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ARTICLE INFO ABSTRACT

Keywords: Objectives: Vascular diseases are often caused by the interaction between macrophages and
Chronotherapy vascular smooth muscle cells (VSMCs). This study aims to elucidate whether chronotherapy with
PPARy igomsts rosiglitazone (RSG) can regulate the secretion rhythm of macrophages, thereby controlling the
Macrophages . phenotypic switch of VSMCs and clarifying the potential molecular mechanisms, providing a
VSMCs phenotype switch N X

Clock gene chronotherapeutic approach for the treatment of vascular diseases.

Methods: RAW264.7 cells and A7r5 cells were synchronized via a 50 % FBS treatment. M1-type
macrophages were induced through Lipopolysaccharide (LPS) exposure. Additionally, siRNA
and plasmids targeting PPARy were transfected into macrophages. The assessment encompassed
cell viability, migration, inflammatory factor levels, lipid metabolites, clock gene expression, and
relative protein expression.

Results: We revealed that, in alignment with core clock genes Bmall and CLOCK, RSG adminis-
tration at ZT2 advanced the phase of TNF-a release rhythm, while ZT12 administration shifted it
backward. Incubation with TNF-« at ZT2 significantly promoted the phenotype switch of VSMCs.
This effect diminished when incubated at ZT12, implicating the involvement of the clock-MAPK
pathway in VSMCs. Furthermore, RSG administration at ZT2 advanced the phases of PPARy and
Bmall genes, whereas ZT12 administration shifted them backward. Additionally, PPARy over-
expression significantly induced triglyceride (TG) accumulation in macrophages. Exogenous TG
upregulated Bmall and CLOCK gene expression in macrophages and significantly increased TNF-a
release.

Conclusion: Chronotherapy involving RSG induces TG accumulation within macrophages,
resulting in alterations in circadian gene rhythms. These changes, in turn, modulate the phase of
rhythmic TNF-a release and play a regulatory role in VSMCs phenotype switch. Our study es-
tablishes a theoretical foundation for chronotherapy of PPARy agonists.
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1. Introduction

Vascular smooth muscle cells (VSMCs) drive cardiovascular disease (CVD) via phenotype switch [1,2]. It is widely recognized that
controlling the phenotypic transition of VSMCs is beneficial for treating CVDs [3,4]. In response to stress or vascular injury, contractile
VSMCs can switch to a less differentiated state (synthetic phenotype) to acquire the proliferative, migratory, and synthetic capabilities
for tissue reparation [5,6]. Macrophages may exert control over the phenotype switch of VSMCs through intracellular communication
via the release of inflammatory factors. Once infiltrating the intima, monocyte-derived macrophages can polarize to the M1 state,
secreting various cytokines and chemokines, such as tumor necrosis factor-alpha (TNF-a) and interleukin 6 (IL-6), to further activate
the phenotypic switch of VSMCs [7,8]. Therefore, targeting macrophages may represent an effective approach to regulating the
phenotypic switch of VSMCs.

The clock system regulates the functioning of macrophages. At the molecular level, the clock system consists of a set of
transcriptional-translational feedback loops (TTFLs) comprising various clock genes and clock proteins [9]. In essence, the primary
TTFL is governed by the basic helix-loop-helix ARNT-like 1 (Bmall) and CLOCK heterodimers, which promote the transcription of
target clock-controlled genes like periods (Perl-3) and cryptochromes (Cry1-2). Conversely, the Per and Cry proteins can form het-
erodimers that translocate to the nucleus, where they inhibit their transcription by interacting with the BMAL1 and CLOCK complex,
creating a negative feedback loop [10]. Notably, macrophages also possess a molecular clock, with more than 8 % of all genes dis-
playing circadian rhythms. Research has shown that the inflammatory cytokines released by macrophages follow a circadian rhythm
[11]. However, whether the circadian rhythm of inflammatory cytokines released by macrophages regulates the phenotypic switch of
VSMCs remains largely unexplored.

Chronotherapy is a medical approach focused on synchronizing medical treatments, especially medications and interventions, with
the body’s natural circadian rhythms. It has proven effective in regulating the circadian rhythm of inflammatory cytokines [12].
Similarly, targeting the clock system is an integral component of chronotherapy. However, the precise methodology for implementing
this treatment approach remains controversial. Peroxisome proliferator-activated receptor gamma (PPARy) is among the
ligand-dependent nuclear hormone receptors known to impact lipid metabolism and adipose function [13]. Furthermore, as a tran-
scription factor, research has shown that PPARy can activate the expression of BMAL1 by binding to PPAR response elements (PPRE) in
the promoter region of BMAL1[14]. Consequently, targeting the clock system in macrophages to regulate the rhythmic release of
inflammatory cytokines, ultimately influencing the phenotypic switch of VSMCs through the activation of PPARy, appears to be a
feasible approach. Nonetheless, the precise signaling cascade between PPARy and BMALL1 in macrophages remains largely unexplored.

In this study, we utilized the PPARy agonist rosiglitazone (RSG) to treat LPS-induced M1 macrophages at different time points,
monitoring the rhythmic release of inflammatory cytokines from these macrophages. Additionally, we evaluated the impact of these
rhythmic changes in inflammatory cytokine release on the phenotypic transition of VSMCs. On the molecular level, we delved into how
the activation of PPARy within macrophages triggers alterations in the endogenous circadian gene rhythms. Our findings revealed that
PPARy activation within macrophages prompts the accumulation of triglycerides (TG), leading to shifts in the circadian gene rhythms
within these macrophages. These alterations subsequently influence the timing of rhythmic inflammatory cytokine release and
contribute to the regulation of VSMC phenotypic changes. Our study establishes a conceptual framework for timing-based treatments
of vascular diseases attributed to VSMCs, leveraging the potential of PPARy agonists.

2. Materials and methods
2.1. Reagents

RSG was purchased from MK Bio Science Co., Inc. (Shanghai, China). Lipopolysaccharide (LPS) was a gift from AbMole (Beijing,
China). Recombinant protein TNF-o was obtained from Sino Biological (Beijing, China). Palmitic acid (PAL) and TG were purchased
from MedChemExpress (MCE, Shanghai, China).

2.2. Mouse serum obtained and cell culture

A total of 5 C57BL/6J mice were procured from Tiangin Biology Co., Ltd (Hunan, China). This animal experiment received approval
from the Ethics Committee of Wannan Medical College (Ethics Approval Number: WNMC-AWE-2023332). All procedures strictly
adhered to regulatory guidelines and standards, following the principles of the declaration of Helsinki. Before obtaining the necessary
animal samples, we uphold the highest ethical standards and make every effort to minimize harm and suffering to the animals.
RAW264.7 cells (macrophages) and A7r5 cells (VSMCs) were obtained from The Procell Life Science & Technology (Wuhan, China).
These cells were cultured in DMEM/F12 (1:1) medium (Gibco, CA, USA) supplemented with 10 % fetal bovine serum (FBS) (Gibco, CA,
USA) and 1 % penicillin-streptomycin (Beyotime, Shanghai, China) for routine maintenance. The cells were incubated at 37 °C in a
humidified atmosphere with 5 % CO,. The growth medium was replaced every 2-3 days, and the cells were subcultured onto porous
dishes or multi-well plates at a 1:3 ratio when they reached 80 % confluence.

