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Background: Diabetic (DM) inactivation of small conductance calcium-activated potassium (SK) channels con-
tributes to coronary endothelial dysfunction. However, the mechanisms responsible for this down-regulation
of endothelial SK channels are poorly understood. Thus, we hypothesized that the altered metabolic signaling
in diabetes regulates endothelial SK channels and human coronary microvascular function.
Methods: Human atrial tissue, coronary arterioles and coronary artery endothelial cells (HCAECs) obtained from
DM and non-diabetic (ND) patients (n = 12/group) undergoing cardiac surgery were used to analyze metabolic
alterations, endothelial SK channel function, coronary microvascular reactivity and SK gene/protein expression/
localization.
Results: The relaxation response of DM coronary arterioles to the selective SK channel activator SKA-31 and cal-
cium ionophore A23187 was significantly decreased compared to that of ND arterioles (p < 0.05). Diabetes in-
creases the level of NADH and the NADH/NAD™ ratio in human myocardium and HCAECs (p < 0.05). Increase
in intracellular NADH (100 pM) in the HCAECs caused a significant decrease in endothelial SK channel currents
(p < 0.05), whereas, intracellular application of NAD* (500 puM) increased the endothelial SK channel currents
(p<0.05). Mitochondrial reactive oxygen species (mROS) of HCAECs and NADPH oxidase (NOX) and PKC protein
expression in the human myocardium and coronary microvasculature were increased respectively (p < 0.05).
Conclusions: Diabetes is associated with metabolic changes in the human myocardium, coronary microvascula-
ture and HCAECs. Endothelial SK channel function is regulated by the metabolite pyridine nucleotides, NADH
and NAD ™, suggesting that metabolic regulation of endothelial SK channels may contribute to coronary endothe-
lial dysfunction in the DM patients with diabetes.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

which are largely responsible for coronary arteriolar relaxation
mediated by endothelium-dependent hyperpolarizing factors (EDHF)

Diabetes mellitus (DM) affects >20% of the United States population
and is increasing dramatically in prevalence [1]. Patients with DM have
a significantly higher risk for coronary macrovascular and microvascular
diseases than patients without [2-4]. DM is associated with impairment
of microvascular endothelial function [2] and dysregulation of coronary
blood flow, which in turn could underlie decreased cardiac function and
result in increased cardiovascular morbidity and mortality [1,5-8]. Reg-
ulation of electrical signaling in the coronary endothelial cells plays a
key role in endothelial function [8-11]. This electrical signaling is medi-
ated by small conductance calcium-activated-potassium channels (SK),
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[8-12]. Previous studies reported that DM reduced endothelial SK chan-
nel currents, and accordingly endothelial dependent hyperpolarization
and peripheral vascular relaxation in rodent models [13]. Inactivation
of endothelial SK channels in this patient population contributes to
human coronary arteriolar endothelial dysfunction and impaired micro-
vascular relaxation [14,15]. Inhibition of SK channels also contributes to
coronary/peripheral microvascular dysfunction after cardioplegic ische-
mia and reperfusion (CP-I/R) in animals and humans, whereas, SK inhi-
bition is more pronounced in DM patients [14-17].

However, the precise mechanisms responsible for DM dysregulation
of SK channels and coronary endothelial function are still undefined.
Recent study indicates that metabolites [18], such as, pyridine nucleo-
tides can regulate ion channels, such as cardiac sodium channels (Iy,)
[19-22] voltage-gated potassium channels (Kv) of smooth muscle
cells [23,24] and large conductance calcium-activated potassium (BK)
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channels of pulmonary arterial smooth muscle cells [25]. However, little
is known on the role of pyridine nucleotides on DM dysregulation of
coronary endothelial SK channels. Thus, we hypothesized that the al-
tered metabolic signaling in DM dysregulates endothelial SK channels
and contributes to coronary microvascular endothelial dysfunction.

