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Abstract: Cholesterol and bile acid (BA) homeostasis plays a central role in systemic metabolism.
Accumulating evidence suggests a key regulatory function of the circadian clock, our biological
timer, in lipid metabolism, particularly cholesterol and bile acid flux. Previously, we showed that
Nobiletin (NOB), a natural compound targeting the ROR (Retinoic acid receptor-related orphan
receptor) nuclear receptors in the circadian oscillator, strongly protects lipid homeostasis, including
normal serum cholesterol levels in high-fat (HF) fed mice at both young and old ages. In this study,
we further examined the role of NOB in cholesterol metabolism in HF-fed aged mice, and found that
NOB lowered the serum LDL/VLDL cholesterol levels and consequently the LDL/HDL ratio. BA
levels in the serum were markedly reduced in the HENOB group, and examination of additional
hepatic markers further indicate a protective role of NOB in the liver. At the molecular level, whereas
HF feeding downregulated hepatic expression of several ROR target genes involved in bile acid
synthesis, NOB treatment (HENOB) was able to rescue it. In accordance, fecal BA excretion was
enhanced by NOB, and microbial 16S sequencing revealed alteration of several taxa known to be
involved in secondary BA production in the gut. Together, these results demonstrate concerted
effects of the clock-modulating compound NOB in cholesterol and BA metabolism, suggesting
pharmacological manipulation of the clock as a novel therapeutic strategy against metabolic disorders
and age-related decline.

Keywords: circadian clock modifier; Nobiletin; cholesterol and bile acid homeostasis; gut microbiota;
liver; gene expression; aging; high-fat feeding

1. Introduction

Cholesterol and bile acid homeostasis plays a central role in metabolic health. Cholesterols are
essential components in the plasma membrane, and serve as precursors for critical regulators of
homeostasis such as steroid hormones and bile acids [1]. Bile acids (BAs) function as emulsifiers for
dietary lipids and also in cellular signaling as ligands for nuclear and G-protein coupled receptors to
regulate metabolism, immunity and other physiological processes [2]. BA synthesis from cholesterol
by hepatic cytochrome P450s (CYPs) is a critical node in energy metabolism. Following synthesis in the
liver, BAs are temporarily stored in the gallbladder, and released into the duodenum upon meals where
they facilitate micelle formation and emulsion. Thereafter, primary BAs are metabolized by enzymes
from gut microbiota to produce secondary BAs, and approximately 90-95% of BAs are reabsorbed in
the ileum and transported back to the liver via the portal vein [3,4]. Daily hepatic production and fecal

Int. ]. Mol. Sci. 2019, 20, 4281; d0i:10.3390/ijms20174281 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-2464-5474
http://www.mdpi.com/1422-0067/20/17/4281?type=check_update&version=1
http://dx.doi.org/10.3390/ijms20174281
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2019, 20, 4281 20f15

excretion of BAs each account for approximately 5% of total BA levels. Therefore, cholesterol and BA
metabolism is highly complex, involving multiple organs and intestinal microbiota, and the levels in
the circulation vary depending on meals and physiological factors.

A key regulatory mechanism of cholesterol and BA metabolism is the circadian clock, our intrinsic
biological timer. The clock is an ensemble of cell-autonomous oscillators orchestrated by the master
pacemaker, the suprachiasmatic nuclei in the hypothalamus [5-7]. The oscillator itself consists of
intersecting negative feedback loops, each loop containing positive (including CLOCK/NPAS2, BMALL,
RORs) and negative components (CRYs, PERs, REV-ERBs) [5]. The cellular oscillators broadly drive
the expression of clock-controlled genes throughout the body, thereby controlling metabolic and
physiological processes in virtually all cells and tissues [8-11]. Beyond the mammalian host tissues,
recent studies have also reveal a crosstalk between circadian machinery and microbial dynamics,
which oscillate in a time-of-day-dependent manner [12-14]. As we age, circadian gene expression and
physiological rhythms undergo progressive changes, notably, a dampening of rhythmic amplitude and
a worsened response to entraining cues [15-18]. In accordance, circadian disruption has been shown
to aggravate mortality and morbidity in mice [19,20].

Growing evidence highlights the pivotal function of the circadian clock in lipid homeostasis,
including cholesterol and BA metabolism [21-27]. Circadian disruption by various environmental and
genetic means has been found to perturb cholesterol and BA homeostasis [28-32]. Previously, genomic
and molecular studies revealed the key role of REV-ERBg, the negative factor in the circadian secondary
loop, in SREBP-mediated regulation of cholesterol and lipid metabolism [33]. Interestingly, it was shown
that REV-ERB« activated the expression of the Cyp7al gene encoding cholesterol-7alpha-hydroxylase,
the rate-limiting enzyme in bile acid synthesis, likely via an indirect mechanism. Consistent with a
key role of the secondary loop in cholesterol/BA metabolism, multiple studies have revealed that the
retinoid acid receptor related orphan receptors (RORs), the positive factor opposing REV-ERB function,
controls important genes in cholesterol/BA homeostasis, including Cyp7b1 and Cyp8b1 known to be
involved in classical and alternative BA synthetic pathways [34—40]. Notably, various endogenous
ligands, mainly cholesterol derivatives and related intermediate metabolites, have been shown to bind
to the RORx and RORYy subtypes [41-43], underscoring a potential feedback regulation between RORs
and lipid homeostasis.

We previously conducted chemical screening and identified a naturally occurring compound,
Nobiletin (NOB), that enhances circadian rhythms and protects against metabolic disorders [44,45].
In filter binding and cellular assays, NOB was found to serve as an agonist of RORs [44]. This was
consistent with the robust efficacy of NOB to improve lipid homeostasis, including serum cholesterol,
and remodel hepatic gene regulatory pathways in high fat (HF)-fed obese mice. More recently, NOB
has been found to also enhance serum homeostasis of lipids, including cholesterol in naturally aged
mice subjected to the metabolic challenge of HF feeding [46]. Together, these results suggest a possible
role of NOB, as a natural ROR agonist, in cholesterol and BA homeostasis. In the current study, we
further examined cholesterol and BA profiles in HF-fed aged mice, and uncovered a role of NOB to
improve multiple serum cholesterol and BA parameters, protect liver health and BA-related gene
regulation, increase fecal BA secretion and remodel gut microbiota. Together, our study underscores a
coordinated regulatory role of the clock modulator NOB in cholesterol and BA metabolism.

2. Results

2.1. Nobiletin Improves Serum Cholesterol Profiles in Aged Mice under High-Fat Feeding

Our previous study showed NOB treatment improved serum and hepatic lipid profiles in metabolic
disease mouse models, particularly HF-fed obese mice [44]. More recently, in aged mice, we observed
that levels of serum lipids including triglyceride, free glycerol and free fatty acid were significantly
attenuated by NOB treatment in HF-fed aged mice (HENOB) [46]. To further investigate cholesterol



Int. J. Mol. Sci. 2019, 20, 4281 30f15

homeostasis in HF-fed aged mice, we performed colorimetric ELISA assays using serum samples
collected during the day- and night-time (zeitgeber time ZT6 and ZT18, respectively).

Our results showed that the total HDL and LDL/VLDL cholesterol levels were all increased
in the HF group relative to regular diet (RD) controls (Figure 1A). Interestingly, NOB markedly
suppressed LDL/VLDL cholesterol levels, whereas HDL cholesterol levels were not significantly
decreased (Figure 1A). As a result, NOB attenuated the LDL/HDL ratio, a key metabolic parameter
known to be exaggerated in metabolic/cardiovascular diseases [47] (Figure 1B). Consistent with our
previous observations [44], these results illustrate the beneficial role of NOB for cholesterol homeostasis
in the serum.

Total Cholesterol HDL Cholesterol LDL/VLDL Cholesterol
250, ..
200 I
|
B 150
o
€100
50
0
ZT6 ZT18 ZT6 ZT18 ZT6 ZT18
= RD
B = HF
035 = RO B HF.NOB
= 0.30 = HF
= 0.25 B HF.NOB
A 0.20
T 0.15
E 0.10
0.05
—0.00

ZT6 ZT18

Figure 1. Nobiletin (NOB) improves cholesterol homeostasis in aged mice. (A) Serum total cholesterol
levels, HDL cholesterol levels, LDL/VLDL cholesterol levels, and (B) LDL/HDL ratios were measured by
colorimetric assays (1 = 6-8). RD: regular diet; HF: high-fat diet; HENOB: high-fat diet with 0.1% NOB.
*p < 0.05, **p < 0.01, **p < 0.001, One-Way ANOVA; #p < 0.05, t-test. Bar graphs represent Mean + SEM.

