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Abstract

Objective: Cardioplegia and cardiopulmonary bypass (CP/CPB) dysregulate coronary vasomotor 

tone, which can be further affected by common comorbidities in patients undergoing cardiac 

surgery. This study investigates differences in coronary myogenic tone and vasomotor responses to 

phenylephrine before and after CP/CPB based on hypertension (HTN) history.

Methods: Coronary arterioles before and after CP/CPB were dissected from atrial tissue samples 

in patients with no HTN (NH), well-controlled HTN (WC), or uncontrolled HTN (UC), as 

determined by documented history of HTN, anti-hypertensive agent use, and clinical blood 

pressure measurements averaged over one year. Myogenic tone in response to stepwise increases 

in intraluminal pressure was studied between pressure steps. Microvascular reactivity in response 

to phenylephrine was assessed via vessel myography. Protein expression was measured with 

immunoblotting.

Results: Coronary myogenic tone was significantly increased in the UC group compared to 

NH and WC groups pre-CP/CPB at higher intraluminal pressures, and post-CP/CPB across 

all intraluminal pressures (p<0.05). Contractile responses to phenylephrine were significantly 

enhanced in patients in the UC group compared to the WC group pre-CP/CPB, and in the UC 

group compared to the NH and WC groups post-CP/CPB (p<0.05). There were no differences 

in myogenic tone or phenylephrine-induced reactivity between NH and WC groups (p>0.05). 

There was increased expression of p-PKCα in the UC group post-CPB compared to pre-CPB, and 

increased p-ERK1/2 in the UC compared to NH group post-CPB (p<0.05).
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Conclusions: Uncontrolled HTN is associated with increased coronary myogenic tone and 

vasoconstrictive response to phenylephrine that persists after CP/CPB.
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INTRODUCTION:

Cardioplegia and cardiopulmonary bypass (CP/CPB) are known to dysregulate 

microvascular function in the peripheral and coronary circulation, which can contribute 

to systemic blood pressure dysregulation and myocardial malperfusion respectively.1–3 

Coronary microvascular dysfunction in this setting includes altered responses to extrinsic 

pharmacological vasomotor agents, as well as changes in myogenic tone, or the intrinsic 

ability of vascular smooth muscle to regulate resistance and perfusion in the setting of 

systemic blood pressure changes.2,4,5 Coronary myogenic tone is regulated by several 

factors including changes in expression and phosphorylation i.e. activation of ERK1/2, 

and PKCα, both serine-threonine protein kinases which are altered with CP/CPB to drive 

changes in coronary tone. 6,7

Further, the effects of CP/CPB on the coronary microcirculation can be compounded in 

the setting of common co-morbidities affecting patients undergoing cardiac surgery. We 

and others have previously demonstrated the deleterious effects of CP/CPB in the setting 

of uncontrolled diabetes in the coronary microvasculature.4,8,9 However, the effects of 

other co-morbidities on the coronary microcirculation in the setting of CP/CPB have been 

inadequately investigated.

An important mediator of coronary microvascular injury is hypertension, which is co-morbid 

in at least 70–80% of patients undergoing cardiac surgery.10,11 Hypertension has been 

shown to cause endothelial injury via multiple mechanisms including increased oxidative 

stress, activation of PKC pathways, decreased shear stress, and microvascular remodeling.12 

Hypertension has also been shown to dysregulate vascular myogenic tone.13,14 Further, 

hypertension is associated with increased sympathetic tone and may be mediated by α-

adrenergic stimulation.15 Phenylephrine is an important α-adrenergic agonist used in clinical 

practice, and coronary constriction responses to phenylephrine have been shown to be 

diminished after CP/CPB, an effect that may be mediated by alterations in PKC signaling.4

