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Abstract

Background: Recently, we identified the circadian rhythm protein Period 2 (PER2) in robust
cardioprotection from myocardial ischemia (MI). Based on findings that perioperative Ml is the
most common major cardiovascular complication and that anesthetics can alter the expression of
PER2, we hypothesized that an anesthesia mediated downregulation of PER2 could be detrimental
if myocardial ischemia and reperfusion (IR) would occur.

Methods and Results: We exposed mice to pentobarbital, fentanyl, ketamine, propofol,
midazolam or isoflurane and determined cardiac Per2 mRNA levels. Unexpectedly, only
midazolam treatment resulted in an immediate and significant downregulation of Per2transcript
levels. Subsequent studies in mice pretreated with midazolam using an /n-situ mouse model for
myocardial (IR)-injury revealed a significant and dramatic increase in infarct sizes or Troponin-I
serum levels in the midazolam treated group when compared to controls. Using the recently
identified flavonoid, nobiletin, as a PER2 enhancer completely abolished the deleterious effects of
midazolam during myocardial IR-injury. Moreover, nobiletin treatment alone significantly reduced
infarct sizes or Troponin I levels in wildtype but not in Per27~ mice. Pharmacological studies on
nobiletin like flavonoids revealed that only nobiletin and tangeritin, both found to enhance PER2,
were cardioprotective in our murine model for myocardial IR-injury.

Conclusion: We identified midazolam mediated downregulation of cardiac PER2 as an
underlying mechanism for a deleterious effect of midazolam pretreatment in myocardial IR-injury.
These findings highlight PER2 as a cardioprotective mechanism and suggest the PER2 enhancers
nobiletin or tangeritin as preventative therapy for myocardial IR-injury in the perioperative setting
where midazolam pretreatment occurs frequently.
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Introduction

Methods

More than 230 million major surgeries are performed annually worldwide, and this number
grows continuously [1]. Cardiac complications, including nonfatal myocardial infarction
(M), pose a significant risk to patients undergoing major non-cardiac surgery. In fact,
perioperative Ml is the most common major cardiovascular complication [2]. Moreover,
based on the prospective cohort VISION study (vascular events in noncardiac surgery
patients cohort evaluation) [3], each year non-cardiac surgery accounts for approximately 8
million myocardial injuries with a 30-day mortality rate of 10% worldwide, indicating the
need for novel cardioprotective therapies. Recently, the circadian rhythm protein Period2
(PER2) was identified as an important regulator of hypoxia and ischemia dependent
pathways in the heart [4-6]. PER2 is believed to be a key mediator of cardioprotection
through optimization of hypoxia inducible factor 1 alpha (HIF1A) dependent carbohydrate
metabolism during myocardial ischemia [4, 5, 7, 8]. Interestingly, it has been found that
anesthetics used in the perioperative setting can change the expression of circadian proteins
including PER2 [9-11]. However, if this would also lead to an increased susceptibility to
myocardial ischemia and reperfusion injury is unknown. Based on the recently identified
cardioprotective role of PER2, we hypothesized that anesthesia mediated alteration of PER2
expression would be detrimental if myocardial ischemia and reperfusion would occur. Using
a well-established in situ-mouse model of myocardial IR-injury [12, 13] we found that the
benzodiazepine midazolam, the most commonly used anesthetic prior to surgical procedures
worldwide [14], is deleterious on the heart by downregulating PER2. Pharmacological
studies using the PER2 enhancer nobiletin completely reversed the midazolam mediated
effects on the heart. In addition, pretreatment of mice with nobiletin alone revealed robust
cardioprotection which was abolished in Per27~ mice, indicating that nobiletin is PER2
specific. Finally, in depth pharmacological studies comparing compounds similar to
nobiletin identified a prominent role for PER2 enhancers in cardioprotection from
myocardial IR-injury.

Mouse Experiments.

Experimental protocols were approved by the Institutional Review Board (Institutional
Animal Care and Use Committee [IACUC]) at the University of Colorado Denver, USA.
They were in accordance with the NIH guidelines for use of live animals. Mice were housed
in a 14/10-h light-dark cycle and all mouse experiments were conducted at the same time
point (7TAM-12PM). To eliminate gender- and age-related variations, we routinely used 12-
to 16-week-old male mice [4, 6].
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Pharmacological compounds.