2.2. Nobiletin Attenuates Bile Acids Leakage in the Serum and Safegquards Healthy Liver

We next analyzed serum BA levels. Using ELISA assays, we found that the total serum BA levels
increased in the HF group relative to RD; importantly, NOB treatment significantly attenuated the
serum BA level at ZT6, and showed a slight trend at ZT18 (Figure 2A). We next performed serum
metabolomic profiling, and the results showed concordant patterns (Figure 2B). Specifically, at ZT6, HF
feeding markedly elevated BA levels relative to RD, and NOB treatment fully reversed this increase.
Results at ZT18 showed similar trends but did not reach statistical significance.

It is known that a significant amount of BAs in the serum indicates leakage from the liver and
is a hallmark of liver damage [48]. In addition to serum BAs, serum acylcarnitine is also indicative
of liver damage, specifically as a marker of hepatic mitochondrial dysfunction [49]. Carnitine is
mainly synthesized in the liver and transported to other peripheral organs through circulation as
acylcarnitine. We therefore examined serum carnitine and acylcarnitine levels by metabolomics as in
Figure 2B. Whereas L-carnitine levels remained constant between sample groups (Figure 2C), levels of
acetylcarnitine and multiple acylcarnitines increased in the HF group (Figure 2C and Supplementary
Figure S1), suggesting hepatic damage and mitochondrial dysfunction under the metabolic challenge
condition. Interestingly, NOB was able to strongly reverse the increased levels of many acylcarnitine
species (Figure 2C and Supplementary Figure S1). Of note, the corrective effects of NOB were greater for
shorter fatty acid conjugated acylcarnitines at ZT18 and for longer fatty acid conjugated acylcarnitines
at ZT6 (Figure 2C and Supplementary Figure S1).
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Figure 2. Nobiletin attenuates serum bile acid levels and other hepatic damage markers. (A) Serum
total bile acid levels were measured by colorimetric assays (1 = 6-8). (B) Serum taurine-conjugated
primary bile acid levels were analyzed by metabolomics (1 = 7-9). (C) Serum metabolomics analysis of
carnitine and acylcarnitine levels (1 = 10-12). (D) Serum alanine aminotransferase (ALT) levels were
measured by ELISA (n = 11-14). RD: regular diet; HF: high-fat diet; HENOB: high-fat diet with 0.1%
NOB. *p < 0.05, ** p < 0.01, *** p < 0.001, One-Way ANOVA; #p < 0.05, t-test. Bar graphs represent Mean
+ SEM. For box and whisker plots, box edges correspond to 25th and 75th percentiles, lines inside of
the box correspond to 50th percentiles and whiskers include extreme data points.

We further examined the serum levels of hepatic alanine aminotransferase (ALT) as another
established marker for liver damage. Relative to RD, the HF groups showed elevated serum ALT
levels at both ZT6 and ZT18, with higher amounts found at ZT18 during the active phase when mice
consumed most of their food (Figure 2D). Importantly, NOB significantly attenuated the serum ALT
levels at ZT18 (Figure 2D).
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2.3. Nobiletin Reprograms Circadian and Lipid Homeostasis Genes in the Liver

We next examined the expression of clock genes in the liver by gPCR, using liver tissues collected
at ZT6 and ZT18 (Figure 3 and Supplementary Figure S2A,B). Arntl (Bmall), Npas2 and Per2 genes
showed significant, or a trend of, induction by NOB (Figure 3A). In our previous study [44], we
identified several metabolic output genes strongly regulated by NOB [44]. Similarly, the expression of
Cidec and Pparg was markedly induced by NOB treatment, while expression of Igfbp2, Scdl and Pgcla
showed no or minor effects (Figure 3B, Supplementary Figure S2C).
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Figure 3. Nobiletin (NOB) reprograms the expression of circadian and lipid regulatory genes. (A) Core clock
gene expression levels in the liver were analyzed by gPCR (n = 7-11). (B) Fatty acid and lipid metabolism
related genes in the liver were analyzed by qPCR (1 = 7-11) (C) Cholesterol biosynthesis related genes in the
liver were analyzed by qPCR (n = 7-11). (D) Bile acid synthesis related genes in the liver were analyzed
by qPCR (n = 7-11). RD: regular diet; HF: high-fat diet; HENOB: high-fat diet with 0.1% NOB. *p < 0.05,
**p <0.01, **p < 0.001, One-Way ANOVA; #p < 0.05, t-test. Bar graphs represent Mean + SEM.

We next examined expression of Srebfl (de novo lipogenesis), Elovl6 and Ppara (fatty acid
metabolism). Srebf1 expression did not show any change under HF or NOB treatment (Supplementary
Figure S2D). Elovl6 expression was upregulated at ZT18 by HFD and showed a trend of normalization
(reduction) by NOB treatment (Supplementary Figure S2D). On the other hand, Ppara expression was
upregulated by HFD at ZT18, but was not altered by NOB treatment (Supplementary Figure S2D).

To specifically investigate the effects of NOB on cholesterol synthesis, we determined the expression
of genes in the cholesterol synthesis pathway. Srebf2, encoding a master regulator of sterol and fatty
acid synthesis [50], did not show any changes in the HF and HENOB groups relative to the RD group
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(Figure 3C). The expression of Hmgcs1 and Hmgcr genes, encoding HMG-CoA synthase and HMG-CoA
reductase respectively, were reduced in the HF group but not recovered by NOB (Figure 3C). Hmgcs2
expression was upregulated in the HF group, and NOB did not affect its expression (Figure 3C).

Cyp7al, a rate-limiting enzyme in the bile acid synthesis pathway, has been shown to display
robust circadian oscillatory expression regulated by RORs [38]. Several other key genes involved in bile
acid synthesis, including Cyp8b1 and Cyp7b1, also harbor the RORE element that is directly recognized
by RORs [37,39]. Therefore, we examined mRNA expression of these potential target genes for NOB
using the same liver tissues described above. Under HF feeding, expression of these BA synthesis
genes were down-regulated compared with RD (Figure 3D). Importantly, NOB was able to restore the
normal expression levels of several ROR target genes important for bile acid synthesis (Figure 3D),
supporting the direct regulatory role of the ROR-NOB axis for BA synthesis genes.

2.4. Nobiletin Upregulates Fecal Bile Acids Levels

Hepatic BA synthesis from cholesterol and fecal BA excretion are important for cholesterol
and bile acid. Daily hepatic production and fecal excretion of BAs are quantitatively similar,
accounting for approximately 5% of total BA levels. We next examined fecal BA excretion by
metabolomics, which can serve as an estimate of hepatic BA production and total BA levels. As shownin
Supplementary Figure S3A-D, the overall profiles of lipids/fatty acids, while distinct between different
diets, were similar between HF and HENOB. For example, saturated, mono- and poly-unsaturated fatty
acids showed largely constant levels with or without NOB treatment (Supplementary Figure S3A-D),
suggesting that NOB did not affect lipid absorption in the gut.

