused on understanding the molecular
mechanisms that regulate the aging process and identifying
biomarkers that could help to predict age-related changes.
The rats used in this study were 18 months old when they
were sacrificed, which is an age equivalent to 50–60-year-
old humans, in whom the incidence of diabetes is relatively
high.

The activation pyroptosis involves the recognition of
NLRP3 inflammasome agonists and inflammasome assem-
bly and activation. NLRP3 has been reported to be activated
by a variety of unrelated pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular patterns
(DAMPs), but there is no evidence that NLRP3 binds
directly to those effectors. Multiple molecular and cellular
events, including ion flux, mitochondrial dysfunction,
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Figure 4: NF-κB, NLRP3, and cGAS–STING pathway activity of the aortas in response to acute and recurrent hypoglycemia in aged T2DM
rats. (a) p-p65, NLRP3, ASC, (b) cleaved caspase-1, cGAS, and (e) STING expression were assayed by western blotting. The expression and
location of NLRP3 were determined by (c) immunohistochemistry and (d) immunofluorescence; ∗p < 0:05 DM vs. control; #p < 0:05H-DM,
RH-DM vs. DM; &p < 0:05 H-DM vs. RH-DM.

9Oxidative Medicine and Cellular Longevity



release of ROS, and mitochondrial DNA (mtDNA) that
induce NLRP3 stimuli, have been proposed as upstream sig-
nals for the assembly and activation of inflammasomes and
caspase activation [28]. Activated caspases cleave gasdermin
D at the interdomain loop to release the N-terminal pore-
forming domain, which is then translocated to the plasma
membrane to form pores induce pyroptosis. In contrast to
other forms of cell death, pyroptosis has unique morpholog-
ical and physical characteristics, including intact nuclei, cel-

lular swelling, and plasma membrane rupture. In this study,
changes in the levels of NOX2, NOX4, and 8-OHdG indicate
that the release of ROS and mtDNA in model mice with
hypoglycemia promoted pyroptosis (Supplementary file 3-
5). Available evidence shows that activation of fatty acid oxi-
dation followed by mtROS production may be a cause of
endothelial dysfunction during hypoglycemia. cGAS is a
cytoplasmic DNA biosensor that recognizes DNA from
pathogens or damage. Mitochondrial metabolic stress has
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Figure 5: Pyroptosis in the aortas in response to acute and recurrent hypoglycemia in aged T2DM rats. (a) GSDMD-N, Bax, and (b) Bcl-2
expression were assayed by western blotting. Expression and location of GSDMD-N were identified by (b) immunohistochemistry and (c)
immunofluorescence; ∗p < 0:05 DM vs. control; #p < 0:05 H-DM, RH-DM vs. DM; &p < 0:05 H-DM vs. RH-DM.
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been reported to contribute to diabetic cardiomyopathy by
mtDNA-mediated activation of the cGAS–STING pathway.
Interestingly, we observed that the cGAS–STING pathway
was not significantly elevated in recurrent hypoglycemia
compared with acute hypoglycemia, unlike NLRP3-
mediated pyroptosis. That observation requires subsequent
analysis and study.

Cell death is a fundamental physiological process in organ
homeostasis, coordination of immune responses, and autoim-
munity. Our understanding of the mechanisms orchestrating
cellular death has increased substantially, and the modalities
of programmed cell death that have been described highlight
the complex mechanisms that tip the balance between differ-
ent cell fates. The three most well understoodmodalities of cell
death are apoptosis, necroptosis, and pyroptosis. Cell death is
a very intricate game where distinct central players have the
power to tip a fragile balance from life to death and include
pro- and anti-inflammatory signals in the cell environment
[50]. It has been suggested that pyroptosis is a form of apopto-
sis, and there is evidence that the two different modes of cell
death act independently. New evidence suggests that members
of the gasdermin superfamily promote apoptosis by permeabi-
lizing mitochondria and participate in the final stages of the
apoptotic program by inducing secondary pyroptosis [51].
The results shown in Figure 5 indicate that acute and recurrent
hypoglycemia increased GSDMD-N expression and promoted
pyroptosis and that apoptosis was lower in rats with RH-DM
than it was in those with H-DM. In our study, apoptosis and
pyroptosis levels were different, which further demonstrates
the importance of pyroptosis in hypoglycemic responses.

Current studies of the complications of hypoglycemia in
diabetes have primarily focused on brain injury induced by
hypoglycemia [23, 43–45]. Studies of the effects of severe
hypoglycemia in humans have yielded conflicting results.
Severe hypoglycemia has been shown to alter brain structure
and cause significant cognitive damage in many, but not all,
studies. Reasons for the discrepancy are not known, but a
major contributing factor may be the extent of glycemic con-
trol (including recurrent hypoglycemia) prior to episodes of
severe hypoglycemia. There is evidence that recurrent epi-
sodes of moderate hypoglycemia protect the brain against
damage caused by a subsequent episode of more severe
hypoglycemia, a phenomenon known as hypoglycemia pre-
conditioning [43]. These intriguing findings suggest that
recurrent bouts of moderate hypoglycemia that occur with
intensive glycemic control might, paradoxically, render an
individual more prone but less vulnerable to an episode of
severe hypoglycemia. It is more likely that the brain adapts
to low glucose, but it is by no means certain that this ten-
dency has individual benefits. The results of our study sug-
gest that recurrent hypoglycemia did indeed damage
vascular function (Supplementary file 1-5).

The association between severe hypoglycemia and
increased risk of vascular events has been acknowledged in
diabetes, but the exact mechanism has rarely been explored
in recent years. In summary, our study found that pyroptosis
had a key role in vascular dysfunction associated with hypo-
glycemia induced by glycemic control in a rat diabetes model
induced by STZ and an HFD.
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Although it is an essential nutrient, high choline intake directly or indirectly via its metabolite is associated with increased risk of
cardiovascular disease, the mechanism of which remains to be elucidated. The present study was performed to investigate whether
hydrogen sulfide (H2S) was involved in high choline-induced cardiac dysfunction and explore the potential mechanisms. We
found that ejection fraction (EF) and fractional shortening (FS), the indicators of cardiac function measured by
echocardiography, were significantly decreased in mice fed a diet containing 1.3% choline for 4 months as compared to the
control, while applying 3,3-dimethyl-1-butanol (DMB) to suppress trimethylamine N-oxide (TMAO, a metabolite of choline)
generation ameliorated the cardiac function. Subsequently, we found that feeding choline or TMAO significantly increased the
protein levels of cyclic GMP-AMP (cGAMP) synthase (cGAS), stimulator of interferon genes (STING), NOD-like receptor
protein 3 (NLRP3), caspase-1, and interleukin-1β (IL-1β) as compared to the control, which indicated the activation of cGAS-
STING-NLRP3 inflammasome axis. Moreover, the protein expression of cystathionine γ-lyase (CSE), the main enzyme for H2S
production in the cardiovascular system, was significantly increased after dietary supplementation with choline, but the plasma
H2S levels were significantly decreased. To observe the effect of endogenous H2S, CSE knockout (KO) mice were used, and we
found that the EF, FS, and plasma H2S levels in WT mice were significantly decreased after dietary supplementation with
choline, while there was no difference between CSE KO+ control and CSE KO+ choline group. To observe the effect of
exogenous H2S, mice were intraperitoneally injected with sodium hydrosulfide (NaHS, a H2S donor) for 4 months, and we
found that NaHS improved the cardiac function and reduced the protein levels of cGAS, STING, NLRP3, caspase-1, and IL-1β
in mice receiving dietary choline. In conclusion, our studies revealed that high choline diet decreased plasma H2S levels and
induced cardiac dysfunction via cGAS-STING-NLRP3 inflammasome axis while H2S treatment could restore the cardiac
function by inhibiting cGAS-STING-NLRP3 inflammasome axis.

1. Introduction

Choline is an essential bioactive micronutrient abundant in
egg yolk, red meat, fish, dairy products, and soybean.
Although it can be formed de novo by methylation of phos-
phatidylethanolamine, additional dietary intake of choline is

also required or else will develop a deficiency state [1].
Because of its wide-ranging roles in biological processes
including cholinergic neurotransmission, lipid transport,
membrane phospholipids synthesis, and methyl group
metabolism, inadequate intake or abnormal metabolism of
choline can lead to neurological disorders, cancers, and
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cardiovascular disease, which can be cured clinically with
choline [2–4]. However, an analysis of a large prospective
cohort showed high choline intake was associated with
increased risk of cardiometabolic mortality in racially
diverse populations [5]. And a growing body of preclinical
studies highlighted that high choline intake directly or indi-
rectly via its metabolites such as trimethylamine N-oxide
(TMAO) had been to a higher risk of heart disease. For
example, Organ et al. reported that choline diet and its
derived metabolite, TMAO, exacerbated pressure overload-
induced heart failure [6]. Another study found that high-
choline diet aggravated cardiac dysfunction, fibrosis, and
inflammation in a mouse model of heart failure with pre-
served ejection fraction [7]. Nevertheless, the potential
mechanism of high choline-induced cardiac dysfunction
remains to be elucidated.

Hydrogen sulfide (H2S) is a colorless, water-soluble, and
corrosive gas with a characteristic odor of rotten eggs and
was traditionally known as an environmental pollutant
which is toxic to humans at high concentrations [8]. How-
ever, it was not until the pioneering work of Abe and Kimura
in 1996 that H2S was truly considered to be an endogenous
gasotransmitter alongside carbon monoxide and nitric oxide
[9]. In mammalian cells, H2S is biosynthesized mainly from
L-cysteine and/or L-homocysteine by three endogenous
enzymes: cystathionine β-synthase (CBS), cystathionine γ-
lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-
MST) coupled with cysteine aminotransferase. The tissue
distribution of these H2S-producing enzymes is different:
CBS is predominantly expressed in the central nervous sys-
tem, whereas CSE is mainly present in the cardiovascular
system, and 3-MST is found primarily in the brain and
erythrocytes [10, 11]. Numerous studies have shown that
physiological concentration of H2S plays a fundamental role
in the cardiovascular system by regulating the biological
functions and maintaining homeostasis [12, 13]. Conversely,
lack of endogenous H2S was detrimental and contributed to
various cardiovascular diseases including atherosclerosis,
hypertension, myocardial infarction, and heart failure

[14–16]. However, whether high choline-induced cardiac
dysfunction was associated with the changes in H2S concen-
tration has not previously been evaluated.

With this in mind, the aim of present study was to inves-
tigate whether H2S was involved in high choline-induced
cardiac dysfunction and explore the potential mechanisms.

2. Material and Methods

2.1. Animals and Treatments. All animal experimentals were
performed according to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication, 8th Edition, 2011) and
approved by the Ethics Committee for Laboratory Animals
Care and Use of Hebei Medical University. Male C57BL/6
J mice were provided from Vital River Laboratories (Beijing,
China). CSE knockout (CSE KO) mice with C57BL/6 J
genetic bases and its homozygote wild-type (WT) mice were
bred from CSE heterozygous mice which were kindly pro-
vided as gifts by Professor Yichun Zhu (Fudan University,
Shanghai, China). Mice were housed in plastic cages with
12 h light/12 h dark cycles at 22-24°C with 60% humidity
and ad libitum access to standard rat chow and sterile tap
water.

In order to observe the effect of choline, male C57BL/6 J
mice were randomly divided into 2 groups: control group
and choline group. The mice in the choline group were given
a chow diet supplemented with 1.3% choline (Beijing Keao
Xieli Feed Co., Ltd., Beijing, China) for 4 months, and the
mice in the control group were given a regular chow diet
for the same period.

In order to observe the effect of 3,3-dimethyl-1-butanol
(DMB, the TMA lyase inhibitors), male C57BL/6 J mice
were randomly divided into 3 groups: control group, choline
group, and choline + DMB group. The mice in the choline
group and choline + DMB group were given a chow diet
supplemented with 1.3% choline for 4 months. The mice
in the choline + DMB group were fed with 1.3% DMB

4

Ca
sp

as
e-

1/
G

A
PD

H
(fo

ld
 o

f c
on

tr
ol

 g
ro

up
)

3

2

1

P = 0.004

0
Control

6

Choline

6

(h)

3

IL
-1
𝛽

/G
A

PD
H

(fo
ld

 o
f c

on
tr

ol
 g

ro
up

)

2

1

P < 0.012

0
Control

6

Choline

6

(i)

Figure 1: Dietary choline induced cardiac dysfunction in mice. (a) Representative M-mode images. (b) The changes of left ventricular
ejection fraction (LVEF) after dietary supplementation with choline. (c) The changes of left ventricular fractional shortening (LVFS) after
dietary supplementation with choline. (d)–(i) Representative western blots and quantitative analysis for cGAS, STING, NLRP3, caspase-
1, and IL-1β protein expression in heart tissues after dietary supplementation with choline. Results are expressed as mean ± SEM. A P of
<0.05 was considered significant.
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Figure 2: Continued.
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(Aladdin Biochemical Technology Co., Ltd., Shanghai,
China) in the drinking water for 4 months.

In order to observe the effect of TMAO, male C57BL/6 J
mice were randomly divided into 2 groups: control group
and TMAO group. The mice in the TMAO group were fed
with 1.3% TMAO (Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China) in the drinking water for 2 months.

In order to observe the effect of exogenous H2S, male
C57BL/6 J mice were randomly divided into 3 groups: con-
trol group, choline group, and choline + sodium hydrosul-
fide (NaHS, a H2S donor) group. The mice in the choline
group and choline + NaHS group were given a chow diet
supplemented with 1.3% choline for 4 months. The mice
in the choline + NaHS group were intraperitoneally injected
with NaHS (100μmol/kg/day, Sigma-Aldrich Ltd., St. Louis.,
USA) for 4 months.

In order to observe the effect of endogenous H2S, male
CSE KO and WT mice were randomly divided into 4 groups:
WT+ control group, WT+choline group, CSE KO+control
group, and CSE KO+choline group. The mice in the WT
+choline group and CSE KO+choline group were given a
chow diet supplemented with 1.3% choline for 4 months.

2.2. Echocardiography. At the end of the experiment, mice
were anesthetized with 1% isoflurane, and the cardiac func-
tion was evaluated by using a VisualSonics Vevo 2100 sys-
tem (FUJIFILM VisualSonics Inc., Toronto, Canada) as
described in our previous research [17]. M-mode images of
the left ventricle were recorded, and three consecutive car-
diac cycles were selected to measure left ventricular ejection
fraction and fractional shortening (LVEF and LVFS). And
then, the heart was harvested and stored at -80°C until assay.
Plasma was separated from the blood after centrifugation at
3500 rpm for 10min and stored at -80°C until assay.

2.3. Measurement of H2S Concentration in Plasma. The H2S
levels in plasma were measured according to the previously

study [18]. Briefly, 30μL of plasma was mixed with 80μL
monobromobimane (MBB, Sigma-Aldrich Ltd., St. Louis.,
USA) and 10μL 0.1% ammonia with shaking for 1 h at room
temperature for derivatization of sulfide, which called
sulfide-dibimane. The reaction was then terminated with
10μL 20% formic acid and centrifuged at 15000× g for
10min. The supernatants were stored at -80°C before the
measurement of H2S levels using liquid chromatography
coupled with tandem mass spectrometry.

2.4. Western Blot Analysis. The protein expressions in myo-
cardial tissue were evaluated by western blotting according
to the previously study [19]. Frozen heart tissues were
homogenized with ice-cold radio immunoprecipitation
assay (RIPA) lysis buffer. Proteins were extracted and quan-
tified by the bicinchoninic acid (BCA) method. Equal
amount of protein samples was separated on 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels and transferred to polyvinylidene fluoride mem-
branes. The membranes were blocked with 5% nonfat milk
for 1 h and incubated with primary antibodies that recog-
nized CSE (1 : 1000, Santa Cruz Biotechnology, the United
States), cyclic GMP-AMP (cGAMP) synthase (cGAS,
1 : 1000, Proteintech Biotechnology, the United States), stim-
ulator of interferon genes (STING, 1 : 1000, Proteintech Bio-
technology, the United States), NOD-like receptor protein 3
(NLRP3, 1 : 1000, Proteintech Biotechnology, the United
States), caspase-1 (1 : 1000, Proteintech Biotechnology, the
United States), interleukin-1β (IL-1β, 1 : 1000, Proteintech
Biotechnology, the United States), and GAPDH (1 : 5000,
Proteintech Biotechnology, the United States) at 4°C over-
night. Then, the membranes were incubated with horserad-
ish peroxidase-conjugated secondary antibodies for 1 h
after washing with TBST. Specific bands were detected with
SuperSignal West Pico Chemiluminescent Substrate
(Thermo, Scientific-Pierce, Waltham, the United States).
The band intensity was quantified by ImageJ software.
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Figure 2: Dietary choline induced cardiac dysfunction by generating TMAO in mice. (a) Representative M-mode images. (b) The changes of
left ventricular ejection fraction (LVEF) after DMB supplementation. (c) The changes of left ventricular fractional shortening (LVFS) after
DMB supplementation. (d)–(i) Representative western blots and quantitative analysis for cGAS, STING, NLRP3, caspase-1, and IL-1β
protein expression in heart tissues after DMB supplementation. Results are expressed as mean ± SEM. A P of <0.05 was considered
significant.
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2.5. Statistical Analysis. The experimental data were pre-
sented as mean ± SEM and statistical significance assessed
in SPSS (SPSS 13.0, Inc., Chicago, the United States) using
independent t-test to compare values between two groups
and one-way ANOVA followed by least significant differ-
ence t-test to compare values between multiple groups. P <
0:05 was considered statistically significant.

3. Results

3.1. Dietary Choline Induced Cardiac Dysfunction in Mice.
As was shown in Figures 1(a)–1(c), EF and FS, the indicators
of cardiac function measured by echocardiography, were sig-

nificantly decreased in mice fed a diet containing 1.3% cho-
line as compared to the control. To better understand the
mechanism of the action of dietary choline, we quantified
the protein expression of cGAS-STING-NLRP3 inflamma-
some axis in the heart (Figures 1(d)–1(i)) and found that
choline significantly increased the protein levels of cGAS,
STING, NLRP3, caspase-1, and IL-1β as compared to the
control.

3.2. Dietary Choline Induced Cardiac Dysfunction by
Generating TMAO in Mice. To explore whether TMAO pro-
duced by choline degradation was involved in choline-
induced cardiac dysfunction, DMB, a structural analog of
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Figure 3: Dietary TMAO upregulated the protein expression of cGAS-STING-NLRP3 inflammasome axis. (a)–(f) Representative western
blots and quantitative analysis for cGAS, STING, NLRP3, caspase-1, and IL-1β protein expression in heart tissues. Results are expressed as
mean ± SEM. A P of <0.05 was considered significant.
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Figure 4: Dietary choline inhibited the endogenous production of H2S. (a) Representative western blots and quantitative analysis for CSE
protein expression in heart tissues after dietary supplementation with choline. (b) Representative western blots and quantitative analysis for
CSE protein expression in heart tissues after dietary supplementation with TMAO. (c) Plasma H2S levels in CSE KO mice. (d)
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considered significant.
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Figure 5: Continued.
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choline, was used to inhibit TMAO formation. As was
shown in Figure 2(a)–2(c), addition of DMB in the drinking
water substantially ameliorated EF and FS as compared to
the Choline group. DMB also markedly inhibited the choline
diet-induced increase in the protein levels of cGAS, STING,
NLRP3, caspase-1, and IL-1β (Figures 2(d)–2(i)). In addi-
tion, the protein levels of cGAS, STING, NLRP3, caspase-1,
and IL-1β were significantly increased in mice receiving die-
tary TMAO as compared to the control (Figures 3(a)–3(f)).

3.3. Dietary Choline Inhibited the Endogenous Production of
H2S. As was shown in Figures 4(a) and 4(b), the protein
expressions of CSE, the main enzyme for H2S production
in the cardiovascular system, were significantly increased
after dietary supplementation with choline or TMAO, which
indicated that endogenous H2S was involved in choline-
induced cardiac dysfunction. So, WT and CSE KO mice
were fed with choline. As was shown in Figure 4(c), the
plasma H2S levels in WT mice were significantly decreased
after dietary supplementation with choline, while there was
no difference in the plasma H2S levels between CSE KO
+control and CSE KO+choline group. EF and FS were sig-
nificantly decreased in the WT mice fed with choline, but
there was also no significant difference in EF and FS between
CSE KO+control and CSE KO+choline group
(Figures 4(d)–4(f)).

3.4. Exogenous H2S Improved Choline-Induced Cardiac
Dysfunction. As was shown in Figures 5(a)–5(c), compared
with the choline group, both EF and FS were significantly
increased in the choline + NaHS group; meanwhile, the
plasma H2S levels were also markedly increased in the cho-
line + NaHS group (Figure 5(d)). In addition, NaHS reduced
the protein levels of cGAS, STING, NLRP3, caspase-1, and
IL-1β in mice receiving dietary choline (Figure 5(e)–5(j)).

4. Discussion

In the present study, we found that high choline diet induced
cardiac dysfunction via cGAS-STING-NLRP3 inflamma-
some axis while H2S treatment could restore the cardiac
function by inhibiting cGAS-STING-NLRP3 inflammasome
axis.

Although it played vital physiological roles in the devel-
opment and function of the cardiovascular system as an
essential nutrient, emerging evidence implicated that higher
dietary intakes of choline were also associated with increased
risk of increased risk of acute myocardial infarction (MI) in
patients with stable angina pectoris [20]. Moreover, a high-
choline diet was shown to exacerbate the cardiac function
and cardiac fibrosis of MI mice through accelerating the
transformation of fibroblasts into myofibroblasts [21]. Cho-
line in the diet can be metabolized to trimethylamine (TMA)
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Figure 5: Exogenous H2S improved choline induced-cardiac dysfunction. (a) Representative M-mode images. (b) The changes of left
ventricular ejection fraction (LVEF) after NaHS treatment. (c) The changes of left ventricular fractional shortening (LVFS) after NaHS
treatment. (d) Plasma H2S levels after NaHS treatment. (e)–(j) Representative western blots and quantitative analysis for cGAS, STING,
NLRP3, caspase-1, and IL-1β protein expression in heart tissues after NaHS treatment. Results are expressed as mean ± SEM. A P of
<0.05 was considered significant.
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by the intestinal microorganisms. After being absorbed into
the blood, TMA enters the liver and is oxidized to TMAO
which is involved in the onset and development of cardio-
vascular disease. It was reported that two weeks of TMAO
injection significantly induced cardiac hypertrophy and
fibrosis in rats [22]. In the present study, the cardiac func-
tion represented by EF and FS was significantly decreased
in mice after 4 months of 1.3% choline feeding, while apply-
ing DMB to suppress TMAO generation improved the car-
diac function. Subsequently, we found that feeding choline
or TMAO promoted NLRP3 inflammasome formation as
well as caspase-1 and IL-1β activation. The NLRP3 inflam-
masome is an intracellular protein complex activated upon
tissue injury. Once activated, it can trigger and amplify ster-
ile inflammatory responses by activating and releasing IL-
1β, which has been reported to involve in the pathophysiol-
ogy cardiovascular disease [23, 24]. In line with our findings,
one study reported that choline uptake in bone-marrow-
derived macrophages regulated activation of the NLRP3
inflammasome, whereas impaired choline uptake and phos-
phorylation reduced NLRP3 inflammasome activation and
inhibited IL-1β production [25]. Another study reported
that TMAO aggravated doxorubicin-induced mouse cardiac
fibrosis through activation of the NLRP3 inflammasome
[26]. Moreover, Wu et al. reported that either a high-
choline diet or TMAO enhanced the allogenic graft-versus-
host (GVH) reaction which was mediated by NLRP3 inflam-
masome activation-induced macrophage polarization,
whereas DMB reversed choline-induced GVH disease sever-
ity [27].

Given the chemical and structural diversity of NLRP3-
activating stimuli, it is unlikely that those stimuli directly
bind to and activated NLRP3. Instead, NLRP3 is likely to
sense a common cellular signal induced in response to
NLRP3 activators. Multiple molecular or cellular events
including K+ efflux, Ca2+ signaling, reactive oxygen species,
mitochondrial dysfunction, and lysosomal damage, were
involved in the activation of NLRP3 inflammasome assem-
bly [28, 29]. Recently, it was found that mitochondrial
DNA (mtDNA) which was released into the cytoplasm
played an important role in the activation of the inflamma-
some [30]. The DNA sensor cGAS interacted with mtDNA
and generated the second messenger cGAMP, which trigger
the cGAS-STING-NLRP3 pathway to activate inflamma-
some response [31]. In the present study, we found that
feeding choline or TMAO increased the protein expression
of cGAS and STING, while DMB markedly inhibited the
choline diet-induced increase in the protein levels of cGAS
and STING, which indicated that feeding choline or TMAO
activated the cGAS-STING pathway. Although there was no
direct evidence that choline or TMAO promoted mtDNA
release, it was confirmed that TMAO altered mitochondrial
energy metabolism [32] and enhanced the mitochondrial
impairments [33], which might induce mtDNA release to
trigger the cGAS-STING -NLRP3 pathway [34].

As the third endogenous signaling gasotransmitter, H2S
participates in a wide spectrum of physiological processes
in the body including regulating mitochondrial function.
Although higher concentrations inhibit the electron trans-

port chain [35], lower concentrations promote mitochon-
drial biogenesis and function [36, 37]. However, to the best
of our knowledge, there are currently no studies exploring
the link between H2S and the cGAS-STING pathway. In
the present study, we found that dietary choline significantly
decreased the plasma H2S levels, while application of H2S
donor, NaHS, significantly increased plasma H2S levels and
inhibited cGAS-STING pathway. However, how H2S inhib-
ited the cGAS-STING pathway still needed to be further elu-
cidated. In addition, we also found that NLRP3
inflammasome activation was inhibited by NaHS, which
was generally consistent with our previous studies and
others’ reports. Our previous studies clarified that H2S
improved hypertension-associated endothelial dysfunction
[38] or attenuated lipopolysaccharide-induced acute kidney
injury [39] by inhibiting NLRP3 inflammasome. H2S was
also reported to protect against dextran sulfate sodium-
induced colitis [40] or paraquat-induced acute liver injury
[41] by inhibiting NLRP3 inflammasome.

Moreover, we found that the protein expressions of CSE,
the main enzyme for H2S production in the cardiovascular
system, were significantly increased after dietary supplemen-
tation with choline or TMAO, but the plasma H2S levels
were significantly decreased. Our results were consistent
with previous studies in which a significant decrease in
H2S bioavailability was observed in the plasma, aorta, or
myocardial tissue but a higher CSE expression in aorta or
myocardial tissue [42, 43]. It was reported that the CSE
could function as an inducible H2S generating enzyme,
whose expression was upregulated in cells by a range of
stimuli including endoplasmic reticulum stress, oxidative
stress, nutrient deprivation, and hyperhomocysteinemia
[44]. The elevated CSE protein expression could be
explained as a compensatory mechanism; although, this
compensation did not increase plasma H2S levels, which
was due to the accelerated H2S metabolism by choline or
TMAO induced oxidative stress [45, 46]. On the other hand,
CSE produced H2S at the steady-state low intracellular Ca2+

concentrations in cells [47], whereas choline or TMAO
could increase Ca2+ influx and/or Ca2+ release from intracel-
lular stores to inhibit CSE activity and suppress H2S genera-
tion [48, 49]. To further confirm the compensatory
increased expression of CSE, CSE KO mice were used, and
we found that the plasma H2S levels in WT mice were signif-
icantly decreased after dietary supplementation with choline,
while there was no difference in the plasma H2S levels
between CSE KO+control and CSE KO+choline group.
Our finding meant that choline or TMAO relied on CSE
protein to regulate H2S levels, but the exact mechanisms
remained unclear.

Several limitations of the present study should be noted.
Firstly, direct evidence of how choline, TMAO, or H2S regu-
lated the cGAS-STING pathway needs to be found. Sec-
ondly, how choline or TMAO affected the expression of
CSE or other H2S generating enzyme need to be further
explored in future studies.

In conclusion, our studies revealed that high choline diet
decreased plasma H2S levels and induced cardiac dysfunc-
tion via cGAS-STING-NLRP3 inflammasome axis while
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H2S treatment could restore the cardiac function by inhibit-
ing cGAS-STING-NLRP3 inflammasome axis.
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Wound healing is a major secondary complication in type 2 diabetes, which results in significant disability and mortality,
imposing a significant clinical and social burden. Sustained activation of the Nod-like receptor protein (NLRP) inflammasome
in wounds is responsible for excessive inflammatory responses and aggravates wound damage. The activation of the NLRP3
inflammasome is regulated by a two-step process: the priming/licensing (signal 1) step involved in transcription and
posttranslation and the protein complex assembly (signal 2) step triggered by danger molecules. This review focuses on the
advances made in understanding the pathophysiological mechanisms underlying wound healing in the diabetic
microenvironment. Simultaneously, this review summarizes the molecular mechanisms of the main regulatory pathways
associated with signal 1 and signal 2, which trigger the NLRP3 inflammasome complex assembly in the development of
diabetic wounds (DW). Activation of the NLRP3 inflammasome-related pathway, involving the disturbance in Nrf2 and the
NF-κB/NLRP3 inflammasome, TLR receptor-mediated activation of the NF-κB/NLRP3 inflammasome, and various stimuli
inducing NLRP3 inflammasome assembly play a pivotal role in DW healing. Furthermore, therapeutics targeting the NLRP3
inflammasome-related pathways may promote angiogenesis, reprogram immune cells, and improve DW healing.

1. Introduction

Diabetes mellitus (DM), the most frequently diagnosed
chronic metabolic disorder, affects more than 460 million
individuals worldwide, and its prevalence is projected to
increase to 642 million cases by 2040 [1]. Diabetic wounds

(DW) are a major secondary complication of type 2 diabetes;
the development of such wounds results in an increased risk
of limb amputation and disability in patients [2]. Nonheal-
ing wounds in patients with DM negatively affect the quality
of life, mortality, and morbidity, and hence, pose a critical
clinical challenge and impose an economic burden
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worldwide [3]. In the past decade, many studies have con-
centrated on unresolved inflammation in the pathophysiol-
ogy of DW healing, and relevant pathways have been
disrupted in diabetes.

Inflammasomes, a class of cytosolic multiproteins, serve
as a scaffold for caspase-dependent activation to promote
cytokine maturation and the release of proinflammatory
cytokines, which trigger potent inflammatory responses. In
response to invading pathogens and endogenous danger sig-
nals, inflammasomes act as a part of the innate immune sys-
tem against infections and mediate adaptive immune
responses. Canonical inflammasomes are activated by pat-
tern recognition receptors (PRRs), which recognize
damage-associated molecular patterns (DAMPs) and
pathogen-associated molecular patterns (PAMPs) [4]. The
Nod-like receptor protein 3 (NLRP3) inflammasome,
belonging to a class of PRRs, consists of the sensor receptor
NLRP3, which refers to the nucleotide-binding oligomeriza-
tion domain (NOD)-, leucine-rich repeat (LRR)-, and pyrin
domain- (PYD-) containing protein 3; the adaptor protein of
apoptosis-associated speck-like protein contains a caspase
recruitment domain (ASC) and the effector protease
caspase-1 [5]. The NLRP3-ASC-caspase-1-IL-Iβ-IL-18 axis
plays a role in DW pathophysiology by regulating necroin-
flammation [6]. This review focuses on the molecular mech-
anisms underlying the NLRP3 inflammasome activity
involved in the priming/licensing (signal 1) step and the pro-
tein complex assembly (signal 2) step in the pathogenesis of
DW. It also summarizes the therapeutic approaches target-
ing the NLRP3 inflammasome and its related signals.

2. Introduction to NLRP3 Inflammasome

A two-step process is involved in the activation of NLRP3
inflammasomes [7] (Figure 1). Signal 1 corresponds to prim-
ing and licensing and is accompanied by priming during the
transcription and posttranslation events of the NLRP3
inflammasome components. The licensing of the NLRP3
protein sensor plays a vital role in this process. Signal 2,
which activates the NLRP3 inflammasome, involves exoge-
nous pathogens and endogenous damage molecules and
promotes the assembly of NLRP3, ASC, and procaspase-1
into a protein complex, which subsequently releases proin-
flammatory cytokines [8, 9].

2.1. Signal 1: Priming and Licensing. It is generally accepted
that the process of priming and licensing involves the tran-
scriptional and posttranslational activation of NLRP3, pro-
IL-18, and pro-IL-1β along with the license for rapid activa-
tion towards the assembly of the NLRP3 inflammasome
complex [10, 11]. Accumulating evidence suggests that
nuclear factor kappa-B (NF-κB) signaling and the Fas-
associated protein with death domain- (FADD-) caspase-8
pathway play essential roles in the priming response to pro-
inflammatory cytokines and PRRs [12, 13]. NF-κB signaling
can be activated by stimulation with molecules such as lipo-
polysaccharide (LPS), interleukin-1β (IL-1β), and tumor
necrosis factor- (TNF-) α via upstream LPS/Toll-like recep-
tor 4 (TLR4), IL-1β/IL-1R1, and TNF/TNF receptor path-

ways, triggering the upregulation of the transcriptional
expression of NLRP3 inflammatory components [14, 15].
In addition, FADD-caspase-8 could influence the priming
process by acting as an upstream regulator of the NF-κB sig-
naling or triggering the activation of receptor-interacting
serine/threo-nine-protein kinase (RIPK) 3/mixed lineage
kinase domain-like pseudokinase (MLKL), which is required
for mediating all processes [16].

2.2. Signal 2: Activation (Assembly) of the NLRP3
Inflammasome. The second step of NLRP3 inflammasome
activation is mediated by PAMPs and DAMPs. In addition,
numerous molecular or cellular events, including ROS gen-
eration, ion flux, mitochondrial dysfunction, and lysosomal
destabilization, trigger the oligomerization of NLRP3, ASC,
and procaspase-1 into the NLRP3 inflammasome complex,
which leads to the cleavage of procaspase-1 into caspase-1.
Activated caspase-1 cleaves pro-IL-1β and pro-IL-18 into
active forms IL-1β and IL-18. The K+ efflux induced by var-
ious PAMPs/DAMPs can trigger the activation of NLRP3
inflammasome via pannexin-1. Intracellular hypokalemia
caused by a decrease in cytosolic K+ is sufficient to activate
the NLRP3 inflammasome [17]. In addition, since they act
as K+ efflux channels, tandem pore domains in the weak
inward rectifying K+ channel 2 (TWIK2) and P2X7 receptor
(P2X7R) are necessary for this process [18, 19]. Similarly, an
increase in intracellular Ca2+ concentration induced by
endoplasmic reticulum (ER) Ca2+ release can also activate
the assembly of the NLRP3 inflammasome through
thioredoxin-interacting protein (TXNIP) [20, 21]. Further-
more, the exogenous and endogenous stimuli could induce
the generation of mitochondrial reactive oxygen species
(mtROS) by activating oxidative systems and thereby pro-
mote assembly and activation of NLRP3 inflammasome.
Under oxidative stress conditions, nuclear factor erythroid-
2-related factor (Nrf2) and TXNIP play vital roles [22, 23].

3. Main Factors Involved in the Pathogenesis of
Diabetic Wound

Wound healing refers to the repair of damaged tissues and
organs in the human body. In contrast to normal wound
healing, which displays definite and orderly three phases,
including inflammation, proliferation, and remodeling [24],
the healing process of DW is impaired. It is associated with
deficient angiogenesis, excessive formation of neutrophil
extracellular traps (NETs), and phenotypic imbalance in
macrophages (Mφ), which results in a persistent inflamma-
tion that aggravates the impaired DW healing.

