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Abstract

Obesity is associated with macrophage infiltration and metabolic inflammation, both 

of which promote metabolic disease progression. Melatonin is reported to possess 

anti- inflammatory properties by inhibiting inflammatory response of adipocytes and 

macrophages activation. However, the effects of melatonin on the communication 

between adipocytes and macrophages during adipose inflammation remain elusive. 

Here, we demonstrated melatonin alleviated inflammation and elevated α- 

ketoglutarate (αKG) level in adipose tissue of obese mice. Mitochondrial isocitrate 

dehydrogenase 2 (Idh2) mRNA level was also elevated by melatonin in adipocytes 

leading to increase αKG level. Further analysis revealed αKG was the target for me-

latonin inhibition of adipose inflammation. Moreover, sirtuin 1 (Sirt1) physically 

interacted with IDH2 and formed a complex to increase the circadian amplitude of 

Idh2 and αKG content in melatonin- inhibited adipose inflammation. Notably, mela-

tonin promoted exosomes secretion from adipocyte and increased adipose- derived 

exosomal αKG level. Our results also confirmed that melatonin alleviated adipocyte 

inflammation and increased ratio of M2 to M1 macrophages by transporting of exo-

somal αKG to macrophages and promoting TET- mediated DNA demethylation. 

Furthermore, exosomal αKG attenuated signal transducers and activators of trans-

duction- 3 (STAT3)/NF- κB signal by its receptor oxoglutarate receptor 1 (OXGR1) 

in adipocytes. Melatonin also attenuated adipose inflammation and deceased mac-

rophage number in chronic jet- lag mice. In summary, our results demonstrate mela-

tonin alleviates metabolic inflammation by increasing cellular and exosomal αKG 

level in adipose tissue. Our data reveal a novel function of melatonin on adipocytes 

and macrophages communication, suggesting a new potential therapy for melatonin 

to prevent and treat obesity caused systemic inflammatory disease.
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1 |  INTRODUCTION

Obesity is a complex chronic disease and becomes a public 

health epidemic worldwide.1 Evidence suggests that inflam-

mation is a central and reversible process in obesity and its 

comorbidities including type 2 diabetes, cardiovascular dis-

eases, and neurodegenerative diseases.2,3 Obesity- associated 

low- grade and chronic inflammation are characterized by in-

filtration and activation of immune cells in adipose tissue.4 

In particular, adipose tissue macrophages communicate with 
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adipocytes and thereby lead to obesity- associated alterations 

in the microenvironment of adipose tissue.5,6 Recent evi-

dences demonstrate that tricarboxylic acid (TCA) cycle and 

its endogenous metabolites are critical in orchestrating met-

abolic inflammation in obese adipose tissue.7,8 Thus, these 

findings provide a potential new anti- inflammatory approach 

for the regulation of metabolic inflammation to prevent 

obesity- associated metabolic diseases.

Melatonin (N- acetyl- 5- methoxytryptamine) is mainly 

synthesized by the pineal gland and maintains circadian 

rhythm in mammals.9-11 Melatonin presents multiple physi-

ological functions including antioxidant, anti- inflammatory, 

immunomodulatory, and oncostatic effects.12-14 Many ac-

tions of melatonin are mediated through interaction with 

the melatonin receptors 1 and 2 (MT1 and MT2), which are 

G- protein- coupled membrane receptors found in several cell 

types, including immune cells.15,16 Studies demonstrate mel-

atonin ameliorates low- grade inflammation and oxidative 

stress by repressing the inflammatory response in brain and 

peripheral tissues.17-19 Furthermore, melatonin could coun-

teract the immune alterations and trigger an effective balance 

of innate and humoral immune response in immune cells.20-22  

Exogenous melatonin enhances antigen presentation by 

splenic macrophages to T cells in mice.23,24 Recent studies 

suggest that melatonin suppresses lipopolysaccharide (LPS)- 

induced pro- inflammatory factors release in macrophages.25 

Our previous study has proposed that melatonin promotes 

proliferation and alleviates inflammasome- induced pyropto-

sis in adipocytes.26,27 However, the effects of melatonin on 

the communication of adipocytes and macrophages during 

peripheral adipose inflammation remain elusive. Exosomes, 

the small vesicles, are increasingly recognized as important 

mediators of intercellular communication, being involved 

in the transmission of biological signals between cells.28,29 

Therefore, this study also investigated the role of exosomes 

in melatonin- inhibited metabolic inflammation of adipose 

tissue to provide potential therapeutic applications.

Adipocytes and macrophages coordinate to preserve tis-

sue integrity while adapting to the metabolic stress in the 

adipose tissue of obese animals. Numerous studies indicate 

obesity is associated with an overall increase in the number 

of macrophages which formed crown- like structures (CLS) 

in adipose tissue of both rodents and human.5,30 The combi-

nation of an increase in total macrophages and an increased 

ratio of M1 to M2 macrophages is a hallmark of the adipose 

tissue inflammation.31 Recent studies suggest that melatonin 

attenuates inflammatory response by modulating nitric oxide 

and arginine metabolism in macrophages.2,32,33 Moreover, 

endogenous metabolites function as sensors to transport 

intercellular signals and induces secretion of potent pro- 

inflammatory cytokines that contribute to obesity- associated 

metabolic inflammation conditions.7,34,35 Studies suggest 

that the small molecule metabolite is sufficient to regulate 

multiple chromatin modifications by ten- eleven translocation 

(Tet)- dependent DNA demethylation, which contributes to 

numerous inflammatory gene expression.36,37 Although sev-

eral studies reveal melatonin inhibits inflammation in adipose 

tissue, the effects of melatonin on endogenous metabolites in 

adipose inflammation are still unknown.

In this study, we investigated the effects of melatonin on 

metabolites during adipose inflammation. We further deter-

mined that melatonin could alleviate adipose inflammation 

though elevating α- ketoglutarate (αKG) in adipocytes and 

delivering exosomal αKG to macrophages in mice adipose 

tissue.