Recent guidelines suggest that anti-hypertensive agents should be titrated for a goal systolic 

blood pressure (SBP) less than 130 mmHg and diastolic blood pressure less than 80 mmHg 

in patients with cardiovascular disease.16 However, studies are lacking on the effects of 

blood pressure control per these guidelines on the coronary microvascular tone, which 

has direct implications on myocardial perfusion. Therefore, the goal of this study is to 

investigate differences in coronary myogenic tone and vasomotor responses to phenylephrine 

before and after CP/CPB in patients with no hypertension, well-controlled hypertension, and 

uncontrolled hypertension. We hypothesized that coronary myogenic tone and contractile 

response to phenylephrine would be increased in the setting of uncontrolled hypertension, as 

mediated by alterations in ERK1/2 and PKC signaling pathways.
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METHODS:

Tissue Collection

Right atrial tissue was harvested before and after CPB from patients undergoing cardiac 

surgery with CP/CPB. Two samples were taken from the right atrial appendage using 

a double-purse-string technique with 3–0 polypropylene sutures. The first tissue sample 

(“pre-CPB”) was collected before initiation of CPB during placement of the venous 

cannula into the right atrium. During collection, the superior suture was tightened to secure 

the cannula, while the inferior suture remained loose, thereby allowing the atrial tissue 

between the sutures to be exposed to cardioplegia solution, the effects of CPB, and the 

effects of reperfusion. The second atrial sample (“post-CPB”) was collected between the 

two purse-string sutures after cross clamp removal and termination of CPB, but before 

protamine administration. Atrial samples were immediately frozen in liquid nitrogen for 

immunoblotting or stored in cold Krebs buffer for in-vitro microvascular reactivity studies.

Groups were defined based on documented history of hypertension (HTN), use of 

prescription anti-hypertensive agents, and average clinic systolic blood pressure (SBP) 

measurements over one year prior to cardiac surgery. The non-hypertensive group (NH) was 

defined as patients with no documented active HTN, no use of prescription anti-hypertensive 

agents, and an average SBP less than 130 mmHg. The well-controlled HTN (WC) group was 

defined as patients with a documented history of HTN, use of prescription anti-hypertensive 

agents, and an average SBP less than 130 mmHg. The uncontrolled HTN (UC) group 

was defined as patients with a documented history of HTN, with or without use of 

prescription anti-hypertensive agents, and an average SBP greater than 130 mmHg. Patients 

undergoing an emergent procedure were excluded. Regarding anti-hypertensive agents, it 

is the practice of our institution to instruct patients to hold angiotensin-converting enzyme 

inhibitors and angiotensin receptor blockers 48 hours prior to surgery, and to continue 

beta blockers and calcium channel blockers through the morning of surgery. Prescription 

anti-hypertensive agent use was documented as of the patient’s most recent history and 

physical documentation.

All procedures were approved by the Institutional Review Board (IRB) of Rhode Island 

Hospital, Alpert Medical School of Brown University (IRB #004410, 03/10/10), and 

informed consent was obtained from all enrolled patients prior to tissue collection and 

involvement in the study as required by the IRB. (Figure 5) (Video Abstract)

In-vitro Coronary Microvascular Studies

Coronary arterioles (80–180μm internal diameter) were harvested out of human atrial tissue 

from NH (n=5), WC (n=8), and UC (n=13) groups, and dissected using a dissecting 

microscope. Depending on tissue availability, some patient samples were adequate for use 

in both myogenic tone and phenylephrine treatment studies, while others were adequate 

for use in only one study. Microvessels were placed in a microvessel chamber containing 

circulating warm (37 degrees Celsius) and oxygenated (95% oxygen and 5% carbon dioxide) 

Krebs buffer solution, cannulated with dual glass micropipettes (30–80μm in diameter), 

and secured in place with 10–0 nylon monofilament sutures. The microvessel image was 
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projected onto a monitor using an inverted microscope (40–200x, Olympus CK2, Olympus 

Optical) connected to a video camera. An electronic dimension analyzer was used to 

measure the internal luminal diameter.

For myogenic tone studies, NH (n=5), WC (n=8), and UC (n=10) coronary arteriole internal 

diameters were measured with stepwise increases in intraluminal pressure of 20–120 mmHg, 

an ex-vivo model of mean arterial pressure. At each pressure, the vessel was allowed to 

reach a steady-state diameter for 3 minutes prior to measurement. Internal diameters of 

microvessels were normalized to the microvessel diameter after treatment with papaverine. 