2.3. Circadian rhythm synchronization

To synchronize the circadian rhythm of the cells, the cell culture medium was substituted with DMEM containing 50 % FBS. When
the VSMCs began to incubate with 50 % serum shocking, this time point was recorded as Zeitgeber time O (ZT 0). After 2 hours of
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cultivation with 50 % serum shocking, it is recorded as ZT2. Then, after washing three times with PBS (Gibco, CA, USA), the cells can
be processed. This procedure induces alterations in the circadian rhythms of affected cells. The expression of clock genes in VSMCs
needs to be detected within a 35-hour to confirm whether circadian oscillations have been induced. We have previously validated that
a 2-hour 50 % FBS incubation results in VSMCs exhibiting a stable circadian rhythm in our previous study [15].

2.4. Western blot

VSMCs were lysed with cold protein lysis buffer (RIPA) (Beyotime, Shanghai, China) supplemented with phenylmethanesulfonyl
fluoride (PMSF) (Beyotime, Shanghai, China) and protease inhibitor mixture (Beyotime, Shanghai, China) in DMSO. After obtaining
the supernatant, protein concentration was quantified using the BCA method (Beyotime, Shanghai, China). Subsequently, 50 pg of
protein was subjected to electrophoresis on an 8-10 % SDS polyacrylamide gel and subsequently transferred onto nitrocellulose
membranes (NC, Millipore, USA) in ice water for 75 min (300 mA). Following blocking with 10 % skim milk, the membranes were
incubated overnight at 4 °C with primary antibodies. After thorough 3 times washing with TBST (Servicebio, Wuhan, China), the
membranes subsequently incubated with HRP-conjugated goat anti-rabbit IgG or anti-mouse IgG (Supplement Table 1) at room
temperature for 1 hour, Immunofluorescence signals were detected using the high-sensitivity Tanon 5200 system (BioTanon,
Shanghai, China). The expression levels of relative phosphorylated proteins were normalized to unphosphorylated proteins. The
expression levels of other proteins in this study were quantified and normalized to GAPDH expression. The standardization process was
completed using image J.

2.5. Real-time quantitative polymerase chain reaction (qPCR)

The total RNA from each sample was isolated using Trizol reagent (TIANGEN, Beijing, China) following the manufacturer’s in-
structions. Equal amounts of RNA (0.5 pg) from each sample were employed for cDNA synthesis, which was carried out using the
FastKing RT Kit (With gDNase) designed for qPCR (TIANGEN, Beijing, China). Real-time quantitative PCR was performed using Su-
perReal PreMix Plus (SYBR Green) (TIANGEN, Beijing, China). The primer sequences can be found in Supplement Table 2. All primers
were purchased from Generary Biotech Co., Ltd. (Shanghai, China). To determine the relative expression of Clock-related mRNAs, we
calculated it based on the comparative quantification (Cq) obtained at the conclusion of each run. The relative quantification of gene
expression was reported as a relative quantity in relation to the control value using the 2742C method. GAPDH served as an internal
control for each sample.

2.6. Small interfering RNA (siRNA) transfection

For PPARy knockdown, RAW264.7 cells were seeded in six-well plates at an initial density of 10° cells/mL one day before
transfection to establish a monolayer. When the cells reached 30-40 % confluence, they were washed and re-cultured in fresh medium
without antibiotics. Transfection was performed individually using siRNA-PPARy (100 nM) or scramble (NC) siRNA (100 nM) along
with lipofectamine 3000 (Invitrogen, Shanghai, China), following the manufacturer’s instructions. All siRNAs were obtained from
Generary Biotech Co., Ltd. (Shanghai, China). To confirm the efficiency of PPARy knockdown, three different siRNAs were utilized
(Supplement Table 3). Following a 6-h incubation, the culture medium was replaced with medium containing 10 % serum and an-
tibiotics. After 48 hours of incubation, the transfected RAW264.7 cells were harvested. Total RNA was extracted, and the transfection
efficiency was validated through qPCR. The most effective inhibition of PPARy was achieved using the target sequences CAATCAG-
GATGCACTTTCA for the PPARy siRNA.

2.7. Plasmid transfection

For PPARy overexpression, the plasmids PPARy were purchased from Generary Biotech (Shanghai, China). The plasmid PPARy
(100 nM) was transfected with plasmids diluted using Lipofectamine 3000 according to the manufacturer’s protocol. The transfection
efficiency was verified by qPCR.

2.8. Cell viability assay

MTT (4,5 dimethyl-2-yl 2,5-diphenyl tetrazolium bromide) assay (Macklin Biochemical Co., Ltd., Shanghai, China) was employed
to measure cell viability. The VSMCs were seeded in 96-well plates overnight and then VSMCs began incubation with 50 % serum for 2
hours in order to synchronization. After 3 times wash with PBS, TNF-a (0, 25, 50, 100, 200 ng/ml) was added at ZT2, ZT7, ZT12, ZT17
and ZT22 for 24 hours, respectively. After VSMCs were incubated with 5 mg/ml MTT at 37 °C for 4 hours. The medium was abandoned
and 100 pl of dimethyl sulfoxide (DMSO) was added to each well and vibrated at low speed for 10 min. The absorbance was detected at
490 nm using a microplate reader (Bio-rad, Mekawa, Japan).

2.9. Cell proliferation assay

To identify VSMCs proliferation, the immunofluorescence staining was performed by using Ki-67, a marker for proliferating cells.
The Ki-67 cell proliferation assay kit (Immunofluorescence, Green, Mouse Monoclonal Antibody) was purchased from Beyotime



Y. Tian et al. Heliyon 10 (2024) 30708

Biotechnology (Shanghai, China). VSMCs were seeded in 96-well plates overnight, and when VSMCs began incubation with 50 %
serum for 2 hours in order to synchronization. Then TNF-a (0, 25, 50, 100, 200 ng/ml) was added at ZT2 and ZT2 for 24 hours,
respectively. VSMCs in 96-well plates were permeabilized with fixative solution for 10 min, then blotted out and washed, then blocked
with immunostaining blocking solution for 20 min, and then incubated with primary anti-Ki-67 mouse monoclonal antibody at 4 °C
overnight. The next day, after the primary antibody was aspirated and washed, the secondary antibody was added and incubated for an
additional hour at room temperature. The nuclei were stained with DAPI. Photographs were taken under a fluorescence microscope
(Zeiss, Germany). The number of Ki-67-positive cells was randomly counted in five different areas. The ki-67 labeling index was
calculated by the ratio of Ki-67-positive VSMCs to the total number of VSMCs. The mean ki-67 labeling index was then obtained for
each group.

2.10. Transwell assay

Transwell was performed to assess the vertical migration capability of VSMCs. For these studies, standard 24-well transwell inserts
with a FluoroBlok PET membrane (Corning, Inc.) (8-mm pore size), were used. Briefly, VSMCs (4 x 10* cells/well) were seeded in
serum-free medium in the upper chamber. And DMEM supplemented with 10 % FBS was added to the lower chamber. After cell
synchronization, TNF-a (0, 25, 50, 100, 200 ng/ml) was added to ZT2 and ZT12 in the upper chamber, respectively. After incubating
for 24 hours, the invaded cells in lower chamber were fixed using 4 % paraformaldehyde (Macklin, China), and the staining of these
cells was performed using crystal violet (Servicebor, China) for 20 min. The count of invaded cells was conducted in five randomly
chosen fields using a light microscope (Zeiss, Germany).

