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Abstract
Excess weight and obesity are severe public health threats worldwide. Recent evi-
dence demonstrates that gut microbiota dysbiosis contributes to obesity and its co-
morbidities. The body weight- reducing and energy balancing effects of melatonin 
have been reported in several studies, but to date, no investigations toward examin-
ing whether the beneficial effects of melatonin are associated with gut microbiota 
have been carried out. In this study, we show that melatonin reduces body weight, 
liver steatosis, and low- grade inflammation as well as improving insulin resistance in 
high fat diet (HFD)- fed mice. High- throughput pyrosequencing of the 16S rRNA 
demonstrated that melatonin treatment significantly changed the composition of the 
gut microbiota in mice fed an HFD. The richness and diversity of gut microbiota 
were notably decreased by melatonin. HFD feeding altered 69 operational taxonomic 
units (OTUs) compare with a normal chow diet (NCD) group, and melatonin sup-
plementation reversed 14 OTUs to the same configuration than those present in the 
NCD group, thereby impacting various functions, in particular through its ability to 
decrease the Firmicutes- to- Bacteroidetes ratio and increase the abundance of mucin- 
degrading bacteria Akkermansia, which is associated with healthy mucosa. Taken 
together, our results suggest that melatonin may be used as a probiotic agent to re-
verse HFD- induced gut microbiota dysbiosis and help us to gain a better understand-
ing of the mechanisms governing the various melatonin beneficial effects.

K E Y W O R D S
gut microbiota, inflammation, insulin resistance, liver steatosis, melatonin, obesity

1 |  INTRODUCTION

Excess weight and obesity, characterized by a high body 
mass index (BMI), have doubled worldwide since the 
1980s, according to the 2014 Global Status Report from the 
World Health Organization.1 Globally, about 2 billion adults 
were overweight (BMI≥25 kg/m2) and more than 600 mil-
lion were obese (BMI≥30 kg/m2) in 2014, while 42 million 
children (<5 years old) were overweight, or obese in 2013.1 
The obesity prevalence is increasing everywhere. In the 
United States, which is considered as one of the countries 

with the highest prevalence of obesity, about 70% of adults 
are considered overweight, including 36% obese individu-
als.2,3 China has a lower rate (5.2%, in 2010) of obesity, 
but the absolute number of obese people exceeds that of the 
United States.2,4 To date, numerous studies have reported 
that excess body weight is a known risk factor associated 
with mortality from cancer and some other chronic diseases, 
including diabetes, fatty liver disease, and cardiovascular 
diseases.5,6 Obesity has been surpassing tobacco smoking 
and has become the most important global public health 
concern today.7,8
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Increasing evidence indicates that the changes in gut 
microbiota composition are associated with obesity and its 
associated metabolic disorders.9 Moreover, genetic-  and 
dietary- induced obese rodents showed large increases in their 
Firmicutes/Bacteroidetes ratio.10,11 Transplanting the gut 
microbiota isolated from high fat diet (HFD)- induced obese 
donors to germ- free animals led to a significant increase in 
body weight and metabolic syndrome in the recipient mice.12 
The positive effect of gut microbiota on energy metabolism 
and nutrient acquisition may have the potential to prevent 
obesity.

Melatonin, or N- acetyl- 5- methoxy tryptamine, is a nat-
ural molecule widely present in animals, plants, bacteria, 
fungi, and eukaryotic protists.13-17 In mammals, including 
humans, pineal melatonin is a natural hormone secreted from 
the pineal gland situated in the brain. It plays a key role in 
the regulation of other hormones and maintains the circadian 
rhythm. Several studies showed that circadian rhythm mela-
tonin is involved in the regulation of body weight gain and 
energy metabolism in some rodents.18-22 Moreover, in Zucker 
diabetic fatty rats,melatonin has been proved to ameliorate 
low- grade inflammation and oxidative stress,23 improve glu-
cose homeostasis and dyslipidemia,24 stimulate browning 
of inguinal subcutaneous adipose tissue (Ing- SAT),25 and 
reduce mitochondrial dysfunction in liver, skeletal muscle, 
and Ing- SAT.26-28 However, there are no clinical or experi-
mental studies that evaluated the effects of melatonin on the 
gut microbial dysbiosis induced by HFD. Therefore, whether 
melatonin, as a probiotic, prevents obesity by modulating the 
gut microbiota is still unknown. In this study, we observed 
that melatonin prevents HFD- induced obesity, liver steatosis, 
insulin resistance, and low- grade inflammation. Through the 
gut microbiota profiling, our results indicate that melatonin 
induces a substantial change in gut microbiota composi-
tion, suggesting a potential mechanism by which melatonin 
reduces obesity and its related disorders.