Next, we examined the levels of taurine- or glycine-conjugated fecal primary BAs (taurocholate,
taurocholate deoxycholate, glycocholate and glycodeoxycholate). Relative to RD, HF feeding elicited
little changes in these BAs, with only taurocholate showing a modest increase. Interestingly however,
NOB treatment significantly enhanced the levels of taurocholate deoxycholate and glycodeoxycholate,
and showed a trend toward increasing the other two (Figure 4). These results further indicate the
potent efficacy of NOB in BA homeostasis.
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Figure 4. Nobiletin (NOB) enhances fecal bile acid excretion. Fecal taurine (A) and glycine (B) conjugated
primary bile acid levels were measured in metabolomics (1 = 10-12). RD: regular diet; HF: high-fat
diet; HENOB: high-fat diet with 0.1% NOB. *p < 0.05, *** p < 0.001, One-Way ANOVA; #p < 0.05, t-test.
For the box and whisker plots, box edges correspond to 25th and 75th percentiles, lines inside of the
box correspond to 50th percentiles and whiskers include extreme data points.
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2.5. Nobiletin Remodels Gut Microbiota

Gut microbiota play an important role in BA metabolism, and a number of microbial genera have
been found to be involved [3,4]. We next examined whether NOB may also remodel gut microbiota by
16S rRNA sequencing (Figure 5A and Supplementary Figure S4). Analysis of taxa abundance at the
genus level showed that the levels of several genera implicated in BA metabolism, e.g., Bacteroidales
and Peptococcus, were significantly altered by NOB treatment (Figure 5A). These results were consistent
with the regulatory role of NOB in BA homeostasis.
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Figure 5. Nobiletin (NOB) remodels gut microbiota and protects the liver from inflammatory damage.
(A) Microbial 165 rRNA sequencing showing the taxa abundance distribution at the genus level. Left
top: alpha diversity box plots; right top: Principal component analysis. P value: 0.001; R-squared:
0.142; F-statistic: 3.3. Yellow: HF; blue: HENOB. Bottom: top 10 taxa abundance box plot. Panels
indicate the comparison between HF and HENOB groups. (n = 10-12). (B) Pathway analysis using
16S sequencing data. Data indicate the comparison between HF versus RD and HENOB (H.N) vs HF
groups. (n = 10-12). (C) Inflammatory cytokine gene expression levels in the liver were analyzed by
qPCR (n = 7-11). RD: regular diet; HF: high-fat diet; HENOB: high-fat diet with 0.1% NOB. *p < 0.05,
**p <0.01, One-Way ANOVA; #p < 0.05, t-test. Bar graphs represent the Mean + SEM.
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We further performed Tax4Fun analysis to predict functional target profiles by NOB treatment.
Consistent with a significant reduction of the gram- bacteria Bacteroidales, we observed a reduction
in lipopolysaccharide (LPS) biosynthesis in HENOB compared to HF (Figure 5B). LPS is known to
bind to the Toll-like receptor (TLR)-4 to stimulate proinflammatory cytokine production, leading to
inflammation. Consistently, expression of the two key inflammatory cytokine genes Tnfa and Il6 was
found to be attenuated by NOB, in support of its role in hepatic protection (Figure 5C).

3. Discussion

In the current study, we showed that the clock-modifying compound NOB strongly improved
cholesterol and BA homeostasis in aged mice under metabolic challenge. In the serum, the LDL/VLDL
levels and the LDL/HDL ratio were reduced. NOB was further shown to coordinately regulate BA
homeostasis, including increased levels of fecal BA excretion, reduction of serum BA leakage, and
alteration of gut microbiota involved in BA metabolism. In particular, we showed that NOB protects
against liver damage and remodels hepatic gene expression involved in cholesterol/BA metabolism,
including various circadian and ROR target genes. Together, this study reveals a potent role of NOB to
improve cholesterol/BA homeostasis under the conditions of aging and metabolic challenge.

Our functional results were consistent with the broad physiological efficacy of NOB in metabolic
homeostasis previously reported [46,51-53]. For example, we previously showed that NOB strongly
improved glucose and lipid homeostasis in obese (HF-fed) and diabetic (db/db) mice, and also
upregulated urea cycle activity under both high-fat and high-protein feeding conditions [44,45].
Consistent with the current work, these studies have revealed the strong beneficial effects of NOB in the
liver, including attenuation of liver inflammation and remodeling of liver gene expression. For example,
microarray studies unveiled the robust regulation of various lipid regulatory genes in the liver by
NOB [44]. More recently, we demonstrated NOB effects in metabolic aging, and showed that NOB was
able to enhance lipid homeostasis and mitochondrial respiration in the skeletal muscle of metabolically
challenged aged mice [46]. Our current study further demonstrates the specific role of NOB in the
cholesterol/BA metabolism, and highlights its systemic effects in the liver (both physiological markers
and gene expression), serum and fecal microbiota. These studies are consistent with a broad exposure
of NOB within the body and a potential application of NOB in metabolic and cardiovascular diseases.
For example, in LDL receptor-deficient mice (Ldlr(-/-)) fed with a Western diet, NOB treatment was
able to improve dyslipidemia and atherosclerosis in part via suppressing VLDL synthesis [54].

Initially identified in our circadian chemical screen, NOB was found to display a potent effect of
enhancing circadian rhythms and output functions [44,55-57]. Importantly, using biochemical and
cellular assays, we identified RORs as the direct targets of NOB [44]. The circadian mode of action was
consistent with time-dependent effects of NOB in various functional assays in the current and previous
studies [44—46,56]. Furthermore, the vast majority of regulatory genes whose expression was found
herein to be modulated by NOB were also known to be clock-controlled genes [44,58]. In conjunction
with significant circadian decline over age, various aspects of metabolic homeostasis also deteriorates
during aging and contributes to age-related diseases [59-61]. For example, age-related decline in
energy homeostasis can cause exaggerated lipid levels in the blood, leading to hyperlipidemia and
atherosclerosis, which in turn increases the risk of myocardial infarction and stroke [62]. In a pioneering
study, it was found that aging in humans was accompanied by impaired hepatic BA synthesis and
a concomitantly increased excursion of cholesterol, together leading to increases in the cholesterol
burden in the bile and risk of gallstones [63]. Consistent with the critical role of circadian regulation in
lipid homeostasis throughout the lifespan, our study exemplifies the possible function of circadian
clocks in systemic regulation of cholesterol/BA metabolism over aging, in part via ROR-regulated
gene expression. Whereas small molecules, including natural compounds, often show pleiotropic
effects and multiple pathway targets, future research will further dissect circadian clock-dependent
and independent functions of NOB.
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NOB is among a growing list of small molecules that were identified to directly target the circadian
machinery [64-68]. A subset of these clock modifiers have been applied to disease models, and the
results have shown promising effects to correct pathophysiological processes related to dysregulated
clocks [69-73]. For example, potent agonists of REV-ERBs (SR9009 and SR9011) were recently shown to
promote apoptosis of cancerous, but not normal cells, interestingly by attenuation of tumor-supporting
processes including autophagy and lipogenesis [69,74]. In conjunction with these pharmacological
agents, behavioral modifications (timed feeding, exercise, light exposure, sleep) and the classical
chronotherapy (timed drug administration and clinical procedures) also manipulate circadian rhythms
to promote health and healthy aging [75-81]., While temporal consideration in existing clinical trials is
often observational and correlative in nature (e.g., measuring melatonin rhythms) [82], several recent
examples of circadian time-dependent surgical and dietary interventions [79,83] strongly support the
clinical implication of targeting the circadian system in humans. Of note, NOB is known to be generally
safe and displays strong bioavailability profiles in humans, suggesting a promising application to
modulate circadian and metabolic functions in translational and clinical settings [84]. Coupled with
the current understanding of prevalent circadian regulation of gene expression throughout the body,
including in primates [10,11], these studies underscore the circadian clock as a novel therapeutic target
to safeguard health throughout our lifespan.

4. Materials and Methods

4.1. Animal Studies

Twenty two-month old mice were purchased from the National Institute on Aging (NIA). After
one week of accommodation, animals were divided into three groups, namely regular diet (RD),
high-fat (HF) and high-fat diet containing 0.1% Nobiletin (HENOB). Body weight was monitored
weekly. All animal studies were approved by the UTHealth Center for Laboratory Animal Medicine
and Care (CLAMC), protocol number: AWC-17-0043.

4.2. Serum Content Assays

Mouse serum samples were collected at the indicated circadian times (ZT6 and ZT18). Serum total
bile acid levels were measured by colorimetric assay (Crystal Chem, Elk Grove Village, IL, USA). Serum
total cholesterol, HDL cholesterol and LDL/VLDL cholesterol levels were measured by colorimetric
assay (Abcam, Cambridge, MA, USA).

4.3. Real-Time gPCR

Total RNA was extracted from frozen calf muscle by TRizol (Invitrogen, Carlsbad, CA, USA).
Two micrograms of extracted RNA was used for cDNA synthesis. Gene expression was analyzed by
using Stratagene Mx3000p (Agilent Technologies, Santa Clara, CA, USA). Gene expression levels were
normalized by B-actin (Actb) expression. Primer sequences are listed in Supplementary Table S1.

