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The mechanism of oral melatonin ameliorates
intestinal and adipose lipid dysmetabolism
through the reprogramming of gut microbiota
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SUMMARY

We show that oral melatonin ameliorates lipid dysmetabo-
lism in ileum and epididymal white adipose tissue via
decreasing Escherichia coli-generated lipopolysaccharide,
suggesting microbial metabolites may be potential therapies

target for alleviating and improving circadian rhythm
disruption and related lipid dysmetabolism. The mechanism
of oral melatonin ameliorates intestinal and adipose lipid
dysmetabolism through reducing Escherichia coli-derived
lipopolysaccharide.

BACKGROUND & AIMS: Gut microbiota have been reported
to be sensitive to circadian rhythms and host lip-
ometabolism, respectively. Although melatonin-mediated
beneficial efforts on many physiological sites have been
revealed, the regulatory actions of oral melatonin on the
communication between gut microbiota and host are still
not clear. Angiopoietin-like 4 (ANGPTL4) has been shown
to be strongly responsible for the regulation of systemic
lipid metabolism. Herein, we identified that oral melatonin
improved lipid dysmetabolism in ileum and epididymal
white adipose tissue (eWAT) via gut microbiota and ileac
ANGPTLA4.

METHODS: Analyses of jet-lag (JL) mice, JL mice with oral
melatonin administration (JL+MT), and the control for mRNA
and protein expression regarding lipid uptake and accumula-
tion in ileum and eWAT were made. Gut microbiome
sequencing and experimental validation of target strains were
included. Functional analysis of key factors/pathways in the
various rodent models, including the depletion of gut micro-
biota, mono-colonization of Escherichia coli, and other genetic
intervention was made. Analyses of transcriptional regulation
and effects of melatonin on E coli-derived lipopolysaccharide
(LPS) in vitro were made.

RESULTS: JL mice have a higher level of ileal lipid uptake, fat
accumulation in eWAT, and lower level of circulating ANGPTL4
in comparison with the control mice. JL. mice also showed a
significantly higher abundance of E coli and LPS than the con-
trol mice. Conversely, oral melatonin supplementation
remarkably reversed these phenotypes. The test of depletion of
gut microbiota further demonstrated that oral melatonin-
mediated improvements on lipometabolism in JL mice were
dependent on the presence of gut microbiota. By mono-
colonization of E coli, LPS has been determined to trigger
these changes similar to JL. Furthermore, we found that LPS
served as a pivotal link that contributed to activating toll-like
receptor 4 (TLR4)/signal transducer and activator of tran-
scription 3 (STAT3_/REV-ERBa) signaling to up-regulate
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nuclear factor interleukin-3-regulated protein (NFIL3) expres-
sion, resulting in increased lipid uptake in ileum. In MODE-K
cells, the activation of NFIL3 has further been shown to
inhibit ANGPTL4 transcription, which is closely associated with
lipid uptake and transport in peripheral tissues. Finally, we
confirmed that melatonin inhibited LPS via repressing the
expression of LpxC in E coli.

CONCLUSIONS: Overall, oral melatonin decreased the quantity
of E coli-generated LPS, which alleviated NFIL3-induced tran-
scriptional inhibition of ANGPTL4 through TLR4/IL-22/STAT3
signaling in ileum, thereby resulting in the amelioration of
ileal lipid intake and lower fat accumulation in eWAT. These
results address a novel regulation of oral melatonin originating
from gut microbiota to host distal tissues, suggesting that
microbe-generated metabolites are potential therapies for
melatonin-mediated improvement of circadian rhythm disrup-
tion and related metabolic syndrome. (Cell Mol Gastroenterol
Hepatol 2021;12:1643-1667; https://doi.org/10.1016/
Jjemgh.2021.06.024)

Keywords: Melatonin; Gut Microbiota;
Disruption; Lipid Metabolism; ANGPTL.

Circadian Rhythm

any reports highlight the important role of lipid
dysmetabolism as a threat to public health; lipid
dysmetabolism-induced obesity is a physiological disorder
associated with a high incidence of metabolic diseases in
multiple organs/tissues.'* Evidence shows that excessive
fat uptake is in part responsible for obesity.” Numerous
organs/tissues are involved in lipometabolism; in particular,
the gut and adipose tissue are representative of physiolog-
ical locations that strongly participate in lipid transport and
storage.”” Previous studies have determined that lipid ho-
meostasis profoundly contributes to protecting individuals
from lipid dysmetabolism and obesity.*” Notably, in the gut
of obese individuals not only do alterations exist in intes-
tinal intracellular environment (ie, the increased perme-
ability of intestinal barrier caused by lower expression of
tight junction proteins), but also the pattern of gut micro-
biota is changed.®
In recent years, the gut microbiota have been revealed to
have a close association with host energy metabolism and
the development of obesity, which is considered as a
significantly potential manipulator of these processes.’”
Although gut microbiota-host interactions occur in host in-
testines, numerous signaling pathways and microbial me-
tabolites involved in their crosstalk also affect distal organs/
tissues such as adipose tissue.®? Previous studies indicate
the pattern of the microbial community in gut is changed in
response to dietary intake, which influences host meta-
bolism, including nutrient uptake and prevention of path-
ogen colonization.” On the basis of the intensive
development of bacterial genome-sequencing during the last
decade, the correlation between host physiological activities
and alterative pattern of gut microbiota has been gradually
revealed.'”'* One confounding issue is how to explain the
partly contrary observations in similar treatment from
various studies. For example, as a common observation in
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human and rodent models, the most abundant microbial
phyla in gut are Bacteroidetes and Firmicutes."> Both these
major phyla, Bacteroidetes and Firmicutes, are significantly
affected by intermittent fasting.'*'” But contradictory
findings exist regarding how these 2 phyla sometimes pro-
duce opposite effects. Therefore, the analysis of gut micro-
biome has gradually focused on the influence of minor
constituents or a rare strain.

In addition to the gut microbiome, circadian rhythm
disruptions have been identified as another key factor for
triggering obesity and the related metabolic syndrome.'®"?
In mammals the circadian clock contributes to synchroniz-
ing many metabolic activities with day-night cycle, which
ensures that organs/tissues optimally balance anabolic vs
catabolic functions.”’ In contrast to the master biological
clock located in the suprachiasmatic nucleus of the hypo-
thalamus, the circadian clock in many peripheral organs/
tissues, including gut and adipose tissue, serves a network
of transcription factors that drive rhythmic oscillators of
gene expression.”’ Considering the strong association
between the symbionts and host, the hypothesis has been
advanced that significant metabolic changes may be trig-
gered by the overlap or interactive effects. Thus, an inter-
action of the gut microbiota with peripheral circadian clocks
may be important in modulating host obesity.

Angiopoietin-like 4 (ANGPTL4) is highly expressed in
liver and adipose tissue. It is also detected in intestines.”***
Originally, ANGPTL4 was seen as a fasting-induced adipo-
cytokine, whereas recent studies show it to be strongly
responsible for the regulation of systemic lipid metabolism
via mediating lipoprotein lipase and high-density lipopro-
tein activity.”>*® In the emerging field of the prevention of
obesity, ANGPTL4 has been recognized as a novel target for
its involvement under a cold exposure and exercise apart
from during fasting condition.”**’ Janssen et al*® first re-
ported the participation of gut microbiota in energy meta-
bolism (including lipometabolism and glucose tolerance) in
obese mice with Angptl4-knockout. This suggests that
ANGPTL4 may be a key link for delivering the microbial
singling to remote organs/tissues. However, this study did
not definitively identify which special strains of microbes
contributed to shaping the phenotype of mice, and the
regulatory pathways still remain unidentified.

Melatonin (MT) is a well-known pineal secretory prod-
uct that regulates circadian rhythms. The pineal gland was

Abbreviations used in this paper: ADFIl, average daily food intake;
ANGPTL4, angiopoietin-like 4; CHOL, cholesterol; eWAT, epididymal
white adipose tissue; HDL-C, high-density lipoprotein-cholesterol;
IL-22, interleukin 22; JL, jet-lag; LDL, low-density lipoprotein; LPS,
lipopolysaccharide; MT, melatonin; NFIL3, nuclear factor interleukin-3-
regulated protein; gPCR, quantitative polymerase chain reaction; SEM,
standard error of the mean; STAT3, signal transducer and activator of
transcription 3; TG, triglyceride; TLR, toll-like receptor; VLDL-C, very
low density lipoprotein-cholesterol; ZT, Zeitgeber time.
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initially identified as the major site of MT secretion.””*"

However, numerous recent studies suggest multiple pe-
ripheral organs/tissues likely produce MT, which contrib-
utes to maintaining circadian rhythms and protecting
against oxidative stress in animals.*’** In recent years,
recognition of MT-mediated rhythmic control of obesity and
subsequent developmental processes stimulated further
interest in adipocytes as targets of MT as well as the gut,
which controls lipid uptake.>*~*® Unlike MT administration
through injection, when taken orally, its level in the gut
likely is markedly increased, implying that the possibility of
MT-mediated improvements in physiology may be second-
ary to MT actions on microbiota. Overall, these findings hint
that a regulatory pathway of MT alleviates the circadian
rhythm disruption-triggered lipid dysmetabolism via
shaping the pattern of gut microbiota. In this investigation,
we used a mouse model with “jet-lag” and studied the ef-
fects of MT on the inhibition of microbial LPS production by
altering the intestinal microbiome, which further attenuated
the suppression of the ANGPTL4 transcription in ileum and
lowered the fat accumulation in epididymal white adipose
tissue (eWAT).