2 |  MATERIALS AND METHODS

2.1 | Drug and diets
Melatonin (M5250) was purchased from Sigma- Aldrich (St 
Louis, MO, USA). Both the normal chow diet (NCD) and 
HFD (containing 60% kcal fat) were purchased from Beijing 
HFK Bioscience Co. Ltd., (Beijing, China).

2.2 | Animals and experimental design
Ten- week- old male C57BL/6J mice were obtained from 
Vital River Laboratory Animal Technology Co. Ltd (Beijing, 
China). After a 1 week adaptation period, the mice were ran-
domly assigned to three groups (n=6- 15) in a light and cli-
mate controlled room at 12- hours light—12- hours dark cycle 

and 25±2°C, with free access to water and different diets. 
The melatonin treatment group (HFD+M) was fed an HFD 
with melatonin at 50 mg/kg body weight (BW) by gavage 
once daily for 10 weeks. All experimental procedures were 
performed and approved by the guidelines of Ethics and 
Animal Welfare Committee of Beijing Normal University. 
(Approval No. CLS- EAW- 2015- 013). All efforts were made 
to reduce animal suffering.

2.3 | Histological analysis
To make paraffin section, epididymal white adipose tissue 
(Epi- WAT) and brown adipose tissue (BAT) were fixed in 
4% paraformaldehyde, paraffin- embedded and sectioned 
at 5- 7 μm. Hematoxylin and eosin (H&E) staining was 
 according to standard method. The size of adipocytes from 
Epi- WAT was analyzed using a Cell Profiler Software, as 
previously.29 For immunofluorescence, briefly, BAT sec-
tions were incubated with UCP1 (Sigma), diluted at 1:100, 
at 4°C for 12 hours, and then incubated with the secondary 
antibody for 1 hour. Liver frozen sections (8- 10 μm) were 
stained with Oil Red O.

2.4 | Biochemical analysis
Blood samples were collected from fasted mice at the end 
of the experiment. Serum total cholesterol (TC), triacyl-
glycerol (TG), as well as glucose, and liver TG concen-
trations were measured using commercially available kits 
from Beijing Applygen Technologies Inc. (Beijing, China). 
Serum levels of insulin, tumor necrosis factor- α (TNF- α), 
and interleukin- 6 (IL- 6) were detected using commercially 
available ELISA kits from Neobioscience Technology 
Company (Shenzhen, China). Serum LPS concentration 
was measured using a quantitative chromogenic tachy-
pleus amebocyte lysate kit from Chinese Horseshoe Crab 
Reagent Manufactory, Co., Ltd (Xiamen, China).

2.5 | Glucose and insulin tolerance analyses
For the intraperitoneal glucose tolerance test (IPGTT), during 
the 8th week of the experiment, mice were fasted for 12 hours 
before receiving an intraperitoneal injection of D- glucose 
(1.5 g/kg). Blood samples were taken from the tail vein at 
different time points, and blood glucose was measured using 
a glucometer (Johnson & Johnson, Shanghai, China). For the 
insulin tolerance test (ITT), during the 9th week of the exper-
iment, mice were fasted for 6 hours before receiving an intra-
peritoneal injection of insulin (0.75 UI/kg; Novo Nordisk). 
Blood samples were taken, and blood glucose levels were 
measured. Using serum fasting blood glucose and insulin 
concentrations, we calculated the homeostasis model index 
of insulin resistance (HOMA- IR: insulin×glucose/22.5) and 
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the quantitative insulin check index of insulin sensitivity 
(QUICKI: 1/[log (insulin)+log (glucose)]) as previously.30