4.4. Metabolomic Analysis

4.4.1. Sample Preparation

Collected fecal samples and serum samples were flash frozen in liquid nitrogen and stored at
—80 °C until analysis. Prior to LC-MS analysis, fecal samples were placed on ice and suspended
with an extraction solution containing methanol:acetonitrile:water (5:3:2, v:v:0) to a concentration of
15 mg/mL, while serum samples were diluted with 24 volumes of the extraction solution. Glass beads
(GB10, Next Advance, Troy, NY, USA) were added to each tube and placed into a Bullet Blender (Next
Advance, Troy, NY, USA) at setting 3 for 5 min at 4 °C to homogenize the tissue. Suspensions were
then vortexed continuously for 30 min at 4 °C. Insoluble material was removed by centrifugation at
10,000 g for 10 min at 4 °C and supernatants were isolated for metabolomics analysis by UHPLC-MS.
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4.4.2. UHPLC-MS Analysis

Analyses were performed as previously published [85]. Briefly, the analytical platform employs
a Vanquish UHPLC system (Thermo Fisher Scientific, San Jose, CA, USA) coupled online to a Q
Exactive mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). Samples were resolved
over a Kinetex C18 column, 2.1 X 150 mm, 1.7 pm particle size (Phenomenex, Torrance, CA,
USA) equipped with a guard column (SecurityGuard™ Ultracartridge—UHPLC C18 for 2.1 mm
ID Columns—AJO-8782—Phenomenex, Torrance, CA, USA) using an aqueous phase (A) of water and
0.1% formic acid and a mobile phase (B) of acetonitrile and 0.1% formic acid. Either 10 puL or 20 puL
of extract was injected into the system for fecal or serum samples, respectively. Samples were eluted
from the column using either an isocratic elution of 5% B flowed at 250 puL/min and 25 °C or a gradient
from 5% to 95% B over 1 min, followed by an isocratic hold at 95% B for 2 min, flowed at 400 uL/min
and 30 °C. The Q Exactive mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) was
operated independently in positive or negative ion mode, scanning in Full MS mode (2 pscans) from
60 to 900 m/z at 70,000 resolution, with 4 kV spray voltage, 15 shealth gas, 5 auxiliary gas. Calibration
was performed prior to analysis using the Pierce™ Positive and Negative Ion Calibration Solutions
(Thermo Fisher Scientific). Acquired data was then converted from .raw to .mzXML file format using
Mass Matrix (Cleveland, OH, USA). Samples were analyzed in randomized order with a technical
mixture injected after every 15 samples to qualify instrument performance. Metabolite assignments,
isotopologue distributions, and correction for expected natural abundances of deuterium, 13C, and 1°N
isotopes were performed using MAVEN (Princeton, NJ, USA) [86].

Graphs, heat maps and statistical analyses (either T-Test or ANOVA), metabolic pathway analysis,
PLS-DA and hierarchical clustering was performed using the MetaboAnalyst 3.0 package (www.
metaboanalyst.com) [87]. Hierarchical clustering analysis (HCA) was also performed through the
software GENE-E (Broad Institute, Cambridge, MA, USA). XY graphs were plotted through GraphPad
Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA)

4.5. Microbiome 16S Sequencing

Fecal samples were subjected to 16S sequencing, and data analysis was conducted by the Alkek
Metagenomics Core (BCM) as previously described [88]. Tax4fun analysis was performed as previously
described [89].

4.6. Statistical Analysis

Results were presented as mean + sem unless otherwise stated. Data from all treatment groups
were analyzed using a student’s t-test, one-way ANOVA followed by post-hoc analysis using Dunnett’s
multiple comparison test or two-way ANOVA followed by post-hoc analysis using a Bonferroni test as
appropriate. A value of p < 0.05 was considered statistically significant, and p values that fell between
0.05 and 0.1 were indicated in the figures. Sample size was determined by established standards
and/or power analysis (e.g., G*Power) to detect an effect with at least 80% power, based on one-way or
two-way ANOVA models at o« = 0.05.

5. Conclusions

Emerging evidence illustrates the key regulatory role of circadian clocks in cholesterol/bile acid
homeostasis. In the current study, we showed that Nobiletin (NOB), a natural compound that activates
RORs and thus circadian rhythms, significantly improved serum LDL/HDL ratio, and normalized
serum and fecal bile acid levels in aged mice challenged with high-fat diet feeding. In accordance,
NOB was found to enhance the expression of bile acid synthesis genes in the liver, and protect overall
liver health from metabolic challenge. Microbial 16S sequencing further revealed that NOB alters
microbial taxa known to modulate bile acid production. Together, our work provides evidence that
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a pharmacological agent targeting the circadian clock strongly improves cholesterol and bile acid
homeostasis in a systemic manner.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/17/
4281/s1.

Author Contributions: Z.C. designed the project; Z.C., S.-H.Y., and A.D. supervised research; K.N. and T.N.
conducted research; all authors contributed to experimental design and data analysis; K.N. and Z.C. prepared the
manuscript draft; all authors provided information and/or critical comments during manuscript preparation.

Funding: This work was in part supported by The Welch Foundation (AU-1731-20160319, AU-1731-20190330) and
NIH/NIA (R01AG045828, RO1AG061901) to Z.C., The Welch Foundation (AU-1971-20180324), and NIH/NIGMS
(RO1GM114424) to S.-H.Y., and NIH T32 HL007171 to T.N.

Acknowledgments: We thank N. Ajami for help with 165 sequencing.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Goldstein, J.L.; Brown, M.S. A century of cholesterol and coronaries: From plaques to genes to statins. Cell
2015, 161, 161-172. [CrossRef] [PubMed]

2. Chiang]JY, L, Ferrell, ].M. Bile Acids as Metabolic Regulators and Nutrient Sensors. Annu Rev. Nutr 2019.
[CrossRef] [PubMed]

3. Jia, W,; Xie, G.; Jia, W. Bile acid-microbiota crosstalk in gastrointestinal inflammation and carcinogenesis.
Nat. Reviews. Gastroenterol. Hepatol. 2018, 15, 111-128. [CrossRef] [PubMed]

4. Wahlstrom, A.; Sayin, S.I.; Marschall, H.U.; Backhed, F. Intestinal Crosstalk between Bile Acids and Microbiota
and Its Impact on Host Metabolism. Cell Metab. 2016, 24, 41-50. [CrossRef] [PubMed]

5. Takahashi, ].S. Transcriptional architecture of the mammalian circadian clock. Nat. Rev. Genet. 2017,
18, 164-179. [CrossRef]

6.  Albrecht, U. Timing to perfection: The biology of central and peripheral circadian clocks. Neuron 2012,
74,246-260. [CrossRef] [PubMed]

7. Liu, A.C; Welsh, D.K,; Ko, C.H.; Tran, H.G.; Zhang, E.E,; Priest, A.A; Buhr, E.D.; Singer, O.; Meeker, K;
Verma, IL.M.; et al. Intercellular coupling confers robustness against mutations in the SCN circadian clock
network. Cell 2007, 129, 605-616. [CrossRef]

8. Challet, E. The circadian regulation of food intake. Nat. Reviews. Endocrinol. 2019, 15, 393-405. [CrossRef]

9.  Bass, ].; Lazar, M.A. Circadian time signatures of fitness and disease. Science 2016, 354, 994-999. [CrossRef]

10. Zhang, R.; Lahens, N.F; Ballance, H.I.; Hughes, M.E.; Hogenesch, J.B. A circadian gene expression atlas
in mammals: Implications for biology and medicine. Proc. Natl. Acad. Sci. USA 2014, 111, 16219-16224.
[CrossRef]

11. Mure, L.S;; Le, HD.; Benegiamo, G.; Chang, M.W.; Rios, L.; Jillani, N.; Ngotho, M.; Kariuki, T,;
Dkhissi-Benyahya, O.; Cooper, HM.; et al. Diurnal transcriptome atlas of a primate across major neural and
peripheral tissues. Science 2018, 16, 359. [CrossRef] [PubMed]

12.  Paschos, G.K; FitzGerald, G.A. Circadian Clocks and Metabolism: Implications for Microbiome and Aging.
Trends Genet. 2017, 33, 760-769. [CrossRef] [PubMed]

13. Thaiss, C.A.; Levy, M.; Korem, T.; Dohnalova, L.; Shapiro, H.; Jaitin, D.A.; David, E.; Winter, D.R;
Gury-BenAri, M.; Tatirovsky, E.; et al. Microbiota Diurnal Rhythmicity Programs Host Transcriptome
Oscillations. Cell 2016, 167, 1495-1510. [CrossRef] [PubMed]