Nobiletin, tangeretin, sinensetin, 5,6,7-trimethoxyflavone, flavone, solutol (Kolliphor® HS
15) and pentobarbital sodium salt were purchased from Sigma-Aldrich (St. Louis, MO,
USA). 3°,4’,7,8-tetramethoxyflavone was purchased from Alfa Aesar (Tewksbury, MA,
USA). Midazolam, ketamine and fentanyl were obtained from Pfizer Inc. (NY, NY, USA).
Propofol was obtained from Fresenius Kabi (Lake Zurich, IL, USA). Isoflurane was
purchased from Baxter (Deerfield, IL, USA). The total volume of all administered drugs was
0.5 ml.

Transcriptional analysis.

C57BL/6J wildtype mice were treated with a single dose of either intraperitoneally (i.p.)
pentobarbital (70 mg/kg), fentanyl (1 mg/kg), ketamine (200 mg/kg), midazolam (200
mg/kg) or propofol (200 mg/kg), while isoflurane (1% inhaled) was maintained throughout.
Two hours later mice were euthanized, and the heart tissue was harvested. Protocol details
are given in Fig. 1A (I). Myocardial cells were treated with midazolam or vehicle (0.9%
NaCl) for 6 h. Total RNA was isolated from whole heart tissue or murine primary cardiac
myocytes, primary cardiac endothelia and primary cardiac fibroblasts by Qiazol Reagent
(Qiagen) and chloroform extraction in conjunction with the RNeasy Mini Kit (Qiagen),
following the manufacturer’s instructions (SA-Biosciences, Qiagen). cDNA from mRNA
was generated using iScript (Bio-Rad) and transcript levels were determined by real-time
RT-PCR (iCycler; Bio-Rad Laboratories Inc.) [15]. The PCR reactions contained 1 UM sense
and 1 uM antisense oligonucleotides with SYBR Green (Bio-Rad, 170-8880). Each target
sequence was amplified as follows: 1x (95°C for 3 min), 40x (95°C for 15 sec, 55°C for 30
sec, 72°C for 10 sec), 1x (72°C for 1 min), 4°C hold. Primer sets for mouse Per2were from
Qiagen (Mm_Per2_SG QuantiTect Primer Assay). Primer sets for mouse beta-Actinwere
from Qiagen (Mm_Acth_2 SG QuantiTect Primer Assay).

Cell culture experiments.

All experiments were conducted after serum starvation in order to synchronize cells for
PER2 expression [4].

Isolation of adult cardiomyocytes [4, 16].

The protocol for isolation of adult cardiomyocytes was adapted from O’Connell et al [17].
C57BL6/J mice were anesthetized, and the heart was quickly removed from the chest cavity
and immediately placed in KHB buffer. The aorta was cannulated, and the heart perfused
with Ca2*-free KHB for 3 min followed by 8-12 min perfusion with KHB containing 40 pM
Ca?* in and collagenase Il (Worthington Biochemical Corp). After perfusion, ventricles
were removed, minced and incubated in 15 mL collagenase solution for an additional 3-7
min. An equal volume of stopping buffer (KHB containing 10% FBS, 12.5 uM Ca?*, and 2
mM ATP) was added to the digestion solution. Myocytes were allowed to sediment by
gravity for 3 min at room temperature and centrifuged at 20 x g for 3 min. The pellet was
resuspended in 100 pM Ca?* and sedimentation followed by centrifugation was repeated for
subsequent 400 pM and 900 pM Ca2* in a slow calcium re-introduction process. Myocytes
were resuspended in MEM (Gibco 11575-032) supplemented with 10% FBS, 10 mM BDM,

Curr Pharm Des. Author manuscript; available in PMC 2019 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oyama et al.

Page 4

100 U/mL Pen/Strep, and 2 mM ATP and plated on laminin-coated plates (10 pg/mL laminin
in PBS). Myocytes were incubated in a 37°C, 2% CO, incubator. After healthy myocyte
adhesion, media was exchanged for MEM supplemented with 10 mM BDM, 1 X ITS (final
concentrations of 5 pg/mL insulin, 5 pg/mL transferrin, and 5 ng/mL selenium), 100 U/mL
Pen/Strep, and 1 mg/mL BSA. Myocytes were treated with midazolam or vehicle (0.9%
NaCl) in this culture medium for 6 h and thereafter immediately resuspended in Qiazol for
mRNA isolation and gene expression analysis [4].