3.1. Altered Angiogenesis in DW. Angiogenesis refers to the
formation of new capillaries from an established vasculature
[25]. One hallmark in the wound healing is robust angiogen-
esis [26]. The interplay between fibroblasts and endothelial
cells (ECs) is centered on the role of numerous growth fac-
tors in both physiological and pathological angiogenesis
[27, 28]. Vascular endothelial growth factor (VEGF)
expressed by fibroblasts is essential mediators for angiogen-
esis and collagen synthesis that stimulate vessel formation in
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ECs [27], whereas VEGF that functions as proangiogenic
factor was remarkably reduced in patients with diabetic foot
ulcer (DFU) and diabetic models [29]. The reduction in the
expression of proangiogenic factors is responsible for the
dysfunction of ECs, which results in poor EC growth, prolif-
eration, and then impairing angiogenesis and wound healing
[30]. NLRP3 inflammasome-related inflammation mediators
are closely connected with the process of abnormal angio-
genesis in wound healing. The effects of VEGF depend on
its receptors that VEGF receptor-1 causes inflammation
but VEGF receptor-2 leads to angiogenesis [31]. As dis-
cussed in further detail below, controlling NLRP3 inflamma-
some is considered as a useful treatment in DW, which
could be evidenced by the increased expressions of
angiogenesis-related factors, including VEGF and platelet-
derived growth factor (PDGF) [32]. Hypoxia attributed to
increased blood viscosity is also a key activator of the devel-
opment and progression of abnormal vascular growth [33].
HIF-1α, as a critical regulator of oxygen homeostasis, plays
a determinant role in healing outcomes [34]. In wounds,
HIF-1 as a transcription activator regulates downstream tar-
get gene VEGF to responsible for angiogenic events that are
altered in diabetes [35]. Exposure to hyperglycemia, the

downregulation of HIF-1α causes low expression of VEGF
and has a negative impact on ECs, which are susceptible to
apoptosis and increased detachment and account for poor
healing in DM patients [30, 36, 37]. Meanwhile, treatment
with HIF-1α stabilizer could stimulate angiogenesis by acti-
vating HIF-1α/VEGF pathway to accelerate DW healing
[32]. Pharmacological intervention that elevated expression
of HIF-1α/VEGF pathway could further reduce the levels
of inflammatory factors (IL-1β, TNF-α, and IL-6) [28, 38].
Furthermore, vascular endothelial injury induced by inflam-
mation factors can lead to abnormal vascular proliferation,
luminal narrowing, and poor local blood flow, which aggra-
vates local hypoxia, thereby forms a vicious cycle, hindering
DW healing [26, 39]. Overall, the multiple changes in proan-
giogenic and vascular maturation factors in diabetes are
influenced by proinflammatory environment in DW, which
perturb the proper wound healing with a large array of
insufficient angiogenesis [40].

3.2. Role of NETs in DW. Neutrophils, regarded as a double-
edged sword, are the first immune cells to migrate into the
wound bed and participate in the elimination of pathogens
and damaged cells. Inflammation is a key step required for
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Figure 1: Overview of the molecular mechanisms of the priming and activation of the NLRP3 inflammasome. Activation of NLRP3
inflammasome involves a two-step process. The signal 1 (left) is referred to as priming that is primarily regulated by NF-κB-dependent
transcriptional of NLRP3 components, which is activated by the stimuli of TLRs, TNFs, and cytokine receptors. The signal 2 (right) of
NLRP3 inflammasome activation is induced by PAMPs and DAMPs. In addition, numerous molecular or cellular events include ROS
generation, ion flux, mitochondrial dysfunction, and lysosomal destabilization that trigger the oligomerization of NLRP3, ASC, and
procaspase-1 into NLRP3 inflammasome complex, which lead to the cleavage of procaspase-1 into caspase-1. The activated caspase-1
cleaves the pro-IL-1β and pro-IL-18 into active forms IL-1β and IL-18. Abbreviation: PAMPs: pathogen-associated molecular patterns;
DAMPs: damage-associated molecular patterns; NLRP3: Nod-like receptor protein; ROS: reactive oxygen species; TLRs: Toll-like
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initiation of wound repair. While a suitable infiltration of
neutrophils in the wound allows for prevention of infection,
prolonged persistence of neutrophils drives tissue damage in
which injured tissues and the inflammatory response self-
sustain each other [41]. In response to pathogen invasion,
neutrophils release modified chromatin structures, such as
their nuclear and granular contents, to form a meshwork
known as NETs. Abnormal activation of NET can also con-
tribute to the inflammatory loop [42]. NETs persist in diabe-
tes, and their continuous presence can predisposed patients
to mortality in the form of NETosis, which has been con-
firmed in clinical trials in patients with DFU. Furthermore,
the initiation of NETosis is closely related to peptidylargi-
nine deiminase 4 (PAD4), whose expression is upregulated
in DW [43]. Inhibition of NETosis by Cl-amidine (PAD4
inhibitor) and disruption of NETs by DNase 1 can amelio-
rate chronic inflammation in wounds and is conducive to
wound healing [44]. In addition to its regulation of macro-
phages through the NLRP3 inflammasome to sustain a local
persistent inflammatory response, NET can affect EC activ-
ity by increasing its death and motility [45, 46]. Notably,
the Janus face of NET during wound healing should be con-
sidered. Recently, patients with DW who showed NETs with
a low level of cathelicidin (LL-37) demonstrated poor anti-
microbial action to increase the risk of wound healing-
related disorders. Additionally, treatment with the macrolide
clarithromycin can restore the antibacterial activities in
patients via upregulation of the expression of LL-37 on
NETs [47]. These studies suggest that the NET process is
highly resolutive, and therapeutic tools restoring their bal-
ance with immune cells in DW are promising.

3.3. Focus on Macrophage Polarization in DW. Mφ derived
from monocytes participates in each phase of the wound
healing process because they kill pathogenic microbes,
remove damaged tissue, and produce growth factors [48].
In response to complex microenvironments and molecular
mediators, Mφ is polarized into the classical pr-
inflammatory M1 or alternative anti-inflammatory M2
[49]. The orderly transition from M1 to M2 results in bene-
ficial effects on wound healing, particularly in tissue remod-
eling and angiogenesis [50]. During the normal wound
healing process, M1 predominates for the first three days.
Subsequently, transition to the M2 phenotype is observed,
which peaks on the seventh day [51]. In the DW state,
chronic low-grade inflammation that persists indefinitely is
a key cause of nonhealing of wounds [52], wherein M1 per-
sists continuously and cannot transit to M2 phenotypes. In
addition, Ganesh et al. [53] found that the levels of proin-
flammatory cytokines, including interleukin-1 beta (IL-1β),
tumor necrosis factor-alpha (TNF-α), and interferon-
gamma (IFN-γ), are elevated in DW, which induces local
hyperglycemia, accumulation of advanced glycation end
products (AGEs), and ROS, along with an increase in
chronic inflammation [49]. The same outcome has been
observed in animal experiments, in which macrophages
from normal mice switched from a pro- to anti-
inflammatory phenotype on the tenth day, while diabetic
mice displayed a twofold higher expression of proinflamma-

tory factors IL-1β and IFN-γ [54], which facilitated the
maintenance of the proinflammatory M1 phenotype. The
phenotypic imbalance of Mφ is closely related to the activity
of the NLRP3 inflammasome, which is influenced by the
abundance of proinflammatory factors [55]. Importantly,
the activation of the NLRP3 inflammasome in M1 with
increased IL-1β levels can form a positive feedback loop to
amplify the proinflammatory effect of M1, which is attrib-
uted to the failure of the transition of Mφ to the M2 pheno-
type in DW [56]. Due to the influence of intricate etiologies
in DW, the transformation from proinflammatory M1 to
anti-inflammatory M2 can be deferred or even absent; this
hampers the switch from the inflammatory to the prolifera-
tion phase during tissue repair, consequently impairing the
wound healing process [57].

4. Correlation of the NLRP3 Inflammasome
Pathway with DW

4.1. Crosstalk between Nrf2 and NF-κB/NLRP3
Inflammasome (Signal 1) in DW. Nrf2, a master regulator
of antioxidant defenses, modulates the redox homeostasis
of cells by binding to antioxidant response elements (AREs)
of antioxidative genes encoding antioxidant enzymes after
heterodimerization with musculoaponeurotic fibrosarcoma
oncogene homolog (Maf) proteins under endogenous and
exogenous stress conditions [58]. Under physiological con-
ditions, Nrf2 binds to Keap1, which negatively regulates
Nrf2 by targeting its proteasomal degradation. However,
under stress conditions, Nrf2 dissociates from the Nrf2-
Keap1 complex, translocates into the nucleus, and subse-
quently induces the expression of antioxidant genes [59].
Nrf2 can limit the inflammatory response induced by NF-
κB, thereby suppressing NLRP3 inflammasome activity [60,
61]. In contrast, NF-κB can reduce the expression of Nrf2
signaling by competing with Nrf2 for the transcriptional
coactivator CREB-binding protein (CBP) p300 complex
[62]. Furthermore, P65 (the canonical NF-κB subunit) can
prevent the formation of the Nrf2-Maf heterodimer by
improving the recruitment of histone deacetylase 3
(HDAC3) to MafK, which decreases the expression of
Nrf2-mediated ARE-related genes [63]. Therefore, the roles
of Nrf2 and the NF-κB/NLRP3 inflammasome in wound
healing are reciprocal.

The mechanism underlying impairments in DW healing
involves the induction of premature senescence in endothe-
lial progenitor cells (EPCs) due to excessively high ROS
levels in a hyperglycemic environment; this results in the
deficiency of repair and angiogenesis [64]. Given that Nrf2
plays an essential role in normal endothelial angiogenesis,
disruption of Nrf2 signaling might be a mechanism underly-
ing impaired angiogenesis observed in DW healing [65]. The
circulatory levels of Nrf2 and its downstream targets are
reduced in patients with type 2 diabetes and DFU compared
to those in control subjects [66, 67]. Similar results were also
observed in diabetic rat models [68]. High glucose (HG)
levels increase the levels of the p65 canonical NF-κB subunit,
leading to activation of the inflammatory process, which in
turn, negatively regulates Nrf2 [69]. However, as an
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antioxidant protective mechanism, perilesional skin tissues
of patients with diabetes are under the influence of high oxi-
dative stress, which induces compensatory activation of the
Nrf2, downstream heme oxygenase 1 (HO-1), and
NAD(P)H quinone dehydrogenase 1 (NQO1) genes, albeit
not to normal levels [70]. The pharmacological activation
of Nrf2 and inhibition of NF-κB promotes DW healing,
which is a promising therapeutic target [71].

4.2. TLR Receptor-Mediated Activation of NF-κB/NLRP3
Inflammasome (Signal 1) in DW. TLR signals, particularly
TLR4, are essential stimuli that activate the NF-κB pathway
by binding to its downstream partner, MyD88 [72]. The role
of TLR is primarily influenced by their activation with
ligands and is closely associated with the microenvironment
in DW. The expression of TLR 2, 4, and 6 was persistently
upregulated from injury to the tenth day in DW, while in
non-DW, the levels of TLRs recovered, reaching those
observed at the baseline [73, 74]. The NF-κB pathway, medi-
ated by continuous stimuli of TLRs, contributes to diabetes-
associated delayed wound healing and eventually triggers a
cascade of amplified inflammatory responses that hinder
wound healing. Similar findings were revealed in patients
with DW; the increased TLR4 expression was observed
along with that of the downstream markers of activation,
including MyD88, IRAK, NF-κB, and IL-1β [75]. Further-
more, genetic deletion of TLR4 in diabetic mice ameliorated
wound healing [76]. Taken together, these studies suggest
that TLR-MyD88-NF-κB signaling maintains DW in an
inflammatory state to delay wound healing. Notably, the
NF-κB pathway is the best-known signal for transcriptional
activation of NLRP3 inflammasome components.

Neutrophils are the main leukocytes at wound sites and
play a vital role in healing [77]. The pathogenesis of diabetes
involves inflammatory or metabolic processes, such as neutro-
philia and hyperglycemia, which result in the formation of
NETosis mediated by neutrophils [44]. The effect of high con-
centrations of NETs on DW is responsible for infection and
the subsequent worsening of wounds [78]. The major compo-
nents of NET, including histones and DNA, are recognized by
TLR receptors as endogenous DAMPs [79]. NET is a key scaf-
fold in DW that acts as a priming signal for NLRP3 activation
through the TLR4/9/NF-κB pathway in macrophages. NET-
driven NLRP3 inflammasome activity in Mφ further induces
the infiltration of innate immune cells into the diabetic wound,
which severely impairs wound healing [80, 81].

NLRP3 inflammasome activity is required for keratino-
cytes to respond to a range of irritants. However, excess
inflammasome/IL-1 activity in keratinocytes other than
macrophages also aggravates DW healing [82, 83]. Upon
exposure to HG, the NLRP3 inflammasome in keratinocytes
is activated by excess ROS, which inhibits the proliferation
and migration of keratinocytes. Recently, Lee et al. [84] used
a model of wound healing with epidermal deletion of
caspase-8 and observed an elevated level of caspase-1 medi-
ated by NF-κB, which directly binds to the caspase-1 pro-
moter. However, the deletion of NF-κB, loss of caspase-1,
or inhibition of IL-1R in keratinocytes disrupted the inflam-
matory phase of cutaneous wound closure and impaired the

proliferative phase of ECs, resulting in delayed cutaneous
wound closure. Thus, basal immune response and inflam-
mation resolution are essential homeostatic mechanisms
for maintenance of wound healing.

4.3. Relationship between DW and NLRP3 Inflammasome
Assembly (Signal 2). When induced by PAMPs or DAMPs,
the conformation of NLRP3 is changed, and the NACHT
domain is exposed, which triggers oligomerization of the
NLRP3 inflammasome complex (signal 2). This complex is
involved in a series of signaling pathways [85]. In DW, mul-
tiple stimuli that disturb intracellular homeostasis can result
in persistent NLRP3 inflammasome activity, promote matu-
ration and secretion of proinflammatory cytokines, and hin-
der wound healing [86].

4.3.1. Reactive Oxygen Species and Mitochondrial Reactive
Oxygen Species. In addition to the stimulant role of the
NLRP3 inflammasome in macrophages, the ROS-mediated
pathway is required as a common step for the activation of
the NLRP3 inflammasome (signal 2). The high accumula-
tion of ROS results in an increase in membrane permeabil-
ity, disrupts the balance of ions in cells, and further
intensifies the stimulation of DAMPs [87]. As a key modula-
tor of intracellular ROS, TXNIP is a pivotal mediator of
ROS-induced NLRP3 inflammasome activity [88]. In the
HG-induced state, the level of TXNIP protein increases,
which further stimulates the downstream NLRP3 inflamma-
some [89]. The activity of xanthine oxidoreductase (XOR), a
source of ROS in chronic wounds, is elevated, which drives
ROS overproduction in the diabetic wound environment
[90]. The secretion of IL-1β, which further amplifies inflam-
mation, can be stimulated by XOR. Moreover, wound tissue
isolated from diabetic patients shows increased expression of
the NLRP3 inflammasome, which is activated by ROS in the
DW environment [91]. Excess production of free radicals
can cause progressive damage to DW via lipid peroxidation
and protein modification, which increases their susceptibil-
ity to inflammatory responses [92]. Inhibition of ROS by
N-acetylcysteine (NAC), a free radical scavenger, blocks
the activation of the NLRP3 inflammasome, which acceler-
ates impaired wound healing in a diabetic rat model [93].
Mitochondria are the main source of ROS, which act as
DAMPs in damaged cells that trigger the NLRP3 inflamma-
some in macrophages, partially via ATP derived from mito-
chondria and P2X7 expression [94]. Mitochondrial DAMPs
and mtROS drive DW, in which inflammation and mito-
chondrial dysfunction self-sustain each other. [95]. The
application of mtROS scavengers on inflamed wounds atten-
uates IL-1β and IL-18 production [96]. In addition, experi-
mental findings linking excessive ROS to the pathogenesis
of diabetic wounds have been demonstrated in vitro. These
findings implicate the NLRP3 inflammasome as a patho-
genic mediator of downstream apoptosis. Fibroblasts derived
from the wounds of patients with DFU showed an increased
level of apoptosis induced by prolonged ROS-mediated acti-
vation of the NLRP3 inflammasome [97]. Apoptosis
depends on the NLRP3 inflammasome as it is blocked by
an inhibitor (BAY 11-7082) of the NLRP3 inflammasome.
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Based on these observations, the NLRP3 inflammasome is
constantly activated by excessive ROS in diabetic wounds,
which induces downstream inflammatory events of “gluco-
toxicity” [98], and thereby promotes caspase-8/3-dependent
apoptosis, exacerbates skin remodeling, and impairs wound
healing in diabetic patients.

In addition to the TLR4/9/NF-κB pathway, NETs also
induce the overproduction of ROS, promoting the targeting
of NLRP3 by TXNIP, which stimulates the assembly of the
NLRP3 inflammasome in macrophages [45] (Figure 2). Col-
lectively, the stimulation of NLRP3 inflammasome activa-
tion mediated by NETs in macrophages is regulated in two
steps: priming by the NF-κB pathway and assembly by the
mediated by ROS/TXNIP pathway. In addition to being
driven by IL-1β, NETosis can also predispose to a self-
perpetuating cycle of sustained IL-1β and IL-18 release, trig-
gering the accumulation of proinflammatory cytokines and
ROS in diabetic wound sites, which aggravates wound
inflammation [99, 100]. Strategies aimed at inhibiting
NETosis and eliminating NETs significantly improve the
wound repair process in diabetes, uncovering a novel thera-
peutic approach for DWs.

4.3.2. Potassium (K+) Efflux. Exogenous ATP causing K+
outflow has emerged as a key upstream event in the assem-
bly of the NLRP3 inflammasome and release of mature IL-
1β. P2X7R, a distinct gated ion channel, is gated by ATP
to participate in the maturation of IL-1β via K+ efflux
[101]. Macrophages from diabetic mice displayed a high
level of NLRP3 inflammasome components, and treatment

with zoledronate, a nitrogen-containing bisphosphonate,
which augments persistent NLRP3 activation by the K
+/P2X7R/ROS pathway but not by lysosomal rupture con-
tributes to impaired oral socket wound healing [56]. In addi-
tion, evidence of the critical role of inflammasome inhibitors
in DWs is centered on observations of neovascularization;
the expression of such inhibitors is reduced in a diabetic
environment. Persistent inflammation leads to a decrease
in collagen organization and neovascularization, which is
associated with several angiogenic factors, including VEGF
and chemokine CXCL12 [102, 103]. For instance, drugs that
block P2X7R improve angiogenesis, which is associated with
the expression of VEGF and CXCL12, and ameliorate
wound healing [104]. Recently, NEK7, a potassium-specific
protein, was shown to activate the NLRP3 inflammasome
by acting downstream of K+ efflux to trigger the process of
NLRP3 oligomerization and punctate ASC aggregation,
which was confirmed by the observation showing that block-
ing the contact between NLRP3 and NEK7 could directly
inhibit the activation of the NLRP3 inflammasome [105,
106]. To understand whether NEK7/NLRP3 is associated
with diabetic foot, Cai et al. [107] compared the expression
of NEK7/NLRP3 between patients with and without diabetic
foot to show that the NEK7/NLRP3 pathway, which was sig-
nificantly increased in patients with diabetic foot, drove the
pathogenesis of diabetic foot.

4.3.3. Lysosomal Destabilization. Disruption of lysosomes
and release of cathepsins are essential stimuli of the NLRP3
inflammasome. Phagocytosis of certain particulate matter,

Diabetic foot
ulcers

Hyperglycemic
environment

Signal 1

Signal 2
NET

TLR4

NF-𝜅B

ROS

TXNIP

NLRP3

Expression of
infammasome genes

INFLRP3
infammasome

ASC

Casepase-1
Casepase-1

Oligomerization

Pro-IL-1𝛽 IL-1𝛽

Figure 2: Overview of the activation of NLRP3 inflammasome in Mφ by NETs, leading to nonresolution of inflammation in diabetic foot
ulcers. DWmicroenvironment stimulates the neutrophils to form NETs. Stimulation of the activation of the NLRP3 inflammasome by NETs
in macrophages is regulated by two steps, which involves the priming process mediated by the TLR4/NF-κB pathway and the assembly
process mediated by the ROS/TXNIP pathway. NET-driven NLRP3 inflammasome activity in Mφ further induces the infiltration of the
innate immune cells into the diabetic wound, which severely impairs wound healing. Abbreviation: NETs: neutrophil extracellular traps;
DW: diabetic wound; Mφ: macrophages; NLRP3: Nod-like receptor protein; ROS: reactive oxygen species; TXNIP: thioredoxin-
interacting protein; TLR4: Toll-like receptor 4; NF-κB: nuclear factor kappa-B.

6 Oxidative Medicine and Cellular Longevity



including cholesterol crystals, uric acid, and silica, stimulates
the activation of the NLRP3 inflammasome. The phagocyto-
sis is induced by lysosomal destabilization and rupture,
followed by the release of cathepsin B into the cytoplasm
[108, 109]. Cathepsin B directly connects with the C-
terminal LRR domain of NLRP3, which facilitates oligomer-
ization of the NLRP3 inflammasome [110]. Under condi-
tions involving excess nutrition, excessive uptake of LDL
particles with impaired lysosomal hydrolysis can drive lyso-
somal membrane permeabilization, which allows the leakage
of lysosomal contents, such as lipase, cathepsins, and Ca2+,
the canonical stimulators of inflammatory pathways [111].
Lipotoxicity is responsible for inflammatory dysfunction of
macrophages in impaired DW healing. The connection
between lipid stress and lysosomal pathology is associated
with glutamine metabolism, which could overwhelm the
mitochondria and further exacerbate the accumulation of
saturated fatty acid (SFAs) palmitate. SFAs play a role in
lysosomal dysfunction in macrophages such that they alter
the responses of macrophages to inflammatory stimuli [112].

5. Advances in Targeting NLRP3 for the
Treatment of DW

5.1. Therapeutic Targeting of NLRP3 Inflammasome Priming
(Signal 1) in DW. Various pharmacological approaches have
focused on initiation events for NLRP3 inflammasome acti-
vation, which have been approved for the treatment of DW
(Table 1, Figure 3). Deubiquitination of NLRP3 is required
for the priming signal during NLRP3 inflammasome activa-
tion [10]. Treatment with MF-094, a selective USP30 inhib-
itor, can block the deubiquitination of NLRP3 and decrease
the expression of its downstream target caspase-1 to pro-
mote wound healing in DFU [113]. Heparan sulfate can
reduce the levels of IL-1β, IL-18, NLRP3, and ASC, accom-
panied by the increased expression of caspase-12 and pro-
teinase inhibitor-9 that inhibit NLRP3 inflammasome
assembly, thereby improving wound healing [114]. In addi-
tion, paeoniflorin could accelerate wound healing by down-
regulating the NF-κB-mediated inflammatory response by
inhibiting CXCR2 in rats with DFU [115]. In addition, com-
mon DW treatments also target the link between energy
sensing and the NLRP3 inflammasome in DW. The mam-
malian target of rapamycin (mTOR), a threonine/serine
kinase, can act as an immune regulator of anti-
inflammatory and proinflammatory cytokine expression
[116]. Moreover, upstream AMP-activated protein (AMPK)
and downstream NF-κB contribute to HG-induced inflam-
mation. Metformin, an orally administered biguanide,
improves DW healing by promoting M2 macrophage polar-
ization via upregulation of the AMPK/mTOR signaling
pathway and subsequent inhibition of the NLRP3 inflamma-
some [117]. The effect of rapamycin on wound healing
whether delaying or promoting wound healing has been of
concern [118]. Although rapamycin impairs wound healing
in kidney transplantation that is associated with their anti-
proliferative properties [119], it is also regarded as a poten-
tial therapeutic drug for DW healing that suppresses the
phosphorylation of mTOR and subsequent NF-κB-mediated

NLRP3 inflammasome [120]. The effects of the Wnt signal-
ing pathway on the wound healing process could be attrib-
uted to the promotion of angiogenesis and amelioration of
the inflammatory response [121]. Wnt7a can improve
wound healing and inhibit autophagy and inflammation
induced by HG, such as LC3A/B, p62, and NLRP3 [122].

Activation of Nrf2-mediated antioxidant defenses and
suppression of NF-κB/NLRP3 inflammasome-mediated
anti-inflammatory effects are beneficial in diabetic wound
healing. Gallocatechin-silver nanoparticle-impregnated cot-
ton gauze patches could ameliorate DW healing by sup-
pressing oxidative stress and inflammatory response
through the Nrf2/HO-1 and TLR4/NF-κB pathways, accom-
panied by elevated levels of antioxidant enzymes, increased
levels of growth factors and Nrf2, and decreased NF-κB-
mediated inflammatory response [123]. It is likely that sup-
plementation with genistein could also accelerate DW heal-
ing owing to its effects on the enhancement of Nrf2-
mediated antioxidant defense, suppressing NF-κB-related
inflammatory responses and restoring the NLRP3 inflamma-
some [124]. Recently, traditional herbal medicines with
many active compounds recognized as Nrf2 cofactors have
been reported to be beneficial for DW healing. The active
compounds (4-vinyl catechol, 4-ethyl catechol, and alkyl cat-
echols) of Barleria lupulina and Morinda citrifolia, natural
herbs, have been identified as natural Nrf2 activators, which
are used in clinical DW healing. Plumbagin from Plumbago
zeylanica, neferine from Nelumbo nucifera, rutin from buck-
wheat, and luteolin could promote diabetic wound healing
by improving the expression of Nrf2-mediated antioxidant
enzymes and inhibiting the expression of NF-κB-associated
inflammatory cytokines [125–128]. Furthermore, diet-
associated compounds, such as sulforaphane and curcumin,
act in a redox-sensitive manner in response to Nrf2 activa-
tion, which reduces the apoptosis of perilesional skin tissue
and the expression of MMP9 to accelerate DW healing [129].

5.2. Therapeutic Targeting of NLRP3 Inflammasome
Assembly (Signal 2) in Diabetic Wound. Recently, strategies
that preferentially target NLRP3 inflammasome assembly,
such as pharmacological inhibitors, have been described
and are beneficial for DW repair. Reducing excessive ROS
levels by the application of antioxidants that block NLRP3
inflammasome upstream signaling improves wound healing
in experimental models. For example, mitochondria-
targeted antioxidants, such as 10-(6-plastoquinonyl) decyl-
triphenylphosphonium (SkQ1), can improve the resolution
of the inflammatory phase in inflamed wounds, which is
accompanied by a decrease in the proportion of neutrophils
and an increase in the proportion of macrophages. These
effects were reliant on the reduction in IL-1β and IL-18
levels [130]. Similarly, the inhibition of XOR-derived ROS
protects against DW healing, which is associated with
NLRP3 inflammasome activity. Besides, given that TXNIP
is a vital regulator of the ROS-mediated NLRP3 inflamma-
some, inhibiting TXNIP by fenofibrate, a PPARα agonist,
can target NLRP3 inflammasome activation to exert a bene-
ficial effect during DW treatment [131].
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Persistent NLRP3 activation in macrophages disrupts the
transformation of the inflammatory M1 phenotype to M2
phenotype, which results in delayed healing of DW [57].
Treatment with Bletilla striata polysaccharide, the main active
ingredient of Bletilla striata, promotes wound healing by sup-
pressing the NLRP3 inflammasome, and as a result, induces a
switch from the proinflammatory M1 phenotype towards the
prohealingM2 phenotype [132]. The external use of glibencla-
mide can show similar pharmacological effects by inhibiting
NLRP3 inflammasome activity and reducing the expression
of inflammatory factors to downregulate the MI phenotype
and upregulate the M2 phenotype [48]. In addition, inflam-
matory responses at the site of the wound in diabetes are
increasingly amplified through the inflammatory loop involv-
ing “NLRP3 inflammasome-NETs.” Conditional deletion of
milk fat globule epidermal growth factor VIII (MFG-E8) in
diabetic mice aggravates wound damage and displays exagger-
ated activation of the NLRP3 inflammasome with largely fixed
NETs. After treatment with recombinant MFG-E8, the pro-
duction of NETosis is reduced, the activities of the NLRP3
inflammasome are significantly reduced, and the rate of DW
healing is accelerated [100, 133]. The underlying protective
mechanism of MFG-E8 is mediated via integrin β3 and limit-
ing P2X7R to regulate the activation of the NET-primed
NLRP3 inflammasome.

Induced by the presence of bacteria or viruses, the NLRP3
inflammasome releases active caspase-1, which cleaves
GSDMD into GSDMD-NT, triggering cell membrane pore for-

mation, cell rupture, and release of inflammatory mediators
[134]. This inflammatory cascade results in a rapid pro-
grammed cell death pattern accompanied with a robust inflam-
matory response, called “pyroptosis,” which is also involved in
the inhibition of the wound healing process in DFUs. Recently,
Pastar et al. [135] showed that the process of pyroptosis was
induced by intracellular Staphylococcus aureus in DFU tissue
due to the striking suppression of perforin-2 (P-2), which
dampens wound healing in patients with DFUs. Importantly,
therapeutic approaches that restore P-2 levels could protect
the skin against bacterial pathogens by suppressing the intra-
cellular accumulation of S. aureus and targeting the pyroptotic
pathway, which effectively promotes healing.

6. Limitations, Challenges, and
Future Directions

DW displays a sustained inflammatory phase that has been
identified as the most dysregulated process in wound heal-
ing, which impedes progression to the proliferative and
remodeling phase [136]. Although the NLRP3 inflamma-
some exerts physiological roles in protecting the body
against infection and producing cytokine, sustained activa-
tion triggers inflammatory cascade with “hurt both enemies
and selves” [137]. Therefore, controlling it to maintain a bal-
anced state will resolve inflammation and accelerate wound
healing. With the application of multiomics approaches,
transcriptomics, and proteomics of single cells, previously
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unidentified targets are gradually revealed to decipher the
mechanisms of pathogenicity in DW healing [138]. While
the healing process of DW is complex and dynamic, these dif-
ferent inflammation pathways also have complex connections,
as the NLRP3 inflammasome just scratching the surface. At
present, there still lack studies about the crosstalk between
multiple signal pathways in the DW or the changes of NLRP3
inflammasome in the different phases of DW healing. Thus,
further in-depth research of the other factors in the processes
of the wound healing phases will also provide us novel insights
to clarify the pathogenic mechanisms of DW. Besides, new
therapeutic approaches involving the multitarget, novel car-
rier, stem cells, and combination approaches have been evalu-
ated and applied into clinic, while how to optimize
personalized strategies with improvement of chronic inflam-
matory state in DW should be considered.

7. Conclusion

NLRP3 detects danger signals, leading to the activation of the
NLRP3 inflammasome and release of proinflammatory cyto-
kines, which play a vital role in DW. Significant advances have
revealed the relationship between the molecular mechanisms
of the priming/assembly step of NLRP3 inflammasome activa-
tion and the pathogenesis of DW. However, the crosstalk
between other signaling pathways and NLRP3 inflammasome
in DWhealing and the differences in the expression of NLRP3
inflammasome from the temporal and spatial aspects, which
influence the healing of DW, still need to be revealed.
Undoubtedly, further in-depth study of the NLRP3 inflamma-
some may provide a novel interpretation of the healing pro-
cess in DW, and the development of inflammasome agonists
will provide a better option for patients with DW.
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Dietary fatty acid (FA) content and type have different effects on obesity-associated osteoarthritis (OA), but the mechanisms
underlying these differences are not fully understood. Inflammation activated by toll-like receptor 4 (TLR4)/nuclear factor-
(NF-) κB signaling and pyroptosis induced by the NLRP3/caspase-1/gasdermin D (GSDMD) signaling pathway play important
roles in OA development. Our aim in this study was to observe the effects of dietary FAs on the articular cartilage of obese
post-traumatic OA model mice and on chondrocytes stimulated by lipopolysaccharide (LPS) and to determine whether the
underlying mechanisms involve TLR4/NF-κB and NLRP3/caspase-1/GSDMD signaling pathways. Mice were fed high-fat diets
rich in various FAs and underwent surgical destabilization of the medial meniscus to establish the obesity-related post-
traumatic OA model. LPS-induced SW1353 chondrosarcoma cells were used to mimic OA status in vitro, and TLR4 inhibitors
or TLR4 overexpressing lentivirus was administered. Analysis using weight-matched mice and multiple regression models
revealed that OA was associated with dietary FA content and serum inflammatory factor levels, but not body weight. Diets rich
in n-3 polyunsaturated fatty acids (PUFAs) attenuated OA and inhibited the TLR4/NF-κB and NLRP3/caspase-1/GSDMD
signaling pathways, whereas diets rich in saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), or n-6 PUFAs
increased OA severity and activated these pathways. In vitro results for SFAs, n-6 PUFAs, and n-3 PUFAs were consistent with
the animal experiments. However, those for MUFAs were not. FA effects on the NLRP3/caspase-1/GSDMD pathway were
associated with the inhibition or activation of the TLR4 signaling pathway. In conclusion, diets rich in SFAs or n-6 PUFAs can
exacerbate obesity-associated OA, whereas those rich in n-3 PUFAs have protective effects against this disease, due to their
respective pro-/anti-inflammatory and pyroptotic effects. Further research on dietary FA supplements as a potential therapeutic
approach for OA is needed.

1. Introduction

Osteoarthritis (OA) is a degenerative joint disease that
affects 237 million people worldwide and is an important
cause of disability in middle-aged and older adults [1]. The
joint changes of OA, including articular cartilage degenera-
tion, subchondral bone thickening, bone fragment forma-
tion, synovitis, and the degeneration of ligaments and
menisci, result in decreased function and quality of life.
Patients with OA face significant healthcare and social costs
[2–4]. Joint trauma, aging, metabolic disorders, and obesity

can trigger OA [5], but the pathogenesis of this disease is still
not well known and needs to be investigated further.

In recent years, with the gradual increase in the preva-
lence of obesity, the incidence of obesity-related OA has
increased [6]. In addition to obesity-related biomechanical
risk factors, which increase intra-cartilage pressure and
aggravate wear and tear in joints [7], obesity-related chronic
inflammation and nutritional metabolism abnormalities
play roles in the development of OA [8, 9]. Excessive nutri-
tional intake leads to lipid influx beyond the storage capacity
of adipose tissues, resulting in elevated circulatory fatty acid

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2022, Article ID 3711371, 25 pages
https://doi.org/10.1155/2022/3711371

https://orcid.org/0000-0001-8844-0796
https://orcid.org/0000-0003-3487-4892
https://orcid.org/0000-0001-8099-1964
https://orcid.org/0000-0002-7537-9540
https://orcid.org/0000-0001-5767-870X
https://orcid.org/0000-0001-5697-9818
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3711371


(FA) levels [10]. Increased FA accumulation in joints has
been shown to be associated with cartilage damage severity
in OA, with different FA types having distinct effects [11,
12]. Saturated fatty acids (SFAs) can increase the release of
inflammatory factors such as interleukin- (IL-) 1β, causing
degenerative changes in chondrocytes and having adverse
effects on OA onset and progression [13]. Studies examining
the effects of monounsaturated fatty acids (MUFAs) on OA
have yielded variable results [14]. n-3 polyunsaturated fatty
acids (PUFAs) have long been considered to be anti-
inflammatory FAs with protective effects against OA [15].
However, inconsistent with previous results, the n-3 PUFA
docosahexaenoic acid (DHA) was recently reported to
induce pyroptosis in microglia and breast cancer cells [16,
17]. Conversely, n-6 PUFAs are considered to be pro-
inflammatory FAs that increase cartilage degradation while
promoting synovial inflammation, thereby accelerating OA
progression [18]. Cohort studies have also shown that sys-
temic levels of n-6 PUFAs correlate positively with the OA

risk [19] and that increased ratios of n-6 to n-3 PUFAs have
deleterious effects on cartilage [20]. However, the mecha-
nisms mediating these different effects are not fully
understood.

