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Abstract
Pyroptosis is a proinflammatory form of cell death that is associated with pathogen-
esis of many chronic inflammatory diseases. Melatonin is substantially reported to 
possess anti- inflammatory properties by inhibiting inflammasome activation. 
However, the effects of melatonin on inflammasome- induced pyroptosis in adipo-
cytes remain elusive. Here, we demonstrated that melatonin alleviated lipopolysac-
charides (LPS)- induced inflammation and NLRP3 inflammasome formation in mice 
adipose tissue. The NLRP3 inflammasome- mediated pyroptosis was also inhibited 
by melatonin in adipocytes. Further analysis revealed that gasdermin D (GSDMD), 
the key executioner of pyroptosis, was the target for melatonin inhibition of adipo-
cyte pyroptosis. Importantly, we determined that nuclear factor κB (NF- κB) signal 
was required for the GSDMD- mediated pyroptosis in adipocytes. We also confirmed 
that melatonin alleviated adipocyte pyroptosis by transcriptional suppression of 
GSDMD. Moreover, GSDMD physically interacted with interferon regulatory factor 
7 (IRF7) and subsequently formed a complex to promote adipocyte pyroptosis. 
Melatonin also attenuated NLRP3 inflammasome activation and pyroptosis, which 
was induced by LPS or obesity. In summary, our results demonstrate that melatonin 
alleviates inflammasome- induced pyroptosis by blocking NF- κB/GSDMD signal in 
mice adipose tissue. Our data reveal a novel function of melatonin on adipocyte 
 pyroptosis, suggesting a new potential therapy for melatonin to prevent and treat 
obesity caused systemic inflammatory response.
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1 |  INTRODUCTION

Obesity has become a public health epidemic worldwide and 
is associated with adipose tissue inflammation. Dysfunctional 
adipose tissue with low- grade, chronic, and systemic inflam-
mation links the metabolic and vascular pathogenesis includ-
ing type II diabetes and cardiovascular disease.1,2 Studies 
reveal that hypertrophic adipocytes are immunologically ac-
tive and capable of activating inflammasome pathways during 

the chronic inflammation.3–5 Recent evidences demonstrate 
that activation of inflammasome pathways triggers pyropto-
sis and results in the extracellular release of inflammatory 
cytokines.6,7 Thus, these findings provide a new potential 
means for the regulation of inflammasome and pyroptosis in 
adipocytes to prevent obesity and other chronic inflammatory 
diseases.

Melatonin (N- acetyl- 5- methoxytryptamine) is synthe-
sized by the pineal gland and other organs and maintains 
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circadian rhythm in mammals.8–10 Melatonin is involved 
in a wide range of other physiological functions, including 
antioxidant, anti- inflammatory, immunomodulatory, and va-
somotor effects.11–14 Our previous study also confirms mel-
atonin promotes proliferation through regulating circadian 
rhythm in adipocytes.15 Moreover, studies demonstrate that 
melatonin ameliorates low- grade inflammation and oxida-
tive stress by repressing the inflammatory response in brain 
and peripheral tissue.16–20 Inflammasomes are a group of 
protein complexes including NLRP3, NLRC4, AIM2, and 
NLRP6.21–23 Moreover, inflammasome functions as a sensor 
to detect danger signals and induce secretion of potent pro- 
inflammatory cytokines that contribute to obesity- associated 
chronic inflammation conditions.24–26 Recent studies suggest 
that melatonin attenuates inflammatory response by inhibit-
ing activation of inflammasome in brain and lung injury.27,28 
However, the effects of melatonin on inflammasome of 
 adipocytes during peripheral adipose inflammation remain 
elusive.

Pyroptosis is an inflammatory form of regulated cell death 
that relies on cytosolic inflammasome activation.29 For a 
long time, pyroptosis has been misclassified as a special type 
of apoptosis in monocytes in response to certain bacterial in-
sults.6,30 However, recent studies demonstrate that pyroptosis 
is emerging as a general innate immune effector mechanism 
in various cell types.31,32 Pyroptosis can be triggered by var-
ious pathological stimuli, such as microbial infection, stroke, 
heart attack, or cancer.30,33 Moreover, Giordano et al.34 deter-
mine that obesity could induce NLRP3- dependent Caspase1 
activation and triggers pyroptosis and proinflammatory re-
sponse in hypertrophic adipocytes. Although several studies 
reveal the beneficial actions of melatonin on obesity and ad-
ipocyte inflammation, the effects of melatonin on pyroptosis 
in adipocytes are still unknown.

In this study, we investigate the effects of melatonin on 
inflammasome activation and pyroptosis of adipocytes. We 
further tested the hypothesis that melatonin could alleviate 
pyroptosis through the inhibition of NF- κB/GSDMD signals 
in mice adipose tissues.

2 |  MATERIAL AND METHODS

2.1 | Animal experiment
Eight- week- old C57BL/6J background male mice were pur-
chased from the Laboratory Animal Center of the Fourth 
Military Medical University (Xi’an, China). The use of the 
animals and mouse handling protocols were conducted fol-
lowing the guidelines and regulations approved by the Animal 
Ethics Committee of Northwest A&F University (Yangling, 
Shaanxi). Mice were housed as 2- 5 per cage and provided ad 
libitum with water and a standard laboratory chow diet. The 
animal room was maintained constant temperature at 25±1°C 

and humidity at 55±5%, and 12- h light/12- h dark cycles. The 
mice used for lipopolysaccharide (LPS) challenged and diet- 
induced obese were maintained in the same condition.

The mice (n=24) were randomly divided into four groups 
using a 2×2 factorial design. Half of the mice were intra-
peritoneally injected with phosphate- buffered saline (PBS) 
(vehicle), and the other half received a daily intraperitoneal 
(IP) injection of a 200 μL solution consisting melatonin (MT, 
20 mg/kg; Sigma- Aldrich, St. Louis, MO, USA) in PBS be-
fore the dark onset for 14 days. For the LPS- challenged ex-
periment in vivo, half of the mice that received the PBS or 
MT injection were challenged via intraperitoneal (ip) injec-
tion with the indicated quantities of LPS (75 μg/kg, Sigma- 
Aldrich, St. Louis, MO, USA) in PBS for 24 hours. Mice were 
sacrificed by overdosed ethyl ether within two hours after the 
last injection of melatonin or the vehicle. Immediately, the 
epididymal white adipose tissue (eWAT) or blood was col-
lected and kept for the studies as follows.