The goal of this study is to elucidate the role of metabolic signaling
during diabetes on coronary endothelial SK channel function and coro-
nary microvascular relaxation. Specifically, using human atrial tissue
samples, in-vitro coronary arterioles and human coronary artery endo-
thelial cells (HCAECs), we examined the metabolic changes in human
myocardium and HCAECs, measured the effect of metabolic molecules
on SK currents in HCAECs, and evaluated the relaxation response of
human coronary arterioles to selective SK activators.

2. Materials and methods
2.1. Human subjects and tissue harvesting

The discarded right-atrial-tissue samples were harvested from pa-
tients (n = 24) undergoing cardiac surgery during right atrial cannula-
tion and before exposure of the heart to CP-I/R [14-16]. All procedures
were approved by the Institutional Review Board (IRB) of Rhode Island
Hospital, Alpert Medical School of Brown University, and informed con-
sent was obtained from all enrolled patients.

2.2. Cell culture

Human coronary artery endothelial cells (HCAECs, passage 3) har-
vested from donors (patients) with and without DM (Lonza, Walkersville,
MD) were cultured and grown in the EGMTM-2 Bullet Kit medium
(Lonza) in a humidified incubator with 5%CO, at 37 °C according to the
manufacturer’s protocols [14,15].

2.3. Microvessel reactivity

The methods for measurement of in-vitro microvessel reactivity
have been described previously [14-16]. Coronary arterioles (80 to150
um internal diameters) were dissected from harvested right atrial
appendage-tissue-samples during atrial cannulation before the onset
of CP-I/R. After a 60-minute stabilization period in the organ chamber,
the microvessels were pre-constricted with endothelin-1 (10~%-
10~7 M) to 30-50% of the baseline diameter. After achievement of this
constricted steady state, dose-dependent relaxation was measured in
response to the application of the following vasodilators: the selective
SK channel activator SKA-31 (10°-10—> M), or the endothelium-
dependent, receptor-independent vasodilator A23187 (10~°-10~> M).
One or 3 interventions were performed on each vessel. The order of
drug administration was random. In some cases, endothelial denudation
was carried out by the intraluminal injection of air bubbles and all ves-
sels denuded of endothelium showed complete relaxation to sodium
nitroprusside.

2.4. Real-time PCR quantification

Total RNA from flash-frozen human atrial tissue samples was iso-
lated using the RNeasy Mini plus Kit (Qiagen, Valencia, CA) according
to the manufacturer's instruction and was reverse transcribed into
complementary DNA (cDNA) using SuperScript® VILO™ Master Mix
(Thermo Fisher Scientific, Waltham, MA) following the manufacturer's
protocol. Quantitative real-time reverse-transcriptase polymerase
chain reaction (qRT-PCR) was carried out using gene-specific primers,
Fast SYBR® Green Master Mix (Thermo Fisher Scientific, Waltham,
MA) and 7500 Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA). Forward primers: AAGCGACTGAGTGACTATGCTC (hSK3);
GCTGGCAGGAACTGGCATTG (hSK4); TCGTGGAAGGACTCATGACCA
(hGAPDH). Reverse primers: TCACGAAGAGCTGGACTTCAC (hSK3);

AAGGCCACGATGAGGCAGAG(hSK4);  CGCCAGTAGAGGCAGGGATG
(hGAPDH); The qRT-PCR reaction was activated with an initial denatur-
ation step at 95 °C for 20 s, followed by cycles of denaturation at 95 °C
for 3 s, and annealing and extension at 60 °C for 30 s. Samples were
run in triplicate and averaged. Gene expression levels were normalized
to the level of GAPDH.