Toll-like receptor (TLR) 4, a member of the TLR family,
mediates innate and adaptive immune responses [21, 22].
Through its downstream molecule myeloid differentiation
factor (MyD)88, it signals to activate the nuclear factor-
(NF-) κB pathway, leading to the production of various
inflammatory cytokines [23]. TLR4 plays an important role
in the development of OA [24].

Pyroptosis is a type of programmed cell death that is dis-
tinct from apoptosis and characterized by the disruption of
the structural integrity of the cell membrane, leading to the
release of cellular contents and thus the activation of a
strong inflammatory response. Pyroptosis is mediated by
inflammasomes, the most widely studied and well-
characterized type of which is the NOD-like receptor protein
(NLRP) 3 inflammasome [25]. NLRP3 inflammasome–
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Figure 1: Effects of dietary FAs on body weight, body fat, and food intake in mice. (a) Body weight. (b) Body fat ratio at the end of 26 weeks
of feeding. (c) Food intake. (d) The areas under weight curve of different FAs were calculated for the period from 0 to 26 weeks (AUC0-26wk)
and from 19 to 26 weeks (AUC19-26wk), respectively. The data are presented as the means ± SD, n = 15. ∗p < 0:05 and ∗∗p < 0:01 versus the
LD group; #p < 0:05 and ##p < 0:01 versus the SFA group; ^p < 0:05 and ^^p < 0:01 versus the MUFA group.
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Figure 2: Effects of dietary FAs on articular cartilage in mice. (a) H&E staining (200x; scale bars = 100 μm). The arrows represented local
aggregation or absence of cartilages. (b) Safranin O staining (100x; scale bars = 200μm). The arrows indicated cartilage thinning or loss.
(c) Safranin O/Fast Green staining (100x; scale bars = 200μm). The arrows indicated the fuzzy fracture of the tide line. (d) Modified
Mankin scores and OARSI scores. (e) Histogram of footprints of mice in each group from DMM hind limbs. (f) The bar graph data of
print area (cm2), max contact (%), duty cycle (%), and swing speed (cm/s). The data are presented as the means ± SD, n = 5. ∗p < 0:05
and ∗∗p < 0:01 versus the LD group; #p < 0:05 and ##p < 0:01 versus the sham group; ^p < 0:05 and ^^p < 0:01 versus the SFA group;
&p < 0:05 and &&p < 0:01 versus the MUFA group; $p < 0:05 and $$p < 0:01 versus the n-6 group.
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mediated pyroptosis depends on the caspase-1–mediated
classical inflammasome pathway and the caspase-4, -5, and
-11–mediated non-classical inflammasome pathway. These

pathways lead to the cleavage of the gasdermin D (GSDMD)
protein, which releases the gasdermin-N structural domain,
resulting in cell membrane pore formation, inflammatory
factor release, and, ultimately, cell death [26–29]. Activated
NLRP3 and caspase-1 effects depend on K+ ion efflux, reac-
tive oxygen species production, and phagocytosis to produce
IL-1β, IL-18, and matrix-degrading enzymes, which exacer-
bates the pyroptosis inflammatory response, leading to carti-
lage degeneration and synovitis, and thereby accelerated OA
progression [30, 31].

The differences in FA effects on OA may be due to differ-
ences in their mechanisms of regulating TLR4 and pyroptosis.
SFAs can activate TLR4, producing an inflammatory response
[32]. They can also increase the expression of the NLRP3
inflammasome, the activated form of which mediates the
cleavage of pro–caspase-1 into active caspase-1, which cleaves
pro–IL-1β and pro–IL-18 into their mature forms. The
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Figure 3: The expression of IL-1β in serum and weight-matched strategy for analyzing the relationship between diet FAs and OA severity.
(a) The concentration of IL-1β in serum was detected by ELISA, n = 5. (b) The mice whose weights were in the range of 33 to 44 grams were
used for OA analysis at 26 weeks of feeding. The line of the box indicated median, and the length of the box represented interquartile range.
(c) DMM-operated to sham-operated joint OA score ratio of the weight-matched mice. The data are presented as themeans ± SD. ∗p < 0:05
and ∗∗p < 0:01 versus the LD group; #p < 0:05 and ##p < 0:01 versus the SFA group; ^p < 0:05 and ^^p < 0:01 versus the MUFA group;
&p < 0:05 and &&p < 0:01 versus the n-6 group.

Table 1: Relationships of biochemical and biomechanical factors to
OA, determined by multiple regression.

Parameters β Sig. 95% C.I. for β

Biochemical

FAsa 0.842 0.000 3.496-6.354

IL-1β 0.537 0.000 2.372-3.788

Biomechanical

AUC0-26wk — — —

AUC19-26wk -0.229 0.065 -0.960-0.030
aOrdinal variable: LD andn‐3 = 0, SFA, MUFA, and n‐6 = 1. β: standardized
coefficient.
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Figure 4: Effects of dietary FAs on TLR4/NF-κB signals and NLRP3 inflammasome as well as its downstream signals in articular cartilage of
mice. (a) The relative expression of TLR4, MyD88, and p-NF-κB protein of knee articular cartilage was detected by Western blot. (b–d)
Immunohistochemical staining was used to measure NLRP3, caspase-1, and IL-1β positive cells (200x, scale bars = 100μm). The data are
presented as the means ± SD, n = 5. ∗p < 0:05 and ∗∗p < 0:01 versus the LD group; #p < 0:05 and ##p < 0:01 versus the sham group;
^p < 0:05 and ^^p < 0:01 versus the SFA group; &p < 0:05 and &&p < 0:01 versus the MUFA group; $p < 0:05 and $$p < 0:01 versus the n-
6 group.
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mature IL-1β and IL-18 molecules are secreted through cell
membrane pores constituted by GSDMD proteins and exacer-
bate the inflammatory response to pyroptosis [33–35]. In con-

trast, n-3 PUFAs can inhibit inflammatory signaling pathways
by suppressing TLR-induced signaling [36, 37] and suppress
NLRP3 inflammasome activity, resulting in anti-
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Figure 5: Effects of different FA types on chondrocyte viability and proliferation. Cell viability of PA (a), OLA (b), LA (c), and DHA (d) on
SW1353 cells. (e) Cell viability of LPS on SW1353 cells. (f) The relative protein expression of Collagen II in SW1353 cells treated with LPS
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inflammatory effects and the inhibition of pyroptosis develop-
ment [38]. Few studies have examined the effects of MUFAs
and n-6 PUFAs on TLR4 signaling and pyroptosis, and their
results have been mixed.

The link between the TLR4/NF-κB signaling pathway
and the NLRP3 inflammasome and its downstream signals
may also be important for the understanding of FA effects
on OA. In cardiomyocytes, SFAs can bind MD protein 2
directly, which induces MD2/TLR4 complex formation and
the production of pro-inflammatory cytokines that activate
TLR4 signaling, generating an inflammatory response [32]
and activating NLRP3 inflammasomes. These inflamma-
somes, in turn, drive caspase-1 activation and GSDMD pro-
tein cleavage, ultimately leading to pyroptosis [39]. The
effects of other FA types on inflammasomes remain unclear.
Further exploration of FA effects on TLR4/NF-κB signaling
and NLRP3 inflammasome–induced pyroptosis and the
relationship between the two signaling pathways, may help

to elucidate the roles of different FA mechanisms in OA,
revealing possible intervention targets for obesity-related
OA.

Thus, in the present study, we examined the hypothesis
that different types of FA promote/reduce OA by up/
down-regulating TLR4/NF-κB signaling, which in turn
increases/decreases NLRP3 inflammasome expression to
regulate inflammation and pyroptosis. To observe the effects
of diets rich in different types of FA on obesity-associated
OA, mice were fed high-fat diets rich in particular FAs
(SFAs, MUFAs, n-6 PUFAs, or n-3 PUFAs) and subjected
to surgical destabilization of the medial meniscus (DMM).
To further examine the mechanisms of FA regulation of
chondrocyte pyroptosis via TLR4 regulation, we tested the
effects of different types of FA on the NLRP3 inflammasome
and its downstream signals via activated or inhibited TLR4
expression in an in-vitro OA model produced by treating
cells with lipopolysaccharide (LPS). Our study may provide
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Figure 6: Effects of FAs on TLR4/NF-κB signaling and NLRP3/caspase-1/GSDMD signaling in chondrocytes. The relative protein
expression of collagen II, TLR4, p-NF-κB, NLRP3, caspase-1, and GSDMD in SW1353 cells treated with various concentrations of PA
(a), LA (b), OLA (c), and DHA (d) in the absence or presence of LPS for 24 h. The data are presented as the means ± SD, n = 3. ∗p <
0:05 and ∗∗p < 0:01 versus the CON group; #p < 0:05 and ##p < 0:01 versus the LPS group.
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Figure 7: Continued.
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an experimental basis for the elucidation of the mechanisms
underlying the effects of different types of FA on OA and the
identification of potential therapeutic targets.

2. Materials and Methods

2.1. Animal Handling and Surgery. Six-week-old male
C57BL/6 mice (weighing 18–22 g, n = 75) were purchased
from the Department of Laboratory Animals of China Med-
ical University. All animal experiments were approved by
the Professional Committee on Animal Use and Ethics of
China Medical University (SCXKLN2013-0009). The mice
were randomized to five groups (n = 15 each) according to
their body weights after 1 week of acclimatization feeding
and then fed a low-fat diet (LD) or a SFA-rich, MUFA-rich,
n-6 PUFA-rich (n-6), or n-3 PUFA-rich (n-3) diet (feed for-
mulations are provided in Table S1). All groups of mice were
fed and watered freely and maintained at room temperature
(20–25°C) with 40–70% relative humidity. Their body
weights and food intakes were recorded weekly.

At week 18, all mice underwent surgery consisting of
sham surgery on the left hind limb and DMM on the right
hind limb. After the operations, group-designated feeding
was continued until week 26, at which time gait analysis
and body fat measurements were performed, blood was

drawn from the abdominal vein under ether anesthesia, the
mice were killed by cervical dislocation, and both hind limbs
were measured.

2.2. Histology. Whole knee joints (n = 5) were fixed in 4%
paraformaldehyde, decalcified, paraffin-embedded, and sec-
tioned at 6μm thickness for histological and immunohisto-
chemical evaluation. The sections were stained with saffron
O (Solarbio, Beijing, China), hematoxylin-eosin (Solarbio),
or saffron O/solid green (Solarbio) to reveal histological
changes in the cartilage. Cartilage destruction severity was
graded according to the modified Mankin [40] and Osteoar-
thritis Research Society International (OARSI) [41] scoring
systems (scoring criteria are provided in Tables S2 and S3).

2.3. Gait Analysis. The automated Noldus (Wageningen, the
Netherlands) system was used for gait analysis. Mice (n = 5)
were placed individually in a CatWalk walkway and allowed
to walk freely and traverse from one side to the other of the
walkway’s glass plate. Each mouse completed three success-
ful walking tests in the test channel. Each footprint was
imaged and analyzed using the CatWalk XT10.6 software
(Noldus). The following parameters were calculated: print
area (the complete surface area contacted by the paw during
a stance phase), maximum contact (the total floor area con-
tacted by the paw during the stance phase), duty cycle
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Figure 7: TLR4 inhibition attenuated SFA- and n-6 PUFA-mediated activation of NLRP3/caspase-1/GSDMD signaling. The relative protein
expression of collagen II, TLR4, p-NF-κB, and IL-1β in SW1353 cells treated with PA (a) or LA (b). The relative protein expression of
NLRP3, caspase-1, and GSDMD in SW1353 cells treated with PA (c) or LA (d). Immunofluorescent staining was used to detect the
expression of caspase-1 (e, g) and GSDMD (f, h) in SW1353 cells treated with PA or LA (200x, scale bars = 100 μm). The data are
presented as the means ± SD, n = 3. ∗p < 0:05 and ∗∗p < 0:01 versus the CON group; #p < 0:05 and ##p < 0:01 versus the groups without
CLI-095-pretreatment; ^p < 0:05 and ^^p < 0:01 versus the LPS group; &p < 0:05 and &&p < 0:01 versus the PA or LA group.
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(stance duration as a percentage of the step cycle duration),
and swing speed (speed of a paw’s movement during the
swing phase).

2.4. Immunohistochemistry. Antigen repair enzymes were
added dropwise to slide-mounted sections, following the
instructions of the immunohistochemistry kit used (MXB,
Fujian, China). Then, the sections were incubated overnight
with anti-NLRP3 (1 : 100; Abcam, Cambridge, UK), anti–
caspase-1 (1 : 100; Abcam, Cambridge, UK), and anti–IL-
1β (1 : 100; ImmunoWay, Plano, TX, USA) rabbit primary
antibodies at 4°C. Thereafter, the sections were incubated
with horseradish peroxidase- (HRP-) conjugated anti-
rabbit immunoglobulin G (IgG; Abcam) for 1 h at room
temperature and cover-slipped with neutral balsam. Six
fields of view on each section were selected randomly for
optical density (OD) analysis at 400x under a light micro-
scope (Olympus, Tokyo, Japan) using ImageJ (NIH Image,
Washington DC, USA).

2.5. Enzyme-Linked Immunosorbent Assays. Enzyme-linked
immunosorbent assays (ELISAs) were conducted in 96-well
plates with ELISA kits (Boster, Wuhan, China) in accor-
dance with the manufacturer’s instructions. Briefly, 100μL
mouse serum samples (n = 5), 100μL biotin-labeled anti-

body, and 100μL ABC working solution were added to each
plate well. Then, TMB color development solution was
added dropwise. The color was allowed to develop in the
dark for 15–20min, and then 100μL TMB reaction termina-
tion solution was added. OD values were determined at
450 nm with a microplate reader.

2.6. Cell Culture. SW1353 cells were purchased from the Cell
Resource Center of Shanghai Institutes for Biological Sci-
ences, Chinese Academy of Sciences. They were cultured in
Dulbecco’s modified Eagle medium (DMEM; Gibco, Grand
Island, NY, USA) containing 10% fetal bovine serum (FBS;
BI, Beit-Haemek, Israel) and 1% penicillin-streptomycin
(KeyGEN Bio, Jiangsu, China) in a humidified incubator at
37°C and 5% CO2.

2.7. Cell Treatment

2.7.1. Cell Proliferation/Viability Assay. Logarithmic-
growth-phase SW1353 cells were incubated in 96-well plates
with complete medium combined with LPS (Sigma, St.
Louis, MO, USA; 12.5, 25, 50, 100, 200, 500, 1000, or
2000 ng/mL). Palmitic acid (PA), oleic acid (OLA), linolenic
acid (LA), or DHA (Sigma; 1, 6.25, 12.5, 25, 50, 100, or
200μM) was added, and the cells were then incubated at

M
er

ge
D

A
PI

Ca
sp

as
e-

1

NC NC +
LPS

NC +
 DHA

NC +
LPS +
DHA

OE -
TLR4

OE -
TLR4
+LPS

OE -
TLR4 +
DHA

OE -TLR4 
+ LPS

+ DHA

^^

^^ ^^
^^

⁎⁎
⁎⁎

⁎⁎

⁎⁎

##

##

#

&

20

15

10

5

0Fl
uo

re
sc

en
ce

 in
te

ns
ity

 o
f

G
SD

M
D

 (f
ol

d 
of

 C
O

N
)

OE-TLR4 – – – – + + + +

NC
NC + DHA

NC + OLA
NC + LPS +
DHA

^^

^^ ^^
^^

⁎⁎
⁎⁎

⁎⁎ ##

#

&

(g)

NC NC +
LPS

NC +
 DHA

NC +
LPS +
DHA

OE -
TLR4

OE -
TLR4
+LPS

OE -
TLR4 +
DHA

OE -TLR4 
+ LPS

+ DHA

G
SD

M
D

M
er

ge
D

A
PI

^^
^^ ^^ ^^

⁎⁎
⁎⁎

⁎⁎

⁎⁎

##

##

&&

20

15

10

5

0Fl
uo

re
sc

en
ce

 in
te

ns
ity

 o
f

G
SD

M
D

 (f
ol

d 
of

 C
O

N
)

OE-TLR4 – – – – + + + +

NC
NC + DHA

NC + OLA
NC + LPS +
DHA

^^
^^ ^^ ^^

⁎⁎
⁎⁎

⁎⁎

##

&&

(h)

Figure 8: TLR4 overexpression reversed the inhibitory effect of n-3 PUFA and MUFA on NLRP3/caspase-1/GSDMD signaling in
chondrocytes. The relative protein expression of collagen II, TLR4, p-NF-κB, and IL-1β in SW1353 cells treated with OLA (a) or DHA
(b). The relative protein expression of NLRP3, caspase-1, and GSDMD in SW1353 cells treated with OLA (c) or DHA (d).
Immunofluorescent staining was used to detect the expression of caspase-1 (e, g) and GSDMD (f, h) in SW1353 cells treated with OLA
or DHA (200x, scale bars = 100μm). The data are presented as the means ± SD, n = 3. ∗p < 0:05 and ∗∗p < 0:01 versus the NC group;
#p < 0:05 and ##p < 0:01 versus the groups without OE-TLR4-pretreatment; ^p < 0:05 and ^^p < 0:01 versus the NC+LPS group;
&p < 0:05 and &&p < 0:01 versus the NC+OLA or NC+DHA group.
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37°C for 24 h. To assess cell concentrations, 10μL cell count-
ing kit-8 reagent (KeyGEN Bio) was added to each well, and
the plates were incubated in the dark for 2 h. Subsequently,
OD values were measured at 450nm using a microplate
reader. Each assay was performed in triplicate.

2.7.2. FA Treatment. Cells were treated with LPS (1000ng/
mL) only or LPS plus an FA (concentrations of three differ-
ent gradients) for 24h. They were then collected for analysis.

2.7.3. CLI-095 Treatment. Cell media were replaced with
DMEM containing 0.5% FBS and the TLR4 inhibitor CLI-
095 (1μg/mL; InvivoGen, San Diego, CA, USA) for 6 h.
LPS (1000ng/mL) was added with or without PA or LA
(25μM) and allowed to incubate for 24 h.

2.7.4. Cell Transfection with TLR4 Overexpression Lentivirus.
Cells were transfected with TLR4 overexpression or negative
control (NC) lentivirus (GenePharma, Shanghai, China) in
DMEM containing 0.5% FBS for 6 h and then cultured in
DMEM containing 10% FBS for 72h. Puromycin (2μg/
mL) was added to screen for stably transfected cells. Follow-
ing screening, transfected cells were exposed to media sup-
plemented with LPS (1000 ng/mL), with or without OLA
or DHA (25μM), for 24 h.

2.8. Western Blot. Articular cartilages (n = 5) were ground
under liquid nitrogen. Chondrocytes (n = 3) were collected,
and protein was extracted directly by adding RIPA lysis
buffer (Sangon Biotech, Shanghai, China) on ice. Protein
concentrations were determined with a bicinchoninic acid
kit (Dingguo Bio, Beijing, China). Sodium dodecyl sul-
phate–polyacrylamide gel electrophoresis was conducted,
and the resultant protein bands were transferred to polyvi-
nylidene fluoride membranes for 3 h. The membranes were
blocked over 30min at room temperature and then incu-
bated overnight at 4°C with primary antibody targeting col-

lagen II (1 : 500; Bioss, Beijing, China), β-actin (1 : 500; Bioss,
Beijing, China), NLRP3 (1 : 1000; Abcam, Cambridge, UK),
GSDMD (1 : 1000; Abcam, Cambridge, UK), caspase-1
(1 : 1000; Abcam, Cambridge, UK), TLR4 (1 : 1000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), MyD88
(1 : 1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
or IL-1β (1 : 500; ImmunoWay, Plano, TX, USA). Subse-
quently, the membranes were incubated with HRP-
conjugated goat anti-rabbit secondary antibody IgG
(1 : 5000; ImmunoWay, Plano, TX, USA) for 1 h at room
temperature. Following exposure to electrochemilumines-
cence reagent, images were developed and grayscale values
of the bands were determined with ImageJ (NIH Image,
Washington DC, USA). Semi-quantitative analysis was per-
formed with β-actin serving as an internal reference. All
experiments were repeated three times.

2.9. Immunofluorescence. Cells were cultured in 24-well
plates, fixed in 4% paraformaldehyde, and then treated with
0.5% Triton X-100. After blocking with bovine serum albu-
min (Dingguo Biotech), the cells were incubated overnight
with anti-GSDMD and anti–caspase-1 primary antibodies
(1 : 100; Abcam, Cambridge, UK) at 4°C. After rinsing with
Tris-buffered saline with 0.1% Tween 20, the cells were incu-
bated with dropwise-added fluorescence-labeled goat anti-
rabbit IgG (1 : 200; Zhongshan Jinqiao, Beijing, China) at
room temperature in the dark for 2 h. The slices were sealed
with an anti-fluorescence quencher (Dingguo Bio) and incu-
bated for 5min in the dark before being imaged under an
inverted fluorescence microscope. Six randomly selected
fields of view in each examined section were subjected to
OD analysis at 200x using ImageJ (NIH Image, Washington
DC, USA).

2.10. Statistical Analyses. The results are expressed as
means ± standard deviations. One-way analyses of variance
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SFA TLR4
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Figure 9: Schematic of the mechanism of FAs regulation of the NLRP3 inflammasome in chondrocytes.
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were used for comparisons. When the data met the homoge-
neity of variance test condition, the least significant differ-
ence t test was used for two-way comparisons; otherwise,
Dunnett’s T3 method was used. In all cases, p < 0:05 was
considered to reflect significant differences. The data were
analyzed using SPSS 23.0 software (IBM Corporation,
Armonk, NY, USA).

3. Results

3.1. Effects of Dietary FAs on Mouse Body Weight, Body Fat,
and Food Intake. After 26 weeks of dietary treatment, the
body weights and body fat ratios of mice in all high-fat diet
groups were significantly greater than those in the LD group
(Figures 1(a) and 1(b)). These values were lower in the n-6
and n-3 PUFA groups than in the SFA and MUFA groups.
Food intake did not differ among high-fat diet groups
(Figure 1(c)). To accurately detect the effects of body weight
change over time on joints, we calculated areas under the
body weight curve (AUCs) for mice in the different diet
groups from baseline to 26 weeks and 19 to 26 weeks,
respectively. The 0–26- and 19–26-week AUCs were higher
in the high-fat groups than in the LD group, and higher in
the SFA and MUFA groups than in the n-6 and n-3 PUFA
groups (Figure 1(d)).

3.2. Effects of Dietary FAs on Mouse Articular Cartilage.
Sham-operated joints from the SFA and n-6 PUFA groups
showed mild OA-like damage, whereas those from the
MUFA and n-3 PUFA groups showed no significant abnor-
mality. The degree of OA in joints subjected to DMM was
significantly augmented in all groups, but lesions in the n-
3 PUFA group were similar to those in the LD group and
less severe than those in the other groups (Figures 2(a)–2
(c)). The Mankin and OARSI scores for joints subjected to
DMM were significantly worse in the SFA and n-6 PUFA
groups than in the LD and n-3 PUFA groups. Scores for
the MUFA group were higher than those for the LD and
n-3 PUFA groups, but lower than those for the SFA and n-
6 PUFA groups (Figure 2(d)). Compared with the LD group,
the SFA, MUFA, and n-6 PUFA groups had more irregular
gaits; significantly smaller footprint area, maximum contact,
duty cycle, swing speed, maximum footprint contact, and
support ratio values; and significantly increased swing
speeds in the DMM-modified limbs. The most significant
differences were between the SFA and n-6 PUFA groups,
and no significant difference was observed between the LD
and n-3 PUFA groups (Figures 2(e) and 2(f)).

3.3. Relationships among Dietary FAs, Body Weight, Serum
Inflammatory Factors, and OA in Mice. Serum IL-1β levels
were significantly higher in the SFA, MUFA, and n-6 PUFA
groups than in the LD group and did not differ between the
LD and n-3 PUFA groups. The MUFA group’s mean serum
IL-1β level was significantly higher than that in the n-3
PUFA group and lower than that in the SFA and n-6 PUFA
groups (Figure 3(a)). The DMM/sham joint score ratios
were significantly higher in the SFA, n-6 PUFA, and MUFA
groups than in the LD group after controlling for body

weight factors (Figures 3(b) and 3(c)). Multiple regression
analysis showed that dietary FAs and IL-1β levels were asso-
ciated significantly with OA, rather than body weight
(Table 1).

3.4. Effects of Dietary FAs on TLR4/NF-κB Signals and the
NLRP3 Inflammasome and Its Downstream Signals in
Mouse Articular Cartilage. Western blot analysis of articular
cartilage from joints subjected to DMM and sham operation
showed that TLR4, MyD88, and phosphorylated- (p-) NF-
κB protein levels were significantly higher in the SFA,
MUFA, and n-6 PUFA groups than in the LD and n-3 PUFA
groups and that those in the latter two groups were similar.
These levels were significantly higher in the SFA and n-6
PUFA groups than in the MUFA group. For all groups,
TLR4, MyD88, and p-NF-κB protein levels were higher in
articular cartilage from joints subjected to DMM than in that
from joints subjected to sham operation (Figure 4(a)).

Similarly, immunohistochemical analysis showed signif-
icantly increased NLRP3, caspase-1, and IL-1β expression in
the SFA, MUFA, and n-6 PUFA groups compared with the
LD and n-3 PUFA groups, with no significant difference
between the latter. For all groups, the expression levels of
these proteins were significantly higher in cartilage from
joints subjected to DMM than in sham operation joints
(Figures 4(b)–4(d)).

3.5. Effects of Different FA Types on Chondrocyte Viability
and Proliferation. PA, OLA, LA, and DHA did not affect
the viability or proliferation of SW1353 chondrocytes at
concentrations ≤ 25μM. PA at the concentration of 50μM,
LA at the concentration of 100μM, and OLA and DHA at
the concentration of 200μM reduced cell viability and pro-
liferation (Figures 5(a)–5(d)). At concentrations ≤ 1000ng/
mL, LPS had no significant effect on the viability or prolifer-
ation of cells (Figure 5(e)). However, 1000 ng/mL LPS signif-
icantly reduced type II collagen expression in the cells
(Figure 5(f)). Thus, we used 1000 ng/mL LPS to treat cells
to mimic OA status in vitro.

3.6. SFA and n-6 PUFA Treatments Enhanced TLR4/NF-κB
Signaling and the NLRP3/caspase-1/GSDMD Signaling
Pathway, whereas n-3 PUFA and MUFA Treatments
Attenuated Them, in Chondrocytes. LPS treatment signifi-
cantly increased the expression of TLR4, p–NF-κB, NLRP3,
and the pyroptosis-related proteins caspase-1 and GSDMD.
PA and LA at the concentration of 25μM reduced type II
collagen expression and increased TLR4, p-NF-κB, NLRP3,
caspase-1, and GSDMD expression. These treatments also
enhanced the LPS induction effects (Figures 6(a) and 6(b)).
In contrast, cells exposed to 25μM concentrations of OLA
and DHA showed a significant increase in type II collagen
and dramatic decreases in TLR4, p-NF-κB, NLRP3, cas-
pase-1, and GSDMD levels and could reverse LPS-induced
changes in these proteins (Figures 6(c) and 6(d)).

3.7. TLR4 Inhibition Attenuated the SFA- and n-6 PUFA–
Mediated Activation of NLRP3/caspase-1/GSDMD
Signaling. TLR4 inhibition with CLI-095 increased chondro-
cyte type II collagen expression significantly while
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decreasing TLR4, p-NF-κB, NLRP3, caspase-1, GSDMD,
and IL-1β protein expression (Figures 7(a)–7(d)). Addition-
ally, TLR4 inhibitor treatment reversed the decrease in type
II collagen and upregulation of p-NF-κB, NLRP3, caspase-1,
GSDMD, and IL-1β protein expression induced by PA and
LA (Figures 7(a)–7(d)). caspase-1 and GSDMD immunoflu-
orescence analyses yielded similar results (Figures 7(e)–7
(h)).

3.8. TLR4 Overexpression Reversed the Inhibitory Effects of n-
3 PUFA and MUFA on NLRP3/caspase-1/GSDMD Signaling
in Chondrocytes. We used 30 multiplicity-of-infection TLR4
overexpression lentivirus in combination with puromycin to
treat and screen chondrocytes (Fig. S1). Chondrocytes trans-
fected with TLR4 overexpression lentivirus had significantly
reduced type II collagen expression and markedly increased
TLR4, p-NF-κB, NLRP3, caspase-1, GSDMD, and IL-1β pro-
tein expression compared with the NC group (Figures 8(a)–8
(d)). Additionally, TLR4 overexpression lentivirus treatment
reversed the increase in type II collagen and down-regulation
of p–NF-κB, NLRP3, caspase-1, GSDMD, and IL-1β protein
expression induced by OLA and DHA (Figures 8(a)–8(d)).
This pattern of caspase-1 and GSDMD results was replicated
in the immunofluorescence experiments (Figures 8(e)–8(h)).

4. Discussion

Obesity is a major risk factor for the development of OA,
which is associated with a chronic low-grade inflammatory
state and elevated circulating levels of adipokines and free
FAs. Diet composition, especially FA content and caloric
intake, may impact OA severity in a joint-specific manner
[42, 43]. Notably, n-6/n-3 PUFA dietary ratios have been asso-
ciated with markers of metabolic disorders, including obesity,
insulin resistance, and inflammation. SFA, MUFA, and n-3
and n-6 PUFA have been detected in the synovial fluid of knee
joints of patients with and without OA, and the n-6/n-3 PUFA
ratio is significantly higher in patients with OA [44].

In the present study, the n-6/n-3 PUFA ratio in the feed for
the n-6 PUFA group was close to that of the traditionalWestern
diet (i.e., 24.6 : 1). Conversely, the n-6/n-3 PUFA ratio in the
feed given to the n-3 group was the generally recommended
healthy ratio of 4.2 : 1, and the ratio for the SFA and MUFA
groups matched that of the LD group (7.4 : 1). Compared with
mice fed a low-fat diet, mice fed diets rich in SFAs or n-6
PUFAs showed mild OA-like changes in articular cartilage,
and the lesions in joints subjected to DMM surgery were more
severe. Consistent with our findings, Wu et al. [18] found that
mice fed SFA- and n-6 PUFA–enriched diets tended to develop
severe OA and synovitis with systemic inflammation. In the
present study, the joints of mice fed diets rich in MUFAs or
n-3 PUFAs that were not subjected to DMM had no significant
lesions. Joints in the MUFA group changed significantly after
DMM surgery, and mice in the n-3 PUFA group developed
lesions to a similar extent as did those in the LD group (much
less than in the SFA, MUFA, and n-6 PUFA groups). These
results suggest that n-3 PUFAs have a protective effect on the
development of obesity-related OA and contribute to posttrau-
matic joint repair.

Because the mean body weights of mice fed high-fat diets
were significantly greater than those of the LD group and
those of mice in the SFA and MUFA groups were greater
than those of mice in the n-6 and n-3 PUFA groups, we con-
trolled for the confounding factor of body weight [18]. After
such control, we found that the above-mentioned differences
among groups persisted, further indicating that the anti-OA
effect of n-3 PUFA was independent of body weight and
supporting the inference that the intergroup differences
can be attributed to the effects of different types of FA. Diets
rich in n-3 PUFAs appear to attenuate traumatic OA in
obese mice and support the repair of OA-like damage,
whereas the consumption of SFAs and n-6 PUFAs has been
associated with greater osteophyte formation, synovitis, and
macrophage infiltration of the synovium [9].

Little is known about the effects of MUFAs on joints. In
this study, our histological and gait analyses revealed the
effects of a high-fat diet rich in MUFAs on mouse articular
cartilage were similar to those of a diet rich in n-3 PUFAs.
However, MUFAs did not reduce cartilage damage caused
by DMM. This negative finding, combined with the serum
IL-1β level data, suggests that a diet rich in MUFAs also
has a proinflammatory effect, but to a much less extent than
do diets rich in SFAs or n-6 PUFAs. Our results suggest that
dietary factors play a more important role in obesity-related
posttraumatic OA than do mechanical factors. Different
types of FA may have different effects on OA, and exploring
their mechanisms of action is of great value for the preven-
tion and treatment of obesity-related OA from a dietary
perspective.

TLR4 is the most expressed TLR in chondrocytes, and its
expression in joint tissues increases with OA severity [45].
Moreover, the inhibition of TLR4 expression in cartilage
has been shown to reduce OA severity in rats [46]. The
TLR4 signaling pathway is considered to be a main trigger
of obesity-induced inflammation, and the TLR4/NF-κB sig-
naling pathway is an important mechanism that regulates
the chondrocyte OA inflammatory response [47]. In addi-
tion, obesity disrupts mitochondrial integrity, leading to
the release of reactive oxygen species, which triggers the for-
mation of NLRP3 inflammasome complexes [48]. Activation
of the NLRP3 inflammasome activates caspase-1, mediates
cellular pyroptosis through the NLRP3/caspase-1/GSDMD
pathway, and produces inflammatory mediators such as
IL-1β and IL-18, triggering a series of inflammatory
responses [16] that play important roles in the development
of OA. Thus, in the present study, we explored the effects of
four FAs on the TLR4/NF-κB signaling pathway and the
activation of the NLRP3 inflammasome and its downstream
signals from the perspective of overall diet and single FAs.
Our finding that diets rich in SFAs, MUFAs, or n-6 PUFAs
increase the expression of the TLR4/NF-κB signaling path-
way and NLRP3 proteins, whereas a diet rich in n-3 PUFA
did not significantly change protein expression, suggests that
the pro- or anti-inflammatory effects of dietary FAs are
related to the regulation of the TLR4/MyD88/NF-κB signal-
ing pathway and NLRP3 inflammasome.

We also observed that the expression levels of TLR4, NF-
κB, NLRP3, and IL-1β were not significantly elevated in
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joints from the n-3 PUFA group subjected to DMM com-
pared with joints subjected to sham operation, consistent
with the idea that the n-3 PUFA–rich diet had anti-
inflammatory and antipyroptotic effects and contributed to
postinjury repair. The cellular assays also showed that SFAs
and n-6 PUFAs activated TLR4/NF-κB and NLRP3/caspase-
1/GSDMD signaling, whereas n-3 PUFAs had an inhibitory
effect. The in vitro effects of MUFAs on these proteins dif-
fered from those observed in the animal experiment;
MUFAs had anti-inflammatory and antipyroptotic effects
in vitro that were similar to those of n-3 PUFAs.

SFA, acting as a non-microbial TLR4 agonist, can initiate
TLR4-mediated inflammatory responses [37]. It can be rec-
ognized by the CD14-TLR4-MD2 complex and trigger
inflammatory pathways, and may lead to alterations in the
gut microbiota that produce excess LPS after high-fat intake,
inducing a TLR4 inflammatory response through MyD88-
dependent and/or MyD88-independent pathways, which in
turn promote NF-κB expression. PA has been shown to have
pro-apoptotic and pro-inflammatory effects on articular car-
tilage through TLR4’s upregulation of IL-6 and cyclooxygen-
ase 2 expression in IL-1β–induced chondrocytes [49]. In
addition, an SFA-enriched high-fat diet fed to mice activated
NLRP3 inflammasomes in macrophages and dendritic cells
and increased IL-1β secretion in adipose tissue [50], thereby
promoting the progression of OA [51].