For diet- induced obesity, mice were placed on high- fat 
diet (HFD; fat provides 60% of the total energy) for 10 weeks, 
while control mice were fed with a standard chow diet (fat 
provides 10% of the total energy). Body weight and food 
intake of mice were recorded weekly. Mice were then euth-
anized by ethyl ether. The epididymal white adipose tissue 
(eWAT) was dissected and kept for the following studies.

2.2 | Primary adipocyte culture and 
reagents treatments
The connective fiber and blood vessels in collected eWAT 
tissues were removed, and the tissue was washed three times 
with PBS buffer containing 200 U/mL penicillin (Sigma- 
Aldrich, St. Louis, MO, USA) and 200 U/mL streptomycin 
(Sigma, St. Louis, MO, USA). The pre- adipocyte culture was 
carried out according to our previous publication.15 Briefly, 
adipocytes were seeded onto 35- mm culture dishes at 30% 
(v/v) confluency and incubated at 37°C under a humidi-
fied atmosphere of 5% CO2 and 95% air until confluence. 
Differentiation of pre- adipocytes was performed as follows. 
Cells grown to 100% confluence (Day 0) were induced to 
differentiation using DMEM/F12 medium containing dexa-
methasone (1 μM, Sigma, St. Louis, MO, USA), insulin 
(10 μg/mL, Sigma, St. Louis, MO, USA), IBMX (0.5 mM, 
Sigma, St. Louis, MO, USA) and 10% FBS. Four days after 
the induction (from Day 2), cells were maintained in the in-
duction medium containing insulin (10 μg/mL, Sigma, St. 
Louis, MO, USA) and 10% FBS. Melatonin (MT, Selleck.
cn, Shanghai, China) was pre- added into culture medium 
at a final concentration of 1 μM for 14 hours and further 
stimulated with LPS (200 ng/mL) for another 10 hours. 
 Z- DEVD- FMK (Selleck.cn, Shanghai, China) was added 
into the culture medium at a final concentration of 50 μM 
for 24 hours.



   | 3 of 17LIU et aL.

For virus vectors study, adipocytes were infected with 
interference lentiviral recombinant vectors of GSDMD 
 (si- GSDMD), Caspase1 (si- Caspase1), NLRP3 (si- NLRP3), 
or IRF7 (si- IRF7) for 48 hours at the titer of 1×109 IFU/
mL and then treated with melatonin. The control vector was 
pGLVU6- GFP. All the vectors were constructed by Gene 
Pharma (Shanghai, China).

2.3 | Enzyme- linked immunosorbent assay
The measurement of protein levels of IL- 1β, IFN- γ, and IL- 6 
in cell culture supernatants or mouse sera was taken using 
the commercial ELISA kits from Sigma (Sigma- Aldrich, 
St. Louis, MO, USA) according to the manufacturer’s 
instructions.

2.4 | RNA- seq analysis
Total RNA from epididymal adipose tissue (eWAT) was 
prepared with TRIpure Reagent kit (Takara, Dalian, China) 
and the RNA- seq analysis was performed as previous de-
scribed.15 Briefly, quantification and quality control of the 
sample libraries were assessed by Agilent 2100 Bioanalyzer 
and ABI StepOnePlus Real- time PCR System. RNA se-
quencing was performed using Hiseq 4000 instrument 
(Illumina, San Diego, CA, USA). Real- time analysis was 
used for base calling. Fastq files were mapped to the mouse 
genome (NCBI37/mm9) using TopHat (version 2.0.4, Johns 
Hopkins University, Baltimore, MD, USA). Mapped reads 
were then assembled via Cufflinks (version 2.0.2, University 
of Washington Seattle, WA, USA) with the default set-
tings. Assembled transcripts were then merged using the 
Cuffmerge program with the reference genome. Analysis of 
mRNA levels was carried out using the Cuffdiff program, 
with samples being grouped by treatment condition, three 
replicates per group. Volcano plots comparing log10 (statis-
tical relevance) to log2 (fold change) were generated using 
R (version3.1.1, AT&T Bell Laboratories, New York, NY, 
USA), using the base plotting system and calibrate library. 
Gene Ontology (GO) and pathway enrichment analysis were 
performed to categorize the considerably enriched func-
tional classification or metabolic pathways in which DEGs 
operated.

2.5 | Measurement of Caspase1 and 
Caspase3 activity
Caspase1 and Caspase3 activities were determined using a 
Caspase- Glo® 3 Assay Systems (Promega, Madison, WI, 
USA) and Caspase- Glo® 1 Inflammasome Assay (Promega, 
Madison, WI, USA) according to the manufacturer’s in-
structions. In brief, cells were seeded in 96- well plate. After 
treatment, equal volume of Caspase- Glo 3 or 1 reagent was 

added to the cell culture medium, which had been equili-
brated to room temperature for 1 hour, cells were shook for 
5 minutes and incubated at room temperature for 30 min-
utes. Luminescent recording was performed with Victor X 
(PerkinElmer, MA, USA).

2.6 | Cytotoxicity assay
Relevant adipocytes were treated as indicated. Cytotoxicity 
was determined by measuring the release of lactate dehy-
drogenase (LDH) using the CytoTox 96 Non- Radioactive 
Cytotoxicity Assay kit (Promega, Madison, WI, USA) fol-
lowing the manufacturer’s instructions.