2.5. Immunoblot

Atrial tissues samples and HCAECs were solubilized in SDS-PAGE
buffer. Total protein (40 pg) was fractionated on an 8% to 16% SDS-
PAGE and then transferred to a polyvinylidene diflouride membrane
(Immobilon-P; Millipore Corporation, Bedford, MA) as previously de-
scribed [11,12]. Membranes were incubated overnight at with 1:200 di-
lutions of individual rabbit polyclonal primary antibodies to SK-3, SK-4
(IK-1) (Alomone Labs Ltd., Jerusalem, Israel). The membranes were
then incubated for 1 h with horseradish peroxidase-conjugated second-
ary anti-rabbit IgG, and washed 3 times in Tris saline buffer. Peroxidase
activity was visualized with enhanced chemiluminescence (Thermo
Scientific) and the images were captured with a digital camera system
(G Box, Syngene, Cambridge, UK). The western blot bands were quanti-
fied with densitometry using Image] software (National Institute of
Health, Bethesda, MD). Specificities of the anti-SK-3, and anti-SK-4
(IK) antibodies were demonstrated in previous studies, respectively
[14-16].

2.6. Liquid chromatography-tandem to mass spectrometry (LC/MS-MS)

Polar metabolites were extracted from 100 mg flash-frozen atrial tis-
sue samples with 1 ml of ice-cold 80% (v/v) methanol and 0.6 ml aceto-
nitrile and analyzed using a 5500 QTRAP hybrid triple quadrupole mass
spectrometer (AB/SCIEX) coupled to a Prominence UFLC HPLC system
(Shimadzu) with SRM [26]. Peak areas from the total ion current for
each metabolite SRM transition were integrated using MultiQuant
v2.0 software (AB/SCIEX). LC/MS-MS was run independently for sam-
ples from n = 4/group. Data analysis was performed using Metabo An-
alyst 3.0 [27].

2.7. Two-dimensional thin layer chromatography (2D TLC)

Human atrial tissue samples (n = 4/group) were extracted with ice-
cold 80% (v/v) methanol and 0.6 ml acetonitrile and the supernatant
was separated by 2D TLC on a silica gel-coated aluminum plate with a
fluorescent indicator 254 nm (Sigma-Aldrich, St. Louis, MO). The first
separation was conducted in the solvent system Isopropanol, NH40H,
and water, in volume proportions (6:3:1); followed by the second di-
mension in the solvent system N-butanol, acetone, acetic acid, 5% am-
monium hydroxide, and water, in volume proportions (9:3:2:2:4).
Individual spots were identified in UV light based on the migration of
the standard molecule alone.

2.8. Measurements of NADH and NAD™ in human myocardium and
HCAECs

Human myocardial and HCAECs levels of NADH and NAD™" were
also, quantitatively measured from ND and DM atrial tissue and HCAECs
homogenates using the EnzyChrom NAD'/NADH Assay Kit, according
to the manufacturer's protocol (Bioassay Systems, Hayward, CA).
NADH and NAD ™ concentrations in the sample were determined by col-
orimetric measurement at 565 nm and the NAD" standard curves
[19,28].

2.9. Patch-clamp recording of endothelial K* currents

The primarily cultured HCAECs (passage 3) were washed twice with
Ca®*-free DMEM, incubated with 0.05% trypsin and 0.02% EDTA for 1-2
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min [14]. An Axopatch-200B amplifier, digidata 1440a A/D converter,
pClamp 10 software (Molecular Devices, Foster City, USA) were used
to record K currents of HCAECs in the whole-cell configuration in the
voltage-clamp mode. The bath solution contained (in mM): 140 NaCl,
5 KCl, 1 CaCl,, 2 MgCly, 10 HEPES, 30 glucose (pH 7.4; 22 °C). The
patch pipette resistance was 1-3 M(Q and filled with the pipette solution
contained (in mM): 110 K-Aspartate, 20 KCl, 1 MgCl,, 8.5 CaCl,, 10
HEPES, 8 Na(l, 0.01 Niflumic acid and 10 BAPTA (pH 7.2, with calculated
free Ca®™ 400 nmol/L). The cells were depolarized every 5 s from a hold-
ing potential of —50 mV by 150 ms test pulses in the range between
—100 to +100 mV in 20 mV increments. Low-pass filter frequency
was 2 kHz and sampling rate was 10 kHz. The selective SK blocker
apamin was used to identify SK channels current in HCAECs. The effects
of intracellular NADH (100 uM) or NAD™ (500 uM) on K™ currents were
examined in the presence or absence apamin (100 nM) [14]. Experi-
ments shown in Fig. 3. were conducted at room temperature (20°-
22 °C), while the experiments shown in Fig. 4 were conducted at 36 °C.

