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Aquaporin-7 expression during coronary artery bypass grafting

with Diazoxide
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Abstract

Objectives. Aquaporin-7 is a water-channel protein that controls tissue glycerol supply after ischemia. A burden of experimental
studies suggests that Diazoxide, a mitochondrial K, ,-channel opener, may decrease myocardial edema during coronary artery
bypass grafting (CABG). We evaluated whether Diazoxide has an impact on atrial Aquaporin-7 expression during CABG.
Design. Sixteen patients with a history of stable coronary artery disease were enrolled in the study. Eight patients were
treated during cardiopulmonary bypass with Diazoxide, while the rest eight patients remained as Controls. Histopathology
was evaluated from biopsies procured before and during CABG from the right atrium. From fresh atrial tissue biopsies,
Aquaporin-7 was quantified by RI-PCR. Results. Histological differences were apparent between individual patients already
before operation at base line reflecting differences in severity of myocardial ischemia. As compared with Fold Change values
before operation, Aquaporin-7 expression after operation was positive in all but one Control, whereas Aquaporin-7 expres-
sion was positive in only two patients receiving Diazoxide. The relative Aquaporin-7 expression was significantly lower in
patients treated with Diazoxide as compared with Controls (p <0.05). Conclusions. Diazoxide may have an impact on myocardial

water balance and glycerol energy supply by decreasing relative Aquaporin-7 expression during CABG.
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Coronary artery bypass grafting (CABG) has evolved
to a life-saving procedure due to its efficacy in salvag-
ing ischemic myocardium. However, in addition to
aortic clamping, CABG utilizes cardiopulmonary bypass
(CPB), which renders the myocardium susceptible to
water inbalance and subsequent edema as a consequence
of decreased cardiac energy supply (1). Edema in turn,
may predispose to cardiac failure and arrhythmias such
as atrial fibrillation. Edema also reflects the severity
of ischemia due to the degree of the coronary artery
disease itself. Clearly, myocardial edema is associated
with the outcome of patients after CABG (1).
Attempts to limit edema during CABG have led
to a few experimental studies. Three different stress
pathways have thence been described that induce
edema: hyperkalemic cardioplegia, mild hyposmotic

stress, and ischemic stress, all being targets for the mito-
chondrial adenosine triphosphate-sensitive potassium
(Kyrp) channel opener Diazoxide (2—4). Diazoxide
mimics ischemic preconditioning in animal models
(5) and limits myocardial edema (2). Clinical data is
still scarce, but suggest for a protective role of Diaz-
oxide (6). Some studies claim that Diazoxide may also
have an effect through activation of sarcolemma (7),
though others are against this (8). Taken together, the
mechanisms involved in decreasing edema after isch-
emia reperfusion after administration of Diazoxide
remain controversial (3,6,8).

Myocardial Aquaporins are involved in water traffick-
ing during normal and pathological conditions. Aqua-
porin proteins form transmembrane channels that
participate in water movement along osmotic gradients.
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Increased expression of Aquaporin-4 is associated
with the formation of myocardial edema (9). Its dif-
ferential expression pattern is dependent on tissue
destruction in cancer (10). Aquaporin-7, on the other
hand, is a cell-membrane receptor facilitating both
glycerol and water trafficking from the cell to the
interstitium thus controlling both edema and cardiac
energy supply (11). According to our previous expe-
rience, excessive Aquaporin-7 expression may be con-
sidered as an early marker of histological tissue damage
after ischemia-reperfusion and edema (12).

We hypothesized that the right atrium during
CABG would be susceptible to edema and ischemic
changes depending on cardiac energy distribution by
glycerol as a substrate. The aim of this study was to
evaluate, in a clinical set up, whether Diazoxide has
an impact on Aquaporin-7 expression of the right
atrium during CABG.

Material and methods

After institutional approval by Tampere University
Hospital Ethics Committee, the protocol for this pro-
spective randomized, double blind, placebo-controlled
study was reviewed by National Agency for Medicines,
Finland. All 16 patients gave their informed consent.
The patients were scheduled for elective CABG using
on pump cardiopulmonary bypass technique (CPB).

Patient selection was planned to result in homog-
enous study and Control groups. The inclusion cri-
teria included stable myocardial coronary artery disease
eligible for elective CABG, but with a history of a recent
less than one month old myocardial infarction and
detection of elevated Troponin T (TNT >0.01 ug/1)
or Creatinin kinase (CK-MB > 1U/]) release. The exclu-
sion criteria were redo cardiac operation, preoperative
diagnosis of asthma, chronic obstructive pulmonary
disease (COPD), kidney function impairment, liver
dysfunction, high TNT (>1 ug/l) and unstable myo-
cardial coronary artery disease in need of emergency
operation. Patients with poor left ventricular function
(ejection fraction EF =30%), valvular disease, and those
receiving corticosteroids were also not eligible.