In contrast, n-3 PUFAs, such as DHA and eicosapentae-
noic acid, exert anti-inflammatory effects by attenuating LPS
or SFA activation of TLR4 signaling [52]. n-3 PUFAs can
inhibit TLR4-induced signaling and target gene expression
[53, 54], perhaps via anti-inflammatory effects mediated by
G protein-coupled receptor 120. Oh et al. [55] found that
the stimulation of G protein-coupled receptor 120 with n-3
PUFAs inhibited TLR4 signaling, possibly due to the binding
of β-arrestin-2 to TAB1, leading to the inhibition of TAK1
phosphorylation and activation, which in turn blocks TLR4
signaling. In addition, n-3 PUFA treatment has been
reported to disrupt TLR4 translocation to lipid rafts, thereby
preventing TLR4 activation [53]. Additionally, Chen et al.
[56] found that n-3 PUFA supplementation inhibited the
expression of TLR4/NF-κB signaling pathway–related pro-
teins and reduced subsequent inflammatory responses. Sim-
ilarly, n-3 PUFAs have been shown to inhibit NLRP3
inflammasome activity in human adipose tissue by down-
regulating inflammatory gene expression in adipocytes and
mononuclear macrophages [57]. Our study yielded similar
results in mouse cartilage and SW1353 chondrocytes.

We found that the role of n-6 PUFA was similar to that
of SFA and differed from that of n-3 PUFA. High n-6 PUFA
intake has been reported to upregulate TLR4 expression
[58], and a high dietary n-3/n-6 PUFA ratio has been shown
to ameliorate obesity-associated inflammation and insulin
resistance by inhibiting TLR4 activation in rats [58], which
also reflects TLR4 upregulation by n-6 PUFA. An n-6
PUFA–enriched high-fat diet induced hepatic steatosis and
fibrosis, along with the activation of the NLRP3 inflamma-
some, in mice [59], whereas the inhibition of n-6 PUFA
metabolites reduced pro-inflammatory factor secretion and
inhibited NLRP3 inflammasome activation [60]. Our results

suggest that the effects of n-6 PUFA on TLR4 and the
NLRP3 inflammasome are similar to those of SFA and that
n-6 PUFA can promote OA progression.

The results of studies examining MUFA effects have
been inconsistent. Some studies have shown that a MUFA-
enriched high-fat diet stimulates the TLR4 inflammatory
pathway by increasing JNK and STAT3 binding protein acti-
vation [61] and decreases NLRP3 inflammasome activation
while reducing IL-1β secretion in adipose tissue and
immune cells [50, 62]. OLA causes toxic damage to rat hepa-
tocytes through the activation of MAPK/TLR4 signaling
[63]. However, it has also been shown to inhibit TLR4-
mediated inflammatory responses in monocytes and macro-
phages, reduce TLR4 and p–NF-κB expression, and have
anti-inflammatory effects [64]. In our animal experiments,
we found that a MUFA-enriched high-fat diet increased
the expression of TLR4/NF-κB and NLRP3 inflammasome
proteins, whereas chondrocytes treated with MUFA showed
down-regulation of the TLR4/NF-κB and NLRP3/caspase-1/
GSDMD signaling pathways. This difference may reflect the
ability of MUFA to inhibit TLR4 and NLRP3 inflammasome
expression, with anti-inflammatory and anti-pyroptosis
effects, but to a weaker extent than can n-3 PUFA. MUFA-
rich high-fat feeds contain not only MUFAs but also other
pro-inflammatory FAs, such as SFA and n-6 PUFA, which
can weaken or even reverse the effects of MUFA, causing
contradiction in the results of in vitro and in vivo experi-
ments. Such contradictory results have been obtained in
other studies. For example, Pietraszek et al. [65] found that
MUFA-rich macadamia oil intake induced a postprandial
anti-inflammatory response, but also increased the expres-
sion of pro-inflammatory genes, in healthy human subjects.
Rocha et al. [66] showed that MUFA, although pro-inflam-
matory, had an anti-inflammatory effect relative to SFA-
rich high-fat diets. These findings suggest that the effects of
dietary MUFAs are influenced by various factors, including
those related to the proportions of various FAs added to
diets, feeding times, and tissue types.

Activation of the TLR4-mediated signaling pathway
leads to NF-κB p65 phosphorylation, which may be a key
signal in NLRP3 inflammasome and pyroptosis activation
[67, 68]. Yabuta and Shidoji [69] showed that the activation
of the TLR4/NF-κB signaling pathway activated NLRP3
inflammasomes, and thus caspase-1, generating GSDMD
N-terminal fragments of the plasma membrane that induced
cellular pyroptosis. To further clarify whether crosstalk
between the TLR4/NF-κB and NLRP3/caspase-1/GSDMD
signaling pathways is part of the mechanisms underlying
the actions of the four types of FA examined on chondro-
cytes in this study, we administered a TLR4 inhibitor to
the SFA and n-6 PUFA groups and TLR4 overexpression
lentivirus to the MUFA and n-3 PUFA groups, based on
our preliminary data. When TLR4 was inhibited, the expres-
sion of the NLRP3 inflammasome and pyroptosis-related
proteins caspase-1 and GSDMD was reduced after SFA or
n-6 PUFA treatment, suggesting that the pro-inflammatory
and pro-pyroptotic effects of SFA and n-6 PUFA are medi-
ated through the TLR4/NF-κB signaling pathway. When
TLR4 was overexpressed, MUFA and n-3 PUFA
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supplementation reduced NLRP3, GSDMD, and caspase-1
expression, suggesting that the anti-inflammatory and anti-
pyroptotic effects of MUFA and n-3 PUFA are also mediated
through the TLR4 signaling pathway. Thus, TLR4/NF-κB
may play a more important role in mediating the effects of
these four FAs on chondrocytes by acting as an upstream
signal for the NLRP3/caspase-1/GSDMD signaling pathway.

5. Conclusions

In the present study, we found that SFA-, MUFA-, and n-6
PUFA–enriched diets were pro-inflammatory and pro-pyr-
optotic, promoting obesity-related OA, although the
MUFA-enriched diet had a much weaker effect than did
the other two diets. An n-3 PUFA–enriched diet had anti-
inflammatory and anti-pyroptotic effects, protecting against
obesity-related OA development. These effects are associated
with activation/inhibition of the TLR4/NF-κB signaling
pathway in articular cartilage, which in turn upregulates/
downregulates the NLRP3 inflammasome, thereby inducing
cellular pyroptosis. Our results support the promotion of
diets rich in n-3 PUFAs. MUFA may have anti-
inflammatory and anti-pyroptotic effects, but the achieve-
ment of these effects may require adherence to appropriate
FA ratios. Figure 9 illustrates the mechanism of FA regula-
tion of the NLRP3 inflammasome in chondrocytes. This
study reveals possible mechanisms underlying the effects of
different types of FA on OA. Additionally, our findings pro-
vide a theoretical basis for the prevention and treatment of
obesity-related OA from a dietary perspective.
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Diabetic cardiomyopathy (DCM) can develop in diabetes mellitus and is a major cause of morbidity and mortality. Surgical
bariatric surgery procedures, such as sleeve gastrectomy (SG), result in remission of type 2 diabetes and have benefits regarding
systolic and diastolic myocardial function. The NLR family pyrin domain containing 3 (NLRP3) inflammasome appears to
participate in the development of DCM. However, whether SG surgery affects myocardial NLRP3 inflammasome-related
pyroptosis to improve cardiac function remains unclear. This study was aimed at investigating the effect of SG surgery on
NLRP3-associated pyroptosis in rats with DCM. We also examined cellular phenotypes and molecular mechanisms in high
glucose-stimulated myocytes. The rat model of DCM was established by high-fat diet feeding and low-dose streptozotocin
injection. We observed a metabolic benefit of SG, including a reduced body weight, food intake, and blood glucose levels and
restored glucose tolerance and insulin sensitivity postoperatively. We observed a marked decline in glucose uptake in rats with
DCM, and this was restored after SG. Also, SG alleviated the dysfunction of myocardial contraction and diastole, delayed the
progression of DCM, and reduced the NLRP3 inflammasome-mediated myocardial pyroptosis in vivo. H9c2 cardiomyocytes
showed membrane disruption and DNA damage under a high glucose stimulus, which suggested myocardial pyroptosis. Using
a ROS scavenger or chloride channel blocker in vitro restored myocardial NLRP3-mediated pyroptosis. Furthermore, we found
that chloride efflux acted downstream of ROS generation. In conclusion, SG may ameliorate or even reverse the progression of
DCM. Our study provides evidence that the SG operation alleviates NLRP3 inflammasome dysregulation in DCM. Clearance
of ROS overburden and suppression of chloride efflux due to SG might act as the proximal event before inhibition of NLRP3
inflammasome in the myocardium, thus contributing to morphological and functional alleviation of DCM.

1. Introduction

Diabetic cardiomyopathy (DCM) is a distinct disease entity
that develops in diabetes mellitus (DM) and does not come
after any coronary artery disease, hypertension, or valvular
heart disease [1, 2]. Currently, DCM is recognized as the

predominant cause of morbidity and mortality among peo-
ple suffering from DM [3]. At the onset of diabetes, owing
to insulin resistance and metabolic shifts in cardiomyocytes,
intracellular lipid and lipotoxicity were accumulated; after-
wards, mitochondrial dysfunction and accumulation of reac-
tive oxygen species (ROS) occurred in cardiomyocytes [2].
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Ultimately, these pathological alternations bring about car-
diomyocyte death, inflammatory response, and fibrotic
remodeling [4].

Surgical bariatric surgery procedures such as sleeve gas-
trectomy (SG) are currently one of the most prevalent treat-
ments for obesity and its related metabolic disorders [5].
Plenty of evidence have shown that SG results in effective
remission of type 2 diabetes (T2DM) and associated com-
plications [6, 7]. A couple of studies evaluated that the SG
had benefits regarding systolic and diastolic myocardial
function in patients with DCM or in rat models [8, 9],
whereas, to date, the underlying mechanism of SG remains
to be integrated.

Pyroptosis is a type of proinflammatory programmed
cell death [10]. Activation of the canonical NLR family
pyrin domain containing 3 (NLRP3) inflammasome can
engage caspase-1 for cleaving gasdermin D (GSDMD) as
well as turning proforms of interleukin- (IL-) 1β and IL-
18 into active forms, finally leading to cell membrane pore
formation and release of inflammatory cytokines [11]. A
previous study showed that a deficit of NLRP3 improved
insulin sensitivity in obese mice, which suggests that
NLRP3 plays a significant role in metabolism [12]. Previous
studies also showed that ablation of NLRP3 in rats with
DCM could significantly reduce myocardial pyroptosis
and induce inflammatory response [13, 14]. These previous
findings suggest that the NLRP3 inflammasome participates
in the development of DCM. Additionally, studies have
shown that bariatric surgery inhibits NLRP3 activation in
pancreatic islets, hepatocytes, and adipose tissues, causing
anticell death and anti-inflammatory effects [15–18]. Not-
withstanding, whether SG surgery affects myocardial
NLRP3 inflammasome-related pyroptosis for the improve-
ment of cardiac function remains unclear.

To address these issues, we established a rat model of
DCM by high-fat diet (HFD) feeding and low-dose strepto-
zotocin (STZ) injection compared with chow diet-fed rats as
controls. SG or sham surgery was performed to investigate
the effect of SG surgery on NLRP3-associated pyroptosis in
rats with DCM. Furthermore, cellular phenotypes and
molecular mechanisms were examined in high glucose-
stimulated myocytes.

2. Materials and Methods

2.1. Animals. All animal protocols were approved by the
Medical Ethical Committee of the Shandong Provincial
Qianfoshan Hospital, Shandong University. Male Wistar
rats at the age of approximately 6 weeks were purchased
from Beijing Weitong Lihua Experimental Animal Technol-
ogy and were placed in an environment with access to feed
and water with alternate 12-hour light and dark cycles at
22 ± 2°C. After one-week-long adaptive feeding, two groups
of rats were kept in a high-fat diet (HFD, 60% of calories
as fat, Xietong Biotech, Nanjing, China) for four weeks to
induce obesity and insulin resistance, while the other group
was fed with normal chow. After 12 h fasting, we intraperito-
neally injected rats with streptozotocin (STZ; 35mg/kg,
Sigma-Aldrich, St. Louis, MO, USA) dissolved in sodium

citrate buffer pH4.5 (Solarbio, Beijing, China) to produce
the type 2 diabetic models. One week after STZ administra-
tion, fasting blood glucose (FBG) was measured with a gluc-
ometer (Roche One Touch Ultra, LifeScan, CA, USA). Only
rats with FBG exceeding 11.1mmol/L were regarded as
promising diabetic models [19]. Diabetic rats were fed with
HFD for 8 weeks after STZ injection for a stable DCM
model establishment, as described by previous studies; after
eight-week STZ injection when the stable T2DM model is
established, the onset of cardiac dysfunction is observed as
well [20, 21].

2.2. Surgical Procedures. Prior to surgery, rats were fed with
10% Ensure (Abbott Laboratories, Abbott Park, IL, USA) for
2 days and then fasted overnight and underwent SG or sham
surgery under anesthesia with 2% isoflurane. SG and sham
surgery were performed in accordance with a previous
report [22]. Afterwards, the rats were caged individually,
and the diet was transited gradually from liquid diet to
high-fat diet consistent with the preoperative feeding strat-
egy. Food intake and body weight were recorded per week.
The rats were euthanized 8 weeks after surgery.

2.3. Oral Glucose Tolerance Test and Insulin Tolerance Test.
An oral glucose tolerance test (OGTT) and insulin tolerance
test (ITT) were performed before surgery and at 8 weeks
after surgery. Blood glucose was monitored from the tail vein
of fasting rats at baseline and 10, 30, 60, and 120min after
the administration of intragastric gavage of 20% glucose
(1 g/kg) for the OGTT or intraperitoneal injection of human
insulin (0.5 IU/kg) for the ITT. The homeostasis model
assessment of basal insulin resistance (HOMA-IR) was eval-
uated as FBG ðmmol/LÞ × fasting insulin ðmIU/LÞ/22:5.
2.4. Cardiac Function. Echocardiography examination was
performed before the surgery to prove the successful estab-
lishment of DCM models and at 8 weeks after surgery to
observe the clinical effects of SG. Rats were anesthetized
with 2% isoflurane for transthoracic echocardiography with
an RMB710 transducer using the Vevo 3100 system
(VisualSonics, Toronto, Canada). The left ventricular end-
diastolic diameter (LVEDd), left ventricular ejection frac-
tions (LVEF), fractional shortening (FS), and early-to-late
mitral diastolic flow ratio (E/A) along with isovolumic
relaxation time (IVRT) were measured.

2.5. 18F-FDG PET of Rat Heart Imaging. PET scans were
performed at 8 weeks after surgery. Fasting rats were made
to inhale isoflurane and fixed with cannulas. After intrave-
nous injection with 29.6MBq (800μCi) of 18F-FDG, rats
were maintained for one hour and the hearts were scanned
with a Positron Emission Computed Tomography (PET)
scanner (Metis 1800, Madic Technology, China).

2.6. Histology and Immunohistochemistry. Each rat myocar-
dial sample, formalin-fixed and paraffin-embedded, was cut
into 5μm sections. Slides were stained with haematoxylin
and eosin (H&E) for standard histology. The distribution
of collagen was carried out by Masson’s trichrome staining
and picrosirius red staining. The quantitative analysis of
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the cardiomyocyte size and collagen volume was measured
with the Image-Pro Plus 6.0 (Media Cybernetics, Bethesda,
MD, USA). Frozen sections were stained with Oil Red O
to detect liquid content. Terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL)
staining was utilized to assess cell death (Servicebio, Wuhan,
China). After antigen retrieval in a citrate buffer (0.01M,
pH6.0) and endogenous peroxidase blocking, slides were
incubated with primary antibodies against collagen I (Affin-
ity, AF0134, 1 : 100), collagen III (Affinity, AF0136, 1 : 100),
NLRP3 (Abcam, ab210491, 1 : 200), ASC (Affinity, DF6304,
1 : 100), GSDMD (Affinity, AF4012, 1 : 100), IL-1β (Abcam,
ab9722, 1 : 200), IL-18 (ProteinTech, 10663-1-AP, 1 : 300),
and NEK7 (Affinity, DF4467, 1 : 100) at 4°C overnight.
Thereafter, the tissues were incubated with HRP-conjugated
secondary antibodies at 37°C for 30 minutes and observed
with microscope (ZEISS, Axio Vert.A1, Jena, Germany).

2.7. Transmission Electron Microscopy. One-millimeter LV
cubes were prefixed in 2.5% glutaraldehyde overnight at
4°C and postfixed in 1% osmium tetroxide for 2 h at 4°C.
Samples were then dehydrated through an ethanol series
and embedded in Epon. After complete polymerization
and cutting into ultrathin sections, the sections were stained
with uranyl acetate and lead citrate which were then exam-
ined using a transmission electron microscope (Hitachi,
HT-7800, Japan).

2.8. Cell Culture and Treatment. H9c2 rat cardiomyocytes
were cultured in low glucose DMEM (5.5mM) supple-
mented with 10% FBS in a 5% CO2 thermostatic (37°C)
incubator. After serum starvation overnight, cells were
exposed to high glucose (HG, 33.3mM) for 48 h. For the
ROS scavenger, H9c2 cells were pretreated with 1mM N-
acetyl-L-cysteine (NAC, MCE, Shanghai, China) before the
stimulation of HG for 12h. For chloride efflux inhibition,
additionally, 100μM indanyloxyacetic acid-94 (IAA-94,
MCE, Shanghai, China) was administered for 24 h.

2.9. Flow Cytometry. The levels of glucose uptake, intracellu-
lar ROS load, and chloride concentration were determined
through flow cytometry. When indicated H9c2 cells in 6-
well plates had reached 80% confluence, they were treated
under respective stimulation as described in Section 2.8.
After being washed with cold PBS three times, 2-deoxy-
glucose analog (2-NBDG, MCE, Shanghai, China) was
added at a final concentration of 50μM in glucose-free
DMEM for 30min. And H9c2 cells ware incubated with
2μM DCFH-DA (Beyotime, Shanghai, China) in low glu-
cose DMEM for 20min. Also, 10μM N-(ethoxycarbonyl-
methyl)-6-methoxyquinolinium bromide (MQAE, MCE,
New Jersey, USA) was added into the complete low glucose
DMEM, and cells were incubated for 60min. Cells were all
cultured with probes in a 37°C 10% CO2 humidified incuba-
tor. Then, the cells were washed with ice-cold PBS and
digested with trypsin-EDTA and kept on ice protected from
light. The fluorescence intensity of 2-NBDG, DCFH-DA,
and MQAE (FITC channel) in labelled cells was detected
through a BD FACSAria II instrument (BD, USA). 20,000

events from each specimen were measured to pledge suffi-
cient data. The data were analyzed by FlowJo v10 (FlowJo,
Ashland, OR, USA), and the polygonal gating strategy was
used to exclude debris.

2.10. Caspase-1 Activity Detection. The caspase-1 activity
was detected with a Caspase-1 Activity Assay Kit (BestBio,
Shanghai, China). Firstly, cells were lysed in 100μL lysis
buffer on ice for 15min. 10μL supernatant was retained
and remixed with 90μL detection buffer and 10μL
caspase-1 substrate (Ac-YVAD-MCA) at 37°C for 2 h. Then,
the optical density of samples was read on a microplate
reader (Bio-Rad, CA, USA) at 405nm.

2.11. LDH Release Detection. Lactate dehydrogenase (LDH)
in the supernatant was measured using the LDH Release
Assay Kit (Beyotime, Beijing, China) according to the man-
ufacturer’s protocol. The percentage of LDH release was
computed as ðexperimental LDH − spontaneous LDHÞ/ð
maximumLDH release − spontaneous LDHÞ.

2.12. Glucose Determination in Supernatants. The content of
glucose in the supernatants was quantified using a Glucose
Colorimetric Assay Kit (GOD-POD Method, Elabscience,
Wuhan, China). H9c2 cells were seeded into 6-well plates
and grown to 80% confluency under respective stimulation.
The culture medium was changed to low glucose DMEM
after 48 h and incubated for 24 h. The enzyme solution was
configured according to the instruction manual. 3μL of
supernatant of all samples and 300μL enzyme solution was
transferred to a 96-well plate. After incubation at 37°C for
15min, the final OD values were determined at 505nm in
a spectrophotometer. The concentrations of glucose were
recorded according to the standard curve.

2.13. Chloride Detection in Supernatants. The chloride con-
centration in the supernatants was examined using a Chlo-
ride Colorimetric Assay Kit (Elabscience, Wuhan, China).
H9c2 cells were also seeded into 6-well plates with a distinc-
tive stimulus. The culture medium was removed, and cells
were incubated with low glucose DMEM for 24h. The chro-
mogenic agent was configured according to the standard
protocol. 10μL of supernatants and 250μL of a chromogenic
agent were added to a 96-well plate. The OD values were cal-
culated at 460nm after incubation at room temperature for
5min. And concentrations of the samples were determined
from the standard curve.

2.14. Cell Death Assay. The TUNEL assay was used to detect
DNA fragmentation, and the probe E42 staining was used to
evaluate the membranal disruption. Cells were cultured on
cell climbing slices. The TUNEL assay was performed with
a TUNEL Cell Apoptosis Detection Kit (Servicebio, Wuhan,
China) according to the given protocol. The cellular
membrane-disrupted cells were labeled probe E42 under
the instruction of the Cell Membrane Integrity Assay Kit
(BestBio, Shanghai, China). Nuclei were stained with DAPI.
Images were acquired on a confocal microscope (Leica,
TSP2, Wetzlar, Germany).
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2.15. Western Blot. Heart tissue proteins were extracted with
the Total Protein Extraction Kit for Muscles (Invent Biotech-
nologies, Beijing, China). Cell proteins were lysed in a RIPA
lysis buffer (Solarbio, Beijing, China). Membrane protein of
H9c2 cells were prepared using the Minute Plasma Mem-
brane Protein Isolation Kit (Invent Biotechnologies, Beijing,
China). The protein extracts were separated using the 10%
SDS-PAGE and followed by transferring to the PVDF mem-
brane (Millipore, Cork, Ireland). After one-hour blocking in
5% fat-free milk, the membrane was incubated with primary
antibodies at 4°C overnight. At the following day, secondary
antibody (ProteinTech, Wuhan, China, SA00001-1/2,
1 : 5000) incubation was performed before the enhanced
chemiluminescence (Millipore, Billerica, USA) with imagina-
tion via an Amersham Imager 680 (GE, Boston, USA). We
used antibodies against NLRP3 (Abcam, Cambridge, UK,
ab210491, 1 : 1000), IL-1β (ab9722, 1 : 2000), procaspase-1
+p10+p12 (ab179515, 1 : 1000), SOD2 (ab68155, 1 : 1000),
IL-18 (ProteinTech, Wuhan, China, 10663-1-AP, 1 : 2000),
TXNIP (18243-1-AP, 1 : 1000), CLIC1 (14545-1-AP,
1 : 1000), CLIC4 (66343-1-Ig, 1 : 2000), beta-tubulin (10068-
1-AP, 1 : 5000), ATP1A1 (14418-1-AP, 1 : 10000), GSDMD
(Affinity, Cincinnati, OH, USA, AF4012, 1 : 1000), ASC
(DF6304, 1 : 1000), NEK7 (DF4467, 1 : 1000), NF-κB p65
(CST, MA, USA, #8242, 1 : 1000), and phospho-NF-κB p65
(Ser536, #3033, 1 : 1000).

2.16. RNA Extraction and Real-Time PCR. Total RNA of
heart tissues and cell samples were extracted using a TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). cDNA synthesis
was performed with a ReverTra Ace qPCR RT Kit (Toyobo,
Osaka, Japan), and real-time PCR was performed using a
SYBR Green Kit (Toyobo, Osaka, Japan) on the Roche
LightCycler 480 System (Roche, Basel, Switzerland). The
primer sequences are shown as in Table 1.

2.17. Immunofluorescence. The double-labeling localization
of NLRP3 and CD68 were observed using immunofluores-
cence methods. 8μm thick frozen sections were blocked with
2% BSA and incubated with primary antibodies against
NLRP3 (Abcam, ab210491) and CD68 (Abcam, ab955)
overnight at 4°C. After incubation with two different fluores-
cent secondary antibodies for 30 minutes at 37°C, slides were
stained with DAPI.

The expression and localization of protein CLIC1 and
CLIC4 were observed via immunofluorescence. H9c2 cells
were cultured in 24-well plates and fixed with 4% parafor-
maldehyde, after which 0.1% of Triton X-100 was used for
membrane permeabilization and 2% BSA for blocking.
Thereafter, cells were incubated with primary antibodies
CLIC1 (ProteinTech, 14545-1-AP, 1 : 100) and CLIC4
(66343-1-Ig, 1 : 200) at 4°C overnight. After staining with
fluorescent secondary antibody and DAPI, images were
observed by an immunofluorescence microscopy (Olympus,
IX73, Tokyo, Japan).

2.18. Statistical Analysis. The data were presented as mean
± standard deviation (SD) and were analyzed using SPSS
22.0 (SPSS, Chicago, USA). Body weight, food intake, and

FBG over time were analyzed using the two-way ANOVA
and Tukey-Kramer tests. Other data were analyzed among
groups using one-way ANOVA with subsequent Bonferroni
or Dunnett’s T3 correction. P < 0:05 was considered statisti-
cally significant.

3. Results

3.1. Sleeve Gastrectomy Remarkably Alleviates General
Characteristics and Glucose Homeostasis in Rats with
Obesity and T2DM. Body weight curves of the three groups
including the control group, sham group, and SG group
are illustrated in Figure 1(a). Body weight in the sham sur-
gery group and the SG group plateaued at 1 week postoper-
atively and gradually increased in weight thereafter. Body
weight persistently showed a difference between the sham
and SG groups. To determine the alternation in feeding
behavior, we measured the food intake after surgery
(Figure 1(b)). The sham and SG groups consumed fewer cal-
ories during the first week following surgery, which may
have resulted from transient surgical stress. However, this
appetite deficit of rats in the sham group was restored at a
later time, while rats in the SG group remained hypophagic
continuously, and this enabled maintenance of a reduced
body weight. To evaluate the effects of SG on glucose

Table 1: Primers used for qRT-PCR.

Gene Sequence

Nlrp3
Forward: 5′-GCAGCGATCAACAGGCGAGAC-3′

Reverse: 5′-TCCCAGCAAACCTATCCACTCCTC-3′

Pycard
Forward: 5′-GATTATGGAAGAGTCTGGAGCTGTGG-3′

Reverse: 5′-ATGAGTGCTTGCCTGTGTTGGTC-3′

Casp1
Forward: 5′-AAACACCCACTCGTACACGTCTTG-3′
Reverse: 5′-AGGTCAACATCAGCTCCGACTCTC-3′

Gsdmd
Forward: 5′-AAGACTTCCAAGGCCTGCGT-3′
Reverse: 5′-CATGCTGGGCTGGTCCTGTA-3′

Il-1b
Forward: 5′-GACCTGTTCTTTGAGGCTGACA-3′
Reverse: 5′-CTCATCTGGACAGCCCAAGTC-3′

Il-18
Forward: 5′-CGACCGAACAGCCAACGAATCC-3′
Reverse: 5′-TCACAGATAGGGTCACAGCCAGTC-3′

Nek7
Forward: 5′-GGCTGTCTGCTGTATGAGATGGC-3′
Reverse: 5′-GATCTGATGGGAGAGGTGGGTAGTC-3′

Txnip
Forward: 5′-GCCAGACCAAAGTGCTCACTCAG-3′
Reverse: 5′-GAGACTCTTGCCACGCCATGATG-3′

Sod2
Forward: 5′-TCCCTGACCTGCCTTACGACTATG-3′
Reverse: 5′-TCGTGGTACTTCTCCTCGGTGAC-3′

Clic1
Forward: 5′-TCCCAGCCATAAACCATCCATTGTG-3′
Reverse: 5′-ATTCTGCCAGGGTGCTTTCTCTTG-3′

Clic4
Forward: 5′-TGAACGGACTGAAGGAGGAGGAC-3′
Reverse: 5′-GGTGGTGACACTGAACACGACTC-3′

Tubb3
Forward: 5′-CGTCCACCTTCATCGGCAACAG-3′
Reverse: 5′-TCGGCCTCGGTGAACTCCATC-3′
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Figure 1: Effects of SG on body weight, food intake, and glucose homeostasis in diabetic rats. (a) Body weight, (b) food intake, and (c)
fasting blood glucose before and after SG surgery. (d) OGTT curve and (e) ITT curve were carried out 4 weeks postoperatively.
AUCOGTT and AUCITT were calculated, respectively. (f) Values of HOMA-IR at 4 weeks after SG surgery. Data are presented as mean ±
SD. ∗P < 0:05 and ∗∗P < 0:01 CON vs. SHAM; #P < 0:05 and ##P < 0:01 SG vs. SHAM. n = 10 in each group.
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homeostasis, FBG concentrations were regularly recorded
(Figure 1(c)). FBG sharply decreased in the first 2 weeks
and were stable afterwards. Rats in the SG group exhibited
a substantial improvement in the ability to clear oral gavage
of glucose, as reflected by a 38% drop in the area under the
curve (AUC) relative to the sham group (Figure 1(d)). ITT
was performed, and it showed a lower AUC in the SG group
compared with the sham group, indicating that SG

improved insulin sensitivity (Figure 1(e)). The HOMA-IR
value significantly alleviated after SG, which was in agree-
ment with the above-mentioned results (Figure 1(f)).

3.2. SG Attenuates Diabetic-Induced Cardiac Dysfunction
and Myocardial Metabolism. An echocardiographic exami-
nation was carried out 8 weeks postsurgery for assessing
cardiac function (Figure 2(a)). Rats that underwent sham
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Figure 2: SG abrogates cardiac dysfunction and improves myocardial metabolism in rats with DCM. (a) Echocardiography: (a1)
representative images of 2D echocardiograms; (a2) M-mode echocardiograms; (a3) mitral inflow shown by pulse-wave Doppler
echocardiograms. Echocardiographic measurements including (b) LVEDd, (c) LVEF, (d) FS, (e) ratio of E/A, and (f) IVRT. (g)
Representative transverse, sagittal, and coronal axis images of the heart showing 18F-FDG distribution via PET-scans. (h) Standard
uptake value (SUV). Data are presented as mean ± SD. ∗∗P < 0:01 CON vs. SHAM; ##P < 0:01 SG vs. SHAM; &&P < 0:01 CON vs. SG. n
= 6 in each group.
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surgery had a higher LVEDd and IVRT along with greater
impaired LVEF and FS and a higher E/A ratio compared
with those in the control group. Echocardiographic analysis
demonstrated systolic and diastolic dysfunction in the sham

group. However, in comparison to the sham group, SG sur-
gery mitigated these unfavorable changes, as evidenced by
significantly reduced LVEF and IVRT with a restored LVEF,
FS, and E/A ratio (Figures 2(b)–2(f)).
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Figure 3: Effects of SG on diabetic-induced cardiac remodeling. (a) Representative (a1) longitudinal and (a2) transverse H&E staining of left
ventricle. Scale bar, 50 μm. (b) Staining of Masson trichrome; dark blue indicates collagen fibers. Scale bar, 50μm. (c) Sirus red staining; note
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Insulin resistance is one of the main triggers of DCM, of
which impaired myocardial glucose uptake is a pathophysi-
ological hallmark. PET scans were carried out after 18F-
FDG injection to scale the levels of myocardial glucose
uptake, and the standard uptake value (SUV) of the sham
group was definitely decreased compared with the control
group, yet SUV of the SG group was restored, indicating that
SG surgery alleviated diabetic-induced myocardial insulin
resistance (Figures 2(g) and 2(h)).

3.3. SG Reverses Myocardial Remodeling in Rats with DCM.
Structural and functional derangement of cardiac tissue is a
key characteristic of DCM, consisting of hypertrophy, myo-
cardial fibrosis, and contractile dysfunction in both diastolic
and systolic phases. H&E staining showed hypertrophy of
cardiomyocytes in the sham group, which was reversed after
SG operation (Figures 3(a) and 3(i)). Sirius red and Masson
trichrome staining detected a rising level of cardiac fibrosis
in the sham group, whereas SG surgery brought about allevi-
ation of fibrosis (Figures 3(b), 3(c), and 3(j)). Consistently,
IHC staining of collagen I and collagen III showed elevated
collagen deposition in the sham group, which was abrogated
after SG operation (Figures 3(d) and 3(e)). Also, Oil Red O
staining manifested those diabetic myocardial sections obvi-
ously stained with red droplets which were mitigated post-
operatively, suggesting the alleviation of lipid deposition
(Figure 3(f)). Furthermore, the TUNEL assay showed that
SG reduced the ratio of TUNEL-positive cardiomyocytes
indicative of decreased nicked DNA ends (Figure 3(g)).
Transmission electron microscopy revealed disordered sar-

comeres, swollen mitochondria with disorganized cristae,
loss of intracellular contents, and the presence of pyropto-
some in the heart of the sham group, whereas in the SG
group, layers of uniformly shaped mitochondria with abun-
dant and organized cristae intervened between regularly
aligned myofibrils (Figure 3(h)). All of these results sug-
gested that SG remarkably reversed the DCM-induced car-
diac remodeling.

3.4. Effects of SG on NLRP3-Activated Pyroptosis in
Cardiomyocytes. Pyroptosis serves as an inflammatory form
of programmed cell death [10]. Previous studies have eluci-
dated that the NLRP3 inflammasome is activated in the
myocardium when exposed to hyperglycemia and pyroptosis
which contributed to the development of DCM [13]. In this
study, western blotting showed that NLRP3 inflammasomes
were activated in the DCM model, as shown by the overex-
pression of NLRP3, apoptosis-associated speck-like protein
(ASC), caspase-1, cleaved caspase-1, IL-1β, IL-18, NEK7,
and GSDMD as well as its N-terminal fragment. Postopera-
tively, protein levels of the above related to the NLRP3-
caspase 1 pathway were favorably reduced (Figure 4(a)).
Similarly, real-time RT-PCR showed that relative transcrip-
tional levels of NLRP3 inflammasome-related key genes
were restrained in the SG group compared to the sham
group (Figure 4(b)). Notably, a reluctantly high level of
caspase-1 activity in the sham group was averted after SG
performance (Figures 4(c) and 4(d)). Additionally, IHC
staining of the three groups was performed to further con-
firm protein expression of NLRP3, ASC, GSDMD, and
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Figure 5: High glucose-induced ROS overload served as a trigger of NLRP3-mediated pyroptosis in H9c2 cells. (a) Protein expression of
SOD2 in heart tissues. (b) mRNA expression of Sod2 relative to Tubb3 in hearts. (c) Flow cytometry quantified the 2-NBDG signals in
HG-stimulated H9c2 cells. (d) Glucose concentrations in supernatants. (e) Intracellular ROS levels were assessed using DCFH-DA and
flow cytometry. (f) The release of LDH percentage from H9c2 cells was reported to the total LDH release. (g) Caspase-1 activity of H9c2
cells. (h) H9c2 cells with membrane disintegrity were stained with red fluorescence by cell probe E42. (i) TUNEL staining of H9c2 cells.
(j) Protein levels of NLRP3-related molecules shown by western blot in H9c2 cells treated with HG or HG+NAC. (k) The ratio of
caspase-1 p12/procaspase-1 and (l) phospho-NF-κB/total NF-κB is shown. (m) Relative mRNA expression of Nlrp3-related molecules in
H9c2 cells, Tubb3 as the internal reference. Data are presented as mean ± SD. ∗∗P < 0:01 CON vs. HG; ##P < 0:01 HG+NAC vs. HG. n =
6 in 2-NBDG uptake experiment and n = 3 in each group in other experiments.
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Figure 6: Continued.

