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ABSTRACT

The Tilapia collagen peptide mixture TY0O01 has been shown to accelerate wound healing in
streptozotocin-induced diabetic mice and to protect against streptozotocin-induced inflammation
and elevation in blood glucose. The goals of the present study are to further study TY001 effects
on lipopolysaccharide (LPS)-induced inflammation and metabolic syndrome. LPS is known to
disrupt circadian clock to produce toxic effects, the effects of TY0O01 on rhythmic alterations of
serum cytokines and hepatic clock gene expressions were examined. Mice were given TY001 (30
g/L, = 40 g/kg) through the drinking water for 30 days, and on the 21°' day of TY001 supple-
mentation, LPS (0.25 mg/kg, ip, daily) was given for 9 days to establish the inflammation model.
Repeated LPS injections produced inflammation, impaired glucose metabolism, and suppressed
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the expression of circadian clock core genes Bmal1 and Clock; clock feedback gene Cry1, Cry2, expression

Per1, and Per2; clock target gene Rev-erba and RORa. TY001 prevented LPS-induced elevations of
TNFa, IL-1B3, IL-6, and IL-10 in the liver, along with improved histopathology. TY001 reduced LPS-
elevated fasting blood glucose and increased LPS-reduced serum insulin levels, probabl1y via
increased glucose transporter GLUT2, enhanced insulin signaling p-Akt and p-IRS-177¢'2,
Importantly, LPS-induced circadian elevations of serum TNFa and IL-13 and aberrant expression
of circadian clock genes in the liver were ameliorated by TY001. Immunohistochemistry revealed
that the LPS decreased Bmal1 and Clock protein in the liver, which was recovered by TY001. Taken
together, TY0O01 is effective against LPS-induced inflammation, disruption of glucose metabolism
and disruption of circadian clock gene expressions.

Abbreviations: TY001: Tilapia collagen peptide mixture; LPS: Lipopolysaccharide; TNFa: Tumor
necrosis factor-a; IL-1f3: Interleukin-13; GLUT2: Glucose transporter 2

include Bmall, Clock, Npas2, the clock feedback con-
trol gene include Cryl, Cry2, Perl, and Per2, and the
clock-controlled and/or clock-targeted genes include
Rev-erba, Dbp, Tef, etc. (Partch et al. 2014). Circadian
clock genes have become the targets of toxicity and
therapeutic applications (Dallmann et al. 2014; Li et al.
2017). Many natural products could affect the circa-
dian clock to exert their beneficial effects (He et al.
2016; Li, 2017; Ribas-Latre et al. 2015).

The Tilapia collagen peptide mixture TY001 is
anatural product. TYO001 is the mixture of both animal
and herbal peptides, aimed to compensate the short-
age of essential amino acids from different protein
resources (Xiong et al. 2018). TY001 is effective in
promoting wound healing in acetic acid-induced

Introduction

The circadian clock is an endogenous biological
timekeeping system located in every cell and organ
to synchronize physiology and behavior to day/
night cycles (Korencic et al. 2014). The pacemaker
is located at the suprachiasmatic nucleus (SCN) in
the anterior hypothalamus, while the regulator is
composed of clock genes present in all peripheral
tissues such as the liver (Adamovich et al. 2014;
Mohawk et al. 2012). Once the physiological
rhythms are disrupted, diseases occur (Froy 2012;
Man et al. 2016; Maury et al. 2014).

Circadian clock genes are essential to drive and
maintain circadian rhythm. The core clock genes
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skin lesions in zebrafish (Xiong et al. 2018). TY001 is
also effective in accelerating wound healing in strep-
tozotocin (STZ)-induced diabetic mice, and in
decreasing STZ-elevated blood glucose. Circadian
rhythm regulates glucose metabolism (Pan and
Hussain 2009; Reinke and Asher 2016; Shi et al.
2013; Stenvers et al. 2019) and effects of TY001 on
glucose metabolism in relation to circadian rhythm is
worth of investigation.