2.6 | Western blot analysis
Liver protein was extracted using RIPA lysis. The protein 
amount was measured using a BCA protein assay reagent 
from Pierce (Rockford, IL, USA). Protein samples were 
separated by 10% SDS- PAGE gel and transferred onto 
Immobilon®- P transfer membranes. After blocking with 8% 
nonfat milk, membranes were first incubated with primary 
antibodies, against FAS (1:2000), NF- κB (1:2000), IκB- α 
(1:1000), and β- actin (1:6000) at 4°C for 12 hours, and then 
with the secondary antibody for 1 hour, as described previ-
ously.31 The intensities of protein bands were quantified with 
the ImageJ software and the values normalized to β- actin.

2.7 | Gene expression analysis
Tissue total RNA was isolated with an RNAprep Pure tissue 
kit from Tiangen Biotech Co., Ltd. (Beijing, China). For real- 
time PCR analysis, reverse transcription was performed with 
oligdT- 18 and M- MLV transcriptase from Promega (Madison, 
WI, USA). SYBR Green qPCR SuperMix was performed on 
an ABI 7500 real- time PCR system according to the manu-
facturer’s instructions, as we described previously.31 Values 
were normalized against control glyceraldehyde- 3- phosphate 
dehydrogenase (GAPDH). Sequences of the real- time PCR 
primers used are listed in Table S1.

2.8 | Gut microbiota analysis
Fresh fecal samples were collected during the final 5 days for the 
gut microbial analysis. Bacterial genomic DNA was extracted 
from frozen fecal samples stored at −80°C using QIAamp DNA 
stool Mini Kit from Qiagen (Hilden, Germany), according to the 
manufacturer’s instructions. The 16S rRNA gene comprising 
V3 and V4 regions was amplified by PCR using composite spe-
cific bacterial primers (Table S1). Thermal cycling consisted of 
the following condition: 95°C for 5 minutes (1 cycle), 95°C for 

30 s/50°C for 30 s/72°C for 40 seconds (25cycles), and a final 
extension at 72°C for 7 minutes. High- throughput pyrosequenc-
ing of the PCR products was performed on an Illumina MiSeq 
platform at Biomarker Technologies Co, Ltd. (Beijing, China). 

F I G U R E  1  Effects of melatonin on body weight gain in high 
fat diet (HFD)- fed mice. (A) Representative mice and body weight 
gain, (B) epididymal white adipose tissue (Epi- WAT) weight and 
Epi- WAT/BW ratio, (C) mesenteric white adipose tissue (Mes- 
WAT) weight and Mes- WAT/BW ratio, (D) perirenal white adipose 
tissue (Per- WAT) weight and Per- WAT/BW ratio, and (E) inguinal 
subcutaneous adipose tissue (Ing- SAT) weight and Ing- SAT/BW ratio 
in male C57BL/6J mice fed a normal chow diet (NCD, n=6), HFD, 
n=10), or HFD with melatonin (HFD+M, n=15) gavage (50 mg/
kg/d) for 10 wk. Values are presented as mean±SE. Differences were 
assessed by ANOVA and denoted as follows: **P<.01; ***P<.001 
compared with NCD, ##P<.01; ###P<.001 compared with HFD
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The raw paired- end reads from the original DNA fragments were 
merged using FLASH32 and assigned to each sample according 
to the unique barcodes. High- quality reads for bioinformatics 
analysis were performed, and all of the effective reads from each 
sample were clustered into operational taxonomic units (OTUs) 
based on a 97% sequence similarity according to UCLUST.33 
For alpha diversity analysis, we rarified the OTU to several met-
rics, including curves of OTU rank, rarefaction and Shannon, and 
calculated indexes of Shannon, Chao1, Simpson, and ACE. For 
beta- diversity analysis, heatmap of RDA- identified key OTUs, 
principal component analysis (PCA), principal coordinate analy-
sis (PCoA), nonmetric multidimensional scaling (NMDS), and 

unweighted pair group method with arithmetic mean (UPGMA) 
were performed using QIIME.34 The LDA effect size (LEfSe) 
analysis was performed for the quantitative analysis of biomark-
ers among each group.35 Briefly, LEfSe analysis, LDA threshold 
of>4, used the nonparametric factorial Kruskal- Wallis (KW) 
sum- rank test and then used the (unpaired) Wilcoxon rank- sum 
test to identify the most differently abundant taxa.