Increased myogenic tone with stepwise increases in intraluminal pressure is reflected by 

decreased arteriolar internal diameter. (Supplementary Figure 1)

For phenylephrine treatment studies, NH (n=4), WC (n=5), and UC (n=9) coronary 

arterioles were pressurized to 40 mmHg in a no-flow state by using a burette manometer 

filled with Krebs buffer solution. The microvessels were allowed to bathe in the Krebs 

buffer-containing microvessel chamber for at least 30 minutes, then phenylephrine was 

applied to the vessel in increasing concentrations (10−9-10−4M), and in-vitro contractile 

responses were assessed via vessel myography. (Video)

Immunoblotting

Coronary atrial tissue samples from four patients per NH, WC, and UC groups were 

dissected and cleaned of connective tissues and solubilized in RIPA buffer. Total protein 

(37μg) was fractionated on a 4–12% Bis-Tris gel (ThermoFisher Scientific), transferred 

to a nitrocellulose membrane (ThermoFisher Scientific, Waltham, MA), and membranes 

were incubated overnight at 4 degrees Celsius with 1:1000 dilutions of individual rabbit 

polyclonal primary antibodies to protein kinase C alpha (PKCα), phosphorylated PKCα 
(p-PKCα), extracellular signal-regulated kinase 1/2 (ERK1/2), phosphorylated ERK1/2 (p-

ERK1/2), α-adrenergic 1A, and α-adrenergic 1B receptors (Abcam, Cambridge, UK). The 

membranes were then washed and incubated with goat polyclonal anti-rabbit or anti-mouse 

secondary antibody for one hour at room temperature. Membranes were then washed 

and processed for chemiluminescent detection and captured with a digital camera system 

(Bio-Rad ChemiDoc MP, Life Science, Hercules, CA). All membranes were probed with 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Cell Signaling, Danvers, MA) to 

correct for loading error. Densitometric analysis of band intensity was performed using NIH 

Image J software.

Immunofluorescence

Immunofluorescence studies were performed as previously described.4 Briefly, paraffin-

embedded atrial tissue sections from three patients were de-paraffinized, antigen unmasked 

with sodium citrate, blocked with 3% BSA, and incubated with primary antibodies to 

α-smooth muscle actin (α-SMA) and p-PKCα, p-ERK1/2, or no additional antibody which 

served as the negative control. Sections were then incubated with Alexa-fluor tagged 

secondary antibodies (Abcam, Cambridge, UK). Images were captured at 20X magnification 

with an Olympus VS200 Slide Scanner.
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Data Analysis

Baseline myogenic tone initially measured as diameter in µm in response to stepwise 

increases in intraluminal pressure were normalized as previously discussed. Microvessel 

responses to phenylephrine are expressed as percent constriction compared to baseline. 

Microvascular reactivity data were analyzed using 2-way repeated measures ANOVA 

followed by Tukey’s multiple comparison’s test if indicated. Western blot data were 

analyzed using paired t tests with Bonferroni corrections to compare densitometry of 

samples before and after CPB, and unpaired t tests with Bonferroni corrections to compare 

densitometry of samples from NH vs WC vs UC patients pre-bypass or post-bypass. Data 

are reported as mean and standard deviation (SD). Probability values <0.05 were considered 

significant.