Results

Oral Melatonin Decreases Circadian Rhythm
Disruption-Mediated Lipid Intake in the lleurm and
Lipid Accumulation in Adipose Tissue

As most visualized influences of oral MT on the jet-lag
(JL) mice, we detected the changes of body weight
throughout the experiment (Figure 14). Compared with the
other groups, the weight of JL mice exhibited a significant
increase (P < .05), whereas average daily feed intake (ADFI)
has no statistical difference between the control and JL
groups (P > .05) (Figure 14 and B). Meanwhile, JL. mice with
oral MT treatment (JL+MT group) significantly decreased
body weight in comparison with JL treatment (P < .05),
without influencing ADFI (P > .05) (Figure 14 and B).

For the ileum, we further compared the lipid intake/
accumulation by means of frozen sections stained with Oil
Red O and analyzed the transcriptional level of related
genes and proteins expression (Figure 1C-E). The quan-
titative polymerase chain reaction (qPCR) assays docu-
mented that mice under JL had dramatically elevated
expressions of mRNA associated with ileal lipid intake,
including LPCAT3, FATP4, NPC1L1, and CD36, in compar-
ison with the control (P < .05), whereas oral MT pre-
vented these changes on JL treatment (JL4-MT group)
(Figure 1C). Notably, oral MT by itself (MT group) has
also significantly reduced the transcriptions of these
genes compared with the control (P < .05), suggesting
that oral MT-mediated inhibition of ileac lipid uptake may
be not completely dependent on the improvements of
circadian rhythm disruption (Figure 1C). In addition, the
expression of relative proteins, including LPCAT3, FATP4,
and NPC1L1, showed a similar tendency (Figure 1D). The
results of Oil Red O staining showed that lipid levels were
elevated in JL mice compared with the control (P < .05),
whereas oral MT supplement prevented this alteration in
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comparison with JL mice (Figure 1E). Overall, these
findings suggest that oral MT may contribute to
decreasing circadian rhythm disruption-mediated lipid
intake in mouse ileum.

To better detect the lipid uptake, the levels of lipid
(including triglyceride [TG] and cholesterol [CHOL]) in feces
and serum in each group have been measured.>® In feces,
the results showed that both TG and CHOL were dramati-
cally decreased under JL treatment compared with the
control (P < .05), whereas oral MT supplementation was
able to increase the level of fecal lipid in JL mice (JL4-MT
group). Furthermore, compared with the control, oral MT by
itself (MT group) has been detected in a higher level of fecal
TG and CHOL (P < .05) (Figure 1F). Meanwhile, JL treatment
significantly increased mouse serum concentrations of these
molecules compared with the control (P < .05) (Figure 1G).
In turn, oral MT did not greatly reduce the concentrations of
TG or CHOL in JL mice. Oral MT by itself has similarly shown
no significant inhibition on serum lipid in comparison with
the control (P > .05) (Figure 1G). Furthermore, we tested
the levels of lipoprotein cholesterol (including high-density
lipoprotein-cholesterol [HDL-C] and low-density lipopro-
tein/very low density lipoprotein-cholesterol [LDL/VLDL-
C]), and the results showed that the expressions of HDL-C
and LDL/VLDL-C were dramatically increased under JL
treatment compared with the control (P < .05), whereas MT
administration obviously reversed the high level of serum
HDL-C and LDL/VLDL-C in JL mice (JL4-MT group) (P < .05)
(Figure 1H). In addition, compared with the control, the
expression of serum HDL-C in MT group was significantly
inhibited (P < .05) (Figure 1H). To verify the changes
occurred in apolipoproteins (HDL, LDL, and VDLD), we
performed qPCR assays to detect the transcriptional levels
of hepatic ApoA, ApoB, and ApoE; the results confirmed that
their transcriptional levels in liver from JL mice were
increased as compared with the control, whereas oral MT
markedly inhibited these phenotypes in JL mice (P < .05)
(Figure 1I). Oral MT by itself has significantly reduced
the hepatic expressions of these genes in naive mice
(Figure 11).

As an important site of lipid accumulation and meta-
bolism, eWAT has finally been tested. Paraffin sections
stained with H&E have shown that in comparison with the
control mice, JL. mice have shown an obviously higher size of
adipocytes (P < .05) (Figure 1j), and the gPCR assays
similarly showed that JL mice had dramatically elevated
expressions of mRNA associated with lipid uptake and
lipogenesis (including LPL, SREBP-1c, ACC, and FAS) (P <
.05); this administration reduced the transcriptional levels
of HSL and ATGL, markers for lipolysis (P < .05) (Figure 1L).
The results regarding the level of protein expression,
including LPL, ACC, and ATGL, were consistent with their
transcriptional levels (Figure 1M). On the contrary, oral MT
administration significantly inhibited these changes in JL
treatment (JL4+MT) (P < .05); oral MT by itself has also
exhibited some tendency on naive mice (Figure 1L and M).
As shown in Figure 1K, JL mice also presented a higher
transcription of VLDL receptor on eWAT, whereas oral MT
significantly reduced its high expression in eWAT of JL mice,
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and simply MT administration has also markedly decreased MT may contribute to
its expression as compared with the control mice (P < .05)
(Figure 1K). Taken together, these findings suggest that oral
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improving circadian rhythm
disruption-mediated lipid intake in ileum and lipid accu-
mulation in adipose tissue.
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Oral Melatonin Reprograms Circadian Rhythm
Disruption-Mediated Pattern of Gut Microbiota
Because previous studies indicated that the pattern of
the microbial community in gut is susceptible to drug intake
and the possibility of shaped gut microbiota on triggering
obesity,”**" we hypothesized that gut microbiota are
highly associated with the improvements of oral MT on
circadian rhythm disruption-mediated weight gain in mice.
Thus, we further investigated the composition of fecal
microbiota via 16S rRNA sequencing. The results showed
that the Shannon and Simpson index («a-diversity), the pa-
rameters of gut microbiota representing bacterial diversity,
was markedly elevated in JL mice in comparison with the
control, whereas MT supplement prevented this change (P
< .05) (Figure 24 and B). Furthermore, the bacterial rich-
ness has also shown significant alterations among various
groups (Figure 2C). An analysis of nonmetric multidimen-
sional scaling based on unweighted UniFrac documented
that the gut microbial community in JL mice was substan-
tially isolated from the other groups, whereas the compo-
sition of the gut microbiota in mice with MT treatment was
significantly shaped both in JL (JL++MT group) and the naive
mice (MT group) (Figure 2D). These findings suggest that
oral MT supplement significantly reprograms the pattern of
gut microbiota (Figure 2D). As shown in Figure 2E, the
relative abundance of Akkermansia muciniphila was lower in
JL mice, whereas its relative abundance was higher in the
JL4+MT and MT groups. Moreover, we identified that the
amount of Enterobacteriales was up-regulated in JL mice
compared with the control, whereas its relative abundance
was lower by MT treatment in the mouse ileum (Figure 2E).
To verify the results of bacterial sequencing analysis, we
selected Akk muciniphila and E coli (as its high abundance
and major contributor of LPS in the intestines) from
different groups, which were also closely associated with
host obesity, to identify in vitro. The results were similar to
sequencing analysis (Figure 2E). Previous studies have
demonstrated that Akk muciniphila alleviates multiple lipid
dysmetabolism-induced organ/systemic diseases, whereas
its lower abundance positively correlates with host hyper-
lipidemia, type 2 diabetes, and fatty liver.**** Interestingly,
this phenotype seems to be conservative among various
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species, including human, rodent, and even Burmese
python.*"™** Thus, Akk muciniphila has gradually been
considered as a key bioindicator for reflecting host lip-
ometabolism and obesity and selected as target strain for
representing the alternative pattern of gut microbiota.”
Thus, these species may play an important role in shaping
host lipometabolism under circadian rhythm disruption.
Overall, these observations suggest host circadian rhythm
disruption to be strongly associated with the reprogram-
ming of gut microbiota, whereas oral MT contributes to
reversing these alterations.