2.7 | Immunofluorescence assay
Immunofluorescence analysis was performed as previously 
described.35 The cells were treated as indicated and fol-
lowed fixed with 4% paraformaldehyde and then blocked 
with 5% bovine serum albumin (BSA) in PBS for 1 hour at 
room temperature. The cells were then incubated with rabbit 
polyclonal anti- ASC primary antibody (Abcam, Cambridge, 
UK) and anti- P65 antibody (Abcam, Cambridge, UK) at 
a dilution of 1:50 overnight, followed by incubation with 
fluorescein isothiocyanate- conjugated goat anti- rabbit 
IgG antibody (Boster, Wuhan, China) for 1 hour at room 
temperature. DAPI was used for nuclear staining. Finally, 
cells were observed and photographed using a Cytation3 
Cell Imaging Multi- Mode Reader (BioTek, Winooski, VT, 
USA).

2.8 | Cell death analysis
Adipocytes were incubated for 30 minutes with Hoechst 
33342 (Solarbio, Beijing, China) loading dye and washed 
three times with ice- cold PBS. Mid- stage and late- stage ap-
optosis of adipocytes were assayed using Annexin V- FITC/PI 
apoptosis detection kit (Beyotime Institute of Biotechnology, 
Nanjing, China) following the User Protocol. Terminal deox-
ynucleotidyl transferased UTP nick- end labeling (TUNEL) 
staining was further used to detect apoptosis using the com-
mercial kit from Vazyme (TUNEL BrightGreen Apoptosis 
Detection Kit, Vazyme, Nanjing, China). The TUNEL- 
positive cells showed green nuclear staining, and all of the 
cells with blue nuclear DAPI staining were counted within 
five randomly chosen fields under high power magnifica-
tion. The index of apoptosis was expressed as the ratio of 
positively stained apoptotic cells to the total number of 
cells counted ×100%. The cells were visualized and ana-
lyzed using Cytation3 Cell Imaging Multi- Mode Reader 
(BioTek, Winooski, VT, USA) and using BD FACScan (BD 
Biosciences, Franklin Lakes, NJ, USA). Data were analyzed 
using Cell Quest software (BD Biosciences).

Administrator
高亮
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2.9 | Transmission electron microscopy
At room temperature, adipocytes were fixed in 2.5% glu-
taraldehyde in PBS (pH=7.2) for 24 hours, postfixed in 1% 
osmium tetroxide in water for 2 hours. After dehydrated in 
an ascending series of ethanol (30%, 50%, 70%, 80%, 90%, 
100%) for 10 minutes each, the samples were then embedded 
in Durcupan ACM (Fluka Chemie AG, Buchs, Switzerland). 
Sections were cut with a diamond knife at a thickness of 
50- 60 nm. These sections were stained with uranyl acetate 
and lead citrate and examined with a transmission electron 
microscopy (TEM, HT7700, 80 kV, Hitachi, Tokyo, Japan). 
Images were recorded on film at 30 000×magnification. The 
percentage of mitochondrial integrity was determined by di-
viding the number of normal mitochondria by the total num-
ber of mitochondria per image.

2.10 | Plasmids construction and Dual- 
luciferase reporter assay
A 850- bp mouse GSDMD promoter was cloned by PCR am-
plification of C57BL/6J mouse genomic DNA and inserted 
in the pGL- 3 basic vector (Promega, Madison, WI, USA). 
The resulting reporter was named GSDMD850- Luc. Further 
deletion of the GSDMD850- Luc generated GSDMD720- Luc, 
GSDMD250- Luc, and GSDMD100- Luc reporters contained of 
720 bp, 250 bp and 100 bp of GSDMD promoter, respectively. 
Mutant GSDMD reporter plasmids were generated using 
the GSDMD720- Luc plasmid as a template; a mutagenesis 
kit (Invitrogen, CA, USA) was used to created GSDMD720- 
Luc- S1, GSDMD720- Luc- S2 and GSDMD720- Luc- S1, S2 
with mutation in the two binding sites of GSDMD promoter. 
HEK293 cells were cotransfected with luciferase reporter 
plasmids, pRL- TK reporter plasmid (control reporter), 
and NF- κB plasmid (pc- NF- κB) using X- tremeGENE™ 
Transfection Reagent (Roche, Basel, Switzerland). After 
transfection for 24 hours, cells were harvested and measured 
using the Dual- Luciferase Reporter assay system (Promega, 
Madison, WI, USA), and luciferase activity was divided by 
the Renilla luciferase activity to normalize for transfection 
efficiency.

2.11 | Chromatin Immunoprecipitation 
(ChIP) assay
ChIP assay was performed as previous described using a 
ChIP assay kit (Abcam, Cambridge, UK) according to 
the manufacturer’s protocol. In brief, primary antibod-
ies of GSDMD (Abcam, Cambridge, UK) or IgG (Abcam, 
Cambridge, UK) were used. DNA–protein cross- linking 
complexes were collected, and purified DNA was subjected 
to qPCR with SYBR green fluorescent dye (Invitrogen, 
Carlsbad, CA, USA).

2.12 | Nuclear protein extraction
Nuclear and cytoplasmic fractions were prepared using 
the protocols from Zhong et al.36 In brief, cells were lysed 
with 400 μL of cytoplasmic lysis buffer. The lysates were 
incubated for 5 minutes on ice and vortexed two times for 
10 seconds. The lysates were centrifuged for 30 seconds at 
16 000×g, and supernatants were collected as cytoplasmic 
fractions. The pellets were resuspended in 50 μL of nuclear 
extraction buffer and sonicated three times on ice. The nu-
clear fractions were centrifuged for 5 minutes at 16 000×g, 
and the supernatant was collected to obtain nuclear proteins. 
The proteins were denatured by boiling at 100°C and kept for 
further studies.

2.13 | Co- immunoprecipitation (Co- 
IP) analysis
HEK293 cells were transfected with plasmids using 
 X- tremeGENE™ Transfection Reagent (Roche, Basel, 
Switzerland). After 24- h transfection, cells were then snap- 
frozen in lipid nitrogen. Whole- cell lysate was harvested 
in lysis buffer with a protease inhibitor. Cells were then 
sonicated for 10 seconds, and the whole- cell lysate was pre-
cleared with Protein A for 2 hours and incubated with 2 μg 
primary antibody overnight at 4°C. Immune complexes were 
pulled down with Protein A agarose for 2 hours at 4°C with 
shaking. Beads were washed once with lysis buffer and three 
times with wash buffer and then eluted by boiling in SDS 
sample buffer followed by detection of Western blot.