RESULTS:

Patient Characteristics

The patient characteristics are listed in Table 1. Tissue samples from a total of 37 

patients were studied, with 9 patients in the NH group (5 for microvessel studies, 4 

for immunoblotting), 12 patients in the WC group (8 for microvessel studies, 4 for 

immunoblotting), and 16 patients in the UC group (13 for microvessel studies, 4 for 

immunoblotting – one patient’s tissue sample availability adequate for both microvessel 

and immunoblotting studies). Mean age was 63 ± 10 years old in the NH group, 65 ± 10 

years old in the WC group, and 68 ± 7 years old in the UC group. Gender distribution was 8 

males and 1 female in the NH group, 11 males and 1 female in the WC group, and 14 males 

and 2 females in the UC group. Patients from each group underwent a variety of cardiac 

surgical procedures with the majority being coronary artery bypass grafting. The average 

clinic systolic BP in mmHg was 119 ± 10 in the NH group, 117 ± 9 in the WC group, 

and 138 ± 6 in the UC group. Classes of anti-hypertensive drugs prescribed to patients as 

of their most recent pre-operative history and physical documentation are listed in Table 

1. One patient in the NH group was prescribed a beta blocker for an indication other than 

hypertension. Of note, all patients in Table 1 who were not previously on beta blockers were 

started on beta blockers pre-operatively for cardioprotection.

Microvascular Reactivity

Prior to cardiopulmonary bypass, there was a significant increase in myogenic tone in 

the UC group compared to patients in the NH and WC groups at intraluminal coronary 

pressures of 120 mmHg (p<0.05) and compared to patients in the WC group at pressures 

of 100 mmHg (p<0.05). After cardiopulmonary bypass, there was a significant increase in 

myogenic tone in patients in the UC group compared to patients with NH and WC groups 

across all intraluminal pressures (p<0.05). There was no significant difference in myogenic 

tone between the NH and WC groups (Figure 1). Cardiopulmonary bypass was associated 

with a significant decrease in myogenic tone among patients in all groups (Figure 1).

Pre-CP/CPB contractile response to phenylephrine was significantly enhanced in patients 

within the UC group compared to patients with WC group at higher doses of phenylephrine 

(p<0.05). Post-CP/CPB contractile responses to phenylephrine were enhanced to a lesser 
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degree in patients with poorly controlled HTN compared to patients in the WC and 

NH groups only at higher doses of phenylephrine (p<0.05). There were no significant 

differences in phenylephrine-induced vasomotor tone between patients in the NH and WC 

(p>0.05) (Figure 2). All three groups had significantly decreased contractile responses to 

phenylephrine at higher doses post-CP/CPB compared to pre-CP/CPB. (Figure 2)

Protein Expression

Immunoblot staining showed a significant increase in expression of the p-PKCα in the UC 

group post-CPB compared to pre-CPB (p=0.003). There was a trend towards increased ratio 

of p-PKCα and PKCα in the UC group post-CPB compared to pre-CPB that did not reach 

significance (p=0.09).

There was significantly increased expression of p-ERK1/2 in the UC group post-CP/CPB 

compared to the NH group post-CP/CPB (p=0.032), and increased ratio of p-ERK1/2 and 

ERK1/2 in the UC group post-CP/CPB compared to the NH group post-CP/CPB (p=0.036).

There was also a trend toward decreased p-ERK1/2 and the ratio of p-ERK1/2 and ERK1/2 

post-CP/CPB compared to pre-CP/CPB in the NH and WC groups, and increased p-ERK1/2 

and the ratio of p-ERK1/2 and ERK1/2 post-CP/CPB compared to pre-CP/CPB in the UC 

group, but these did not approach significance (Figure 3).

There were no significant differences in expression of α−1A adrenergic receptor or α−1B 

adrenergic receptors in the NH, WC, or UC groups at baseline or after CP/CPB (Figure 4).

Protein Localization

Immunofluorescent staining of tissue sections displayed a signal for p-PKCα and p-ERK1/2 

on the coronary microvessel walls as stained by α-SMA. (Figure 5)

DISCUSSION:

In this study, we demonstrated that the loss of coronary myogenic tone that occurs 

following CP/CPB is less pronounced in patients with uncontrolled hypertension compared 

to patients with no hypertension and well-controlled hypertension. Further, coronary 

arteriolar contractile responses to phenylephrine are increased in patients with uncontrolled 

hypertension before and after CP/CPB. Increased myogenic tone in patients with 

uncontrolled hypertension was associated with increased expression of p-PKCα post-

CP/CPB compared to pre-CP/CPB, and with increased expression of p-ERK1/2 post-

CP/CPB in patients with uncontrolled hypertension compared to normotension. There 

were no differences in protein expression of α-adrenergic receptors 1A and 1B based on 

hypertension history, suggesting that differences in contractile responses to phenylephrine 

in the setting of co-morbid hypertension may be due to altered post-receptor molecular 

signaling pathways.