2 |  MATERIAL AND METHODS

2.1 | Animal studies

Six- 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 was conducted follow-

ing the guidelines and regulations approved by the Animal 

ethics committee of Northwest A&F university (Yangling, 

Shaanxi). Mice were housed as 3 per cage, provided ad li-

bitum 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- hour light/dark 

cycles (24- h LD cycle). Zeitgeber time (ZT) 0 corresponds 

to the time of light onset. The jet- lagged mice model was 

constructed as previously described.26,38 In brief, mice were 

transferred between two rooms (Room 1: 6:00 am to 6:00 pm 

light/6:00 pm to 6:00 am dark, and Room 2: 10:00 am to 

10:00 pm dark/10:00 pm to 10:00 am light). Mice were trans-

ferred once from room 1 to 2 and then returned to room 1. The 

time of mice transfer occurs between 9:30 am and 10:00 am, 

leading to an 8- hour phase advance from room 1 to 2 (light 

off at ZT4 instead of ZT12 for jet- lagged mice on the day of 

transfer) and an 8- hour phase delay from room 2 to 1 (light 

off at ZT20 instead of ZT12 for jet- lagged mice on the day of 

transfer) every 2 days for 14 days. For the lipopolysaccharide 

(LPS) challenged experiment in vivo, mice were challenged 

via intraperitoneal (ip) injection with the indicated quantities 

of LPS (75 μg/kg, Sigma- Aldrich, St. Louis, MO, USA) in 

PBS for 24 hours.39 For diet- induced obese mice model, mice 

were placed on a high- fat diet (HFD, fat provided 60% of the 

total energy, Trophic animal feed high- tech co., Ltd, Nantong, 

China) for 10 weeks, and the control mice were fed a standard 

diet (Chow, fat provided 10% of total energy, Trophic animal 

feed high- tech co., Ltd). Melatonin injection was performed 

from then on at a dose of 20 mg/kg/d for 14 days continually.

The melatonin treatment and α- ketoglutarate (αKG) treat-

ment were further applied to HFD fed mice or LPS- treated 

mice. Melatonin (Sigma- Aldrich) was first dissolved in 



   | 3 of 16LIU et aL.

amount of absolute ethanol at a final concentration of 0.5% 

(v/v) ethanol with melatonin and prepared as the stock mela-

tonin solution. Separate experiments showed that there were 

no additional effects of the melatonin vehicle (0.05% etha-

nol) on any of the parameters investigated (data not shown). 

Mice (n = 24) were randomly divided into four groups (n = 6 

each). One group of mice received a daily intraperitoneally 

(IP) injection of a 200 μL solution consisting melatonin (MT, 

20 mg/kg) in phosphate- buffered saline (PBS) before the 

dark onset for 14 days; one group of mice was given a vehicle 

consisting of a solution of 0.5% ethanol in PBS; one group 

of mice was administered of αKG (Sigma- Aldrich) at a dose 

of 2 g/kg body weight by means of an intragastric tube for 

14 days; one group of mice received of both melatonin and 

αKG treatments for 14 days. Jet- lagged mice were pretreated 

with chronic jet lag for 2 weeks before the melatonin injec-

tion experiment. Mice were sacrificed by overdosed ethyl 

ether within 2 hours after the last injection of melatonin or 

the vehicle. Immediately, the epididymal white adipose tissue 

(eWAT) was dissected and kept for the studies as following.

The eWAT and liver tissues were collected immediately 

and fixed in 4% paraformaldehyde in phosphate buffer. 

After 2 weeks of incubation, the samples were embedded 

in paraffin and sectioned. The tissue sections were used for 

hematoxylin and eosin (H&E) staining. The images were 

photographed by Cytation 3 cell imaging multimode reader 

(BioTek, Winooski, VT, USA). Serum aspartate transaminase 

(AST) and alanine aminotransferase (ALT) levels were mea-

sured by the AST and ALT activity assay kits from Sigma 

(Sigma- Aldrich, MAK055, MAK052). Serum and cell tumor 

necrosis factor α (TNFα) and interleukin 6 (IL- 6) levels were 

measured by commercial ELISA kits from Sigma (Sigma- 

Aldrich, RAB0477, RAB0308). Interleukin- 1β (IL- 1β) level 

was measured by Mouse IL- 1 beta ELISA Kit from Abcam 

(Cambridge, UK, ab100704). The citrate, malate, fumarate, 

and αKG levels of eWAT were analyzed using the com-

mercial assay kits from Sigma (Sigma- Aldrich, MAK057, 

MAK067, MAK060, MAK054) following the manufactur-

er’s instructions.

2.2 | Primary cell culture

Primary adipocytes culture was performed as previously 

described.26 In brief, eWAT was dissected from mice, 

washed with PBS, and minced. Pre- adipocytes were seeded 

onto 35- mm culture dishes at 30% (v/v) confluence, and 

incubated at 37°C under a humidified atmosphere of 5% 

CO2 and 95% air for subsequent experiments. After reach-

ing 95% confluence, pre- adipocytes were induced to 

differentiate using Dulbecco’s modified eagle media/nu-

trient mixture F12 (DMEM/F12; Gibco, Grandland, NY, 

USA, 12500062) with 10% fetal bovine serum (FBS) and 

100 nmol/L insulin for 5- 6 days until exhibiting a massive 

accumulation of fat droplets. Melatonin (MT, Selleck.

cn, Shanghai, China) was added into culture medium at a 

final concentration of 1 μmol/L for 24 hours. αKG (Sigma- 

Aldrich, 75890) was added into culture medium at a final 

concentration of 5 mmol/L for 24 hours. For vectors infec-

tion study, adipocytes were infected with overexpression 

adenovirus or interference lentiviral recombinant vectors 

of sirtuin 1 (Sirt1; pAd- Sirt1 or si- Sirt1) or Mitochondrial 

isocitrate dehydrogenase 2 (Idh2; pAd- Idh2 or si- Idh2) for 

48 hours at the titer of 1 × 109 IFU/mL, and then treated 

with melatonin or αKG. The control vectors were pAd- 

GFP or pGLVU6- GFP. All the vectors were constructed by 

Gene Pharma (Shanghai, China).