2.10. Measurement of mROS in the HCAECs

HCAECs were loaded with 5 pmol/L MitoSox Red and 100 nmol/L
MitoTracker Green FM (Invitrogen) for 10 min at 37 °C. Images were
taken on a Zeiss LSM710 confocal microscope (Carl Zeiss GmbH,
Germany) using an argon laser excitation (514 nm) with emission col-
lection through a 560 nm long pass filter. The mean values of the
whole cell fluorescence of MitoSOX™ Red were obtained with Image]
software [29] (supplementary data).

2.11. Chemicals

A23187, Endothelin-1 and SKA-31 were obtained from Sigma-
Aldrich and dissolved in ultrapure distilled water on the day of the
study.

2.12. Data analysis

Data are presented as the standard deviation (SD) or mean and stan-
dard error of the mean (SEM). Microvessel responses are expressed as
percent relaxation of the pre-constricted diameter. Microvascular reac-
tivity was analyzed using 2 way repeated-measures ANOVA with a post
hoc Bonferroni test. Clinical, Western blot and Oxyblot data were ana-
lyzed by Student t-test or 2 test (GraphPad Software, Inc., San Diego,
CA). p values <0.05 were considered significant.

3. Results
3.1. Patient characteristics

The patient characteristics are listed in Table 1. All patients with pre-
operative hypertension were on anti-hypertensive medication (f-
blocker, aspirin, calcium channel blocker, or angiotensin-converting en-
zyme inhibitor). The pre-operative blood hemoglobin Alc (Hgb Alc)
levels were 8.2 + 0.84 in the DM patients, and 5.3 4 0.33 in the ND pa-
tients (n = 12/group).

3.2. Microvascular reactivity

There were no significant differences in the basal microvessel diam-
eters between ND (120 + 23) and DM (125 + 21) groups (p = 0.21).
The degree of pre-contraction induced by endothelin-1 (36 + 6% in
the ND group, and 31 4 5% in the DM group, respectively) were similar.
Both of the calcium ionophore A23187 (10~°-10> M, Fig. 1A) and the
selective SK channel activator SKA-31 (10~°-10~° M, Fig. 1B) caused
dose-dependent relaxation responses. However, the relaxation re-
sponses of coronary arterioles to A23187 (Fig. 1A) and SKA-31
(Fig. 1B) were more pronounced in the ND group than that of DM

Table 1

Patient characteristics.
Patient characteristics ND DM p values
Age (y)? 73 £ 10 69 £+ 9.0 0.40
Number of cases 12 12 1.00
Male n (%) 10 (%) 9 (%) 1.00
HgbAlc (%)* 53 +£033 82 £+ 0.84 0.0001
Blood glucose (mg/dL)? 112 £+ 140 156 + 20.2 0.0005
Obesity (BMI > 30) n (%) 3 (25.0%) 7 (58.3%) 0.21
Hypertension n (%) 3(25.0%) 9 (75%) 0.04
Atrial fibrillation n (%) 1(8.3%) 1(8.3%) 1.00
Heart failure n (%) 1(8.3%) 2 (16.7%) 1.00
Hypercholesterolemia n (%) 3(25.0%) 9 (75%) 0.04
Valve replacement n (%) 9 (75%) 1(8.3%) 0.003
CABG only n (%) 0 (%) 9 (75%) 0.0003
CABG + valve replacement n (%) 2 (16.6%) 2 (16.7%) 1.00
Pre-operative aspirin n (%) 3 (25.0%) 8 (66.7%) 0.09
Pre-operative [3-blocker n (%) 1(8.3%) 7 (58.3%) 0.03
Pre-operative CaCB n (%) 1(8.3%) 5 (41.6%) 0.16
Pre-operative ACEI n (%) 2 (16.7%) 6 (50.0%) 0.19
Pre-operative statin n (%) 3 (25.0%) 9 (75.0%) 0.04

