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Abstract

Background: Circadian rhythms are fundamental to regulating metabolic processes and cardiovascular functions. Phosphorylated PE-
RIOD2 (PER2) is a key factor in determining the period of the mammalian circadian clock. Moreover, casein kinase 1e (CK1e) primes
the PER2 phosphoswitch and its stability. While diabetes contributes to the disorder of the circadian system, changes in PER2 forms
and their regulatory mechanisms during diabetes remain unclear. In this study, we examined the impact of diabetes on PER2 and CKle
signaling in the heart to determine the potential mechanism between them. Methods: A Type-1 diabetic rat model was established by
intraperitoneally injecting rats with streptozotocin. General characteristics, cardiac function, histology, serum biochemistry, apoptosis
index and circadian rhythm were analyzed in controls and diabetic rats treated with or without PF-670462 (a CK1¢ inhibitor). A high-
glucose model was created with H9c2 cells and treated with PF-670462 and PER2 siRNA. Cell viability, LDH release, dead/live rate and
histology were determined to assess cellular injuries. RT-PCR and Western blot were used to evaluate the expression of PER2, CKle,
phosphorylated PER2, and immunofluorescence (IF) was employed to determine PER2’s location. Results: STZ-induced diabetes pro-
longed PER’s period and upregulated the expression of CK1e and phosphorylated PER2 compared to the controls. Inhibiting CK1e and
PER2 with PF-670462 downregulated the phosphorylation at Ser662 and the nuclear entry of PER2 in high glucose conditions. In addi-
tion, pharmacologically or genetically suppressing PER2 mitigated high-glucose-instigated myocardial injury. Conclusions: Diabetes
compromised PER2 in association with activated CK le signaling. Targeting CK1e-regulated PER2 alleviates myocardial injuries in the
presence of high glucose.
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1. Introduction cluding BMALI1, CIOCk, PERIOD (PER1-3) and CRY-
TOCHROME (CRY1-2), that interact to influence each
other’s transcription and function. Of these proteins, PER2
is enormous, with a well-defined N-terminal region con-
taining PER-ARNT-SIM (PAS) domains and two unique
competing phosphorylation sites [11-13]. These motifs
and domains are responsible for multiple homodimeric and
heterodimeric protein interactions, as well as PER’s sta-
bility, cellular localization, and inhibitory activity toward
CLOCK:BMAL [14-16]. Most of all, PER2 plays a sig-
nificant role in the integration of signals and helps to ro-
bustly compensate for profound changes that would dis-
rupt the circadian clock. Additionally, PER2 in the heart
has a notable impact on its gene expression and overall tis-

Diabetes mellitus (DM) is a lifelong metabolic dis-
ease and its prevalence continues to increase [1,2]. DM
affects myocardial morphology, metabolism, gene expres-
sion, physiological function, and much more. Diabetes-
associated myocardial structural and functional changes are
known as diabetic cardiomyopathy [3]. Cardiovascular
complications caused by diabetic myocardial injuries are
among the major causes of mortality and morbidity in di-
abetic patients. However, diabetes’ exact pathogenesis is
complicated, and there is no effective treatment method for
the condition yet. Therefore, actively exploring its poten-
tial mechanism could provide a useful protective measure

to reduce the incidence of diabetes-related complications.

In mammals, rhythms are orchestrated by a mas-
ter time-keeping mechanism housed within the suprachi-
asmatic nuclei (SCN) of the hypothalamus, and periph-
eral organs, such as the heart, have their individual self-
endogenous clocks as well. Myocardial contraction, relax-
ation, and effective blood pumping exhibit rhythmic fluc-
tuations [4—6]. Increasing evidence suggests that diabetes
inter-relates with disrupted circadian clock rhythms [7—10].
The circadian clock consists of multiple core proteins, in-