14. Weger, B.D.; Gobet, C.; Yeung, J.; Martin, E.; Jimenez, S.; Betrisey, B.; Foata, F.; Berger, B.; Balvay, A.;
Foussier, A_; et al. The Mouse Microbiome Is Required for Sex-Specific Diurnal Rhythms of Gene Expression
and Metabolism. Cell Metab. 2019, 29, 362-382. [CrossRef] [PubMed]

15. Sato, S.; Solanas, G.; Peixoto, F.O.; Bee, L.; Symeonidi, A.; Schmidt, M.S.; Brenner, C.; Masri, S.; Benitah, S.A.;
Sassone-Corsi, P. Circadian Reprogramming in the Liver Identifies Metabolic Pathways of Aging. Cell 2017,
170, 664-677. [CrossRef] [PubMed]

16. Yamazaki, S.; Straume, M.; Tei, H.; Sakaki, Y.; Menaker, M.; Block, G.D. Effects of aging on central and
peripheral mammalian clocks. Proc. Natl. Acad. Sci. USA 2002, 99, 10801-10806. [CrossRef]


http://www.mdpi.com/1422-0067/20/17/4281/s1
http://www.mdpi.com/1422-0067/20/17/4281/s1
http://dx.doi.org/10.1016/j.cell.2015.01.036
http://www.ncbi.nlm.nih.gov/pubmed/25815993
http://dx.doi.org/10.1146/annurev-nutr-082018-124344
http://www.ncbi.nlm.nih.gov/pubmed/31018107
http://dx.doi.org/10.1038/nrgastro.2017.119
http://www.ncbi.nlm.nih.gov/pubmed/29018272
http://dx.doi.org/10.1016/j.cmet.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27320064
http://dx.doi.org/10.1038/nrg.2016.150
http://dx.doi.org/10.1016/j.neuron.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/22542179
http://dx.doi.org/10.1016/j.cell.2007.02.047
http://dx.doi.org/10.1038/s41574-019-0210-x
http://dx.doi.org/10.1126/science.aah4965
http://dx.doi.org/10.1073/pnas.1408886111
http://dx.doi.org/10.1126/science.aao0318
http://www.ncbi.nlm.nih.gov/pubmed/29439024
http://dx.doi.org/10.1016/j.tig.2017.07.010
http://www.ncbi.nlm.nih.gov/pubmed/28844699
http://dx.doi.org/10.1016/j.cell.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27912059
http://dx.doi.org/10.1016/j.cmet.2018.09.023
http://www.ncbi.nlm.nih.gov/pubmed/30344015
http://dx.doi.org/10.1016/j.cell.2017.07.042
http://www.ncbi.nlm.nih.gov/pubmed/28802039
http://dx.doi.org/10.1073/pnas.152318499

Int. ]. Mol. Sci. 2019, 20, 4281 12 0f 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Tahara, Y.; Takatsu, Y.; Shiraishi, T.; Kikuchi, Y.; Yamazaki, M.; Motohashi, H.; Muto, A.; Sasaki, H.;
Haraguchi, A.; Kuriki, D.; et al. Age-related circadian disorganization caused by sympathetic dysfunction in
peripheral clock regulation. Npj Aging Mech. Dis. 2017, 3, 16030. [CrossRef] [PubMed]

Fonseca Costa, S.S.; Ripperger, ].A. Impact of the circadian clock on the aging process. Front. Neurol. 2015,
6,43. [CrossRef]

Kondratov, R.V.; Kondratova, A.A.; Gorbacheva, V.Y.; Vykhovanets, O.V.; Antoch, M.P. Early aging and
age-related pathologies in mice deficient in BMALLI, the core componentof the circadian clock. Genes Dev.
2006, 20, 1868-1873. [CrossRef]

Davidson, A.J.; Sellix, M.T.; Daniel, J.; Yamazaki, S.; Menaker, M.; Block, G.D. Chronic jet-lag increases
mortality in aged mice. Curr. Biol. 2006, 16, R914-R916. [CrossRef]

Adamovich, Y.; Rousso-Noori, L.; Zwighaft, Z.; Neufeld-Cohen, A.; Golik, M.; Kraut-Cohen, J.; Wang, M.;
Han, X.; Asher, G. Circadian clocks and feeding time regulate the oscillations and levels of hepatic triglycerides.
Cell Metab. 2014, 19, 319-330. [CrossRef] [PubMed]

Zmurzljak, U.P.; Rozman, D. Circadian regulation of the hepatic endobiotic and xenobitoic detoxification
pathways: The time matters. Chem. Res. Toxicol. 2012, 25, 811-824. [CrossRef] [PubMed]

Zhang, YK.; Guo, G.L.; Klaassen, C.D. Diurnal variations of mouse plasma and hepatic bile acid concentrations
as well as expression of biosynthetic enzymes and transporters. PLoS ONE 2011, 6, €16683. [CrossRef]
[PubMed]

Kettner, N.M.; Voicu, H.; Finegold, M.J.; Coarfa, C.; Sreekumar, A.; Putluri, N.; Katchy, C.A.; Lee, C,;
Moore, D.D.; Fu, L. Circadian Homeostasis of Liver Metabolism Suppresses Hepatocarcinogenesis. Cancer Cell
2016, 30, 909-924. [CrossRef] [PubMed]

Han, S.; Zhang, R.; Jain, R;; Shi, H.; Zhang, L.; Zhou, G.; Sangwung, P.; Tugal, D.; Atkins, G.B,;
Prosdocimo, D.A.; et al. Circadian control of bile acid synthesis by a KLF15-Fgf15 axis. Nat. Commun. 2015,
6,7231. [CrossRef]

Bass, J.; Takahashi, J.S. Circadian integration of metabolism and energetics. Science 2010, 330, 1349-1354.
[CrossRef] [PubMed]

Shostak, A.; Meyer-Kovac, J.; Oster, H. Circadian regulation of lipid mobilization in white adipose tissues.
Diabetes 2013, 62, 2195-2203. [CrossRef]

Turek, EW.; Joshu, C.; Kohsaka, A.; Lin, E.; Ivanova, G.; McDearmon, E.; Laposky, A.; Losee-Olson, S.;
Easton, A.; Jensen, D.R.; et al. Obesity and metabolic syndrome in circadian Clock mutant mice. Science 2005,
308, 1043-1045. [CrossRef]

Ma, K,; Xiao, R,; Tseng, H.T; Shan, L.; Fu, L.; Moore, D.D. Circadian dysregulation disrupts bile acid
homeostasis. PLoS ONE 2009, 4, e6843. [CrossRef]

Ferrell, ].M.; Chiang, J.Y. Short-term circadian disruption impairs bile acid and lipid homeostasis in mice.
Cell. Mol. Gastroenterol. Hepatol. 2015, 1, 664-677. [CrossRef]

Yamajuku, D.; Okubo, S.; Haruma, T.; Inagaki, T.; Okuda, Y.; Kojima, T.; Noutomi, K.; Hashimoto, S.; Oda, H.
Regular feeding plays an important role in cholesterol homeostasis through the liver circadian clock. Circ. Res.
2009, 105, 545-548. [CrossRef] [PubMed]

Pan, X.; Bradfield, C.A.; Hussain, M.M. Global and hepatocyte-specific ablation of Bmall induces
hyperlipidaemia and enhances atherosclerosis. Nat. Commun. 2016, 7, 13011. [CrossRef] [PubMed]

Le Martelot, G.; Claudel, T.; Gatfield, D.; Schaad, O.; Kornmann, B.; Lo Sasso, G.; Moschetta, A.; Schibler, U.
REV-ERBalpha participates in circadian SREBP signaling and bile acid homeostasis. Plos Biol. 2009,
7,€1000181. [CrossRef] [PubMed]

Lau, P; Fitzsimmons, R.L.; Raichur, S.; Wang, S.C.; Lechtken, A.; Muscat, G.E. The orphan nuclear receptor,
RORalpha, regulates gene expression that controls lipid metabolism: Staggerer (S5G/SG) mice are resistant to
diet-induced obesity. J. Biol. Chem. 2008, 283, 18411-18421. [CrossRef] [PubMed]

Takeda, Y.; Kang, H.S.; Lih, EB.; Jiang, H.; Blaner, W.S.; Jetten, A.M. Retinoid acid-related orphan
receptor gamma, RORgamma, participates in diurnal transcriptional regulation of lipid metabolic genes.
Nucleic Acids Res. 2014, 42, 10448-10459. [CrossRef]