2.9 | Statistical analysis
Results were presented as means±SE. The statistical analy-
sis was performed using SPSS, version 20 (IBM, Armonk, 

F I G U R E  2  Effects of melatonin on adipocyte hypertrophy, hepatic steatosis, and systemic inflammation in high fat diet (HFD)- fed mice. (A) 
H&E staining of epididymal white adipose tissue (Epi- WAT) sections (scale: 100 μm). (B) Mean adipocyte size and (C) epididymal adipocyte size 
distribution in each group (n=5, 20 microscopic images were obtained from each treatment group). (D and E) Epi- WAT mRNA expression of genes 
involved in lipogenesis was measured by real- time PCR analysis. Liver Oil Red O staining (F) and triacylglycerol (TG) concentrations (G) were 
analyzed at the end of the study (scale: 50 μm). (H) Serum endotoxin was determined using the limulus amebocyte lysate assay kit. Serum tumor 
necrosis factor- α (TNF)- α (I) and IL- 6 (J) concentrations were measured by ELISA. Values are means±SE. (K). The liver FAS, NFκB, and IκB- α 
protein production was examined by Western blotting, and relative protein levels were normalized with β- actin (n=3). Differences were assessed by 
ANOVA and denoted as follows: *P<.05; **P<.01; ***P<.001 compared with normal chow diet (NCD), #P<.05; ###P<.001 compared with HFD
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NY, USA). Differences between groups were statistically 
analyzed using ANOVA followed by Tukey’s multiple com-
parison tests and unpaired t tests and considered statistically 
with a level of P<.05.

3 |  RESULTS

3.1 | Melatonin reduces body weight gain in 
HFD- fed mice
To determine the effect of melatonin on body weight gain 
under HFD, 10- week- old male C57BL/6J mice were fed 
either a NCD or HFD for 10 weeks and were supplemented 
with melatonin simultaneously (50 mg/kg/d) by gavage. As 
expected, HFD mice gained more weight compared to the 
NCD mice. Supplementation with melatonin significantly 
prevented the body weight gain in HFD- fed mice (Figure 1A). 
We then isolated the four main types of adipose tissues from 
the mice: Epi- WAT, mesenteric white adipose tissue (Mes- 
WAT), perirenal white adipose tissue (Per- WAT), and Ing- 
SAT. As shown in Figure 1B- E, consistent with the body 
weight gain, all four types of adipose tissues weights and the 
ratio of various adipose tissues normalized to body weights 
were obviously increased by HFD (P<.001) and decreased 
by melatonin supplementation (P<.001) in mice.

3.2 | Melatonin prevents HFD- induced 
WAT hypertrophy, liver steatosis and systemic 
low- grade inflammation
Next, we examined the size of adipocyte cells obtained 
from Epi- WAT sections (Figure 2A). The adipocyte size 
was measured using automated image analysis. As shown in 
Figure 2B,C, the HFD group exhibited a larger mean adipo-
cyte size compared to the NCD group, while this size was 
kept at a normal level in the HFD+M group, reflecting the 
decreased frequency of larger adipocytes (>12 000 μm2) 
and the increased frequency of smaller adipocytes (2000- 
8000 μm2). We measured the expression of lipogenic genes, 
including FAS and ACC- 1 in the Epi- WAT. As shown in 
Figure 2D,E, the HFD promoted the expression of lipogenic 

genes, and melatonin treatment significantly inhibited the 
FAS gene expression. Significant inhibition of FAS protein 
expression was also observed in the liver (Figure 2K). The 
inhibition of lipogenesis was closely correlated with the ame-
liorated hepatic steatosis. As shown in Figure 2F,G, Oil Red 
O staining and liver TG content measurements indicated that 