sue function [7,17,18]. Studies have shown that diabetes
causes PER2 to exhibit massive phase shifts in mRNA lev-
els and severely aggravated myocardial functional disorders
[19,20]. It has also been demonstrated that pharmacologi-
cally targeting PER2 improves glucose homeostasis in obe-
sity [8]. These findings collectively indicate that myocar-
dial pathological processes during diabetes are closely as-
sociated with the clock gene PER2. However, changes in
the PERIOD2 (PER2) protein forms and their exact mech-
anisms in diabetic myocardial injuries remain unclear.
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Casein kinase 1 (CK1), a member of the superfamily
of serine/threonine-specific kinases, participates in modu-
lating various cellular activities, such as circadian rhythm
and glycolipid metabolism [21-23]. CKle (an isoform of
CK1) efficiently primes PER2 for downstream phosphory-
lation and determines its period and degradation rates via
phosphorylation at its specific site [10,24-26]. A single
amino acid modification in CKle (CK1%@%, R178C) dis-
rupts PER2’s operating mode [27,28]. These reports imply
that CK 1€ plays a conspicuous regulatory role in stabilizing
the PER2 protein. Currently, CK1¢ inhibitors are being ex-
amined for possible use to pharmacologically target PER2
to regulate circadian rhythms [29-31]. However, research
focusing on the role of CK1¢ signaling in modulating PER2
and myocardial injuries during diabetes is rare.

To explore the adaptive connection between diabetes
and PER2, we have highlighted the exact impact of diabetes
on PER2 and CK ¢ signaling. Also, we have hypothesized
and investigated whether targeting CK1e-regulated PER2
could mitigate high-glucose-induced myocardial injuries,
hoping to provide a new strategy for protection against and
the treatment of diabetes.

2. Materials and methods
2.1 Animals

Male Sprague-Dawley rats (8-weeks old, weighing
180~220 g) were obtained from Beijing Vital River Lab-
oratory Animal Technology Co, Ltd and maintained in an
SPF environment at an ambient temperature of 20-22 °C,
with food and water supplied ad libitum.

2.2 Drugs and chemicals

PF-670462 was purchased from Topscience, and its
potency (IC50 = 7.7 4+ 2.2 nM) and selective inhibition
of CKl1e were confirmed first in isolated enzyme prepara-
tions before subsequent dissolution in dimethyl sulfoxide
(DMSO) (used in in vitro experiments) and high-pressure
sterilized ultra-pure water (used in in vivo experiment).

2.3 Models of diabetes and circadian rhythm

After adaptive feeding for several days, type-1 dia-
betes was generated in rats by intraperitoneally injecting
animals with streptozotocin (STZ, Sigma, 65 mg/kg) dis-
solved in citrate buffer, as described previously [32-34].
Rats in the non-diabetic group were injected with the same
amount of citrate buffer. 72 hours after STZ administration,
blood was drawn from the tail vein of each rat once to mea-
sure fasting blood glucose (FBG). Rats exhibiting hyper-
glycemia (blood glucose levels higher than 16.7 mmol/L)
were considered to have diabetes and continuously fed for
at least 8 weeks. FBG and body weight were monitored
weekly.

All animals were synchronized to a fixed 12 h light/12
h dark schedule (L/D cycle) — ZTO0 (Zeitgeber Time) was
setat 7:00 AM, and ZT12 at 7:00 PM — and placed in their

home cages, with lighting set at 250 to 300 lux for each box.
Their individual running periods and spells of activity onset
were free of restriction and recorded daily.

2.4 Experimental protocols in vivo

At the end of the scheduled course, rats were tran-
quilized, and their apical blood was collected in anti-
coagulation tubes. Heart tissues were rapidly excised and
washed with cold PBS and 0.9% Nacl. These heart tissues
and blood samples were collected at ZT5, ZT11, ZT17, and
ZT23 (n=4/time point/group). Also, randomly chosen dia-
btic rats were treated with or without PF-670462 (30 mg/kg,
i.p., n=>5/group) once at ZT11 and sacrificed at ZT23. Zeit-
geber Time and dosage were applied as per previous dose-
response rates [21,29,31], and all collected samples were
stored at —80 °C for subsequent experiments. The general
experimental design is shown in Fig. 1A.