Oral Melatonin Increases lleal ANGPTL4
Expression and Blocks TLR4/IL-22/STAT3
Signaling in JL Mouse

JL treatment contributed to increasing the abundance of
E coli. Thus, in serum we assessed the level of lipopolysac-
charide (LPS), which is regarded as an important inductor
secreted by Gram-negative bacteria to trigger host meta-
bolic disorders and inflammatory responses. The results
showed that under the JL condition its concentration was
substantially increased in comparison with the control (P <
.05), whereas oral MT obviously reduced LPS concentration
in the circulation of JL mice (JL4+-MT group), and there was
no statistical difference as compared with the control (P >
.05) (Figure 34). Notably, compared with the control, simply
MT administration has also markedly decreased the level of
circulating LPS (P < .05) (Figure 34). Among many toll-like
receptors (TLRs), TLR4 is a major receptor for binding to
microbial LPS and further induces MyD88 activation to
initiate inflammatory activity.***” As shown in Figure 3B,
the mRNA expressions of TLR4 and its downstream MyD88
were significantly up-regulated in JL mice (P < .05),
whereas oral MT markedly inhibited their high expression
caused by circadian rhythm disruption in mouse ileum (P <
.05). Moreover, MT supplementation by itself also signifi-
cantly inhibited their transcription in ileum (P < .05)
(Figure 3B).

An important study by Wang et al*’ has determined
that nuclear factor interleukin-3-regulated protein
(NFIL3) is negatively regulated by upstream circadian

Figure 1. (See previous page). Oral MT decreases circadian rhythm disruption-mediated lipid intake in the ileum and
lipid accumulation in adipose tissue. (A) Body weight (g, n = 6). (B) ADFI (g/day, n = 6). (C) Relative mRNA levels (including
mRNAs LPCAT3, FATP4, CD36, and NPC1L1, n = 4). (D) Relative protein levels (including LPCAT3, FATP4, and NPC1L1, n =
5). (E) Representative Oil Red O staining (red dot) of ileal slides from mice with various treatments including the control, JL,
JL+MT, and MT; bar: um (original magnification, x200 and x400, n = 6). Right panel: total lipid concentration (mg/g enter-
ocytes) in ileal enterocytes from mice in each group. (F) Fecal levels of TG and CHOL in mice with various treatments including
the control, JL, JL4+-MT, and MT (n = 6). (G) Serum levels of TG and CHOL in mice with various treatments including the control,
JL, JL4+MT, and MT (n = 6). (H) Serum levels of HDL-C and LDL/VLDL-C in mice with various treatments including the control,
JL, JL+MT, and MT (n = 6). (/) Relative mRNA levels (including mRNAs APOA, APOB, APOE, n = 4). (J) Representative H&E
staining of adipose tissue from mice with various treatments including the control JL, JL4+MT, and MT; bar: um (original
magnification, x400, n = 6). Right panel: analysis of adipocyte size from mice with various treatments including the control JL,
JL+MT, and MT (um?, n = 6). (K and L) Relative mRNA levels of lipid metabolic indicators in adipose tissue (including VLDLR,
LDLR, LPL, SREBP-1c, ACC, FAS, HSL, and ATGL, n = 4). (M) Relative protein levels (including LPL, ACC, and ATGL, n = 5).
Values are means + SEM. Same markup represented no significant difference between 2 groups (P > .05); different markup
represented significant difference (P < .05) compared with other groups. *P < .05 compared with the other groups.
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mice with various treatments including control, JL, JL+MT, and
MT; bar: um (original magnification, x200 and x400, n = 6); right
panel: percentage of positive cells (n = 6). Values are means +
SEM. Same markup represented no significant difference be-
tween 2 groups (P > .05); different markup represented signifi-
cant difference (P < .05) compared with the other groups.
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clock (REV-ERBa) signaling and further shapes intestinal
lipometabolism (high-level expression of NFIL3 promoted
lipid intake), and the activation of this regulatory
pathway is primarily responsible for the existence of gut
microbiota. To verify the rhythmic expression of REV-
ERBa and NFIL3, we tested their mRNA expression
during 48 hours with cosinor analysis and found that
compared with the control, the circadian amplitude of
REV-ERBa mRNA was significantly inhibited in ileum of
JL mice (P < .05), whereas oral MT treatment reversed
this suppression in JL mice (JL+MT group, P < .05)
(Figure 3C). MT group has shown to have obviously
increased circadian amplitude of REV-ERBa mRNA in
comparison with the control, suggesting that oral MT
contributed to improving circadian rhythm (P < .05)
(Figure 3C). Notably, the 48-hour pattern of NFIL3 mRNA
was driven in the opposite direction so that the circadian
amplitude of NFIL3 mRNA was significantly elevated in
ileum of JL mice as compared with the control (P < .05),
whereas oral MT treatment reversed this suppression in
JL mice (JL4-MT group, P < .05) (Figure 3D). The MT
group has shown its lowest expression in comparison
with other treatment (Figure 3D).

Another investigation has revealed that segmented
filamentous bacteria modulate host lipometabolism via
intestinal TLRs/interleukin 22 [IL-22]/signal transducer
and activator of transcription 3 [STAT3] signaling.*® Thus,
we questioned whether LPS/TLR4/IL-22/STAT3 signaling
pathway is involved in oral MT-mediated inhibition of lipid
uptake in ileum and accumulation in eWAT originating
from gut microbiota via the inhibition of NFIL3 expression
in mice with circadian rhythm disruption (Figure 3E).
Furthermore, we observed the expression of TLR4/IL-22/
STAT3 signaling pathway in each group. We further esti-
mated the protein expression of IL-22 and the phosphor-
ylation level of STAT3 by Western blot (Figure 3F). As
expected, both of these parameters under JL condition
were increased compared with the control (P < .05),
whereas oral MT supplementation (JL+MT) attenuated
circadian rhythm disruption-activated STAT3 signaling
(Figure 3F).

As a vital regulator of systemic lipid metabolism and
lipid uptake in distal organ, serum ANGPTL4 in each
group has been detected. The results showed that the
level of ANGTPL4 was dramatically reduced in the serum
from JL mice in comparison with the control (P < .05),
whereas oral MT supplementation significantly recovered
this change in JL mice (Figure 3G). We further found that
these phenotypes in each group existed in the ileum of
mice by immunohistochemistry (Figure 3H), suggesting
that ileum may be an important site for oral MT-
mediated improvement on circadian rhythm disruption-
induced inhibition of ANGPTL4 expression. Overall,
these results suggest that circadian rhythm disruption-
induced high abundance of E coli may increase
the level of LPS, which may activate the TLR4/STAT3/
REV-ERB«a/NFIL3 signaling to inhibit ANGPTL4 expres-
sion, whereas oral MT may contribute to blocking this
regulatory circuit.
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Antibiotics-Mediated Depletion of Gut Microbiota
Blocks Oral Melatonin-Induced Improvements on
Circadian Rhythm Disruption-Triggered Lipid

Intake in lleum and Lipid Accumulation in e WAT

To investigate whether oral MT-induced improvements
on circadian rhythm disruption-triggered lipid intake in
ileum and lipid accumulation in eWAT were gut microbiota-
dependent, we sought to observe these phenotypes in the
same administrations under the depletion of gut microbiota
by antibiotic mixtures and found that compared with the
control (with antibiotics treatment), mice from A-JL, A-
JL+MT, and A-MT groups did not exhibit statistical differ-
ence on weight gain or ADFI (P > .05) (Figure 4A-C). The
gPCR assays and Western blot analysis reflected the same
tendency of mRNA associated with ileal lipid intake
including LPCAT3, FATP4, and NPCIL1 among various
groups (P > .05) (Figure 4D and E). Also, the results of Oil
Red O staining on ileum confirmed these observations
(Figure 4F). In addition, the protein expression of ANGPTL4
has also shown no significant difference among various
groups (P > .05) (Figure 4E).

Fecal and serum TG and CHOL in each group with the
depletion of gut microbiota have also shown no statistical
difference among various treatments (P > .05), although the
influenced trend was similar to observations in mice with
gut microbiota (Figure 4G and H). Furthermore, the levels of
lipoprotein cholesterol (including HDL-C and LDL/VLDL-C)
and the transcriptional levels of hepatic ApoA, ApoB, and
ApoE have not detected statistical differences among
various groups (P > .05) (Figure 4I and J).

In eWAT, compared with the control mice (with antibi-
otics treatment), the adipocytes from eWAT in JL mice
without gut microbiota presented a similar level of lipid
accumulation (Figure 4K), and oral MT did not further
decrease mice with circadian rhythm disruption under the
depletion of gut microbiota. Notably, serum ANGPTL4 in
each treatment without gut microbiota has also not detected
difference (Figure 4L), which was similar to the results from
Western blot analysis in ileum. Moreover, the qPCR assays
and Western blot analysis also supported microbiota-
deleted mice to be rarely influenced by JL in terms of the
expressions of mRNAs and proteins associated with lipid
uptake and lipogenesis (P > .05) (Figure 4M-0). Taken
together, these results suggest that oral MT-mediated im-
provements on circadian rhythm disruption-mediated lipid
intake in ileum and lipid accumulation in adipose tissue
depend on the presence of gut microbiota.