The coronary microcirculation, which is critical in the regulation of myocardial perfusion, is 

comprised of vessels <200μm in diameter and includes capillaries and arterioles. Arteriolar 

smooth muscle has an intrinsic ability to constrict in response to increased vascular 

Sabe et al. Page 6

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intraluminal pressure, a phenomenon described as myogenic tone.17 Myogenic tone plays 

an important role in autoregulation of myocardial and cerebral perfusion in response 

to changes in systemic blood pressure.5,14 Therefore, factors that dysregulate coronary 

arteriolar myogenic tone may directly affect myocardial perfusion.

Cardioplegia and cardiopulmonary bypass are known to disrupt coronary microcirculatory 

function, leading to impaired endothelial-dependent arteriolar dilation and impaired 

myogenic tone.3,5 In the present study, we have redemonstrated that CP/CPB is associated 

with decreased myogenic tone among all patient groups. Hypertension also affects 

myogenic tone, and treating hypertension has been shown to reverse effects in the 

cerebral microcirculation.14 Interestingly, uncontrolled hypertension, when compared to 

well-controlled hypertension or normotension, was associated with increased coronary 

myogenic tone at higher intraluminal pressures at baseline, but after CP/CPB, this effect 

was apparent across all intraluminal pressures. The clinical consequences of this increased 

myogenic tone following CP/CPB in the uncontrolled HTN group compared to well-

controlled and non-hypertensive patients are not yet clear, given that poor myogenic 

tone may lead to myocardial edema and dysfunction, while elevated tone may reduce 

perfusion and contribute to vasospasm.18 Therefore, the possibility that a blunted decrease 

in myogenic tone following CP/CPB among patients with uncontrolled HTN could be 

cardioprotective in this particular setting may warrant further investigation. However, 

baseline increases in coronary myogenic tone among patients with poorly controlled 

hypertension, particularly in the setting of coronary artery disease, could have deleterious 

effects on myocardial perfusion.

Coronary myogenic tone is regulated by many factors, including changes in calcium 

signaling, ERK1/2 signaling, and PKC activity, particularly the PKCα isoform.6,7 We 

investigated whether changes in protein expression of PKCα and ERK1/2, and in their 

phosphorylated active forms, may account for increases in coronary myogenic tone among 

patients with poorly controlled hypertension. We hypothesized that these proteins would 

be the main drivers of changes in myogenic tone after CP/CPB. After CP/CPB, there 

was increased expression of p-PKCα in patients with uncontrolled hypertension compared 

to pre-CP/CPB, which could account for the blunted loss of myogenic tone following 

CP/CPB in this group. Further, phosphorylation of ERK1/2 appears to play a role in the 

differences in myogenic tone between groups, with increased expression of p-ERK1/2 and 

increased ratio of p-ERK1/2 and ERK1/2 in patients with uncontrolled HTN compared 

to normotension after CP/CPB, a finding which was also consistent with differences in 

myogenic tone between these groups. Our findings suggest that phosphorylation of PKCα 
and ERK1/2 may contribute to increased coronary myogenic tone after CP/CPB in patients 

with uncontrolled hypertension relative to patients with normotension. However, despite 

trends toward increased expression of p-ERK1/2 and in the ratio of p-ERK1 and ERK1/2 

in patients with uncontrolled hypertension compared to well-controlled hypertension, there 

were no significant changes to explain differences in myogenic tone between these two 

groups. Therefore, we cannot exclude changes in other parts of the signaling pathway 

contributing to the alterations that we observed in myogenic tone.
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Additionally, coronary tone may be regulated by a number of other extrinsic factors, 

including neurohormonal substances.19 One important drug used clinically is phenylephrine, 