2.5 Cardiac function

Cardiac function was monitored using an animal ultra-
sound cardiogram (UCQ) to measure parameters, including
IVSs, left ventricular EF%, and FS%. Two-dimensional
and M-mode echocardiographic measurements were ana-
lyzed with a GE vivid 7 E95 high resolution in vivo-imaging
system (VisualSonics, Toronto, ON, Canada).

2.6 RNA isolation and RT-PCR

Rat heart tissues were homogenized in TriReagent
(Sigma) using a Liquid nitrogen grinding instrument (Mo
Bio Laboratories Inc, Carlsbad, CA), and total RNA was
isolated according to the manufacturer’s instructions and
reverse transcribed. SYBR Green qPCR was then applied
to the reverse transcription product in real-time quantita-
tive RT-PCR (Applied Biosystems 7500 Real-Time PCR
System). The expression of genes within each sample was
normalized against 3-actin and communicated relative to a
calibrator group using the formula 2~ (A2C)  The follow-
ing primer pairs were used for PCR analyses: for PER2,
forward primer 5'-CCCAGCAAGTGATCGAGGACTA-
3/, reverse primer 5'-TTGACACGCTTGGACTTC AGTT-
3’; for B-actin as a housekeeping gene, forward primer 5’-
TGCTATGTTGCC CTAGACTTCG-3’, reverse primer 5’'-
GTTGGCATAGAGGTCTTTA CGG -3'.

2.7 Blood biochemical testing

Blood glucose was determined using a portative glu-
cometer, MediSense Optium Xceed (Abbott Diagnostics
Ltd, Maidenhead, UK). The biochemical marker of myocar-
dial injury, LDH, was assayed using an automatic biochem-
ical analyzer (SIEMENS, ADVIA 2400, Germany).

2.8 TUNEL staining

Myocardial injury was quantified using a TdT-
mediated dUTP nick-end labeling (TUNEL) technique in
in situ slices utilizing a One Step TUNEL Apoptosis Assay
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Kit (Beyotime, Jiangsu, China) according to the manufac-
turer’s instructions. The nuclei were counterstained with a
DAPI staining solution (Service, Wuhan, China) for 10 min
at room temperature, and TUNEL signals were observed
with fluorescence microscopy (Olympus, Japan). Finally,
at least ten visual fields were randomly selected per slice,
and their apoptosis index (AI) was presented as the ratio of
TUNEL-positive cells to total cells quantified using ImageJ
software (National Institutes of Health [NIH], Bethesda,
MD, USA).

2.9 Cell culture and transfection

H9C2 cell lines were obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China) and
routinely cultured in complete DMEM media containing
5 mM glucose and L-glutamine (Hyclone, USA) supple-
mented with 10% fetal bovine serum (Gibco Laboratories,
USA) and 1% antibiotics (Gibco Laboratories, USA). The
cells were cultured at 37 °C in a humidified atmosphere
with 5% COs. Upon cells in the six-well plates reaching
75-85% confluence, they were incubated with serum-free
DMEM containing 0.1% BSA for 12 h and then exposed to
different treatments for 24 h: the various treatment groups
included a low-glucose group (5.5 mM glucose, LG group),
a high-glucose group (30 mM glucose, HG group), and a
high-glucose + PF-670462 group (HG + PF group); PF-
670462 was dissolved in DMSO and used at concentrations
of 0.5, 1, 5, or 10 M simultaneously with high glucose.
Post-treatment, cells and cultured media were collected and
stored separately for assessment.

For cell transfection, single-gene si-RNA kits (RIBO-
BIO, Guangzhou, China) were mixed with Lipofectamine
2000 (GLPBIO, USA) in Opti-MEM (Gibco, USA) and
transfected into H9¢2 cells according to the manufacturer’s
instructions. Each experiment was performed at least three
times.

2.10 CCK-8 and LDH

Cell viability was determined using a CCK-8 Assay
Kit (Jiancheng, Nanjing, China). Briefly, H9¢2 cells were
cultured and treated in 96-well plates, after which 10 pL of
the CCK-8 reagent was added to each well, and the mix-
ture was incubated for about 1 h in darkness to detect cell
viability.

