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Abstract

Introduction—Diabetic patients are associated with impaired peripheral microvascular function
after cardiopulmonary bypass (CPB) and cardiac surgery. We hypothesized that upregulation of
the inducible cyclooxygenase 2 (COX-2) contributes to altered microvascular reactivity of
peripheral arterioles in diabetic patients undergoing CPB and cardiac surgery.

Methods—Skeletal muscle samples of non-diabetic (ND) and diabetic (DM) patients (n = 8/
group) undergoing cardiac surgery were harvested before and after CPB. The protein expression/
localization of COX-2 was assayed by Western blotting and immunohistochemistry. Peripheral
arterioles were dissected from the harvested skeletal muscle tissue samples, the isolated arterioles
(80-180um) were cannulated and pressurized, and changes in diameter were measured with video
microscopy. In-vitro relaxation responses of pre-contracted arterioles were examined in the
presence of the endothelium-dependent vasodilator bradykinin (10710 to 107°M) and in the
presence or absence of the selective COX-2 inhibitor NS398 (107°M).

Results—The post-CPB protein levels of the inducible COX-2 were significantly increased
compared with pre-CPB values in both the ND and DM groups (P<0.05), whereas, this increase
was higher in DM than that of non-diabetics (P<0.05). In the DM arterioles, not the ND vessels,
bradykinin-induced relaxation response was inhibited in the presence of the specific COX-2
inhibitor NS398 at baseline (P<0.05). After CPB, bradykinin-induced relaxation response of the
ND and DM arterioles was inhibited in the presence of the specific COX-2 inhibitor NS398, but
this effect was more pronounced in the diabetic patients (P<0.05).
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Conclusion—Diabetes and CPB are associated with up-regulation in COX-2 expression/
activation in human peripheral microvasculature. This alteration may lead to altered peripheral
microvascular reactivity in diabetic patients undergoing cardiac surgery.
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Introduction

Patients with diabetes mellitus (DM) display a high risk of morbidity and mortality after
cardiac surgery, especially in cases that require cardiopulmonary bypass (CPB).1~3 Diabetic
patients are at risk for increased mortality, post-operative body weight, and length of hospital
stay post-cardiac surgery.1#:> Recent studies have shown that diabetes is associated with
increased vascular permeability and decreased vasomotor function,*® as well as decreased
endothelium-dependent and independent relaxation response to vasodilators after cardiac
surgery.5-9

The inducible isoform cyclooxygenase 2 (COX-2) is associated with the inflammatory
response and is known to produce several mediators for coronary vasodilation and
constriction.10-13 Unlike COX-1 which is present in tissues throughout the body, COX-2
expression has been shown to be upregulated to tissues experiencing inflammation or
damage.10-15 Particularly relevant are tissues undergoing trauma due to surgery.19-15 We
have previously shown increased protein and gene expression of COX-2 in the ischemic
heart after cardioplegic arrest (CP) and cardiac surgery in non-diabetic patients,10-11
Recently, we have also found that diabetes induces COX-2 upregulation in ischemic
myocardium and coronary arterioles in the setting of cardioplegic arrest and reperfusion.16
These findings suggest that upregulation of COX-2 expression may contribute to bradykinin-
induced coronary arteriolar relaxation in diabetic patients undergoing cardiac surgery.
However, it is not known whether diabetes and/or CPB may also affect COX-2 expression in
the skeletal muscle. Therefore, we hypothesized that diabetes and/or CPB induces
overexpression of the inducible COX-2 in the skeletal muscle tissue and peripheral
vasculature, which may also contribute to bradykinin-induced peripheral microvascular
relaxation, in the same manner as its effect on coronary microvasculature. Thus, the aim of
this study is to measure COX-2 expression post-CPB in diabetic patients and analyze its
effect on microvascular reactivity in vasodilation pathways involving bradykinin.

Methods and materials

Skeletal Muscle Tissue Harvesting

Patients were identified among those undergoing cardiac surgery requiring cardiopulmonary
bypass (CPB) at Rhode Island Hospital. Patients were divided into two groups based on their
diabetic status: 1) non-diabetic (normal HgbA1C) and 2) diabetic (HghA1C>8.5). Two
samples of skeletal muscle were removed from the left interior chest wall of each patient.
The first was taken before cannulation pre-CPB. The second was harvested after removal of
the aortic cross clamp and weaning off of CPB. Both samples were then prepared for three
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experimental procedures: 1) in-vitro microvascular reactivity, 2) immunohistochemistry, 3)
protein analysis western blotting. All procedures were approved by the Institutional Review
Board of Rhode Island Hospital, and informed consent was obtained from all enrolled
patients.