2.11. Scratch test

VSMGCs were cultured in 6-well plates at a density of 5 x 10° cells/well. When the cell confluence reached approximately 90 %, a 10
pl pipette tip was used to create vertical scratches in the cell monolayer. Any detached cells were removed by washing the wells 3 times
with PBS. During cell synchronization, mitomycin (1ug/ml) were added at ZT1 and treat for 1 hour. After 3 times wash with PBS, TNF-
a (0, 25, 50, 100, 200 ng/ml) was added to ZT2 and ZT12 for 24 hours, respectively. Subsequently, the medium was replaced with fresh
medium containing 2 % FBS, and the intercellular gap was observed under a low-magnification phase-contrast microscope (Olympus
MK, Tokyo, Japan). After 24 hours of incubation, images of the cells in the same field were captured to assess changes in the width of
the scratch. The migration rate was calculated using the formula: Migration capacity = initial scratch width/scratch width at 24 hours.
Each experiment was repeated three times for validation.

2.12. Engyme-linked immunosorbent assay (ELISA) and Biochemical analysis

RAW264.7 cells were seeded in 6-well plates overnight and synchronized. Then, ZT2 was followed by LPS (100 ng/ml) to induce
M1 macrophages to release inflammatory cytokines, and ZT2 and ZT12 were supplemented with RSG (20 pmol), respectively. Cells
were divided into four groups: control group, LPS group, LPS + ZT2 RSG group, and LPS + ZT12 RSG group. At ZT3, the first sampling
was performed. We then ensured that consecutive samples were collected every 4 h for the next 35 h, and these time points were
recorded as ZT7, ZT11, ZT15, ZT19, ZT23, ZT27, ZT31, and ZT35. Supernatants were collected for further analysis, and the levels of
TNF-a, IL-6, and IL-1p in RAW264.7 cells were assessed using ELISA kits from Spbio (Wuhan, China) following the manufacturer’s
instructions.

In addition, RAW264.7 cells were evenly distributed in multiple 6-well culture plates overnight. After adding 10 % concentration
mouse serum (MS) to macrophages, the macrophages were transfected with plasmid containing PPARy gene sequence (100 nmol) to
over-expression PPARy (PPARy-OE). Thus, cells were divided into 4 groups: Control, Control+10 % MS, Control+10 % MS + NC,
Control+10 % MS + PPARy-OE. After 48 hours, the supernatant samples were collected, and the expression levels of PAL, linoleic acid
(LA), and diacylglycerol (DAG) in the cells were detected by ELISA kit of Spbio (Wuhan, China). Total protein concentration was
determined using the BCA Protein Assay kit. TG and total cholesterol levels in cell samples were determined using biochemical kits
from Jiancheng BioEngineering Institute (Nanjing, China). Optical density (OD) values at 450 nm were read using an iMark microplate
reader (Bio-rad, Mekawa, Japan). In addition, all measurements were performed in duplicate three times.

2.13. Co-culture

A co-culture system was established using Transwell (Corning, USA, 3412, 24-well plates, 0.4 pm) chambers. VSMCs were seeded in
the bottom of 24-well plates under sterile conditions with 10 % FBS. RAW264.7 cells were seeded in to the upper chamber also
containing 10 % FBS. After the two kinds of cells adhered to the wall and grew, the original medium was removed, and the DMEM
medium was added again to establish a co-culture system. There was no direct cell connection between the two cells, and RAW264.7
mainly affected VSMCs through the chamber membrane by secreting factors. VSMCs and co-cultures with untreated macrophages
served as controls. After RAW264.7 cells began incubation with 50 % serum for 2 h in order to synchronization, addition of LPS (100
ng/ml) to the upper chamber at ZT2 time point. And the rosiglitazone (20 pmol) was added into upper chamber at ZT2 and ZT12,
respectively. TNF-o neutralizing antibody (Sigma-Aldrich, USA) was added at a concentration of 1 pg/ml to inhibit TNF-o's function.
Cells were co-cultured for 24 h, and crystal violet staining is used to assess the quantity of cells in the lower chamber.
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Fig. 1. Chronotherapy of rosiglitazone influence the circadian rhythm of clock genes and inflammatory cytokines in macrophages (Mean + SD, n =
3).

All macrophages were serum shocking (SS) via incubation with DMEM plus 50 % FBS for 2 hours in order to induce circadian-clock-gene oscil-
lations. Then, LPS (100 ng/ml) was used to induce M1 type macrophages to release inflammatory cytokines. Rosiglitazone (RSG, 20 pmol) was
added at ZT2 and ZT12 respectively. Macrophages and culture supernatant were harvested at an interval of every 4 hours within 35 hours. The
oscillation of clock gene expression and circadian rhythm of inflammatory cytokines release in each group is represented as: (a) Macrophage
treatment and sample collection schematic; (b) Bmall gene; (c) Perl gene; (d) CLOCK gene; (e) Per2 gene; (f) CRY gene; (g) TNF-a; (h) IL-1p; (i) IL-6.
SS + LPS vs SS + LPS + ZT2 RSG group cells, *P < 0.05, **P < 0.01; SS + LPS vs SS + LPS + ZT12 RSG group cells, *P < 0.05, **P < 0.01.

2.14. Statistical analyze

Relative gene expression and relative protein expression levels are reported as means + standard deviations. Intergroup means at
each time point were compared using one-way analysis of variance. Comparisons between only two groups were analysed via Student-
Newman-Keuls q tests. Circadian rhythms were detected by JTK_CYCLE, which is a new algorithm designed to efficiently identify and
characterise cycling variables in large datasets. Where p values less than 0.05 indicate the existence of a circadian rhythm. The
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Table 1

The parameters of circadian rhythm of clock gene and inflammatory cytokines release in macrophage.

Heliyon 10 (2024) e30708

Parameters SS SS + LPS SS + LPS + ZT2 RSG SS + LPS + ZT12 RSG
Amplitude

Bmall 0.75 £ 0.11 0.48 £ 0.18 0.98 + 0.21* 0.67 £ 0.15
CLOCK 0.30 £ 0.16 0.42 £0.14 0.44 £0.12 0.66 + 0.11%
Perl 0.51 4+ 0.12 1.01 £ 0.25 0.20 + 0.07* 0.87 + 0.17%
Per2 0.64 + 0.19 0.93 £ 0.19 0.44 + 0.13* 0.60 + 0.21%
CRY 0.62 £ 0.18 0.68 £ 0.20 0.33 £0.18 0.30 £0.13
TNF-o 264.1 + 88.28** 152.5 + 112.7 214.3 + 77.69* 83.07 + 105.7**#
IL-18 24.03 + 5.16* 35.12 + 23.09 17.41 + 14.72% 14.18 + 14.68*
IL-6 20.89 +9.98 15.41 + 5.78 21.47 +£12.53 39.70 + 14.44*%
Baseline

