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ABSTRACT

The high prevalence of obesity and its associated metabolic diseases has heightened the importance of understanding control of adipose tissue
development and energy metabolism. In mammals, 3 types of adipocytes with different characteristics and origins have been identified: white,
brown, and beige. Beige and brown adipocytes contain numerous mitochondria and have the capability to burn energy and counteract obesity,
while white adipocytes store energy and are closely associated with metabolic disorders and obesity. Thus, regulation of the development and
function of different adipocytes is important for controlling energy balance and combating obesity and related metabolic disorders. Melatonin
is a neurohormone, which plays multiple roles in regulating inflammation, blood pressure, insulin actions, and energy metabolism. This article
summarizes and discusses the role of melatonin in white, beige, and brown adipocytes, especially in affecting adipogenesis, inducing beige
formation or white adipose tissue browning, enhancing brown adipose tissue mass and activities, improving anti-inflammatory and antioxidative
effects, regulating adipokine secretion, and preventing body weight gain. Based on the current findings, melatonin is a potential therapeutic agent
to control energy metabolism, adipogenesis, fat deposition, adiposity, and related metabolic diseases. Adv Nutr 2020;11:447–460.
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Introduction
The obesity epidemic and its associated metabolic dis-
eases has heightened the significance of understanding
the mechanisms controlling adipose tissue development. In
mammals, adipose tissue is generally classified as white
adipose tissue (WAT) and brown adipose tissue (BAT). These
2 kinds of adipose tissues have distinct morphologies and
functions. WAT, consisting of mature white adipocytes and
preadipocytes, serves as the major energy storing tissue and is
closely associated with obesity (1, 2). BAT, containing mature
brown adipocytes with numerous mitochondria and high
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amounts of uncoupling protein 1 (UCP1), can dissipate extra
energy as heat and mediate nonshivering thermogenesis (3,
4). Recently, a third type of adipocytes called beige or “brite”
(brown in white) adipocytes has been identified in WAT
after cold exposure or chemical stimulation (5–7). Beige
adipocytes are a kind of brown-like cells that contain lots of
mitochondria with high expression of UCP1 (5). Both brown
and beige adipocytes have the capability to burn energy and
counteract obesity. Interestingly, UCP1-positive brown and
beige adipocytes have been observed in adult humans (8–13).
Moreover, the appearance and activities of brown and beige
adipocytes in humans are inversely correlated with obesity
and insulin resistance (14, 15), suggesting a crucial role for
beige and brown adipocytes in regulating energy balance and
fat deposition. Thus, understanding the development and
regulation of adipose tissues, especially the brown and beige
fat cells, may provide novel strategies for combating obesity
and related metabolic disorders.

A number of factors have been identified that regulate
adipose development and biogenesis of brown and beige
adipocytes (16–22). Gender, genetics, and cold exposure af-
fect metabolism of different adipose tissues, beige formation,
and BAT thermogenesis (16, 17, 23). Aging changes the mor-
phology and function of BAT and decreases UCP1 expression
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and thermogenic capacity (16, 17). Several microRNAs,
transcriptional and epigenetic factors, and signaling path-
ways can regulate adipose tissue development and biogenesis
of brown and beige adipocytes (18–22, 24). Moreover, in
rodent and cell studies, hormones, chemical factors, and
dietary factors including irisin (7, 25, 26), melatonin (27–
30), bone morphogenetic proteins (31), fibroblast growth
factor 21 (25, 32), resveratrol (33), green tea catechins (34),
capsinoids (35), and berberine (36), have been identified
as key regulators of the development and function of
brown and beige adipocytes. These studies suggest that the
regulation of brown and beige adipocytes provides a variety
of promising therapeutic targets for controlling metabolic
disorders.

Melatonin (N-acetyl-5-methoxytryptamine) is a neuro-
hormone originally isolated from bovine pineal tissue (37).
It is mainly synthesized and secreted by the pineal gland
during nighttime (38, 39) and is involved in control of the
circadian rhythm in mammals (38, 40, 41). Melatonin is
also produced in other tissues or organs including the gut,
ovary, testes, and retina (42–44). In addition, melatonin is
found in herbs, olive oil, vegetables, fruits, and red wine (43,
45–48). Multiple physiological functions of melatonin have
been reported, including circadian and seasonal rhythms
(49), antioxidant (50–52) and anti-inflammatory properties
(39, 53–55), tumor growth inhibition (56–60), tissue repair
and regeneration (61–63), and metabolism (43, 64–66).
Evidence indicates that melatonin is involved in regulation
of adipose tissue development, lipid accumulation, body
weight, BAT activation, and browning of WAT (27–29, 43, 64,
65, 67). In rats and Siberian hamsters, melatonin promotes
weight loss through stimulation of WAT browning (27, 68)
and BAT growth and activation (28, 43, 69). In addition,
melatonin also affects differentiation of preadipocytes (70–
72) and mesenchymal stem cells (42, 73), and is involved in
regeneration of several tissues including bone (74, 75), heart
(76, 77), lung (62, 78), kidney (63, 79), liver (80), and gut
(81, 82).