F I G U R E  3  Preventive effects of melatonin on the development 
of insulin resistance in high fat diet (HFD)- fed mice. Serum 
concentrations of triacylglycerol (TG) (A) and total cholesterol (TC) 
(B), fasting blood glucose (C), and insulin (D) in the mice shown in 
Figure 1. (E) HOMA- IR and (F) QUICKI calculated according to the 
formula. (G) intraperitoneal glucose tolerance test (IPGTT) and (H) 
insulin tolerance test(ITT) test (n=5). Curves of blood glucose levels 
and the calculated AUC (inner graph) are shown. Values are expressed 
as mean±SE. Differences were assessed by ANOVA and denoted 
as follows: **P<.01; ***P<.001 compared with normal chow diet 
(NCD), #P<.05; ##P<.01; ###P<.001 compared with HFD
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melatonin markedly inhibited the liver lipid accumulation 
and prevented liver steatosis in mice fed an HFD. Previous 
studies have shown that obesity and liver steatosis are asso-
ciated with low- grade chronic inflammation.36 We investi-
gated the effects of melatonin on serum endotoxins (that is, 
LPS) and inflammatory cytokines (TNF- α and IL- 6) levels. 
Melatonin treatment reduced endotoxemia and systemic low- 
grade inflammation in HFD- fed obese mice (Figure 2H- J). 
Because NF- κB is a key player in inflammatory reactions, 
HFD feeding significantly enhanced the production of NF- 
κB and reduced IκB- α protein expression in the liver, while 
melatonin supplementation restored their levels (Figure 2K).

3.3 | Melatonin improves HFD- induced 
glucose tolerance and insulin resistance
To examine the ability of melatonin to attenuate hyperlipi-
demia, we measured the serum lipid concentration. As shown 
in Figure 3A,B, after 10 weeks on the experimental diets, the 
TG and TC concentrations were significantly increased by 
HFD feeding (+65.6% and +69.1%, respectively) compared to 
the NCD and were decreased by melatonin treatment −35.1% 
and −14%, respectively). As obesity is strongly associated 
with glucose tolerance and insulin resistance, we measured 
the fasting blood glucose and insulin concentrations and cal-
culated the HOMA- IR and QUICKI according to previously 
determined formulas. As shown in Figure 3C- F, melatonin 
administration clearly preserved insulin sensitivity in obese 
mice and reversed fasting blood glucose and insulin concen-
trations, and the two calculated indexes, to nearly normal lev-
els. Results of the IPGTT and ITT, and the corresponding area 
under curve (AUC) values, further confirmed that melatonin 
supplementation notably ameliorated the impaired glucose tol-
erance and insulin resistance in HFD- fed mice (Figure 3G,H).

3.4 | Melatonin stimulates BAT browning in 
HFD- fed mice

Melatonin promotes the growth of BAT in different spe-
cies.37,38 As shown in Figure 4A, HFD- fed mice showed 
enhanced lipid accumulation (that is, “whitening”), and 
oral administration with melatonin reversed the HFD- 
induced whitening and increased the protein expression 
of thermogenic marker uncoupling protein 1 (UCP1) in 
BAT. Furthermore, in the BAT, the mRNA expression of 
thermogenic genes (UCP1 and UCP3) was significantly 
increased (Figure 4B,C), and the mRNA expression levels 
of mitochondrial biogenesis (PGC1α), fatty acid catabolism 
(CPT1β), and lipid transport (CD36 and FABP) were also 
mildly increased in melatonin- treated mice, although these 
differences were not statistically significant (Figure 4D- G). 
These results showed that melatonin stimulates BAT brown-
ing and thermogenesis in HFD- induced obese mice.