Primary peritoneal macrophages were obtained from 

C57BL/6J mice at 2- 3 days after injection of 2 mL of 4% ster-

ile thioglycolate solution as previously described by pelvic 

washing with PBS containing 3% FBS.40,41 Primary cultures 

of macrophages were maintained in RPMI 1640 medium. All 

culture media were supplemented by addition of 10% FBS 

and penicillin/streptomycin.

2.3 | IDH2 activity measurement

Activity of IDH2 was measured by the Someya method.42 

In brief, 180 μL of the supernatants from homogenized 

mitochondrial pellets was added in each well of a 96- well 

plate, and then 180 μL of a reaction mixture (40 mmol/L Tris 

buffer, 2 mmol/L NADP+, 2 mmol/L MgCl2, and 5 mmol/L 

isocitrate) was added in each well. The absorbance was im-

mediately read at 340 nm every 10 seconds for 1 minutes in 

a microplate reader (PerkinElmer Victor X, Waltham, MA, 

USA). The reaction rates were calculated, and the IDH2 ac-

tivity in the sample was defined as the production of 1 mmole 

of NADPH per seconds.

2.4 | Plasmid transfection and  
dual- luciferase reporter assay

A 850 bp mouse Idh2 promoter was cloned by PCR amplifi-

cation of C57BL/6J mouse genomic DNA and inserted into 

the pGL- 3 basic vector. The resulting reporter was named 

Idh2850- Luc. Further deletion and relegation of the Idh2- Luc 

generated Idh2540- Luc and Idh2360- Luc reporters contained of 

540 and 360 bp of Idh2 promoter, respectively. Mutant Idh2 

reporter plasmids were generated using the Idh2540- Luc plas-

mid as a template; a mutagenesis kit (Invitrogen, Carlsbad, 

CA, USA) was used to created Idh2540- LucE1, Idh2540- LucE2, 

and Idh2540- LucE1, E2 with mutation in the two E- boxes of 

Idh2 promoter. HEK293 cells were co- transfected with lu-

ciferase reporter plasmid using X- tremeGENE™ transfection 

reagent (Roche, Basel, Switzerland), and the same amounts 

of reporter and β- gal expression vectors, variable amounts 

of expression vector (pcDNA3.1- Clock), and an empty 
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pcDNA3.1 vector to normalize the total amount DNA. After 

transfection 48 hours, cells were harvested for luciferase 

assay, and β- gal was used as an internal control.26,38

2.5 | Exosome isolation and transmission 
electron microscopy (TEM) examination

To isolate the exosome, eWAT of mice was washed with 

Earle’s balanced salts (EBSS) and cut into small pieces 

(1 mm3) then transferred to 90- mm culture dishes containing 

10 mL of complete DMEM/F12 medium (Gibco, 12500062) 

supplemented with 1% antibiotics and 10% FBS that had 

been depleted of bovine exosomes by overnight ultracen-

trifugation at 100 000 g.43 The tissues were cultured at 37°C 

under a humidified atmosphere of 5% CO2 and 95% air for up 

to 24 hours, and then the conditioned medium samples were 

collected for exosome purification using differential centrifu-

gation and sucrose density gradient ultracentrifugation. The 

isolation procedures were all performed at 4°C. The cultured 

supernatants were centrifuged at 2500 g for 20 minutes and 

then at 10 000 g for 30 minutes to remove tissue debris and 

aggregates. The supernatants were then subjected to 0.22- μm 

filtration (Millipore, Billerica, MA, USA) and ultracentri-

fuged at 100 000 g for 2 hours. Pelleted vesicles were sus-

pended in 2 mL 1 × PBS and overlaid with 5 mL each of 20% 

and 40% (w/v) sucrose gradient and ultracentrifuged again 

at 110 000 g for 5 hours. Harvest discontinuous (step) gradi-

ent by aspirating the density interface. To remove sucrose, 

transfer the collected exosomal fractions to a new tube with 

PBS, and centrifuge 2 hours at 110 000 × g, resuspended in 

1× PBS, and prepared for electron microscopy detection and 

diameter measurement.44,45

Isolated exosomes were analyzed per duplicate by trans-

mission electron microscopy (TEM). Vesicles were fixed 

with 4% paraformaldehyde at room temperature for 10 min-

utes and then layered on carbon/formvar film- coated grids for 

10 minutes. After removing sample excess, negative staining 

was performed by incubation with phosphotungstic acid for 

45 seconds. After washing, grids were dried overnight at 

room temperature. Samples were observed with a transmis-

sion electron microscopy (TEM, HT7700, 80 kV, Hitachi, 

Tokyo, Japan) working at 80 kV. The image calculation was 

analyzed using Image J software (NIH).

2.6 | Co- immunoprecipitation  
(Co- IP) analysis

HEK293 cells were transfected with plasmids using 

 X- tremeGEN™ transfection reagent (Roche, 06366236001) 

as previously described.26 In brief, cells were then snap fro-

zen in lipid nitrogen after 24- hours transfection. 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 precleared with protein A for 2 hours and incu-

bated 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  detected by west-

ern blot.

2.7 | Immunocytochemical staining

DNA methylation at the 5- position of cytosines (5mC) repre-

sents an important epigenetic modification. 5mC can be con-

verted to 5- hydroxymethylcytosine (5hmC) in an enzymatic 

process involving members of the TET protein family.46,47 We 

then conducted 5- hydroxymethylcytosine (5hmC) immunocy-

tochemical staining using method from Yang to show the epi-

genetic status.48 Cells grown on 24- well plates were incubated 

in cold methanol for 10 minutes, and permeabilized with PBS 

containing 0.25% Triton X- 100 for 10 minutes. After blocking 

1 hour with 1% BSA, cells were incubated with 5hmC anti-

body (1:50; Cell Signaling Technology, Boston, MA, USA, 

#51660) at 4°C overnight. After washing for 3 times, fluores-

cent secondary antibody (1:1000) was then added for 1 hour. 

Fluorescence was examined using a Cytation 3 cell imaging 

multimode reader (BioTek, VT). To quantitate 5hmC levels 

in representative images, the images were analyzed using 

the Image J software (NIH) application. To account for dif-

ferences in differences in overall DNA content, 5hmC signal 

intensities were normalized to DAPI intensities.