Both E Coli and Microbial LPS Administration
Increase Lipid Intake and Inhibit the Expression of
ANGPTL4

We found that the abundance of E coli was significantly
increased in ileum of JL mice as compared with the control,
whereas oral MT administration was responsible for inhib-
iting its high-level expression under JL treatment (JL4+-MT
group); even oral MT administration further decreased the
abundance of E coli in naive mice (MT group). Thus, we
hypothesized whether E coli or its LPS served as key targets
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for MT in the regulatory circuit originating from gut
microbiota (microbial metabolites) to host lipometabolism.
To explore the effect of E coli and microbial LPS on the
lipometabolism of mice, we performed single E coli coloni-
zation and LPS supplementation in microbiota-deleted mice
and measured the changes of body weight and ADFI
(Figure 54 and B). Compared with the control, E coli
administration and LPS group were shown to significantly
increase body weight at 14 days after treatment (P < .05)
(Figure 5A), even higher than JL mice. As shown in
Figure 5C, in ileum the mRNA expressions of TLR4 and its
downstream MyD88 were significantly up-regulated in E
coli and LPS groups as compared with the control and JL
treatment (P < .05); the expression of REV-ERBa was
significantly inhibited and NFIL3 transcription was obvi-
ously increased in both E coli and LPS groups in comparison
with the control and JL treatment (P < .05). Notably, LPS
administration exhibited more obvious effects in above
phenotypes than E coli treatment, suggesting that LPS might
be a key molecule for investigating the regulation from E coli
to host ileum (P < .05). As expected, the protein expression
of IL-22 and the phosphorylation level of STAT3 by Western
blot have further shown high-level expression under E coli
and LPS treatment as compared with the control
(Figure 5D). The Oil Red O staining of ileum for each group
has also reflected same observation (Figure 5E).

In feces, under E coli and LPS administration both TG
and CHOL were dramatically decreased compared with the
control and JL treatment (P < .05), whereas serum lipid
(TG and CHOL) and lipoprotein cholesterol (including
HDL-C and LDL/VLDL-C) were obviously increased in the E
coli and LPS groups (P < .05) (Figure 5F-H). Conversely, we
found that the expression of ANGTPL4 was dramatically
reduced in the serum of mice after E coli administration and
LPS supplementation as compared with the control and JL
treatment (P < .05) (Figure 5I).

In eWAT, H&E staining has shown that in comparison
with the control mice and JL treatment, E coli administration
and LPS supplementation induced an obviously higher size
of adipocytes in mice (P < .05) (Figure 5]). The qPCR assays
and Western blot similarly showed that E coli administra-
tion and LPS supplementation had dramatically elevated
transcription and translation of the molecule associated
with lipid uptake and lipogenesis (including VLDLR, LPL,
and ACC), with reducing the transcriptional levels of ATGL
(Figure 5K and L). We further performed 2 other strains, E
coli Nissle 1917 (a kind of probiotics with LPS-producing
defect) and BL21, to verify the conservatism of E coli LPS-
triggered effects on host lipometabolism and found similar
tendency (Figure64-L). These findings suggested that E coli
might promote host lipid intake and accumulation via mi-
crobial LPS.

Previous research has documented that TLR4 is a major
receptor for binding to microbial LPS in multiple tissues and
organs including ileum. To verify the effect of E coli-gener-
ated LPS on oral MT-mediated improvements on host lip-
ometabolism under circadian rhythm disruption, we used
two TLR4 inhibitors, CRX-526 and TAK-242, and further
investigated whether E coli administration was able to
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increase host lipid intake and accumulation under blocking CRX-526 supplementation (P > .05); even TAK-242 treat-
the TLR4 expression. Compared with the control, E coli ment further decreased the body weight (P < .05) (Figure 5M
administration did not induce a higher body weight under and N). In addition, the expression of REV-ERBa was
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significantly increased and NFIL3 transcription was
obviously inhibited in both CRX-526 and TAK-242 supple-
mentation in mice with E coli administration (P < .05); E coli-
triggered high-level expression of IL-22 and STAT3 signaling
were also reduced by CRX-526 and TAK-242 supplementa-
tion (Figure 50 and P). The results from fecal and serum lipid
(TG and CHOL), lipoprotein cholesterol (including HDL-C and
LDL/VLDL-C), and ileal biopsy staining by Oil Red O have
similarly indicated that CRX-526 and TAK-242 supplemen-
tation reversed E coli-triggered lipid intake (Figure 5Q-T).
Moreover, the low level of serum ANGPTL4 in E coli group
has obviously recovered (P < .05), with no statistical dif-
ference with the control (P > .05) (Figure 5U), suggesting
that the lipid accumulation of distal organ (eWAT) might be
shaped. As expected, in eWAT E coli administration-induced
high size of adipocytes was significantly reduced (P < .05),
and the related results from the expression of mRNAs and
proteins have similarly supported CRX-526 and TAK-242
supplementation-mediated changes (Figure 5V-X).

To investigate whether oral MT improves the lip-
ometabolism in mice with circadian rhythm disruption via
decreasing the concentration of microbial LPS, we further
performed LPS/TAK-242 and MT-cotreated JL mice to detect
the body weight gain and lipid accumulation. The results
demonstrated that oral MT greatly decreased the body weight
as compared with JL mice (P < .05), whereas LPS supple-
mentation further elevated the body weight under JL condi-
tion (P <.05) (Figure 7A). However, LPS and MT co-treatment
did not reduce the body weight of JL. mice in comparison with
JL+LPS group with statistical difference (P > .05), implying
that oral MT was not able to directly degrade LPS or block
TLR4 signaling (Figure 7A). TAK-242 supplementation has
obviously decreased the body weight of JL mice (P < .05),
whereas TAK-242 and MT co-treatment did not further drive
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the reduction of body weight as compared with JL4+TAK-242
group (P > .05) (Figure 74). Meanwhile, qPCR and ileal slide
with Oil Red O staining reflected same tendency among each
group (Figure 7C and D). Notably, compared with JL mice, the
transcription of TLR4 and MyD88 was further inhibited in
JL4+LPS group, and MT supplementation did not obviously
reverse this reduction in JL4+LPS mice (P > .05) (Figure 7E).
Compared with JL+TAK-242 group, the inhibition of TRL4
expression was not promoted by MT supplementation (P >
.05) (Figure 7E), supporting that oral MT was not able to
directly block TLR4 signaling. At the transcriptional and
protein level, LPS supplementation contributed to further
inhibiting REV-ERB« expression and increasing NFIL3 tran-
scription as well as the protein expression of IL-22 and the
phosphorylation level of STAT3 in ileum of JL mice (P > .05),
whereas MT and LPS co-treatment did not reverse these
changes (Figure 7E and F). Similarly, compared with inhibi-
tion of TLR4 signaling by TAK-242 in JL mice, MT supple-
mentation has not shown obviously opposite effects
(Figure 7E and F). As shown in Figure 7G-M, the results
regarding fecal and serum lipid, lipoprotein cholesterols, and
lipid accumulation in eWAT have also presented same effects
among various treatments. Overall, these results suggest that
E coli may promote host lipid intake and accumulation via
microbial LPS under JL condition, and oral MT-mediated im-
provements on host lipometabolism do not directly exert on
microbial LPS.

IL-22/STAT3 Signaling Is Involved in the
Regulation of Microbial LPS Modulating
REV-ERB&/NFIL3 Expression in Mouse lleum

The results have demonstrated that a common pheno-
type in JL, E coli and LPS treatment was a high level of IL-22