Circadian rhythms provide temporal regulation
and coordination of immune responses to acceler-
ate wound healing (Cable et al. 2017; Kowalska
et al. 2013) and drives rhythmic fibroblast to pro-
mote skin wound healing (Hoyle et al. 2017).
Circadian rhythm also regulates inflammatory
response (Carter et al. 2016; Gachon et al. 2018).
Circadian clock and inflammatory response are
closely related (Man et al. 2016). The key compo-
nent of circadian clock Bmall could regulate IL-1§
production (Early et al. 2018); Cryl could regulate
the production of proinflammatory cytokines and
regulate their release (Narasimamurthy et al.
2012). In Clock-/-, Bmall-/-, Cryl-/-, Cry2-/-,
Per2-/-, Rev-erba-/-, and RORa-/- mice, proinflam-
matory cytokines IL-1B, TNFa, and IL-6 increased,
and other proinflammatory mediators Ccl2, Cxcll,
Cxcl5, NF-kB, and MIP2 also increased and/or
altered (Carter et al. 2016). On the other hand,
an inflammatory response could affect the circa-
dian clock. For example, TNFa could affect E-box
to suppress the expression of clock genes
(Cavadini et al. 2007), and LPS suppressed clock
gene expression in the brain (Li et al. 2018), ovary
(Shimizu et al. 2017), and liver (Wang et al.
2016b), apparently via production of reactive oxy-
gen species and inflammation. Using TNFa-/-
mice, LPS-induced disruption of circadian
rhythms and inflammation are found to be
mediated by TNFa (Paladino et al. 2014)

The goal of the present study was to use
multiple injections of LPS as a model to exam-
ine the effects of TY001 on LPS-induced
inflammation, disturbance in glucose metabo-
lism, insulin resistance, and importantly, on
LPS-induced circadian disruption to provide
the therapeutic basis of TY001 in inflammatory
diseases, diabetes, and in promoting wound
healing.

Materials and methods
Animals

Male C57 mice (25 + 2 g) were obtained from the
Fourth Military Medical University. Mice were
housed in the animal facility according to the
Animal Welfare of Chinese Guidelines, with free
access to feed and the drinking water, maintained
in a temperature of 22 + 2°C, 12 h dark: 12 h light.
Mice were acclimated for two weeks prior to
experimentation. All the experimental procedures
were approved by the Animal Ethics Committee of
Forth Military Medical University.

LPS-induced disruption of circadian rhythm

LPS-induced diabetic model was established by mul-
tiple intraperitoneal injections of LPS (0.25 mg/kg in
saline, ip), daily for consecutive 9 days. Twenty-four
hr after the last LPS injection, blood and livers were
collected at ZT1 (8:00), ZT7 (14:00), ZT13 (20:00),
and ZT19 (2:00) for circadian rhythm analysis, and
livers collected at ZT13 were used for histology and
insulin signaling pathway analysis.

Experimental design

TY001 (patent granted by SIPO: 2017114143555)
was composed of whey protein peptide concentrate,
hydrolyzed wheat protein peptide, fish collagen
peptide, calcium caseinate, wheat oligopeptide, and
casein hydrolyzed peptide as described (Xiong et al.
2018). TY001 was dissolved in the drinking water as
emulsions at the concentration of 30 g/L based on
prior studies.

Mice were divided into three groups: LPS, LPS
+TY001, and Control groups. The dose selection is
based on the recommend clinical dose (20 gx 2 = 40
g for 60 kg/day). Taken the mouse/human conven-
tion faction of 9.1, and under the assumption that the
body weight of mice was 25 g, and drunk 3-4 mL
water/day, the dose of 30 g/L was equal to 37.92
—50.56 g/kg, and this dose was effective against STZ-
induced inflammation and delay in wound healing
in diabetic mice . Mice received TY001 for 21 days,
followed by LPS challenge, and TY001 was contin-
ued to provide together with LPS for another 9 days,
as illustrated in Figure 1. The duration of TY001
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Experimental design

TY001 30 g/L in drinking water

Serum-cytokines

=» Liver-cytokines + clock genes

Day O

Figure 1. Experimental design.

treatment was based on a clinical trial (30 days), and
our prior experience on wound healing in STZ dia-
betic mice.

After 30 days of TY001 supplementation and 9
days of LPS injection, Blood and livers were col-
lected at ZT1, ZT7, ZT13 and ZT19 time point for
biological analysis. At ZT13 (20:00), fasting blood
glucose levels and fasting blood insulin levels were
determined before collecting livers to examine the
levels of inflammatory cytokines and insulin sig-
naling pathway genes.