Paraffin- embedded eWAT was sectioned, dewaxed, and 

rehydrated prior to antigen retrieval by boiling in 10 mmol/L 

sodium citrate buffer (pH 6.5). Tissue samples were blocked 

with 5% normal rabbit serum for 40 minutes, followed by in-

cubation for 2 hours with 10 μg/mL F4/80 antibody (Abcam, 

Cambridge, UK, ab6640). And then incubated with fluo-

rescein isothiocyanate- conjugated goat against rabbit IgG 

antibody (Boster, China; diluted 1:100) for 1 hour at room 

temperature. After washing for 3 times, the nuclei were 

stained with DAPI for 5 minutes. Average numbers of F4/80- 

positive cells in the slides were calculated by scoring five 

random 200× microscopic fields of stained adipose tissue 

sections of each mouse using a Cytation 3 cell imaging mul-

timode reader (BioTek, VT).

2.8 | RNA extraction and Real- time PCR

Total RNA of eWAT or adipocytes was extracted with 

TRIpure Reagent kit (Takara, Dalian, China). 500 ng of 

total RNA was reverse transcribed using M- MLV reverse 

transcriptase kit (Takara). Primers were synthesized by 

Invitrogen (Shanghai, China). Real- time PCR was performed 

in 25 μL reaction system containing specific primers and 

AceQ qPCR SYBR Green Master Mix (Vazyme Biotech, 



   | 5 of 16LIU et aL.

Nanjing, China). Amplification was performed in the ABI 

StepOne plus™ RT- PCR System (Carlsbad, CA, USA). The 

levels of mRNA were normalized in relevance to Gapdh. 

The expression of genes was analyzed by method of 2−ΔΔC
t.

2.9 | Immunoblotting analyses

Protein was isolated from tissues or cultured cells. 

Western blot was performed as previously described.26 

Protein samples (30 μg) were separated by electrophore-

sis on 12% and 5% SDS- PAGE gels using slab gel appa-

ratus, and transferred to PVDF nitrocellulose membranes 

(Millipore). Antibodies, including FLAG- HRP (A- 8592, 

Sigma- Aldrich), Anti- His tag (ab18184, Abcam), anti- CD9 

(ab92726), anti- CD81 (#10037, Cell Signaling Technology), 

anti- STAT3 (ab68153), anti- p- STAT3 (ab76315), anti- 

NF- κB (ab207297), anti- p- NF- κB (ab222494), anti- Cyt C 

(ab133504), anti- GAPDH (AP0063, Bioword, China), anti- 

β- actin (AP0060, Bioworld, Nanjing, China), anti- Cd11c 

(#435421, R&D system), anti- TNFα (ab6671), anti- Cd206 

(AF2535, R&D system), anti- CD163 (NBP2- 36494, Novus 

Biologicals, Littleton, CO, USA), anti- Tet1 (ab191698), 

anti- Tet2 (ab94580), anti- Tet3 (ab139311), anti- DNMT1 

(ab19905), anti- DNMT2 (ab71015), and the appropriate 

HRP- conjugated secondary antibody (Baoshan, China) 

were used. Proteins were visualized using chemilumines-

cent peroxidase substrate (Millipore), and then the blots 

were quantified using ChemiDoc XRS system (Bio- Rad, 

Richmond, CA, USA).

2.10 | Statistical analysis

Statistical analyses were conducted using SAS v8.0 (SAS 

Institute, Cary, NC, USA). Data were analyzed using one- 

way ANOVA and two- way ANOVA. Comparisons among 

individual means were made by Fisher’s least significant dif-

ference (LSD). Data were presented as mean ± SEM. P < .05 

was considered to be significant.

3 |  RESULTS

3.1 | Melatonin increases αKG level in 
obesity- induced adipose inflammation

To explore the effects of melatonin on adipose inflam-

mation, we first placed mice on high- fat diet (HFD) and 

then treated mice with melatonin. H&E staining showed 

melatonin significantly reduced adipocyte size both in 

the chow diet group and in the HFD group (Figure 1A). 

Compared with chow diet group, the mRNA levels of in-

flammation indicators, such as tumor necrosis factor α 

(TNFα), interleukin 6 (IL-6), and interleukin-1β (IL-1β), 

were all increased markedly with HFD; while melatonin 

injection alleviated this chronic inflammation caused by 

F I G U R E  1  Melatonin increases αKG level in obesity- induced adipose inflammation. (A) Representative hematoxylin and eosin (H&E) 

staining of adipose sections from high- fat diet (HFD) or chow diet mice treated with melatonin or not. The small images on the right side were the 

expansion (n = 6). (B) mRNA levels of inflammation marker genes with or without melatonin treatment of HFD and chow diet mice (n = 6).  

(C) Serum levels of tumor necrosis factor α (TNFα), interleukin 6 (IL- 6), and interleukin- 1β (IL- 1β) of HFD and chow diet mice treated with 

melatonin or not (n = 6). (D) Concentration of key metabolites of the tricarboxylic acid (TCA) cycle of HFD and chow diet mice treated with 

melatonin or not (n = 6). (E) mRNA levels of isocitrate dehydrogenase 1 (Idh1) and isocitrate dehydrogenase 2 (Idh2) of HFD and chow diet mice 

treated with melatonin or not (n = 6). (F) Regression analysis of Idh2 and interleukin-6 (IL-6) of mice adipose tissue (n = 6). Protein level was 

detected by ELISA method. Values are means ± SEM. *P < .05 compared with the control group
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obesity (Figure 1B). Further protein level detection by 

ELISA method confirmed that TNFα, IL- 6, and IL- 1β 

were all reduced by melatonin (Figure 1C). Metabolic 

analyses by ELISA method identified metabolite contents 

such as citrate and αKG were increased due to melatonin 

injection in HFD group; but the contents of malate and 

fumarate were comparable (Figure 1D). Next we ana-

lyzed the mRNA level of rate- limiting enzymes which 

catalyzing αKG generation. During melatonin treatment 

in HFD mice, the mRNA level of isocitrate dehydroge-

nases (Idh) was dramatically increased, especially Idh2, 

suggesting melatonin regulate adipose metabolism via 

Idh2 (Figure 1E). As expect, correlation analysis showed 

both the expressions of IL-6 and TNFα were negatively 

correlated with Idh2 (Figure 1F). These data suggest me-

latonin involved in adipose inflammation and increased 

αKG level of adipose tissue.