The roles of melatonin in regulation of energy metabolism
and obesity have been reviewed recently and discussed by
different laboratories (55, 64–66, 83, 84). Cardinali and Vigo
addressed the role of melatonin in attenuating inflammatory
responses in metabolic syndrome (65). Cipolla-Neto et al.
discussed the effects of melatonin on energy metabolism,
energy balance, and obesity (64). Navarro-Alarcón et al.
mainly reviewed the role of melatonin in energy expen-
diture, body weight, oxidative stress, hyperglycemia, and
postprandial dysmetabolism (66). In addition, Szewczyk-
Golec et al. discussed the interrelations between melatonin
and the endocrine products of adipocytes, leptin, and
adiponectin, as well as their implications for obesity (84).
In the current review, we describe the characteristics and
origins of white, beige, and brown adipocytes. Moreover,
we summarize and discuss recent findings in the regulatory
roles of melatonin in adipocytes, especially in regulating
adipogenesis and cell fates of brown, white, and beige
adipocytes.

Characteristics of White, Beige, and Brown
Adipocytes
The main characteristics and morphological differences of
white, beige, and brown adipocytes are shown in Figure 1.
Most mammals have 2 major types of WAT depots, subcuta-
neous and visceral (or intra-abdominal). White adipocytes
contain few mitochondria and a single large lipid droplet
(Figure 1). In addition, white adipocytes express high
amounts of transcription factor 21 (Tcf21), and homeobox
protein Hox-C9 (Hoxc9) (24, 85) (Figure 1).

BAT is present and active in almost all mammals including
human newborns (9, 11). Moreover, functionally active BAT
was identified in adult humans challenged by external stimuli
such as cold (9, 13, 86). At low ambient temperatures, BAT is
primarily found in the interscapular space, axillary regions,
paravertebrally, and perirenally (9, 13, 86). Brown adipocytes
contain high amounts of mitochondria and multiple small
lipid droplets (Figure 1). Brown adipocytes express high
UCP1 and have the capacity to dissipate energy into heat. In
addition, high Zic family member 1 (Zic1), LIM homeobox 8
(Lhx8), and epithelial stromal interaction 1 (Epsti1) are found
in brown adipocytes (18, 24, 85) (Figure 1).

Beige adipocytes are the third type of adipocytes that have
been identified within WAT after cold exposure, hormones,
or chemical reagent stimulation (5–7). Beige adipocytes
share many morphological and biochemical characteristics
with white and brown adipocytes. Distinct to the white
and brown adipocytes, beige cells express high T-Box 1
(Tbx1), tumor necrosis factor receptor superfamily member
9 (Tnfsrf9/Cd137), and transmembrane protein 26 (Tmem26)
(5, 18, 24, 85, 87) (Figure 1). Beige adipocytes also contain
many mitochondria and show high expression of UCP1
(5). Both beige and brown adipocytes have the capacity to
burn energy into heat and express key thermogenic genes
including Ucp1, Cidea, Prdm16, Pparα, and Pgc1α (24). Thus,
enhancing the development and function of brown and beige
adipocytes may represent a promising strategy in stimulating
thermogenesis and treating obesity.

Origins of Brown, White, and Beige Adipocytes
The origins of brown, white, and beige adipocytes are
presented in Figure 2. Previous studies demonstrated that
brown adipocytes are derived from the myogenic factor 5
(Myf5)-expressing cell lineage, whereas white adipocytes are
from the non-Myf5-lineage progenitors (88). However, re-
cent studies provide evidence that white and beige adipocytes
derive from both Myf5-positive (Myf5+) and Myf5-negative
(Myf5−) precursors (89–91). By lineage tracing, different
groups quantified the Myf5-lineage contribution to the
mature adipocytes (89–91), as well as to the adipose stromal
vascular fractions and purified adipocyte precursor cells (89–
91) (Figure 2). The contribution of Myf5-lineage precursors
to BAT or WAT appears to vary between different adipose
depots (Figure 2). Indeed, in the interscapular BAT and
subscapular BAT, there are about 99% and 100% of the
brown adipocytes, respectively, from Myf5-lineage cells (89).
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FIGURE 1 Morphology, characteristics and marker genes of white, beige, and brown adipocytes. BAT, brown adipose tissue; Characters,
Characteristics; Epsti1, epithelial stromal interaction 1; Hoxc9, homeobox protein Hox-C9; Lhx8, LIM homeobox 8; PGC1α, peroxisome
proliferator-activated receptor γ coactivator 1-α; Tbx1, T-Box 1; Tcf21, transcription factor 21; Tmem26, transmembrane protein 26;
Tnfsrf9/Cd137, tumor necrosis factor receptor superfamily member 9; UCP1, uncoupling protein 1; WAT, white adipose tissue; Zic1, Zic family
member 1.

However, only 58−66% of brown adipocytes are traced
with Myf5-Cre in cervical BAT (89). No Myf5+ brown
adipocytes were found in perirenal BAT and periaortic
brown fat (89). Interestingly, in anterior-subcutaneous WAT

and retroperitoneal WAT, almost all of the mature adipocytes
are from Myf5-lineage cells (89). Notably, Myf5-Cre does not
label any mature adipocytes in perigonadal WAT/epididymal
WAT, mesenteric WAT, and inguinal WAT (89).