Bmall 0.73 4+ 0.08 0.56 + 0.13 0.65 + 0.15 0.80 + 0.10**
CLOCK 0.83 £ 0.11 0.95 £ 0.10 0.91 + 0.08 1.15 + 0.09%%
Perl 0.53 £+ 0.09 0.78 £ 0.18 0.26 + 0.05 0.90 + 0.12**
Per2 1.02 + 0.14 1.10 £ 0.14 0.65 + 0.10 1.19 £ 0.15
CRY 0.85 + 0.12 1.09 + 0.14 0.79 £ 0.13 0.91 £ 0.10
TNF-a 685.2 + 65.75%* 1288 + 83.84 495.4 + 55.69* 781.4 + 76.59*%
IL-18 244.1 + 3.77* 383.3 +£16.36 214.4 £ 10.69* 245.0 + 10.5*
IL-6 170.1 £+ 7.43* 246.1 + 4.15 138.8 +9.18* 155.6 + 10.63*
Acrophase

Bmall 8.30 7.70 2.95 15.17

CLOCK 6.78 9.11 2.88 13.99

Perl 4.06 3.01 4.10 24.00

Per2 0.79 3.05 3.81 22.64

CRY 3.19 6.46 2.46 23.22

TNF-a 13 12.3 9.1 16.06

IL-18 15.6 18.3 15.9 20.92

IL-6 13 16.76 10.7 11.2

Relative gene expression values and inflammatory factor values were fit with least square method by using GraphPad Prism. The baselineis a
measurement of the average expression level around which the curve oscillates over time, usually called mesor. Amplitude is the change in expression
at high and low points relative to the corresponding baseline. Circadian rhythm parameters were expressed as the means value + standard error, and
comparisons between the two groups were performed by using the extra sum of squares test. *P < 0.05, **P < 0.01 vs SS + LPS group; *P < 0.05,##P
< 0.01, vs SS + LPS + ZT2 RSG group.

procedure of JTK_CYCLE was operated in R, a statistical language. Relative gene expression and relative protein expression values were
fit with the following equation via GraphPad Prism:

Y = Amplitude x cos [0.2618 x (X - Phase)] + Baseline

where “Baseline” is the measurement of the average expression level around which the curve oscillates over time (usually called
mesor); and “Amplitude” denotes the change in expression at high and low points relative to the corresponding baseline. Circadian
rhythm parameters are expressed as means + standard error of the means, and comparisons between two groups were performed by
using the extra sum of squares test (Luan et al., 2022). The extra sum of squares test is the most commonly used method to discriminate
parameters between different non-linear fitting models (https://www.graphpad.com/guides/prism/7/curve-fitting/index.htm).

3. Results
3.1. The chronotherapy involving RSG induces phase shifts in both clock genes and TNF-a

In this experiment, we employed LPS to induce the expression of inflammatory factors in RAW264.7 macrophages after cell
synchronization via 50 % FBS shocking for 2 hours. Our objective was to investigate the expression patterns of clock genes and the
release patterns of inflammatory factors following time-dependent administration of RSG (at ZT2 and ZT12) at 4-hour intervals. The
schematic diagram of the experimental setup is shown in Fig. 1 a. As depicted in Fig. 1, the administration of RSG at ZT2 resulted in a
significant increase in Bmall gene expression at ZT3 and ZT27. However, the expression of Perl, Per2, and CRY genes appeared to be
suppressed at either ZT3 or ZT27, consistent with the transcription-translation negative feedback loop of the clock system. On the other
hand, RSG administration at ZT12 led to a marked increase in Bmall and CLOCK gene expression at ZT15 and ZT19. At these time
points, the expression levels of Perl, Per2, and CRY genes were relatively lower compared to the SS + LPS group cells (Fig. 1 b-f). These
findings resulted in a phase forward shift of the core clock genes Bmall and CLOCK after ZT2 administration of RSG, while ZT12
administration induced a phase backward shift compared to the SS + LPS group cells. Although we observed significant differences in
amplitude and baseline, we did not focus on these factors in this study (Table 1).

Previous research has demonstrated that the circadian rhythm of inflammatory factor secretion in macrophages is regulated by the
clock system. Consequently, we examined the circadian rhythms of TNF-a, IL-1p, and IL-6 in macrophages following time-dependent
administration of RSG. As anticipated, the phases of TNF-a and IL-1f were shifted forward after ZT2 administration of RSG but
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Table 2
The circadian release rhythm of flammatory cytokines in macrophage.
inflammatory factors SS SS + LPS SS + LPS + ZT2 RSG SS + LPS + ZT12 RSG
TNF-a <0.05 <0.05 <0.05 <0.05
IL-1B NA NA NA NA
IL-6 <0.05 NA NA <0.05

The existence of circadian rhythm was detected by JTK_CYCLE, which the P value was less than 0.05 indicating the existence of circadian rhythm (also
called zero-amplitude test).

backward after ZT12 administration compared to the SS + LPS group cells (Fig. 1 g-h; Table 1). The expression rhythm of IL-6 did not
exhibit a similar pattern (Fig. 1 i). Nevertheless, the zero-amplitude test revealed that there was no rhythmicity in the release of IL-1
by macrophages (Table 2). Furthermore, significant differences in amplitude and baseline were observed between ZT2 and ZT12
administration of RSG, and since RSG demonstrated direct anti-inflammatory effects in this experiment, we did not focus on these
factors.

In summary, our results indicate that ZT2 administration of RSG advances the phase of core clock genes, whereas ZT12 admin-
istration delays the phase of these genes, with TNF-a exhibiting synchronous rhythmic changes.

3.2. TNF-a phase shift regulates VSMC phenotypic switch

To emulate the variable phase patterns of TNF-a release by macrophages, we established a co-culture system of VSMCs and
macrophages (Fig. 2 a). In this system, cell communication occurs only through secreted factors. We stimulated macrophages with RSG
at ZT2 or ZT12 and used a TNF-a-neutralizing antibody (nTNF-a) to observe if TNF-a plays a decisive role. The results showed that the
cell number of VSMCs were significant higher after macrophages treated with RSG at ZT2 rather than ZT12. The nTNF-« significantly
abolished this difference (Fig. 2 b-c). So, we designed an experimental plan to verify the effect of timed administration of TNF-a on
VSMCs’ phenotypic transition (Fig. 2 d). VSMCs were exposed to recombinant TNF-a protein at different time points following serum
shocking, as previously described. The results, depicted in Fig. 2, reveal noteworthy insights. When VSMCs were incubated with
gradient concentrations of TNF-a at ZT2 within 24hours , there was a substantial increase in the cellular viability. Intriguingly, this
effect was utterly nullified when the incubation occurred at ZT12. At other time points of incubation, the proliferative impact of TNF-a
was more modest (Fig. 2 e).

Complementary evidence from ki67 assays, cell scratch assays and transwell experiments further solidified these findings. The ki67
experiment showed that adding TNF-a at ZT2 significantly increased the proliferation activity of VSMCs, but there was no significant
difference in proliferation between groups when TNF-a was added at ZT12 (Fig. 2 f. i). Cell scratch assays and transwell experiments
demonstrated that the addition of TNF-a at ZT2 maintained VSMCs at a heightened level of migration. Conversely, when TNF-a was
introduced at ZT12, its ability to stimulate the phenotypic transition of VSMCs was entirely abrogated (Fig. 2 g-i). Collectively, these
studies underscore the profound impact of incubating VSMCs with TNF-a at different times on eliciting distinct phenotypic changes.
Incubation with TNF-a at ZT2 facilitates the transition of VSMCs, while this effect diminishes when incubation occurs at ZT12.
Consequently, the phase shift in TNF-a released by macrophages, achieved through the chronotherapy with RSG, emerges as a key
regulator in orchestrating the phenotypic switch of VSMCs.