13Oxidative Medicine and Cellular Longevity



M
er

ge

CON

E2
4

(6
83

nm
)

HG HG+IAA94

D
A

PI

(g)

M
er

ge
Tu

ne
l

(5
15

nm
)

CON HG

D
A

PI

HG+IAA94

(h)

NLRP3

IAA94
HG –

– –

+ +
+

Procaspase-1

Caspase-1 p12

ASC

IL-1β

IL-18

GSDMD

Cleaved
N-terminal

NEK7

TXNIP

NF-κB

pNF-κB

β-Tubulin 50 kDa

35 kDa

44 kDa

65 kDa

65 kDa

35 kDa

55 kDa

22 kDa

30 kDa

22 kDa

12 kDa

45 kDa

110 kDa

(i)

2.5

2.0

Ca
sp

as
e-

1 
p1

2/
Pr

oc
as

pa
se

-1
(p

ro
te

in
 le

ve
l)

1.5

1.0

0.5

0.0

CON HG
HG+

IA
A94

⁎⁎
##

(j)

Figure 6: Continued.

14 Oxidative Medicine and Cellular Longevity



NEK7 (Figures 4(e)–4(g) and 4(j)). And the infiltration of
inflammatory factors IL-1β and IL-18 was decreased post-
SG surgery (Figures 4(h) and 4(i)). Using a macrophage
marker CD68, we double labeled the NLRP3 and CD68 in
heart sections and found that the NLRP3 was expressed
not only in the macrophages but also in myocardial cells
(Figure 4(k)). The above-mentioned results suggested that
SG ameliorated the activation of NLRP3-related pathway
molecules transcriptionally and posttranscriptionally in the
diabetic myocardium.

3.5. High Glucose-Induced ROS Accumulation Acts as a Key
Trigger of NLRP3-Mediated Pyroptosis in Cardiomyocytes.
Hyperglycemia, associated with T2DM, increases the burden
of oxidative stress [23]. Rising reactive oxygen species (ROS)
production and impaired ROS clearance seem to contribute
to the pathological progression of DCM [24]. It is well recog-
nized that mitochondrial manganese superoxide dismutase
(SOD2) played a role in ROS scavenging [25]. We found that
the expression of SOD2 in the heart was lower in the sham
group than in the SG group (Figures 5(a) and 5(b)). This
finding suggested that the decline in ROS levels might have
contributed to the restoration of cardiac dysfunction after
SG surgery.

In order to mimic the in vivo environment of T2DM,
H9c2 cells were starved in low-glucose DMEM with 2%
FBS overnight, followed by stimulation with HG for 48h.
The ability of H9c2 cells to uptake the 2-NBDG was mea-
sured by flow cytometry. There was a decline in the mean
fluorescence intensity (MFI) of 2-NBDG in HG-stimulated
cells compared with control cells (Figure 5(c)). Additionally,
glucose concentrations in the supernatant were determined

by the GOD-POD method to indirectly reflect the ability
of glucose uptake (Figure 5(d)). A marked reduction in the
capacity for glucose uptake showed partial insulin resistance
in HG-H9c2 cells. We pretreated cells for 12 h with NAC
(1mM), a specific ROS scavenger, to deplete intracellular
ROS levels. After treatment, H9c2 cells were treated with
the redox-sensitive fluorescent dye DCFH-DA for 0.5 h,
and ROS levels were determined using flow cytometry. HG
remarkably upregulated the fluorescent staining of ROS,
whereas ROS levels were partially cleared by NAC
(Figure 5(e)). Furthermore, we examined LDH release in
culture supernatants and dyed membrane-disrupted cells
with the probe E42 (Figures 5(f) and 5(h)). The outcomes
of these two experiments suggested that high ROS accretion
in the train of HG stimulation could arouse the plasma
membranal disintegrity, which was a main feature in the
pyroptosis of cells.

Caspase-1 activity, which is inevitable in NLRP3-
dependent pyroptosis, zoomed in the HG condition and
decreased with NAC treatment (Figure 5(g)). As the ROS
burden rose with HG stimuli, there was a high proportion
of TUNEL-positive cells of which DNA fragmentation might
have been mediated by ROS and NLRP3 inflammasome-
induced pyroptosis. However, the presence of NAC lowered
the ratio of TUNEL staining (Figure 5(i)). Previous studies
have demonstrated that the NLRP3 inflammasome is acti-
vated in a ROS/TXNIP/nuclear factor-κB/p65 manner.
Western blotting showed that HG upregulated the expres-
sion of NLRP3-related molecules, and this was alleviated
by the ROS scavenger NAC (Figures 5(j)–5(l)). Real-time
RT-PCR results were in agreement with the protein results
(Figure 5(m)).
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Figure 6: Chloride intracellular channel-dependent chloride efflux induced pyroptosis mediated by NLRP3 inflammasomes in H9c2 cells.
(a) Protein expression of CLIC1 and CLIC4 in heart tissues. (b) Relative mRNA expression of Clic1 and Clic4 in hearts. (c) IAA-94 was used
to block chloride efflux, and the intracellular chloride was measured with MQAE, a chloride-sensitive dye. (d) Chloride concentrations in
supernatants. (e) The LDH release measured by a colorimetric assay. (f) Caspase-1 activity. (g) E42 staining indicated the membrane
integrity. (h) TUNEL staining of H9c2 cells. (i) Protein levels of NLRP3-related molecules. (j) The ratio of caspase-1 p12/procaspase-1
and (k) the ratio of phospho-NF-κB/total NF-κB. (l) Relative mRNA expression of Nlrp3-related molecules in H9c2 cells, Tubb3 as the
internal reference. Data are presented as mean ± SD. ∗∗P < 0:01 CON vs. HG; ##P < 0:01 HG+IAA-94 vs. HG. n = 3 in each group.
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In summary, ROS might induce NLRP3 pathway-
mediated pyroptosis in cardiomyocytes under the HG con-
dition, which could be rescued by the ROS scavenger.

3.6. CLIC-Dependent Chloride Efflux Serves as an Upstream
Event for Myocardial Pyroptosis Mediated by NLRP3
Inflammasome. The chloride efflux associated with the chlo-
ride intracellular channel (CLIC) proteins CLIC1 and
CLIC4, were found to drive NEK7-NLRP3 activation [26].
Moreover, inhibition of volume-sensitive chloride currents
had been reported to blunt apoptotic cell death and contrac-
tile dysfunction in cardiomyocytes [27]. Wondering whether
chloride flow is involved in cardiac pyroptosis, we initially
detected mRNA and protein levels of CLIC1 and CLIC4 in
three rat models (Figures 6(a) and 6(b)). Both CLIC1 and
CLIC4 declared a higher expression in DCM rats and
decreased with the operation of SG. Identical HG stimula-
tion was utilized for H9c2 cells, yet IAA-94 (100μM), which
was a blocker of epithelial chloride channels, was used to
inhibit the chloride efflux. The cells were loaded with the
chloride-sensitive fluorescence probe MQAE to mark the
intracellular chloride concentration via flow cytometry. The
chloride efflux process was enhanced by an HG stimulus
and could be abstained from by IAA-94 addition (Figure 6
(c)). Measurement of chloride concentrations in superna-
tants by a colorimetric assay further confirmed this chloride
concentration transition (Figure 6(d)). After chloride efflux
inhibition, a reduction in LDH release and less dye with the
probe E42 indicated repair of membrane disruption
(Figures 6(e) and 6(g)). TUNEL staining and caspase-1 activ-
ity were also suppressed by IAA-94 (Figures 6(f) and 6(h)).
Intriguingly, NLRP3-related molecules were also inhibited
with the chloride efflux block, as shown by western blotting
and real-time RT-PCR (Figures 6(i)–6(l)).

These findings suggest that intracellular chloride homeo-
stasis functions as a signaling messenger to regulate NLRP3
inflammasome assembly and activation in cardiomyocytes.

3.7. ROS Might Function Upstream of Chloride Efflux and
Promote Plasma Membrane Translocation of CLICs. Won-
dering if ROS promoted the CLIC-dependent chloride efflux
in NLRP3 inflammasome activation in cardiac cells, we
adopted the flow cytometry to examine chloride fluorescence
intensity. We found that clearance of ROS production
reversed the efflux of the chloride (Figure 7(a)). Chloride
detection with a colorimetric assay also showed a decline
in chloride concentrations in the supernatant (Figure 7(b)).
Taken together, these findings suggested that chloride efflux
was induced downstream of ROS production. Western anal-
ysis was conducted to detect membrane protein expression.
Rearrangement of the CLIC structure with translocation to
the cell membrane was observed in HG-induced high ROS
conditions, while this was restored by NAC treatment
(Figure 7(c)). Furthermore, plasma membrane translocation
of CLIC1 and CLIC4 was shown with immunofluorescence
(Figure 7(d)). Notwithstanding, provided that the chloride
efflux was being inhibited by IAA-94, ROS levels were not
altered afterwards (Figure 7(e)).

These results suggest that ROS can induce plasma mem-
brane translocation of the CLIC-induced chloride efflux in
cardiomyocytes, ultimately leading to NLRP3 activation.

4. Discussion

Bariatric surgery has remarkable metabolic benefits in
obesity, T2DM, and following complications [6, 28, 29]. In
the present study, we found that SG surgery alleviated the
capability of myocardial contraction and diastole and
delayed the progression of DCM. The deactivation of
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Figure 7: ROS promoted chloride efflux and plasma membrane translocation of CLICs in H9c2 cells. (a) The effect of ROS levels on chloride
efflux was determined by MQAE in H9c2 cells with HG or HG+NAC treatments. (b) Chloride concentrations in supernatants after NAC
treatment. (c) Immunoblot analysis of the indicated proteins in total lysates (input) or isolated plasma membrane in H9c2 cells treated
with HG or HG+NAC. (d) Immunofluorescence of CLIC1 and CLIC4 in H9c2 cells. (e) ROS levels were assessed with DCFH-DA in
H9c2 cells with HG or HG+IAA94 treatments. Data are presented as mean ± SD. ∗∗P < 0:01 CON vs. HG; ##P < 0:01 HG+IAA-94 vs.
HG. n = 3 in each group.
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NLRP3 inflammasome-mediated myocardial pyroptosis was
observed after SG in vivo. As found in vitro, we speculate
that the ROS–chloride efflux axis might perform as an
upstream trigger for NLRP3 inflammasome activation in
myocytes.

In the present study, we adopted the method of HFD
feeding combined with low-dose STZ injection intraperito-
neally to establish the DCM model. This procedure is widely
acknowledged by researchers worldwide because it simulates
the natural history and metabolic features of T2DM [30, 31].
Additionally, this method has been confirmed by previous
studies on the induction of DCM models [31, 32]. In line
with previous researches [33, 34], metabolic benefits of bar-
iatric surgery were observed in our study, characterized by a
reduced body weight, food intake, and blood glucose levels
and restored glucose tolerance as well as insulin sensitivity
postoperatively. These improvements guaranteed the effect
of SG surgery (Figure 1).

DCM is initially characterized by impaired cardiac insu-
lin metabolic signaling with altered diastolic relaxation [35,
36]. Therefore, echocardiography was used to identify car-
diac function in this study, and impairment of diastolic
and systolic function in rats with DCM was improved after
SG surgery. But the cardiac function cannot be restored as
good as normal control rats. Notably, a well-recognized
indicator of insulin sensitivity is glucose uptake [37]. 18F-
FDG-labelled PET-CT scans were carried out to visualize
the ability of glucose uptake. We observed a marked decline
in the glucose uptake in rats with DCM, and this was
restored after SG surgery. These results consistently showed
the potential therapeutic value of bariatric surgery in DCM
[9, 38] (Figure 2).

Diabetic cardiac dysfunction exists due to pathological
changes in the heart, such as cardiac hypertrophy, fibrotic
myocardium remodeling, cell death, and ectopic lipid depo-
sition [39–42]. In this study, cardiac hypertrophy was allevi-
ated after SG surgery. Collagen deposition and fibrosis
contribute to impaired contractility [42]. The excessive col-
lagen distribution in both the interstitial and perivascular
areas was remarkably diminished after the SG operation.
Lipid deposition was also reduced with SG, which could lead
to relief of lipotoxic cardiomyopathy [43]. These findings
suggest that functional improvement was obtained by SG,
ascribing these benefits to morphological transformation.

Pyroptosis is a type of programmed inflammatory cell
death, which is provoked by sensing of danger or pathogenic
signals and characterized by DNA damage, cell swelling,
lysis, and inflammatory responses [44, 45]. Pyroptotic cells
can also lead to DNA damage and become positive with
TUNEL staining [46]. The NLRP3 inflammasome is a typi-
cal macromolecular trigger of pyroptosis. This inflamma-
some is a multimeric complex assembly of adapter and
effector proteins, consisting of NLRP3, adapter protein
apoptosis-associated speck-like protein, and caspase-1 [47].
The NLRP3 inflammasome serves as a platform to engage
procaspase-1, which come into active ones through oligo-
merization. Activated caspase-1 then processes pro-IL-1β
and pro-IL-18 to generate their active forms [48]. Addition-
ally, the NLRP3 assembly primes the cleavage of pore-

forming gasdermin D protein to initiate pyroptosis [49].
Recent evidence has shown a new component of the inflam-
masome, NEK7, which is a serine-threonine kinase associ-
ated with mitosis. NEK7 binds to NLRP3 to trigger its
assembly [50]. In this study, we found more TUNEL-
positive cells in the sham group than in the SG group. Addi-
tionally, SG treatment normalized alterations in myofila-
ments, swollen mitochondria, and the decreased number of
cristae in diabetic rats (Figure 3). In this study, NLRP3-
related molecules were activated in the diabetic myocar-
dium, while they were inhibited with SG surgery. Taken
together, we confirmed that SG surgery indeed alleviated
the NLRP3 inflammasome activation and reversed myocar-
dial pyroptosis (Figure 4). We hypothesize that the NLRP3
inflammasome is a pivotal reason why SG defers or even
reverses the progression of DCM.

Abundant evidence has verified that ROS is important in
the pathogenesis of T2DM [51]. ROS overload has been pro-
posed as a mechanism involved in activating the NLRP3
inflammasome [52]. ROS-induced NF-κB activation during
metabolic reprogramming incurs rapid NLRP3 transcrip-
tion, thereby facilitating the NLRP3 inflammasome overex-
pression and the maturation of caspase-1 and IL-1b [53].
In regard to TXNIP, it is a ROS-sensitive molecule implica-
ted in T2DM and a key regulator of NLRP3 inflammasome
activation [54, 55]. In the current study, ROS levels were
abrogated by SG. Additionally, we found that HG-
stimulated H9c2 cardiomyocytes were under the condition
of membrane disintegrity and DNA fraction, which implied
myocardial pyroptosis. The NLRP3 pathway was also acti-
vated in the HG condition, in line with previous studies
[13]. Use of a ROS scavenger led to a remarkable reduction
in high NLRP3 expression. These results suggested that
ROS acted as a crucial regulator of NLRP3 inflammasomes
in myocytes (Figure 5).

Recent research has shown that the chloride efflux acts
downstream of mitochondrial ROS production to activate
the NLRP3 inflammasome in macrophages [26]. Addition-
ally, inhibition of volume-sensitive chloride currents reduces
cell death and reverses contractile dysfunction in cardiomy-
opathies [27]. To determine the mechanism participating in
NLRP3 inflammasome activation in myocytes, we initially
confirmed the transcriptional and posttranscriptional down-
regulation of CLICs after SG surgery. Using a chloride
channel blocker, we observed restored myocardial NLRP3-
mediated pyroptosis under a HG stimulus. This finding indi-
cated that the chloride efflux might act as a signaling mes-
senger to regulate NLRP3 assembly and activation directly
or indirectly (Figure 6). Furthermore, we implied in our
study that the chloride efflux acted downstream of ROS gen-
eration and that oxidative stress promoted CLICs to translo-
cate to the cell membrane for biological function (Figure 7).

This study has several limitations. Firstly, the two gen-
eral effects of SG are the weight loss and decrease in blood
glucose, which both contribute to the amelioration of
DCM development. So, it is tough to define whether the
SG could directly alleviate DCM or the SG’s outcome played
the pivotal role. What is more, experiments will be further
required to directly associate SG and the alleviation of
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DCM with the role of ROS-chloride efflux-mediated NLRP3
inflammasome as an underlying mechanism.

Taken together, our study provides evidence that the
NLRP3 inflammasome is downregulated in DCM after the
SG operation. Additionally, the ROS overburden–chloride
efflux axis might act as the proximal event before NLRP3 acti-
vation in themyocardium, thus contributing tomorphological
and functional alleviation of DCM. Notwithstanding, whether
alleviation of NLRP3 inflammasome and its upstream mecha-
nisms in the SG operation could be used as a new therapeutic
target for T2DM and its related comorbidities remains to be
further explored and elucidated.

5. Conclusions

Collectively, we identified for the first time that alleviation of
NLRP3 inflammasome dysregulation and its upstream
mechanisms by SG surgery, including ROS overload and
chloride efflux, might embrace a rosy future as a promising
therapeutic strategy for diabetes mellitus and its related
comorbidities.
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Current methods for differentiation of kidney disease types are unspecific and may be invasive. Thus, there is a need for
development of new biomarkers of kidney disorders that are specific and less invasive. In this study, we analyzed serum
samples of diabetic kidney disease (DKD) and lupus nephritis (LN) patients to identify biomarkers of these two disorders.
Serum samples were analyzed by Simple Plex assays. We calculated the area under the curve (AUC) as well as receiver
operating characteristics (ROC) to obtain the sensitivity and specificity and other biomarker-related variables of apoptosis-
associated speck-like protein containing a caspase recruitment domain (ASC), interleukin- (IL-) 18, Lipocalin-2/NGAL,
epidermal growth factor (EGF), u-Plasminogen Activator (uPA), and C-reactive protein (CRP) as potential biomarkers. Protein
levels of ASC, IL-18, EGF, and Lipocalin-2/NGAL were higher in DKD and LN patients when compared to controls, whereas
only uPA was elevated in DKD patients and CRP in LN patients. As determined by the AUC, of the six analytes studied, EGF
(AUC = 0:9935), Lipocalin-2/NGAL (0.9554), ASC (0.7666), and uPA (0.7522) are reliable biomarkers of DKD, whereas EGF
(1.000), Lipocalin-2/NGAL (0.9412), uPA (0.7443), and IL-18 (0.7384) are more reliable for LN. The biomarkers analyzed can
differentiate between healthy and affected individuals. However, there was no difference between the levels of these biomarkers
in DKD vs LN. Thus, although these biomarkers cannot be used to categorize patients between DKD and LN, they are useful
as biomarkers of renal pathology.

1. Introduction

Kidney disease is a major health concern impacting more
than 750 million people throughout the world and repre-
sents a significant burden to patients and health care systems
[1]. Kidney disease is a generalized term representing an
assortment of disorders impacting the renal system, each
with complex and often uniquely distinctive pathologies
[2]. Currently, the most widely used method for the diagno-
sis of kidney disease is through the measurement of the glo-
merular filtration rate (GFR) [2, 3]. Although long
considered a “golden standard” for the detection of kidney
disorders, a patient’s GFR is typically determined by mea-
suring the concentrations of kidney filtrates in blood plasma
or in urine [3]. Since the GFR is the collective product of

millions of glomeruli working concurrently, a patient’s true
GFR is often very difficult to establish [3]. Clinicians tradi-
tionally calculate an estimated glomerular filtration rate
(eGFR) through measurement of serum creatinine and
blood urea nitrogen (BUN) concentrations [2, 3]. Urinalysis
may also be used to calculate a measured glomerular filtra-
tion rate (mGFR) by quantifying clearance of a readily fil-
tered, exogenous substance such as inulin. Urinalysis is
also used to detect proteinuria and to determine the albumin
levels [2, 3]. Unfortunately, these methods traditionally used
to determine GFR are nonspecific to the underlying cause of
pathology and are often not significantly altered until much
later in disease progression [2–4].

Of the kidney diseases, diabetic kidney disease (DKD)
and lupus nephritis (LN) are two chronic disorders that
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are typically not detected by altered GFR or proteinuria until
much later in their development [4, 5]. In diabetic patients,
DKD diagnosis is traditionally made when one or more of
the following signs is present over a span of three months:
a decreased eGFR (<60ml/min/1.73m2), an increase in daily
albumin excretion in urine (≥30mg), or an increase in the
urinary albumin/creatinine ratio (≥30mgg-1) [5]. In patients
suffering from systemic lupus erythematosus (SLE), the
development of LN is determined by increased protein in
urine (>0.5 g daily), from the presence of cellular casts in
urine, or from an increased urinary creatinine/protein level
(>0.5) [6]. Additionally, LN may be diagnosed through renal
biopsy. However, this method is invasive and potentially
hazardous [4, 6]. Although DKD and LN are two different
disorders, they have shared pathological attributes that are
seen in almost every kidney disorder. Specifically, both dis-
orders are known to cause increased expression of inflam-
matory proteins within the kidneys through activation of
the inflammasome [7, 8].

The inflammasome is a multiprotein structure that allows
for the assembly of inflammatory caspases and subsequent
activation of cytokines to signal inflammation and cell death
in native and neighboring cells [7, 9]. In cases of acute kidney
injury and chronic kidney disease, the inflammasome has
demonstrated a significant role in pathological development,
as studies interfering with inflammasome activity have
shown reduction in or regulation of pathological progression
[8]. In DKD, studies have shown increased nucleotide bind-
ing domain- (NOD-) like receptor protein 3 (NLRP3) and
absent in melanoma 2 protein (AIM2) expression within
the kidneys and increased expression of the inflammatory
cytokine interleukin- (IL-) 1β in serum [7]. In LN, studies
have shown increased expression of NLRP3, caspase 1, and
IL-1β in tissue collected by kidney biopsies and in podocytes
[7, 10]. Thus, these studies show that the inflammasome is a
promising target for the development of future therapeutics
for renal diseases. Moreover, inflammasome proteins have
been shown to be biomarkers of the inflammatory response
associated with diagnosis of traumatic brain injury [11–14],
stroke [15], depression [16], multiple sclerosis [17], mild cog-
nitive impairment [18], Alzheimer’s disease [18], nonalco-
holic steatohepatitis [19], psoriasis [20], and age-related
macular degeneration [21].

Identification of biomarkers involved in renal pathology
has the potential to be used to monitor disease progression
in patients newly diagnosed with diabetes or lupus so that
more personalized treatment strategies may be utilized.
Moreover, inflammasome proteins can also be used as ther-
agnostic biomarkers to identify whether patients are
responding positively or negatively to different treatment
strategies. The purpose of this study was to investigate bio-
markers of renal disease independently of whether the dis-
ease has an autoimmune origin or a chronic disease known
to affect the kidneys. Moreover, considering the multifacto-
rial aspects that contribute to renal diseases, in this study,
we analyzed a combination of kidney disease-associated pro-
teins (Lipocalin/NGAL, EGF and uPA), as well as proteins
associated with inflammasome activity (ASC and IL-18)
and general inflammation (CRP) with the aim of determin-

ing their reliability as potential biomarkers of kidney disease,
specifically, DKD and LN.

2. Materials and Methods

2.1. Participants. Serum from patients with DKD and LN
(Table 1) and age-matched controls were obtained from
BiolVT (Hicksville, NY). Donor informed consent was pro-
vided by those participating in the study Prospective Collec-
tion of Samples for Research funded by SeraTrials, LLC. with
IRB number 20170439. Age-matched control samples were
obtained from patients with no medical diagnosis of any dis-
ease with a median of 50 years old, a mean of 49.02, and a
range between 21 and 101. Patients in the DKD group had
a median age of 62 years old and a range between 21 and
90, and those with LN had a median age of 43.5 and a range
between 19 and 75. Patients in the DKD cohort consisted of
17 Caucasians, 10 of African descent, and 4 of other race,
whereas in the LN group there were 17 Caucasians, 11 of
African descent, and 4 of other races. Patients with DKD
presented the following comorbidities: hypertension (23
patients), hypercholesterolemia, (6 patients) hypothyroidism
(8 patients), gastroesophageal reflux disease (7 patients), and
coronary artery disease (7 patients), whereas patients in the
LN group presented with Hypertension (6 patients), gastro-
esophageal reflux disease (2 patients), and coronary artery
disease (3 patients).

DKD patients were characterized by a cohort represent-
ing 4 of the 5 stages of the disease as determined by the
eGFR in ml/min/1.73m2: 2 (guarded: 60-89), 3 (elevated:
30-59), 4 (high: 15-29), and 5 (severe: <15 or dialysis) [22].
Moreover, LN patients were in part diagnosed by kidney
biopsy representing the following classifications: 2 (mesan-
gial proliferative LN), 3 (focal LN affecting less than 50%
of glumeruli), 4 (diffuse LN affecting more than 50% of glu-
meruli), and 5 (advanced sclerosing LN) [23].

In summary, in this proof-of-concept study, the inclu-
sion/exclusion criteria were characterized by including
patients with a positive diagnosis of either DKD or LN with-
out an exclusion for age, race, or disease stage. Patients were
included in the DKD cohort regardless of whether patients
presented with either type I or type II diabetes. Due to the
effects of DKD and LN on the renal system, patients with
hypertension with a positive diagnosis for either DKD or
LN were also included in the study. However, not having a
diagnosis of HTN was not considered an excluding factor.

2.2. Simple Plex Assay. Concentration of inflammasome pro-
teins (ASC and IL-18) and indicators of renal function (uPA,
EGF, and Lipocalin/NGAL) and generalized inflammation
(CRP) were measured in patients with DKD, LN, and in
age-matched controls via Ella (Protein Simple) according
to manufacturer instructions. Briefly, samples were diluted
in diluent buffer and 50μl of the sample was loaded on each
well of a CART, and 1ml of washing buffer was added to the
respective well. Samples were then run in triplicates using a
microfluidics system proprietary of the Ella Instrument
(Protein Simple). Sample analysis was automatically
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generated utilizing the Simple Plex Runner Software as
described in [9].

2.3. Statistical and Biomarker Analyses. All samples were run
for the expression of all analytes. Samples included in the
analysis were only those that were within the lower and
upper limit of detection for each analyte. Samples that pre-
sented protein levels outside the limit of detection of the
assay for each analyte were dropped for such analyte. In
addition, outliers were removed prior to further statistical
analyses using the Robust regression and outlier removal
(ROUT) method with a Q set to 1%. Differences between
patien groups were tested by one-way ANOVA followed by
Tukey’s multiple comparison test. Significance was set at p
< 0:05. Simple Plex data from DKD, LN, and control sam-
ples were analyzed utilizing Prism 9 software (GraphPad).
Specificity, sensitivity, confidence interval (95%), standard
deviation, p value, and likelihood ratio was identified
through calculation of receiver operating characteristics
(ROC) and the total area under the curve (AUC). Addition-
ally, cut-off points and positive and negative predictive
values were calculated along with overall assay accuracy.
The cut-off point for each analyte was chosen based on the
highest likelihood ratio in the sensitivity vs. 1-specificity
plot, considering a higher sensitivity than higher specificity
values, in order to obtain assays that provide a higher likeli-
hood of reliability for the respective sensitivity for each ana-
lyte [24]. In addition, a two-tailed Pearson r correlation
matrix was carried using Prism 9 software (GraphPad). Sam-
ple size in this study was calculated by power analysis with
the power set to 0.8 and considering the standard deviation
and the difference between the means to obtain a signifi-
cance of 0.05 for each analyte.

Combination of biomarkers was achieved by fitting a
logistic regression model to explain the diagnosis of either
DKD or LN followed by calculation of the AUC using RStu-
dio (version 1.2.5033).

ROC curve comparison between analytes was done as
described in [25] using the following formula to obtain a
critical ratio Z:

z = A1 − A2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SE1
2 + SE2

2 − 2rSE1SE2
p

: ð1Þ

And the p value was determined using the following for-
mula using Microsoft Excel (version 16.57):

= 2 ∗ 1 −NORMSDIST zð Þð Þ ð2Þ

3. Results

3.1. ASC and IL-18 Is Elevated in the Serum of Patients with
DKD and LN. The inflammasome has been previously
shown to be involved in the pathology of renal diseases
[26]. To determine the levels of the inflammasome signaling
proteins, ASC and IL-18, serum from DKD and LN patients,
were analyzed and compared to age-matched healthy con-
trols for the expression of ASC (Figure 1(a)) and IL-18
(Figure 1(b)) proteins. ASC and IL-18 proteins were shown

Table 1: Patients with DKD and lupus nephritis used in the study.

DKD patients 31

LN patients 32

Sex (DKD)
Males (55%)–female (45%)

17 - 14

Sex (LN)
Males (25%)–female

(72%)–unspecified (3%)

8–23–1

Race (DKD)

Caucasian 17 (55%)

African 10 (32%)

Other 4 (13%)

Race (LN)

Caucasian 17 (53%)

African 11 (34%)

Other 4 (13%)

Age range (DKD)

Range 21 - 90

Median 62

Mean 63.32

Age range (LN)

Range 19 - 75

Median 43.5

Mean 44.91

Comorbidities (DKD)

HTN 23 (74%)

Hypercholesterolemia 6 (19%)

Hypothyroidism 8 (26%)

GERD 7 (23%)

CAD 7 (23%)

Diabetes type I 2 (6%)

Diabetes type II 21 (68%)

Diabetes (type unspecified) 8 (26%)

Comorbidities (LN)

HTN 6 (19%)

GERD 2 (6%)

CAD 3 (9%)

Disease stage (DKD)

2 1 (3%)

3 7 (22%)

4 2 (7%)

5 2 (7%)

Unspecified 19 (61%)

Disease stage (LN)

1 4 (12%)

3 6 (19%)

4 5 (16%)

5 2 (6%)

Unspecified 15 (47%)

HTN: hypertension; GERD: gastroesophageal reflux disease; CAD: coronary
artery disease.
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to be significantly elevated in both DKD and LN patients
compared to healthy controls. These results suggest that
innate immune inflammatory activity is present in the
pathology of both DKD and LN.

3.2. Biomarkers of Renal Disease Are Elevated in the Serum of
DKD and LN Patients. CRP is a well-known biomarker of
general inflammation. Similarly, uPA, EGF, and Lipocalin-
2 have demonstrated involvement in the pathology of renal
disease [27]. We analyzed serum of patients with DKD and
LN for the expression of CRP (Figure 1(c)), uPA
(Figure 1(d)), EGF (Figure 1(e)), and Lipocalin-2/NGAL
(Figure 1(f)). Levels of CRP were higher in the LN group
and not in the DKD group, whereas levels of uPA were
higher in the DKD group but not in the LN group. Protein
levels of EGF and Lipocalin-2/NGAL were higher in both
groups when compared to the control group. Thus indicat-
ing that in this cohort of patients, there is a renal dysfunc-
tion consistent with the diagnosis of chronic renal diseases.

3.3. Biomarkers of DKD. To assess if the tested proteins
could be reliable biomarkers of DKD, the area under the
curve (AUC) was calculated for each protein of interest
(Table 2). Of the proteins of interest, EGF (Figure 2(e))
and Lipocalin/NGAL (Figure 2(f)) were shown to have the

highest AUC, 0.9935 and 0.9554, respectively, followed by
ASC, 0.7666 (Figure 2(a)); uPA, 0.7522 (Figure 2(d)); and
IL-18, 0.6849 (Figure 2(b)). The AUC for CRP, 0.6254
(Figure 2(c)) was not significant. Sensitivity of Lipocalin-2
was 100%, with an 83% specificity and a cut-off point of
10,187 pg/ml. Similarly, for EGF, sensitivity was 100% with
a 94% specificity and a cut-off point of 27.99 pg/ml. With a
cut-off point of 632 pg/ml, the sensitivity for ASC was 89%
with a 63% specificity (Table 3). These findings indicate that
EGF, Lipocalin-2/NGAL, ASC, uPA, and IL-18 can be used
as part of a biomarker panel to diagnose DKD.

3.4. Biomarkers of LN. To assess if the tested proteins could
be reliable biomarkers of LN the area under the curve (AUC)
was calculated for each protein of interest (Table 2). Of the
proteins of interest, EGF (Figure 3(e)) and Lipocalin/NGAL
(Figure 3(f)) were shown to have the highest AUC of 1.00
and 0.9412, respectively. The AUC for ASC was 0.6526
(Figure 3(a)); for uPA, 0.7443 (Figure 3(d)); for IL-18,
0.7384 (Figure 3(b)); and for, CRP 0.6844 (Figure 3(c)). Sen-
sitivity of Lipocalin-2 was 88%, with an 83% specificity and a
cut-off point of 10,516 pg/ml. Similarly, for EGF, the sensi-
tivity was 100% with a 100% specificity and a cut-off point
of 38.53 pg/ml. For uPA, the cut-off point was 890.3 pg/ml
with an 84% sensitivity and a 65% specificity, whereas with
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Figure 1: Biomarker protein levels in the serum of patients with DKD and LN. Box and whisker plots showing the protein levels in pg/ml of
(a) ASC, (b) IL-18, (c) CRP, (d) uPA, (e) EGF, and (f) Lipocalin-2/NGAL in the blood serum of controls (C), diabetic kidney disease (DKD),
and lupus nephritis (LN). Differences between groups were tested via one-way ANOVA followed by Tukey’s multiple comparison test.
Significance was set at p < 0:05. ASC: N = 43 C, 28 DKD, 32 LN; IL-18: N = 43 C, 31 DKD, 32 LN; CRP: N = 39 C, 23 DKD, 29 LN;
uPA: N = 23 C, 20 DKD, 25 LN; EGF: N = 17 C, 18 DKD, 24 LN; and NGAL: N = 24 C, 14 DKD, 17 LN. Box and whiskers are shown
for the 5th and 95th percentile. Dots correspond to data points outside the 5th and 95th percent confidence intervals. ∗p < 0:05 compared
to the control.
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a cut-off point of 521.6 pg/ml, the sensitivity for ASC was
63% with a 53% specificity (Table 3). These findings indicate
that EGF, NGAL, uPA, IL-18, ASC, and CRP can be used as
part of a biomarker panel to diagnose LN.

Furthermore, we compared the ROC curves between all
biomarkers analyzed for the cohorts of DKD (Supplemen-
tary Table 1) and LN (Supplementary Table 2) patients,
and we found that in DKD patients the AUC was

significantly different when comparing ASC with EGF
(p = 2:12E − 05), ASC with NGAL (p = 0:0009), CRP with
EGF (p = 0:03), CRP with NGAL (p = 2:29E − 06), uPA
with EGF (p = 0:001), and uPA with NGAL (p = 0:003)
(Supplementary Table 1), indicating that based on the
AUC, in DKD, NGAL as a biomarker is consistently
different to several of the other biomarkers analyzed.
Similarly, when comparing the AUC for biomarkers in LN
patients, the significant difference between curves was
detected when comparing ASC with EGF (p = 3:07E − 08),
IL-18 with EGF (p = 9:45E − 06), CRP with EGF
(p = 7:08E − 06) and uPA with EGF (0.0004)
(Supplementary Table 2), indicating that in LN based on
the AUC, EGF as a biomarker is consistently different to
several of the other biomarkers analyzed.

In addition, we combined biomarkers that presented
lower AUC values with those present in EGF and NGAL
to determine if a combination of biomarkers would increase
the AUC value. Accordingly, when combining ASC, IL-18,
and uPA, we found that the AUC for the diagnosis of
DKD, increased to 0.82, and this value was higher than the
AUC obtained for each biomarker alone (0.77, 0.68, and
0.75, respectively). Similarly, for the diagnosis of LN, we
combined IL-18 and uPA to obtain an AUC of 0.81 that
was also higher than the AUC obtained for each of those
two biomarkers alone (0.74).

3.5. Correlation between DKD Biomarkers. To determine the
correlation across serum levels of ASC, IL-18, CRP, uPA,
EGF, and NGAL, in DKD patients, a Pearson r correlation
matrix was carried out (Figure 4). The greatest positive cor-
relation was found between NGAL and EGF with an r = 0:74
(p = 1:44E − 05) followed by EGF and IL-18 with an r = 0:50
(p = 0:002) and NGAL and uPA (r = 0:43, p = 0:011). The
correlation between ASC and IL-18 was 0.39 (p = 0:00073)
and between ASC and EGF was 0.37 (p = 0:036), indicating
common trends in the expression between the proteins ana-
lyzed in this study in the serum of DKD patients.