Murine cardiac endothelial cells.

C57BL/6 mouse primary cardiac endothelial cells were obtained from Cell Biologics (C57-
6024) and handled following the manufacturer’s instructions in complete mouse endothelial
cell medium supplemented with VEGF, ECGS, heparin, EGF, hydrocortisone, L-glutamine,
antibiotic-antimycotic solution, and FBS (M1168). After cells reached confluency,
endothelia were exposed to midazolam or vehicle (0.9% NaCl) for 6 h and thereafter
immediately resuspended in Qiazol for mRNA analysis.

Isolation of fibroblasts.

Heart tissue from C57BL6/J mice was minced and digested using Collagenase Type Il
solution (Worthington Biochemical Corporation) at 37°C, 100 rpm, collecting the
supernatant every 10 minutes for 90 minutes and replacing with fresh collagenase solution
until the heart tissue was fully digested. Fibroblasts were isolated after plating and
incubation of the cell suspension in a cell culture incubator with 5% CO2 for 2 h. 2 h upon
plating alive and healthy fibroblasts were adhered to the dish. After cells reached
confluency, fibroblasts were exposed to midazolam or vehicle (0.9% NaCl) for 6 h and
thereafter immediately resuspended in Qiazol for mRNA analysis.

Murine Model for myocardial ischemia and reperfusion injury [4, 6, 12, 13, 16, 18-21].

C57BL/6J or Per2”~ mice (Per2tm1Brd Tyrc-Brd/J) were obtained from the Jackson
Laboratories [22, 23]. Two hours prior to ischemia mice were pre-treated with a single dose
of either vehicle (0.9% NacCl or solutol:0.9%NaCl [1:100] i.p.), fentanyl (1 mg/kg i.p.),
midazolam (200 mg/kg i.p.), nobiletin (1 mg/kg i.p.) in solutol:0.9% NaCl 0.9% [1:100
ratio], nobiletin+midazolam or flavone (0.55 mg/kg), tangeritin (0.93 mg/kg), sinensetin
(0.93 mg/kg), 5,6,7-trimethoxyflavone (0.78 mg/kg), and 3’,4’,7,8-tetramethoxyflavone
(0.85 mg/kg) in solutol:0.9%NaCl (ratio 1:100). Protocol details are given in Fig.1A (I1).
Anesthesia was induced with 10-70mg/kg i.p. and maintained with 10 mg/kg/h i.p. of
pentobarbital as necessary. Myocardial ischemia and reperfusion injury in mice was
performed as described previously /4, 6, 12, 13, 16, 18-21]. Infarct sizes were determined
by calculating the percentage of infarcted myocardium to the AAR using a double staining
technique with Evan’s blue and triphenyltetrazolium chloride (TTC). Using planimetry via
the NIH software Image 1.0 (National Institutes of Health, Bethesda, MA), the AAR and the
infarct size were determined. All animals were under deep anesthesia while performing
surgical procedures. After study completion, animals were euthanized with an overdose of
pentobarbital and exsanguination.
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Heart Enzyme Measurement.

Blood was collected by central venous puncture for troponin | (cTnl) measurements using a
quantitative rapid cTnl assay (Life Diagnostics, Inc., West Chester, PA, USA). cTnl is highly
specific for myocardial ischemia and has a well-documented correlation with the infarct size
in mice [12, 18, 19, 21] and humans [24].

Hydrogen peroxide assay.

Hydrogen peroxide levels were measured using the hydrogen peroxide assay kit (Abcam,
Cambridge, UK) according to the manufacturer’s protocol. In brief, the left ventricle (area at
risk) was harvested after 60 min of ischemia and 15 min of reperfusion (Fig.1A (l11)). Heart
tissues were homogenized in assay buffer and spun down at 13,000 g, 4°C for 5 min.
Supernatants were deproteinized by adding ice-cold perchloric acid. The samples were again
centrifuged at 13,000xg, 4 °C for 2 min, and the supernatant was precipitated by adding ice-
cold potassium hydroxide. Next, samples were centrifuged at 13,000xg, 4 °C for 15 min,
and hydrogen peroxide was measured in the supernatant. Using a 96-well microplate,
samples were added, and reactions were initiated immediately by adding OxiRed.
Fluorescence was measured on Synergy 2 Multi-Mode Microplate reader (Biotech,
Winooski, VT, USA) in excitation range of 540/25 nm and emission detection of 620/40 nm.
Fluorescence levels were normalized to the protein concentration of samples before
deproteinization.