FIGURE 2 The lineage tracing results of WAT and BAT. The green numbers indicate Myf5-lineage, and the red numbers indicate
non-Myf5-lineage. APC, adipocyte precursor cell; asWAT, anterior-subcutaneous white adipose tissue; BAT, brown adipose tissue; eWAT,
epididymal white adipose tissue; iBAT, interscapular brown adipose tissue; IMAT, intermuscular/intramuscular adipose tissue; iWAT,
inguinal white adipose tissue; pgWAT, perigonadal white adipose tissue; rWAT, retroperitoneal white adipose tissue; SVF, stromal vascular
fractions; WAT, white adipose tissue.
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Pax3, a paired box homeodomain transcriptional factor,
is a key regulator of embryonic development (92). Pax3-
positive cells give rise to brown fat, skeletal muscle, skin, and
smooth muscle cells during embryonic development (92).
By lineage tracing, 2 groups previously demonstrated that
99−100% of mature adipocytes in interscapular BAT are
derived from Pax3-expressing cell lineage (89, 93). Similar
to the Myf5-lineage pattern, almost all anterior-subcutaneous
WAT and retroperitoneal WAT adipocytes are derived from
Pax3-lineage, whereas no mature adipocytes are Pax3-
lineage in mesenteric WAT or psWAT (89). Notably, 58% of
the male perigonadal WAT adipocytes are Pax3-lineage cells
(89). Likewise, the ratio of Pax3-lineage adipocyte precursor
cells in most depots is nearly identical to that of Myf5-lineage
(89).

Beige adipocytes have similar functions to brown
adipocytes, but beige adipocytes have different origins and
responses to browning reagents (5, 16, 17, 94). Interestingly,
the non-Pax3-lineage cells contribute more significantly
to beige cell formation than do the Pax3-lineages in the
same WAT depot (90, 95). These results suggest that non-
Pax3-lineage adipocytes are more responsive to browning
of WAT. However, other studies demonstrate that beige
adipocytes likely have different origins in different depots
(91, 96).

Intermuscular/intramuscular adipose tissues (IMATs) are
WAT depots that exist in skeletal muscle. Ectopic accu-
mulation of IMAT is associated with insulin resistance
and muscle wasting (93, 97). Recent advances in lineage
tracing demonstrate that IMAT is exclusively derived from
a non-Pax3-lineage and gives rise to white adipocytes
in cultures (93). Likewise, only ∼1% of Myf5 lineage
progenitors contribute to the intramuscular adipogenic
precursor pool (96) (Figure 2). Moreover, the resident
Sca-1+Cd34+Cd31−Cd45−fibro/adipogenic progenitors in
skeletal muscle are derived from a non-Myf5-lineage (98).
The ectopic fat cell formation and adipogenesis originate
from platelet-derived growth factor receptor α-positive
progenitors in skeletal muscle (99, 100). In addition, a
subpopulation of inducible brown adipocyte progenitors has
been identified to reside in skeletal muscle (101). These
results suggest that IMAT is a type of WAT derived from non-
Myf5 and non-Pax3-lineage cells.

Perivascular adipose tissue (PVAT) is the adipose tissue
surrounding the blood vessels. PVAT not only serves as
vessel-supporting connective tissue, but also acts as an
endocrine organ releasing bioactive molecules to regulate
vascular health (102, 103). The differences and similarities
between PVAT compared with WAT, beige fat, or BAT have
been reviewed (102, 103). Briefly, PVAT differs between
location and species. The thoracic PVAT appears to be similar
to BAT, whereas the abdominal PVAT is a WAT-like tissue
(102–104). However, the origin of PVAT is distinct from
either brown or white adipocytes (102, 103). PVAT originates
from SM22αlineage precursor cells (102, 103, 105). However,
future studies are needed to clarify the development and
function of PVAT.

In addition to Myf5-Cre and Pax3-Cre, many other Cre
lines have been used to trace the origins of preadipocytes
and mature adipocytes, as has been well reviewed by others
(96, 106). Taken together, the heterogeneous lineages and
different origins could explain the metabolic and molecular
differences between WAT, BAT, and beige adipocytes.

Regulatory Roles of Melatonin in White, Beige,
and Brown Adipocytes
Because of the growing obesity epidemic in the world, there
is great interest in development, biogenesis, and regulation
of white, beige, and brown adipocytes. Promotion of BAT
function or induction of beige formation in WAT may
represent potential therapies to combat obesity and its
associated disorders. Melatonin is one of the pineal secreted
hormones that can regulate adipogenesis, fat deposition, BAT
growth, beige formation, and WAT browning, and subse-
quently affects energy expenditure and insulin sensitivity
(27–30).