3.6. Correlation between LN Biomarkers. To determine the
correlation across serum levels of ASC, IL-18, CRP, uPA,
EGF, and NGAL in LN patients, a Pearson r correlation
matrix was carried out (Figure 5). The greatest positive cor-
relation was found between NGAL and uPA with an r = 0:48
(p = 0:003) followed by EGF and NGAL (r = 0:45, p = 0:014).
The correlation between ASC and CRP was r = 0:39
(p = 0:001), and between NGAL and CRP the correlation
was r = 0:37 (p = 0:03), indicating common trends in the
expression between the analyzed proteins in the serum of
LN patients.

4. Discussion

DKD and LN are chronic renal disorders associated with
kidney damage resulting from inflammation. In this study,
we show an array of renal and inflammasome proteins that
are not only elevated but are also reliable biomarkers of both
disorders. In the serum of DKD and LN patients, we deter-
mined an increased expression of the inflammasome

Table 2: Area under the curve.

(a)

Control vs. DKD

Biomarker AUC
STD.
error

95% C.I.
p

value

ASC 0.7666 0.05595
0.6570 to
0.8763

0.0002

IL-18 0.6849 0.06612
0.5553 to
0.8145

0.0069

CRP 0.6254 0.07273
0.4829 to
0.7680

0.1011

uPA 0.7522 0.07668
0.6019 to
0.9025

0.0047

EGF 0.9935 0.00877 0.9763 to 1.000 <0.0001
Lipocalin-2/
NGAL

0.9554 0.03177 0.8931 to 1.000 <0.0001

(b)

Control vs. LN

Biomarker AUC
STD.
error

95% C.I.
p

value

ASC 0.6526 0.06274
0.5296 to
0.7756

0.0245

IL-18 0.7384 0.05906
0.6226 to
0.8541

0.0004

CRP 0.6844 0.07027
0.5466 to
0.8221

0.0097

uPA 0.7443 0.07279
0.6017 to
0.8870

0.0037

EGF 1.000 0.000 1.000 to 1.000 <0.0001
Lipocalin-2/
NGAL

0.9412 0.3714 0.8684 to 1.000 <0.0001

(c)

DKD vs. LN

Biomarker AUC STD. error 95% C.I.
p

value

ASC 0.6373 0.07508 0.4901 to 0.7844 0.0684

IL-18 0.5222 0.07501 0.3752 to 0.6692 0.7623

CRP 0.5997 0.07994 0.4430 to 0.7564 0.2205

uPA 0.5980 0.09194 0.4178 to 0.7782 0.2630

EGF 0.5856 0.08860 0.4120 to 0.7593 0.3470

Lipocalin-2/
NGAL

0.5546 0.1057 0.3474 to 0.7618 0.6058
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scaffolding protein ASC and increased levels of the proin-
flammatory cytokine IL-18. These findings suggest that
inflammation plays a key role in the pathologies of both dis-
orders. Studies have suggested that inflammasome activation
is associated with the different pathological manifestations of
chronic kidney diseases. For instance, proteinuria has been
suggested to act as a NLRP3 activator, while calcium carbon-
ate crystal accumulation, a contributor to fibrosis, was also
implicated in NLRP3 activation and tubule inflammation [8].

In DKD, studies have suggested that resulting damage to
nephrons and increased albumin excretion are the result of
elevated levels in the downstream inflammasome-activated
cytokines IL-1β and IL-18 [10]. The NLRP3 inflammasome
has also been suggested to play a role in the pathology of LN.
Accordingly, kidney damage was limited in experiments
blocking NLRP3, caspase 1, and IL-18 activation in mouse
models of LN [28–31]. Our study supports these findings
in humans in that levels of ASC and IL-18 expressions were
shown to be significantly elevated in both DKD and LN
patients.

In addition to inflammasome activity, our study investi-
gated the levels of other proteins associated with kidney dis-
ease and renal function. CRP is a well-established indicator
of generalized inflammatory activity and tissue damage

[32]. Elevated CRP has been demonstrated in patients with
chronic kidney disease, and it has also been implicated in
kidney ischemia/reperfusion injury [27, 32]. Here, CRP
was elevated in patients with LN but not in DKD. This result
is not surprising when considering the different etiologies of
the two disorders. Elevated CRP is expected in LN given its
role in the complement cascade, and the very close relation-
ship between SLE and the complement system [4, 32].

uPA is produced by tubular epithelial cells, macro-
phages, and fibroblasts. It has been linked to podocyte func-
tion, with increased uAP expression associated with
podocyte loss, degradation of renal filtration, and increased
proteinuria [33]. It is also thought to play a role in prevent-
ing kidney stone formation [34]. In our study, uPA was
increased in DKD but not in LN patients, which is consistent
with findings in other studies [35].

Serum EGF and Lipocalin-2/NGAL were elevated in
DKD and LN. EGF is expressed by cells within the ascending
limb of the loop of Henle and the distal tubules and has been
shown to have differing effects on renal disease pathology
[36]. Lipocalin-2/NGAL is an iron-carrying protein that is
expressed by tubular epithelial cells following acute kidney
injury and chronic kidney disease [3]. In agreement with
our results, other studies have seen increased NGAL expres-
sion in patients with LN and DKD [4, 27].
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Figure 2: ROC curve of biomarker proteins in patients with DKD. ROC curves indicate the AUC (sensitivity vs 1-specificity) for (a) ASC,
(b) IL-18, (c) CRP, (d) uPA, (e) EGF, and (f) Lipocalin-2/NGAL in the serum of patients with DKD. ASC: N = 43 C, 28 DKD, 32 LN; IL-18:
N = 43 C, 31 DKD, 32 LN; CRP: N = 39 C, 23 DKD, 29 LN; uPA: N = 23 C, 20 DKD, 25 LN; EGF: N = 17 C, 18 DKD, 24 LN; and NGAL:
N = 24 C, 14 DKD, 17 LN.
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The usefulness of a biomarker is calculated from the
ROC to obtain the AUC. The closer to 1.0 or 100%, the bet-
ter the biomarker. In addition, the ROC provides the sensi-
tivity and a specificity for different cut-off points and
associated likelihood ratios to provide the reliability of assay-
ing for a particular biomarker. Accordingly, a likelihood
ratio above 1 is consistent with a reliable assay, and the
higher this value, the more reliability there is. Moreover, a
biomarker is also characterized by a PPV and a NPV which
are affected by the prevalence of the disease within the
cohort studied, and ultimately, one calculates the accuracy
of each biomarker to diagnose the disease. Therefore, in this
study, to assess the reliability of the above proteins as poten-
tial biomarkers for DKD and/or LN, we determined the
ROC to obtain the AUC as well as the sensitivity, specificity,
PPV, and NPV of all 6 analytes in this study. Of the analytes
for DKD, EGF and Lipocalin-2/NGAL showed the best
potential for use as biomarkers based on AUC of 0.99 for
EGF and 0.96 for NGAL, followed by 0.76 for ASC and
0.75 for uPA. For EGF and Lipocalin-2/NGAL with cut-off
points of 27.99 pg/ml and 10,187 pg/ml, respectively, the
sensitivity was 100%. For EGF, the specificity was 94%, and
for NGAL, it was 83%. Moreover, correlation matrices of
the potential biomarkers showed the greatest correlation
between EGF and Lipocalin-2/NGAL. The cut-off point for
ASC was 632 pg/ml with a sensitivity of 89% and a specificity
of 63%. Similarly, for LN, EGF presented an AUC of 1.0,
followed by 0.94 for NGAL and 0.74 for uPA. The cut-off
point for EGF was 38.53 pg/ml with a 100% sensitivity and
specificity; for NGAL, the cut-off point was 10.516 pg/ml
with a 88% sensitivity and 83% specificity, and for uPA,
the cut-off point was 890.3 pg/ml with 84% sensitivity and
65% specificity.

In the serum of DKD patients, in addition to NGAL,
EGF, and uPA, the inflammasome protein ASC is a reliable
biomarker in DKD. Similarly, in the serum of LN, in addi-
tion to NGAL, EGF, and uPA, the proinflammatory cytokine
IL-18 also presented an AUC consistent with a reliable bio-
marker of LN in serum. In LN, correlation matrices showed
the greatest correlation between NGAL and uPA followed by
NGAL and EGF. In fact, NGAL showed significant positive
correlations with IL-18, EGF, uPA, and CRP. Thus, these
findings point to Lipocalin-2/NGAL as a key biomarker in
LN, whereas EGF showed significant positive correlations
with ASC, IL-18, uPA, and NGAL, suggesting that EGF is
a key biomarker in DKD.

Moreover, it is important to identify theragnostic bio-
markers that can provide information regarding response
to treatment. The involvement of the inflammasome in renal
disease offers a viable therapeutic option to treat such dis-
eases. Thus, we propose that ASC and IL-18 can be used as
theragnostic biomarkers of therapies targeting the inflam-
masome in kidney diseases [37].

Moreover, in the DKD cohort, we performed a linear
regression analysis to identify the effects of the biomarkers
tested on this study on the eGFR. However, we did not
detect a statistically significant contribution of any of these
biomarkers to eGFR (data not shown), suggesting that the
levels of these protein do not affect disease severity, but
instead provide information about the inflammatory
response associated with the disease. Similarly, a linear
regression was carried out to determine the association
between the different classifications of LN and these bio-
markers (data not shown). However, no statistical signifi-
cance was found either. Taken together, these data suggest
that the proteins ASC, IL-18, uPA, EGF, NGAL, and CRP

Table 3: Sensitivity and specificity.

(a)

Control vs. DKD
Biomarker Cut-off point (pg/ml) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Likelihood ratio Accuracy (%)

ASC >632 89 63 61 90 2.400 73

IL-18 >268.7 74 53 53 74 1.595 62

CRP > 2,984,567 61 51 42 69 1.249 55

uPA > 875 70 57 58 68 1.610 63

EGF > 27.99 100 94 95 100 17.00 97

Lipocalin-2 > 10,187 100 83 78 100 6.00 89

(b)

Control vs. LN
Biomarker Cut-off point (pg/ml) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Likelihood ratio Accuracy (%)

ASC > 521.6 63 53 50 66 1.344 57

IL-18 > 278.9 78 58 58 78 1.866 67

CRP > 3,768,714 66 62 56 71 1.703 63

uPA > 890.3 84 65 72 79 2.415 75

EGF > 38.53 100 100 100 100 — 100

Lipocalin-2 > 10,516 88 83 79 91 5.294 85
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contribute significantly to the inflammatory response in
renal diseases. However, these proteins do not provide spe-
cific clinical information pertaining to the individual pathol-
ogies of DKD and LN. Furthermore, future studies should

aim at correlating disease severity using individual clinical
parameters beyond disease severity to determine whether
the potential biomarkers identified in this study can also be
used as prognostic biomarkers. In addition, future studies
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Figure 3: ROC curve of biomarker proteins in patients with LN. ROC curves indicate the AUC (sensitivity vs 1-specificity) for (a) ASC, (b)
IL-18, (c) CRP, (d) uPA, (e) EGF, and (f) Lipocalin-2/NGAL in the serum of patients with LN. ASC: N = 43 C, 28 DKD, 32 LN; IL-18: N = 43
C, 31 DKD, 32 LN; CRP: N = 39 C, 23 DKD, 29 LN; uPA: N = 23 C, 20 DKD, 25 LN; EGF: N = 17 C, 18 DKD, 24 LN; and NGAL: N = 24 C,
14 DKD, 17 LN.
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should evaluate the effects of anti-inflammatory therapies in
the population of DKD and LN patients to identify whether
these proteins can be used as theranostic biomarkers.

In this study, the DKD cohort of patients consisted pri-
marily of type II diabetes patients. Importantly, regardless
of the type of diabetes, patients used in the DKD cohort pre-
sented kidney disease, suggesting that the findings in this
project are more likely related to kidney disease due to dia-
betes than to the type of diabetes. Future studies are needed
to compare the levels of these proteins between patients with
type I vs. type II diabetes to differentiate whether type I and
type II diabetes have different effects on the expression of
ASC, IL-18, CRP, uPA, EGF, and NGAL.

Taken together, our results show that some of the most
common proteins associated with kidney disease are reliable
biomarkers for DKD and LN. Of these proteins, NGAL was
the most reliable indicator in both DKD and LN. In addi-
tion, ASC is also a good biomarker in DKD. Further studies
will focus on identifying how these biomarkers may change
as DKD and LN pathology progresses, and whether they
prove to be targets for developing therapies to limit DKD
or LN progression. In conclusion, EGF and Lipocalin-2/
NGAL proteins specifically associated with renal inflamma-
tion are reliable biomarkers for assessing chronic kidney dis-
orders, and should be considered in studies looking at DKD
and LN disease progression.
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NOD-like receptor family, pyrin domain-containing protein 3 (NLRP3) inflammasome-mediated pyroptosis is a crucial event in
the preeclamptic pathogenesis, tightly linked with the uteroplacental TLR4/NF-κB signaling. Trophoblastic glycometabolism
reprogramming has now been noticed in the preeclampsia pathogenesis, plausibly modulated by the TLR4/NF-κB signaling as
well. Intriguingly, cellular pyroptosis and metabolic phenotypes may be inextricably linked and interacted. Metformin (MET),
a widely accepted NF-κB signaling inhibitor, may have therapeutic potential in preeclampsia while the underlying mechanisms
remain unclear. Herein, we investigated the role of MET on trophoblastic pyroptosis and its relevant metabolism
reprogramming. The safety of pharmacologic MET concentration to trophoblasts was verified at first, which had no adverse
effects on trophoblastic viability. Pharmacological MET concentration suppressed NLRP3 inflammasome-induced pyroptosis
partly through inhibiting the TLR4/NF-κB signaling in preeclamptic trophoblast models induced via low-dose
lipopolysaccharide. Besides, MET corrected the glycometabolic reprogramming and oxidative stress partly via suppressing the
TLR4/NF-κB signaling and blocking transcription factor NF-κB1 binding on the promoter PFKFB3, a potent glycolytic
accelerator. Furthermore, PFKFB3 can also enhance the NF-κB signaling, reduce NLRP3 ubiquitination, and aggravate
pyroptosis. However, MET suppressed pyroptosis partly via inhibiting PFKFB3 as well. These results provided that the
TLR4/NF-κB/PFKFB3 pathway may be a novel link between metabolism reprogramming and NLRP3 inflammasome-induced
pyroptosis in trophoblasts. Further, MET alleviates the NLRP3 inflammasome-induced pyroptosis, which partly relies on the
regulation of TLR4/NF-κB/PFKFB3-dependent glycometabolism reprogramming and redox disorders. Hence, our results
provide novel insights into the pathogenesis of preeclampsia and propose MET as a potential therapy.

1. Introduction

Preeclampsia (PE), characterized by new-onset hypertension
typically after 20 weeks of gestation together with multisys-
tem involvement, complicates 2%–8% of pregnancies glob-
ally with huge associated healthcare burdens to the whole
of society [1]. Although the precise pathogenesis of PE
remains elusive, pyroptosis, a newly discovered programmed
cell death process accompanied by sterile inflammatory cas-

cades, has now been proved existent in the preeclamptic pla-
centas while its regulatory mechanism remains vague [2, 3].

Pyroptosis is efficiently controlled by the NOD-like
receptor family, pyrin domain-containing protein 3 (NLRP3)
inflammasome [4] composed of NLRP3, caspase 1, and
apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC). NLRP3 inflammasome generates
interleukin- (IL-) 1β and IL-18 and maturates gasdermin D
(GSDMD) to induce a lytic form of cell death, pyroptosis
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[5]. Toll-like receptor 4 (TLR4), a crucial receptor of exog-
enous pathogen-associated molecular patterns (PAMPs)
and endogenous damage-associated molecular patterns
(DAMPs) [6], has been widely known to participate in cellu-
lar pyroptosis through activating its canonical downstream
nuclear factor-κB (NF-κB) signaling [7, 8]. The NF-κB family
of transcription factors, consisting of five Rel-homology-
containing proteins (cRel, RelA, RelB, NF-κB1, and NF-
κB2), forms numerous NF-κB dimers normally binding to
inhibitors of NF-κB (IκB) in the cytoplasm. The phosphory-
lation of IκB kinase (IKK) contributes to the phosphorylation
and degradation of IκB, resulting in the release and nuclear
translocation of the NF-κB family of transcription factors,
finally modulating the transcription of downstream genes,
such as NLRP3 [9, 10]. Extensive research has reported the
vital role of highly expressed and overactivated TLR4/NF-
κB signaling in the preeclamptic placentas via causing tro-
phoblastic inflammation, oxidative stress, and dysfunction
[11, 12]. With the increased expression of NLRP3 and
related mediators (caspase 1 and IL-1β) found in the pla-
centas [13, 14], trophoblastic pyroptosis has now been sug-
gested to be one of the PE pathogenesis [2, 3]. However, it
remains to be verified whether the overactive TLR4/NF-κB
signaling in preeclamptic trophoblasts triggers the NLRP3
inflammasome-induced pyroptosis.

Intriguingly, the TLR4/NF-κB signaling is closely related
to cellular metabolic reprogramming. The activation of the
TLR4/NF-κB signaling leads to the preferential use of glycol-
ysis, instead of mitochondrial oxidative phosphorylation
(OXPHOS) in macrophages and dendritic cells [15–17].
Regrettably, the metabolic characters of the preeclamptic
placentas remain indefinite. Reportedly, the energy required
to support the physiological activities of trophoblasts relies
principally on glycometabolism [18]. There have been plenty
of reports about mitochondrial destruction and dysfunction
in the preeclamptic placentas [19]. The latest research has
further claimed that preeclamptic trophoblasts are very
likely to undergo the glycometabolic reprogramming to gly-
colysis [20]. Nonetheless, whether the overactive uteropla-
cental TLR4/NF-κB signaling reprograms glycometabolism
in the preeclamptic placentas remains to be settled.

Recently published studies have suggested that NLRP3
inflammasome-induced pyroptosis can be modulated by
some key glycolytic enzymes [21], such as hexokinase 1
(HK1) and M2 isoform of pyruvate kinase (PKM2). The
inhibition of HK1 and PKM2 not only suppressed glycolysis
flux but also mitigated NLRP3 inflammasome-activated
pyroptosis [22, 23]. 6-Phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 3 (PFKFB3), a potent glycolytic regula-
tor, accelerates glycolytic flux by promoting fructose-2,6-
bisphosphate (F2,6P2) synthesis and facilitating the alloste-
ric activation of 6-phosphofructo-1-kinase 1 (PFK1) [24].
PFKFB3 is expressed at a certain level in the normal pla-
centas. However, we have previously reported that the
PFKFB3 expression in the preeclamptic placentas was sig-
nificantly increased, modulating the trophoblastic inflam-
mation and oxidative stress via the NF-κB signaling [25].
Thus, it needs to be further clarified whether the tropho-
blastic glycolysis represented by PFKFB3 regulated the

NLRP3 inflammasome-induced pyroptosis at the uteropla-
cental interface.

Up to now, there has been a clinical dilemma that cur-
rent clinical therapies for PE are mainly symptomatic
treatments, while, thus far, the only curative intervention
for PE is the delivery of the fetus and placenta, albeit with
raised consequent risks [26]. Hence, more possible thera-
peutic strategies remain to be further explored. Metformin
(MET), the first-line therapy for type II diabetes, has long
been clinically used for adjusting glycometabolism [27]. Sur-
prisingly, randomized clinical trials, as well as meta-analyses,
have reported the preventive and therapeutic effects of MET
on PE while the underlying mechanism remains unclear [28,
29]. Previous studies have pointed out that MET effectively
inhibits the TLR4/NF-κB signaling [30–32]. Recent studies
have reported that MET prevents trophoblastic apoptosis
caused by insulin toxicity [33] as well as alleviates pyroptosis
in ischemia-reperfusion injuries [34, 35]. Moreover, the
safety of taking MET during human pregnancies has been
preliminarily ensured [36]. Thus, the therapeutic potential
of MET in PE is worth in-depth study [26].

In the present study, we hypothesized that the TLR4/NF-
κB/PFKFB3 pathway may be a novel link between metabo-
lism reprogramming and NLRP3 inflammasome-induced
pyroptosis in trophoblasts. Further, MET alleviates the
NLRP3 inflammasome-induced pyroptosis, which partly
relies on the regulation of TLR4/NF-κB/PFKFB3-dependent
glycometabolism reprogramming and redox disorders. This
research may provide novel insights into the pathogenesis
of preeclampsia and propose MET as a potential therapy.

2. Materials and Methods

2.1. Cell Culture. The immortalized human extravillous tro-
phoblast cell line HTR-8/SVneo was a kind gift from Dr.
Charles Graham (Queen’s University, Canada) [25]. Cells
were cultured in RPMI 1640 medium (Hyclone) containing
10% fetal bovine serum (Gibco) and 100U/ml penicillin-
streptomycin solutions (PYG0016, Boster), under a 5%
CO2 atmosphere at 37°C.

2.2. Reagents and Treatment. HTR-8/SVneo cells were cul-
tured with lipopolysaccharide (LPS, 200ng/ml, Sigma) for
24 h to construct the preeclamptic trophoblast model as pre-
viously reported [10, 37–40]. 10~40μMMET (S1950, Selleck
Chemicals) were used for intervention. HTR-8/SVneo cells
were pretreated with 3-(3-pyridinyl)-1-(4-pyridinyl)-2-pro-
pen-1-one (3PO, 10μM, Merck Millipore) for 6 h to inhibit
PFKFB3.

2.3. Cell Viability Assay. The trophoblastic viability was
detected via the CCK8 assay (C0038, Beyotime). HTR8/SVneo
cells were seeded at a density of 5 × 103 cells/well on 96-well
plates. The cellular viability was determined at 24h after being
induced by MET. The CCK8 solution (10μl) was added to
each well, followed by 1h of incubation at 37°C in the dark.
The absorbance at 450nm was measured using a Multimode
Reader (Infinite F50, Tecan).
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2.4. Apoptosis Analysis. The trophoblastic apoptosis was
assessed using an Annexin V-FITC Apoptosis Detection
Kit (BD Biosciences Pharmingen). Briefly, after the indicated
treatments, the cells were resuspended in binding buffer and
stained with 5μl of propidium iodide (PI) and 5μl of
Annexin V-FITC. Subsequently, the stained cells were eval-
uated using a flow cytometer (BD Biosciences Pharmingen),
and the percentage of apoptotic HTR-8/SVneo cells was Q2
plus Q3.

2.5. Cell Transfection. The pEX-1 vector (GenePharma,
Shanghai, China) was used for PFKFB3 overexpression.
The pEX-1 vector (Genechem, Shanghai, China) was used
for TLR4 and NF-κB1 overexpression. The empty plasmid
vector was used as the control. These plasmids were trans-
fected into cells using Lipofectamine 3000 Reagent (Thermo
Fisher Scientific) as required. The cells were transfected for
48 h and then collected for subsequent analyses. The trans-
fection efficiency was evaluated using western blotting.

2.6. Western Blot Analysis. Proteins were extracted using
radioimmunoprecipitation buffer and 100× phenylmethyl-
sulfonyl. The protein concentration was measured by a
BCA protein assay kit (P0010S, Beyotime). Sixty micrograms
of protein per sample were subjected to 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride membranes (0.45μm pore size,
Millipore). Then, the membranes were blocked with 5%
nonfat milk in Tris-buffered saline containing 0.05% Tween
20 (TBST) for 1 h at room temperature. Next, the mem-
branes were incubated, respectively, with TLR4 antibody
(sc-293072, Santa Cruz), PFKFB3 antibody (13763-1-AP,
Proteintech), NF-κB1 antibody (14220-1-AP, Proteintech),
NF-κB p65 antibody (#8242, Cell Signaling Technology),
phosphoNF-κB p65 antibody (#3033, Cell Signaling Tech-
nology), IκB antibody (A11397, ABclonal), phosphoIκB
antibody (AP0614, ABclonal), phosphoIKK antibody
(AP0891, ABclonal), NLRP3 antibody (19771-1-AP, Pro-
teintech), caspase-1 antibody (22915-1-AP, Proteintech),
ASC antibody (10500-1-AP, Proteintech), GSDMD antibody
(20770-1-AP, Proteintech), and superoxide dismutase 2
(SOD2) antibody (A1340, ABclonal) overnight at 4°C. β-
Actin antibody (20536-1-AP, Proteintech) was used as an
internal control. The next day, they were brought to room
temperature and washed with TBST three times. Then, the
bands were incubated with appropriate secondary antibodies
(1: 4,000, Affinity Biosciences) at room temperature for 1 h
and visualized using an ECL kit (Millipore) according to
the manufacturer’s recommendations.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). Culture
supernatant contents of IL-1β (HM10206, Bioswamp) and
IL-18 (HM10337, Bioswamp) were assessed via the ELISA
kits following the manufacturer’s instructions.

2.8. Hoechst 33342/PI Double-Fluorescent Staining. Cellular
pyroptosis was assessed using Hoechst 33342/PI double-
fluorescent staining [41]. HTR-8/SVneo cells were cultured
in six-well plates at a density of 5 × 105 cells per well, and
the cells were transfected with varying constructs or treated

with drugs. Next, the cells were stained with 10μl Hoechst
33342 (C1027, Beyotime) solution at 37°C in the dark for
10 minutes, followed by staining with 5μl PI at 25°C in the
dark for 15 minutes. The stained cells were observed under
a confocal microscope.

2.9. Electron Microscopy. For transmission electron micro-
scope (TEM) observations, the samples were fixed in 4%
paraformaldehyde (Sigma) and 2.5% glutaraldehyde (Sigma)
in 0.1M phosphate (Sigma) buffer overnight. After washing
in 0.1M phosphate buffer, the samples were postfixed for 1 h
in 1% osmium tetroxide (Sigma) prepared in the same
buffer. The samples were dehydrated with a graded series
of ethyl alcohol concentrations, embedded in Epon 812,
and polymerized at 60°C for 3 days. Ultrathin sections
(60–70 nm) were obtained using an ultramicrotome (Leica
Ultracut UCT, Germany). Ultrathin sections collected on
grids (200 mesh) were examined in TEM (JEM 1010) oper-
ating at 60 kV, and images were recorded by a charge-
coupled device camera (SC1000, Gatan). The images from
electron microscopy were analyzed and measured by the
ImageJ software for calculating the longest axis of mitochon-
drial length. At least over fifty mitochondria were measured
and analyzed per sample to obtain data [42].

2.10. Mitochondrial Membrane Potential (MMP). MMP was
evaluated via fluorescent probe JC-1 (C2006, Beyotime)
using a confocal microscope. Normal mitochondria were
presented as red while mitochondria with decreased MMP
were presented as green. The ratio of green/red fluorescence
intensity was calculated by ImageJ software to assess the
MMP changes. At least 6 images per condition were ana-
lyzed. MMP was also evaluated by a flow cytometer. HTR-
8/SVneo cells with healthy mitochondria were distributed
in Q2, while cells with MMP decline were distributed in Q3.

2.11. Extracellular Acidification Rate (ECAR) and Oxygen
Consumption Rate (OCR). For OCR and ECAR measure-
ment, HTR-8/SVneo cells were seeded into Seahorse 24-
well plates and were then treated according to the manufac-
turer’s protocol after the indicated treatment. Seahorse
Xfe24 analyzer (Seahorse Bioscience, Boston, MA, United
States) was used for evaluation. All results were normalized
to the cell number. For OCR measurement, oligomycin,
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP), and rotenone were added. Basal respiration= (last
rate measurement before oligomycin injection)− (minimum
rate measurement after rotenone injection). Maximal
respiration= (maximum rate measurement after FCCP
injection)− (minimum rate measurement after rotenone
injection). For ECAR evaluation, glucose, oligomycin, and
2-deoxyglucose (2-DG) were added according to the man-
ufacturer’s instructions. Glycolysis = ðlast ratemeasurement
before oligomycin injectionÞ − ðminimum ratemeasurement
before glucose injectionÞ. Glycolytic capacity = (maximum
rate measurement after oligomycin injection)− (minimum
rate measurement after 2−DG injection).

2.12. Immunofluorescent Staining. Immunofluorescence in
regards to the frozen placental tissues of the third trimester,
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detection of PFKFB3 activity in the normotensive and pre-
eclamptic placenta was performed as described previously
[25]. Briefly, the primary antibodies were diluted in the
appropriate blocking solution at the following concentra-
tions: PFKFB3 antibody (1: 100; 13763-1-AP, Proteintech)
and mouse anti-CK7 (1: 100; ab68459, Abcam). The second-
ary antibody was a FITC-labeled goat anti-rabbit IgG (Beyo-
time) and a Cy3-labeled goat anti-mouse IgG (Beyotime).
The nuclei were stained with DAPI (Beyotime) for 3min.
HTR-8/SVneo cells in different groups cultured on cover-
slips were fixed by 4% paraformaldehyde for 20min and
then extracted with 0.5% Triton X-100 solution for 5
minutes. After blocking with TBST containing 1% bovine
serum albumin, cells were incubated with indicated primary
antibody NF-κB1 (1: 100; 14220-1-AP, Proteintech) for 1 h.
After that, cells were washed and incubated with FITC-
labeled goat anti-rabbit IgG (Beyotime) for 1 h, following
with DAPI for 3min. Images were captured with an inverted
microscope and were analyzed by ImageJ.

2.13. Measurements of the Lactate Concentration, ATP
Concentration, and NADPH/NADP+ Ratio. Extracellular
lactate, intracellular ATP, and intracellular NADPH levels
were measured using the following assay kits, according to
the manufacturers’ instructions: lactate assay kit (A019-2-1,
Nanjing Jiancheng), ATP assay kit (S0027, Beyotime), and
NADPH/NADP+ ratio (ab65349, Abcam).

2.14. Intracellular ROS Detection. Intracellular ROS genera-
tion was determined by fluorescent probe DCFH-DA
(S0033, Beyotime). After washing twice with cold PBS, the
HTR-8/SVneo cells were incubated with 10μM DCFH-DA
in the dark for 20min. Green fluorescent images were cap-
tured using a confocal microscope. The level of intracellular
ROS was also detected by flow cytometry. ImageJ and
FlowJo software were used to analyze the results.

2.15. Chromatin Immunoprecipitation (ChIP) Assay. ChIP
assays were conducted using the EZ-ChIP™ kit (Millipore).
Briefly, protein-DNA complexes were cross-linked by 1%
formaldehyde then quenched using 125mM glycine. Cells
were collected in shearing buffer (Diagenode, Denville, NJ,
USA), and chromatin was sheared to an average DNA frag-
ment size of 0.5-1 kb using a Bioruptor sonicator (Diage-
node). After centrifugation, the supernatant was incubated
with IgG or specific antibodies for NF-κB1, and chromatin
DNA was purified and subjected to PCR detection. Primers
for the PFKFB3 promoter are sense primer 5′-ATTGGCT
GCTTTCATAGACCC-3′ and anti-sense primer 5′-CCAG
GCTCAACCCATACTCC-3′.

2.16. Luciferase Reporter Gene Assays. Briefly, NF-κB1
response peak (p65 RE) and either wildtype or mutated
PFKFB3 luciferase reporter vectors (containing a mutation
in any of the predicted p65 binding sites) were transfected
into the HTR-8/SVneo cells. After a 48h incubation, the rel-
ative luciferase activity was measured with a dual-luciferase
reporter system (RG027, Beyotime) using a Multimode
Reader (Infinite M1000, Tecan).

2.17. RNA Extraction and qRT-PCR. Total RNA was isolated
from the cells using RNAiso Plus (Takara, Japan) and then
reversely transcribed using PrimeScript 1st RT Master Mix
(Takara) according to the instructions of the manufacturer.
The primer sequences were as follows: β-actin (internal
group) forward primer: 5′-CACGATGGAGGGGCCGGAC
TCATC-3′; reverse primer: 5′-TAAAGACCTCTATGCC
AACACAGT-3′ and PFKFB3 forward primer: 5′-ATTGCG
GTTTTCGATGCCAC-3′; reverse primer: 5′-GCCACAACT
GTAGGGTCGT-3′. Quantitative real-time polymerase chain
reaction (qRT-PCR) was performed on StepOne Real-Time
PCR System with SYBR Premix Ex Taq (Takara) as described
by the manufacturer’s instructions. The qRT-PCR reaction
consisted of a 95°C denaturation step for 30 s, 40 cycles
(95°C for 5 s, 65°C for 30 s, and 60°C for 45 s) and an extension
at 72°C for 60 s. The expression of target genes was established
using the comparative cycle threshold (Ct; 2−ΔΔCT) method.

2.18. Ubiquitination Assays. Ubiquitination assays were per-
formed as described previously [43]. To assess the ubiquiti-
nation status of NLRP3, cells were collected in NETN
buffer [20mM Tris-HCl (pH 8), 100mM NaCl, 1mM
EDTA, 0.5% Nonidet P-40, protease inhibitor mixture, and
1mM phenylmethylsulfonyl fluoride], treated with 1%
SDS, heated to 95°C for 15min, and then diluted 10-fold in
lysis buffer. The precleared lysates were incubated with the
NLRP3 antibody (2μg) in the presence of 40μl of protein
A/G agarose overnight at 4°C. Immunoprecipitates were col-
lected by centrifugation for 1min at 1000 × g at 4°C. The
beads were then washed four times with lysis buffer. An ali-
quot (40μl) of SDS-PAGE sample buffer (62.5mM Tris-
HCl, pH 6.8, 10% glycerol, 2% SDS, 0.001% bromophenol
blue, and 10% β-mercaptoethanol) was added to the beads.
Samples were resolved by SDS-PAGE, transferred to nitro-
cellulose membranes, and analyzed by immunoblotting with
anti-ubiquitin antibody (1: 100, #3936, CST).

2.19. Statistical Analyses. For all analyses, data are shown as
the mean ± standard deviation. The Student t-test was used
for comparing two samples, and multigroup comparison was
carried out using one-way ANOVA followed by Tukey’s post
hoc test. Statistical analysis was performed using GraphPad
Prism 8.0 (USA). The P value of less than 0.05 was considered
statistically significant. All data were obtained from ≥3 inde-
pendent experiments.