Data analysis.

Results

Data were compared by an unpaired one-way ANOVA with Tukey’s post-hoc test, or by an
unpaired Student’s t-test where appropriate. Correlation analysis was performed using liner
regression. Values are expressed as mean (xSD). £<0.05 was considered statistically
significant. For all statistical analysis, GraphPad Prism 6.0 software was used. The authors
had full access to and take full responsibility for the integrity of the data. All authors have
read and agree to the manuscript as written.

Midazolam downregulates cardiac expressed PER2 in wildtype mice.

Based on observations that anesthesia can alter the expression of circadian rhythm proteins
[9, 10, 25] we exposed mice to anesthetics used frequently in the clinical setting.
Experimental design and timeline of /n vivo studies are given in Fig. 1A. Pentobarbital (70
mg/kg), fentanyl (1 mg/kg), ketamine (200 mg/kg), midazolam (200 mg/kg) or propofol
(200 mg/kg), were given intraperitoneally (i.p.) as a single dose, while isoflurane (1%) was
maintained throughout, which caused a loss of righting reflex and loss of the pedal
withdrawal reflex [26]. Two hours later animals were euthanized with an overdose of
pentobarbital and we analyzed cardiac Per2 mRNA expression levels. While fentanyl,
isoflurane, ketamine, or propofol had no significant effects on Per2 expression, the
benzodiazepine midazolam revealed a robust and significant downregulation of cardiac Per2
transcript levels (0.3-fold, p<0.05; Fig. 1B). To understand if this was a direct effect on
cardiac tissue, we obtained cardiac endothelia, or isolated cardiac fibroblasts and
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cardiomyocytes from C57BL/6 wildtype mice to establish a primary murine cell line. After
confirmation of cell viability, primary murine endothelia, fibroblasts or cardiomyocytes were
exposed to midazolam (50 pM) or 0.9% NaCl vehicle for 6 hours. As shown in Fig. 1C-E,
midazolam significantly reduced Per2 mRNA expression in murine cardiac endothelial cells
or fibroblasts but had no effect on primary murine cardiomyocytes. 7aken together, when
comparing fentanyl, propofol, ketamine, isoflurane, and midazolam, only the
benzodiazepine midazolam significantly reduces murine cardiac Per2 mRNA levels.

Midazolam administration increases infarct sizes and Troponin-I levels in an in-situ mouse
model for myocardial ischemia and reperfusion injury.

After we found that midazolam significantly downregulated cardiac Per2 mRNA levels, we
next pursued myocardial IR-studies following midazolam administration. Here, we used
fentanyl as a secondary control as it had no effect on cardiac Per2 mRNA levels (Fig.1B).
C57BL/6 wildtype mice were pretreated with a single dose i.p. of 200 mg/kg of midazolam,
1mg/kg fentanyl, or vehicle (0.9% NaCl). Two hours later wildtype mice underwent 60 min
of myocardial ischemia followed by 120 min of reperfusion. Anesthesia was induced and
maintained with pentobarbital. As shown in Fig.2A-B, fentanyl pretreatment had no
significant effect on infarct sizes when compared to our standard control using pentobarbital.
However, midazolam pretreatment significantly increased infarct sizes when compared to
control or fentanyl treated animals (mean + SD, control: 42.2 £ 9.7 % or fentanyl: 36.7

+ 12.1% vs midazolam 59.3 £ 5.2%, p<0.05; Fig.2A-B). To confirm our results from the
infarct size analysis which were obtained via TTC and Evans Blue double staining, we next
determined Troponin-I serum levels using ELISA. Indeed, mice administered midazolam
prior to IR-injury had significantly higher Troponin-I serum levels when compared to
vehicle or fentanyl controls (mean £ SD: control: 54.1 £ 29.1 ng/ml or fentanyl: 24.9 + 13.1
ng/ml vs midazolam 161.7 = 57.0 ng/ml, p<0.05; Fig.2C). We next investigated if
midazolam mediated changes in Per2transcript levels would also correlate with Troponin-I
serum levels. A shown in Fig. 2D, regression analysis revealed a significant negative
correlation between PerZtranscript and Troponin-1 levels (r=-0.79, p<0.01). Taken together,
midazolam mediated downregulation of cardiac expressed and cardioprotective murine
PER?Z Is associated with deleterious consequences following myocardial ischemia and
reperfusion injury.