Kang, H.S.; Angers, M.; Beak, J.Y.; Wu, X.; Gimble, ].M.; Wada, T.; Xie, W.; Collins, J.B.; Grissom, S.F,;
Jetten, A.M. Gene expression profiling reveals a regulatory role for ROR alpha and ROR gamma in phase I
and phase Il metabolism. Physiol. Genom. 2007, 31, 281-294. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/npjamd.2016.30
http://www.ncbi.nlm.nih.gov/pubmed/28721279
http://dx.doi.org/10.3389/fneur.2015.00043
http://dx.doi.org/10.1101/gad.1432206
http://dx.doi.org/10.1016/j.cub.2006.09.058
http://dx.doi.org/10.1016/j.cmet.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24506873
http://dx.doi.org/10.1021/tx200538r
http://www.ncbi.nlm.nih.gov/pubmed/22303888
http://dx.doi.org/10.1371/journal.pone.0016683
http://www.ncbi.nlm.nih.gov/pubmed/21346810
http://dx.doi.org/10.1016/j.ccell.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27889186
http://dx.doi.org/10.1038/ncomms8231
http://dx.doi.org/10.1126/science.1195027
http://www.ncbi.nlm.nih.gov/pubmed/21127246
http://dx.doi.org/10.2337/db12-1449
http://dx.doi.org/10.1126/science.1108750
http://dx.doi.org/10.1371/journal.pone.0006843
http://dx.doi.org/10.1016/j.jcmgh.2015.08.003
http://dx.doi.org/10.1161/CIRCRESAHA.109.199034
http://www.ncbi.nlm.nih.gov/pubmed/19661461
http://dx.doi.org/10.1038/ncomms13011
http://www.ncbi.nlm.nih.gov/pubmed/27721414
http://dx.doi.org/10.1371/journal.pbio.1000181
http://www.ncbi.nlm.nih.gov/pubmed/19721697
http://dx.doi.org/10.1074/jbc.M710526200
http://www.ncbi.nlm.nih.gov/pubmed/18441015
http://dx.doi.org/10.1093/nar/gku766
http://dx.doi.org/10.1152/physiolgenomics.00098.2007
http://www.ncbi.nlm.nih.gov/pubmed/17666523

Int. ]. Mol. Sci. 2019, 20, 4281 13 0f 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Wada, T,; Kang, H.S.; Angers, M.; Gong, H.; Bhatia, S.; Khadem, S.; Ren, S.; Ellis, E.; Strom, S.C.; Jetten, A.M.;
et al. Identification of oxysterol 7alpha-hydroxylase (Cyp7b1l) as a novel retinoid-related orphan receptor
alpha (RORalpha) (NR1F1) target gene and a functional cross-talk between RORalpha and liver X receptor
(NR1H3). Mol. Pharm. 2008, 73, 891-899. [CrossRef]

Kim, D.H.; Rhee, ].C.; Yeo, S.; Shen, R.; Lee, S.K; Lee, ].W.; Lee, S. Crucial roles of mixed-lineage leukemia
3 and 4 as epigenetic switches of the hepatic circadian clock controlling bile acid homeostasis in mice.
Hepatology 2015, 61, 1012-1023. [CrossRef]

Pathak, P; Li, T.; Chiang, ].Y. Retinoic acid-related orphan receptor alpha regulates diurnal rhythm and
fasting induction of sterol 12alpha-hydroxylase in bile acid synthesis. J. Biol. Chem. 2013, 288, 37154-37165.
[CrossRef]

Soroosh, P.; Wu, J.; Xue, X.; Song, J.; Sutton, SW.; Sablad, M.; Yu, J.; Nelen, M.L; Liu, X.; Castro, G.; et al.
Oxysterols are agonist ligands of RORgammat and drive Th17 cell differentiation. Proc. Natl. Acad. Sci. USA
2014, 111, 12163-12168. [CrossRef]

Kojetin, D.J.; Burris, T.P. REV-ERB and ROR nuclear receptors as drug targets. Nat. Rev. Drug Discov. 2014,
13,197-216. [CrossRef] [PubMed]

Santori, ER.; Huang, P; van de Pavert, S.A.; Douglass, E.F, Jr.; Leaver, D.J.; Haubrich, B.A.; Keber, R.;
Lorbek, G.; Konijn, T.; Rosales, B.N; et al. Identification of natural RORgamma ligands that regulate the
development of lymphoid cells. Cell Metab. 2015, 21, 286-297. [CrossRef] [PubMed]

Wang, Y.; Kumar, N.; Solt, L.A.; Richardson, T.I.; Helvering, L.M.; Crumbley, C.; Garcia-Ordonez, R.D.;
Stayrook, K.R.; Zhang, X.; Novick, S.; et al. Modulation of retinoic acid receptor-related orphan receptor
alpha and gamma activity by 7-oxygenated sterol ligands. . Biol. Chem. 2010, 285, 5013-5025. [CrossRef]
[PubMed]

He, B.; Nohara, K.; Park, N.; Park, Y.S.; Guillory, B.; Zhao, Z.; Garcia, ] M.; Koike, N.; Lee, C.C.; Takahashi, ].S.;
et al. The Small Molecule Nobiletin Targets the Molecular Oscillator to Enhance Circadian Rhythms and
Protect against Metabolic Syndrome. Cell Metab. 2016, 23, 610-621. [CrossRef] [PubMed]

Nohara, K,; Shin, Y.; Park, N.; Jeong, K.; He, B.; Koike, N.; Yoo, S.H.; Chen, Z. Ammonia-lowering activities and
carbamoyl phosphate synthetase 1 (Cps1) induction mechanism of a natural flavonoid. Nutr. Metab. (Lond.)
2015, 12, 23. [CrossRef] [PubMed]

Nohara, K.; Mallampalli, V.; Nemkov, T.; Wirianto, M.; Yang, J.; Ye, Y.; Sun, Y,; Han, L.; Esser, K.A,;
Mileykovskaya, E.; et al. Nobiletin fortifies mitochondrial respiration in skeletal muscle to promote healthy
aging against metabolic challenge. Nat. Commun. 2019, 10, 3923. [CrossRef] [PubMed]

Manninen, V.; Tenkanen, L.; Koskinen, P.; Huttunen, J.K.; Manttari, M.; Heinonen, O.P,; Frick, M.H. Joint
effects of serum triglyceride and LDL cholesterol and HDL cholesterol concentrations on coronary heart
disease risk in the Helsinki Heart Study. Implications for treatment. Circulation 1992, 85, 37-45. [CrossRef]

Li, T.; Chiang, J.Y. Bile acid signaling in metabolic disease and drug therapy. Pharmacol. Rev. 2014, 66, 948-983.
[CrossRef]

McGill, M.R;; Li, E; Sharpe, M.R.; Williams, C.D.; Curry, S.C.; Ma, X.; Jaeschke, H. Circulating acylcarnitines
as biomarkers of mitochondrial dysfunction after acetaminophen overdose in mice and humans. Arch. Toxicol.
2014, 88, 391-401. [CrossRef]

Horton, J.D.; Shimomura, I.; Brown, M.S.; Hammer, R.E.; Goldstein, J.L.; Shimano, H. Activation of cholesterol
synthesis in preference to fatty acid synthesis in liver and adipose tissue of transgenic mice overproducing
sterol regulatory element-binding protein-2. J. Clin. Investig. 1998, 101, 2331-2339. [CrossRef]

Huang, H.; Li, L.; Shi, W.; Liu, H.; Yang, J.; Yuan, X.; Wu, L. The Multifunctional Effects of Nobiletin and
Its Metabolites In Vivo and In Vitro. Evid Based Complement. Altern. Med. 2016, 2016, 2918796. [CrossRef]
[PubMed]

Mulvihill, E.E.; Burke, A.C.; Huff, M.W. Citrus Flavonoids as Regulators of Lipoprotein Metabolism and
Atherosclerosis. Annu Rev. Nutr. 2016, 36, 275-299. [CrossRef] [PubMed]

Gloston, G.F; Yoo, S.H.; Chen, Z.J. Clock-Enhancing Small Molecules and Potential Applications in Chronic
Diseases and Aging. Front. Neurol. 2017, 8, 100. [CrossRef] [PubMed]