Microvascular reactivity

Avrterioles (80-180 micrometer in diameter) were dissected from skeletal muscle samples
before and after CPB. Arterioles were then stabilized in the organ chamber before being pre-
treated and perfused with a thromboxane A-2 analogue U46619 (10~'M) (Sigma-Aldrich,
St. Louis, MO) to 30-50% of the baseline diameter. The arterioles were then exposed to
increasing concentrations of endothelium-dependent vasodilator bradykinin (Sigma-Aldrich)
to measure the dose-dependent relaxation response. It has been well recognized that
bradykinin induced vascular relaxation is endothelium-dependent.17-19 A sub-group of
arterioles was also treated with a COX-2 inhibitor NS398 (10->M) before the exposure to
bradykinin for analysis of the effect of COX-2 on this vasodilation pathway.

Western blot

Protein samples were purified from the pre and post-CPB SKM tissue samples and prepared
for immunoblotting. Membranes were incubated with individual polyclonal primary
antibodies for COX-1 and COX-2, and then incubated with horseradish peroxidase-
conjugated secondary antibodies. Peroxidase activity was visualized using a digital camera
system and imaging bands were quantified using densitometry software.

Immunohistochemistry

After extraction, a portion of both pre- and post-CPB skeletal muscle samples were
sectioned and parafinized for later use during microscopy techniques. Upon initiation of
immunohistochemistry procedures, the sections were deparafinized in xylene, rehydrated
using graded ethanol and PBS, and antigen-unmasked using sodium citrate. Slides were then
washed with PBS and blocked with a 2% BSA and PBS solution at room temperature for 2
hours. After PBS wash, the slides were incubated overnight with anti-COX1, anti-COX2,
and anti-mouse smooth muscle actin antibodies at 4°C. After PBS wash, the slides were
incubated with the appropriate secondary antibody and mounted with fluorescent mounting
medium. Slides were visualized using the Nikon epi-fluorescent microscope system. All
images were taken at the same magnification and resolution, and later processed for optical
density analysis.

Data analysis

All statistical analyses were performed with GraphPad Software (GraphPad Software, Inc,
San Diego, CA). Data are expressed as the mean + SD. For analysis of data from patient
characteristics, protein expression and other imaging, Kruskal-Wallis tests with Dunn's
multiple test were performed. For analysis of categorical data, Fisher’s exact test was
employed. For analysis of microvessel data, two way repeated-measures ANOVA with a post
hoc Bonferroni test was performed. P values less than 0.05 were considered significant.
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Patient characteristics are listed in the Table 1. The pre-operative hemoglobin A1C levels
were 5.2 £ 0.3 in the ND patients and 9.0 £ 0.4 in the DM patients. All patients (n = 8/
group) with preoperative hypertension were on antihypertensive medication [(aspirin and/or
B-blocker, and/or calcium channel blocker, and/or statins and/or angiotensin-converting
enzyme inhibitors (ACEI)].

Microvessel Reactivity

Bradykinin induced dose-dependent relaxation response in both groups (Figure 1A-D).
There was a significant decrease in relaxation response of the skeletal muscle arterioles to
bradykinin in both groups post-CPB (P<0.05 vs. pre-CPB, Figure 1A and Figure 1B), and in
the DM group pre-CPB (P<0.05 vs. ND), with the most significant decrease occurring in the
DM group post-CPB (Figure 1A-D). There was no difference in the dose-dependent
response to bradykinin between ND and DM patient groups at baseline (pre-CPB, Figure
1C). At baseline (pre-CPB), treatment of microvessels with the selective COX-2 inhibitor
NS398 produced no effect on relaxation response of the pre-CPB vessels in the ND patient
group (Figure 2). In contrast, treatment with the COX-2 inhibitor NS398 significantly
diminished relaxation response to bradykinin in the pre-CPB DM microvessels (P<0.05 vs.
bradykinin alone, Figure 4). After CPB, treatment with the COX-2 inhibitor NS398
significantly inhibited relaxation response to bradykinin in both of ND and DM microvessels
(P<0.05 vs. bradykinin alone), but this effect was more pronounced in the DM group than
that of ND. (P<0.05 vs. ND, Figure 2)

COX-1 and COX-2 Protein Expression

Immunoblot results show that there was some increase in COX-1 expression post-CPB in
both ND and DM groups, however, this increase does not reach the level of statistical
significance (Figure 3A, and Figure 3B). Immunoblot results indicate that COX-2 expression
was significantly greater at baseline (pre-CPB) in the DM group than the ND group (P<0.05,
Figure 3C and Figure 4D). COX-2 expression also increased significantly post-CPB in both
patient groups and this affect was more pronounced in DM group than that of ND(P<0.05,
Figure 3C and Figure3D).