LDH in cultured media was measured using a col-
orimetric assay kit (Jiancheng, Nanjing, China) accord-
ing to the manufacturer’s instructions. Absorbance was
spotted with the Perkin Elmer Microplate reader (EnSight
PerkinElmer Victor 1420, USA).

2.11 Calcein-AM/PI

To observe live and dead cells in the culture dish con-
currently, the Calcein-AM/PI assay (DOJINDO, Japan) was
employed according to the manufacturer’s instructions. In
brief, H9¢2 cells were loaded with calcein-AM and PI re-
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gents at 37 °C for 15 min, and the fluorescence signal
for Calcein-AM was detected at 490 nm excitation and
515 nm emission and that for PI at 530 nm excitation and
580 nm emission. The results were presented as the ra-
tio of live to dead cells, as determined using Flow cytom-
etry (BECKMAN COULTER, USA), and read with the
Perkin Elmer Microplate reader (EnSight PerkinElmer Vic-
tor 1420, USA).

2.12 Western blotting

Cardiac or cell protein per group was extracted and
separated on a 10% Tris-HCl Ready Gel (Bio-Rad) and
transferred to a PVDF membrane, where it was blocked
with 5% Skimmed milk powder in TBS-T (TBS plus
0.1% Tween 20). For the in vivo experiment, the pro-
tein extract was next incubated with antibodies against
PER2 (1:1000, BD, 611138), phosphorylated PER2 (1:500,
LSBio, LS-C357202), CKle (1:1000, CST, 12448S), or
GAPDH (1:1000, CST, 5174S) overnight at 4 °C. Incuba-
tions for the in vitro experiment were carried out with anti-
bodies against PER2 (1:1000, BD, 611138), phosphorylated
PER2 (1:500, Abmart, TA4301S), CK1e (1:1000, Protein-
tect, 11230-1-AP) or GAPDH (1:1000, Proteintect, 60004-
1-Ig) overnight at 4 °C. The goat anti-rabbit IgG (H+L)
(CST, USA, #5151P) or anti-mouse IgG (H+L) (CST, USA,
#5257P) secondary antibody was added, as described pre-
viously [32-34]. Protein bands were detected with an
Odyssey color infrared laser scan-imaging instrument (Li-
Cor, USA) and analyzed using Image J software. GAPDH
was used as a normalized control. Data were recorded as
relative density ratios.

2.13 Histomorphology and immunofluorescence

Cardiac tissue samples from the in vivo experiment
were fixed with 4% paraformaldehyde and paraffin and
sliced into sections. For myocardial histomorphology ob-
servation, these sections were counterstained with Hema-
toxylin and Evans Blue (HE). Some sections per group were
subjected to immunofluorescence (IF) with an anti-PER2
antibody (1:50, BD, 611138) to examine PER2’s distribu-
tion in the heart.

In the H9¢2 cell experiment, sterile coverslips were
plated in 6-well plates, and 0.5~1 x 10° H9c2 cells were
seeded per well and cultured. After culture to about 80%
confluence, cells were washed with pre-cold PBS 3 times
and fixed with 4% paraformaldehyde to create sections,
which were counterstained with HE, as presented above,
to observe cellular morphology and measure its parameter.
Some slices were also subjected to IF with a PER2 antibody
(1:100, Abclonal, A12694) and a CKle antibody (1:100,
Abcam, Ab115293) to examine PER2’s localization. Sec-
tions were photographed using a digital microscope (BX63,
Olympus, Japan).
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Fig. 1. General characteristics and the myocardial injury in STZ-induced diabetic rats. (A) Showed the general experimental

design. (B) Showed the animals’ genecral characteristics. (C) Showed the cardiac function measured by ultrasound cardiogram (UCG).

(D) Showed the indicators of oxidation stress injury. Data was expressed as the Mean + SEM, *p < 0.05, **p < 0.01 and ****p <

0.0001 vs N Group analyzed by Student s t-test.