The PER2 enhancer nobiletin reverses the deleterious effects of midazolam and is
cardioprotective in a PER2 dependent manner.

After we found that a midazolam mediated downregulation of cardiac Per2was associated
with increased infarct sizes or Troponin-I levels following myocardial IR-injury, we next
investigated if we could reverse these effects by using a PER2 enhancer. A recent large-scale
screen identified nobiletin, a flavonoid from citrus peels, as a potent PER2 enhancer [27]
(Fig. 3A). Next, we treated mice with vehicle (solutol in 0.9% NaCl, solutol:NaCl 0.9%
[1:100 ratio]), nobiletin (1mg/kg i.p. in solutol:NaCl 0.9% [1:100 ratio]) alone or together
with midazolam and determined cardiac Per2 mRNA levels 2 hours later. As seen in Fig. 3B,
nobiletin significantly increased cardiac Per2 transcript levels (3.9-fold, p<0.05) and
reversed midazolam mediated downregulation of cardiac Per2. Following co-administration
of midazolam and nobiletin 2 hours prior to myocardial ischemia, the deleterious effects of
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midazolam during myocardial IR-injury were fully reversed. In fact, co-administration of
midazolam and nobiletin significantly reduced myocardial infarct sizes and Troponin-I
serum levels, when compared to midazolam treated mice (mean £ SD: infarct sizes:
midazolam: 59.3 + 5.2% vs nobiletin + midazolam: 42.15 £ 5.7% or Troponin-1: midazolam:
161.7 + 57.0 ng/ml vs nobiletin + midazolam: 72.1 + 22.6 ng/ml, Fig. 3C-E), resulting in
infarct sizes or serum Troponin-I levels similar to vehicle treated mice (Fig. 2). Based on the
increased infarct sizes following midazolam administration, we next investigated if
midazolam would also increase the production of reactive oxygen species (ROS) during
reperfusion injury. We therefore determined H,O5 tissue levels in the left ventricle after 60
minutes of ischemia and 15 min or reperfusion. As shown in Fig. 4A, while midazolam
significantly increased ROS production when compared to saline treated controls, nobiletin
+ midazolam treatment resulted in ROS levels similar to vehicle treated mice. Next, we
analyzed the cardioprotective effects of nobiletin alone. Pretreatment of wildtype mice with
nobiletin 2 hours prior to myocardial ischemia significantly reduced myocardial infarcts
sizes (mean £ SD, vehicle: 42.2 £ 9.7 % vs nobiletin: 22.2 + 7.2%, p<0.05; Fig. 4B, C) or
Troponin-I levels (mean + SD: vehicle: 54.1 £ 29.1 ng/ml vs nobiletin: 13.0 + 6.8 ng/ml,
p<0.05; Fig. 4D) when compared to vehicle (solutol in 0.9% NaCl, solutol:NaCl 0.9%
[1:100 ratio]) treated controls. To understand if nobiletin would be PER2 specific we
administered nobiletin to PerZ~~ mice prior to IR-injury. As shown in Fig. 4C, D nobiletin
revealed no cardioprotection in Per27~ mice (mean infarct sizes + SD, vehicle: 55.9 + 5.2 %
vs nobiletin: 58.0 + 4.4%, n.s. and mean Troponin-1 + SD, vehicle: 96.2 + 10.4 % vs
nobiletin: 291.2 + 164.0%, p<0.05). 7aken together, the PERZ enhancer nobiletin abolishes
the deleterious effects of midazolam and is cardioprotective in a PERZ2 dependent manner
auring myocardial ischemia and reperfusion injury.

The flavonoids and PER2 enhancer nobiletin and tangeritin are cardioprotective.