2.14 | Real- time quantitative PCR analysis
Total RNA was extracted from eWAT or adipocytes with 
TRIpure Reagent kit (Takara, Dalian, China) as previously 
described;37 500 ng of total RNA was reverse- transcribed 
using M- MLV reverse transcriptase kit (Takara, Dalian, 
China). Primers were synthesized by Invitrogen (Shanghai, 
China). Quantitative PCR was performed in 25 μL reaction 
system containing specific primers and AceQ qPCR SYBR 
Green Master Mix (Vazyme, Nanjing, China). Amplification 
was performed in the ABI StepOne Plus™ RT- PCR System 
(ABI, Carlsbad, CA). The levels of mRNA were normalized 
in relevance to GAPDH. The expression of genes was ana-
lyzed by method of 2−ΔΔC

t.

2.15 | Western blotting analysis
Protein from adipocytes was extracted using lysing buffer 
according to the protocol from Liu et al.38 Protein concentra-
tion was determined using BCA Protein Assay kit (Beyotime 
Institute of Biotechnology, Nanjing, China). Proteins 
(30 μg) were separated by SDS- PAGE, transferred to PVDF 
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nitrocellulose membrane (Millipore, Boston, MA, USA), 
blocked with 5% fat- free milk for 2 hours at room tempera-
ture, and then incubated with primary antibodies in 5% milk 
overnight at 4°C. p65, phosphorylate- p65, NLRP3, GSDMD, 
ASC, Caspase1, Cleaved- Caspase1, Caspase3, Cleaved- 
Caspase3, NF- κB, phosphorylate- NF- κB, and IRF7 antibod-
ies were all purchased from Abcam (Cambridge, UK), and 
GAPDH from Bioworld (Nanjing, China). Rabbit HRP- 
conjugated secondary antibody (Baoshen, Beijing, China) 
was added and incubated at room temperature for 2 hours. 
Proteins were visualized using chemiluminescent peroxidase 
substrate (Millipore, Boston, MA, USA), and then the blots 
were quantified using ChemiDoc XRS system (Bio- Rad, 
Hercules, CA, USA).

2.16 | Statistical analysis
Statistical analyses were conducted using SAS v8.0 (SAS 
Institute, Cary, NC). Data were analyzed using one- way and 
two- way ANOVAs. Comparisons among individual means 
were made by Fisher’s least significant difference (LSD). 
Data were presented as mean±SEM. P<.05 was considered 
to be significant.

3 |  RESULTS

3.1 | Melatonin reduces inflammasome 
activation in white adipose tissue
To explore the effects of melatonin on inflammation, we 
compared white adipose transcriptomes from vehicle-  and 
melatonin- injected mice. Melatonin treatment resulted in an 
anti- inflammatory transcriptional signature defined by the 
downregulation of 3, 199 genes when significant gene ex-
pression differences are grouped and visualized as a Heatmap 
(Figure 1A). And further analyses revealed signature genes 
downregulated by melatonin were associated with inflam-
masome activation; especially, NLRP1, NLRP3, and ASC 
were significantly reduced (Figure 1A). The subsequent 
Gene Ontology (GO) analysis showed the distinct difference 
genes were enriched in those encoding factors involved in 
NF- κB signal, NLR signal, and IL signal (Figure 1B). The 
mRNA expression measurement established that inflamma-
some indicators NLRP3 and ASC were decreased with mela-
tonin injection. In addition, the levels of Caspase1 and IL-1β, 
the up-  and downstream markers of inflammasome, were all 
reduced (Figure 1C). Interestingly, melatonin injection sig-
nificantly decreased the expression of GSDMD and IRF7 
(Figure 1C). And the Western blot measurement showed 
the consistent results (Fig. S1A). The genes described in 
Figure 1C were virtually all shown by the RNA- sequencing 
(RNA- Seq) analysis in Figure 1A. Additionally, melatonin 
injection significantly reduced the serum levels of IL- 1β, 

IL- 6, and IFN- γ (Figure 1D- F). These findings indicated me-
latonin affects the inflammasome activation of white adipose 
tissue.

3.2 | Melatonin blunts LPS- induced NLRP3 
inflammasome activation in adipocytes
To further analyze the regulation of melatonin on inflam-
masome activation, we pretreated adipocytes with LPS and 
examined the key inflammasome activity. As expected, LPS 
treatment stimulated the upregulation of NLRP3, ASC, and 
Caspase1 and also increased the mRNA level of GSDMD 
(Figure 2A). On the contrary, cells treated with melatonin 
showed the opposite results (Figure 2A). Melatonin can also 
effectively block LPS- induced IL- 1β release (Figure 2B). 
We next asked whether melatonin affected ASC on protein 
level. Immunofluorescence stain indicated that ASC protein 
level was elevated with LPS treatment and decreased when 
incubated with melatonin (Figure 2C). In addition, melatonin 
markedly inhibited LPS- induced LDH release, and along 
with the reduction in Caspase1 and Caspase3 protein con-
tents, indicating the negative role of melatonin on cell death 
(Figure 2D- F).