3.2 | Melatonin and αKG coordinately 
reduces adipose inflammation in  
LPS- challenged mice

With H&E staining, we found that the density of crown- like 

structures (CLS) was much lower in αKG and melatonin sepa-

rately treated mice compared with that of control mice which 

had been pretreated with lipopolysaccharide (LPS; Figure 2A). 

Furthermore, αKG and melatonin co- treatment group contained 

lowest density of CLS (Figure 2A). Consistently, gene expres-

sion analysis showed TNFα, IL-6, and IL-1β were reduced due 

to the treatment of melatonin and αKG in LPS- pretreated mice 

(Figure 2B). ELISA measurement further showed serum TNFα, 

IL- 6, and IL- 1β levels were reduced with αKG and melatonin 

co- treatment (Figure 2C). αKG had no effect on IDH2 activity, 

while melatonin injection increased IDH2 activity drastically, 

and it also happened in the co- treatment group using ELISA 

F I G U R E  2  Melatonin and αKG coordinately reduce adipose inflammation in LPS- challenged mice. All the experiments were performed in 

LPS- challenged mice. (A) Representative H&E staining of adipose sections treated with melatonin or αKG. Black arrows: crown- like structures 

(CLS). Scale bar: 200 μm (n = 6). (B) mRNA levels of inflammation indicators of mice adipose treated with melatonin or αKG (n = 6). (C) Serum 

levels of TNFα, IL- 6, and IL- 1β of mice treated with melatonin or αKG (n = 6). (D) IDH2 activity of mice adipose treated with melatonin or 

αKG (n = 6). (E) Representative H&E staining of liver sections treated with melatonin or αKG. Scale bar: μm (n = 6). (F) Serum levels of alanine 

aminotransferase (ALT) and aspartate transaminase (AST) of mice treated with melatonin or αKG (n = 6). Protein level was detected by ELISA 

method. Values are means ± SEM. *P < .05 compared with the control group
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detection (Figure 2D). Moreover, H&E staining demonstrated 

liver morphology and liver metabolic were unaltered in αKG 

and melatonin- treated mice (Figure 2E,F). In short, melatonin 

and αKG alleviate the induction of adipose tissue inflammation.

3.3 | Melatonin enhances DNA 
demethylation of mice adipocytes

As shown in Figure 3A, RNA- seq analysis indicated me-

latonin treatment drastically increased the expression of 

genes involved in TCA cycle (Figure 3A,B). The mRNA 

expression measurement established that fumarate hydra-

tase 1 (FUM1), Idh1, and Idh2 were increased with melatonin 

incubation of adipocytes (Figure 3C). We also confirmed that 

melatonin significantly increased the levels of melatonin re-

ceptor 1 and 2 (MT1 and MT2; Figure 3C). The in vitro study 

in adipocytes further demonstrated that melatonin treatment 

increased the content of αKG and elevated IDH2 activity 

(Figure 3D,E). Additionally, melatonin increased the mRNA 

expression level of ten-eleven translocation 2 (Tet2) and ten-

eleven translocation 3 (Tet3) but not ten-eleven translocation 

1 (Tet1), showing the enhancement of DNA demethylation 

F I G U R E  3  Melatonin enhances DNA demethylation of mice adipocytes. (A) Heatmap of genes upregulated or downregulated with melatonin 

treatment of mice adipocytes, along with the top affected genes with melatonin treatment (n = 3). (B) Gene ontology (GO) analysis of the target 

genes in Figure 1A, showing the biology process for melatonin treatment (n = 3). (C) mRNA levels of melatonin receptor 1 and 2 (MT1 and MT2), 

fumarate hydra-tase 1 (Fum1), Idh1, and Idh2 of adipocytes treated with melatonin (n = 3). (D) Concentration of αKG of adipocytes treated with 

melatonin (n = 3). (E) IDH2 activity of adipocytes treated with melatonin (n = 3). (F) mRNA levels of ten-eleven translocation 1 (Tet1) and ten-

eleven translocation 2 (Tet2) of adipocytes treated with melatonin. Right panel: protein level of Tet3 of adipocytes treated with melatonin (n = 3). 

(G) mRNA levels of DNA methyltransferase 1 (DNMT1) and DNA methyltransferase 2 (DNMT2) of adipocytes treated with melatonin (n = 3).  

(H) Immunohistochemical staining of 5- hydroxymethylcytosine (5hmC) of adipocytes treated with melatonin. Scale bar: 200 μm (n = 3). Values are 

means ± SEM. *P < .05 compared with the control group
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(Figure 3F). The protein level of Tet3 was also elevated with 

melatonin incubation (Figure 3F). The expression of DNA 

methyltransferase 1 (DNMT1) and DNA methyltransferase 2 

(DNMT2) was accompanied decreased (Figure 3G). In agree-

ment, the enrichment of 5hmC from immunocytochemical 

staining measurement was also enhanced with melatonin 

incubation (Figure 3H). Thus, these data suggest melatonin 

promotes the production of αKG, thereby increasing DNA 

demethylation of adipocytes.

3.4 | Sirt1 and IDH2 formed a complex to 
increase αKG level

We then questioned how melatonin upregulated the level of 

αKG. In fact, studies have demonstrated melatonin directly 

regulated Sirt1;49 and firstly based on the bioinformatics anal-

ysis and previous data sheet, our study showed Sirt1 interacted 

with IDH2 on protein level (Figure 4A). Then by protein- 

protein measurement, data indicated Sirt1 protein interacted 

strongly with transfected IDH2 in HEK293 cells (Figure 4B). 