Melatonin affects adipogenic differentiation
The effects of melatonin on differentiation of preadipocytes
or adipose-derived stem cells have been studied by different
groups and recent findings are outlined in Table 1. Notably,
the regulatory roles of melatonin on adipogenesis reported
by different groups are contradictory. There exist 2 different
views on the effect of melatonin on adipogenesis: that
melatonin promotes preadipocyte differentiation and adipo-
genesis (67, 71, 72); and that melatonin is a negative regulator
and inhibits differentiation and adipogenesis (70, 73, 75,
107). Peroxisome proliferator-activated receptor γ (PPARγ )
and CCAAT/enhancer-binding protein α (C/EBPα) are the
2 master regulators of terminal adipogenesis (108). PPARγ

controls the expression of adipogenesis related genes such
as fatty acid-binding protein 4 (Fabp4; also known as aP2)
and fatty acid synthase and promotes the intracytoplasmic
accumulation of lipids (109). In differentiating 3T3-L1
preadipocytes, treatments with 1 mM melatonin through-
out the adipogenic differentiation process could promote
adipogenic differentiation and increase expression of both
C/EBPα and PPARγ (71, 72). In addition, 1 mM melatonin
induced 3T3-L1 preadipocyte differentiation and increased
intracytoplasmic triglyceride accumulation in both differ-
entiating and previously differentiated 3T3-L1 adipocytes
(71). Consistent with these findings, melatonin (1 mM)
supplementation in bovine intramuscular preadipocytes
(BIPs) significantly increased PPARγ and C/EBPα expres-
sion and promoted the differentiation of BIPs into mature
adipocytes with large lipid droplets and high intracytoplas-
mic triacylglycerol accumulation (67). Interestingly, Kato
et al. demonstrated that 1 mM melatonin promoted 3T3-
L1 preadipocyte differentiation into adipocytes, while the
melatonin-treated differentiated 3T3-L1 adipocytes formed
smaller lipid droplets (72). Moreover, they found high
expression of several molecules associated with lipolysis,
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TABLE 1 Effects of melatonin administration on differentiation of preadipocytes or adipose-derived stem cells, the year studied, and the
reference of the original paper1

Cell type Treatment Effects Year Reference

hADSCs 0.01 M melatonin or
melatonin plus vitamin D

Decreases the intracellular lipid accumulation and protein content; inhibits the
expression of aP2, Pparγ , and Lpl

2017 (107)

BIPs 1 nM, 100 nM, 10μM, or
1 mM

Promotes differentiation, lipid accumulation and lipolysis; reduces intracellular
ROS; increases expression of PPARγ , C/EBPβ , and C/EBPα

2017 (67)

hMSCs 50 nM melatonin Inhibits adipogenic differentiation; no effect on proliferation; reduces lipid
accumulation; and decreases the expression of PPARγ , C/EBPα, and C/EBPβ

2016 (73)

3T3-L1 1 mM melatonin Promotes adipogenesis, lipolysis, mitochondrial biogenesis, and adiponectin
secretion; increases PPARγ , PGC1α, and UCP1 expression

2015 (72)

3T3-L1 Different amounts of
melatonin

Increases intracytoplasmic triglyceride accumulation and differentiation;
upregulates C/EBPα and PPARγ expression

2012 (71)

hMSCs 0, 10−8,10−6, and 10−4 M
melatonin

Inhibits adipogenesis and promotes osteogenesis; no effect on proliferation;
downregulates mature adipocyte marker gene expression

2010 (75)

3T3-L1 0.1 M melatonin Decreases expression of Pparγ , C/ebpα, adiponectin, and aP2; reduces lipid
accumulation

2009 (70)

1aP2, fatty acid-binding protein 4; BIP, bovine intramuscular preadipocyte; C/EBPα, CCAAT/enhancer binding protein α; C/EBPβ , CCAAT/enhancer binding protein β ; hADSC,
human adipose-derived stem cell; hMSC, human mesenchymal stem cell; LPL, lipoprotein lipase; PPARγ , peroxisome proliferator-activated receptor γ ; ROS, reactive oxygen
species; UCP1, uncoupling protein 1; 3T3-L1, 3T3-L1 preadipocytes.

including hormone-sensitive lipase, adipose triglyceride li-
pase, perilipin, and comparative gene identification-58 (CGI-
58) in melatonin-treated 3T3-L1 adipocytes (72). Despite
large lipid droplets and large amounts of triglycerides, mela-
tonin also significantly enhanced lipolysis and upregulated
the expression of lipolytic genes and proteins, including
hormone-sensitive lipase, adipose triglyceride lipase, and
perilipin 1 in BIPs (67). Notably, 1 mM melatonin treatment
also increased mitochondrial activity and content, and up-
regulated expression of UCP1 and peroxisome proliferator-
activated receptor γ coactivator 1-α (PGC1α) in melatonin-
treated 3T3-L1 adipocytes (72). Taken together, these results
suggest that melatonin promotes adipogenesis and accumu-
lation of intracytoplasmic triglyceride during differentiation
of 3T3-L1 preadipocytes and BIP through activation of
C/EBPα and PPARγ . Meanwhile, melatonin treatments also
increased basal lipolysis, promoted mitochondrial function
and PGC1α activation, and subsequently reduced lipid
droplet size and induced white to brown-like adipocyte
transformation.