Histopathology and immunohistochemistry

Portion of the liver was fixed in 4% paraformalde-
hyde, embedded in paraffin, and cut 5 um for
standard H&E examination of pathological lesions
under a light microscope.

For immunohistochemistry, sections were
dewaxed in Xylene, and rehydrated in graded alco-
hols, and in 10 mM citrate buffer, microwaved for 10
min to expose antigen, followed by 3% H,O, to block
endogenous hydroperoxides. Slides were then incu-
bated with primary antibodies against Bmall
(Abcam, Cambridge, MA, 1:1000) and Clock
(Abcam, 1:1000) at 4°C overnight, after washing
with PBS, the second antibody (1:10000) was added.
DAB was used to visualize the stain under a light
microscope.

Western-blot analysis

Liver tissues were homogenized in RIPA lysis buffer
(Beyotime Institute of Biotechnology, Shanghai,
China) containing 1 mM phenylmethanesulfonyl-
fluoride fluoride and freshly prepared proteinase inhi-
bitors. Aliquoted proteins were denatured and

LPS 0.25 mg/kg, ipx 9 d

Day 21

Fasting blood glucose and

Day 30 insulin

separated on NUPAGE 10% BT gels and transferred
to PVDF membranes. Membranes were blocked with
5% dry nonfat milk, followed by incubation with
primary mouse antibody against -actin, rabbit poly-
clonal antibodies against GLUT2, p-Akt, or
p—IRS—lTYr612 (1:1000) (Cell signaling Technology,
Shanghai, China) overnight at 4°C. After washes
with TBST, membranes were incubated with horse-
radish peroxidase-conjugated anti-rabbit, anti-mouse
IgG secondary antibodies (1:5000) for 1 h at room
temperature. Protein—antibody complexes were visua-
lized using an Enhanced Chemiluminescent reagent
and a ChemiDoc XRS system (Bio Rad Laboratories,
Inc., USA). Band intensities were semi-quantified by
densitometry using Quantity One® software (version
4.6.2, Bio Rad Laboratories, Inc., USA)

Real-time RT-PCR

Portion of livers tissues (50 mg) were homogenized
with Trizol (TaKaRa Biotechnology Co., Ltd., Dalian,
China). The quality and quantity of total RNA were
determined by measuring the absorbance at wave-
lengths of the 260/280 nm ratio. The total RNA was
reverse transcribed to cDNA with the PrimeScript™
RT reagent kit (Takara Biotechnology Co., Ltd,
Dalian, China). The IQ™ SYBR Green Supermix
(Bio-Rad Laboratories, Hercules, CA) was used for
real-time RT-PCR analysis. PCR reaction system is
20 pL contained 10 pL iQTM SYBR Green
Supermix, 1.6 pL primer mix (10 uM each), 6.4 pL
ddH20 and 2 pL cDNA (10 ng/pL). The thermocy-
cling conditions were as follows: 5 min denaturation at
95°C; 40 cycles of annealing and extension at 60°C for
45 sec, and denaturation at 95°C for 15 sec.
Dissociation curve was performed following the 40
cycles to verify the quality of primers and amplifica-
tion. Primers were synthesized by AuGCT BioTach
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(Beijing, China). Relative expression of genes was
calculated by the 274" method and normalized to
the housekeeping gene P-actin, and the relative tran-
script levels were calculated as percentage of the
housekeeping gene.

Serum cytokine determination

Serum IL-1f and TNFa levels were determined via
commercial ELISA kits from Shanghai XinLe
Biological (Shanghai, China), according to the
instructions.

Statistics

All data were expressed as mean + SEM. Comparison
of multiple groups at each time point was performed
using one-way ANOVA analysis followed by
Statistical Package for the Social Sciences (SPSS, Inc.,
Chicago, IL, USA) software (version 16.0), and p < .05
was considered significantly different.