3.5 | Melatonin alters the gut microbiota 
composition in HFD- induced mice
The interaction between HFD feeding and gut microbiota has 
been suggested to be involved in the above obesity- associated 
metabolic disorder. We assessed the effects of melatonin on 

F I G U R E  4  Effects of melatonin on brown adipose tissue (BAT) 
browning in high fat diet (HFD)- fed mice. (A) H&E and uncoupling 
protein1 (UCP1) immunofluorescence staining of representative 
BAT sections (scale: 50 μm). (B- G) Relative mRNA expression 
of markers for thermogenesis (UCP1 and UCP3), mitochondrial 
biogenesis(PGC1α), fatty acid catabolism (CPT1β), and lipid uptake 
(CD36 and FABP) in BAT (n=3). Values are presented as mean±SE. 
Differences were assessed by ANOVA and denoted as follows: 
*P<.05; **P<.01 compared with normal chow diet (NCD), #P<.05; 
##P<.01 compared with HFD
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the intestinal microbiota composition by sequencing the bac-
terial 16S rRNA V3+V4 region. High- throughput pyrose-
quencing of the samples produced 914 756 raw reads. After 
removing the low- quality sequences, 795 719 clean tags were 
subjected to the following analysis (Table S2). Based on 97% 
similarity level, all of the effective reads were clustered into 
OTUs. As shown in Figure 5A, there was no significant dif-
ference in the number of OTUs between HFD and NCD 
groups, while melatonin decreased the number of OTUs. The 
curves of OTU rank (Figure 5B), rarefaction (Figure 5C), 
and Shannon (Figure 5D), as well as the indexes of Shannon 
(Figure 5E), Chao1 (Figure 5F), Simpson (Figure 5G), and 
ACE (Figure 5H) were calculated. Consistent with the num-
ber of OTUs, melatonin treatment significantly reduced both 
the richness and diversity of the intestinal microbiota in HFD- 
fed mice. As shown in Figure 5I, the phylum level analysis 
demonstrated that HFD feeding significantly decreased the 
relative abundance of Bacteroidetes and increased the rela-
tive abundance of Firmicutes, while the treatment with mela-
tonin restored these levels and reduced the ratio of Firmicutes 
to Bacteroidetes. Interestingly, melatonin supplementation 
notably increased the abundance of Verrucomicrobia. To 
further exhibit the differences among each sample, the genus 
level analysis was performed, showing results similar to those 
observed at the phylum level. As shown in Figure 5J, mela-
tonin treatment significantly increased the relative abundance 
of Akkermansia belonging to the Verrucomicrobia phylum 
in HFD- fed mice. Weighted Unifrac cluster tree based on 
UPGMA revealed great modulating effects of melatonin on 

the intestinal microbiota structure (Figure 5K). The intesti-
nal microbiota structural changes were then analyzed using 
unsupervised multivariate statistical methods including, non-
metric multidimensional scaling (NMDS), UniFrac distance- 
based principal coordinate analysis (PCoA), and principal 
component analysis (PCA). As shown in Figure 5L- N, all 
three groups presented a distinct clustering of microbiota 
composition, and the HFD+M group had a similar structure 
to that of the HFD group.

3.6 | Melatonin modulates the key 
phylotypes of gut microbiota in HFD- fed mice
To identify the gut microbiota phylotypes responding to mel-
atonin supplementation, we analyzed the effective sequences 
of all samples by redundancy analysis (RDA). As shown in 
Figure 6A,B and Data S1, a total of 85 predictive OTUs were 
identified among three groups, and HFD feeding altered 69 
OTUs (27 increased and 42 decreased) compare with the 
NCD group. Treatment with melatonin generated 30 OTUs 
changes (10 increased and 20 decreased) compare with 
the HFD group, and among these changes, 14 OTUs were 
reversed to the same direction than those observed within 
the NCD group. A detailed analysis of the above 14 OTUs 
indicated that Ruminococcaceae,39 Desulfovibrionaceae,40 
Bacteroides, Porphyromonadaceae,41 Helicobacteraceae,42 
and Christensenellaceae were all reversed by melatonin, and 
most of them have been positively correlated with obesity 
and its related disorders in previous studies.