ND: non-diabetes; DM: diabetes; BMI: body mass index; CABG: coronary artery bypass
grafting; CaCB: calcium channel blocker; ACEI: angiotensin converting enzyme inhibitor.
2 Data expressed as mean + SD.

group respectively. In addition, the relaxation responses of diabetic
and non-diabetic arterioles to SKA-31 were abolished by endothelium
denudation (Fig. 1C and D).

3.3. SK channels gene/protein expression and localization

There were no significant differences in SK-3 and SK-4 (IK) mRNA
(Fig. 1E, F) and protein expression (Fig. 1G, H) of atrial tissues between
ND and DM. There were no significant differences in SK-3 and SK-4 (IK)
distributions in the HCAECs between ND and DM groups (Fig. 11, ]).

3.4. Metabolic changes in the human atrial myocardium

2D TLC indicates for altered trends in content of ATP, ADP, NAD and
NADH under DM conditions (Fig. 2A). Quantitative LC/MS-MS analysis
revealed a significant decrease of ATP in the DM myocardium, but not
ADP compared to ND group (Fig. 2B, C). In the atrial myocardium
(Fig.2D) and HCAECs (Fig. 2E), DM slightly and insignificantly enhanced
NAD™, but significantly increased NADH and ratio of NADH/NAD ™ com-
pared to ND tissue and cells (p < 0.05, Fig. 2D, and E).

3.5. Metabolic regulation of endothelial SK channel function

The apamin-sensitive component of the HCAECs' currents was signif-
icantly decreased in the DM HCAECs compared to ND HCAECs (Fig. 3A
and B). Interestingly, either extracellular application of highly selective
SK channel blocker apamin (100 nM, Fig. 3D, G) alone or administration
of intracellular NADH™ (100 uM, Fig. 3E, H) caused a significant decrease
in endothelial K™ currents. However, when HCAECs were pre-
incubated with apamin (100 nM), NADH failed to induce additional
inhibition of the currents (Fig. 3F, G), indicating that NADH inhibi-
tion of endothelial K™ currents was via inhibition of SK channels.
At 100 mV, NADH significantly decreased the apamin-sensitive K
currents (*p < 0.05, Fig. 3H).

3.6. Diabetes increased endothelial mROS

In contrast, intracellular NAD™ (500 pM) significantly increased the
whole cell currents in the HCAECs by about 63% (Fig. 4, *p < 0.05). How-
ever, this increase was blocked in the presence of extracellular apamin
(100 nM) (*p < 0.05), implying that NAD" activates SK channels.
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Thus, the increase in NADH/NAD™ ratio in the diabetic myocardium and

diabetic endothelial cells relatively to ND (Fig. 2D and E) correlates with

NADH inhibition (Fig. 3C-
currents, and is in agreement with the differences in DM and ND

HCAEGs.