Based on our findings that the flavonoid nobiletin had a robust cardioprotective effect during
myocardial ischemia and reperfusion injury, we evaluated if this was a general flavonoid
mediated effect [28]. We therefore performed a comparison of compounds similar to
nobiletin or basic flavonoid structured compounds during our murine model of IR-injury.
C57BL/6 wildtype mice received nobiletin (1 mg/kg) equimolar doses in solutol:saline [ratio
1:100] of flavone (0.55 mg/kg), tangeritin (0.93 mg/kg), sinensetin (0.93 mg/kg), 5,6,7-
trimethoxyflavone (0.78 mg/kg), or 3’,4°,7,8-tetramethoxyflavone (0.85 mg/kg) 2 hours
prior to myocardial ischemia via intraperitoneal injection. While most compounds are very
similar to nobiletin, only tangeritin was also found to be a PER2 enhancer [27]. As shown in
Fig. 5, only mice who received tangeritin or nobiletin had significantly smaller infarct sizes
when compared to vehicle (solutol in 0.9% NaCl, solutol:NaCl 0.9% [1:100 ratio]) treated
mice (mean + SD, vehicle: 42.2 + 9.7 % vs nobiletin: 22.2 + 7.2% or tangeritin 28.1 + 8.3%,
p<0.05). Taken together, using nobiletin similar flavonoids during myocardial ischemia and
reperfusion injury, only the PERZ2 enhancer tangeritin revealed similar cardioprotective
effects like nobiletin.
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Discussion

Our novel findings in this study are: 1) comparing different anesthetics, only midazolam
treatment of mice results in a robust and direct downregulation of cardiac expressed PERZ2;
2) midazolam, if given prior to murine myocardial ischemia, has significant deleterious
effects on the myocardium; 3) the flavonoid and PER2 enhancer nobiletin completely
reverses the deleterious effects of midazolam during murine myocardial IR-injury; 4)
treatment of Per2~~ mice with nobiletin reveals no cardioprotection, suggesting that
nobiletin is PER2 specific; and 5) the PER2 enhancers tangeritin and nobiletin represent a
novel therapy in murine myocardial IR-injury.

Midazolam first came into use in 1976 and is on the World Health Organization’s List of
Essential Medicines, the most effective and safe medicines needed in a health system. The
benzodiazepine binds to receptor sites in the gamma-aminobutyric acid (GABA) system.
While midazolam is the benzodiazepine most frequently used for procedural sedation, recent
clinical data suggest that midazolam is associated with severe clinical complications. As
such midazolam has been associated with the occurrence of delirium and is therefore not
recommended anymore as first line sedative on critical care units [29-32]. Moreover, a
recent study found that continuous infusion of benzodiazepines is linked to an increased
likelihood of death among patients who receive mechanical ventilation, when compared to
the sedative propofol [11]. In fact, there is growing body of evidence that shows that
benzodiazepines are associated with poorer patient outcomes, including increased brain
dysfunction, time on mechanical ventilation, and ICU length of stay [33]. However, if
midazolam use prior to perioperative myocardial ischemia could be deleterious is unknown.
As each year non-cardiac surgery accounts for approximately 8 million myocardial injuries
worldwide with a 30-day mortality rate of 10% [3], a deleterious effect of midazolam on
heart ischemia could have major implications for current clinical practice. In fact,
midazolam is the most commonly used anesthetic prior to surgical procedures worldwide
[14].

Interestingly, animal studies have shown that midazolam abolishes the cardioprotective
effects of ischemic preconditioning (IPC), while flumazenil, a midazolam antagonist, is
cardioprotective in rabbits [34]. IPC, where the heart is pretreated with short non-lethal
ischemic periods prior to a longer ischemia time is believed to be the strongest
cardioprotective effect at the bench [35]. Mechanistic studies on midazolam in abolishing
cardiac IPC suggest that midazolam via GABA receptors inhibits the mitochondrial
adenosine triphosphate-sensitive potassium (K-ATP) channels, which in turn can activate the
cardioprotective protein kinase C-e (PKC-&) — an important component within the
preconditioning cascade [34]. Another study had similar findings using a cultured chick
embryonic cardiomyocyte model of hypoxia and re-oxygenation [36]. In fact, the peripheral
benzodiazepine receptor, a mitochondrial inner membrane protein, was found to play a role
in mitochondrial function during cardiac IR-injury using perfused rat hearts [37]. These
studies are in support of our findings and suggest that the observed deleterious effect of
midazolam during IR-injury could have been a result of mitochondrial K-ATP channel
blockade.
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Other mechanistic studies on cardiac IPC identified a pivotal role of extracellular adenosine
generation via CD73 and signaling through the adenosine receptor ADORA2B in
myocardial tissue protection [4, 19, 21]. Following microarray studies in mice with deletion
of ADORAZ2B signaling pathways during in situ myocardial IPC pointed towards the
circadian rhythm protein PER2 [4]. Metabolic /n7 vivo studies with labeled tracers indicated a
limited ability of Per27~ mice to use carbohydrates for oxygen-efficient glycolysis during
myocardial ischemia or IPC. These studies further found that PER2 facilitated the
optimization of carbohydrate metabolism through interaction with HIFLA. These studies
support the findings of the current study and suggest that midazolam mediated
downregulation of cardiac PER2 inhibits PER2 mediated cardioprotective effects. In fact,
Per2”~ mice are not protected by IPC and have larger infarct sizes than controls [4],
indicating a critical role for PER2 in IPC and IR-injury.