2.14 Statistical analysis

All data are expressed as the Mean + SEM. A two-
way ANOVA (time of day x groups) and Fisher’s LSD
test, in that order, were performed for rhythmic profiles.
The Cosinor analysis software 3.1 was used to calculate
the beat period, amplitude, and p-value [35-37]. Statisti-
cal analysis was conducted with the GraphPad Prism ver-
sion 8.3.0 (GraphPad Software, USA). One-way ANOVA
and Fisher’s LSD test, in that order, were applied for mul-
tiple comparisons, and the Student s t-test was utilized for
comparisons between two groups. p values < 0.05 were
considered to be statistically significant. Correlations were
assessed with Pearson’s correlation coefficient (PCC) and
Manders’ colocalization coefficients (MCC), and their fluo-
rescent scatter plots were automatically calculated and gen-
erated with Image J software 1.8.0.172 (National Institutes

of Health [NIH], Bethesda, MD, USA)/Colo 2. A corre-
lation coefficient of |R| >0.8 indicated a high association
between variables.

3. Results

3.1 STZ-induced diabetes altered the general features of
rats and caused myocardial injury

Compared to age-matched non-diabetic rats (N
Group), diabetic rats (DM Group) exhibited obvious dia-
betic symptoms, such as high glucose, polydipsia, polypha-
gia, polyuria, weight loss, sour litter, and more. General
characteristics, including body weight, heart weight, wa-
ter intake, food intake, and FBG, were significantly al-
tered in STZ-induced diabetic rats compared to their con-
trol counterparts (Fig. 1B). For cardiac function, diabetic
rats displayed lower LVEF and LVFS and higher IVSs than
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Fig. 2. Observation and quantification of cardiac injuries. (A)

TUNEL

DAPI

Merge

HE pictures showing myocardial histomorphological changes of
different groups from its longitudinal and cross section (magnifi-
cation x400). N group: regular myocardial fibers and cardiomy-
ocytes; DM group: mass disordered myocardial fibers, irregu-
lar and even dissolved vacuolated myocardiocytes with interstitial
edema; PDM group: a small amount of vacuoles and lysis in the
cytoplasm. (B) Observation of the green fluorescence to detect the
level of cardiac apoptosis (magnification x200). Each group had
at least 5 cardiac sections, and each slice was randomly observed
and photographed at least 10 fields. TUNEL: green; DAPI: Blue;
Scale bar = 100 uM. (C) and (D) Quantification of the extent of
cardiac injury respectively by apoptosis positive rate % and LDH
reslease. Data was expressed as the Mean + SEM, “p < 0.05 vs N
Group, °p < 0.05 vs PDM Group analyzed by one-way ANOVA
followed by Fisher'’s LSD test.

non-diabetic rats (Fig. 1C). Furthermore, biochemical mea-
surements registered substantially elevated MDA levels and
a drop in SOD activity in the DM Group relative to the
N Group (Fig. 1D). Myocardial morphology assessments
(HE) established a series of myocardial damages, includ-
ing disordered myocardial fibers and irregular and even dis-
solved vacuolated myocardiocytes with interstitial edema,
in the DM Group compared to the N Group (Fig. 2A). Si-
multaneously, the apoptosis rate quantifying myocardial in-
jury was higher in the DM Group than in the N Group
(Fig. 2B,0).

3.2 STZ-induced diabetes altered the oscillation of PER2
and CKle

This study showed that diabetes markedly influenced
the expression of PER2 and CK1e. PER2 mRNA levels in-
creased at ZT5 and ZT23 and decreased at ZT11 and ZT17
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in the DM Group compared to the N Group (Fig. 3A). More-
over, at the protein level, PER2 expression oscillated both
in the N Group and DM Group (Fig. 3B). PER2 exhibited a
phase delay and a lower amplitude in the DM Group relative
to the N Group (Table 1). CKle protein levels oscillated
significantly in the N and DM Groups (Fig. 3C). Compared
to the N Group, the amplitude of CK1e expression rose in
the DM Group but with no phase shift (Table 1).

Table 1. Cosinor analysis of PER2 and CKle protein

expression in the heart.