3.3 | Melatonin alleviates LPS- induced 
pyroptosis in adipocytes
To find the distinct role of melatonin in the regulation of 
cell death, we first used Z- DEVD- FMK, the specific inhibi-
tor of Caspase3, to block cell apoptosis. Figure 3A shows 
Caspase3 was effectively inhibited in cells pretreated with 
LPS and Z- DEVD- FMK, and melatonin further reduced the 
protein level of Caspase3. Z- DEVD- FMK had no effect on 
Caspase1 (Figure 3B). In addition, melatonin can still re-
duce LPS- induced Caspase1 elevation with Z- DEVD- FMK 
treatment (Figure 3B). Similarly, melatonin decreased LPS- 
induced LDH release and the addition of Z- DEVD- FMK 
did not disturb this process (Figure 3C). We also performed 
the TUNEL stain measurement to see how melatonin af-
fected cell death. Interestingly, we obtained the consistent 
result as in Figure 3A- C; melatonin significantly reduced 
 LPS- induced cell death, while Caspase3 played no role in 
LPS- mediated cell death (Figure 3D). These results triggered 
us to hypothesize that melatonin attenuated LPS- induced py-
roptosis but not apoptosis in adipocytes. We further exam-
ined the NLRP3 and ASC inflammasome and the expression 
level of GSDMD. As expected, melatonin markedly down-
regulated the mRNA levels of NLRP3, ASC, and GSDMD; 
and when inhibited Caspase3 activity, melatonin still reduced 
the levels of inflammasome and GSDMD (Figure 3E). IL- 1β 
maturation and secretion is another major response of ca-
nonical inflammasome activation. We observed that contrast 
to control group, melatonin treatment group had little IL- 1β 
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secretion into the supernatant, and the inhibition of Caspase3 
had no effects on IL- 1β secretion (Figure 3F). Thus, we con-
clude melatonin alleviates LPS- induced pyroptosis.

3.4 | Reduction in GSDMD is essential for 
melatonin- alleviated pyroptosis
We further examine the regulation of melatonin in 
inflammasome- triggered pyroptosis. Melatonin decreased 
the mRNA level of GSDMD, and the deficiency of GSDMD 
further strengthens the reduction in GSDMD (Figure 4A). 
Knockdown of GSDMD blocked LPS- induced pyroptosis 
of adipocytes upon the reduction in NLRP3 inflammasome 

and Caspase1 expression (Figure 4B). Melatonin addition 
further decreased pyroptosis (Figure 4B). LPS- induced IL- 
1β release was also inhibited after GSDMD knocked down, 
and melatonin strengthens the reduction in IL- 1β release 
(Figure 4C). The LPS- induced LDH release was significantly 
reduced in the si- GSDMD group and melatonin- treated group 
(Figure 4D). Cotreatment of si- GSDMD and melatonin 
slightly affected the reduced pattern of LDH (Figure 4D). 
Compared with LPS treatment group, the deficiency of 
GSDMD reduced membrane pore formation, suggesting 
the reduction in pyroptosis (Figure 4E). We got the similar 
results in melatonin treatment group, and LPS- triggered py-
roptosis was further decreased in si- GSDMD and melatonin 

F I G U R E  1  Melatonin reduces inflammasome activation in white adipose tissue. A, Heatmap of genes upregulated or downregulated with 
melatonin injection of mice white adipose tissue, along with the top affected genes with melatonin treatment (n=3). B, GO analysis of the target 
genes in (A) showing the biology process for melatonin treatment (n=3). C, mRNA levels of inflammation marker genes and inflammasome genes 
with melatonin treatment of mice white adipose tissue (n=6). D, Serum IL- 1β level with melatonin treatment (n=6). E, Serum IL- 6 level with 
melatonin treatment (n=6). F, Serum IFN- γ level with melatonin treatment (n=6). Values are means±SEM. *P<.05 compared with the control 
group
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cotreatment group (Figure 4E). We then pretreated cells with 
Z- DEVD- FMK and performed the TUNEL stain measure-
ment, which confirmed that melatonin attenuated pyroptosis 
through the regulation of GSDMD (Figure 4F). Together, we 
confirmed that melatonin alleviated LPS- induced pyroptosis, 
and the deficiency of GSDMD promoted the this function.

3.5 | Melatonin inhibits adipocyte 
pyroptosis by reducing NF- κB signal
As indicated in Figure 1, NF- κB signals were enriched in 
the GO signal pathway analysis, we then asked whether NF- 
κB signals influenced melatonin function. Firstly, with the 

F I G U R E  2  Melatonin blunts LPS- induced NLRP3 inflammasome activation in adipocytes. Melatonin was pre- added into culture medium 
at a final concentration of 1 μM for 14 h and further stimulated with LPS (200 ng/mL) for 10 h. A, Expression profile of NLRP3, ASC, Caspase1, 
and GSDMD of treated adipocytes (n=3). B, IL- 1β release in the culture medium was measured by ELISA (n=3). C, Immunofluorescence of ASC 
and Hoechst staining of treated adipocytes (n=3). D, LDH release was measured in treated adipocytes (n=3). E, Caspase1 activity was detected 
in treated adipocytes (n=3). F, Caspase3 activity was detected in treated adipocytes (n=3). Values are means±SEM. *P<.05 compared with the 
control group, #P<.05 compared with the LPS group
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stimulation of LPS we determined the mRNA and protein 
levels of melatonin receptors after incubation with mela-
tonin. Figure 5A,B shows both MT1 and MT2 were elevated 
with melatonin treatment, while LPS had the opposite ef-
fects (Figure 5A,B). Melatonin- alone treatment significantly 
blocked NF- κB signal activity, both the protein level of NF- 
κB in the cytoplasm and p65 in the nucleus (Figure 5C). 
And in the cells of LPS- induced pyroptosis, melatonin still 
reduced the levels of NF- κB and p65 (Figure 5C). Melatonin 

treatment decreased the GSDMD mRNA level, which was 
elevated by LPS (Figure 5D). In addition, phosphorylation 
level of p65 was also decreased compared with that in LPS- 
alone treatment group (Figure 5E). Consistently, the translo-
cation of NF- κB to the nucleus in adipocytes was analyzed 
using immunofluorescence staining, and the images revealed 
that NF- κB p65 was normally sequestered in cytoplasm and 
that both cytoplasm and nuclear accumulation of p65 were 
markedly reduced following melatonin treatment (Figure 5F). 