In contrast to the above findings, other studies have
demonstrated that melatonin inhibited adipogenic differenti-
ation and lipogenesis (70,73, 75, 107). Using a similar strategy
to the above studies in 3T3-L1 preadipocytes, Alonso-Vale
et al. showed that 1 mM melatonin treatment inhibited
preadipocyte differentiation, decreased lipid accumulation
and expression of Pparγ , C/ebpα, adiponectin (Adipoq),
and aP2 (70). They demonstrated that melatonin inhibited
adipocyte differentiation through inhibiting the activity
of CCAAT/enhancer-binding protein β (C/EBPβ) (70),
which could regulate the initial stages of adipogenesis and
expression of the terminal adipogenesis master regulators
C/ebpα and Pparγ . Likewise, in human mesenchymal stem
cells (hMSCs) (73, 75) and human adipose-derived stem cells
(hADSCs) (107), melatonin treatment inhibited adipogenic
differentiation, reduced intracellular lipid accumulation, and

decreased the expression of aP2, Pparγ , and lipoprotein
lipase (Lpl). In addition, 0.1 mM melatonin inhibited adipo-
genesis and mature adipocyte marker genes, while promoting
osteogenic differentiation of hMSCs, which was the opposite
of adipogenic differentiation, through enhancing Runx2
expression (75). These findings indicate that melatonin may
act as a negative regulator of adipogenesis.

Based on the above reports, we conclude that the con-
flicting results found by different groups may be caused by
differences in the cell types or dosages or time frames used by
different researchers. Adipogenic differentiation is a highly
orchestrated process in a time-dependent manner which can
vary between different fat depots or cell types (110). In the
previous studies, different cell models were used to study
the effect of melatonin on adipogenesis, including 3T3-L1
preadipocytes, BIPs, hADSCs and hMSCs. The duration of
adipogenic differentiation varies in different cell lines. Eight
days are required for differentiation in 3T3-L1 adipocytes
(71, 72), whereas hADSCs (107) and hMSCs (73) need longer
times, 21 or 28 d, to format mature adipocytes. The varying
durations of melatonin treatments in different cell lines
might cause the varying effects on adipogenic differentiation.
Notably, the doses of melatonin in hMSC experiments were
50 nM and 0.1 mM (73, 75), respectively, and in hADSC
experiments was 0.01 M (107), dramatically different from
that used in experiments with 3T3-L1 preadipocytes (71, 72)
and BIPs (67) (1 mM) (Table 1). Although 1 mM melatonin
did not affect the viability of 3T3-L1 cells, this dose of
melatonin was supraphysiological (72, 111). Low melatonin
(10 uM, 100 nM, 10 pM) did not significantly influence
the triglyceride concentrations in 3T3-L1 adipocytes (71).
In addition, various strategies and concentrations of differ-
entiation reagents (such as isobutylmethylxanthine, dexam-
ethasone, insulin) for adipogenic differentiation were applied
in previous studies (67, 70–73, 75, 107). Moreover, many
internal (e.g., hormones, miRNAs, cytoskeletal proteins) and
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external (e.g., drugs, molecules from plants) effectors could
modulate preadipocyte development and adipogenesis by
regulating PPAR and C/EBP transcription factors (112).
During adipogenic differentiation in vitro, the various doses
of isobutylmethylxanthine and dexamethasone, which could
induce expression of C/EBPβ and δ might disturb the effect
of melatonin on the initial stages of adipogenesis. Thus, a
uniform differentiation approach should be established to
confirm the effect of melatonin on adipogenic differentiation.

Similar to the phenotypes, there are different regulation
mechanisms of melatonin on adipogenic differentiation
(Figure 3). Some studies have demonstrated that mela-
tonin promotes preadipocyte differentiation by increasing
expression of C/EBPα and PPARγ , the key transcription
factors of adipogenesis (67, 71, 72). Conversely, other studies
have indicated that melatonin could directly or indirectly
act through suppression of C/EBPβ to decrease expression
of PPARγ and C/EBPα to inhibit adipogenesis (70, 73,
75, 107) (Figure 3). In mammals, numerous physiological
roles of melatonin are mediated via activation of G protein-
coupled receptors, in a manner dependent on melatonin
concentration and exposure time, as well as cell type (67, 112,
113). The effects of melatonin could be reversed by melatonin
receptor antagonists such as luzindole, suggesting that
melatonin can also act through an MT2 receptor to regulate
expression of key transcription factors and differentiation
(67, 71) (Figure 3). In human PAZ6 adipocytes, the inhibitory
effect of melatonin on cAMP accumulation is mediated
only through MT2 receptors (114). In hMSC, melatonin
inhibits phosphorylation of C/EBPβ directly via cAMP and
reactive oxygen species reduction, and indirectly by blocking
the extracellular regulated kinases/glycogen synthase kinase
3β (ERK/GSK-3β) site which is required for C/EBPβ

phosphorylation. More research is needed to clarify the exact
effect and mechanism of melatonin on adipogenesis and
differentiation in the future.

Melatonin affects adipose inflammation
Obesity is associated with inflammation and macrophage
infiltration. Melatonin has been reported to possess anti-
inflammatory properties and the anti-inflammatory effects
of melatonin have been reviewed recently (55, 115). We will
briefly discuss the more recent findings in this area. Liu et
al. demonstrated that melatonin alleviates adipose inflam-
mation by increasing cellular and exosomal α-ketoglutarate
in adipose tissue (39). Moreover, melatonin increased the
ratio of M2 to M1 macrophages by promoting ten-eleven
translocation (Tet)-mediated DNA demethylation and trans-
porting of exosomal αKG to macrophages (39). In addition,
melatonin was shown to alleviate inflammasome-induced
pyroptosis by blocking the nuclear factor κB-gasdermin
D signal in adipose tissue, suggesting a novel function
of melatonin on adipocyte pyroptosis (53). Based on the
previous reports (39, 53, 55, 116), melatonin could be used
as a potential therapy for preventing and treating obesity and
other diseases caused by an inflammatory response.