Mulvihill, E.E.; Assini, ].M.; Lee, ] K.; Allister, E.M.; Sutherland, B.G.; Koppes, ].B.; Sawyez, C.G.; Edwards, ].Y.;
Telford, D.E.; Charbonneau, A.; et al. Nobiletin attenuates VLDL overproduction, dyslipidemia, and
atherosclerosis in mice with diet-induced insulin resistance. Diabetes 2011, 60, 1446-1457. [CrossRef]
[PubMed]


http://dx.doi.org/10.1124/mol.107.040741
http://dx.doi.org/10.1002/hep.27578
http://dx.doi.org/10.1074/jbc.M113.485987
http://dx.doi.org/10.1073/pnas.1322807111
http://dx.doi.org/10.1038/nrd4100
http://www.ncbi.nlm.nih.gov/pubmed/24577401
http://dx.doi.org/10.1016/j.cmet.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25651181
http://dx.doi.org/10.1074/jbc.M109.080614
http://www.ncbi.nlm.nih.gov/pubmed/19965867
http://dx.doi.org/10.1016/j.cmet.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/27076076
http://dx.doi.org/10.1186/s12986-015-0020-7
http://www.ncbi.nlm.nih.gov/pubmed/26075008
http://dx.doi.org/10.1038/s41467-019-11926-y
http://www.ncbi.nlm.nih.gov/pubmed/31462679
http://dx.doi.org/10.1161/01.CIR.85.1.37
http://dx.doi.org/10.1124/pr.113.008201
http://dx.doi.org/10.1007/s00204-013-1118-1
http://dx.doi.org/10.1172/JCI2961
http://dx.doi.org/10.1155/2016/2918796
http://www.ncbi.nlm.nih.gov/pubmed/27761146
http://dx.doi.org/10.1146/annurev-nutr-071715-050718
http://www.ncbi.nlm.nih.gov/pubmed/27146015
http://dx.doi.org/10.3389/fneur.2017.00100
http://www.ncbi.nlm.nih.gov/pubmed/28360884
http://dx.doi.org/10.2337/db10-0589
http://www.ncbi.nlm.nih.gov/pubmed/21471511

Int. ]. Mol. Sci. 2019, 20, 4281 14 0f 15

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Shinozaki, A.; Misawa, K.; Ikeda, Y.; Haraguchi, A.; Kamagata, M.; Tahara, Y.; Shibata, S. Potent Effects of
Flavonoid Nobiletin on Amplitude, Period, and Phase of the Circadian Clock Rhythm in PER2:LUCIFERASE
Mouse Embryonic Fibroblasts. PLoS ONE 2017, 12, e0170904. [CrossRef] [PubMed]

Qi, G.; Guo, R.; Tian, H,; Li, L.; Liu, H.; Mi, Y.; Liu, X. Nobiletin protects against insulin resistance and
disorders of lipid metabolism by reprogramming of circadian clock in hepatocytes. Biochim. Et Biophys. Acta.
Mol. Cell Biol. Lipids 2018, 1863, 549-562. [CrossRef] [PubMed]

Gile, J.; Scott, B.; Eckle, T. The Period 2 Enhancer Nobiletin as Novel Therapy in Murine Models of Circadian
Disruption Resembling Delirium. Crit. Care Med. 2018, 46, e600-e608. [CrossRef] [PubMed]

Koike, N.; Yoo, S.H.; Huang, H.C.; Kumar, V.; Lee, C.; Kim, T.K.; Takahashi, J.S. Transcriptional architecture
and chromatin landscape of the core circadian clock in mammals. Science 2012, 338, 349-354. [CrossRef]
Lopez-Otin, C.; Galluzzi, L.; Freije, ]. M.; Madeo, F.; Kroemer, G. Metabolic Control of Longevity. Cell 2016,
166, 802-821. [CrossRef]

Manoogian, E.N.C.; Panda, S. Circadian rhythms, time-restricted feeding, and healthy aging. Ageing Res. Rev.
2017, 39, 59-67. [CrossRef]

Patel, S.A.; Chaudhari, A.; Gupta, R.; Velingkaar, N.; Kondratov, R.V. Circadian clocks govern calorie
restriction-mediated life span extension through BMAL1- and IGF-1-dependent mechanisms. Faseb J. 2016,
30, 1634-1642. [CrossRef] [PubMed]

Head, T.; Daunert, S.; Goldschmidt-Clermont, PJ. The Aging Risk and Atherosclerosis: A Fresh Look at
Arterial Homeostasis. Front. Genet. 2017, 8, 216. [CrossRef] [PubMed]

Einarsson, K.; Nilsell, K.; Leijd, B.; Angelin, B. Influence of age on secretion of cholesterol and synthesis of
bile acids by the liver. N. Engl. J. Med. 1985, 313, 277-282. [CrossRef] [PubMed]

He, B.; Chen, Z. Molecular Targets for Small-Molecule Modulators of Circadian Clocks. Curr. Drug Metab.
2016, 17,503-512. [CrossRef] [PubMed]

Wallach, T.; Kramer, A. Chemical chronobiology: Toward drugs manipulating time. Febs. Lett. 2015,
589, 1530-1538. [CrossRef]

Isojima, Y.; Nakajima, M.; Ukai, H.; Fujishima, H.; Yamada, R.G.; Masumoto, K.H.; Kiuchi, R;
Ishida, M.; Ukai-Tadenuma, M.; Minami, Y.; et al. CKlepsilon/delta-dependent phosphorylation is a
temperature-insensitive, period-determining process in the mammalian circadian clock. Proc. Natl. Acad. Sci.
USA 2009, 106, 15744-15749. [CrossRef] [PubMed]

Hirota, T.; Kay, S.A. High-throughput screening and chemical biology: New approaches for understanding
circadian clock mechanisms. Chem. Biol. 2009, 16, 921-927. [CrossRef]

Cha, HK,; Chung, S.; Lim, H.Y,; Jung, ].W.; Son, G.H. Small Molecule Modulators of the Circadian Molecular
Clock With Implications for Neuropsychiatric Diseases. Front. Mol. Neurosci. 2018, 11, 496. [CrossRef]
Solt, L.A.; Wang, Y.; Banerjee, S.; Hughes, T.; Kojetin, D.J.; Lundasen, T.; Shin, Y.; Liu, J.; Cameron, M.D.;
Noel, R.; et al. Regulation of circadian behaviour and metabolism by synthetic REV-ERB agonists. Nature
2012, 485, 62-68. [CrossRef]

Chang, M.R.; He, Y.; Khan, T.M.; Kuruvilla, D.S.; Garcia-Ordonez, R.; Corzo, C.A.; Unger, T.J.; White, D.W,;
Khan, S.; Lin, L.; et al. Antiobesity Effect of a Small Molecule Repressor of RORgamma. Mol. Pharm. 2015,
88, 48-56. [CrossRef]

Oshima, T.; Niwa, Y.; Kuwata, K.; Srivastava, A.; Hyoda, T.; Tsuchiya, Y.; Kumagai, M.; Tsuyuguchi, M.;
Tamaru, T.; Sugiyama, A.; et al. Cell-based screen identifies a new potent and highly selective CK2 inhibitor
for modulation of circadian rhythms and cancer cell growth. Sci. Adv. 2019, 5, eaau9060. [CrossRef]
[PubMed]

Gibbs, J.E.; Blaikley, J.; Beesley, S.; Matthews, L.; Simpson, K.D.; Boyce, S.H.; Farrow, S.N.; Else, K.J.; Singh, D.;
Ray, D.W.; et al. The nuclear receptor REV-ERBalpha mediates circadian regulation of innate immunity
through selective regulation of inflammatory cytokines. Proc. Natl. Acad. Sci. USA 2012, 109, 582-587.
[CrossRef] [PubMed]

Chung, S.; Lee, E.J.; Yun, S.; Choe, HK,; Park, S.B.; Son, H.J].; Kim, K.S.; Dluzen, D.E.; Lee, I.; Hwang, O.;
et al. Impact of circadian nuclear receptor REV-ERBalpha on midbrain dopamine production and mood
regulation. Cell 2014, 157, 858-868. [CrossRef] [PubMed]