F I G U R E  3  Melatonin alleviates LPS- induced pyroptosis in adipocytes. Cells were stimulated with LPS for 24 h and treated with melatonin 
or Z- DEVD- FMK. A, Caspase3 activity was measured in treated adipocytes (n=3). B, Caspase1 activity was measured in treated adipocytes (n=3). 
C, LDH release was measured in treated adipocytes (n=3). D, TUNEL staining of treated adipocytes and flow cytometry analysis of positive 
TUNEL cells (n=3). E, Expression profile of NLRP3, ASC, and GSDMD in treated adipocytes (n=3). F, IL- 1β production in culture medium 
measured by ELISA (n=3). Values are means±SEM. *P<.05 compared with the control group, #P<.05 compared with the MT group
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LPS- induced pyroptosis upregulated the protein levels of 
GSDMD and ASC, and melatonin played the opposite role 
(Figure 5G). LPS- induced pyroptosis increased the phospho-
rylation of NF- κB, and along with the elevation of NLRP3 and 
Cleaved- Caspase1; and melatonin treatment reversed the ex-
pression pattern of these indicators (Figure 5G). Interestingly, 
our data showed LPS- induced pyroptosis enhanced the level 
of IRF7, which we did not consider before (Figure 5G).

Cluster of transcription factors of multiple inflammation 
genes were altered as shown in the RNA- seq data (Figure 1). 
To analyze the underlying mechanisms of melatonin on py-
roptosis, we considered the transcription- level control. Our 
results showed GSDMD promoter contained three potential 
binding domains of NF- κB (Figure 6A), and data demon-
strated the binding sites, 720 bp- 250 bp and 250 bp- 100 bp 
upstream of the initiation site of GSDMD, functioned 
(Figure 6A,B). Mutation of either one of the two binding sites 
plays no role in the inhibition of GSDMD transcription, but 
in case of mutant two of the binding sites, the transcription 
of GSDMD was blocked (Figure 6C). This confirmed both 
the two binding sites functioned and NF- κB was a positive 
transcription regulator of GSDMD. Expression of NF-κB in 
adipocytes also increased the expression of GSDMD, while 

cotreatment of NF- κB and melatonin blocked the elevation 
of GSDMD (Figure 6D). Compared with the increasing LDH 
release and IL- 1β release in NF- κB forced expression group, 
melatonin plus NF- κB reduced both the LDH release and IL- 
1β release (Figure 6E).

3.6 | IRF7 forms a complex with GSDMD
The decreased protein level of IRF7 caused by melatonin 
led us to further hypothesize that melatonin regulated LPS- 
induced pyroptosis by direct modification, through a physi-
cal interaction. Based on the bioinformatics analysis and 
previous data sheet, our data showed IRF7 interacted with 
GSDMD (Figure 7A). Then by protein–protein measurement, 
our data indicated IRF7 strongly interacted with GSDMD in 
HEK293T cells (Figure 7B).

Next, we infected adipocytes with pAd- IRF7 (or si- 
IRF7) alone or with melatonin and analysis the level of 
Caspase1 and IL- 1β release. IRF7 overexpression signifi-
cantly increased Caspase1 mRNA level, but melatonin ad-
dition attenuated the elevation of Caspase1 (Figure 7C). 
Similarly, IRF7 stimulated IL- 1β release, but melatonin 
played on the contrary (Figure 7D). Thus, these data 

F I G U R E  4  Reduction in GSDMD is essential for melatonin- alleviated pyroptosis. Adipocytes were pre- infected with si- GSDMD and 
then treated with or without melatonin (MT). A, mRNA level of GSDMD in treated adipocytes (n=3). B, Gene expression of NLRP3 and 
Caspase1 in treated adipocytes (n=3). C, IL- 1β release in the culture medium was measured by ELISA (n=3). D, LDH release was measured 
in treated adipocytes (n=3). E, Representative electron micrographs (30 000×) of treated adipocytes. Red arrowhead: membrane pores, L: lipid, 
M: mitochondria (n=3). F, TUNEL staining of treated adipocytes and flow cytometry analysis of positive TUNEL cells (n=3). si- GSDMD: the 
interference lentivirus vector of GSDMD. Values are means±SEM. *P<.05 compared with the control group, #P<.05 compared with the MT group



10 of 17 |   LIU et aL.

suggested IRF7 and GSDMD directly bind, and melatonin 
regulated GSDMD- mediated pyroptosis via the regulation 
of IRF7 in adipocytes.

3.7 | Melatonin alleviates LPS- induced 
pyroptosis in mice adipose tissue
To test the effects of melatonin on pyroptosis in vivo, we used 
a model of LPS- induced pyroptosis. LPS treatment markedly 

increased serum IL- 1β level, and melatonin injection had the 
opposite effect as the in vitro experiments (Figure 8A). Then, 
further inflammasome detection demonstrated  melatonin 
downregulated LPS- induced NLRP3 and ASC elevation, 
and along with the reduction in Caspase1 and GSDMD 
(Figure 8B). GSDMD membrane pore was also reduced after 
melatonin treatment in LPS- induced pyroptosis (Figure 8C). 
Thus, we verified melatonin function in LPS- induced pyrop-
tosis in vivo.