Results

TY001 protected against LPS-induced rhythmic
elevations in serum cytokines

To examine LPS-induced rhythmic elevations of
serum proinflammatory cytokines, blood was col-
lected at ZT1 (8:00), ZT7 (14:00), ZT13 (20:00), and
ZT19 (02:00), and serum proinflammatory IL-1f and
TNFa were examined via ELISA. As shown in Figure
1, LPS markedly increased serum levels of IL-1p and
TNFa, especially during the dark time (ZT13-ZT1),
the time for animal to eat and drink. High levels of
proinflammatory cytokine expression would affect
mouse normal physiological functions. TY001 supple-
mentation effectively ameliorated the elevations of
these proinflammatory cytokines (Figure 2).

TY001 protected against LPS-induced liver injury
and inflammation

Repeated LPS injection did not significantly affect
animal body weight and liver weight (1.23 + 0.12,
1.30 + 0.20, and 1.32 + 0.13 g for Control, LPS, and
LPS + TYO001, respectively), but produced mild liver

30
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Figure 2. Effects of TY00T on LPS-induced rhythmic elevations
serum IL-1B and TNFa levels. Mice were dosed with LPS
(0.25 mg/kg, ip) daily for 9 days and blood was collected at
ZT1, ZT17, ZT13, and ZT19, and serum cytokine levels were
determined with ELISA kits. TY0O01 was administered through
the drinking water for prevent phase (21 days), and treatment
phase (9 days together with LPS), Saline only was used as
controls. Data are mean + SEM of 6 mice.

#Significantly different from control, p < .05; *Significantly
different from LPS, p < .05

injury as evidenced by inflammatory cell infiltration
and spotted apoptosis (pink nuclei) (Figure 3). TY001
treatment significantly reduced inflammatory cell
infiltration in the liver, and no pink cells were evident.

To further confirm the inflammatory response in
response to LPS injections, the expression of hepatic
mRNA of major cytokines was determined via gPCR.
As shown in Figure 3, LPS significantly increased the
expression of TNFa, IL-1B, IL-6, and IL-10 in the liver,
and TYO001 supplementation decreased the over-
expression of TNFa, IL-1f, and IL-10 (Figure 4). LPS
also increased inflammatory protein expression of
COX2 and iNOS in the liver, which was attenuated
by TY001 (Supplementary Figure 1).
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LPS LPS+TY001

Figure 3. Representative photos of liver. Mice were dose with LPS (0.25 mg/kg, ip for 9 d), and liver histology showed inflammatory
cell infiltration and spotted apoptosis (B) as compared to controls (A). C. TY001 supplementation (30 g/L in the drinking water) for 30
days (21 days pretreatment and continued 9 days together with LPS) ameliorated LPS-induced pathological lesions. Arrow indicates

inflammatory cells. Magnitude (100x).
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Figure 4. Effects of TY001 on TNFa, IL-1B, IL-6 and IL-10 levels in the liver. Mice were dose with LPS (0.25 mg/kg, ip) daily for 9 days
and livers were collected 24 h after the last dose. TY001 was administered through the drinking water for prevent phase (21 days),
and treatment phase (9 days together with LPS), Saline only was used as controls. Data are mean + SEM of 6 mice.

#Significantly different from control, p < .05; *Significantly different from LPS, p < .05

TY001 protected against LPS-induced
disturbance in glucose metabolism

Fasting blood glucose levels and fasting blood insulin
levels were determined at ZT13 (20:00) before col-
lecting livers to examine the expression of insulin
signaling pathway genes. As shown in Figure 5,
repeated LPS injections significantly increased fast-
ing blood glucose levels while decreased fasting insu-
lin levels, indicating damage to the pancreas. TY001
supplementation ameliorated these adverse effects.
To further examine the signaling pathways by
which TY001 improves insulin signaling, the
GLUT2, p-Akt, and p-IRS-1 (Tyr612) were exam-
ined at the protein levels. Repeated LPS injections
decreased the expression of glucose transport
GLUT2 and glucose metabolism p-AKT, while
increased insulin receptor substrate 1 (p-IRS-1)

(Figure 6). TY001 promoted the phosphorylation of
tyrosine, inhibited the downtrend of Akt phosphor-
ylation, increased the expression of GLUT2, and
reduced p-IRS-1 levels.