H) and NAD™ activation (Fig. 4) of SK channel

4. Discussion

We have previously observed that DM impairs coronary microvas-
cular function through a decreased response to the endothelium-

dependent vasodilator ADP, substance P and bradykinin [2,3,14,15]. In
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Fig. 2. NADH/NAD ™ ratio is increased on DM relatively to ND group. A, Representative 2D TLC (two-dimensional thin layer chromatography) separation of ATP, ADP, NADH, and NAD™" in
DM and ND human right-atrial tissue samples. The migration positions of the metabolites is shown with 1, 2, at the right of the TLC; B and C, LC-MS-MS identified altered ATP (B) and ADP
(C) levels in atrial myocardium from diabetic (DM) and non-diabetic (ND) patients; the bar diagrams of LC-MS-MS showing the metabolite content based on the average spot intensity
(pixels) after background correction. The bars represent the average value of 6 independent extractions with 50 mg of tissue, n = 4/group, values are mean + SD; *p = 0.02; D, atrial tissue
levels of NAD ", NADH and the ratio of NADH/NAD™ from diabetic (DM) and non-diabetic (ND) patients by using the EnzyChrom NAD*/NADH Assay Kit; n = 12/group, *p < 0.05 vs. ND; E,
intracellular levels of NADH, NAD " and the ratio of NADH/NAD™" diabetic (DM) and non-diabetic (ND) HCAECs measured by using the EnzyChrom NAD*/NADH Assay Kit, n = 4/group,

Mean =+ SD, *p < 0.05 vs. ND.

the present study, we observed that DM significantly reduced the relax-
ation response to the endothelium-dependent, receptor-independent
vasodilator A23187 of human coronary arterioles as compared to re-
sponse observed in patients without DM. We have previously re-
ported the selective SK channel activator NS309 induced dose- and
endothelium-dependent relaxation response of human coronary ar-
terioles along with a diminished effect in vessels from patients with
DM [14-16]. In the current study, we found that another potent, se-
lective SK channel activator, SKA-31, also significantly induced a
dose- and endothelium-dependent relaxation response of human
atrial coronary arterioles. Similarly, this effect was also reduced in
patients with DM. These findings were consistent with previous
studies, whereby endothelial SK currents were significantly reduced
in diabetic HCAECs and therefore confirm that diabetic inhibition of
endothelial SK channels contributes to the decreased relaxation re-
sponse of coronary arterioles to the highly selective SK channel acti-
vator SKA-31.

The role of metabolic changes on coronary arterial function as well
as vascular ion channels has been well studied by other investigators
[7,18,30-36]. It has been reported that metabolic changes can either
downregulate or upregulate smooth muscle Kv (voltage dependent
potassium channel) and BK (large conductance calcium-activated
potassium channel) channel activities [7]. For example, exposure of
vessels to moderate metabolic stress was found to enhance smooth
muscle Kv and BK activity/expression [32,33,35]. In contrast, exposure
to severe metabolic stress decreases smooth muscle Kv and BK activity

[18,30,31,36]. It can be postulated, therefore, that DM may downregu-
late endothelial SK channels and upregulate smooth muscle Kv and BK
channels in a compensative manner. As such, the role of metabolic
changes on regulation of vascular and ion channel function needs clari-
fication with the context of DM. Indeed, we have found that coronary ar-
teriolar function is better preserved in patients with well-controlled DM
when compared with patients with poorly controlled DM. To elucidate
the cause of this phenomenon, we recruited patients with poorly con-
trolled diabetes (HgbA1c > 8.0) to investigate DM dysregulation of en-
dothelial SK channel and coronary arteriolar function.

There are 4 types of SK channels, SK-1, SK-2, SK-3 and SK-4 (IK).
We and others have found that SK-2, SK-3 and SK-4 (IK) are pre-
dominately present in the endothelial cells [8,14,16]. In particular
SK-2 is found to be located in the nuclei of endothelial cells, while
SK-3 and SK-4 are predominately in the sarcolemmal membrane
[8]. We have previously demonstrated that there were no significant
changes in the SK-3 and SK-4 protein expression in the atrial myo-
cardium and HCAECs between ND and DM patients [14,15]. In this
study, we further measured SK-3 and SK-4 mRNA levels in the
human atrial tissues by RT-PCR. We did not find significant changes
in SK-3 and SK-4 mRNA expression in the patients with DM com-
pared to ND patients. Consistent with our previous studies, we did
not observe significant changes in SK protein expression/localiza-
tion in the human myocardium and HCAECs. These findings support
the notion that the DM inhibition/inactivation of SK channels is via
post-translational modification.