3. Results

3.1. Pharmacological MET Concentrations Alleviated LPS-
Induced NLRP3 Inflammasome Formation and Trophoblastic
Pyroptosis. According to the MET pharmacokinetics in preg-
nancy [26, 44], we carefully designed a pharmacological
MET concentration gradient (10~40μM) in our study, which
had no effects on trophoblastic viability or apoptosis through
CCK-8 assays (Figure 1(a)) and flow cytometry analysis
(Figures 1(b) and 1(c)). Low-dose LPS has long been utilized
to induce preeclamptic trophoblast models [39, 40]. In line
with the previous report [37], LPS (200ng/ml, 24h) in our
study significantly upregulated the expressions of NLRP3,
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caspase1-p10, ASC, and GSDMD proteins (Figures 1(d)–
1(h)), as well as the secretion of IL-1β and IL-18
(Figures 1(i) and 1(j)) compared with the normal control.
However, in our study, pharmacological MET concentrations

downregulated NLRP3 expression and those downstream
molecules in a dose-dependent manner (Figures 1(d)–1(j)).
Given the previous studies and our data [33], 10μM MET
was chosen for subsequent experiments.
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Figure 1: Pharmacological MET concentrations alleviated LPS-induced NLRP3 inflammasome formation and trophoblastic pyroptosis. (a)
CCK-8 assays of HTR-8/SVneo cells treated with the indicated concentration of MET for 24 h. (b, c) Flow cytometry assays and quantitative
analysis were performed to determine the apoptotic rates in HTR-8/SVneo cells treated with the indicated MET concentration for 24 h. (d–h)
Western blot analysis of NLRP3, caspase1-p10, GSDMD, and ASC protein expression and densitometry quantification of NLRP3 (e),
caspase1-p10 (f), GSDMD (g), and ASC (h) levels in HTR-8/SVneo cells were cultured with 200ng/ml LPS and MET at different
concentrations, respectively (10, 20, 30, and 40μM). (i, j) ELISA analysis of IL-1β (i) and IL-18 (j) concentrations in cell culture medium.
Data are shown as the mean ± SD from three independent experiments. ns: not significant compared with the Con group. ∗∗P < 0:01
compared with the Con group. #P < 0:05 compared with the LPS group. ##P < 0:01 compared with the LPS group by Student’s t-test. SD:
standard deviation.
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Figure 2: Continued.
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3.2. Pharmacological MET Concentration Suppressed NLRP3
Inflammasome-Induced Pyroptosis Partly through Inhibiting
the TLR4/NF-κB Signaling. Firstly, we validated the efficiency
of TLR4 overexpression plasmid after 48h transfection by
western blot analysis (Figure S1A). Compared with the
normal control, LPS markedly exacerbated its recognized
downstream NF-κB signaling, characterized by the increased
protein expression of TLR4 and NF-κB1, phosphorylation
states of NF-κB and p65 (p-p65), phosphorylation states of
IκB (p-IκB), phosphorylation states of IKK (p-IKK), and the
reduced expression of IκB (Figures 2(a)–2(g)). Nevertheless,
MET treatment partly diminished all those effects, indicating
that MET is an effective inhibitor of the TLR4/NF-κB
signaling [45] (Figures 2(a)–2(g)). We further induced TLR4
overexpression to reactivate its canonical downstream
NF-κB signaling (Figures 2(a)–2(g)), which upregulated
the protein levels of NLRP3, caspase1-p10, ASC, and
GSDMD (Figures 2(h)–2(k)) and enhanced IL-1β and IL-18
release (Figures 2(l) and 2(m)) again. Hoechst33342/PI

staining experiment showed increased PI uptake in LPS-
stimulated trophoblasts (Figures 2(n) and 2(o)). The
amounts of the PI-stained cells were markedly reduced after
MET treatment, which was partly reversed by TLR4
overexpression (Figures 2(n) and 2(o)). Hence, we verified
that the TLR4/NF-κB signaling contributed to NLRP3
inflammasome-induced pyroptosis in trophoblasts while
MET suppressed trophoblastic pyroptosis partly through
inhibiting the TLR4/NF-κB signaling.

3.3. Pharmacological Concentration of MET Corrected
Metabolic Reprogramming in Trophoblasts Partly via the
Suppression of the TLR4/NF-κB Signaling. The mitochon-
drial was long cable-like, thin strips in normal trophoblasts.
On TLR4/NF-κB activation, the trophoblastic mitochondria
were divided into several fragments with mitochondrial
swell and cristae damage, suggesting the mitochondrial
structure disruption. Despite under LPS stimulation, mito-
chondria in the MET-treated cells showed a predominantly
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Figure 2: Pharmacological MET concentration suppressed NLRP3 inflammasome-induced pyroptosis partly through inhibiting the
TLR4/NF-κB signaling. HTR-8/SVneo cells were transfected with TLR4 plasmid for overexpression or negative vector; 200 ng/ml LPS
and 10μM MET were subsequently incubated. (a–k) Western blot analysis of TLR4, NF-κB1, p65, p-p65, IκB, p-IκB, p-IKK, NLRP3,
caspase1-p10, GSDMD, and ASC protein expression and densitometry quantification of TLR4 (b), NF-κB1 (c), p-p65/p65 (d), IκB (e), p-
IκB (f), p-IKK (g), NLRP3 (h), caspase1-p10 (i), GSDMD (j), and ASC (k) levels. (l, m) ELISA analysis of IL-1β (l) and IL-18 (m)
concentrations in cell culture medium from different groups. (n, o) Representative immunofluorescence images and quantification of
double-fluorescent staining with PI (red) and Hoechst33342 (blue). Scale bar: 100 μm. Data are shown as the mean ± SD from three
independent experiments. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 by Student’s t-test. SD: standard deviation; NC-OE: negative vector;
TLR4-OE: TLR4 overexpression plasmid.
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elongated form, which was partially destroyed by TLR4
overexpression, together with the swollen and broken cristae
(Figures 3(a) and 3(b)). Mitochondrial membrane potential
(MMP) assays via JC-1 fluorescence staining showed that
LPS decreased the trophoblastic MMP while MET partly
recovered it, although this effect was blocked by TLR4 over-
expression (Figures 3(c) and 3(d)). Consistent results were
also obtained from the JC-1 flow cytometry analysis
(Figures 3(e) and 3(f)). OCR assays of OXPHOS were then
conducted, further confirming that the OXPHOS was dam-
aged on TLR4/NF-κB activation. The basal and maximum
respiration rates were both improved after MET exposure,
and this effect was blocked by TLR4-overexpression again
(Figures 3(g)–3(i)).

Previously, we have reported that PFKFB3 is highly
expressed in the preeclamptic placentas [25]. In this study,

double labeling of immunofluorescence further demon-
strated that PFKFB3 protein expressed in trophoblast cells
was significantly increased in the preeclamptic trophoblasts
(Figure 4(a)). In line with the latest report, LPS elevated
PFKFB3 protein levels in this study, which was alleviated
by pharmacological MET concentration [46]; however,
TLR4 overexpression increased PFKFB3 expression again
(Figures 4(b) and 4(c)). In lactate assays of culture medium,
LPS significantly enhanced lactate release while we observed
weaker lactate secretion in the LPS+MET group; however,
TLR4 overexpression increased lactate secretion again
(Figure 4(d)). Furthermore, measurement of ECAR revealed
an abnormal increase in glycolysis and glycolysis capacity in
the LPS group compared with the normal control group. This
effect was partially abolished by MET treatment, though the
TLR4 overexpression upregulated the glycolytic levels again
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Figure 3: Pharmacological concentration of MET preserved mitochondrial homeostasis in trophoblasts partly via the suppression of the
TLR4/NF-κB signaling. HTR-8/SVneo cells were transfected with TLR4 plasmid for overexpression or negative vector; 200 ng/ml LPS
and 10 μM MET were subsequently incubated. (a, b) HTR-8/SVneo cells in different groups were observed by a transmission electron
microscope to evaluate the mitochondrial structure, and the mitochondrial length was analyzed quantitatively. Scale bar: 500 nm. (c, d)
MMP was evaluated by a confocal microscope. The ratio of green/red puncta was calculated to assess the MMP changes. At least 6
images per condition were analyzed. Scale bar: 20μm. (e, f) Flow cytometry assays and quantitative analysis were also performed to
determine the MMP of HTR-8/SVneo cells in different groups. (g–i) The OCR assay was used to observe the mitochondrial respiratory
function. Data are shown as the mean ± SD from three independent experiments. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 by Student’s t
-test. SD: standard deviation; NC-OE: negative vector; TLR4-OE: TLR4 overexpression plasmid.

9Oxidative Medicine and Cellular Longevity



DAPI CK7 PFKFB3 Merge
N

or
m

al
Pr

ee
cla

m
ps

ia

(a)

Con TLR4-OELPS NC-OEMET —

LPS+MET (10 𝜇M)

PFKFB3

𝛽-actin

(b)

Pr
ot

ei
n 

ex
pr

es
sio

n
PF

KF
B3

/𝛽
-a

ct
in

C
on

TL
R4

-O
E

LP
S

N
C-

O
E

M
ET —

0.0

LPS+MET (10 𝜇M)

1.5

1.0

0.5

⁎

⁎⁎⁎

(c)

Ex
tr

ac
el

lu
la

r l
ac

ta
te

 le
ve

ls
(m

m
ol

/L
)

C
on

TL
R4

-O
E

LP
S

N
C-

O
E

M
ET —

0.0

LPS+MET (10 𝜇M)

1.2
⁎

⁎⁎

1.0

0.8

0.6

0.4

0.2

(d)

0
0 24 48 72

Time (min)

Glucose Oligomycin 2-DG

96

50

120

EC
A

R 
(m

pH
/m

in
)

Con
MET
LPS

LPS+MET
LPS+MET+NC-OE
LPS+MET+TLR4-OE

40

30

20

10

(e)

Figure 4: Continued.

10 Oxidative Medicine and Cellular Longevity



(Figures 4(e)–4(g)). Eventually, trophoblast cells cultured with
LPS exhibited ATP shortages despite the increased capacity
for glycolysis, which was partially restored by MET treatment,
although TLR4 overexpression abolished the protective effects
of MET (Figure 4(h)). Hence, our data concluded that the
overactive TLR4/NF-κB signaling disturbed the mitochondria
and reprogrammed the glycometabolism to glycolysis repre-
sented by PFKFB3. Nevertheless, MET partly corrected the
metabolic reprogramming through its inhibitory effects on
TLR4/NF-κB.

3.4. Pharmacological Concentration of MET Restored the
Trophoblastic Redox Homeostasis Partly through the
Inhibition of the TLR4/NF-κB Signaling. NADPH, the
reducing equivalents produced from pentose phosphate
pathway, participates in the redox reaction. Therefore, we
measured the NADPH/NADP+ ratio, which was dimin-
ished by LPS and induced again after MET exposure,
though this effect was diminished by TLR4 overexpression
again (Figure 5(a)). The immunofluorescence and flow
cytometry data showed that LPS significantly increased
the ROS levels while MET suppressed ROS generation in
LPS-induced trophoblasts, though those were partly
reversed via TLR4 overexpression (Figures 5(b)–5(e)). Fur-
thermore, we tested the expression level of SOD2, a vital anti-
oxidant. LPS significantly reduced the SOD2 expression
while MET partly elevated the SOD2 expression, though it
was decreased by TLR4 overexpression again (Figures 5(f)
and 5(g)). Therefore, all these data indicated that pharmaco-
logical MET concentration restored the redox homeostasis in
LPS-induced trophoblasts partly via the suppression of the
TLR4/NF-κB signaling.

3.5. Pharmacological Concentration of MET Reduced the
Transcription of PFKFB3 via Blocking Transcription Factor
NF-κB1 Directly Binding on PFKFB3 Promoter. To explore
the underlying mechanism by which inflammatory stimuli

induce metabolic reprogramming, we wondered whether
the glycolytic enzyme PFKFB3 could be modulated via the
NF-κB signaling, a classic inflammatory pathway, at the
transcriptional level. Transcription factor NF-κB1 was
screened out from factors predicted by the PROMO data-
base in the promoter sequence of PFKFB3 within a dissimi-
larity margin less or equal than 5% [47, 48]. We validated
the efficiency of the NF-κB1 overexpression plasmid after
48 h transfection by western blot analysis (Figure S1B). LPS
and NF-κB1 overexpression both enhanced the nuclear
translocation of NF-κB1, though they were partly reversed
by MET (Figure 6(a)). Then, according to the USCS
database [49], we found the peak (from -248 bp to 155 bp
relative to TSS) of the transcription factor NF-κB1 in the
promotor sequence of PFKFB3. Moreover, according to the
JASPAR database [50], we found the binding sites of NF-
κB1 in the peak sequence (Figure 6(b)). Therefore, we
hypothesized that PFKFB3 might be regulated via the
transcription factor NF-κB1. Besides, consistent with the
previous reports [30], our abovementioned data also
mechanically proved MET an inhibitor of the NF-κB
signaling. Thus, MET might decrease NF-κB1 binding on
the PFKFB3 promoter. We performed a ChIP assay, showing
that the level of NF-κB1 targeting PFKFB3 promoter could
be significantly increased on LPS and NF-κB1, which could
all be partly reversed by MET (Figure 6(c)). As further
confirmation, we cloned the PFKFB3 promoter containing
the peak of NF-κB1 to the PGL3.0-Basic reporter plasmid
and dual-luciferase reporter assays showed that LPS
and NF-κB1 overexpression remarkably upregulated the
transcriptional activity of PFKFB3 vectors; however, MET
treatment could eliminate these effects (Figure 6(d)). RT-
PCR showed that LPS and NF-κB1 overexpression both
elevated the mRNA expression of PFKFB3 in trophoblasts,
which were partially reversed by MET (Figure 6(e)). All
these above data indicated PFKFB3 as a newly identified
transcriptional target of the NF-κB signaling, whereas MET
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Figure 4: Pharmacological concentration of MET suppressed overactive glycolysis in trophoblasts partly via inhibiting the TLR4/NF-κB
signaling. (a) Double labeling the immunofluorescence analysis of PFKFB3 (red) protein expression and localization in the placentae
from full-term normal pregnancies and preeclampsia patients. DAPI (blue) and CK7 (green) for trophoblast localization. Scale bar:
50μm. (b, c) Western blot analysis of PFKFB3 protein expression and the densitometry quantification. (d) Extracellular lactate release
determination. (e–g) Glycolysis and glycolysis capacity were both detected by ECAR assay. (h) Cellular ATP concentration
determination. Data are shown as the mean ± SD from three independent experiments. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 by
Student’s t-test. SD: standard deviation; NC-OE: negative vector; TLR4-OE: TLR4 overexpression plasmid.
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reduced the PFKFB3 transcription via blocking transcription
factor NF-κB1 binding on the PFKFB3 promoter.

3.6. PFKFB3 Regulated the NF-κB Signaling as well as the
NLRP3 Inflammasome-Induced Pyroptosis while the
Pharmacological Concentration of MET Suppressed
Pyroptosis Partly via Inhibiting PFKFB3. To order to verify
whether glycolytic enzyme PFKFB3 participates in the
TLR4/NF-κB/NLRP3 inflammasome-induced pyroptosis, we
utilized a PFKFB3 inhibitor 3PO [51] at a concentration of
10μM through CCK8 assays (Figure S1C). Compared with
the LPS groups, 3PO inhibited the NF-κB signaling, further
decreasing NLRP3, caspase1-p10, ASC, and GSDMD protein
levels (Figures 7(a)–7(k)), upregulating the NLRP3
ubiquitination levels (Figure 7(l)), mitigating the IL-1β and
IL-18 secretion (Figures 7(m) and 7(n)), and reducing the
proportion of the PI-stained cells (Figures 7(o) and 7(p)).

We also validated the efficiency of the PFKFB3 overex-
pression plasmid after 48h transfection by western blot analy-
sis (Figure S1D). Compared with the NC-OE groups, PFKFB3
overexpression activated the NF-κB signaling again and
downregulated the levels of NLRP3 ubiquitination, further
increasing the protein expression of NLRP3 as well as those
pyroptosis-relevant molecules (Figures 7(a)–7(n)). The
analysis of the PI-stained cell also showed a similar trend
(Figures 7(o) and 7(p)). Thus, we concluded that glycolytic
enzyme PFKFB3 promoted trophoblastic inflammation and
NLRP3 inflammasome-induced pyroptosis while MET
suppressed those effects partly via inhibiting PFKFB3.

4. Discussion

In this study, we found that (1) pharmacological concentra-
tion of MET alleviated NLRP3 inflammasome-induced
pyroptosis partly through inhibiting the TLR4/NF-κB sig-
naling; (2) pharmacological MET concentration restored
the metabolic and redox homeostasis in trophoblasts partly

via the suppression of the TLR4/NF-κB signaling; (3) MET
decreased the transcription of PFKFB3 via blocking tran-
scription factor NF-κB1 binding on PFKFB3 promoter; (4)
PFKFB3 augmented the NF-κB signaling as well as the
NLRP3 inflammasome-induced pyroptosis while MET sup-
pressed pyroptosis partly via inhibiting PFKFB3. This study
clarifies that the TLR4/NF-κB/PFKFB3 pathway may be a
novel link between glucose metabolism reprogramming
and NLRP3 inflammasome-induced pyroptosis in tropho-
blasts. Further, MET inhibits the TLR4/NF-κB/PFKFB3
pathway to ameliorate trophoblastic metabolism disorders
and pyroptosis, likely to be a plausible therapy to prevent
and cure PE (Figure 8).

LPS, a classic TLR4 agonist, has long been used to make
preeclamptic models for years as LPS amplifies the
TLR4/NF-κB signaling to trigger trophoblastic inflamma-
tion [39, 40]. Consistent with the latest research [37, 52],
our results showed that LPS significantly activated the
TLR4/NF-κB signaling, further contributing to the NLRP3
inflammasome-induced pyroptosis. Because of the release
of the proinflammatory factors IL-1β and IL-18, the NLRP3
inflammasome-induced pyroptosis is not only a crucial way
to induce trophoblastic death in the preeclamptic placentas
but also a possible amplifier of maternal systematic injury
via triggering sterile inflammatory cascades. MET has long
been found to exert inhibitory effects on the TLR4/NF-κB
signaling [30–32]. Therefore, we wonder whether MET
can ameliorate trophoblastic pyroptosis. Perhaps because
almost all previous studies were conducted with supraphar-
macological concentrations (doses) of MET that is much
higher than maximally achievable therapeutic concentrations
(10~40μM) with the oral administration of 0.5–2.5 g/d [44],
the results of those experiments may be too controversial to
truly reflect the effects of MET on trophoblasts [53, 54].
Hence, we carefully chose the pharmacological concentration
of MET (10μM) according to the MET pharmacokinetics
during pregnancy [33] and the CCK8 assays in this study.
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Figure 5: Pharmacological concentration of MET restored the trophoblastic redox homeostasis partly through the inhibition of the
TLR4/NF-κB signaling. HTR-8/SVneo cells were transfected with TLR4 plasmid for overexpression or negative vector; 200 ng/ml LPS
and 10 μM MET were subsequently incubated. (a) The cellular levels of NADPH were measured in HTR-8/SVneo cells in different
groups. (b, c) Representative images showing DCFH-DA fluorescence signals (green) indicative of ROS and the comparison of mean
fluorescence intensities across different groups. Scale bar: 100 μm. (d, e) Flow cytometry analysis and quantitative analysis of cellular
ROS content in different groups. (f, g) Western blot analysis of SOD2 protein expression and the densitometry quantification. Data are
shown as the mean ± SD from three independent experiments. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 by Student’s t-test. SD: standard
deviation; NC-OE: negative vector; TLR4-OE: TLR4 overexpression plasmid.
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Our data showed that the pharmacological concentration of
MET alleviated NLRP3 inflammasome-induced pyroptosis,
which partly depended on inhibiting the TLR4/NF-κB signal-
ing. Recently, in vivo study has reported that MET exerts pro-
tective effects on LPS-induced PE rat models partly through
diminishing the NF-κB signaling to ameliorate placental
injury, oxidative/nitrative stress, and systemic inflammatory
responses [55]. Herein, our study further suggested that
MET is beneficial to trophoblasts, which partly lies in the
suppression of TLR4/NF-κB-primed pyroptosis.

Up till now, the characteristics of metabolism in the pre-
eclamptic placentas remain ambiguous. A majority of stud-
ies have previously reported the mitochondrial swelling
and broken cristae together with the mitochondrial dysfunc-
tion [56] in the preeclamptic placentas [57], thereby causing
the reduced ATP synthesis [58]. But until now, very little
research has focused on the glycolytic capacities in the pre-
eclamptic placentas. Metabolomic analysis has found the
upregulated concentration of the glycolytic product (lactate
and pyruvate) [59, 60] in the serum from PE women, which
impaired OXPHOS capacity while enhanced glycolysis in
trophoblasts, resulting in a weak ATP synthesis [61] owing
to the lower efficiency of glycolysis [20]. PE mice induced
by soluble fms-like tyrosine kinase 1 (sFlt-1) showed acceler-
ated glycolytic flux in the placenta labyrinth, together with
the ATP shortage [62]. The expressions of glycolytic
enzymes PKM2 and PFKFB3 are also abnormally increased
in the preeclamptic human placentas [25, 63]. The research
mentioned above collectively indicates the plausible meta-
bolic switch to glycolysis in preeclamptic trophoblasts; how-
ever, whether it is associated with the TLR4/NF-κB signaling
has yet to be confirmed. In our studies, LPS-induced
TLR4/NF-κB activation destroyed mitochondrial structure
and disrupted mitochondrial function in trophoblasts, which

agrees with the latest research [64]. Meanwhile, TLR4/NF-
κB activation caused the metabolic reprogramming to the
augmented glycolysis, characterized by the elevated secretion
of lactate and the increased expression of PFKFB3, the pace-
maker of glycolysis. The metabolic reprogramming eventu-
ally leads to an ATP shortage in trophoblasts. Currently, it
has been reported that MET probably has dual effects on
mitochondria, characterized by diminishing impaired mito-
chondria via mitophagy concomitant with mitochondrial
biogenesis to restore mitochondrial function [20]. Further-
more, suprapharmacological MET concentrations (1mM)
disturb mitochondrial respiration while pharmacological
MET concentrations (50μM) improve OXPHOS and mito-
chondrial function [65, 66]. Analogously, in our study, phar-
macological MET concentration (10μM) ameliorated the
mitochondrial dysfunction and damages while suppressed
the overactivated glycolysis, thus getting the trophoblastic
metabolism back to track with the increased cellular ATP
production, which may owe to the inhibitory effect of
MET on the TLR4/NF-κB signaling. Consistent with the
latest research [46, 67, 68], we also found that pharmaco-
logical concentration of MET downregulated the PFKFB3
expression, which is probably the mechanism for MET
inhibiting the overactive glycolysis in trophoblasts. There-
fore, MET could reverse the TLR4/NF-κB-induced meta-
bolic reprogramming.

The reducing equivalent NADPH is tightly involved in
the redox metabolism. In preeclamptic trophoblastic models,
the decreased NADPH production symbolized the less
diversion of glucose through the pentose phosphate pathway
[69], also indicating the increased glycolysis flux as well as
the oxidative stress. With the high levels of ROS and lower
levels of SOD2 detected in TLR4/NF-κB-activated tropho-
blasts, our data further elucidated that the TLR4/NF-κB-
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Figure 6: Pharmacological concentration of MET reduced the transcription of PFKFB3 via blocking transcription factor NF-κB1 directly
binding on PFKFB3 promoter. HTR-8/SVneo cells were transfected with NF-κB1 plasmid for overexpression; 200 ng/ml LPS and 10 μM
MET were subsequently incubated. (a) Representative images of NF-κB1 immunostaining in HTR-8/SVneo cells in different groups. At
least 6 images per condition were analyzed. Scale bar: 50 μm. (b) Consensus binding motif of NF-κB1 from the JASPAR database and
the NF-κB1 peak in the PFKFB3 promoter were found using the USCS database. (c) In the ChIP assay, PCR products of PFKFB3 in
different groups are shown. DNA ChIP-ed with nonspecific IgG was used as a negative control. (d) Dual-luciferase reporter assays were
performed to determine the PFKFB3 promoter activity in HTR8/SVneo cells in different groups. (e) qRT-PCR analysis of PFKFB3
mRNA levels in HTR-8/SVneo cells in different groups. Data are shown as the mean ± SD from three independent experiments. ∗P <
0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 by Student’s t-test. SD: standard deviation; NF-κB1-OE: NF-κB1 overexpression plasmid.
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Figure 7: PFKFB3 modulated the NF-κB signaling as well as the NLRP3 inflammasome-induced pyroptosis while the pharmacological
concentration of MET suppressed pyroptosis partly via inhibiting PFKFB3. HTR-8/SVneo cells were transfected with PFKFB3 plasmid
for overexpression or negative vector; 200 ng/ml LPS, 10μM MET, and 10μM 3PO were subsequently incubated. (a–k) Western blot
analysis of PFKFB3, NF-κB1, p65, p-p65, IκB, p-IκB, p-IKK, NLRP3, caspase1-p10, GSDMD, and ASC protein expression and
densitometry quantification of PFKFB3 (b), NF-κB1 (c), p-p65/p65 (d), IκB (e), p-IκB (f), p-IKK (g), NLRP3 (h), caspase1-p10 (i),
GSDMD (j), ASC (k) levels. (l) Analysis of NLRP3 ubiquitination levels in HTR-8/SVneo cells of different groups. (m, n) ELISA analysis
of IL-1β (m) and IL-18 (n) concentrations in cell culture medium. (o, p) Representative immunofluorescence images and quantification
of double-fluorescent staining with PI (red) and Hoechst33342 (blue). Scale bar: 100μm. Data are shown as the mean ± SD from three
independent experiments. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 by Student’s t-test. SD: standard deviation; NC-OE: negative vector;
PFKFB3-OE: PFKFB3 overexpression plasmid.
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Figure 8: A mechanism diagram. LPS-induced TLR4/NF-κB activation caused NLRP3 inflammasome-induced pyroptosis in trophoblasts.
Besides, the TLR4/NF-κB signaling caused mitochondrial destruction and dysfunction; meanwhile, it reprogrammed the glycometabolism to
glycolysis with increased PFKFB3 expression. The TLR4/NF-κB signaling induced PFKFB3 expression by transcriptional factor NF-κB1
binding PFKFB3 promoter region. Glycolytic enzyme PFKFB3 further exacerbated NLRP3 inflammasome-induced pyroptosis, leading to
positive feedback. Metformin inhibited the TLR4/NF-κB/PFKFB3 signaling to break the vicious circle, expected to be a novel candidate
for preeclamptic therapies.
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induced metabolic disorders might inextricably link with the
redox disturbances in the PE placentas. Amounts of research
have demonstrated that MET can suppress oxidative stress
[70]. In vivo study has further demonstrated that MET
restored the SOD activity in LPS-induced PE rat models
[55]. Also, we have previously reported that PFKFB3 could
enhance oxidative stress in LPS-induced trophoblasts [25].
In this study, MET also decreased the TLR4/NF-κB-induced
ROS level, which may partly rely on the PFKFB3 inhibition
as well as the recuperative NADP+/NADPH ratio and
SOD2 level. Therefore, MET may reverse the TLR4/NF-κB-
induced metabolic reprogramming and preserved redox
homeostasis in trophoblasts.

Previously, we reported that the trophoblastic PFKFB3
expression was significantly upregulated in response to the
TLR4 activation [25] while the concrete molecular mecha-
nisms remain unclear. Based on the PFKFB3 promoter
sequence, we speculated that transcription factor NF-κB1 is
crucial for PFKFB3 expression. Moreover, the nuclear trans-
location of NF-κB1 in our study was increased once LPS
activated or NF-κB1 overexpression; however, those were
all reversed by MET. Afterward, dual-luciferase reporter
assays and ChIP assays further indicated that LPS stimula-
tion and NF-κB1 overexpression both cause the increased
PFKFB3 expression by NF-κB1 directly binding PFKFB3
promoter region while MET decreased the transcription of
PFKFB3 via blocking transcription factor NF-κB1 binding
on PFKFB3 promoter.

There is accumulating evidence suggesting that cellular
metabolic reprogramming to glycolysis closely interacted
with the phenotype switch to the proinflammatory states
[71]. The abovementioned data showed that the TLR4/NF-
κB signaling was an upstream regulator of PFKFB3. How-
ever, our previous study has reported that LPS increased
the protein expression of PFKFB3 and activated the NF-κB
signaling while PFKFB3 knockdown via PFKFB3 siRNA in
LPS-induced trophoblasts significantly inhibited the NF-κB
signaling [25]. The pharmacological inhibition of PFKFB3
by 3PO in this study also suppressed the NF-κB signaling.
Thus, there might be a positive feedback loop between the
PFKFB3-activated glycolysis and the NF-κB signaling.
Recently, NLRP3 inflammasome was reported to modulate
glycolysis by increasing PFKFB3 in macrophages [72]. How-
ever, PFKFB3 not only positively modulated the NF-κB sig-
naling but also further activated inflammasome-induced
pyroptosis in our study, which attracts us to continue in-
depth study in the future as there may exist intricate and
feedback relationships betweenmetabolism and inflammatory
immune responses. Most of the previous research [73–75] has
pointed out that MET can inhibit NLRP3 inflammasome-
induced pyroptosis, which owes much to the adenosine
monophosphate-activated protein kinase (AMPK), a well-
known metabolic sensor monitoring the cellular energy states.
Consequently, MET is very likely to regulate cellular pyropto-
sis via its metabolic modulation effects. In our study, MET
alleviated TLR4/NF-κB-stimulated pyroptosis in trophoblasts,
which also partly depended on the PFKFB3 inhibition. Ubiq-
uitination is a crucial posttranslational modification of NLRP3
as deubiquitination of NLRP3 is essential for its activation

[76]. NLRP3 in resting cells is targeted for ubiquitylation and
subsequent proteasomal degradation while LPS primes the
NLRP3 inflammasome by inhibiting its ubiquitination and
degradation [77]. In this study, LPS significantly reduced the
ubiquitination level of NLRP3 while MET partly restore it.
However, PFKFB3 overexpression decreased the NLRP3 ubiq-
uitination again. Meanwhile, PFKFB3 inhibitor 3PO signifi-
cantly upregulated the NLRP3 ubiquitination level in LPS-
induced trophoblasts. Thus, all those indicated that PFKFB3
may modulate the NLRP3 inflammasome assembly partly
via regulating NLRP3 ubiquitination. However, the underly-
ing mechanism between PFKFB3 and NLRP3 ubiquitination
is still not well understood and follow-up experiments are nec-
essary. We clarified that MET suppressed the trophoblastic
pyroptosis, which may be partly related to the protection of
mitochondrial homeostasis as well as the inhibition of the gly-
colytic enzyme PFKFB3, thus breaking the vicious circle.

Originally introduced as the first-line therapy for type 2
diabetes mellitus, MET has now been found in clinical trials
to significantly reduce the incidence of gestational hyperten-
sion and PE in pregnant women with multiple PE-related
risks. Additionally, the safety of taking MET during human
pregnancies has been preliminarily ensured. Relevant lab stud-
ies have demonstrated that the underlying mechanism
includes proangiogenic benefits, endothelial protection, anti-
inflammatory activities, metabolic modulation, and protective
effects on trophoblasts to improve placental development.
Together with its easy administration, global availability, and
low cost, MET is expected to be a promising option for the
prevention and treatment of PE. Nonetheless, there are still
some limitations in current studies, and the design of the rel-
evant research scheme is supposed to be further improved in
the future. Concretely, experimental MET concentration and
PE models should be cautiously chosen. Also, further studies
on both short-term and long-term risks and benefits for the
fetus are necessary. Furthermore, the clinical trial protocol
should be further optimized to evaluate the reduction in the
prevalence of PE as a primary endpoint. Therefore, we look
forward to more high-quality randomized controlled trials
and well-designed lab studies in the future to clarify the place
of MET in the prevention and treatment of PE [26].

5. Conclusion

Our study verified that the TLR4/NF-κB/PFKFB3 signaling
might be a novel link between the reprogrammed glycome-
tabolism and trophoblastic pyroptosis, providing novel
insights into the pathogenesis of preeclampsia. However,
the pharmacological concentration of MET corrects glyco-
metabolism reprogramming, oxidative stress, and NLRP3
inflammasome-induced pyroptosis partly via inhibiting the
TLR4/NF-κB/PFKFB3 signaling in trophoblasts, which fur-
ther supports that MET is expected to be a promising option
for the prevention and treatment of PE.
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Chronic UV irradiation results in many changes in the skin, including hyperplasia, changes in dermal structures, and alteration of
pigmentation. Exposure to UVB leads to cutaneous damage, which results in inflammation characterized by increased NF-κB
activation and the induction of inflammatory cytokines, such as tumor necrosis factor (TNF), interleukin- (IL-) 1, or IL-8. IL-1
secretion is the result of inflammasome activation which is besides apoptosis, a result of acute UVB treatment. Inflammasomes
are cytosolic protein complexes whose formation results in the activation of proinflammatory caspase-1. Key substrates of
caspase-1 are IL-1β and IL-18, and the cytosolic protein gasdermin D (GSDMD), which is involved in inflammatory cell death.
Here, we demonstrate that UVB-induced inflammasome activation leads to the formation of ASC specks. Our findings show
that UVB provokes ASC speck formation in human primary keratinocytes prior to cell death, and that specks are, opposed to
the perinuclear cytosolic localization in myeloid cells, formed in the nucleus. Additionally, we showed by RNAi that NLRP1
and not NLRP3 is the major inflammasome responsible for UVB sensing in primary human keratinocytes. Formation of ASC
specks indicates inflammasome assembly and activation as their formation in hPKs depends on the presence of NLRP1 and
partially on NLRP3. Nuclear ASC specks are not specific for NLRP1/NLRP3 inflammasome activation, as the activation of the
AIM2 inflammasome by cytosolic DNA results in ASC specks too. These nuclear ASC specks putatively link cell death to
inflammasome activation, possibly by binding of IFI16 (gamma-interferon-inducible protein) to ASC. ASC can interact upon
UVB sensing via IFI16 with p53, linking cell death to ASC speck formation.

1. Introduction

Human skin is constantly exposed to ultraviolet (UV) irradi-
ation. Chronic UV irradiation results in many changes in the
skin, including epidermal hyperplasia, elastic fiber fragmen-
tation, and alteration of pigmentation [1]. There are three
types of UV light (200-400 nm): UVA, UVB, and UVC, with
UVA (314-400 nm) and UVB (280-315 nm) responsible for
damage and inflammation in the skin. UVA penetrates
through the epidermis into the dermis, and it is weakly
absorbed by DNA and protein. In contrast, UVB is absorbed
by DNA and protein and therefore impacts the epidermis
[2]. Due to its effects on DNA, UVB is a potent inducer of
apoptosis while UVA is a potent inducer of reactive oxygen

species (ROS). UVB-induced apoptosis is a complex mecha-
nism that includes different signaling pathways: apoptosis
induced by direct DNA damage, death receptor-mediated
apoptosis, and apoptosis via the formation of reactive oxy-
gen species (ROS) [3].

In human keratinocytes, UVB additionally induces the
activation of inflammatory caspases, such as caspase-4 [4]
and caspase-1 [5]. These are activated by inflammasomes.
Inflammasomes are protein complexes located in the cytosol
[6]. Upon stimulation, inflammasome complexes assemble
to process the cleavage of caspase-1, which activates the pro-
inflammatory cytokines interleukin IL-1β and IL-18.

In keratinocytes, both the NLRP1 and NLRP3 inflamma-
somes seem to be important for UVB-induced caspase-1
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activation [7]. Substrates of caspase-1 are not only cytokines
but also gasdermin D (GSDMD) [8, 9]. Cleaved GSDMD
translocates from the cytosol to the cell membrane where it
forms pores, which induce pyroptotic cell death and permit
the release of IL-1β and IL-18 into the extracellular space
[10]. Pyroptosis and apoptosis are both caspase-mediated
types of cell death. In contrast to apoptosis, membrane dam-
age or cell membrane rupture is an early event in pyroptosis,
leading to the release of danger-associated molecules from
damaged cells [11]. Their release leads to a pronounced
inflammatory response. It was shown before that UVB radi-
ation can induce inflammasome-dependent IL-1 activation
and secretion via GSDMD cleavage [5].

To be activated, inflammasomes form complexes of a
nucleotide oligomerization domain- (NOD-) like receptor
(NLR) and the adaptor protein ASC (apoptosis-associated
speck-like protein) containing a caspase recruitment
domain (CARD), which recruits pro-caspase-1 to the com-
plex [11–13].

Upon oligomerization, the helical fibrillar assembly of
ASC via pyrin domain (PYD)-PYD interactions [11, 14]
forms large structures called ASC specks [15–17] which can
be visualized in fluorescent microscopy.

This study is aimed at deciphering whether UVB-
induced inflammasome activation and cell death can be
separated or whether inflammasome activation ultimately
results in apoptosis or pyroptosis. By visualizing ASC aggre-
gates, we claim that nuclear ASC speck formation might
putatively be linked to apoptosis and cell death.