which is a selective α−1 adrenergic receptor agonist. α−1 adrenergic activation is an 

important mediator of coronary arteriolar vasoconstriction in the setting of endothelial 

dysfunction.20 The results of this study suggest that phenylephrine causes increased 

coronary microcirculatory vasoconstriction in patients with a history poorly controlled 

hypertension when compared to patients with well-controlled hypertension. Though the 

vasoconstrictive response to phenylephrine is blunted after CPB in all groups, patients with 

uncontrolled hypertension still have increased coronary vasoconstrictive responses to higher 

doses of phenylephrine when compared to other groups. Increased coronary vasoconstriction 

in patients with uncontrolled hypertension could have important clinical consequences such 

as reduced coronary flow and myocardial perfusion in the post-operative setting in this 

patient population. These findings also underscore the importance of adequate pre-operative 

management of co-morbidities in patients undergoing cardiac surgery, a theme that has been 

previously investigated in patients with controlled versus uncontrolled diabetes.8 Changes 

in coronary responses to phenylephrine based on hypertension status were not explained 

by differences in baseline or post-CPB levels of adrenergic α−1A or α−1B receptors, 

both activated by phenylephrine to induce vasoconstriction. Alterations in PKCα signaling 

are also known to impair phenylephrine-mediated adrenergic signaling,2 and the increased 

expression of phosphorylated PKCα in patients with uncontrolled HTN may contribute 

to augmented contractile responses to phenylephrine compared to other groups. However, 

further studies are warranted to investigate additional mechanisms by which phenylephrine 

induced vasoconstriction is altered in patients with poorly controlled hypertension. Future 

studies from our lab will also investigate whether hypertension status alters vasomotor 

responses to other clinically relevant vasomodulators such as nitroprusside and vasopressin 

in the setting of CP/CPB.

An important consideration is whether the differences in coronary microvascular tone noted 

in our study among hypertension groups before and after CPB have clinically important 

implications. First, hypertension is associated with diastolic heart failure, rarefaction of 

the microvasculature in the heart and other organs,21 and increased myogenic tone under 

baseline conditions.13,14,17 In addition, elderly patients have less potential to repair vascular 

injury.22 Secondly, the findings of this study may have implications in vasoplegic syndrome, 

manifesting as decreased systemic vascular resistance and hypotension after cardiac surgery 

with CP/CPB. While peripheral and coronary microvascular function may correlate,23 

microvascular changes that result in systemic vasoplegia would be better investigated in 

non-coronary peripheral tissue beds. The current study’s focus on coronary microvascular 

tone is, in contrast, most directly related to myocardial tissue perfusion. Therefore, we 

would exercise caution in extrapolating these findings to physiologic changes responsible for 

systemic vasoplegia, and studies in this area on peripheral vascular beds are planned by our 

group to better address how hypertension status and CP/CPB affect peripheral vascular tone.

A limitation to the present study includes low sample size, particularly in the western 

blot analysis of four per group, in order to compare protein expression across a total of 

six different groups with a single experimental design. These small group sizes may not 

be powered enough to detect important differences in expression of proteins involved in 
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coronary myogenic tone. Additionally, there is wider heterogeneity in this human study 

of coronary microvascular tone compared to animal studies that have more controlled 

parameters. We attempted to characterize important baseline characteristic distributions 

that were relevant to coronary microvascular disease, including gender, BMI, and HbA1c, 

but there are likely other unaccounted for co-morbidities and variables that may influence 

coronary microvascular tone in these patients. Finally, the study was subject to recall bias 

given the assignment of patients into categories based on pre-defined HTN status.