Midazolam increases GABA signaling and our findings indicating midazolam
downregulates PER2 are supported by recent studies on GABA, signaling as an important
component of circadian rhythm protein regulation [38]. In fact it has been shown that
GABA activation can inhibit the expression of Per2 mRNA [39]. Moreover, GABAp
receptor protein has been found to be present in mouse whole heart, with greater expression
in the left ventricle and aorta and with a less expression in the atria and right ventricle [40].
While other anesthetics such as propofol or isoflurane also act partly on GABA receptors,
only midazolam primarily activates GABA, signaling, further supporting our current
findings.

Recently, a wide search for circadian rhythm modifying molecules identified several small
molecules including nobiletin, that could increase PER2 signaling [41]. In follow up studies,
nobiletin, a flavonoid from citrus peels, was found not only to enhance the expression of
PER2 but was also able to protect from a metabolic syndrome in mice [27]. While
flavonoids have been implicated in protection from IR-injury in earlier studies [28], it seems
striking to us that from the nobiletin similar flavonoids investigated in this study, only
tangeritin, which also increases PER2 expression [27] was found to be cardioprotective.

In summary, this is the first report on how midazolam mediated alterations of PER2
expression could have functional consequences during IR-injury of the heart. Future studies
are warranted to elucidate the clinical relevance of midazolam use on myocardial injury and
PERZ2 signaling in the perioperative setting.
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Figure 1. Studies of cardiac Per2 regulation following exposure of wildtype mice to anesthetics.
Wildtype mice were exposed to a single dose of pentobarbital (70 mg/kg i.p.), fentanyl (1

mg/kg i.p.), isoflurane (1% inhaled), ketamine (200mg/kg i.p.), propofol (200 mg/kg i.p.), or
midazolam (200 mg/kg i.p.). Two hours later cardiac Per2 mRNA expression levels were
analyzed. In a subset of experiments murine endothelia, fibroblasts or cardiomyocytes were
exposed to vehicle (NaCl 0.9%) or midazolam for 6 hours. Total RNA was isolated by
Qiazol Reagent (Qiagen) and chloroform extraction in conjunction with the RNeasy Mini
Kit (Qiagen), following the manufacturer’s instructions (SA-Biosciences, Qiagen). cDNA
from mRNA was generated using iScript (Bio-Rad) and transcript levels were determined by
real-time RT-PCR (iCycler; Bio-Rad Laboratories Inc.). (A) Overview and timeline of all /n

Curr Pharm Des. Author manuscript; available in PMC 2019 January 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Oyama et al.

Page 14

vivo studies. (1) Screening of different anesthetics for their effect on mouse heart Per2
mRNA levels. (I1) Myocardial ischemia and reperfusion studies. (I11) Reactive oxygen
species (ROS) measurements following myocardial ischemia. (B) Mouse cardiac Per2
MRNA levels two hours after exposure to different anesthetics. (C) PerZ mRNA levels from
murine cardiac endothelia after 6 h of midazolam (50uM) exposure. (D) Per2 mRNA levels
from murine cardiac fibroblasts after 6 h of midazolam (50uM) exposure. (E) Per2 mRNA
levels from isolated murine cardiomyocytes after 6 h of midazolam (50uM) exposure; (mean
+SD, n=4-6; p<0.05).
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Figure 2. Midazolam in myocardial ischemia and reperfusion injury.
Mice were pretreated with vehicle (NaCl 0.9%), fentanyl (1mg/kg) or midazolam