Protein Groups Amplitude Phase (h) p-value

PER2 N Group 17.0518 23.7 0.000458
DM Group 16.2469  24.1 0.005074

CKle NGroup 17.1454 238 0.000029
DM Group 17.184 23.8 0.000024

When quantification of PER2 and CKle expression re-
vealed a significant rthythm ("p < 0.05 analyzed by two-
way ANOVA), datas were fitted with a Cosinor analysis.
For the best period, the cosinor parameters (Period, Ampli-
tude, p-Value) are displayed. The cosine fit was considered
to be statistically significant when F' was greater than F o5
(*F > Fo.05).

3.3 PF-670462 inhibited the expression of CKls and
phosphorylated PER?2 and attenuated myocardial injury in
diabetic rats

We measured the protein levels of CKle and phos-
phorylated PER2 at ZT23 and found that the expression
of CKle and phosphorylated PER2 in the DM Group in-
creased compared to the N Group. Inhibiting CK1e with its
inhibitor (PF-670462) diminished the PDM Group’s phos-
phorylated PER2 levels relative to the DM Group (Fig. 4A
and B). Additionally, IF analyses revealed that PER2 was
distributed in both the nucleus and cytoplasm of rats in dif-
ferent groups (Fig. 4C).

After treating diabetic rats with PF-670462 (PDM
Group), we observed that their hair and cages became
slightly dry and clean, and their activity levels improved
spontaneously compared to diabetic rats (DM Group).
While diabetes-caused myocardial structural damage re-
mained notable in the PDM group, there were no longer
dense masses of vacuolated cardiomyocytes and dissolved
myocardial fibers (Fig. 2A). Also, the apoptosis rate and
the biomarker of myocardial injury, LDH, dwindled in the
PDM Group relative to the DM Group (Fig. 2B,C,D).

3.4 High glucose caused cell injury and augmented PER?2
and CK e signaling in H9c2

Consistent with our previous experiments [32-34],
HG prompted a decrease in cell viability and an increase
in LDH release and the dead/live rate compared to the LG
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Fig. 3. Effect of diabetes on PER2 and CKIle signaling. (A) showed the effect of diabetes on PER2 in mRNA level respectively at
ZT5, ZT11, ZT17 and ZT23. Data was expressed as the Mean + SEM, “p < 0.05 vs N Group analyzed by Student’s #-test. (B) and
(C) respectively showed the effect of diabetes on PER2 and CKle in Protein level. Data was expressed as the Mean + SEM, n = 4/time
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Fig. 4. PF-670462 remedied the expression of CK1e< and phos-
phorylated PER2 during diabetes. (A)and (B) Quantifying rel-
ative expression of CKle and phosphorylated PER2 by western
blotting. Data was expressed as the Mean + SEM, “p < 0.05 vs
N Group, °p < 0.05 vs PDM Group analyzed by one-way ANOVA
followed by Fisher s LSD test. (C) Representative fluorescent mi-
crographs showing PER2’s distribution in cardiac sections for dif-
ferent groups (Positive PER2, red; DAPI for nucleus, blue; mag-
nification x200).

group (Figs. SA,B, 6C,D). Evaluations of H9¢2 cells with
HE highlighted a more hypertrophic cell shape and lower
cell density in the HG Group than in the LG group (Fig. 6A
and B). Additionally, CKle, phosphorylated PER2, and
PER?2 protein expressions were amplified in the HG group
relative to the LG group (Fig. 5C).

As shown in Fig. 6E, CK1e and PER2 were expressed
both in the nucleus and cytoplasm. We also found that
high glucose heightened phosphorylated PER2 levels and
the nuclear-cytoplasmic ratio of PER2 (Figs. 5C, 6E,G).
Meanwhile, the analysis of the relationship between CKle
and PER?2 using IF established that CK1e and PER2 cor-
related highly, with Pearson’s R ranging from 0.71 to 0.83
and Manders’ M value ranging from 0.997 to 1 (Fig. 6F).