3.3. TNF-a phase shift regulates clock genes and MAPK signal pathway in VSMCs

In our previous research, we established that the clock system orchestrates the MAPK pathway to control the phenotypic switch in
VSMCs [15]. To further investigate whether the time-dependent incubation of VSMCs with TNF-a modulates this phenotypic switch
through the clock-MAPK pathway, we assessed the expression patterns of clock genes and core MAPK proteins. When TNF-a was added
at ZT2, there was a significant inhibition of Bmall expression at ZT3, ZT23, and ZT27 (Fig. 3 a). This inhibition appears to be linked to
the substantial increase in Per1 and Per2 expression at ZT3, as well as CRY expression at ZT7, ZT11, and ZT27 (Fig. 3 c-e). Conversely,
adding TNF-a at ZT12 significantly inhibited Bmall expression at ZT15 and ZT19 (Fig. 3 a). In this case, Perl expression significantly
increased at ZT15 and ZT19, while Per2 gene expression increased at ZT19, and CRY gene expression increased at ZT15 (Fig. 3 c-e).
The primary disparity between ZT2 and ZT12 administrations in terms of clock gene rhythm parameters in VSMCs pertains to the
baseline changes of Perl and Per2 (Table 3).

Proliferating Cell Nuclear Antigen (PCNA) is a crucial molecule in cells, essential for maintaining DNA integrity, stability, and
normal cell cycles. PCNA is often utilized as a biomarker for VSMC proliferation. We observed a significant increase in PCNA protein
expression in VSMCs when TNF-a (200 ng/ml) was added at ZT2. However, this increase was absent when gradient concentrations of
TNF-a were added at ZT12. Regarding the MAPK pathway, TNF-a (25 ng/ml) led to a significant increase in ERK phosphorylation, and
TNF-a (100 and 200 ng/ml) resulted in significant MEK phosphorylation when added at ZT2 in VSMCs. Conversely, when TNF-a was
added at the ZT12 time point, the expression of these proteins remained unchanged (Fig. 3 f-i).

These findings strongly suggest that the phase shift in TNF-a, induced by RSG chronotherapy in macrophages, regulates the
phenotypic switch in VSMCs through the clock-MAPK signaling pathway.



Y. Tian et al.

50% FBS

Serum shocking | |

0

TNF-a TNF-o TNF-a

2 T 1.2

TNF-a

|
22

Incubated with TNF-¢ for 24 h

TNF-a

26

31

Heliyon 10 (2024) e30708

LPS+RSG
LPS+RSG+nTNF-a

N
o

=
o

*P <0.05
NS

Relative Cell Counts
o -
@« o

e
o

ZT2 ZT12

ZT2 ZT12

| | | L 71
47

36 41

Incubated with TNF-a for 24 t'g{ MTT, Ki67, Migration assay

ZT112} =
o 7712 ZI7 ZT12 77117 08 Z122
. 05 . " 0.4 08
. .

0.4 * . 0.4 - . N 2 =
g-“ . 2 B 208
3 0. 303 3 £
§ § £ 02 2 0s
=02 =02 = =
S 53 8 5

0.1 0.4 L e

0. [ X

Control 25 50 100 200 Control 25 50 100 200 Control 25 50 100 200 Control 25 50 100 200 Control 25 50 100 200

TNFa - . o+ o+ TNFa K + TNFa - « i NG - + + + +  TNFa - & % &

TNF-a

KI67/DAPI

Control25 50 100 200 Control25 50 100 200

TNFangiml) =+ 4+ o+ = o+ o+ o+ o+
] P <005 pio]
> zr12
e .
< NS
8
<
2
E "
2
=

Control25 50 100 200 Control25 50 100 200

TNFalogiml) = + + 4+ + - + 4 4 4
2
1200+ T2
*P 0,05 NS
9004
2
H
3
8 00
3
5]

3004

T T 1T T
Control25 S0 100 200 Control25 50 100 200
TNFalngiml) -+ + o+ 4+ S e e .

(caption on next page)



Y. Tian et al. Heliyon 10 (2024) 30708

Fig. 2. The TNF-a added at different times regulate the phenotype switch of vascular smooth muscle cells (Mean + SD, n = 3).

The co-culture system of vascular smooth muscle cells (VSMCs) and macrophages, along with the use of TNF-a-neutralizing antibodies (nTNF-a, 1
pg/ml), was employed to confirm the critical role of TNF-a. After this, VSMCs were shocking via incubated with DMEM plus 50 % FBS. The initial
time of serum shocking (SS) is recorded as ZT0. After 2 hours of incubation, the time is recorded as ZT2. TNF-a (100 ng/ml) were added at ZT2, ZT7,
ZT12, ZT17 and ZT22, respectively. All cells must be co cultured with TNF-a for 24 hours before harvest cells. The cell viability was shown as
following: (a) The co-culture system of VSMCs and macrophages; (b) After adding RSG at different time points in upper chamber, the VSMCs in the
co-culture system were stained with crystal violet in the lower chamber ( x 100); (c) The quantitative analysis of ‘b’; (d) VSMCs treatment and
sample collection schematic; (e) MTT assay after different time incubated with TNF-o; (f) Ki67 assay after different time incubated with TNF-a ( x
50); (g) Wounding healing assay after adding TNF-a at ZT2 and ZT12, respectively ( x 50); (h) Transwell assay after adding TNF-a at ZT2 and ZT12,
rfspectively ( x 100). (i) The quantitative analysis of ‘e’, ‘g’ and ‘h’; *P < 0.05, **P < 0.01 vs Control group cells.

3.4. RSG chronotherapy shifts the phase of PPARy and Bmall proteins

Here, we can tentatively summarize that treating macrophages with RSG at different time points leads to a phase shift in TNF-o
secretion of macrophages, and this phase shift can regulate the phenotypic transition of VSMCs. However, the underlying mechanism
remains unclear. RSG is a classic PPARy agonist and has a regulatory effect on the biological clock of macrophages, indicating a
potential interaction between PPAR gamma and clock genes (Bmall). To investigate this, we examined the circadian expression
patterns of PPARy and Bmall proteins following RSG chronotherapy in macrophages. Upon administering RSG at ZT2, we observed a
significant increase in PPARy protein expression at ZT7 and ZT11, accompanied by a significant increase in Bmall protein expression
at ZT7 and ZT15 (Fig. 4 a). Conversely, after ZT12 administration of RSG, both PPARy and Bmall proteins exhibited a slight up-
regulation at ZT27 and ZT31, although the differences were not statistically significant (Fig. 4 b-c). It is worth noting that despite
the lack of statistical significance, this subtle up-regulation remains meaningful as it results in a backward delay in the phase of PPARy
and Bmall proteins. In contrast, ZT2 administration of RSG advanced the phase of both PPARy and Bmall proteins. Importantly, no
significant differences were observed in amplitude and baseline between the ZT2 and ZT12 administration groups of RSG (Table 4).