Figure 5. (See previous page). Both E coli and microbial LPS administration increase lipid intake and inhibit expression of
ANGPTLA4. (A) Body weight (g, n = 6). (B) ADFI (g/day, n = 6). (C) Relative mRNA levels (including TLR4, MyD88, REV-ERB«, and
NFIL3, n = 4). (D) Relative protein levels (including total STAT3, phosphorylated STAT3, and IL22) (n = 5). (E) Representative Oil
Red O staining (red dot) of ileal slides from mice with various treatments including control, JL, E coli, and LPS; bar: um (original
magnification, x200 and x400, n = 6). Right panel: total lipid concentration (mg/g enterocytes) in ileal enterocytes from mice in
each group. (F) Fecal levels of TG and CHOL in mice with various treatments including control, JL, E coli, and LPS (n = 6). (G)
Serum levels of TG and CHOL in mice with various treatments including control, JL, E coli, and LPS (n = 6). (H) Serum levels of
HDL-C and LDL/VLDL-C in mice with various treatments including control, JL, E coli,and LPS (n = 6). (/) Serum levels of ANGPTL4
in mice (pg/mL, n = 6). (J) Representative H&E staining of adipose tissue from mice with various treatments including control, JL, E
coli, and LPS; bar: um (original magnification, x400, n = 6). Right panel: analysis of adipocyte size from mice with various
treatments including control, JL, E coli, and LPS (um?, n = 6). (K) Relative mRNA levels including VLDLR LPL, ACC, ATGL (n = 4).
(L) Relative protein levels including total LPL, ACC, and ATGL (n =5). (M) Body weight (g, n = 6). (N) ADFI (g/day, n = 6). (O) Relative
mRNA levels (including TLR4, MyD88, REV-ERB«, and NFIL3, n = 4). (P) Relative protein levels (including total STAT3, phos-
phorylated STAT3, and IL22) (n = 5). (Q) Fecal levels of TG and CHOL in mice with various treatments including control, E coli, E
coli+CRX-526, and E coli+TAk-242 (n = 6). (R) Serum levels of TG and CHOL in mice with various treatments including control, E
coli, E coli+CRX-526, and E coli+TAk-242 (n = 6). (S) Representative Oil Red O staining (red dot) of ileal slides from mice with
various treatments including control, E coli, E coli+CRX-526, and E coli+TAk-242; bar: um (original magnification, x200
and x400, n = 6). Right panel: total lipid concentration (mg/g enterocytes) in ileal enterocytes from mice in each group. (T) Serum
levels of HDL-C and LDL/VLDL-C in mice with various treatments including control, E coli, E coli+CRX-526, and E coli+TAk-242
(n = 6). (U) Serum levels of ANGPTL4 in mice (pg/mL, n = 6). (V) Relative mRNA levels including VLDLR LPL, ACC, and ATGL (n =
4). (W) Relative protein levels including LPL, ACC, and ATGL (n = 5). (X) Representative H&E staining of adipose tissue from mice
with various treatments including control, E coli, E coli+CRX-526, and E coli+TAk-242; bar: um (original magnification,x400,n =
6). Right panel: analysis of adipocyte size from mice with various treatments including control, E coli, E coli+CRX-526, and E
coli+TAk-242 (um?, n = 6). Values are means + SEM. Same markup represented no significant difference between 2 groups (P >
.05); different markup represented significant difference (P < .05) compared with the other groups. *P < .05 compared with the
other groups.
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Figure 6. E coli-mediated host lipid dysmetabolism depends on microbial LPS. (A) Body weight (g, n = 6). (B) ADFI (g/day,
n = 6). (C) Relative mRNA levels (including TLR4, MyD88, REV-ERB«, and NFIL3, n = 4). (D) Relative protein levels (including
total STAT3, phosphorylated STAT3, and IL22) (n = 5). (E) Representative Oil Red O staining (red dot) of ileal slides from mice
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and x400, n = 6). Right panel: total lipid concentration (mg/g enterocytes) in ileal enterocytes from mice in each group. (F)
Fecal levels of TG and CHOL in mice with various treatments including control, E coli, E coli BL21, and E coli Nissle 1917 (n =
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1917 (n = 6). (H) Serum levels of HDL-C and LDL/VLDL-C in mice with various treatments including control, E coli, E coli BL21,
and E coli Nissle 1917 (n = 6). (/) Serum levels of ANGPTL4 in mice (pg/mL, n = 6). (J) Representative H&E staining of adipose
tissue from mice with various treatments including control, E coli, E coli BL21, and E coli Nissle 1917; bar: um (original
magnification, x400, n = 6). Right panel: analysis of adipocyte size from mice with various treatments including control, E coli,
E coli BL21, and E coli Nissle 1917 (um?, n = 6). (K) Relative mRNA levels including VLDLR LPL, ACC, ATGL (n = 4). (L) Relative
protein levels including total LPL, ACC, ATGL, and IL22 (n = 5).

expression in ileum as compared with control. Because in promoting NFIL3 expression. Wang et al°’ have already

microbial LPS and the activation of ileal TLR4 have been
identified as important inducer for triggering host lipid
intake in ileum, we then studied the role of IL-22 and STAT3
signaling in the inhibition of REV-ERB« expression, resulting

reported REV-ERBa to negatively modulate NFIL3 expres-
sion, which was also negatively regulated by upstream
STAT3 signaling and contributed to increasing ileal lipid
intake. Moreover, the high level of IL-22 has been
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considered an important consequence of TLR4 activation in
ileum**; we hypothesized that microbial LPS might inhibit
REV-ERBa to increase NFIL3 expression via 1L-22/STAT3

pathway. Immunoblotting analysis
the interference of IL-22 receptor
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identified that under
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(increased the expression of the phosphorylation of STAT3)
in primary enterocytes (Figure 84). Notably, the expression
of ANGPTL4 protein was inhibited by IL-22 supplementa-
tion, whereas the interference of IL-22 receptor reversed it
expression. Moreover, IL-22 supplementation significantly
inhibited the transcription of REV-ERB« and elevated NFIL3
mRNA expression (Figure 8B). In vivo, although the inter-
ference of IL-22 receptor has not reduced E coli or LPS-
induced high transcriptional expression of TLR4 and
MyD88 and the protein level of IL-22 in comparison with E
coli or LPS groups, this treatment has significantly increased
the phosphorylation of STAT3 and NFIL3 in ileum, whereas
it inhibited the expression of REV-ERBa mRNA (P < .05)
(Figure 8C-E). These results suggested that STAT3 signaling
was located in the downstream of IL-22, which is dependent
in the activation of IL-22 receptor. Oil Red O staining and TG
and CHOL in serum and feces also showed similar obser-
vations to above data among various treatments, supporting
IL-22 as a key regulated molecule within microbial LPS
triggered ileal lipid intake (Figure 8F-H). Notably, the
expression of serum ANGPTL4 was obviously reduced by E
coli or LPS administrations, whereas its expression in the
mice with the blocking of IL-22 receptor was not affected by
E coli or LPS administrations (Figure 8I). As expected, the
sizes of eWAT in E coli and LPS groups were obviously
increased, whereas interference of IL-22 receptor contrib-
uted to block this change (Figure 8J).

Finally, qPCR and Western blot further confirmed that
STAT3 signaling was closely involved in the regulation from
microbial LPS and located in the upstream of REV-ERBa/
NFIL3 via inhibitor of the phosphorylation of STAT3 (stattic
and niclosamide) (Figure 8K and L). Taken together, these
data suggest that E coli-derived LPS may be involved in
shaping host lipometabolism in ileum via activating TLR4/
IL-22/STAT3 signaling, which inhibits REV-ERBa expres-
sion to promote NFIL3 activation, resulting in lipid uptake.

NFIL3 Blocks ANGPTL4 Expression at the

Transcription Level
Because we found that ANGPTL4 is obviously inhibited
in mice ileum from JL, E coli, and LPS treatments

Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 5

accompanied by highly expressed of NFIL3 transcription, we
further tested whether ANGPTL4 mRNA was negatively
modulated by the transcription of NFIL3 in enterocytes. On
the ANGPTL4 promoter of mouse, NFIL3 has been predicted
to own 3 potential binding domains (Figure 94 and B). Using
the luciferase assay, 2 binding sites, 795 bp-729 bp and 946
bp-795 bp, were identified as the inhibitor positions of
ANGPTL4 (Figure 9C). Moreover, combined with LPS sup-
plementation, we further verified activated NFIL3 to mark-
edly suppress the transcription of ANGPTL4 and LPCAT3 in
enterocytes (Figure 9D). Overall, these results indicate that
NFIL3 blocks ANGPTL4 expression at the transcription level.
Moreover, LPS elevates the expression of NFIL3 mRNA to
reduce the transcriptional level of ANGPTL4 in enterocytes,
suggesting that NFIL3 may contribute to promoting ileal
intake and fat accumulation in distal tissues and organs via
increasing the LPCAT3 mRNA expression and inhibiting
ANGPTL4 transcription.

Melatonin Reduces the Production of Microbial

LPS via Inhibiting LpxC Expression in E coli

Oral MT did not directly exert on microbial LPS to
improve host lipometabolism under JL+4LPS treatment.
However, the observations from the comparison between JL
and JL+MT definitely showed a significant improvement on
host lipometabolism. Thus, we hypothesized that oral MT
might contribute to inhibit LPS secretion from E coli rather
than directly degrading LPS. To explore the effect of MT on E
coli-derived LPS in vitro, we measured the growth curve of E
coli with/without different concentrations of MT
(Figure 104 and B). Compared with the control, MT sup-
plement inhibited bacterial proliferation of E coli in a dose-
dependent manner after 8 hours of culture (Figure 10B). E
coli-derived LPS was also depressed by MT treatment (5 and
10 mmol/L) at 12 hours (P < .05) (Figure 10C). As shown in
Figure 10D, LpxC is a vital regulatory molecule for LPS
synthesis in E coli. Thus, we then tested the transcriptional
level of LpxC in E coli under MT treatment. The results
showed that MT (10 mmol/L) significantly inhibited its
mRNA expression (P < .05) (Figure 10E), whereas exoge-
nous UDP-3-0-acyl-N-acetylglucosamine deacetylase