TYO001 protected against LPS-induced
suppression of circadian clock genes

In normal mouse livers, the oscillation of Clock,
Bmall, Cryl, Cry2, Perl, Per2, Rev-erba, and
RORa showed normal rhythm to ensure metabolism
under physiological conditions. For example, the
high expression of Bmall and Clock at the dark
time (ZT13-ZT1) ensures the absorption of nutrient,
metabolism and their use at the rest time. LPS
reduced their expression peak values. The clock feed-
back gene Cryl, Cry2, Perl, and Per2 reached the
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Figure 5. Effects of TYO01 on fasting blood glucose and fasting serum insulin levels. Mice were dosed with LPS (0.25 mg/kg, ip) daily
for 9 days and blood was collected 24 h after the last dose. TYO01 was administered through the drinking water for prevent phase
(21 days), and treatment phase (9 days together with LPS), Saline only was used as controls. Data are mean + SEM of 6 mice.

#Significantly different from control, p < .05; *Significantly different from LPS, p < .05
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Figure 6. Effects of TYO01 on glucose and insulin pathway gene expressions. Mice were dosed with LPS (0.25 mg/kg, ip) daily for 9
days and livers were collected 24 h after the last dose. TY001 was administered through the drinking water for prevent phase (21
days), and treatment phase (9 days together with LPS), Saline only was used as controls. Data are mean + SEM of 6 mice.

#Significantly different from control, p < .05; *Significantly different from LPS, p < .05



peak at ZT13, LPS also reduced their peak expres-
sions. LPS also caused the peak shift of Cryl and
RORa. All of these abnormal expressions could
affect physiological metabolism. TY001 was effective
to offset LPS effects on these aberrant expressions of
clock genes, thus restoring normal metabolism
rhythms (Figure 7).

The protein expression of the key clock proteins
Bmall, and Clock in the liver is shown in Figure 8.
It is apparent that LPS decreased the intensity of

18
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these clock protein stains, which was reversed by
TYO001 treatments.

Discussion

The current study demonstrated that (1) multiple
LPS injections produced rhythmic elevations of
proinflammatory cytokines in the serum and
caused inflammation, metabolic disorders, and
disruption of circadian clock gene in the liver of
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Figure 7. Effects of TY001 on hepatic circadian clock gene expression. Mice were dosed with LPS (0.25 mg/kg, ip) daily for 9 days
and livers were collected at CT13 at (1 h after the last dose), ZT 7, ZT13, and ZT19, and serum cytokine levels were determined with
real-time RT-PCR. TY001 was administered through the drinking water for prevent phase (21 days), and treatment phase (9 days
together with LPS), Saline only was used as controls. Data are mean + SEM of 6 mice.

#Significantly different from control, p < .05; *Significantly different from LPS, p < .05
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LPS LPS+TY001

Figure 8. Representative figure of Bmal1 and Clock protein expression in the liver. Mice were dosed with LPS (0.25 mg/kg, ip) daily
for 9 days and livers were collected at CT13 at 12 h after LPS were determined with real-time RT-PCR. TYO01 was administered
through the drinking water for prevent phase (21 days), and treatment phase (9 days together with LPS), Saline only was used as

controls. Data are mean + SEM of 6 mice.

#Significantly different from control, p < .05; *Significantly different from LPS, p < .05.

C57BL/6 mice; (2) TY001 was effective in protect-
ing against LPS-induced inflammation, elevations
of fasting blood glucose, reduction of fasting
serum insulin levels, probably mediated through
increase glucose transporter GLUT?2, insulin sig-
naling pathway p-Akt, and p-IRS-1(Tyr612); and
importantly (3) TY001 prevented LPS-induced
rhythmic elevations of proinflammatory cytokines
in the serum and reversed LPS-suppressed circa-
dian clock gene expression in the liver.

Tilapia fish extracts as natural products have been
shown to be beneficial in promoting wound healing
(Chen et al. 2019; Hu et al. 2017; Ouyang et al. 2018).
TY001 is the unique mixture of both animal and
herbal peptides, composed of whey protein peptide
concentrate, hydrolyzed wheat protein peptide, fish
collagen peptide, calcium caseinate, wheat oligopep-
tide, casein hydrolyzed peptide, with high protein
(80-90%) content (Xiong et al. 2018). TYO001 is effec-
tive in protecting acetic acid-induced skin lesion in
zebrafish (Xiong et al. 2018) and TY001 supplementa-
tion via the drinking water protected against STZ-
induced inflammation, disturbance in glucose meta-
bolism and the delay of diabetic wound healing. The
novel findings of the current study uncovered that
TYO001 could also act on circadian clock to promote
the absorption and metabolism of nutrients to main-
tain physiological homeostasis.