COX-1 and COX-2 Localization

Immuno-fluorescent staining demonstrated that COX-1 and COX-2 are localized in the
skeletal muscle microvessels (Figure 4). There were no significant differences in COX-1
distribution in the skeletal muscle microvessels between ND and DM or between pre-and
post-CPB.(Figure 4A and Figure 4B). At baseline, diabetes induced significant increases in
COX-2 expression compared with ND group (Figure 4C and Figure 4D, P<0.05 vs pre-CPB-
ND). The pre-CPB levels of COX-2 were significantly increased post-CPB in both groups
(P<0.05 vs. pre-CPB), but this increase was greater in DM than ND groups. (Figure 4C and
Figure 4D, P<0.05 vs. ND).
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Discussion

CPB often causes peripheral arteriolar dilation (vasoplegia) and reduces vasomotor tone,
manifested as systemic hypotension post-CPB. Clinically, anesthesiologists often administer
the amount of norepinephrine or vasopressin necessary to maintain systemic blood pressure
early after CPB. Consistent with the in-vivo observation, we have previously observed that
the response of post-CPB microvessels (in-vitro, pre-dilated vessels) to vasodilators and
vasopressors was significantly decreased.®:8:17.18 We have previously reported that CPB is
associated with impairment of peripheral arteriolar endothelial function in patients after
cardiac surgery.1911.14 |n particular, the relaxation responses of skeletal muscle microvessels
to endothelium-dependent and independent vasodilators, ADP, substance P and SNP were
significantly decreased after CPB and cardiac surgery.1011.14 |n the present study, we found
that the relaxation response of the skeletal muscle arterioles to the endothelium-dependent
vasodilator bradykinin was also impaired in patients after CPB and cardiac surgery. In this
study, we observed that impaired relaxation response to bradykinin was more pronounced in
the DM patients than the ND patients after CPB. These findings are consistent with our
previous studies, suggesting diabetes causes endothelial dysfunction in human peripheral
arterioles early after CPB and cardiac surgery.

Recently, our study demonstrates that COX-2 activation contributes to altered bradykinin-
induced vasodilation of coronary arterioles.18 In the present study, we observed that
bradykinin-induced vasodilation of the skeletal muscle arterioles was partially via COX-2
activation in diabetic patients, but not in non-diabetic patients at baseline. Importantly, after
CPB, bradykinin-induced relaxation response was inhibited in the presence of the selective
COX-2 inhibitor NS398 in both ND, and DM arterioles, whereas this effect was more
pronounced in the DM group. These novel findings suggest that diabetes markedly enhances
COX-2 activation in the peripheral microvasculature, indicating that COX-2 may play an
important role in the vasodilation pathway involving bradykinin in the peripheral
microcirculation early after CPB. Consistent with our previous study in the ischemic heart
and coronary microvasculature,10:11.16 we found upregulation of COX-2 protein expression
in the skeletal muscle and peripheral arterioles in the diabetic patients at baseline. In
addition to the Western blot experiments, immune-histochemical staining also detected
enhanced skeletal muscle and vascular localization of COX-2 in diabetic patients. The
upregulation of COX-2 may contribute to bradykinin-induced vasodilation of peripheral
arterioles in the diabetic patients.

We have previously found that cardioplegic arrest and reperfusion significantly upregulates
COX-2 gene/protein expression of ischemic myocardium in patients undergoing cardiac
surgery.1011 |n this study, we further observed that CPB caused more COX-2 protein
expression/distribution in the skeletal muscle and peripheral arterioles in both ND and DM
patients. This effect was more pronounced in diabetic patients. In contrast, CPB did not
affect COX-1 protein expression/distribution in the skeletal muscle and peripheral arterioles
in the patient with or without diabetes. These novel findings indicate that diabetes combined
with CPB further up-regulates COX-2 protein expression and localization in the peripheral
tissues and vessels. They also suggest that upregulated COX-2 plays an important role in the
altered skeletal-muscle arteriolar reactivity in diabetic patients early after CPB.
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However, the results of our study should be interpreted with several limitations. First, the
sample size is still very small (8/group). Second, the use of different medications prior to
cardiac surgery and the presence of varying comorbidities may have also affected the current
results. Third, pre- and perioperative treatment with insulin might have influenced the
outcomes of current studies. In conclusion, diabetes is associated with upregulation in
COX-2 expression/distribution in human skeletal muscle and peripheral microvasculature
early after CPB and cardiac surgery. These alterations may contribute to bradykinin-induced
peripheral arteriolar relaxation in diabetic patients undergoing CP/CPB and cardiac surgery.
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Fig. 1.