(200mg/kg) i.p. 2 hours prior to myocardial ischemia. Myocardial ischemia consisted of 60
min of ischemia followed by 120 minutes of reperfusion. Infarct sizes were measured by
double staining with Evan’s blue and triphenyl-tetrazolium chloride. Infarct sizes are
expressed as the percent of the area at risk (AAR) that underwent infarction. Serum troponin
| concentrations were measured by enzyme-linked immunosorbent assay (ELISA). (A)
Infarct sizes as the percent of AAR; (B) Representative infarct staining; (C) Serum troponin
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I concentrations; (D) Linear Regression analysis between PerZ2transcript and troponin |
levels; (n=5-7; meanSD; p<0.05).
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Figure 3. Nobiletin reverses the deleterious effects of midazolam.
Mice were treated i.p. with vehicle (solutol in 0.9% NaCl [ratio 1:100]), nobiletin in solutol:

0.9%NacCl (ratio 1:100; 1mg/kg), midazolam (200mg/kg) or midazolam + nobiletin. Two
hours later cardiac Per2 mRNA expression levels were analyzed, or mice underwent
myocardial ischemia. Myocardial ischemia consisted of 60 min of ischemia followed by 120
minutes of reperfusion. Infarct sizes were measured by double staining with Evan’s blue and
triphenyl-tetrazolium chloride. Infarct sizes are expressed as the percent of the area at risk
(AAR) that underwent infarction. Serum troponin I concentrations were measured by
enzyme-linked immunosorbent assay (ELISA). (A) Molecular formula of nobiletin, a potent
PER2 enhancer. (B) Mouse cardiac Per2 mRNA levels two hours after exposure to vehicle,
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midazolam, nobiletin or midazolam+nobiletin. (C) Infarct sizes as the percent of AAR; (D)
Representative infarct staining; (E) Serum troponin | concentrations; (n=5-7; meanzSD,;
p<0.05; NOB=nobiletin).
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Figure 4. Nobiletin is cardioprotective via PER2 and reverses midazolam induced ROS
production.

Mice were treated i.p. with vehicle (solutol in 0.9% NaCl [ratio 1:100]), nobiletin in solutol:
0.9%NaCl (ratio 1:100; 1mg/kg), midazolam (200mg/kg) or midazolam + nobiletin 2 hours
prior to myocardial ischemia. Myocardial ischemia consisted of 60 min of ischemia
followed by 120 minutes of reperfusion. For ROS (H,0,) measurements reperfusion
consisted of 15 minutes after 60 min of ischemia. Infarct sizes were measured by double
staining with Evan’s blue and triphenyl-tetrazolium chloride. Infarct sizes are expressed as
the percent of the area at risk (AAR) that underwent infarction. Serum troponin |
concentrations were measured by enzyme-linked immunosorbent assay (ELISA). (A) ROS
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production determined by H,O, measurement in the area at risk of wildtype mice. (B)
Infarct sizes as the percent of AAR and serum troponin | levels in wildtype mice treated with
vehicle or nobiletin (1mg/kg) 2 hours prior to myocardial ischemia. (C) Infarct sizes as the
percent of AAR and serum troponin | levels in Per2”~ mice treated with vehicle or nobiletin
(Img/kg) 2 hours prior to myocardial ischemia. (D) Representative infarct staining from
wildtype and PerZ~ mice; (n=7-8; mean+SD; p<0.05; NOB=nobiletin).
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Figure 5. Flavonoids in cardioprotection from IR injury.
Mice underwent 60 min of ischemia and 120 min of reperfusion. Infarct sizes were

measured by double staining with Evan’s blue and triphenyl-tetrazolium chloride. Infarct
sizes are expressed as the percent of the area at risk (AAR) that underwent infarction.
C57BL/6 wildtype mice received vehicle (solutol in 0.9% NaCl [ratio 1:100]) or nobiletin
(Img/kg) equimolar doses of flavone (0.55 mg/kg), tangeritin (0.93 mg/kg), sinensetin (0.93
mg/kg), 5,6,7-trimethoxyflavone (0.78 mg/kg), or 3’,4’,7,8-tetramethoxyflavone (0.85
mg/kg) in solutol:0.9%NacCl (ratio 1:100) 2 hours prior to myocardial ischemia via
intraperitoneal injection. (A) Infarct sizes as the percent of AAR; (B) flavone; (C) nobiletin;
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(C) tangeritin; (E) sinensetin; (F) 3°,4°,7,8-tetramethoxyflavone; (G) 5,6,7-
trimethoxyflavone; (n=5-8; mean+SD; p<0.05).
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