Figure 7. (See previous page). TLR4 plays a vital role in microbial LPS-triggered lipid dysmetabolism. (A) Body weight (g,
n = 6). (B) ADFI (g/day, n = 6). (C) Relative mRNA levels (including LPCAT3, FATP4, APOA, and NPC1L1, n = 4). (D)
Representative Oil Red O staining (red dot) of ileal slides from mice with various treatments including JL, JL4+MT, JL+LPS,
JL+LPS+MT, JL+TAK-242, JL+TAK-242+MT; bar: um (original magnification, x200 and x400, n = 6). Right panel: total lipid
concentration (mg/g enterocytes) in ileal enterocytes from mice in each group. (E) Relative mRNA levels (including TLR4,
MyD88, REV-ERBq«, and NFIL3, n = 4). (F) Relative protein levels (including ANGPTL4, total STAT3, phosphorylated STATS,
and IL22) (n = 5). (G) Fecal levels of TG and CHOL in mice with various treatments including JL, JL+MT, JL+LPS,
JL+LPS+MT, JL+TAK-242, JL+TAK-242+MT (n = 6). (H) Serum levels of TG and CHOL in mice with various treatments
including JL, JL4+MT, JL+LPS, JL+LPS+MT, JL+TAK-242, JL+TAK-242+MT (n = 6). (/) Serum levels of HDL-C and LDL/
VLDL-C in mice with various treatments including JL, JL+MT, JL+LPS, JL+LPS+MT, JL4+TAK-242, JL+TAK-242+MT
(n = 6). (J) Serum levels of ANGPTL4 in mice (pg/mL, n = 6). (K) Representative H&E staining of adipose tissue from mice with
various treatments including JL, JL+MT, JL+LPS, JL+LPS+MT, JL4+TAK-242, JL4+TAK-2424+MT; bar: um (original
magnification, x400, n = 6). Right panel: analysis of adipocyte size from mice with various treatments including JL, JL+MT,
JL+LPS, JL+LPS+MT, JL+TAK-242, JL+TAK-242+MT (um?, n = 6). (L) Relative mRNA levels including VLDLR LPL, ACC,
ATGL (n = 4). (M) Relative protein levels including total LPL, ACC, and ATGL, n = 5). Values are means + SEM. Same markup
represented no significant difference between 2 groups (P > .05); different markup represented significant difference (P < .05)
compared with the other groups. *P < .05 compared with the other groups.
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recombinant protein (LpxC) reversed this improvement
(Figure 10F). By using other known LpxC inhibitors, CHIR-
090 and meropenem, we further confirmed that MT

A B
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decreased LPS production by inhibiting LpxC expression,
because MT supplement did not promote lower transcrip-
tion of LpxC expression in E coli (P > .05) (Figure 10G).
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A E-box elements in the promoter region of ANGPTL4
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Figure 8. (See previous page). IL-22/STATS3 signaling is involved in regulation of microbial LPS modulating REV-ERBo/
NFIL3 expression in mouse ileum. (A) Relative protein levels including ANGPTL4, total STAT3, and phosphorylated STAT3
(n = 5). (B and C) Relative mRNA levels (including TLR4, MyD88, REV-ERB«, and NFIL3, n = 4). (D) Relative protein levels
including IL-22, ANGPTL4, total STAT3, and phosphorylated STAT3 (n = 5). (E) Relative mRNA levels (including REV-ERB«
and NFIL3, n = 4). (F) Representative Oil Red O staining (red dot) of ileal slides from mice with various treatments including
control, E coli, LPS, sh-IL-22 R+E coli, sh-IL-22 R+LPS, and sh-IL-22 R; bar: um (original magnification, x200 and x400, n =
6). Right panel: total lipid concentration (mg/g enterocytes) in ileal enterocytes from mice in each group. (G) Fecal levels of TG
and CHOL in mice with various treatments including control, E coli, LPS, sh-IL-22 R+E coli, sh-IL-22 R+LPS, and sh-IL-22 R
(n = 6). (H) Serum levels of TG and CHOL in mice with various treatments including control, E coli, LPS, sh-IL-22 R+E coli, sh-
IL-22 R+LPS, and sh-IL-22 R (n = 6). (/) Serum levels of ANGPTL4 in mice (pg/mL, n = 6). (J) Representative H&E staining of
adipose tissue from mice with various treatments including control, E coli, LPS, sh-IL-22 R+E coli, sh-IL-22 R+LPS, and sh-IL-
22 R; bar: um (original magnification, x400, n = 6). Following panel: analysis of adipocyte size from mice with various
treatments including control, E coli, LPS, sh-IL-22 R+E coli, sh-IL-22 R+LPS, and sh-IL-22 R; bar: um (um?, n = 6). (K) Relative
mRNA levels (including IL-22 R, REV-ERB«, and NFIL3, n = 4). (L) Relative protein levels including ANGPTL4 (n = 5). Values are
means + SEM. Same markup represented no significant difference between 2 groups (P > .05); different markup represented
significant difference (P < .05) compared with the other groups.
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Figure 10. MT reduces production of microbial LPS via inhibiting LpxC expression in E coli. (A) Growth curves of E coli
under MT treatment with various dosages in vitro (1, 5, 10 mmol/L) (optical density 600 nm, n = 6). (B) Amount of E coli due to
MT treatment with various dosages in vitro (1, 5, 10 mmol/L) (optical density 600 nm, n = 6). (C) Level of E coli LPS under MT
treatment with various dosages in culture (1, 5, 10 mmol/L) (hg/mL, n = 6). (D) Regulatory circuit of E coli-derived LPS (ref-
erences 64 and 66). (E) Relative mRNA levels of LpxC and FtsH in E coli (n = 4). (F) Level of E coli LPS under MT treatment (10
mmol/L) with/without LpxC recombinant protein (0.5 mmol/L) after 12 hours (ng/mL, n = 6) (G) Level of E coli LPS under
various treatments including CHIR-090, CHIR-090+MT (10 mmol/L), meropenem, meropenem-+MT (10 mmol/L) (hg/mL, n =
6). (H) Level of E coli LPS under co-culture with Akk muciniphila (ng/mL, n = 6). Values are means + SEM. Same markup
represented no significant difference between 2 groups (P > .05); different markup represented significant difference (P < .05)
compared with the other groups. *P < .05 compared with the other groups.

Finally, in co-culture of Akk muciniphila and E coli we also
observed the inhibition of LPS (Figure 10H). Briefly, oral MT
decreases the production of E coli-derived LPS, which
further elevates ANGPTL4 expression and triggers ileal lipid
intake via attenuating TLR4/STAT3/ REV-ERBa/NFIL3
pathway. The increased level of serum ANGPTL4 may
further contribute to inhibiting lipid accumulation in mice
eWAT.

Discussion

Gut microbiota have a close association with host health
and are involved in major energy metabolic processes.’
Enteric flora disturbance is a well-established biomark for
many energy dysmetabolism-induced chronic diseases,

including excess adiposity, type 2 diabetes, cardiovascular
disease, and other metabolic syndromes.‘”'49 Also, the
alterative patterns of microbial metabolites preferentially
modulate physiological activities of host digestive tract.***°
Traditionally, microbial LPS is regarded as an important
therapeutic target to prevent host from metabolic disorders
and inflammatory responses.”’°* Herein, we hypothesized
that microbial LPS may specially serve as an inductor on
circadian rhythm disruption-triggered weight gain and lip-
ometabolism. Thus, we performed a comparison of the
composition of gut microbiota isolated from various treat-
ments (including the control, JL, and oral MT supplement).
With oral administration of MT, we found that circadian
rhythm disruption significantly shaped the pattern of
microbial community, with higher level of E coli, an LPS-
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producing species in mouse ileum. In addition, it is note-
worthy that antibiotics-mediated microbiota depletion
caused an obvious absence of these phenotypes, suggesting
that the altered pattern of gut microbiota is responsible for
oral MT-mediated anti-obesity actions.

Originally, ANGPTL4 has been considered as a kind of
fasting-triggered adipocytokine, referring to a glycosylated
protein.”®”* Previous research has already definitely indi-
cated a strong association among circulatory ANGPTL4,
serum lipid levels, and the lipometabolism in distal or-
gans.SS'56 ANGPTL4 is a secreted protein and an important
metabolic regulator produced in the gut in response to
changes of nutritional status.”® Endogenous ANGPTL4 can
act as an inhibitor for lipoprotein lipase activity in periph-
eral tissue (adipose tissue) and thereby contributes to the
regulation of postprandial plasma TG clearance.”” ANGPTL4
post-translationally inhibits LPL activity under various
physiological conditions including fasting and cold expo-
sure, thereby raising plasma triacylglycerol levels.?**”>’
The inactivation of ANGPTL4 has repeatedly been re-
ported to be responsible for decreased plasma TG and high
level of HDL cholesterol.?>°® In view of modern medicine,
ANGPTL4 plays a major regulator of plasma TG in multiple
physiological stresses,”*”?~°! indicating that ANGPTL4 is an
essential component of a regulatory circuit to link lipid
uptake from dietary and delivery into target tissue.”*°"°
Thus, in this investigation, we detected the expression of
serum apolipoproteins (including HDL and VLDL/LDL) and
circulating ANGPTL4 to link the crosstalk between gut and
distal organs. We supplied the data regarding mRNA
expression of VLDL receptor in adipose from each group,
which plays an important role in the delivery of lipid
(mainly TG) from serum VLDL.°’ Our results determined
that low level of serum ANGPTL4 and high level expression
of LPS were markers in JL mice. On the contrary, ANGPTL4
expression was obviously recovered through oral MT; TLR4
inhibitor supplement and microbiota depletion reversed JL-
triggered weight gain, suggesting that MT may shape the
LPS-producing strain to improve the level of ANGPTL4 in
the ileum, which further suppresses lipid uptake by adipo-
cytes. ANGPTL4 served as a vital mediator/messenger in the
regulation of lipometabolism between gut and adipose tis-
sue, which is consistent with other findings.s“'(’]'“'64