These results strongly suggest that PPARy agonists induce the up-regulation of PPARy and shift its phase forward or backward
depending on the time of administration. Additionally, Bmall exhibits synchronized changes with PPARy, implying a close rela-
tionship between these two proteins.

3.5. PPARy does not directly regulate Bmall expression in macrophages

The specific relationship between Bmall and PPAR gamma is still unclear. To elucidate this, we employed siRNA and plasmid
transfection techniques to both knock down and overexpress PPARy. As depicted in Fig. 5 a, siRNA-1 exhibited the most effective
silencing efficiency. On the other hand, plasmid transfection resulted in PPARy expression levels exceeding 1500 times that of the NC
group cells within 48 hours (Fig. 5 b). However, after either silencing or overexpressing PPARy, there were no significant differences
observed in the expression levels of Bmall, Perl, and CRY genes (Fig. 5 c, e, g). Specifically, PPARy silencing only led to a decrease in
CLOCK gene expression, while PPARy overexpression only increased the expression of the Per2 gene (Fig. 5 d, f). In this experiment, we
parallelly tested the levels of PPARy gene after silencing and overexpression, reaffirming the experimental reliability (Fig. 5 h). These
findings strongly suggest that PPARy does not exert direct regulatory control over the expression of Bmall in macrophages.

3.6. PPARy May induce Bmall expression via PAL and TG accumulation in macrophages

Considering that PPARYy is a well-known regulator of lipid metabolism, known for its capacity to promote the absorption, synthesis,
and storage of lipids, it is plausible that increased PPARy expression could result in lipid accumulation within cells, subsequently
impacting the expression of clock genes. To explore this hypothesis, we introduced 10 % mouse serum (10 % MS) into the cell culture
medium. This addition allowed for more lipids to enter the cells when PPARy was active. It’s worth noting that the presence of 10 % MS
significantly influenced the expression of clock genes, with Per1, Per2, and CRY showing significant increases, while Bmall exhibited
significant suppression (Fig. 6 a). Furthermore, the introduction of a control (NC) plasmid did not produce any additional impact on
clock genes. However, as anticipated, overexpression of PPARy resulted in an approximate threefold increase in the expression of
Bmall and CLOCK genes compared to the NC group cells. Additionally, this led to a significant decrease in the expression of Per1, Per2,
and CRY (Fig. 6 a). This demonstrates that PPARy overexpression had a substantial influence on the clock gene expression patterns. We
also evaluated the expression levels of PPARy and Bmall proteins. Similar to gene expression, there is a significant increase in their
levels after PPARy overexpression in macrophages (Fig. 6 b).

To understand which specific lipid substances synthesized in macrophages lead to changes in clock gene expression after PPARy
overexpression, we tested five representative lipid substances in macrophages, namely LA, PAL, DAG, TG, and cholesterol. Total
cholesterol and free cholesterol concentrations were too low to be detected (not shown). Moreover, there was no significant difference
observed in the concentration of LA and DAG between the NC and PPAR overexpression groups (Fig. 6 ¢, e). However, we did observe a
significant increase in intracellular PAL and TG concentrations after PPARy overexpression, respectively (Fig. 6 d, f).

These findings collectively suggest that PPARy may induce the expression of Bmall through the accumulation of PAL and TG in
macrophages.
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Fig. 3. The TNF-a added at different times regulate circadian rhythm of clock genes and MAPK pathway (Mean + SD, n = 3).

All vascular smooth muscle cells (VSMCs) were serum shocking (SS) via incubated with DMEM plus 50 % FBS in order to induce circadian-clock-
gene oscillations. TNF-a (100 ng/ml) were added at ZT2 and ZT12 after SS, respectively. Vascular smooth muscle cells (VSMCs) were harvested at an
interval of every 4 hours within 35 hours. The circadian oscillation of clock gene expression in each group is represented as: (a) Bmall gene; (b)
CLOCK gene; (c) Perl gene; (d) Per2 gene; (e) CRY gene; (f) The relative expression of ERK and MEK phosphorylation level, PCNA after adding TNF-
o at ZT2. (g) The quantitative analysis of ‘f’. (h) The relative expression of ERK and MEK phosphorylation level, PCNA after adding TNF-a at ZT12.
(i) The quantitative analysis of ‘h’. SS vs SS + ZT2 TNF-« group cells, *P < 0.05, **P < 0.01; SS vs SS + ZT12 TNF-a group cells, *P < 0.05, **P

< 0.01.
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Table 3

The parameters of circadian rhythm of clock genes in vascular smooth muscle cells.
Genes SS SS + ZT2 TNF-a SS + ZT12 TNF-a
Amplitude
Bmall 0.77 £ 0.41 1.38 +£ 0.43 1.57 + 0.33*
CLOCK 0.32 £0.12 0.17 £ 0.25 0.41 £ 0.10
Perl 0.59 + 0.08 0.88 + 0.18 1.01 =+ 0.25*
Per2 0.45 £ 0.19 1.22 + 0.20** 0.94 £+ 0.31*
CRY 0.43 £0.10 0.38 £ 0.09 0.35 £0.13
Baseline
Bmall 2.55 + 0.30 1.80 =+ 0.30%* 1.67 =+ 0.22%*
CLOCK 0.56 + 0.08 0.92 £0.18 0.33 £ 0.07
Perl 0.73 £ 0.06 0.88 £ 0.14 1.36 + 0.18**##
Per2 1.04 + 0.14 0.92 + 0.15 1.80 + 0.22%+##
CRY 0.57 + 0.07 0.75 £ 0.07 0.74 £ 0.09
Acrophase
Bmall 10.5 12 8.88
CLOCK 7.06 4.36 5.08
Perl 1.38 1.70 18.56
Per2 0.31 1.52 18.46
CRY 0.42 3.08 17

Relative gene expression values were fit with least square method by using GraphPad Prism. The baseline is a measurement of the
average expression level around which the curve oscillates over time, usually called mesor. Amplitude is the change in expression at
high and low points relative to the corresponding baseline. Circadian rhythm parameters were expressed as the means value +
standard error, and comparisons between the two groups were performed by using the extra sum of squares test. P < 0.05, **P < 0.01
vs SS group; #p < 0.05,##P < 0.01, vs SS + ZT2 TNF-a group.
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Fig. 4. Chronotherapy of rosiglitazone influence the circadian rhythm of PPARy and Bmall in macrophages (Mean + SD, n = 3).

All macrophages were serum shocking (SS) via incubated with DMEM plus 50 % FBS in order to induce circadian-clock-gene oscillations. Then LPS
(100 ng/ml) were used to induce M1 type macrophages. Rosiglitazone (RSG, 20 pmol) were added at ZT2 and ZT12 respectively. Macrophages were
harvested at an interval of every 4 hours within 35 hours. (a) The circadian oscillation of PPARy and Bmall proteins in each group; (b) The
quantitative analysis of PPARy protein in each group; (c) The quantitative analysis of Bmall protein in each group. SS + LPS vs SS + LPS + ZT2 RSG
group cells, *P < 0.05, **P < 0.01; SS + LPS vs SS + LPS + ZT12 RSG group cells, “P < 0.05, **P < 0.01.