Anesthesia, operative and perfusion techniques
were carried on as previously described (13). Briefly,
anesthesia was induced with propofol (0.5-1.0 mg/kg),
sufentanil (0.6-0.8 ug/kg) and cis-atracurium, and
Sufentanil infusion was continued with a rate of
0.03-0.05 pug/kg/min. Sevoflurane was used as the main
anesthetic agent throughout the operation, which
included standardized surgical techniques in every
case. Through a median sternotomy, CPB was estab-
lished, and one internal thoracic artery together with
one to four peripheral vein grafts were harvested to
perform coronary artery bypasses.
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Cardioplegia and Diazoxide administration

Patients were allocated into two groups. Eight patients
received Diazoxide 50 pg/l injected into the aortic root
at the onset of cross-clamping. Eight other patients
served as Controls and received normal saline as pla-
cebo. All patients received routine blood cardioplegia
delivered through antegrade route.

Tissue harvesting included two samples of right
atrium that were procured from each patient. The first
sample was obtained before aortic cross clamping.
The second sample was taken from the same location
before CPB was stopped. Half of the harvested myo-
cardial tissue (5-10 X 3 mm) was immersed in phos-
phate buffered saline and immediately frozen in
liquid nitrogen for RNA analysis. The other half of
the sample was immersed in formalin and embedded
in paraffin for histological studies.

Sample collection and hemodynamic measurements

Hemodynamic parameters were obtained through radial
and pulmonary artery catheter lines. Hemodynamic
monitoring comprised measurement of heart rate (HR),
mean arterial pressure (MAP), and cardiac output
(CO). Derived cardiovascular variables such as cardiac
index (CI) were calculated from standard formulas.
All CO measurements were based on the thermodi-
lution technique, and data collection was started as
base line measurements before induction of anesthe-
sia. Preoperative baseline CK-MB, TNT and hemo-
dynamic measurements were obtained, followed by
postoperative hemodynamic measurements up to the
first postoperative morning.

Histology

For histology, the 5-um sections were stained with
hematoxylin and eosin. Evaluation was performed
blinded to the study protocol (AM) and technically
unclear slides were rejected. The following signs of
injury were evaluated separately: presence of myocar-
dial edema and ischemia, presence of hemorrhage,
and intramyocardial artery edema and periadventi-
tial inflammation. Myocardial edema and ischemia
was scored as follows and expressed as point score
units (PSU): 0 (no changes), 1 (presence of occasional
foci of myocardial edema with dark myocardial nuclei),
2 (large areas of edema including also non-edematous
myocardium with round-shaped normal nuclei), 3
(myocardial edema including vacuolized and shrink
dark myocardial nuclei). As hemorrhage was only
seldom present in occasional foci, it was scored as
either 0 (not present) or 1 (present). As vacuolization
of nuclei of the media layer of intramyocardial arteries
reflected edema (12), a representative cross-sectional
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intramyocardial artery was chosen randomly. The
majority of the arterial wall nuclei was round-shaped
representing normal nuclei, and sharp-edged blue nuclei
of the media cells were defined as non-preserved and
estimated together with vacuolated and edematous
nuclei: 0 (presence of neither sharp-edged blue nor vac-
uolated nuclei), 1 (>50% of the arterial wall nuclei
being round-shaped normal nuclei), 2 (presence of
both round- and sharp-shaped nuclei with occasional
foci of vacuolization), 3 (>50% of the arterial wall
nuclei being non-preserved and vacuolated). Periad-
ventitial inflammation was graded either O (not pres-
ent) or 1 (presence of occasional inflammatory cells).
A histological damage score was obtained by adding
the evaluated signs of injury to allow semi-quantitative
comparison between patients. A relative histological
damage score change was obtained by subtracting
the histological damage score during operation from
that before operation.

Quantitative RI-PCR analysis

The frozen tissue was homogenized and RNA was
extracted using a rotor-stator homogenizer and
NucleoSpin® RNA II kit (Machery-Nagel GmbH &
Co, Diiren, Germany) according to the manufac-
turer’s instructions. 50 ng of total RNA was reverse-
transcribed into cDNA in reaction volume of 20 pl.
The quantitative reverse transcriptase polymerase chain
reaction (QRT-PCR) was performed with standard
protocols on Abi Prism 7300 instrument (Applied
Biosystems, CA, USA). The PCR reaction was per-
formed with TagMan® Gene Expression assays for
aquaporin-7 (ID Rn00569727_ml) and GAPDH
(ID Rn01462662_g1) (both from Applied Biosystems)
according to the manufacturer’s instructions with
TagMan® Universal PCR Master Mix. All samples
were performed as three replicates.

The expression levels of Aquaporin-7 and GAPDH
as an internal control/house keeping gene were eval-
uated. Ct values were determined for every reaction
and the relative quantification was calculated using
the 2742Ct method (14). Briefly, the data was normal-
ized to the expression of house keeping gene GAPDH,
and values of control samples were used as a calibra-
tor. The expression of Aquaporin-7 before operation
in each patient was settled to obtain the value 1,
while Aquaporin-7 during CABG was expressed as
Fold Changes. Aquaporin-7 change was therefore
either positive (+1) or negative (-1) during operation
as compared with a base line of 1 before operation.