We then overexpressed Sirt1 in adipocytes and with the incu-

bation of melatonin, we found the level of αKG was drastically 

enhanced; while knock down of Sirt1 obtained the opposite 

results (Figure 4C). Moreover, melatonin along with pAd- 

Sirt1 infection further reduced IL-6 expression (Figure 4D). 

We then confirmed the reduction of inflammation by measur-

ing the protein levels of TNFα, IL- 6, and IL- 1β by ELISA in 

adipocytes treated with MT and pAd- Sirt1 (Figure 4E). Thus, 

these data suggest that Sirt1 and IDH2 directly bind, and then 

regulated αKG level in adipocytes; melatonin functioned via 

the direct modification between Sirt1 and IDH2.

3.5 | Exosomal αKG promotes M2 
macrophage activation and enhances DNA 
demethylation

To determine whether the metabolite from adipose- derived 

exosome contributed to adipose inflammation, we isolated 

exosomes from the eWAT of mice pretreated with melatonin 

(ExosMT) by differential ultracentrifugation (Figure 5A). 

Analyze revealed that these vesicles were 20- 70 nm in diam-

eter (Figure 5B) and positively immunereactive to exosomal 

markers CD9 and CD81 from Western blot measurement 

(Figure 5C). Electron microscopy images confirmed that 

exosomes were clearly separated and the size was consist-

ent with diameter measurement (Figure 5D). And with me-

latonin treatment, αKG level from adipose- derived exosome 

was increased (Figure 5E).

To verify that exosomes derived from melatonin- treated 

adipose tissue affected the macrophage population, we co- 

cultured macrophages with adipose tissue- derived exosomes 

for 24 hours. Interestingly, ExosMT treatment significantly 

increased αKG level of macrophages which is similarly to 

αKG- treated group (Figure 6A). ExosMT treatment also elevated 

the expression of OXGR1, the receptor of αKG (Figure 6B). 

In addition, the percentage of M2 macrophage was higher in 

ExosMT group than that in the control group from microscopy 

images (Figure 6C), and consistent results were observed in 

the αKG- treated group. Increased levels of specific M2 macro-

phage markers have been found with ExosMT incubation, with 

decreased of M1 macrophage indicators both on mRNA level 

and on protein level (Figure 6D,E). To understand more clearly 

about the correlation of ExosMT and αKG in macrophages, we 

then measured the DNA demethylation of macrophages. As 

shown in Figure 6F–I, αKG significantly enhanced the mRNA 

levels and protein levels of Tet1, Tet2, and Tet3, and reduced 

DNMT1 and DNMT2. And ExosMT treatment showed en-

hanced DNA demethylation either (Figure 6F–I). The enrich-

ment of 5hmC in both αKG group and ExosMT group further 

confirmed the elevation of DNA demethylation (Figure 6J). 

These data clearly indicate adipose tissue- derived exosomes, 

similarly as αKG, increase M2 macrophage and enhance DNA 

demethylation in macrophages, verify the correlation between 

adipocytes and macrophages.

3.6 | Adipose- derived exosomes inactivate 
STAT3/NF- κB signal in adipocytes

We next explore the function of exosomes derived from 

melatonin- treated adipose tissue in adipocytes. Adipocytes 

were separately incubated with αKG and ExosMT. The mRNA 

level and protein level of TNFα, IL- 6, and IL- 1β were greatly 

reduced with αKG incubation, and similarly results were 

found in ExosMT treatment group (Figure 7A,B). Consistently 

with the results of macrophages, ExosMT markedly elevated 

αKG content of adipocytes (Figure 7C). Further measurement 

showed increasing oxoglutarate receptor 1 (OXGR1) con-

firmed the elevation of αKG in ExosMT (Figure 7D). In agree-

ment with early study that αKG functioned via the inactivation 

of STAT3/NF- κB signals in mediating inflammation, our data 

demonstrated ExosMT also reduced the phosphorylation lev-

els of STAT3 and NF- κB, pointing to the correlation between 

ExosMT and αKG (Figure 7E). Based on these findings, the 

effects of ExosMT in alleviating adipose inflammation and en-

hancing DNA demethylation imply αKG from ExosMT play an 

important role in the regulation of these processes.

3.7 | Melatonin drives circadian 
amplitude of Idh2 in adipose inflammation

To further dissect the regulation of melatonin on αKG, we 

examine the 24- hour mRNA pattern of Idh2. Interestingly, 

the expression profile of Idh2 showed a circadian rhythm by 

the cosine method (Figure 8A). And melatonin treatment in-

creased the circadian amplitude of Idh2 (Figure 8A). Based 

on our previous study, we firstly considered the gene Clock 
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F I G U R E  4  Sirt1 and IDH2 formed a complex to increase αKG level. (A) IDH2 interacted with sirtuin 1 (Sirt1). (B) Co- IP analysis was 

performed in His- Sirt1 and Flag- IDH2 transfected HEK293 cells (n = 3). (C) αKG concentration of adipocytes pre- infected with pAd- Sirt1 or si- Sirt1, 

and then treated with or without melatonin (n = 3). (D) mRNA level of IL-6 of adipocytes pre- infected with pAd- Sirt1 or si- Sirt1, and then treated with 

or without melatonin (n = 3). (E) Protein levels of TNFα, IL- 6, and IL- 1β of adipocytes pre- infected with pAd- Sirt1 or si- Sirt1, and then treated with 

or without melatonin (n = 3). pAd- Sirt1, overexpression adenovirus vector of Sirt1; si- Sirt1, interference lentivirus vector of Sirt1. Protein level was 

detected by ELISA method. Values are means ± SEM. *P < .05 compared with the control group, #P < .05 compared with the MT group
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as a key regulator. Dual- luciferase reporter assay demon-

strated Idh2 promoter contained three consensus E- box ele-

ments that were the potential targets of Clock (Figure 8B). 