CONCLUSION:

In conclusion, poorly controlled hypertension is associated with a blunted decrease in 

coronary myogenic tone after cardiopulmonary bypass and increased vasoconstrictive 

response to phenylephrine that persists after cardiopulmonary bypass, when compared to 

patients with no hypertension or well-controlled hypertension (Figure 6). The mechanisms 

and clinical implications of these changes and the changes that occur in other vascular beds 

warrant further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GLOSSARY OF ABBREVIATIONS

CP/CPB cardioplegia and cardiopulmonary bypass

ERK1/2 extracellular signal-regulated kinase 1/2

pERK1/2 phosphorylated extracellular signal-regulated kinase 1/2

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HTN hypertension

NH no hypertension group

PKCα protein kinase C alpha

pPKC phosphorylated protein kinase C alpha

SBP systolic blood pressure
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UC uncontrolled hypertension group

WC well controlled hypertension group
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CENTRAL MESSAGE:

Patients with uncontrolled hypertension have increased coronary myogenic tone before 

and after cardiopulmonary bypass compared to patients with no hypertension or well-

controlled hypertension.
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PERSPECTIVE STATEMENT:

Cardiopulmonary bypass (CPB) dysregulates coronary microvascular tone which affects 

myocardial perfusion. Patients undergoing cardiac surgery often have co-morbid 

hypertension, which also dysregulates microvascular tone. These effects may depend 

on pre-operative blood pressure control. We found that uncontrolled hypertension is 

associated with increased coronary myogenic tone before and after CPB.
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Figure 1: Coronary Myogenic Tone Before and After Cardioplegia / Cardiopulmonary Bypass.
Coronary arteriolar normalized diameter response to intraluminal pressure (20 – 120 mmHg) 

in patients with no hypertension (NH, n=5), well-controlled hypertension (WC, n=8), 

and uncontrolled hypertension (UC, n=10) (A) before (pre-) cardioplegia/cardiopulmonary 

bypass (CP/CPB), and (B) after (post-) CP/CPB. Data also presented as pre- and post-

CP/CPB responses subdivided by patients with (C) no hypertension (NH), (D) well-

controlled hypertension (WC), and (E) uncontrolled hypertension (UC). Data plotted as 

mean ± SD; * p < 0.05 UC vs. WC and UC vs. NH; ** p < 0.05 UC vs WC.
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Figure 2: Dose-dependent constriction in response to phenylephrine in in-vitro coronary 
arterioles
coronary arteriolar constriction response to phenylephrine (10−9-10−4 M) in non-HTN 

(NH, n=4), well-controlled HTN (WC, n=5), and uncontrolled HTN (UC, n=9) patients 

(A) before (pre-) cardioplegia/cardiopulmonary bypass (CP/CPB), and (B) after (post-) CP/

CPB. Data also presented as pre- and post-CP/CPB responses subdivided by patients with 

(C) no hypertension (NH), (D) well-controlled hypertension (WC), and (E) uncontrolled 

hypertension (UC). Data plotted as mean ± SD; * p < 0.05 UC vs. WC; ** p < 0.05 UC vs. 

WC and UC vs. NH.

Sabe et al. Page 15

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Protein expression of PKCα and ERK1/2.
Western blot protein expression analysis of phosphorylated and total protein kinase C alpha 

(p-PKCα, PKCα) and extracellular signal-regulated kinases 1 & 2 (p-ERK 1/2, ERK 1/2) 

in non-HTN (NH), well-controlled HTN (WC), and uncontrolled HTN (UC) patients before 

(pre-) and after (post-) cardioplegia/cardiopulmonary bypass (CP/CPB). Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as a loading control. Data presented as fold 

changes in optical density compared to average optical density in NH group. Blot images 

are provided in Supplementary Figure 2. n = 4/group. Upper and lower borders of box 

represent upper and lower quartiles, middle horizontal line represents median, upper and 

lower whiskers represent maximum and minimum values of non-outliers. *p<0.05 pre-CPB 

vs post-CPB. #p<0.05 NH post-CPB vs UC post-CPB.
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Figure 4: Protein expression of α−1 Adrenergic Receptors.
Western blot protein expression analysis of α−1A and α−1B adrenergic receptor subtypes 

in non-HTN (NH), well-controlled HTN (WC), and uncontrolled HTN (UC) patients before 