3.5 Inhibiting CKle-regulated PER?2 alleviated
HG-induced cell injury in H9¢c2

Exposing H9¢2 cells to high glucose and treating them
with 0.5 uM, 1 uM, 5 uM, or 10 uM of PF-670462 yielded
different results: 0.5 uM and 1 uM of PF-670462 consid-
erably increased cell viability and decreased LDH release
(Fig. 5A and B), while concentrations of PF-670462 ex-
ceeding 1 uM failed to ignite any drastic reduction in LDH
release or intensify H9c2 cell activity. Nevertheless, cell
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was expressed as the Mean + SEM, and repeated-measures analysis was at least three times for each group. *p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001 analyzed by one-way ANOVA followed by Fishers LSD test.

shape was regular, cell density increased, and cell mean
area was smaller in the HG+PF group compared to the HG
group (Fig. 6A and B). Also, the ratio of dead/live cells de-
clined (Fig. 6C and D).

HO9c¢2 cell treatment with PF-670462 in high glucose
conditions saw a fall in the expression of CK 1¢, phosphory-
lated PER2, and PER2 in the HG + PG group (Fig. 5C) and
a reduction in the nucleus-cytoplasm ratio of PER2 in the
HG + PF group compared to the HG group (Figs. 5C, 6E,G).

As shown in Fig. 7A and B, knocking down PER2 in
the presence of high glucose resulted in improved cell via-
bility relative to the controls. PF-670462’s attempt to down-
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regulate PER2 and improve cell viability in high glucose
conditions beyond the rates achieved by PER2 knockdown
was comparable to that of HG+si-PER2 (Fig. 7A and B).

4. Discussion

This investigation contributes to growing evidence
that molecular clockwork is compromised during diabetes.
It revealed that diabetes resets PER2’s oscillation in associ-
ation with activated CK 1€ signaling to phosphorylate PER2
at Ser662 and translocate PER2 into the nucleus. We also
confirmed that inhibiting CK1e-regulated PER2 attenuates
myocardial injuries in high glucose conditions.
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Diabetes mellitus is now one of the most prevalent dis-
orders, and it could lead to devastating myocardial injuries
on the cardiac structure and function [1-3]. Cardiovascular
disease (CVD) is the leading cause of death in type-1 and
type-2 diabetes, and, while >80% of the population suf-
fers from type-2 diabetes, type-1 diabetes results in more
emergencies and is usually selected as a model for study-
ing potential diabetic mechanisms. At present, the STZ-
induced diabetes model and the high glucose in H9¢2 cells
model are universally adopted for the examination of the
potential molecular mechanisms of diabetes [38,39]. These
two models were also applied in our study and verified that
diabetes-associated hyperglycemia triggered adverse my-
ocardial injuries (Figs. 1C, 2A,B,C, 5A,B, 6A,B,C,D). The
pathophysiology of a diabetic myocardial injury is complex
and multifactorial, and uncovering its potential molecular
modus operandi could benefit diabetic patients.

Although some studies have reported the impact of
diabetes on PER2 [40-43], a clear understanding of the
extent of its influence and its potential mechanism must
still be explored. Consistent with what other studies have
demonstrated [42—44], we found that diabetes altered PER2
expression at the mRNA level at different time points
(Fig. 3A). Investigations have shown that the PER2 protein
acts as a remarkable functional regulator through its cyclic
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accumulation and degradation in mammals [14—16]. Based
on this, we examined the oscillation of the PER protein and
established that diabetes changed PER’s stability, with its
phase delayed and amplitude decreased (Fig. 3B). The sta-
bility of PER2 depends on its phosphorylation status, and
the rivalry between two unique competing sites on the PER2
protein is the key step in the PER2 circadian phosphoswitch
that determines its period.