Fig. 1. Effects of SK channel modulators on human coronary microvascular vasodilation. A, Dose-dependent vasodilation of human coronary microvessels in response to the endothelium-
dependent, receptor independent vasodilator A23187 (10~°-10~> M), n = 12/group, **p < 0.001; B, dose-dependent vasodilation of human coronary arterioles in response to the selective
SK channel activator SKA-31 (10~°-10~° M) from patients with or without DM, n = 12/group; *p < 0.05. C, Coronary microvascular vasodilation in response to the selective SK channel
activator SKA-31 (107°-10~° M) in the presence or absence of endothelium denudation in the non-diabetic (ND) vessels, n = 5/group, *p < 0.05 or **p < 0.001 or ****p < 0.0001 vs.
Endothelium-intact; D, coronary microvascular vasodilation in response to the selective SK channel activator SKA-31 (10°-107> M) in the presence or absence of endothelium in the
diabetic (DM) vessels, n = 5/group, **p < 0.001 vs. Endothelium-intact, Mean 4 SD; E, traces showing the primers of SK-3 and SK-4 specificity; F, bar graph showing the fold changes
in SK-3 and SK-4 mRNA expression of atrial tissue samples collected from diabetic and non-diabetic patients, n = 4/group, mean = SD; G, representative immunoblots of human right
atrial tissue lysates for SK-3 and SK-4 (IK-1); H, densitometric analysis of signal intensity (fold changes) in the SK-3 and SK-4 protein Expression of atrial tissue samples obtained from
diabetic (DM) and non-diabetic patients (ND), n = 6/group; I, immunofluorescence staining of SK-3 and SK-4 (IK-1) in the cultured human coronary arterial endothelial cells
(HCAECs) from diabetic (DM) and non-diabetic (ND) patients. ], Densitometric analysis of optical density, mean + SD, n = 4/group; NS = no significances.
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Fig. 3. Primary-cultured human coronary arterial endothelial cells (HCAECs) of diabetics (DM) have less SK channels current than of non-diabetics (ND). A, An examples of basal whole-cell
[-V relationships in HCAECs of ND and DM at room temperature. Currents were elicited by 20 mV step pulses between —100 and +100 mV from a holding potential of —50 mV with
400 nM free calcium pipette solution. B, Bar graph shows apamin-sensitive component of potassium current at +100 mV in DM and ND HCAECs, *p < 0.05 vs. ND, Mean + SD,n = 5/
group. NADH inhibits apamin-sensitive current in HCAECs; C and D, representative whole cell current traces of HCAECs in control solution at room temperature (C), and in the
presence of apamin (100 nM) (D). E, The traces in the presence of 100 uM intracellular NADH and no apamin. F, The same as (C), but with apamin in the bath solution. G, I-V curves
obtained from data shown in A-D. H, Cumulative bar graph shows apamin-sensitive potassium currents at +100 mV with or without intracellular NADH. (N = 4/group. Mean =+ SD,

*p<0.05).

It has been well recognized that DM is associated with altered met-
abolic signaling, such as pyridine nucleotide redox in the myocardium
and vasculature [37,38]. However, direct measures of NAD" or NADH
in the DM heart are very limited and the results are controversial. The
myocardial NAD" pool is reduced in streptozotocin-induced DM [39],
heart failure [19,22,40] and myocardial ischemia and reperfusion [28],
whereas, NADH/NAD™" redox ratio are unchanged in rat DM models
[39,41]. In this study, we found that DM increased levels of NADH and
the ratio of NADH/NAD™ in human atrial myocardium and HCAECs, as
supported by two other critical observations in the DM heart mitochon-
dria: (A) NAD*-dependent sirtuins are decreased leading to increased
acetylation of lysine residues in mitochondrial proteins [42], and
(B) interventions to normalize NADH/NAD™ ratio (NAD supplementation
or caloric restrictions) have been shown to be beneficial to the DM heart
|43,44]. Obviously, there are limitations in currently available methods to
accurately measure NADH/NAD™ ratio within cellular compartments.