Further measurements revealed that three E- box elements, 

850- 230 bp upstream of the initiation codon of Idh2 func-

tioned (Figure 4B). Mutation of the two E- box elements in 

the Idh2 promoter impaired the effects of Clock on Idh2 tran-

scription activity (Figure 8C), indicating that both of the two 

E- box elements regulated the translation of Idh2. We then 

overexpressed Idh2 in adipocytes with or without melatonin 

incubation. Co- treatment of Idh2 and melatonin further el-

evated the content of αKG, along with the reduction of IL-6 

mRNA level (Figure 8D,E). In addition, ELISA measure-

ment showed co- treatment of Idh2 and melatonin reduced 

the protein levels of TNFα, IL- 6, and IL- 1β (Figure 8F). 

Thus, these findings suggest Clock positively regulates Idh2 

on transcriptional level, and melatonin functioned via the 

regulation of Idh2.

3.8 | Melatonin attenuates jet- lagged- 
induced inflammation in mice adipose tissue

To test the effects of melatonin on circadian misalignment in-

duced adipose inflammation, we used jet- lagged mice model. 

Melatonin elevated αKG level which had been decreased 

in jet- lagged mice (Figure 9A). Meanwhile, melatonin pro-

moted IDH2 activity of adipose tissue that was disturbed 

in jet- lagged mice (Figure 9B). As shown in Figure 9C, 

melatonin reduced the mRNA levels of TNFα and IL-6 of 

jet- lagged mice adipose tissue. And immunocytochemical 

staining showed melatonin decreased the F4/80- positive cells 

of jet- lagged mice (Figure 9D). Taken together, melatonin 

reduced adipose inflammation of jet- lagged condition.

4 |  DISCUSSION

Melatonin is known to function as an immune modulator 

in obesity and age- related diseases.50,51 Melatonin exerts 

its anti- inflammatory effects by controlling the release of 

various anti- inflammatory and also pro- inflammatory cy-

tokines.13,18,52 Although studies report that melatonin inhibits 

inflammatory response via melatonin receptor (MT1) recep-

tor as well as nuclear receptors of ROR family present in im-

mune cells, the effects of melatonin on the communication of 

adipocytes and macrophages during obesity- associated meta-

bolic inflammation are still not determined.21,53 In this study, 

we demonstrated that exogenous melatonin ameliorated 

F I G U R E  5  Isolation of exosomes from mice adipose tissue. (A) A schematic depiction of adipose exosome isolation. (B) Size distribution 

of adipose- derived exosome as showed the peak at 30- 40 nm (n = 3). (C) The exosome fractions and cell lysates of adipose- derived exosomes were 

analyzed by immunoblotting with antibodies against exosomal proteins CD9 and CD81 and cellular proteins Cyt c and β- actin (n = 3). (D) Electron 

microscopy (EM) images of exosomes. Right panel: the expansion image of the original image. EM scale bar: 100 nm (n = 3). (E) αKG concentration 

from adipose- derived exosomes treated with or without melatonin (n = 3). Values are means ± SEM. *P < .05 compared with the control group
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inflammation of adipose tissue. Considering the similar re-

sults in HFD and chow diets, we hypothesized that melatonin 

might affect important metabolites in both steady and stress 

state. Recently, studies confirm that the metabolites can con-

tribute to the maintenance of cellular homeostasis and have 

important roles in inflammation and immune response.54-56 

In addition, we found melatonin also elevated the cellular 

levels of citrate and αKG in adipose tissue. Thus, our data 

indicated that αKG might be involved in melatonin reducing 

inflammatory response of adipose tissue.

F I G U R E  6  Exosomal αKG promotes M2 macrophage activation and enhances DNA demethylation. Macrophages were pretreated with αKG, 

adipose- derived exosome (Control), or adipose- derived exosome which had been incubated with melatonin (ExosMT). (A) Intracellular αKG level of 

macrophages (n = 3). (B) mRNA level of oxoglutarate receptor 1 (OXGR1) of macrophages (n = 3). (C) Representative pictures of M1 macrophages 

and M2 macrophages. Scale bar: 200 μm. Black arrow: M1 macrophage, white arrow: M2 macrophages (n = 3). (D) mRNA levels of M1 and M2 

macrophage indicators of macrophages (n = 3). (E) Protein levels of Cd11c, TNFα, Cd206, and Cd163 of macrophages (n = 3). (F) mRNA levels 

of Tet1, Tet2, and Tet3 of macrophages (n = 3). (G) Protein levels of Tet1, Tet2, and Tet3 of macrophages (n = 3). (H) mRNA levels of DNMT1 and 

DNMT2 of macrophages (n = 3). (I) Protein levels of DNMT1 and DNMT2 of macrophages (n = 3). (J) Immunohistochemical staining of 5hmC 

of macrophages. The right panel was the quantification of fluorescence intensity. Scale bar: 200 μm (n = 3). Values are means ± SEM. *P < .05 

compared with the control group
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F I G U R E  7  Adipose- derived exosomes inactivate STAT3/NF- κB signal in adipocytes. The adipocytes were pretreated with αKG, adipose- 

derived exosome (Control), or adipose- derived exosome which had been incubated with melatonin (ExosMT). (A) mRNA levels of inflammatory 

markers of adipocytes (n = 3). (B) Protein levels of TNFα, IL- 6, and IL- 1β of adipocytes (n = 3). (C) Intracellular αKG level of adipocytes (n = 3). 

(D) mRNA level of OXGR1 of adipocytes (n = 3). (E) Protein levels of p- STAT3, STAT3, p- NF- κB, and NF- κB of adipocytes (n = 3). Protein level 

was detected by ELISA method. Values are means ± SEM. *P < .05 compared with the control group

F I G U R E  8  Melatonin drives circadian amplitude of Idh2 in adipose inflammation, (A) mRNA level of Idh2 at indicated times was analyzed 

by RT- PCR (n = 3). (B) Fragments of Idh2 promoter fused to a luciferase reporter gene were co- transfected into HEK293 cells together with PGL3- 

basic (control) or pc- Clock. The binding sites of Clock overlap with consensus E- boxes in Idh2 promoter region. Luciferase activity was corrected 

for Renilla luciferase activity and normalized to the control activity (n = 3). (C) The strategy for generating mutant Idh2 promoter- driven luciferase 

reporters with mutated bases in red (n = 3). (D) Relative αKG abundance of adipocytes pre- infected with pAd- Idh2 or si- Idh2 and treated with 

melatonin or not (n = 3). (E) mRNA levels of IL-6 and adiponectin of adipocytes pre- infected with pAd- Idh2 or si- Idh2 and treated with melatonin 

or not (n = 3). (F) Protein levels of TNFα, IL- 6, and IL- 1β of adipocytes (n = 3). pAd- Idh2: overexpression adenovirus recombinant vectors of 