There is proof that CK 14/ primes the PER2 circadian
phosphoswitch mainly at Ser662, which slows the rate of
PER2 protein degradation, guides its nuclear entry, and reg-
ulates transcriptional repressor activity to determine PER2
period length [12,24,45]. Different forms of CK1 may have
differing abilities to phosphorylate PER2 to control its pe-
riod; however, that change in a single amino acid in CKle
(CKle tau) in hamsters and mice shortens PER’s period and
loses temperature compensation is confirmation that CKle
regulates PER2 [27,28]. Thus, in this study, we also as-
sessed the effect of diabetes on CKle signaling. Accord-
ing to the results obtained, CK1e showed an oscillation in
the heart, matching the rhythmic oscillation reported pre-
viously in the suprachiasmatic nucleus [26,28], and dia-
betes increased the coincidence of CK1¢ amplification with
a PER2 phase delay (Fig. 3C). We hypothesized that CK1e
signaling could be a breakthrough in uncovering the con-
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nection between diabetes and PER2 and chose a single time
point to explore this potential further. The findings indi-
cated that subjecting both the in vivo and H9c2 cell exper-
iments to high-glucose prompted an upregulation of CKle
and phosphorylated PER2 at Ser662 (Fig. 4A, 4B and 5C).
Inhibiting activated CK1e signaling with PF-670462 cul-
minated in reduced phosphorylation at Ser662 and nuclear
translocation of PER2 (Figs. 4A,B, 5C, 6E and G), support-
ing the hypothesis that CK1e signaling plays a regulatory
role in delaying the PER2 phase during diabetes. Although
the antibody against phospho-PER2 used in the in vivo and
HO9c¢2 cell experiments were purchased from two differrent
company and its molecular mass have slight discrepancy
(Supplementary figures), both of this two antibodies de-
tect endogenous levels of PER2 only when phosphorylated
at Ser662.

Targeting CKle-regulated PER2 could benefit dia-
betes, as others have reported the role of the clock gene,
Bmall, in high glucose-induced cardiomyocyte injuries too
[4,44]. In our study, knocking down PER2 in H9c2 using
si-RNA in H9c2 in the presence of high-glucose lessened
the incidence of high-glucose-instigated injuries (Fig. 7A
and B), substantiating the hypothesis that targeting PER2
benefits myocardial injury healing in high-glucose condi-
tions. Attention is increasingly being paid to the pharmaco-
logical manipulation of the molecular clock to alleviate in-
juries under different pathological circumstances [46—48].
Remarkably, we also found in our inquiry that PF-670462,
to some extent, ameliorated high-glucose-generated my-
ocardial injury, besides targeting CKle-regulated PER2
(Figs. 5A,B,C, 6A,B,C,D, 7A,B). Both genetic and phar-
macological engineering methods have contributed to iden-
tifying the role of PER2 in high glucose-caused injuries.

As demonstrated in previous studies, PF-670462
slows down PER protein turnover and lengthens the cir-
cadian period in normal animals [21,29-31]. Currently,
the number of investigations reporting that the impact
of PF-670462 relies on the status of PER2 being influ-
enced by metabolic and environmental stimuli are mount-
ing [12,24,46-48]. In our research, PF-670462 exhibited
no influence on PER2 expression and cell injury when
PER2 was knocked down in the presence of high glucose
(Fig. 7A and B), suggesting that PF-670462 aids high-
glucose-engendered injuries only when the PER2 protein
is upregulated, consistent with a report that PF-670462 in-
hibits IgE-mediated allergic reactions only when PER2 is
increased [48].

Despite its promising revelations, our study had sev-
eral limitations. Due to financial constraints, we have not
used PER2~/~ mice to further validate the above regula-
tory mechanism. Additionally, in our study, administering
PF-670462 once had no marked effect on diabetic hyper-
glycemia, which contradicts the finding that pharmacolog-
ically targeting the circadian clock long-term via CK16/e
improves glucose homeostasis [8]. Whether adjusting the
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dosage and mode of PF-670462 application might bring
about more significant benefits to diabetes treatment needs
to be scrutinized in the future. Also, we hope that our inves-
tigation will provide important new insights into diabetic
myocardial injuries.

5. Conclusions

In summary, this work first provides additional evi-
dence that diabetes compromises PER?2 in association with
activated CKle signaling. Furthermore, it shows that tar-
geting CK 1e-regulated PER2 alleviates myocardial injuries
in high-glucose conditions. This mechanism provides a
promising therapeutic strategy for diabetic myocardial in-
jury treatment despite requiring further examination.
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