2. Materials and Methods

2.1. Cell Culture of Primary Human Keratinocytes. Primary
human keratinocytes were isolated from human foreskins.
In brief, the epidermis was separated from the dermis
using Dispase II solution (Roche, Basel, Switzerland).
Then, the epidermis was cut into small pieces and incubated
in trypsin/EDTA solution (Biochrom, Berlin, Germany).
Cells were filtrated using Millipore cell culture filters
100μm (Sigma-Aldrich, Darmstadt, Germany), centrifuged
and resuspended in CnT-PR cell culture media (CELLnTEC
Advanced Cell Systems, Bern, Switzerland), and cultivated
until they reached 100% confluency.

2.2. Transfection of Primary Human Keratinocytes. Cells
were seeded on 12-well plates (Greiner Bio-One GmbH,
Frickenhausen, Germany) until they reached 60-70% of
confluency. Then, cells were transfected in the Opti-MEM
(1x) reduced serum media (Gibco, Thermo Fisher Scientific,
Karlsruhe Germany), with siGENOME Human NLRP1
siRNA (10μM) and siGENOME Human NLRP3 siRNA
(10μM) (Dharmacon, Lafayette, CO 80266 USA), using
Lipofectamine RNAiMax reagent (Thermo Fisher Scientific,
Karlsruhe, Germany); single guide RNA (sgRNA) (New
England Biolabs GmbH, Frankfurt am Main, Germany)
was transfected as control.

After 24 hours, transfected keratinocytes without differ-
entiation with CaCl2 (in experiments requiring transfection,
differentiation with CaCl2 has been done 24 hours before

UV irradiation) were irradiated with UVB (50mJ/cm2)
using a Medisun® Psori-Kamm (Schulze & Böhm, Brühl,
Germany), followed by a 4-hour or 8-hour incubation.

2.3. Treatment with Chemical Inhibitors. To block caspase
activation, cells were treated with 20μM zVAD-FMK pan-
caspase inhibitor (InvivoGen, San Diego, USA) for 1 hour
prior to UVB irradiation. MCC950 (InvivoGen, San Diego,
USA) is a specific inhibitor of NLRP3 activation and was
used at 5μM 1 hour before irradiation.

2.4. ASC Speck Staining. Cells were fixed using 2% formal-
dehyde. Permeabilization was on cell membrane to enable
antibody binding to the ASC protein, which has been
made using 0.5% Triton X-100 (Carl Roth GmbH, Karlsruhe,
Germany) which was used for permeabilization, 1-3% normal
donkey serum (Jackson ImmunoResearch, Hamburg, Ger-
many), and AURION BSA-c (AURION 6709 PD Wagenin-
gen, The Netherlands) for blocking. For staining, anti-ASC,
rabbit pAb (AL177), antibody (Adipogen AG, Liestal, Switzer-
land), 1 : 200 diluted in washing buffer containing Dulbecco’s
phosphate-buffered saline (Sigma-Aldrich, Darmstadt, Ger-
many), and Tween 20 (Sigma-Aldrich, Darmstadt, Germany)
were applied to the slide, followed by a Cy3 F (ab)2 donkey-
anti rabbit IgG secondary antibody 1 : 200 (Jackson Immu-
noResearch, Hamburg, Germany). To be able to better localize
the ASC staining, the actin cytoskeleton was stained with
Alexa Fluor™ 488 phalloidin (Thermo Fisher Scientific, Karls-
ruhe, Germany) and the nuclei with DAPI (4′,6-diamidine-2′
-phenylindole dihydrochloride) (Sigma-Aldrich, Darmstadt,
Germany). Pictures were taken using a Zeiss LSM 800 confo-
cal laser scanning microscope with Zeiss ZEN 2.3 (blue
edition) Software (Carl Zeiss Microscopy GmbH, Jena,
Germany), using 43x magnification.

2.5. AIM2 Inflammasome Activation via Double-Stranded
DNA Analogue Poly(dA:dT). Cells were seeded on 8-
chamber polystyrene slides (Corning Incorporated, NY
14831, USA) (for ASC staining), until they reached 60-70%
confluency. Then, cells were transfected in the Opti-MEM
(1x) reduced serum media (Gibco, Thermo Fisher Scientific,
Karlsruhe, Germany), with 5μg/ml poly(dA:dT) naked
double-stranded B-DNA (InvivoGen, San Diego, USA) for
24 h, using Lipofectamine RNAiMax reagent (Thermo
Fisher Scientific, Karlsruhe, Germany). Opti-MEM media
were used as a negative control.

2.6. ASC siRNA Knockdown. Transient transfection of
siRNA (Ambion, USA) was performed using the DNA-
calcium phosphate precipitation method. HaCaT cells were
incubated for 24 h before transfection, and knockdown was
evaluated 24 h, 48 h, and 72h after transfection. Most effi-
cient knockdown was achieved 72 h after transfection at
which time point cells were stimulated with 50mJ/cm2 UVB.

2.7. Immunoprecipitation. HaCaT cells were resuspended
in lysis buffer (50mM Tris, pH 7.8, 50mM NaCl, 0.1%
(vol/vol) Nonidet-P40, 5mM EDTA, and 10% (vol/vol)
glycerol). Endogenous ASC was immunoprecipitated, and
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the interaction of ASC with IFI16 and p53 was assessed by
immunoblot.

2.8. Nuclear and Cytoplasmic Fractionation. HaCaT cells
were harvested, washed in PBS, and lysed in a buffer contain-
ing 10mM HEPES, 1.5mM MgCl2, 300mM sucrose, 0.5%
NP-40, 10mM KCl, 0.5mM DTT, and complete protease
inhibitor cocktail (Roche, Basel, Switzerland). Cells were
spun down at 9000 rpm for 45 s, and the supernatant was
collected as a cytosolic fraction. The remaining pellet was
washed in the previously described lysis buffer before being
resuspended in a buffer containing 20mM HEPES, 100mM
NaCl, 0.2mM EDTA, 20% glycerol, 100mM KCl, 0.5mM
DTT, and complete protease inhibitor cocktail. The resus-
pended pellet was frozen/thawed 3 times and sonicated for
10 s. The cell suspension was spun down at 13000 rpm for
10min, and the supernatant was collected as nuclear fraction.

2.9. RNA Isolation and Gene Expression Analysis. Total RNA
was isolated using peqGOLD Total RNA Kit Sline (VWR,
Erlangen, Germany), and reverse transcription (Maxima
First Strand cDNA Synthesis Kit for RT-qPCR, Thermo
Fisher Scientific, Waltham, Massachusetts) was performed
according to the manufacturer’s instructions.

To determine gene expression, quantitative real-time
PCR (Roche LightCycler 480 system) was performed using
the LightCycler 480 instrument (Roche, Basel, Switzerland).
The expression of the specified genes was calculated relative
to the expression of the housekeeping gene β-actin. Primer
and probe sequences are listed in Table 1.

2.10. Cytokine Analysis. Human IL-1α and IL-1β secretion
was measured in cell-free supernatants using R&D ELISA
kits (Minneapolis, Canada) (Human IL-1 beta/IL-1F2 Duo-
set ELISA, Human IL-1α DuoSet ELISA) according to the
manufacturer’s instructions using a EMax Endpoint ELISA
Microplate Reader (Molecular Devices, LLC, San Jose, CA
95134, USA).

2.11. FAM FLICA Active Caspase-1 Staining. Keratinocytes
were seeded on 8-chamber polystyrene slides (Corning
Incorporated, NY 14831, USA) and were differentiated using
1.2mM CaCl2 overnight. Active caspase-1 was visualized
using FAM FLICA Caspase-1 Kit (Bio-Rad Laboratories
GmbH, D-85622 Feldkirchen, Germany). Hoechst was
performed using 0.5% Hoechst reagent followed by propi-
dium iodide (PI) staining (0.5% PI). Then, cells were fixed
using fixative solution diluted 1 : 10 in apoptosis wash buffer.
Pictures were taken using a Zeiss LSM 800 confocal laser
scanning microscope with Zeiss ZEN 2.3 (blue edition) Soft-
ware (Carl Zeiss Microscopy GmbH, Jena, Germany).

2.12. LDH Cell Viability Assay. Primary human keratino-
cytes were seeded on a 96-well plate until 100% of con-
fluency; then, cells were differentiated using 1.2mM CaCl2
overnight. LDH assay was performed using LDH assay kit
(Thermo Fisher Scientific, Karlsruhe, Germany), according
to the manufacturer’s instructions.

2.13. Statistics. For statistical analyses, one-way ANOVA
and Student’s t-test have been used. Statistics has been done
in GraphPad Prism 8 and Origin 8 software.

3. Results

3.1. Exposure to UVB Leads to Inflammasome Activation and
to the Formation of ASC “Specks” in hPKs. To confirm that
UVB activates the inflammasome in primary human kerati-
nocytes, primary keratinocytes were exposed to UVB and
IL-1 secretion was measured in the supernatants. Here, we
observed a significant increase in IL-1α release after expo-
sure to UVB (Figure 1(a)).

In myeloid cells, inflammasome formation can be visu-
alized using ASC speck formation in fluorescence micros-
copy. To check for the formation of these ASC multimers,
primary human keratinocytes were irradiated with UVB
(50mJ/cm2). Cells in the negative control group were left in
the medium without UVB irradiation for 4 h and 8 hours

Table 1: Oligonucleotide primers and LightCycler hybridization probes.

Target gene Accession no. Primer Sequence Purpose

β-Actin P60709

ACTIN F AGCCTCGCCTTTGCCGA qPCR

ACTIN R CTGGTGCCTGGGGCG qPCR

ACTIN TM 6FAM-CCGCCGCCCGTCCACACCCGCC—BBQ Hybridization probe

NLRP1 Q9C000

NLRP1 F CACTTTATATGGGCTGTCGTTACA qPCR

NLRP1 S GGGTCTGGTTCAGGGATGC qPCR

NLRP1 A CCAACGTAGAACTCCGAGAACA Hybridization probe

NLRP1 R CTCATCTTTCTTGTCTTTCACTTGC

NLRP1 P 6FAM-CTCCAGGGCTTCGATAGCAGAGCT—BBQ

NLRP3 Q1JQ87

NLRP3 F CACTTCTGACCTCCAGCCA qPCR

NLRP3 S CAACAATGACCTGGGCGA qPCR

NLRP3 A TCTTCTTGAAGTGTTTCTAACGCA Hybridization probe

NLRP3 R AGGCTCAAAGACGACGGT

NLRP3 6FAM-CTGAAACAGCAGAGCTGCCTCCTG—BBQ
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(Supplementary Figure 1). UVB irradiation leads to
translocation of cytoplasmatic ASC protein to the nucleus
and formation of nuclear ASC specks in hPKs. In the
negative control, cells were not irradiated with UVB, and
because of that, there is no formation of nuclear ASC
“specks” that could be detected by anti-ASC (AL177)
antibody. Anti-ASC (AL177) antibody also recognizes
cytosolic ASC specks, but in negative control, there were no
treatments sufficient to induce formation of cytosolic ASC
aggregates. After 4 hours, the formation of ASC “specks”
was observed with no significant difference in the number
of “specks” 8 hours after UVB light exposure (Figure 1(a)).

To elucidate if the formation of ASC specks depends on
caspase activation, hPKs were incubated with the pan-
caspase inhibitor zVAD-FMK diluted in DMSO prior to
UVB treatment. Negative control cells were treated with
DMSO as a solvent for zVAD-FMK. As expected, zVAD
did not block ASC “speck” formation (Figure 1(b)).

The formation of the inflammasome complex occurs
prior to caspase activation. As zVAD blocks caspase activa-
tion, inflammasome complexes are still formed; however,
they are not able to activate inflammasomes. Therefore,
ASC speck formation is not influenced, while IL-1 secretion
is reduced upon zVAD treatment (Figure 1(b)).
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Figure 1: (a) UVB irradiation leads to the formation of ASC specks in primary human keratinocytes. Primary human keratinocytes were
irradiated with UVB (50mJ/cm2). Exposure to UVB light leads to the formation of nuclear ASC “specks”. (b) zVAD does not inhibit ASC
“speck” formation, but suppresses IL-1 secretion. Keratinocytes were treated with 20μM zVAD for 1 h and were irradiated with UVB
(50mJ/cm2). ASC (red), F-actin (green), and DAPI (dark blue). IL-1α and IL-1β were measured in cell-free supernatants using ELISA.
Data represent at least 3 independent experiments and are presented as the means ± SD. Statistics: one-way ANOVA statistical test.
Symbols for P values used in the figures. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001. NS: not significant. Magnification: ×43.
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Figure 2: (a) NLRP1 is the most important inflammasome in primary human keratinocytes responsible for UVB sensing. Cells were
transfected with NLRP1 and NLRP3 siRNA and were irradiated with UVB (50mJ/cm2) for 14 s. NLRP1 siRNA completely blocked the
formation of ASC aggregates. ASC (red), F-actin (green), and DAPI (blue). (b) NLRP3 is dispensable for UVB-induced ASC “specks” in
hPKs. IL-1α and IL-1β were measured in cell-free supernatants by ELISA. Data represent at least 3 independent experiments and are
presented as the means ± SD. Statistics: one-way ANOVA statistical test. Symbols for P values used in the figures. ∗P < 0:05, ∗∗P < 0:01,
∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001. NS: not significant. Magnification: ×43.
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Figure 3: Pharmacological blocking of NLRP3 via MCC950 does not suppress UVB-induced ASC speck formation and IL-1 secretion. Cells
were treated with 5 μM MCC950 for 1 h prior to UVB treatment (50mJ/cm2). IL-1α and IL-1β were measured in cell-free supernatants
using ELISA. Data represent at least 3 independent experiments and are presented as the means ± SD. Statistics: one-way ANOVA
statistical test. Symbols for P values used in the figures. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001. NS: not significant.
Magnification: ×43.
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As it is still not clear whether the NLRP1 or the NLPR3
inflammasome is the major inflammasome in hPKs [5, 18],
we wanted to decipher which of the two inflammasomes is
more important for UVB sensing. First, we transfected hPKs
with NLRP1 siRNA or NLRP3 siRNA to specifically silence
the respective NLR. 24 hours after transfection, the knock-
down efficiency was evaluated by qRT-PCR and UVB irradi-
ation (50mJ/cm2) was performed.

Again, 4 and 8 hours after UV exposure, ASC “speck”
formation occurred. In the absence of NLRP1, ASC was
not able to form speck-like aggregates (Figure 2(a)), while
the silencing of NLRP3 did not impair the presence of
ASC “specks” in the nucleus (Figure 2(b)). The presence of
ASC specks partially correlates with IL-1 secretion. In the
absence of NLRP1 and of ASC specks, IL-1α secretion is
strongly diminished (Figure 2(a)), while siNLRP3 does not
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Figure 4: Poly(dA:dT) leads to AIM2 inflammasome and ASC “speck” formation. Human keratinocytes were transfected with
poly(dA:dT) using Lipofectamine RNAiMax reagent, incubated for 24 h, or were irradiated with UVB (50mJ/cm2). Anti-ASC, rabbit pAb
(AL177), antibody (red), F-actin (green), and DAPI (blue). IL-1α and IL-1β were measured in cell-free supernatants using ELISA. Data
represent at least 3 independent experiments and are presented as the means ± SD. Statistics: one-way ANOVA statistical test. Symbols
for P values used in the figures. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001. NS: not significant. Magnification: ×43.

8 Oxidative Medicine and Cellular Longevity



alter ASC speck, but significantly reduced IL-1α secretion.
IL-1β secretion was not affected after NLRP1 and NLRP3
silencing and was close to the background, because hPKs
mostly secrete IL-1α (Figure 2(b)).

Additionally, NLRP3 was blocked pharmacologically by
MCC950, a small molecule that specifically prevents NLRP3
oligomerization. Neither the UVB-induced formation of
ASC “specks” nor the secretion of IL-1α was suppressed
after MCC 950 treatment, suggesting that NLRP1 and not
NLRP3 were needed for UVB-induced inflammasome acti-
vation in human primary keratinocytes (Figure 3).

AIM2 senses dsDNA via its C-terminal dsDNA-binding
HIN-200 domain. The AIM2 inflammasome can recognize
intracellular dsDNA. Upon activation, AIM2 binds and
recruits the adaptor protein ASC and caspase-1 [19]. A rele-
vant role of AIM2 in keratinocytes was demonstrated during
human papillomavirus (HPV) infection [20] and in psoria-
sis [10].

Next, we aimed to investigate if the activation of the
AIM2 inflammasome via transfected poly(dA:dT) leads to
ASC “speck” formation and IL-1 secretion. hPKs were trans-
fected with poly(dA:dT) using Lipofectamine RNAiMax

reagent, incubated for 24h, or were irradiated with UVB
light (50mJ/cm2). ASC “specks” were observed both after
exposure to UVB and to a lesser extent after poly(dA:dT)
transfection. Measurement of secreted IL-1α also confirms
the ASC “speck” staining pattern, showing that the activa-
tion of AIM2 leads to IL-1α and IL-1β secretion, but weaker
than UVB (Figure 4).

Both NLRP1/NLRP3 activation via UVB and AIM2
stimulation of intracellular dsDNA lead to the formation of
ASC “specks” in hPKs. ASC is also involved in apoptosis;
therefore, we investigated next whether UVB irradiation
leads to apoptosis. The caspase FLICA kit detected active
caspase-1 in whole living cells. FLICA is cell permeable
and can efficiently diffuse into cells. Cells were also stained
with propidium iodide, to identify DNA of dying cells.

Caspase activation is visible starting 2 hours after expo-
sure to UVB with the peak of activity 4 hours after UVB
irradiation.

As expected, most PI-positive cells were observed 8 hours
after UVB exposure; therefore, we used that time point in
those and in the previous experiments. This indicates that
inflammasome activation and ASC speck formation ultimately
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Figure 5: (a) UVB irradiation causes cell death in primary human keratinocytes. hPKs were irradiated with UVB (50mJ/cm2). To detect
active caspase-1, FAM FLICA staining (green) was done. Propidium iodide (PI) staining (red) was performed to detect dying cells. (b)
LDH cell death assay. Data represent at least 3 independent experiments and are presented as the means ± SD. Statistics: one-way
ANOVA statistical test. Symbols for P values used in the figures. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. NS: not significant.
Magnification: ×43.
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result in cell death in human primary keratinocytes. UVB
exposure first leads to inflammasome assembly and finally to
cell death in hPKs (Figure 5(a)).

To support FLICA stainings, we additionally performed
LDH assay. LDH leakage from dying cells increases over
time, correlating with the FAM FLICA results (Figure 5(b)).

To investigate which type of inflammasome NLRP1 or
NLPR3 in hPKs leads to cell death via formation of ASC
aggregates, NLRP1 or NLRP3 were silenced by siRNA. As
described above, after 4 h, no significant amounts of LDH
were released, while cell death occurred 8 h after exposure
to UVB (Figure 5). Cells without functional NLRP1 inflam-
masome were protected from LDH release, showing that

NLRP1 inflammasome activation is crucial for both inflam-
masome activation and at later time point apoptotic cell
death in human hPKs (Figure 6).

IFI16 is a resident nuclear protein and is involved in
sensing of the danger signals [21]. IFI16 is part of the large
BRCA1-associated genome surveillance (BASC) DDR com-
plex and it is involved in BRCA1-mediated apoptosis and
inflammation [22, 23]. UVB irradiation leads to redistribu-
tion of IFI16 from the nucleus to the cytoplasm in later time
points (16 h) and further into the supernatants of the cells
[24]. Additionally, Rao et al. and Kerur et al. demonstrated
that ASC could interact with IFI16 to form IFI16-ASC com-
plexes that could recruit pro-caspase-1 [17, 25].
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Figure 6: NLRP1 inflammasome blocking protects from cell death: hPKs were transfected with NLRP1 and NLRP3 siRNA and were
irradiated with UVB (50mJ/cm2). The absence of NLRP1 and partially of NLPR3 protected from cell death resulting in a reduction of
LDH release. Data represent at least 3 independent experiments and are presented as the means ± SD. Statistics: one-way ANOVA
statistical test. Symbols for P values used in the figures. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. NS: not significant.
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Furthermore, IFI16 is necessary for p53, which is a bind-
ing partner of ASC [16]. To confirm these observations,
immunoprecipitation of endogenous ASC in HaCaT cells
was performed (Figure 7(a)).

ASC transiently interacted with IFI16 following UVB
radiation with a maximum interaction occurring 2 hours
after stimulation (Figure 7(a)). Interestingly, the time-
dependent interaction of p53 with ASC followed the pattern
of IFI16, possibly suggesting IFI16 dependency (Figure 7(a)).
This data supports a recent report which also demonstrated
the interaction of ASC with IFI16 [26]. Based on these data,
we hypothesized that ASC regulates p53 and thus is involved
in apoptosis via activation of IFI16.

To investigate whether the decrease in p53 phosphoryla-
tion has functional consequences, we measured the nuclear
translocation of p53 and IFI16 following UVB radiation.
Indeed, p53 as well as IFI16 translocation to the nucleus
was impaired in ASC knockdown HaCaT cells (Figure 7(b)).

4. Discussion

Exposure to UV light is harmful to the skin, which leads
to skin inflammation and increases the risk of epithelial
and melanocytic skin cancer. However, UVB is also used
therapeutically, as it is a potent inducer of apoptosis. Kera-
tinocytes are particularly affected by UV exposure, which
leads to inflammation [7, 27]. One of the key inflamma-
tory complexes involved in immune responses to UV are
inflammasomes. Their activation results in the activation
of proinflammatory caspases and prior to caspase activa-
tion is the formation of ASC aggregates that are a prereq-
uisite for caspase-1 activation.

Here, we confirm the findings from Fenini et al. that
UVB exposure induces inflammasome activation in human
primary keratinocytes [18]. We are the first to show that this
can be visualized by the nuclear formation of ASC “specks.”

The localization of those specks differs from findings in
myeloid cells where ASC “specks” are located in the perinuc-
lear area upon activation and are only in resting conditions
observed in the nucleus [28].

Our data are confirmed by Kuri et al. where ASC
“specks” are also located in the nucleus of zebrafish keratino-
cytes [29].

Therefore, myeloid cells and keratinocytes might act
differently.

As a further difference between myeloid cells and epithe-
lial cells, in myeloid cells, NLRP3 is the key inflammasome,
while we and others [18] demonstrate that NLRP1 domi-
nates over NLRP3 in keratinocytes. NLRP1 carries a CARD
domain, and therefore, ASC is not directly needed to recruit
a CARD domain for caspase binding in the cytosol.

However, the presence of nuclear ASC specks demands
the presence of NLRP1, while zVAD as pan-caspase inhibi-
tor blocks IL-1 secretion, but not ASC speck formation.
Confirming that the occurrence of nuclear ASC specks is
mediated by inflammasome formation, AIM2 activation by
transfected poly(dA:dT) also results in nuclear ASC speck
formation.

NLRP1 is not only crucial for inflammasome activation
but also for cell death, as hPKs silenced for NLRP1 secreted
IL-1 at earlier time points and showed improved survival at
later time points upon UVB treatment. This might be due to
the link between inflammatory and apoptotic caspases, as
NLRP1 was described both as an inflammasome forming
protein and also as a key mediator of apoptosis in cancer
cells [19], similar to the tumor suppressor ASC [21].

The presence of nuclear ASC was previously observed by
Kerur et al. [25] in HMVEC cells. These nonmyeloid endo-
thelial cells react upon infection with Kaposi’s sarcoma virus
first with nuclear ASC aggregates.

Similar to our findings, the presence of nuclear ASC
correlated with inflammasome activation, as in their setting,
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Figure 7: (a) IFI16 interacts with ASC after UVB sensing in HaCaT cells. HaCaT cells were irradiated with UVB. After 0.5 h, 2 h, and 5 h,
the interaction of ASC with IFI16 was observed using immunoprecipitation. ASC interacts with IFI16 following UVB radiation with the
maximum interaction occurring 2 hours after stimulation. (b) p53 and IFI16 translocation to the nucleus was impaired in ASC
knockdown HaCaT cells. Cells were knocked down with ASC and then irradiated with UVB. The translocation of p53 and IFI16 was
absent in HaCaT cells that have been knocked down with ASC.
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caspase-1 cleavage occurred at the same time as the nuclear
ASC aggregates formed.

Therefore, similar to the expression of ASC isoforms
[30], differences between ASC localization might exist
between myeloid cells and resident cells, such as endothelial
cells or keratinocytes.

Possibly, DNA damage induced by UVB or transfected
DNA implies the formation of nuclear ASC specks. They
are only present if an inflammatory response is initiated
via NLRP1 activation.

Although the formation of ASC “specks” in the nucleus
in primary human keratinocytes is a rather an early event,
it could also be involved in the induction of cell death.

As early as 2 h after UVB irradiation, FAM FLICA stain-
ing visualized caspase activity with its peak in activity after
4 h correlating with IL-1α secretion. IFI16 is a part of the
large BRCA1-DDR complex that plays an important role
in apoptosis [1]. UVB irradiation leads to IFI16 redistribu-
tion from the nucleus to the cytoplasm in later time points
(16 h) [24]. ASC interacts with IFI16 to form an IFI16-
ASC complex that can recruit pro-caspase-1 [19, 25].

IFI16 might also be necessary for p53 regulation,
which is a binding partner of ASC [16]. Binding of p53
to ASC leads to apoptosis after UVB sensing in human
keratinocytes.

To support our findings that the formation of ASC
“specks” may putatively lead to apoptosis, we observed p53
interacting with ASC and IFI16 after UVB exposure in
HaCaT cells. Our findings support previous reports that
ASC is a binding partner of p53 [16] that additionally inter-
acts with IFI16 [19]. We clearly observed that ASC interacts
with both p53 and IFI16 after UVB irradiation in keratino-
cytes and that the nuclear presence of IFI16 is absent when
ASC is knocked down.

5. Conclusions

The NLRP1 inflammasome plays an important role in UVB
sensing in primary human keratinocytes. UVB leads to
inflammasome assembly, caspase-1 recruitment, and IL-1
secretion. UVB induces nuclear ASC “speck” formation in
primary human keratinocytes.

These findings are opposite to myeloid cells, where ASC
“specks” localize in the perinuclear area, but are similar to
the findings in zebrafish keratinocytes and in endothelial
cells.

The formation of ASC “specks” indicates inflammasome
assembly and activation as their formation in hPKs depends
on the presence of NLRP1 and partially on NLRP3. More-
over, we found that the formation of ASC “specks” may
putatively lead to apoptosis, as ASC interacts via IFI16 with
p53 after UVB sensing. Blocking of NLRP1 may have a pro-
tective role in primary human keratinocytes exposed to UVB
light.

Data Availability

Data shown in this manuscript are available on request.
Please contact the corresponding author Nikola Smatlik.

Conflicts of Interest

The authors report no conflict of interest.

Acknowledgments

We wish to thank Mrs. Birgit Fehrenbacher and the staff
of the electron microscopy facility at the Department of
Dermatology, University Hospital Tübingen, for great
assistance and expertise in the staining experiments. This
work was supported by the Deutsche Forschungsge-
meinschaft (DFG) Sonderforschungsbereich (SFB) Trans-
regio (TRR) 156, project B06 (to MR and ASY) and
DFG-YA-182/4-1.

Supplementary Materials

Supplementary Figure 1: UVB light leads to inflammasome
activation, followed by ASC “speck” formation and IL-1α
secretion in the time-dependent manner. Human keratino-
cytes had been irradiated with UVB light (50mJ/cm2).
ASC specks have been stained 30min, 1 h, 2 h, 4 h, and
8h after UV irradiation using anti-ASC, rabbit pAb
(AL177), antibody (red), F-actin (green), and DAPI (blue).
IL-1α and IL-1β have been measured in cell-free superna-
tants using ELISA. Data represent at least 3 independent
experiments and are presented as the means ± SD. Statis-
tics: one-way ANOVA statistical test. Symbols for P values
used in the figures. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and
∗∗∗∗P < 0:0001. NS: not significant. Magnification: ×43.
(Supplementary Materials)

References

[1] F. Daniels Jr., D. Brophy, and W. C. Lobitz Jr., “Histochemical
responses of human skin following ultraviolet irradiation1,”
The Journal of Investigative Dermatology, vol. 37, no. 5,
pp. 351–357, 1961.

[2] M. Bijl and C. G. M. Kallenberg, “Ultraviolet light and cutane-
ous lupus,” Lupus, vol. 15, no. 11, pp. 724–727, 2006.

[3] E. Reefman, P. C. Limburg, C. G. M. Kallenberg, and M. Bijl,
“Apoptosis in human skin: role in pathogenesis of various
diseases and relevance for therapy,” Annals of the New York
Academy of Sciences, vol. 1051, no. 1, pp. 52–63, 2005.

[4] V. V. Singh, N. Kerur, V. Bottero et al., “Kaposi’s sarcoma-
associated herpesvirus latency in endothelial and B cells acti-
vates gamma interferon-inducible protein 16-mediated
inflammasome,” Journal of Virology, vol. 8, pp. 4417–4431,
2013.

[5] L. Feldmeyer, M. Keller, G. Niklaus, D. Hohl, S. Werner, and
H. Dietmar Beer, “The inflammasome mediates UVB-
induced activation and secretion of interleukin-1β by kerati-
nocytes,” Current Biology, vol. 17, no. 13, pp. 1140–1145, 2007.

[6] J. Chavarría-Smith and R. E. Vance, “The NLRP1 inflamma-
somes,” Immunological Reviews, vol. 1, pp. 22–34, 2015.

[7] M. Ichihashi, M. Ueda, A. Budiyanto et al., “UV-induced skin
damage,” Toxicology, vol. 189, no. 1-2, pp. 21–39, 2003.

[8] X. Liu, Z. Zhang, J. Ruan et al., “Inflammasome-activated
gasdermin D causes pyroptosis by forming membrane
pores,” Nature, vol. 7610, pp. 153–158, 2016.

12 Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2021/7914829.f1.docx


[9] S. Nagata and M. Tanaka, “Programmed cell death and the
immune system,” Nature Reviews. Immunology, vol. 5,
pp. 333–340, 2017.

[10] Y. Dombrowski, M. Peric, S. Koglin et al., “Cytosolic DNA
triggers inflammasome activation in keratinocytes in psoriatic
lesions,” Science translational medicine, vol. 3, no. 82,
p. 82ra38, 2011.

[11] A. Lu, V. G. Magupalli, J. Ruan et al., “Unified polymerization
mechanism for the assembly of ASC-dependent inflamma-
somes,” Cell, vol. 6, pp. 1193–1206, 2014.

[12] A. C. Ogilvie, C. E. Hack, J. Wagstaff, G. J. vanMierlo, and etal,
“IL-1 beta does not cause neutrophil degranulation but does
lead to IL-6, IL-8, and nitrite/nitrate release when used in
patients with cancer,” Journal of Immunology, vol. 156,
pp. 389–394, 1996.

[13] G. Sollberger, G. E. Strittmatter, M. Kistowska, L. E. French,
and H. Dietmar Beer, “Caspase-4 is required for activation of
inflammasome,” Journal of Immunology, vol. 4, pp. 1992–
2000, 2012.

[14] M. Magna and D. S. Pisetsky, “The role of cell death in the
pathogenesis of SLE: is pyroptosis the missing link?,” Scandi-
navian Journal of Immunology, vol. 3, pp. 218–224, 2015.

[15] B. S. Franklin, L. Bossaller, D. De Nardo et al., “Adaptor ASC
has extracellular and ‘prionoid’ activities that propagate
inflammation,” Nature immunology, vol. 8, pp. 727–737, 2014.

[16] T. Ohtsuka, H. Ryu, Y. A. Minamishima et al., “ASC is a Bax
adaptor and regulates the p53-Bax mitochondrial apoptosis
pathway,” Nature Cell Biology, vol. 2, pp. 121–128, 2004.

[17] P. H. Rao, S. Zhao, Y. J. Zhao et al., “Coamplification of
Myc/Pvt1 and homozygous deletion of Nlrp1 locus are fre-
quent genetics changes in mouse osteosarcoma,” Gene Chro-
mosome and Cancer, vol. 12, pp. 796–808, 2015.

[18] G. Fenini, S. Grossi, E. Contassot et al., “Genome editing of
human primary keratinocytes by CRISPR/Cas9 reveals an
essential role of the NLRP1 inflammasome in UVB sensing,”
The Journal of Investigative Dermatology, vol. 12, pp. 2644–
2652, 2018.

[19] T. Bürckstümmer, C. Baumann, S. Blüml et al., “An orthogo-
nal proteomic-genomic screen identifies AIM2 as a cytoplas-
mic DNA sensor for inflammasome,” Nature Immunology,
vol. 3, pp. 266–272, 2009.

[20] M. Reinholz, Y. Kawakami, S. Salzer et al., “HPV16 activates
the AIM2 inflammasome in keratinocytes,” Archives of Der-
matological Research, vol. 8, pp. 723–732, 2013.

[21] S. K. Drexler, L. Bonsignore, M. Masin et al., “Tissue-specific
opposing functions of the inflammasome adaptor ASC in the
regulation of epithelial skin carcinogenesis,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 45, pp. 18384–18389, 2012.

[22] J. A. Aglipay, S. W. Lee, S. Okada et al., “Amember of the pyrin
family, IFI16, is a novel BRCA1-associated protein involved in
the p53-mediated apoptosis pathway,” Oncogene, vol. 22,
no. 55, pp. 8931–8938, 2003.

[23] D. Dutta, S. Dutta, M. V. Veettil et al., “BRCA1 regulates IFI16
mediated nuclear innate sensing of herpes viral DNA and sub-
sequent induction of the innate inflammasome and interferon-
β responses,” Plos Pathogens, vol. 11, no. 6, article e1005030,
2015.

[24] S. Costa, C. Borgogna, M.Mondini et al., “Redistribution of the
nuclear protein IFI16 into the cytoplasm of ultraviolet B-
exposed keratinocytes as a mechanism of autoantigen process-

ing,” The British Journal of Dermatology, vol. 164, pp. 282–290,
2011.

[25] N. Kerur, M. V. Veettil, N. Sharma-Walia et al., “IFI16 acts as a
nuclear pathogen sensor to induce the inflammasome in
response to Kaposi sarcoma-associated herpesvirus infection,”
Cell Host & Microbe, vol. 9, no. 5, pp. 363–375, 2011.

[26] F. I. Schmidt, A. Lu, J. W. Chen et al., “A single domain anti-
body fragment that recognizes the adaptor ASC defines the
role of ASC domains in inflammasome assembly,” The Journal
of Experimental Medicine, vol. 5, pp. 771–790, 2016.

[27] G. J. Gludsdale, G. W. Dandie, and H. K. Muller, “Ultraviolet
light induced injury: immunological and inflammatory
effects,” Immunology and Cell Biology, vol. 79, no. 6,
pp. 547–568, 2001.

[28] N. B. Bryan, A. Dorfleutner, Y. Rojanasakul, and C. Stehlik,
“Activation of inflammasomes requires intracellular redistri-
bution of the apoptotic speck-like protein containing a caspase
recruitment domain,” Journal of Immunology, vol. 5, pp. 3173–
3182, 2009.

[29] P. Kuri, N. L. Schieber, T. Thumberger, J. Wittbrodt,
Y. Schwab, and M. Leptin, “Dynamics of in vivo ASC speck
formation,” The Journal of Cell Biology, vol. 9, pp. 2891–
2909, 2017.

[30] N. B. Bryan, A. Dorfleutner, S. J. Kramer, C. Yun,
Y. Rojanasakul, and C. Stehlik, “Differential splicing of the
apoptosis-associated speck like protein containing a caspase
recruitment domain (ASC) regulates inflammasomes,” Journal
of Inflammation, vol. 7, no. 1, 2010.

13Oxidative Medicine and Cellular Longevity