Melatonin affects adipokine secretion
Adipokines, such as leptin and adiponectin, participate in
regulating energy metabolism and fat deposition. Likewise,
melatonin also plays an important role in regulation of
whole-body energy balance. Melatonin has the capacity
to influence the circulating leptin concentration (117).
Notably, melatonin-supplemented mice had significantly
higher plasma leptin than control mice (117). In addition,
melatonin promoted the positive effects of insulin and
dexamethasone on leptin expression in primary cultured
adipocytes (118). However, in vitro experiments showed
that melatonin incubation did not affect the amount of
leptin secreted from adipose tissue fragments, suggesting
that melatonin did not affect leptin secretion via mouse
adipose tissue (117). Notably, acute modifications in amounts
of daytime melatonin do not affect amounts of leptin in
postmenopausal women (118). Melatonin combined with
insulin could increase leptin expression in rat adipocytes
(119). Moreover, melatonin also affects the adiponectin and
other adipokine secretion in adipocytes (84, 120). Taken
together, melatonin influences the expression and secretion
patterns of adipokines (84), indicating that melatonin may
act as a potential therapeutic agent for obesity and related
disorders.

Melatonin induces WAT browning
Melatonin also acts to help forming beige adipocytes or as a
WAT-browning inducer in animals (27, 68) (Figure 4). Oral
administration of melatonin [10 mg/(kg · d)] in drinking
water for 6 wk induced beige formation and browning
of inguinal WAT in Zucker diabetic fatty rats and their
lean littermates (27). In addition, melatonin administration
upregulated the expression of the UCP1 and increased
inguinal temperature (27). Other studies indicated that oral
melatonin [10 mg/(kg · d)] also improved mitochondrial
function in inguinal WAT of Zucker diabetic fatty rats (68)
(Figure 4). Melatonin affected the respiratory control ratio
in mitochondria from beige fat and WAT (68) (Figure 4).
Moreover, melatonin decreased mitochondrial oxidative
status by increasing superoxide dismutase activity and by
reducing nitrites (68) (Figure 4). In Siberian hamsters, subcu-
taneously administered melatonin induced WAT browning,
promoted UCP1 expression, stimulated lipid mobilization,
and subsequently decreased body adiposity (121). Hence,
melatonin has the capacity to stimulate WAT browning and
beige adipocyte formation and its metabolic benefits could
help to prevent mitochondrial dysfunction and obesity.

Roles of melatonin in BAT
The regulatory role of melatonin in BAT has been well
studied and is summarized and presented in Figure 5.
Firstly, melatonin treatment stimulated BAT growth and
increased BAT mass in adult male hamsters (29, 43).
Treatment with melatonin dramatically increased the BAT
mass in the Syrian hamster (122,123), Djungarian hamster
(124,125), white-footed mouse (126), and 13-lined ground
squirrel (43, 127). Consistently, oral melatonin treatment
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FIGURE 3 Proposed regulatory mechanism of melatonin on adipogenic differentiation. C/EBPα, CCAAT/enhancer-binding protein α;
C/EBPβ , CCAAT/enhancer-binding protein β ; GSK3β , glycogen synthase kinase 3 β ; MT2, melatonin MT2 receptor; PPARγ , peroxisome
proliferator-activated receptor γ ; Runx2, Runt-related transcription factor 2.

[10 mg/kg body weight (BW)] significantly increased BAT
weight in the Zucker diabetic fatty rats (28). More recently,
daily melatonin (3 mg) replacement for 3 mo increased
BAT volume and activity in melatonin-deficient human
patients (128). Conversely, maternal melatonin suppression
during gestation decreased BAT mass of newborn lambs and
increased the expression of genes related to thermogenesis
and adipogenesis (30). Secondly, melatonin upregulated
expression of the Ucp1 gene. In Zucker diabetic fatty rats,
melatonin treatment restored expression of Ucp1 to that
commonly seen in lean rats (28). Moreover, the expression of

adipogenic/thermogenic genes (Ucp1, Pparγ , Pparα, Pgc1α,
Cebpβ , and Perilipin) and of the clock genes (Bmal1, Clock,
and Per2) were affected by melatonin in newborn sheep
(30). Thirdly, melatonin affected the mitochondrial func-
tion and activities. Notably, melatonin treatment increased
mitochondrial mass and activities of citrate synthase and
complexes I and IV in Zucker diabetic fatty and Zucker
lean rats (28). Melatonin affected mitochondrial transcript
contents in isolated brown adipocytes of Siberian hamsters
(69). In addition, melatonin can increase the cytochrome
oxidase activity (126, 127). Fourthly, melatonin enhanced

FIGURE 4 Melatonin induces beige adipocyte formation and WAT browning. iWAT, inguinal white adipose tissue; PGC1α, peroxisome
proliferator-activated receptor γ coactivator 1-α; UCP1, uncoupling protein 1; WAT, white adipose tissue..
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FIGURE 5 The role and regulatory mechanism of melatonin in BAT development and function. BAT, brown adipose tissue; CREBP,
cAMP-response element binding protein; MT1, melatonin MT1 receptor; MT2, melatonin MT2 receptor; NE, norepinephrine; PKA, protein
kinase A; UCP1, uncoupling protein 1; α1, α1-adrenergic receptor; β3, β3-adrenergic receptor.