F I G U R E  5  Melatonin inhibits adipocyte pyroptosis by reducing NF- κB signal. Adipocytes were pretreated with LPS and incubated with 
or without melatonin (MT). A, Expression profile of melatonin receptor 1 (MT1) and melatonin receptor 2 (MT2) in treated adipocytes (n=3). 
B, Protein levels of melatonin receptor 1 (MT1) and melatonin receptor 2 (MT2) in treated adipocytes (n=3). C, Protein levels of NF- κB and 
p65 in the cytoplasm and in the nucleus of treated adipocytes (n=3). D, mRNA level of GSDMD in treated adipocytes (n=3). E, Protein level 
of phosphorylation of p65 and total p65 in treated adipocytes (n=3). F, p65 protein localization was determined using an anti- p65 antibody and 
fluorescein isothiocyanate- labeled anti- rabbit IgG antibody in treated adipocytes (n=3). G, Protein levels of phosphorylation of NF- κB, total 
NF- κB, NLRP3, ASC, Cleaved- Caspase1, Caspase1, GSDMD, and IRF7 in treated adipocytes (n=3). Values are means±SEM. *P<.05, #P<.05 
compared with the control group
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F I G U R E  6  NF- κB positively regulated the transcription of GSDMD. A, Dual- luciferase reporter assay of GSDMD and NF- κB. HEK293 
cells were transfected with PGL3- basic or PGL3- GSDMD plasmids, and pc- NF- κB plasmid (n=3). B, ChIP analysis between GSDMD and NF- κB 
(n=3). C, The strategy for generating mutant GSDMD promoter- driven luciferase reporters with mutated bases shown in red (n=3). D, mRNA level 
of GSDMD of adipocytes pretreated with pc- NF- κB and incubated with melatonin (MT) or not (n=6). E, LDH release was measured by ELISA of 
adipocytes pretreated with pc- NF- κB and incubated with melatonin (MT) or not (n=3). F, IL- 1β production in the culture medium was detected 
by ELISA (n=3). pc- NF- κB: the overexpression plasmid of NF- κB, GSDMD720- LUC- S1: the mutant GSDMD promoter plasmid which turns the 
C base to T base, GSDMD720- LUC- S2: the mutant GSDMD promoter plasmid which turns T base to G base, GSDMD720- LUC- S1, S2: the mutant 
GSDMD promoter plasmid contained two mutant sites. Values are means±SEM. *P<.05 compared with the control group, #P<.05 compared with 
the MT group
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3.8 | Melatonin reduces pyroptosis of 
adipose tissue in obese mice
We then studied the function of melatonin in HFD- induced py-
roptosis of diet- induced obese mice. The HFD caused the pro-
nounced increase in the mRNA and protein levels of NLRP3, 
ASC, IL- 6, and IL- 1β compared with chow diet- fed mice, 
whereas melatonin injection reduced these genes expressions 
(Figure 9A). In addition, serum IL- 1β was increased in obese 
mice, and melatonin injection also inhibited the release of 
IL- 1β (Figure 9B). We then measured cell death level. As ex-
pected, HFD triggered adipose pyroptosis indicated by the el-
evation of Caspase1 and GSDMD, but did not induce adipose 
apoptosis, whereas melatonin decreased all these genes expres-
sions (Figure 9C). Consistently, melatonin treatment reduced 
the protein levels of GSDMD and Cleaved- Caspase1 and 3 
(Figure 9C). Next, we used the cotreatment of si- GSDMD and 
melatonin in obese mice to see whether melatonin function 

via GSDMD in vivo. Knockdown of GSDMD enhanced the 
effects of melatonin on pyroptosis (Figure 9D). And the defi-
ciency of GSDMD significantly increased the mRNA level of 
Caspase3 and the protein level of Cleaved- Caspase3, but mel-
atonin injection had the opposite effect (Figure 9D). Together, 
melatonin reduced HFD- induced pyroptosis through GSDMD 
in obese mice adipose tissue.

4 |  DISCUSSION

There exists a substantial amount of evidence supporting that 
melatonin exerts its anti- inflammatory effects by regulating 
a variety of cellular pathways.14,17,18,39 Inflammasomes are 
a group of protein complexes that recognize a diverse set of 
inflammation- inducing stimuli and control the production of 
important pro- inflammatory cytokines.21,23,40 Although studies 
report that melatonin inhibits the activation of inflammasome 

F I G U R E  7  IRF7 forms a complex with GSDMD. A: Graphic representation of a network of the target genes. A, Bioinformatics analysis 
of the protein–protein interaction. B, GSDMD interacted with Atf4. Co- IP analysis was performed in His- GSDMD-  and Flag- IRF4- transfected 
HEK293 cells (n=3). C, Gene expression of Caspase1 of adipocytes infected with pAd- IRF7 or si- IRF7 and incubated with melatonin (MT) or 
not (n=3). D, IL- 1β release in the culture medium was detected by ELISA (n=3). pAd- IRF7: overexpression adenovirus vector of IRF7. si- IRF7: 
interference lentivirus vector of IRF7. Values are means±SEM. *P<.05 compared with the control group, #P<.05 compared with the MT group
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pathway in peripheral tissue such as liver and lung, the effects 
of melatonin on inflammasome of adipose tissue are still not 
determined.28,41 In this study, we demonstrated that exog-
enous melatonin ameliorated inflammation of adipose tissue. 
Moreover, melatonin also attenuated the activation of NLRP3 
inflammasome in obese or LPS- induced mice models. Thus, 
our data indicated that melatonin is involved in regulating in-
flammasome of adipocytes upon the inflammatory status.

Among the many known inflammasome complexes, the 
NLR pyrin domain containing 3 (NLRP3) inflammasome is 
best characterized and consists of NLRP3, adaptor apoptosis- 
associated speck- like protein (ASC), and pro- Caspase1.42–45 
There exists a substantial amount of evidence supporting that 
melatonin exerts its anti- inflammatory effects by inhibiting 
NLRP3 inflammasome.27,46,47 To estimate the effects of mela-
tonin on inflammasome pathway of adipocytes, we investigated 
the core inflammation and immune genes expression profile in 
adipose tissue. We found that melatonin inhibited the expression 
of inflammasome genes including NLRP3, ASC, Caspase1, 
and IL- 1β. Moreover, the NF- κB signal pathway which was 
correlated with inflammatory response is significantly enriched 
by the GO analysis. Studies have identified that NF- κB could 

bind to TLR4 and NLRP3 promoter region, suggesting the 
transcriptional regulation of NF- κB on TLR4 and NLRP3 and 
its downstream targets.48,49 Furthermore, melatonin could sup-
press NF- κB- dependent pro- inflammatory mediators in various 
cell types.50–52 From these findings, we surmise that melatonin 
may participate in the regulation of NLRP3 inflammasome by 
modulating the NF- κB signal in adipocytes.