F I G U R E  5  Responses of the diversity, richness, and structure of the gut microbiota to melatonin during the treatment of obesity in mice. (A) 
operational taxonomic units (OTU) number of gut microbiota in three groups; (B- D) OTU rank curves, rarefaction curves and Shannon curves of 
gut microbiota for each sample, respectively; (E- H) shows the Shannon index, Chao1 index, Simpson index, and ACE index of each group. Values 
are presented as mean±SE. (n=5). Differences were assessed by ANOVA and denoted as follows: *P<.05; **P<.01 compared with normal chow 
diet (NCD), #P<.05; ## P<.01 compared with high fat diet(HFD). Relative abundances of the gut microbiota at phylum level (I) and genus level (J). 
(K) Weighted Unifrac cluster tree based on group method with arithmetic mean (UPGMA). (L- N) nonmetric multidimensional scaling (NMDS) 
score plot based on Bray- Curtis, PCoA score plot, and principal component analysis (PCA) score plot based on weights
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LEfSe analysis identified the high- dimensional biomark-
ers in the intestinal microbiota among each group. As shown 
in Figure 7A, melatonin supplementation induced a trend of a 
large increase in Akkermansia, which is a probiotic that helps 
reduce HFD- induced obesity, diabetes, and inflammation. 
The relative abundance of bacteria, having negative effects, 
including Alistipes, Anaerotruncus, and Helicobacter mar-
motae were all reduced after melatonin treatment in HFD- fed 
mice (Figure 7B- D). Collectively, these results indicate that 
melatonin treatment reverses HFD- induced gut microbiota 
dysbiosis.

4 |  DISCUSSION

Gut microbiota is closely correlated with obesity. Although 
several studies have shown that melatonin prevents obesity in 
different animal models,18,20,21,43,44 the effects of melatonin 
on the gut microbiota had not yet been investigated. In this 
study, we investigated the effects of melatonin oral adminis-
tration for 10 weeks on the development of obesity and gut 
microbiota. Our results revealed that melatonin has a protec-
tive effect against dietary- induced obesity, insulin resistance, 
liver steatosis, and low- grade inflammation. Additionally, 

F I G U R E  6  Heatmap of redundancy analysis (RDA)- identified key operational taxonomic units (OTUs) and LefSe identifies the most 
differently abundant taxons in gut microbiota in response to melatonin treatment. (A) Heat map showing the relative abundance of RDA- identified 
key 85 OTUs significantly altered by melatonin in high fat diet (HFD)- fed mice. (B) Represented bacterial taxa information (genus, family, and 
phylum) of OTUs from (A)is shown. Red arrows and blue arrows indicate the OTUs that increased or decreased in the normal chow diet (NCD) and 
HFD+M groups relative to the HFD group based on Turkey’s HSD test (P<.01)

F I G U R E  5  (Continued)
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melatonin was found to modulate the gut microbiota compo-
sition, and the changes induced were associated with obesity.

In our obese mouse model, melatonin treatment signifi-
cantly reduces body weight gain, fat mass, and epididymal 