BAT function and activities. Previous studies demonstrated
that melatonin treatment increased the nonshivering ther-
mogenesis in the white-footed mouse (126), white rat (129),
Djungarian hamster (124, 125), and Syrian hamster (43).
Indeed, the melatonin binding site has been detected in
mature brown adipocyte membranes and in the BAT of
Siberian hamsters (130). Exposure of hamsters to exogenous
melatonin treatment induced gonadal regression and BAT
hypertrophy (123). However, the nonshivering thermogenic
capacity was not improved in hamsters with increased BAT
mass (123). Taken together, these findings indicate that
melatonin plays a crucial role in regulation of BAT function
and activation (Figure 5).

The regulatory mechanism of melatonin on BAT may be
mainly through 3 different paths including central effects,
peripheral effects, and an interaction with other hormones
(43) (Figure 5). Previous studies demonstrated that many
of melatonin’s biological effects in animals act through
activation of melatonin receptors (131). In mammals, 2
melatonin receptors have been identified: the MT1 (or
Mel1A or MTNR1A) and MT2 (or Mel1B or MTNR1B)
(132). The MT1 subtype is expressed in the retina and the
suprachiasmatic nuclei of the hypothalamus. Interestingly,
previous studies demonstrated that neurons of the hypotha-
lamus regulate BAT function and activation (43, 133). Thus,
melatonin could stimulate the MT1 receptor located on
neurons of the hypothalamus and act on the hypothalamus
to increase UCP1 expression and promote BAT function
in nonshivering thermogenesis (43) (Figure 5). In addition
to these central effects, melatonin can also act directly on
BAT because MT1 and MT2 receptors have been found
on brown adipocytes (130). Activation of MT1 and MT2
commonly leads to a reduction of intracellular cAMP, which
subsequently affects protein kinase A (PKA) activity and

phosphorylation of cAMP-response element binding protein,
and subsequently upregulates the expression of UCP1 (4, 43)
(Figure 5). In addition to the central and peripheral effects,
the interactions of melatonin with other hormones, such
as thyroid hormones, leptin, and insulin, on the activation
and function of BAT have been reported (43) (Figure 5).
However, future studies are needed to clarify the exact
regulation mechanism of melatonin on BAT function and
activities.

Melatonin regulates body weight and adiposity
The increasing incidence of overweight and obesity is a severe
public health threat worldwide. Recently, the possible role
of melatonin in regulation of body weight and adiposity
has attracted much attention, as well as its potential role in
preventing obesity-related metabolic disorders (55, 64–66,
83, 84). Recent observations over the past few years show
that in mice, oral melatonin supplementation (108 mg/kg
BW/d for 2 wk or 50 mg/kg BW/d for 10 wk) decreased
lipid accumulation, improved lipid metabolism, and reduced
liver steatosis and body weight in high-fat diet (HFD)-fed
mice (134, 135). Melatonin decreased the gut microbiota
dysbiosis, which contributes to obesity (134, 135). Indeed,
melatonin can be used to reverse HFD-induced gut micro-
biota dysbiosis and inhibit obesity (134, 135). Administration
of melatonin prevents progression of metabolic dysfunction
in circadian disruption and diet-induced obesity in rats by
affecting adiposity, insulin sensitivity, and circadian activity
(136). Treatment with melatonin plus insulin promoted
better glycemic control and improved insulin sensitivity in
WAT (137). In aging animals, melatonin supplementation
improved the efficiency of energy metabolism, reduced body
weight, and increased insulin sensitivity (138). Melatonin
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FIGURE 6 The regulatory mechanisms of melatonin on adiposity and body weight. Melatonin regulates body weight and adiposity in
different ways, such as affecting adipogenic differentiation and adipogenesis, inducing beige adipocyte formation and WAT browning,
promoting BAT growth and increasing BAT function, reprogramming gut microbiota, improving antioxidant and anti-inflammatory
capacity, and restoring adipokine secretion and metabolism. BAT, brown adipose tissue; WAT, white adipose tissue.

supplementation increased basal lipid metabolism and pre-
vented further excess fat accumulation in a diet-induced obe-
sity zebrafish model (139). Interestingly, prolonged daylight,
which could decrease the production of melatonin, increased
body fat and adiposity in mice (140). In addition, melatonin
could improve nonalcoholic fatty liver disease by decreasing
body weight and reducing inflammation through modulating
the MAPK/c-Jnk NH-terminal kinase (JNK)/P38 signaling
pathway in HFD-induced obese mice (141).