This study pointed out a significant correlation between 
melatonin and NF- κB signal, which had been reported.53,54 
The NF- κB signal is a cytosolic sensor which activates and 
promotes its nuclear translocation and DNA binding.13,46 
García et al. report that melatonin inhibits NF- κB/NLRP3 
activation by regulating the nuclear RORα pathways.55 
Consistently, we demonstrated that melatonin was potent to 
reduce the phosphorylation of NF- κB and subsequently in-
hibit the NLRP3 pathway in downstream. Furthermore, mel-
atonin also promoted the translocation of NF- κB/p65 from 
the nuclei to cytoplasm. These findings are consistent with 
other studies that NF- κB signal is central to melatonin per-
forming the anti- inflammatory function.53

Inflammatory caspases cleave the gasdermin D (GSDMD) 
protein to trigger pyroptosis, a Caspase1- dependent form of 

F I G U R E  8  Melatonin alleviates LPS- induced pyroptosis in mice adipose tissue. Mice were injected with LPS or not and then treated with 
or without melatonin. A, Serum IL- 1β level (n=6). B, Expression profile of NLRP3, ASC, Caspase1, and GSDMD of the mice white adipose 
tissue (n=6). C, Representative electron micrographs (30 000×) of treated mice adipose tissue. Red arrowhead: membrane pores, L: lipid, M: 
mitochondria, ER: endoplasmic reticulum (n=6). Values are means±SEM. *P<.05 compared with the control group, #P<.05 compared with the 
LPS group
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F I G U R E  1 0  Melatonin inhibits inflammasome- induced pyroptosis through adipocytes. Melatonin blunts LPS- induced NLRP3 
inflammasome activation and inhibits adipocyte pyroptosis by reducing NF- κB signal in adipocytes. IRF7 and GSDMD directly bind, and 
melatonin regulated GSDMD- mediated pyroptosis via the regulation of IRF7 in adipocytes. Green arrows: the classical inflammasome pathway that 
had been studied previously. Red arrows: the new GSDMD signal pathway that we discovered in our study

F I G U R E  9  Melatonin reduces pyroptosis of adipose tissue in obese mice. A, (Left panel) Gene expression of NLRP3, ASC, IL-6, and IL-1β 
in the adipose tissue of high- fat- diet (HFD)- fed mice treated with melatonin or not (n=6). (Right panel) Protein levels of NLRP3, ASC, IL- 6, and 
IL- 1β in the adipose tissue of high- fat- diet (HFD)- fed mice treated with melatonin or not (n=6). B, Serum IL- 1β level of high- fat- diet (HFD)- fed 
mice treated with melatonin or not (n=6). C, (left panel) mRNA level of Caspase1, GSDMD, and Caspase3 in the adipose tissue of high- fat- diet 
(HFD)- fed mice treated with melatonin or not (n=6). (Right panel) Protein levels of Cleaved- Caspase1, Caspase1, GSDMD, Cleaved- Caspase3, 
and Caspase1 in the adipose tissue of high- fat- diet (HFD)- fed mice treated with melatonin or not (n=6). D, (Left panel) mRNA level of GSDMD, 
Caspase1, and Caspase3 in the adipose tissue of high- fat- diet (HFD)- fed mice treated with melatonin or si- GSDMD (n=6). (Right panel) Protein 
levels of Cleaved- Caspase1, Caspase1, GSDMD, Cleaved- Caspase3, and Caspase1 in the adipose tissue of high- fat- diet (HFD)- fed mice treated 
with melatonin or si- GSDMD (n=6). si- GSDMD: interference lentivirus vector of GSDMD. Values are means±SEM. *P<.05 compared with the 
control group, #P<.05 compared with the HFD group
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regulated cell death.7,56,57 Pyroptosis is characterized by an 
early breach of the plasma membrane integrity, which results 
in extracellular spilling of the intracellular contents such as 
pro- inflammatory cytokines.58–60 In this study, we prelimi-
narily determined that melatonin reduced IL- 1β release and 
attenuated pyroptosis of adipocyte. Although it is believed 
IL- 1β production depends on the Caspase1 activity, Maelfait 
et al. have shown recombinant Caspase8 was able to cleave 
pro- IL- 1β in vitro at exactly the same site as Caspase1.61 
However, our results showed melatonin reduced Caspase8 
activity (Fig. S1B), and were consistent with previous studies 
that melatonin inhibited Caspase8 activity mainly in the cell 
death process.62,63 Recent studies determine that GSDMD is 
the essential mediator of pyroptosis and a candidate for pyro-
ptotic pore formation.64,65 So we assumed that GSDMD was 
essential for the inhibitory role of melatonin on pyroptosis 
of adipocytes. In our study, we showed that melatonin de-
creased LPS- induced GSDMD augmentation, and along with 
the reduction in ASC foci formation. Notably, we are the 
first to demonstrate that NF- κB elevates GSDMD transcrip-
tion by binding to two proximal binding sites in upstream 
of GSDMD promoter region. In addition, further analysis 
suggested that GSDMD interacted with IRF7. Although the 
molecular mechanism of complex formation remains elusive, 
we suspect that it is similar to the interaction of protein phos-
phatase 1 (PP1)/IRF7 by protein phosphorylation and this 
needs further study.66 It is noticed that melatonin also inhib-
ited the mRNA level of caspase3 in adipocytes. In this study, 
we used Z- DVED- FMK, a specific inhibitor of Caspase3, to 
exclude the negative influences of apoptosis on adipocytes. 
However, the effects of melatonin on apoptosis of adipocyte 
will require further investigation. Moreover, melatonin exerts 
many of its physiological effects on adipose tissue not only 
by the action of sympathetic nervous system and its receptors 
in adipocyte, but also through the receptor- independent ac-
tions via its direct free radical scavenging.67–70 Although we 
determined that melatonin alleviated pyroptosis by activating 
its receptor MT1 and MT2, the precise mechanism for inhi-
bition of pyroptosis by melatonin needs to be further studied.

In summary, our present study demonstrates that mela-
tonin inhibits inflammasome- induced pyroptosis of adi-
pocytes. Moreover, NF- κB/GSDMD signal is essential for 
melatonin inhibiting NLRP3 inflammasome formation and 
inflammatory cytokines release in adipocytes pyroptosis 
(Figure 10). Thus, our results indicate that melatonin has 
potential as anti- obesity agent to reverse obesity- related 
 systemic inflammation.
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