mean adipocyte size to approximately the control levels 
(Figure 1 and Figure 2A- C). As already mentioned, the gut 
microbiota of obese humans and rodent models is highly 
associated with decreased abundances of Bacteroidetes and 
increased abundances of Firmicutes.10,11,45 Our results show 
that melatonin supplementation significantly increases the 
abundance of Bacteroidetes and decreased the abundance of 
Firmicutes in HFD- fed mice (Figure 5I,J). Growing evidence 
indicates that the intestinal microbiota plays an important 
role in modulating host inflammation.46 In our study, HFD- 
induced low- grade inflammation can be explained by gut 
microbiota dysbiosis, which results in increased plasma con-
centration of LPS. The plasma LPS, also known as endotoxins, 
are mainly produced by Gram- negative bacteria in the intes-
tinal ecosystem.47 We observed that the relative abundance 
of endotoxin- producing bacteria Desulfovibrionaceae was 
decreased in the gut microbiota of HFD+M mice (Figure 6). 
It was consistent with previous studies showing that the 
probiotic- enriched diet intervention can reduce the abundance 
of Desulfovibrionaceae in obese individuals.40 Akkermansia 
is a probiotic, which belongs to the Verrucomicrobia phylum 
and is associated with the nutrition metabolism. Recent stud-
ies suggested that Akkermansia improves metabolic health 
and protects from obesity, diabetes, and inflammation in the 
intestinal tract of rodents.48-50 Here, melatonin significantly 
enhanced the level of Akkermansia (Figure 5J and Figure 7A). 
The relative abundances of Alistipes51,52and Anaerotruncus50 
have been correlated with obesity and its associated meta-
bolic disorders in previous studies, and their abundances were 
also restored by melatonin in HFD- fed mice (Figure 7B- C). 
Melatonin protects against metabolic dysfunction and oxida-
tive molecular damage in the hepatobiliary and gastrointesti-
nal tract system.53,54 Helicobacter marmotae is considered to 
be associated with enterohepatic disease.55 It was reversed by 
melatonin in HFD- fed mice in the present study (Figure 7D). 
The aim of this study is to reveal the potential internal connec-
tion between gut microbiota and beneficial phenotype with 
melatonin. The specific mechanism needs further research. 
Meanwhile, we should note that it is unclear whether mela-
tonin treatment can alter gut microbiota under a normal diet.

Low- grade inflammation is related to NAFLD in human 
and rodent animals.36,56 Consistently with a previous 
study, melatonin alleviated endotoxin- induced NAFLD in 
mice.57 In the present study, melatonin treatment signifi-
cantly reduced HFD- induced hepatic lipid accumulation 
(Figure 2F,G). The NF- κB signal pathway plays an import-
ant role in the development of inflammation, NAFLD, and 
diabetes.58 Melatonin decreased the circulating levels of 
LPS, TNF- α, and IL- 6, all markers of systemic low- grade 
inflammation, and restored the protein expression of NF- 
κB in liver (Figure 2H- K). Many studies have been reported 
that melatonin attenuated inflammatory response and oxi-
dative stress by inhibited NFκB activation,59-61 which was 

F I G U R E  7  The relative abundance of Akkermansia (A), 
Alistipes (B), Anaerotruncus (C), and helicobacter marmotae (D) 
obtained in fecal microbiota from the LefSe results. Solid and dashed 
lines indicate mean and median, respectively
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explored in rat skeletal muscle by increasing IκBα content 
and decreasing IκBα phosphorylation and IκB kinase α.62 
Additionally, in HFD- fed mice, circulating TG, TC, blood 
glucose, and insulin levels increased significantly, while the 
administration of melatonin produced a protective effect 
and counteracted the increased insulin resistance in obese 
mice (Figure 3).

Brown adipose tissue (BAT), which expends energy 
to produce heat, regulates insulin resistance and glucose 
homeostasis, and promotes a lean and healthy phenotype.63,64 
Several in vivo studies have shown that melatonin treatment 
regulates the energy metabolism by stimulating BAT and 
WAT browning.25,65-67 In the present study, we observed that 
melatonin administration increases the expression of UCP1 
at both the gene and protein levels, enhances fatty acid trans-
port and catabolism, and promotes thermogenesis (Figure 4). 
Depleting gut microbiota prevents obesity and stimulates the 
browning of WAT in obese mice.63 In our model, melatonin 
decreases the OUT number and reduces the richness and 
diversity of the gut microbiota, which, to some extent, may 
support the above hypothesis.

In conclusion, our results show that melatonin treatment 
modulates the gut microbiota, promoting a decrease in the 
ratio of Firmicutes to Bacteroidetes and increasing the rel-
ative abundance of Akkermansia, while bringing the abun-
dances of Alistipes, Anaerotruncus, and Desulfovibrionaceae 
back to normal levels, thereby providing beneficial effects 
against obesity, insulin resistance, liver steatosis, and low- 
grade inflammation in HFD- fed mice.
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