In humans, the effects of melatonin on fat mass have
been investigated. In postmenopausal women, 1 yr of
melatonin treatment reduced fat mass and increased lean
mass, suggesting a possibly beneficial effect of melatonin on
body composition and lipid metabolism in humans (142).
Notably, melatonin had a beneficial effect on maternal obesity
through improving antioxidant capacity and mitochondrial
respiration (143, 144). In addition, melatonin supplementa-
tion (5 mg in the morning and 5 mg in the evening for 28
d) in overweight patients with nonalcoholic steatohepatitis
resulted in an increase in plasma leptin concentrations
(145). Celinski et al. found that a single dose of melatonin
(10 mg) decreased the elevated plasma leptin observed in
liver cirrhosis patients but increased leptin concentrations
in healthy people (146). However, other researchers found
that a single daytime melatonin administration (1 or 2 mg)
did not affect leptin in postmenopausal women (118). It
has been reported recently that oral melatonin replacement
(3 mg/d for 3 mo) improved amounts of blood lipids in
melatonin-deficient patients without affecting body weight
and liver fat (128). Moreover, Mostafavi et al. evaluated
7 clinical trials with a total of 244 patients and did not
find a significant effect of melatonin on body weight. They
concluded that melatonin was more effective in children
and adolescents (83, 147). Based on the above controversial
results, future studies need to clarify the exact effects of
melatonin on body weight regulation and obesity in humans.
Notably, administration of melatonin attenuated circadian
disruption in obese animals (136, 148), indicating that
melatonin may regulate circadian rhythm in obese animals.

However, the side-effects and the disruption of circadian
rhythm caused by misuse of exogenous melatonin suggest
that safety of melatonin should be further studied. Moreover,
the efficacy of oral melatonin supplementation should be
considered. Previous studies demonstrated that efficacy of
melatonin is different when administered by different routes,
such as intranasally, transdermally, oral transmucosally,
and subcutaneously (149). Therefore, the administration
route of exogenous melatonin, as well as the dosage and
timing of administration should be investigated in the
future.

The regulatory mechanisms of melatonin on adiposity
and body weight may involve multiple levels of action
(Figure 6). Firstly, melatonin affected adipogenic differ-
entiation and adipogenesis (70–73). Secondly, melatonin
induced beige adipocyte formation and WAT browning, and
subsequently increased thermogenic capacity and energy
expenditure to counteract body weight gain and obesity
(27, 68). Thirdly, melatonin inhibited obesity through pro-
moting BAT growth and increasing BAT function (28, 43,
69). Indeed, melatonin treatment of obese rats increased
BAT mass and recruited thermogenic function of BAT
to control body weight gain and inhibit adiposity ( 28).
Moreover, the prolonged day length affected the body
fat mass, which decreased sympathetic input into BAT
and reduced β3-adrenergic intracellular signaling (140).
Fourthly, some papers reported that melatonin prevented
body weight gain and adiposity, possibly through association
with reprogramming gut microbiota (134, 135). They found
that oral melatonin supplementation affected the diversity
of intestinal microbiota, the relative abundances of Bac-
teroides and Alistipes, and functional profiling of microbial
communities that are associated with lipid and energy
metabolism (134). Moreover, microbiota transplantation
experiments and antibiotic treatments further demonstrated
that melatonin inhibited obesity in HFD-induced obesity
through affecting gut microbiota (134). Fifthly, the antiox-
idant and anti-inflammatory capacity of melatonin should
be considered. Melatonin reduced body weight, protected
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against adipose tissue dysfunction and mitochondrial dys-
function by multiple anti-inflammatory/antioxidant actions
(55, 143, 144). Sixthly, melatonin supplementation restored
adipokine secretion and metabolism in obese mice (84, 122),
suggesting that the regulatory role of melatonin on adipokine
production may also be associated with its beneficial effects
on protecting against body weight gain. In addition to the
aforementioned scenarios, other regulation pathways should
be explored and demonstrated in the future. Taken together,
despite the multitude of studies related to the associations
of melatonin with body weight and obesity, the mechanisms
of melatonin action are far from being fully understood.
Although melatonin treatments affect adipogenesis and fat
deposition, the exact role of melatonin in regulating obesity
and body weight still needs to be further studied and clarified.

Conclusions and Remarks
Based on the above data, we conclude that melatonin
plays multiple crucial roles in regulating adipose tissue
development and whole body metabolism, such as affecting
adipogenesis, inducing WAT browning, enhancing BAT
mass and activities, promoting thermogenesis and energy
expenditure, decreasing insulin resistance, regulating gut
microbiota and adipokine secretion, and increasing anti-
inflammatory and antioxidation effects. Hence, melatonin
could be investigated as a potential therapeutic candidate to
control energy metabolism, fat deposition, insulin actions,
adiposity, and its associated diseases. However, there are still
some concerns which need to be further studied:

1 The exact effects of melatonin on adipocyte differentiation
need to be clarified, because the current results are
controversial.

2 Although the roles of melatonin on BAT development
and function have been well studied in vivo, the effects
of melatonin on brown adipocyte differentiation and
function in vitro should be determined.

3 The characteristics and origins of white, beige, and brown
adipocytes are different. Thus, it will be important to
compare the regulation and mechanisms of melatonin in
different types of adipocytes.

4 Melatonin affects adipokine secretion, metabolism, and
obesity. Lipidomic and metabolomic analyses could be
used to explore the effect of melatonin on adipose tissues.

5 Melatonin prevents obesity possibly through an associa-
tion with reprogrammed gut microbiota in mice.

Whether it may work in humans in general or specifically
in patients with metabolic syndrome is still unknown. Collec-
tively, the current results and future findings could provide
more evidence for the roles of melatonin in regulation of
adipocyte cell fates, adipogenesis, and energy metabolism.
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