In ileum, excessive lipid intake is considered as a basic
factor and key link in the development of alimentary
obesity.”” Among multiple transcriptional factors, NFIL3
has been identified as a vital link to mammalian rhythms
and lipometabolism in intestines.?’ Herein, the results
documented elevated NFIL3 to contribute to inhibiting
ANGPTL4 transcription, noting that NFIL3 played an
essential role in triggering lower expression of ANGPTL4,
which may further impact its circulatory level. TLR4 is a
major receptor for microbial LPS and has been reported to
initiate the STAT3/REV-ERBa signaling pathway, which
increases NFIL3 expression in intestinal epithelial
cells.”*>** Our results and previous studies identified that
activation of TLR4/STAT3/REV-ERBa is an important
signaling pathway in ileal lipometabolism.?’ In this
research, we reported that microbial LPS plays a crucial
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role in JL-mediated weight gain, and MT serves as an
important inhibitor for LPS production in E coli.

In addition to reducing LPS production from E coli via
inhibiting Lpx C expression,®>°® oral MT also promoted the
amount of Akk muciniphila, which has been shown to reduce
the expression of LPS from E coli. The discovery of
discrepant abundance of Akk muciniphila, a mucin-
degrading Gram-negative bacteria, between obese and
healthy individuals is undoubtedly a significant academic
achievement.®”°? Subsequent studies have demonstrated
that this microbe alleviates multiple energy dysmetabolism-
induced organ/systemic diseases, whereas the lower abun-
dance of Akk muciniphila positively correlates with host
hyperlipidemia, type 2 diabetes, and fatty liver.®”~”* More-
over, the research regarding Akk muciniphila is not limited
to this field, but it also extends to other disease preventions
such as progeria and multiple sclerosis.”” Notably, the
quantity of Akk muciniphila has been reported to inversely
correlate with multiple systemic dysmetabolism through its
improvements on the physiology of adipose tissue.”*”7°
Because this microbe promotes mucus turnover in mucus
layer where its colonization improves host intestinal barrier
integrity, the amount of Akk muciniphila has become a
crucial parameter for intestinal health.”

However, some limitations also remain in this study.
First, E coli-derived LPS has been only focused under MT
treatment, without considering other microbes in the ileum,
and further analysis of microbial composition may identify
other species that contribute to MT-mediated positive
mechanisms as well as the effects of MT on other microbial
metabolites. Second, considering the site-specific differences
in various WATSs, we preferentially study eWAT as a target
for this regulatory circuit originating from gut microbiota,
because its initiation of development is earlier than other
WAT depots (adipogenesis: eWAT, 4 weeks; subcutaneous
WAT, 12 weeks).76 In addition, more mature vessels wrap
eWAT, which may elevate the possibility of the effect of
circulating ANGPTL4.”® On the basis of some reports, eWAT
has been considered as a target site for this regulatory
cricuit.”” 8! Finally, the whole circadian variation of gut
microbiota has not been focused on. Considering the strong
associations between these symbionts and host, the hy-
pothesis has been proposed whether significant metabolic
changes would be triggered by the overlap or stagger of
both, namely whether rhythmic disorder-induced alterna-
tion of gut microbiota contributed to shaping host physi-
ology. By using integrated multiomics analysis, Thaiss et al®*
demonstrated the gut microbial diurnal oscillation and these
feature-induced metabolic patterns on host. These diurnal
oscillations including biogeographic migration and the
oscillation of metabolome patterns drive the circadian
transcriptional reprogramming at the level of multi-tissues/
organs in mice, implying that circadian rhythm disruption-
triggered programming of gut microbiota may play a vital
role in modulating host metabolism.®? Therefore, in this
study we thought that stagger time lag may be a key period
for shaping the pattern of gut microbiota, not in overlap
time bucket (daytime). However, further study on the whole
circadian variation of gut microbiota will be necessary to
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investigate oral MT-mediated regulatory mechanism as well
as the effects of oral MT on the host gut microbial structure.

Taken together, the present results suggest that (1) gut
microbiota are responsible to oral MT-mediated weight
control in JL mice; (2) ANGPTL4 may play an essential role
in delivering message from gut microbiota to host adipose
tissue; (3) microbial LPS leads to the inhibition of intestinal
ANGPTL4 transcription via activating on the TLR4/STAT3
pathway, which eventually contributes to the high level of
NFIL3 expression; and (4) oral MT reduces the level of
microbiota-derived LPS via inhibiting LpxC expression.
These data are consistent with oral MT-mediated alterations
of gut microbiota being a potential therapy for circadian
rhythm disruption-induced lipid dysmetabolism via recov-
ering the intestinal ANGPTL4, which may deliver regulatory
messages to peripheral target organs/tissues.

Materials and Methods
Animal Experiments

All animal experiments were performed in accordance
with the guidelines and regulations and approved by the
Animal Ethics Committee (Northwest A&F University, Yan-
gling, Shaanxi). Male C57BL/6] wild-type mice (8-week-old)
were purchased from the Laboratory Animal Center of the
Fourth Military Medical University (Xi'an, China). In an
environmentally controlled room (temperature: 25°C + 1°C;
humidity: 55 % + 5 %; 12-hour light/dark cycle), all ani-
mals had ad libitum access to water and food.

Mice were randomly divided into 4 groups (n = 6) and
housed as 1 per cage (30 x 20 x 13) and placed on a layer
of bedding (corn cob for animal bedding; Beijing Keao Xieli
Feed Co, Ltd, Beijing), which were fed a standard diet (fat
provided 30%-31 % of total energy; Boaigang Biotech-
nology Co Ltd, Beijing). The groups included control, JL,
JL+MT, control+melatonin (MT). Melatonin treatment was
performed by supplying it in drinking fluid (0.4 mg/mL;
Sigma-Aldrich, St Louis, MO). The bottled melatonin water
was covered by a layer of aluminum foil to prevent light.®*%*
To avoid MT degradation by bacterial activities in water, the
water by high temperature sterilization was used to prepare
MT solution, and the bottles were daily sterilized by 121°C.
The LPS treatment was performed by oral administration in
drinking water (10 ug/ulL; Sigma-Aldrich), and CRX-526 (2
mg/kg; Invitrogen, Shanghai, China) and TAK-242 (4 mg/kg;
MCE, Shanghai, China) were treated by intraperitoneal in-
jection as previously described.®>*® The JL mice were
produced as previously described.’’ Zeitgeber time (ZT)
0 corresponds to the time of light onset. In brief, mice were
transferred between 2 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
transferred between 2 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
transferred once from room 1 to 2 and then returned to
room 1. The time of mice transfer occurs between 9:30 am to
10:00 am, leading to an 8-hour phase advance from room 1
to 2 (light off at ZT4 instead of ZT12 for JL mice on the day

Melatonin Improves Lipid Metabolism via Remodeling Gut Microbiota1661

of transfer) and an 8-hour phase delay from room 2 to 1
(light off at ZT20 instead of ZT12 for JL mice on the day of
transfer) every 2 days. All animals’ body weights were
measured weekly, including original weight at the beginning
of the experiment (0 day) and affected weight during the
period of experiment. The ADFI was calculated through
detected daily food consumption by counting the changes of
weights.

Mice were killed using an overdose of ethyl ether 2
hours after the last JL treatment. Ileum, eWAT, and liver
were immediately collected. Portions of these tissues were
fixed in 4 % paraformaldehyde in phosphate buffer and
prepared for paraffin or frozen sectioning. Paraffin sections
were stained using H&E, and frozen sections were stained
using Oil Red O. The sizes of cells and stained area were
analyzed by using cell profiler software (cellSens; Olympus,
Hamburg, Germany). The immumohistochemical staining of
ileal ANGPTL4 was performed in accordance with com-
mercial kit based on paraffin sections (SABC-POD immu-
nohistochemistry Kkit; Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). Images were captured using a
Cytation 3 Cell Imaging Multimode Reader (BioTek,
Winooski, VT). The immunohistochemistry of ileal ANGPTL4
was performed by paraffin sections in accordance with the
guidelines of commercial ELISA kits (Thermo Fisher,
Shanghai, China). All immunohistochemistry images were
analyzed using Image ] (National Institutes of Health,
Bethesda, MD) by counting the average gray value of posi-
tive cells (staining intensity).