(pre-) and after (post-) cardioplegia/cardiopulmonary bypass (CP/CPB). Data presented as 

fold changes in optical density compared to average optical density in NH group. Blot 

images are provided in supplementary figure 2. n = 4/group. Upper and lower borders of 

box represent upper and lower quartiles, middle horizontal line represents median, upper and 

lower whiskers represent maximum and minimum values of non-outliers.
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Figure 5: Localization of p-PKCα and p-ERK1/2 in coronary microvessels.
Immunofluorescent staining of human atrial tissue sections demonstrated expression of 

phosphorylated protein kinase C alpha (p-PKCα, purple) and phosphorylated extracellular 

signal-regulated kinase 1/2 (p-ERK1/2, purple) on the coronary microvessel walls as stained 

by α-smooth muscle actin (α-SMA, green). Nuclei stained with DAPI (blue). Negative 

control stained only with α-SMA showed low level of background fluorescence without 

p-PKCα and p-ERK1/2 signals. Images obtained at 20X magnification.
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Figure 6: Graphical Abstract.
Patients who underwent cardiac surgery with cardioplegia/cardiopulmonary bypass (CP/

CPB) were divided into three groups: no hypertension (HTN) (NH, n=9), well-controlled 

HTN (WC, n=12), uncontrolled HTN (UC, n=16). Atrial tissue before and after CP/CPB 

was harvested. Tissue samples were allocated to coronary myogenic tone studies (NH n=5, 

WC n=8, UC n=10), or other in-vitro and molecular analyses, specifically phenylephrine 

treatment studies and western blotting. For myogenic tone studies, coronary arterioles 

were dissected out. In-vitro measurement of coronary myogenic tone was carried out 

by measurement of arteriolar diameter in response to stepwise increases in intraluminal 

pressure. Uncontrolled hypertension was associated with increased coronary myogenic tone 

before and after CP/CPB.
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CENTRAL PICTURE: 
Coronary Myogenic Tone After Cardioplegia / Cardiopulmonary Bypass. *p<0.05.
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Table 1:

Baseline characteristics.

Baseline Characteristics No HTN (n=9) Controlled HTN (n=12) Uncontrolled HTN (n=16)

Age – yr. 63 ± 10 65 ± 10 68 ± 7

Male/Female – n (%) 8 (89%) 11 (92%) 14 (88%)

CABG only – n (%) 7 (78%) 6 (50%) 12 (75%)

Valve surgery only – n (%) 1 (11%) 3 (25%) 3 (19%)

CABG + valve surgery - n (%) 1 (11%) 3 (25%) 1 (6%)

HbA1c (%) 6.2 ± 1.6 6.9 ± 1.3 6.2 ± 0.8

BMI (kg/m2) 27.6 ± 5.7 32.4 ± 7.0 31.2 ± 4.6

CPB Time (min) 92 ± 47 141 ± 57 118 ± 61

Cross Clamp Time (min) 71 ± 40 107 ± 43 95 ± 51

Systolic BP (mmHg) 119 ± 10 117 ± 9 138 ± 6

Diastolic BP (mmHg) 72 ± 5 69 ± 6 77 ± 7

Anti-hypertensive drug class

 ACEi – n (%) 0 (0%) 5 (42%) 6 (38%)

 ARB – n (%) 0 (0%) 2 (17%) 6 (38%)

 Calcium Channel Blocker – n (%) 0 (0%) 3 (25%) 5 (31%)

 Beta Blocker – n (%) 1 (11%) 10 (83%) 9 (56%)

 Thiazide – n (%) 0 (0%) 3 (25%) 4 (25%)

 Loop Diuretic – n (%) 0 (0%) 3 (25%) 0 (0%)

Categorical variables presented as no. (%); Continuous variables presented as mean ± standard deviation; Abbreviations: HTN = hypertension; 
CABG = coronary artery bypass surgery; AVR = aortic valve replacement; MVR = mitral valve replacement; BP = blood pressure; HbA1c = 
hemoglobin A1c; BMI = body mass index; CPB = cardiopulmonary bypass; ACEi = angiotensin converting enzyme inhibitor; ARB = angiotensin 
II receptor blocker
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