Idh2; si- Idh2: interference lentiviral recombinant vectors of Idh2. Protein level was detected by ELISA method. Values are means ± SEM. *P < .05 

compared with control
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There exists a substantial amount of evidence supporting 

that melatonin can accelerate key enzymes of the Kreb’s cycle 

and the respiratory chain. Among the known metabolites, αKG 

has been reported to be essential for the elicitation of desirable 

immune responses.57 Recent studies also confirm that mela-

tonin elevates cellular αKG level and prevents α- ketoglutarate 

dehydrogenase activation in liver and kidney.58,59 To estimate 

the effects of melatonin on cellular αKG level in adipocyte 

inflammation, we investigated the core metabolic and inflam-

matory genes expression profile in adipose tissue. We found 

that melatonin elevated the expression of TCA cycle genes 

including Idh1, Idh2, and Idh3. Moreover, the NF- κB signal 

pathway which was correlated with inflammatory responses 

was significantly enriched by the gene ontology (GO) anal-

ysis. Studies have identified that αKG links metabolism to 

epigenetic modifications in adipocytes differentiation and 

thermogenesis by TET- mediated DNA demethylation.48,60 

In this study, our data preliminarily showed that melatonin 

increased cellular αKG level along with the increasing of 

DNA demethylation during inflammatory response in adi-

pocytes. Furthermore, melatonin could elevate IDH2 activity 

by Sirt1 directly interaction with IDH2 and suppressed pro- 

inflammatory status in adipocytes. Although the molecular 

mechanism of complex formation remains elusive, we suspect 

that it is similar to the interaction of protein Sirt3/IDH2 by 

directly deacetylation, and this needs further study.42,61 From 

these findings, we surmise that melatonin participates in 

the regulation of inflammatory responses by αKG- mediated 

 epigenetic reprogramming in adipose tissue.

Exosomes have been considered as important mediators of 

cell- cell communication by exchange of material and deliver-

ing information.29 Studies have determined that adipocytes can 

release exosomes to recipient cells and tissues thereby modi-

fying the physiological state of the recipient cells.62,63 Here, 

we demonstrated that melatonin increased exosomes secre-

tion from adipocytes and elevated the αKG concentration in 

F I G U R E  9  Melatonin attenuates jet- lagged- induced inflammation in mice adipose tissue. The jet- lagged mice were injected with or without 

melatonin for 14 days, and n = 6 in each group. (A) αKG level of adipose tissue of jet- lagged mice. (B) IDH2 activity of adipose tissue of jet- lagged 

mice. (C) mRNA levels of IL-6, TNFα, and adiponectin of adipose tissue of jet- lagged mice. (D) Adipose tissue sections were stained with the 

macrophage- specific antibody F4/80. The right panel was the quantification of fluorescence. Values are means ± SEM. *P < .05 compared with 

control

F I G U R E  1 0  Melatonin coordinates 

inflammatory response through elevating 

αKG and diverting to macrophages via 

exosomes in mice adipose tissue. Melatonin 

alleviated inflammatory response through 

increasing cellular and exosomal αKG level 

in adipose tissue. Exosomal αKG transports 

to recipient macrophages and performs the 

anti- inflammatory function by epigenetic 

reprogramming
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adipose- derived exosomes. Notably, we are the first demon-

strated that exosomes (secretion from melatonin- treated adipo-

cytes) subsequently transported to macrophages and acted as 

a critical switch governing M1 and M2 macrophage polariza-

tion. In addition, further analysis suggested that αKG inhibited 

inflammation response in macrophage through epigenetic re-

programming. These findings are consistent with other studies 

that αKG regulated the immune responses of macrophages 

through metabolic and epigenetic reprogramming.57,64 Our 

previous study had determined that melatonin inhibited inflam-

masome formation and pyroptosis in adipocytes.27 We then as-

sumed that exosomal αKG was essential for the inhibitory role 

of melatonin on inflammation of neighboring adipocytes. In 

our study, we showed that exosomal αKG decreased adipocyte 

inflammation along with the reduction of phosphorylation of 

STAT3/NF- κB signal. Notably, we are the first to point out 

a significant correlation between circadian clock and αKG 

concentration. The regulatory mechanism of Clock on gene 

transcription may depend on E- box, which is a DNA response 

element.65 We hypothesized that melatonin elevated cellular 

and exosomal αKG level associated with the binding of Clock 

to E- box in the promoter region of Idh2 during adipocyte in-

flammation. Although we and other studies have determined 

melatonin and αKG coordinately alleviated inflammation, the 

precise mechanisms that melatonin regulates exosomal αKG 

secretion need to be further studied.66,67

There are also several limitations in this study. First, the 

dose of melatonin we used was at a pharmacological level. 

However, we and others suggested that this dose did not affect 

the viability of adipocytes26,27 and could affect many biolog-

ical processes in adipocytes.68-70 Second, we did not confirm 

whether melatonin affects other metabolites in exosomes that 

may play important functional roles during adipose inflam-

mation. In addition, it is possible that multiple metabolites 

within the exosomes could work in a coordinated way to re-

duce adipose inflammation that we have observed. Future 

metabolomics study will be necessary to demonstrate the full 

set of melatonin regulating the adipose- derived exosomes.

In summary, our present study demonstrates that mel-

atonin alleviates inflammatory response through increas-

ing cellular and exosomal αKG level in adipose tissue. 

Moreover, adipose- derived exosomes transport to recipient 

macrophages and perform the anti- inflammatory function 

by αKG- regulated epigenetic reprogramming (Figure 10). 

Thus, our results indicate that melatonin can be potentially 

used in the therapy of obesity- associated metabolic disease 

by delivering desirable information to an accurate target 

cell.
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