A. The relaxation responses of non-diabetic (ND), and diabetic (DM) arterioles to the dose-
dependent, endothelium-dependent vasodilator bradykinin at baseline; Pre-CPB: before
cardiopulmonary bypass; B. The relaxation response of ND, and DM peripheral arterioles to
bradykinin after (post-) CPB; C. The relaxation response of non-diabetic (ND) peripheral
arterioles to bradykinin between pre-CPB versus post-CPB; D. The relaxation response of
DM peripheral arterioles to bradykinin between pre-CPB versus post-CPB; Data are means
+ SD, n = 8/group, *P < 0.05 vs. ND; or pre-CPB,
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Fig. 2.

The relaxation response of pre-CPB arterioles to bradykinin (BK) in the presence and
absence of the selective COX-2 inhibitor NS398 from ND and DM patients. Data are means
+ SD. *P<0.05 vs. bradykinin, alone **P<0.001 vs. bradykinin alone, n = 6/group.
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A, representative immunoblots of skeletal muscle tissue samples from non-ND, and DM
patients, pre: pre-CPB, post-: post-CPB; B, Densitometric evaluation of immunoblot band
intensity shows no significant differences in the levels of COX-1 between the two groups, or
between pre- and post-CPB; C, representative immunoblots of skeletal muscle tissue
samples from non-ND, and DM patients.; D, Densitometric evaluation of immunoblot band
intensity shows significant differences in the levels of COX-2 between DM and ND groups,
or between pre- and post-CPB, Data are means + SD, n= 6/group, *P<0.05 vs. pre-CPB; @
P<0.05 vs. ND-pre-CPB, $P<0.05 vs. ND-post-CP/CPB.
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Fig. 4.

A, Immunofluorescence staining of COX-1 in paraffin-embedded human skeletal muscle
tissue samples from ND and DM patients; Vessels were co-stained for cell nuclei (blue),
smooth muscle a-actin (green) and COX-1 (red in endothelium and orange in smooth
muscle). B, Densitometric analysis of signal intensities shows no significant differences in
COX-1 distribution between the two groups or between pre- and post-CPB; C, Immuno-
histochemical image of COX-2 in paraffin-embedded human skeletal muscle tissue samples
from ND and DM patients; Vessels were co-stained for cell nuclei (blue), smooth muscle a-
actin (green) and COX-2 (red in endothelium and orange in smooth muscle). D.
Densitometric analysis of signal intensities shows differences in COX-2 distribution in the
skeletal muscle arterioles between the two groups or between pre- and post-CPB; Data are
means + SEM, *p<0.05 vs. pre-CPB; @P<0.05 vs. ND at baseline, #P<0.05 vs. ND post-
CPB; Data are means + SD, n= 6/group.
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Table 1

Patient Characteristics
Patient Characteristics ND DM P values
Age (y)* 68+ 8 65 + 7 0.62
Male/Female (n) 6/2 711 1.00
HbAlc (%)* 52+03 9.0+04 0.0001
Patient Blood Glucose (mg/dL, pre-CP/CPB)* 104 + 12 206 £ 28 # | 0.0001
Patient Blood Glucose (mg/dL, During-CP/CPB)* | 147 + 15 186+ 17# | 0.001
Pre-operative Insulin (n) 0 6# 0.47
Intra-operative Insulin (n) 1 8# 0.001
Obesity (BMI>30) 4 6 0.61
Hypercholestesterolemia (n) 4 5 1.00
Hypertension (n) 6 7 1.00
Current smokers 0 0 1.00
Atrial fibrillation (n) 0 0 1.00
Duration of CPB (min)* 101+9 109+ 10 0.15
Cross-clamp time (min)* 86 + 10 94 +11 0.16
CABG only (n) 6 5 1.00
CABG plus AVR or MV replacement 2 3 1.00
Number of Graft 2.63+05 | 288+0.7 | 0.35
Oral Antidiabetic Medications 0 5# 0.03
Aspirin 7 8 1.00

I . . .
vs. non-diabetics (ND); Mean + SD; HbAlc = hemoglobin Alc
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