3.7. TG plays a vital role in regulating the clock system in macrophages

To underscore the impact of PAL and TG on the expression of clock genes, we initiated an investigation. First, we examined the
intracellular concentrations of PAL and TG after incubating macrophages with gradient concentrations (1, 10, 100 ng/ml) of PAL and
TG. Following the addition of PAL, we observed a significant decrease in the intracellular concentration of PAL within 24 h and 48 h
(Fig. 7 a). Conversely, TG successfully accumulated within macrophages after the addition of gradient concentrations of TG within the
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Table 4

The parameters of circadian rhythm of PPARy and Bmall protein in macrophage.
Genes SS + LPS SS + LPS + T2 RSG SS + LPS + T12 RSG
Amplitude
PPARy 0.13 £ 0.04 0.12 £+ 0.09 0.17 £ 0.04
Bmall 0.05 £ 0.05 0.07 £ 0.05 0.10 £ 0.04
Baseline
PPARy 0.89 £+ 0.03 0.97 + 0.06 0.99 £ 0.03
Bmall 0.96 £+ 0.04 1.18 £ 0.03* 0.99 £ 0.03
Acrophase
PPARY 22.82 19.91 24.26
Bmall 23.44 11.61 25.07

Relative protein expression values were fit with least square method by using GraphPad Prism. The baselineis a measurement of the average
expression level around which the curve oscillates over time, usually called mesor. Amplitude is the change in expression at high and low
points relative to the corresponding baseline. Circadian rhythm parameters were expressed as the means value + standard error, and
comparisons between the two groups were performed by using the extra sum of squares test. *P < 0.05, vs SS + LPS group.
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Fig. 5. The relative expression of clock genes after silence or overexpression of PPARy in macrophages (Mean + SD, n = 3).

PPARy were silenced via transfection of siRNA (50 nmol) and overexpressed via transfection of plasmid contain PPARy gene sequence (100 nmol).
After 48 h, macrophages were collected. (a) The silence efficiency of PPARy among three siRNA sequence; (b) The overexpression level of PPARy
after transfection; (c) The relative expression of Bmall gene; (d) The relative expression of CLOCK gene; (e) The relative expression of Perl gene; (f)
The relative expression of Per2 gene; (g) The relative expression of CRY gene; (h) The relative expression of PPARy gene; *P < 0.05, **P < 0.01,
***P < 0.001 vs NC group cells.

same time frame (Fig. 7 b). Moreover, both PAL and TG were found to induce the release of TNF-a in macrophages (Fig. 7 c-d).
However, the addition of PAL to macrophages resulted in a significant decrease in the expression of clock genes, including Bmall, Per1,
Per2, and CRY, indicating that the PAL disrupts the overall circadian system (Fig. 7 e). In contrast, the addition of TG to macrophages
led to a significant increase in the expression of Bmall and CLOCK genes, while the expression of Per1, Per2, and CRY was suppressed,
indicating that the circadian system can function normally (Fig. 7 f). At the protein level, in line with the trends observed in gene
expression, PAL decreased the expression of Bmall, while TG increased it (Fig. 7 g). These findings collectively suggest that following
PPARy activation, the regulation of the circadian clock system may be achieved through the promotion of TG accumulation within the
cells.

4. Discussion

Controlling the phenotypic switch in VSMCs is an effective strategy for treating CVDs. Additionally, given the intercellular
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Fig. 6. The relative expression of clock genes and intracellular lipid after overexpression of PPARy in macrophages (Mean + SD, n = 3).

PPARy were overexpressed via transfection of plasmid contain PPARy gene sequence (100 nmol). After 48 h, macrophages were collected. (a) The
relative expression of clock genes after overexpression of PPARy; (b) The relative expression of PPARy and Bmall protein after overexpression of
PPARYy; (c) Intracellular level of linoleic acid; (d) Intracellular level of palmitic acid (PAL); (e) Intracellular level of diacylglycerol; (f) Intracellular
level of triglyceride (TG). Control vs Control+10%MS, *P < 0.05, **P < 0.01; Control+10%MS -+ NC vs Control+10%MS + PPARy OE, #p < 0.05,
##p < 0.01, ***P < 0.01.

communication between macrophages and VSMCs, identifying effective methods to modulate macrophage secretory functions holds
the potential to control VSMCs’ phenotypic transitions. In this study, we employed chronotherapy with the PPARy agonist RSG to treat
LPS-induced macrophages. Our findings can be summarized as follows: (i) RSG administration at ZT2 significantly advanced the phase
of TNF-a secretion, while ZT12 administration caused a backward shift in TNF-a phase. These distinct temporal impacts influence
VSMC phenotypic transitions via the clock-MAPK pathway. (ii) Unlike direct transcriptional promotion of Bmall by PPARy, PPARy
activation accelerates the accumulation of TG in macrophages. This, in turn, significantly induces the expression of Bmall and TNF-a.

Various methods of chronotherapy exist, encompassing adjustments in medication timing and dosage, light therapy, targeting clock
genes, and sleep-wake schedule modifications [16-18] [16-18] [16-18]. In the realm of pharmaceutical treatment, chrono-modulated
drug delivery stands out as the prevailing form of chronotherapy. For instance, administering antihypertensive drugs before bedtime
has demonstrated its efficacy in managing hypertension and circadian blood pressure rhythms, ultimately reducing CVD risks [19].
Additionally, our research has unveiled how valsartan chronotherapy can reshape the circadian rhythm of the renin-angiotensin
system (RAS), influencing blood pressure patterns [20]. Further investigation has revealed that VSMCs respond differently to
angiotensin II based on the oscillations of clock genes [20]. Inspired by these insights, we explored whether VSMCs exhibit varying
sensitivities to the circadian rhythm of inflammatory factors released by macrophages. As anticipated, chronotherapy-induced phase
changes in TNF-a release yielded fundamental differences in the phenotypic switching of VSMCs. This implies that the circadian clock
system, particularly the Bmall gene, creates a temporal window of opportunity for the effectiveness of drugs and internal endocrine
regulators. In essence, the expression levels of clock genes can significantly influence the actions of drugs and cytokines. For example,
Bmall gene knockout exacerbates propionibacterium acnes-induced skin inflammation, and Bmall downregulation worsens porphyr-
omonas gingivalis-induced atherosclerosis [21]. Our research further demonstrates that VSMCs exhibit heightened sensitivity to TNF-o
when Bmall expression is relatively higher (Fig. 3 a). By comprehending the rhythmic oscillations of circadian clock genes,
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Fig. 7. PAL and TG influence the relative expression of clock genes and TNF-«a release in macrophages (Mean + SD, n = 3).

Macrophages were incubated with gradient concentration of palmitic acid (PAL) (1, 10, 100 ng/ml) and triglyceride (TG) (1, 10, 100 ng/ml). After
24 h and 48 h, the macrophages and cell culture supernatant were collected. (a) Intracellular level of PAL; (b) Intracellular level of TG; (c) TNF-a
level in cell supernatant after adding gradient concentration of PAL; (d) TNF-« level in cell supernatant after adding gradient concentration of TG;
(e) The relative expression of clock genes after adding gradient concentration of PAL; (f) The relative expression of clock genes after adding gradient
concentration of TG; (g) The relative expression of Bmall after adding PAL (100 ng/ml) and TG (100 ng/ml). *P < 0.05, **P < 0.01 vs Control
group cells.

determining the optimal timing for medication intake becomes a powerful tool to enhance therapeutic effectiveness and reduce
adverse effects.