Gut Microbiota Analysis

Total genomic DNA of gut microbiota was extracted from
fecal samples and further amplified using primer (16S V3
and V4). Sequencing libraries were built by TruSeq Nano
DNA LT Library Prep Kit and MiSeq platform (Illumina, San
Diego, CA). Operational taxonomic unit table was obtained
using QIIME software and further combined with clustering
analysis to form a heatmap. On the basis of the abundance
matrix of operational taxonomic units, species diversity was
evaluated by observed species, Chaol, Shannon, and Simp-
son. To directly reflect the differentiation among various
groups, microbial hierarchical tree was drawn by using
MEGAN software. On the basis of Unifrac, principal coordi-
nate analysis was performed to directly visualize multidi-
mensional data.

E coli and Akk muciniphila /solation,
Identification, and Culture

Stool samples were collected from mice in each group
and placed in 1 mL of phosphate-buffered saline. The
isolation of E coli was performed on the basis of previous
reports by Schmidt et al.®’ Briefly, equal volumes of feces (5
g) and brain heart infusion broth (Solarbio, Beijing, China)
with 5 % glycerol (5 mL) were homogenized before
streaking onto plain eosin methylene blue agar (EMBA;
Solarbio, Beijing, China), which was impregnated with third-
generation cephalosporins (1 pug/mL ceftazidime and 1 ug/
mL cefotaxime, Solarbio, Beijing, China). After overnight



1662 Rong et al

aerobic incubation at 37°C, 10 random colonies, morpho-
logically resembling E coli, were selected from plain EMBA,
and 1 colony from each (ceftazidime/cefotaxime) impreg-
nated EMBA plate was selected for further investigation.
Selected colonies were subcultured onto nutrient agar
(Solarbio) for pure growth and incubated aerobically over-
night at 37°C before Gram-staining, biochemical analysis
(catalase production, absence of oxidase, lactose fermenta-
tion, indole production, and inability to use citrate as a
carbon source). PCR assays for the 16S rRNA confirmed
isolates as E coli. The abundance of E coli was determined
through using optical density at 600 nm, and the levels of E
coli-derived LPS were measured using optical density at 450
nm in various treatments, including LpxC recombinant
protein (MyBioSource, San Diego, CA), CHIR-090 (MedChe-
mExpress, Shanghai, China), meropenem and butyrate
(Sigma-Aldrich).

The isolation of Akk muciniphila was performed on the
basis of previous reports by Derrien et al.*® In brief, equal
volumes of feces (0.5 g) were diluted into sterile anaerobic
Ringer’s solution (9 mL, containing 0.5 g cysteine). After
thorough mixing, the suspensions were further diluted (10-
fold) in Ringer’s solution and then inoculated in triplicate
into 9 mL bicarbonate-buffered medium (mucin medium)
(inoculums size: 1 mL) at 37°C under anaerobic conditions.
Single colonies were selected, grown in mucin medium, and
reinoculated in soft agar mucin medium (Sigma-Aldrich).
This step was repeated until purity. Selected colonies were
defined by Gram-staining and PCR assays for the 16S rRNA
of Akk muciniphila.

Mono-colonization

To deplete original gut microbiota, recipient mice were
pretreated with multiple antibiotics (1 g/L streptomycin, 0.5
g/L ampicillin, 1 g/L gentamicin, and 0.5 g/L vancomycin)
according to Yin et al.’* Mice received antibiotics via the
drinking water for 10 days and then were tested for mono-
colonization of isolated E coli and 2 commercial strains (E
coli BJ21 and E coli Nissle 1917; TSTO, Ningbo, China).
Cultures were grown in LB broth (Solarbio) overnight, and
1 x 10%° colony-forming units per mL preparations were
made. A single dose of 100 uL was delivered via gavage to
mice, as previously reported by Velazquez et al.”®

Immunoblotting Analyses

On the basis of previously established protocol of Rong
et al,® proteins were extracted from ileum, eWAT, and liver
by using lysing buffer (Solarbio). Roughly 30 ug protein was
separated by electrophoresis (12 % and 5 % sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels) and
then transferred onto polyvinylidene difluoride nitrocellu-
lose membranes (Millipore, Burlington, MA), which were
further blocked by 5 % non-fat milk in Tris-Tween buffered
saline buffer for 2 hours. After blocking, these membranes
were incubated with various primary antibodies, including
anti-Niemann-Pick C1-Like 1 (NPC1L1), anti-
lysophosphatidylcholine acyltransferase 3 (LPCAT3), anti-
fatty acid transport protein4 (FATP4), anti-LPL,
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anti-adipose triglyceride lipase (ATGL), anti-acetyl CoA-
carboxylase (ACQ), anti-IL-22, anti-STATS3, anti-
phosphorylated STAT3 (p-STAT3), anti-ANGPTL4, and
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Abcam, Cambridge, UK), and horseradish peroxidase-
conjugated secondary antibody. Finally, proteins were
imaged using chemiluminescent peroxidase substrate (Mil-
lipore) and quantified using ChemiDoc XRS system (Bio-Rad,
Richmond, CA).

Quantitative Real-time PCR

On the basis of a previously described method,*® the
extraction and reverse transcription of total RNA (500 ng)
from ileum, eWAT, and liver were performed (TRIpure Re-
agent kitand M-MLV reverse transcriptase kit; Takara, Dalian,
China), respectively. Primers were designed in accordance
with mouse sequence and passed to Invitrogen (Shanghai,
China) to synthesize. Quantitative PCR was performed in 25
uL reaction system containing specific primers and SYBR
Premix (Vazyme Biotech, Nanjing, China). Amplification was
performed in the ABI StepOne plus RT-PCR System (Carlsbad,
CA). The levels of mRNA were normalized in relevance to
Gapdh and Rpo A (Figure 8E). The relative RNA expressions
were analyzed using the method of 2744,

Fecal and Serum Biochemical Parameters

Serum samples were tested to detect multiple
biochemical parameters using commercial enzyme-linked
immunosorbent assay Kkits, including CHOL (Abcam, Cam-
bridge, UK), TG (Abcam), LPS (CUSABIO, Wuhan, China),
HDL-C and LDL/VLDL-C (Abcam), and ANGPTL4 (Abcam).

Fecal lipid was determined in accordance with previous
studies.®® In brief, fecal samples were collected from all
groups when the mice were killed. After being dried at 60°C
to a constant weight, samples were ground to a fine powder
and then extracted 3 times with ethanol 95 % at 60°C. After
filtration and evacuation, fecal TG and CHOL were detected
by using commercial kits (Abcam).

Plasmid Transfection and Dual-Luciferase

Reporter Assay

A 1181 bp fragment of mouse ANGPTL4 promoter was
amplified by PCR and fused to the pGL-3 basic vector.
MODE-K cells were transfected after 1-day culture in 96-
well plate. The built reporter was referred to ANGPTL4
1181-Luc. Deuterogenic ANGPTL4 946-Luc, ANGPTL4 795-
Luc, and ANGPTL4 190-Luc reporters were generated
from ANGPTL4-Luc via deletion and relegation, which con-
tained 946, 795, and 190 bp of ANGPTL4 promoter,
respectively. Using the ANGPTL4 1181-Luc plasmid as a
template, mutant ANGPTL4 reporter plasmids were gener-
ated. By co-transfection with ANGPTL4 promoter vector,
MODE-K cells were treated together with empty vector,
pc-NFIL3-encoding vector (overexpression vector), or si-
NFIL3-encoding vector (interference vector) using X-trem-
eGENETM transfection reagent (Roche, Basel, Switzerland).
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Luciferase activity was determined as previous described
after transfection for 48 hours.>®

Primary Enterocytes Culture and Vectors
Infection

Primary enterocytes were isolated from sacrificed mice
and cultivated in accordance with previous studies.”””* In
brief, ileum was harvested from sacrificed mice in each
group and then washed with phosphate-buffered saline af-
ter opening longitudinally. Primary crypts were dissociated
from ileal mucosa through incubating in gradient EDAT (10
mmol/L and 5 mmol/L) for 15 minutes each. Isolated crypts
were further incubated in 1x TrypLE express (Gibco,
Shanghai, China) supplemented with 0.8 KU/mL DNasel
(Roche) to obtain single primary enterocytes.

For virus vectors study, primary enterocytes were
infected with/without recombinant IL-22 receptor adeno-
virus interference vector (sh-IL-22 R) for 48 hours at the
titer of 1x 10° infectious units/mL, and the control vectors
were pAd-GFP. All the vectors were constructed by Gene
Pharma (Shanghai, China). Also, sh-IL-22 R was intraperi-
toneally injected into mice for 2 weeks to study the physi-
ological changes.

Statistical Analysis

Experimental data were analyzed by one-way analysis
of variance and two-way analysis of variance in SAS v8.0
(SAS Institute, Cary, NC). Individual means were compared
by using Fisher least significant difference. Mean + stan-
dard error of the mean (SEM) represented each dataset,
and significance in statistical difference was defined as P
< .05. The correlation analysis and cosinor analysis were
conducted by linear regression model using GraphPad
Prism 5.0 software (GraphPad Software, Inc, San
Diego, CA).*!
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