Sulli, G.; Rommel, A.; Wang, X.; Kolar, M.].; Puca, EF; Saghatelian, A.; Plikus, M.V.; Verma, I.M.; Panda, S.
Pharmacological activation of REV-ERBs is lethal in cancer and oncogene-induced senescence. Nature 2018,
553, 351-355. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0170904
http://www.ncbi.nlm.nih.gov/pubmed/28152057
http://dx.doi.org/10.1016/j.bbalip.2018.02.009
http://www.ncbi.nlm.nih.gov/pubmed/29501626
http://dx.doi.org/10.1097/CCM.0000000000003077
http://www.ncbi.nlm.nih.gov/pubmed/29489460
http://dx.doi.org/10.1126/science.1226339
http://dx.doi.org/10.1016/j.cell.2016.07.031
http://dx.doi.org/10.1016/j.arr.2016.12.006
http://dx.doi.org/10.1096/fj.15-282475
http://www.ncbi.nlm.nih.gov/pubmed/26700733
http://dx.doi.org/10.3389/fgene.2017.00216
http://www.ncbi.nlm.nih.gov/pubmed/29312440
http://dx.doi.org/10.1056/NEJM198508013130501
http://www.ncbi.nlm.nih.gov/pubmed/4010739
http://dx.doi.org/10.2174/1389200217666160111124439
http://www.ncbi.nlm.nih.gov/pubmed/26750111
http://dx.doi.org/10.1016/j.febslet.2015.04.059
http://dx.doi.org/10.1073/pnas.0908733106
http://www.ncbi.nlm.nih.gov/pubmed/19805222
http://dx.doi.org/10.1016/j.chembiol.2009.09.002
http://dx.doi.org/10.3389/fnmol.2018.00496
http://dx.doi.org/10.1038/nature11030
http://dx.doi.org/10.1124/mol.114.097485
http://dx.doi.org/10.1126/sciadv.aau9060
http://www.ncbi.nlm.nih.gov/pubmed/30746467
http://dx.doi.org/10.1073/pnas.1106750109
http://www.ncbi.nlm.nih.gov/pubmed/22184247
http://dx.doi.org/10.1016/j.cell.2014.03.039
http://www.ncbi.nlm.nih.gov/pubmed/24813609
http://dx.doi.org/10.1038/nature25170
http://www.ncbi.nlm.nih.gov/pubmed/29320480

Int. J. Mol. Sci. 2019, 20, 4281 15 of 15

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Longo, V.D.; Panda, S. Fasting, Circadian Rhythms, and Time-Restricted Feeding in Healthy Lifespan.
Cell Metab. 2016, 23, 1048-1059. [CrossRef] [PubMed]

Sato, S.; Basse, A.L.; Schonke, M.; Chen, S.; Samad, M.; Altintas, A.; Laker, R.C.; Dalbram, E.; Barres, R.;
Baldi, P; et al. Time of Exercise Specifies the Impact on Muscle Metabolic Pathways and Systemic Energy
Homeostasis. Cell Metab. 2019, 30, 92-110. [CrossRef]

Chen, Z.; Yoo, S.H.; Takahashi, ].S. Development and Therapeutic Potential of Small-Molecule Modulators of
Circadian Systems. Annu. Rev. Pharm. Toxicol. 2018, 58, 231-252. [CrossRef]

Schroeder, A.M.; Colwell, C.S. How to fix a broken clock. Trends Pharm. Sci. 2013, 34, 605-619. [CrossRef]
Montaigne, D.; Marechal, X.; Modine, T.; Coisne, A.; Mouton, S.; Fayad, G.; Ninni, S.; Klein, C.; Ortmans, S.;
Seunes, C.; et al. Daytime variation of perioperative myocardial injury in cardiac surgery and its prevention
by Rev-Erbalpha antagonism: A single-centre propensity-matched cohort study and a randomised study.
Lancet 2018, 391, 59-69. [CrossRef]

Ruben, M.D.; Smith, D.F,; FitzGerald, G.A.; Hogenesch, J.B. Dosing time matters. Science 2019, 365, 547-549.
[CrossRef]

Cederroth, C.R.; Albrecht, U.; Bass, J.; Brown, S.A.; Dyhrfjeld-Johnsen, ].; Gachon, E; Green, C.B;
Hastings, M.H.; Helfrich-Forster, C.; Hogenesch, ].B.; et al. Medicine in the Fourth Dimension. Cell Metab.
2019, 30, 238-250. [CrossRef] [PubMed]

Chen, Z. What's next for chronobiology and drug discovery. Expert Opin. Drug Discov. 2017, 1-5. [CrossRef]
[PubMed]

Sutton, E.E; Beyl, R.; Early, K.S.; Cefalu, W.T.; Ravussin, E.; Peterson, C.M. Early Time-Restricted Feeding
Improves Insulin Sensitivity, Blood Pressure, and Oxidative Stress Even without Weight Loss in Men with
Prediabetes. Cell Metab 2018, 27, 1212-1221. [CrossRef] [PubMed]

Evans, M.; Sharma, P.; Guthrie, N. Bioavailability of Citrus Polymethoxylated Flavones and Their Biological
Role in Metabolic Syndrome and Hyperlipidemia. InTech 2012, 267-284. [CrossRef]

Nembkov, T.; Hansen, K.C.; D’Alessandro, A. A three-minute method for high-throughput quantitative
metabolomics and quantitative tracing experiments of central carbon and nitrogen pathways. Rapid Commun.
Mass Spectrom. 2017, 31, 663-673. [CrossRef] [PubMed]

Clasquin, M.E; Melamud, E.; Rabinowitz, ].D. LC-MS data processing with MAVEN: A metabolomic analysis
and visualization engine. Curr. Protoc. Bioinform. 2012, 37, 14.11.1-14.11.23. [CrossRef]

Xia, J.; Sinelnikov, I.V.; Han, B.; Wishart, D.S. MetaboAnalyst 3.0—Making metabolomics more meaningful.
Nucleic Acids Res. 2015, 43, W251-W257. [CrossRef] [PubMed]

He, B.; Nohara, K.; Ajami, N.J.; Michalek, R.D.; Tian, X.; Wong, M.; Losee-Olson, S.H.; Petrosino, J.E; Yoo, S.H.;
Shimomura, K.; et al. Transmissible microbial and metabolomic remodeling by soluble dietary fiber improves
metabolic homeostasis. Sci. Rep. 2015, 5, 10604. [CrossRef]

Asshauer, K.P.; Wemheuer, B.; Daniel, R.; Meinicke, P. Tax4Fun: Predicting functional profiles from
metagenomic 16S rRNA data. Bioinformatics 2015, 31, 2882-2884. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.cmet.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27304506
http://dx.doi.org/10.1016/j.cmet.2019.03.013
http://dx.doi.org/10.1146/annurev-pharmtox-010617-052645
http://dx.doi.org/10.1016/j.tips.2013.09.002
http://dx.doi.org/10.1016/S0140-6736(17)32132-3
http://dx.doi.org/10.1126/science.aax7621
http://dx.doi.org/10.1016/j.cmet.2019.06.019
http://www.ncbi.nlm.nih.gov/pubmed/31390550
http://dx.doi.org/10.1080/17460441.2017.1378179
http://www.ncbi.nlm.nih.gov/pubmed/28893103
http://dx.doi.org/10.1016/j.cmet.2018.04.010
http://www.ncbi.nlm.nih.gov/pubmed/29754952
http://dx.doi.org/10.5772/34087
http://dx.doi.org/10.1002/rcm.7834
http://www.ncbi.nlm.nih.gov/pubmed/28195377
http://dx.doi.org/10.1002/0471250953.bi1411s37
http://dx.doi.org/10.1093/nar/gkv380
http://www.ncbi.nlm.nih.gov/pubmed/25897128
http://dx.doi.org/10.1038/srep10604
http://dx.doi.org/10.1093/bioinformatics/btv287
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Nobiletin Improves Serum Cholesterol Profiles in Aged Mice under High-Fat Feeding 
	Nobiletin Attenuates Bile Acids Leakage in the Serum and Safeguards Healthy Liver 
	Nobiletin Reprograms Circadian and Lipid Homeostasis Genes in the Liver 
	Nobiletin Upregulates Fecal Bile Acids Levels 
	Nobiletin Remodels Gut Microbiota 

	Discussion 
	Materials and Methods 
	Animal Studies 
	Serum Content Assays 
	Real-Time qPCR 
	Metabolomic Analysis 
	Sample Preparation 
	UHPLC-MS Analysis 

	Microbiome 16S Sequencing 
	Statistical Analysis 

	Conclusions 
	References