Clock genes play a pivotal role in the realm of chronotherapy. This involves two primary aspects: firstly, as previously mentioned,
targeting circadian clock genes can either enhance or diminish the efficacy of drugs. Secondly, the development and progression of
certain diseases are intricately linked to disruptions in circadian clock genes. Consequently, targeting these clock genes can directly
impact the treatment of these diseases [22,23]. For instance, circadian rhythm disorders have been shown to elevate cytokine release
from macrophages and induce dysfunction across multiple organs in mice [24,25] [[,]1[25]]. The knockout of Bmall in VSMCs ex-
acerbates carotid atherosclerotic lesions [26], while the CLOCK gene accelerates atherosclerosis by promoting endothelial autophagy
[27]. Furthermore, it has been reported that clock genes in macrophages control the release of cytokines or chemokines [28-30].
Therefore, targeting clock genes to modulate the circadian rhythm in macrophages holds potential as a therapeutic approach for
various diseases. However, the majority of research has primarily focused on the impact of changes in the levels of Bmall and
clock-controlled cytokines or chemokines in disease development [26,29,31] [[,1[29]] [[,]1[26]]. Our research has uncovered a sig-
nificant shift in the phases of Bmall and TNF-«a at ZT2 and ZT12 following the administration of RSG. These changes in the phase of
TNF-a rhythm exert control over the phenotypic switching of VSMCs. Our findings highlight that targeting Bmall in macrophages to
regulate the rhythm of TNF-a release represents an effective approach to treating CVDs driven by VSMCs. This discovery complements
the existing body of research on the role of clock gene phases in disease development and treatment processes.

Addressing the clock system poses significant challenges. While it is well-established that light and feeding patterns can influence
circadian rhythms through neurological and hormonal mechanisms [32], these methods for modulating the body’s circadian rhythms
in disease treatment remain largely impractical [33-35]. Recently, attention has turned to the development of pharmacological
compounds designed to target Rev-erb and ROR nuclear receptors within the circadian mechanism, offering potential clinical ap-
plications [36-38] [36-38] [36-38]. The administration of Rev-erba agonists to mice has shown promise in treating metabolic dis-
orders and improving inflammatory processing [39-41] [39-41] [39-41]. Additionally, various micro-RNAs have been identified that
target Bmall to regulate circadian rhythms [42-44] [42-44] [42-44]. However, there is limited research on drugs directly stimulating
the Bmall gene. Although it has been reported that PPARy can promote Bmall transcription through PPRE elements [14], our study
did not reveal a direct interaction between the two (Fig. 5). Bmall, on one hand, regulates TG synthesis by transactivating the Dgat2
gene, encoding the triacylglycerol synthesis enzyme DGAT2 [45]. On the other hand, raw materials for TG synthesis, such as free fatty
acids, exert regulatory effects on clock genes [46,47] [[,1[471]. Our research has shown that the intracellular TG production, facilitated
by PPARy activation, significantly influences the expression rhythm of the Bmall gene (Fig. 7). This pathway may underlie the

14



Y. Tian et al. Heliyon 10 (2024) 30708

Macrophages

" Phase forward

MAPK " MAPK

VSMCs phenotype switch VSMCs quiescence

Fig. 8. The mechanism of chronotherapy of rosiglitazone towards to macrophages regulates VSMCs phenotype switch.

Macrophages incubated with rosiglitazone (RSG) at different time (ZT2 and ZT12, respectively) induce the activation of peroxisome proliferator-
activated receptor gamma (PPARy), which promote the accumulation of triglyceride (TG). Then the TG facilitate the expression of basic helix-
loop-helix ARNT like 1 (Bmall), which shift phase forward of TNF-a release rhythm by ZT2 administration of RSG and shift phase backward of
TNF-a release rhythm by ZT12 administration of RSG. Finally, the difference between phase of TNF-a release rhythm show an disparate impact on
VSMCs phenotype switch via activating or inactive MAPK signal pathway.

Note. Arrow: promote; Dashed line: TNF-o rhythm before administration; Dashed line: TNF-a rhythm before administration; Solid-line curve: TNF-a
rhythm after administration.

pharmacological impact of RSG in regulating clock genes within macrophages.

While there are documented reports highlighting PAL, a typical unsaturated long-chain fatty acid found in plants, as a regulator of
the circadian clock [48], our research has revealed notable distinctions in how PAL and TG regulate the circadian clock within
macrophages. When TG is introduced to macrophages, the circadian clock’s TTFL pathway remains functional. Conversely, the
addition of PAL results in the suppression of all related circadian clock genes in macrophages, indicating a disruption of the circadian
clock system, suggesting the lipotoxic effects of PAL. Macrophages that phagocytose lipids may enter a foamy state, potentially
contributing to disease progression [49]. However, in our study, we propose that the appropriate accumulation of TG within mac-
rophages is a normal occurrence that can regulate the rhythmicity of circadian clock genes, creating a time window for the utilization
of RSG in chronotherapy. Although both PAL and TG exhibit pro-inflammatory properties in macrophages, we believe that PAL does
not regulate the release of TNF through the clock system, but rather through alternative pathways, such as cell apoptosis [50].
Consequently, the exogenous addition of PAL may stimulate the self-defensive system of macrophages and lead to increased PAL efflux
(Fig. 7 a). Nevertheless, further research will be necessary to elucidate these mechanisms comprehensively in the future.

Our study presents several limitations that warrant acknowledgment. Firstly, while we identified a relationship between Bmall and
TNF-a, we did not conduct an in-depth investigation into how Bmall regulates TNF-a expression in macrophages. Nonetheless, existing
literature has extensively documented the regulatory role of circadian clock genes on TNF-a through pathways involving NF-kB or
MAPK [51-54] [51-54] [51-54]. Secondly, our study revealed that elevated TG levels coincide with increased Bmall expression.
However, we did not delve into the specific mechanism by which TG regulates circadian clock genes. Given the known influence of a
high-fat diet and lipid substances on the circadian clock system, further research is required to comprehensively investigate this aspect.
Lastly, we did not employ animal experiments to validate the effectiveness and mechanisms of RSG chronotherapy. However,
considering the existing body of research suggesting the therapeutic potential of RSG for cardiovascular diseases and the growing
optimization of chronotherapy as a precise treatment approach, we anticipate that animal experiments to investigate RSG
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chronotherapy are a logical next step [53]. Nevertheless, we recognize the need for further experimental validation.
5. Conclusions

Our study yields valuable insights into the regulatory dynamics between macrophages and the phenotypic transition of VSMCs.
Specifically, the chronotherapeutic application of RSG activates PPARy, leading to the accumulation of TG within macrophages.
Subsequently, these TG facilitate the expression of Bmall, which, depending on the timing of RSG administration, either advances or
delays the phase of TNF-«a release rhythm. This phase disparity in TNF-a release rhythm exerts distinct effects on VSMCs’ phenotypic
transition, primarily mediated through the activation or inactivation of the MAPK signaling pathway (Fig. 8). In summary, our study
lays a robust foundation for targeting the circadian clock system as a potential avenue for treating VSMC phenotype switching.
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