The core circadian molecular clock modulates
the innate immune response by controlling rhyth-
mic pathogen recognition through the innate
immune system and daily variations in cytokine

gene expression (Wang et al. 2016a). Repeated
LPS-induced rhythmic elevation of proinflamma-
tion cytokines in the serum disrupted this normal
rhythm. Disrupted circadian rhythms attenuated
circadian clock gene expression in a ZT-specific
manner to affect energy metabolism (Prendergast
et al. 2015), including disrupted glucose metabo-
lism in the present study, as evidenced by elevated
fasting blood glucose, reduced fasting serum insu-
lin levels, and altered glucose metabolism signaling
pathways. TYO001 significantly reduced fasting
blood glucose and increased serum insulin levels.
Mechanistically, TY001 increased glucose trans-
porter GLUT2 to make more glucose uptake into
the liver for metabolism and increased p-Akt and
regulated p-IRS-1 to help glucose metabolism dur-
ing diabetic and stress conditions (Liu et al. 2016;
Rathinam and Pari 2016). More importantly, the
beneficial effects of TY001 should also be attribu-
ted to maintain circadian clock gene expression
(Figs. 6 and 7) to restore the dysregulated glucose
metabolism (Stenvers et al. 2019; Yang et al. 2017).

Liver is a major target organ for LPS toxicity
(Yang et al. 2018), as evidenced by histopathology
and elevated pro-inflammatory cytokine TNF-a, IL-
1B, and IL-6 at ZT13. Liver is also the target organ of
LPS-induced chronotoxicity (Yamamura et al. 2010),
as serum IL-1f was higher at all 4 ZT periods, parti-
cular from ZT13 to ZT19, while TNFa was higher at
ZT1 to ZT7. Since circadian clock controls liver meta-
bolic functions (Reinke and Asher 2016), and circa-
dian disruption is the major cause of pathogenesis of



metabolic syndrome (Maury et al. 2014), including
insulin resistance and elevated blood glucose levels
(Bailey et al. 2014; Sadacca et al. 2011; Shi et al.
2013). Circadian clock dysregulation could further
dysregulate immune function and inflammatory
responses (Castanon-Cervantes et al. 2010; Gachon
et al. 2018; Man et al. 2016). Thus, circadian clock is
the potential target of chrono-pharmacology
(Dallmann et al. 2014).

Liver is the critical site of peripheral circadian
clock (Lamia et al. 2008). Overproduction of ROS
by LPS damages the liver and disrupt the normal
circadian rhythms (Wang et al. 2016b). TY001
supplementation not only protected LPS-induced
toxicity to the liver but also restored the circadian
clock to normal rhythm. As shown in Figure 6,
LPS suppressed clock core gene Bmall and Clock
at ZT19 and ZT1, which was prevented by TY001;
LPS dramatically suppressed clock feedback gene
Cryl, Cry2, Perl, and Per2, which was prevented
or ameliorated by TYO001; LPS also suppressed
clock-controlled gene Rev-erba at ZT7 and RORa
at all time points, which was ameliorated by
TY001. In mammals, obesity and metabolic syn-
drome are closely related to circadian rhythms
(Froy 2012; Gachon et al. 2018), and the clock is
important for micronutrition absorption and uti-
lization (Pan and Hussain 2009). Like many other
natural products such as dietary proanthocyani-
dins (Ribas-Latre et al. 2015) Nobiletin (He et al.
2016), and many traditional medicines (Li HX and
Liu 2017), TYO001 effects on circadian clock func-
tion would help to correct LPS-induced inflamma-
tion and metabolic syndrome.

In summary, this study clearly showed that the
Tilapia collagen-peptide mixture TY001 is effective
in protecting against LPS-induced inflammation, the
elevated fasting blood glucose via improved insulin
signaling pathways. Importantly, TY001 restored
LPS-suppressed circadian clock gene expression.
TYO001 is a promising candidate to restore normal
circadian rhythmicity under pathological conditions.
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