Previous studies indicate that pyridine nucleotide redox plays an
important role in the regulation of ion channels [19-21,45]. For ex-
ample, an increase in the cytosolic NADH/NAD™ ratio decreased in
cardiac Iy, currents, whereas, increased intracellular NAD enhanced
cardiac Iy, [19,20]. Interestingly, increased intracellular NADH
downregulated BK, whereas, increased intracellular NAD™ en-
hanced BK currents in the pulmonary arterial smooth muscle cells
of rabbits in the setting of hypoxia [25]. In addition, application of
NAD(H)P reduced Kv currents in the smooth muscle cells, whereas,
NAD(P)* or NAD" enhanced Kv [21,23,46], and Karp currents
[34,47]. In order to further investigate the impact of metabolites of
NADH and NAD™ on endothelial SK channels, we applied NADH
and NAD™ to the HCAECs by using similar concentrations of NADH
and NAD™" as previously reported [19,20,22]. With this, we ob-
served that NADH inhibited, whereas, NAD " enhanced endothelial
SK currents. This is the first report demonstrating that pyridine
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the absence (B) or presence (C) of 100 nM extracellular apamin. D, Cumulative I-V curves in the absence of the drugs (black), and with intracellular NAD™" (red and blue), and with
extracellular apamin (blue). E, At +100 mV, the effect of intracellular NAD™ is significant (*p < 0.05). However, the increase in the outward potassium current is completely blocked
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nucleotides NADH/NAD™ also regulate SK channels in human endo-
thelial cells.

Recent evidence suggests that Nox and dysfunctional mitochondria
mutually stimulate to enhance ROS production and PKC expression/ac-
tivation which play a pivotal role in endothelial dysfunction during dia-
betes. Specifically, PKC-c, -p and 6 has been shown to be involved in
hyperglycemia-induced abnormalities of endothelium-dependent va-
sodilatation in humans and clinical treatment with a PKC-3 inhibitor
improves endothelial function in DM patients [48,49]. In the present
study, we also found that Nox, mROS and PKC were significantly in-
creased in the DM myocardium, coronary microvesels and HCAECs
(Figs. S1 and S2, see in supplementary data), which may contribute to
DM-related coronary arteriolar endothelial and smooth muscle dys-
function [2,3]. Additionally, recent studies indicate that NADH inhibited
cardiac Iy, channels via mROS and PKC signaling pathways [19,20,22].
Thus, it can be speculated that chronic over-production/activation of
NADH, Nox, mROS and PKC during DM may negatively regulate SK
channel function. Whether NADH directly or indirectly mediates endo-
thelial SK channel suppression via PKC during DM requires further in-
vestigation [20].

There are a number of limitation in the current study. For example, the
number of cases recruited in the current study was relative small (n = 12/
group). In addition, the microvessels obtained from harvested right atrial
tissue samples may not necessarily represent the coronary microvascular
function of left ventricles. However, it is inapplicable to harvest tissue
samples from human left ventricle for coronary microvessel study. Obvi-
ously, Investigation into the impact of metabolic signaling in SK activity
and endothelial function in the human coronary arterioles and endothe-
lial cells of diabetic patients with translational research models is a crucial
step linking bench to bedside.

5. Conclusion

Diabetes is associated with metabolic changes in the human myo-
cardium and HCAECs. Endothelial SK channel function is regulated by

the metabolite pyridine nucleotides, NADH and NAD™, suggesting that
metabolic regulation of endothelial SK channels may contribute to cor-
onary endothelial dysfunction in the patients with DM.
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