Statistics

Data is presented as mean = standard error of the
mean (sem). Nonparametric data were analyzed with

Mann-Whitney U-test among study groups. Statis-
tical significance was attributed to p-values lower
than 0.05. Statistical analyses were performed with
commercial statistical software (SPSS 17.0, SPSS
Inc, Chicago, IL). Power calculation was set to dis-
play the 95% confidence interval and performed with
statistical software (PowerAndPrecision 4.0, Biostat,
Englewood, NJ).

Results
Demographics, hemodynamics and outcome

As shown in Table I, the majority of the patients receiv-
ing Diazoxide were males (7/8). All patients with
Diazoxide had 3-vessel coronary artery disease, whereas
three of eight 8 Control patients had 2-vessel coro-
nary artery disease. The majority of the patients had
preoperative sinus rhythm. There were no differences
in the preoperative treatment protocol of the patients.
As shown in Table II, no differences were observed
among patients in hemodynamic parameters evalu-
ated before operation at base line and at the end of
operation. Postoperatively, sinus rhythm was equally
distributed among patients. Momentary atrial fibril-
lation was treated with Amiodarone infusion in six
patients, three with Diazoxide and three without
Diazoxide. However, one patient experienced post-
operative subacute stroke, and one patient had sudden

Table I. Demographics of Controls and patients with Diazoxide.

Control Diazoxide
(n=8) (n=8)
Male, n 3 7
Hypertension, n 4 5
Diabetes, n 3 2
Hypercholesterolemia, n 1 3
Family history for CAD, n 2 2
Tobacco, n 3 5
Ejection fraction >45%, n 3 6
Creatinine <100 mmol/l, n 2 6
Hemoglobin >100 g/l, n 2 6
3- vessel CAD, n 5 8
2- vessel CAD, n 3 0
Sinus rhythm, n 8 7
Atrial fibrillation, n 0 1
Ace- inhibitor, n 6 4
Atorvastatin, n 4 6
B- blocker, n 1 6
NSAID, n 3 5
Stroke, n 1 2
Myocardial infarction, n 0 2
Psoriasis, n 1 1
CK-MB U/ 1, mean * sem 23.25+3.43 23.57+3.51
TNT mg/ |, mean = sem 0.48 =0.09 0.69£0.24

Ace- inhibitor, Angiotensin- converting enzyme inhibitor; CAD,
coronary artery disease; CK-MB, creatinine kinase; n, number;
NSAID, non- steroid anti-inflammatory drug; TNT, Troponin T.



Table II. Perioperative hemodynamics.
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Table IV. Histology of right atrium.

Control (n=38) Diazoxide (n=8)

Base End of Base End of

line operation line operation
HR, beat/min 604 682 65+3 666
MAP, mmHg 99 +5 785 88*+4 66+5
CO, /min 5.7*0.6 52+05 53+04 43%+0.4
CI, I/min m? 29+0.2 10.8*x8.1 2.8%*0.2 23%*0.3

Data represented as mean * standard error of the mean. No significant
differences between the groups.

CI, cardiac index; CO, cardiac output; HR, heart rate; MAP, mean
arterial pressure.

unexpected asystole leading to emergency resterno-
tomy and death. Both of these latter two patients had
received Diazoxide.

Histology

Before and during operation, edema situated not only
in the myocardium, but was often detected as vacuoliza-
tion of intramyocardial arteries. In three Controls,
periadventitial inflammation was also present after
operation. No differences in these parameters of tissue
edema between groups were observed (Table III).
Nevertheless, as shown in Figure 1, histological dif-
ferences were apparent already before operation at
base line reflecting severity of myocardial ischemia.

Aquaporin-7 expression

Technically, qRT-PCR for Aquaporin-7 expression
was successful in 12 patients (six patients in each
group) before and during operation. As shown in
Figure 2, Aquaporin-7 expression of the right atrium
in each patient during operation was either positive
or negative in relation to Fold Changes of expression
before operation. Aquaporin-7 expression during
operation was positive in all but one Control, whereas
Aquaporin-7 expression was positive in only two
patients receiving Diazoxide.

Table III. Postoperative hemodynamics.

Control (n=8) Diazoxide (n=8)

Base End of Base
line operation line

End of
operation

Edema, PSU * sem 1.9+0.3 23*+x04 1.7+0.6 2.2*+0.5
Arterial vacuolization, 1.4+0.3 2.0+0.4 1.2+0.6 2.0+0.5
PSU *+ sem

Periadventitial 3 1
inflammation, n
Hemorrhage, n 1 1

Data represented as mean * standard error of the mean. No significant
differences between the groups.
PSU, Point score unit; n, number.

Relative Aquaporin-7 expression changes

Aquaporin-7 expression changes were adjusted accord-
ing to histological damage in each patient, since both
Aquaporin-7 and histological damage score changes
differed among patients at base line and at the end of
operation. The relative Aquaporin-7 expression was cal-
culated by dividing Aquaporin-7 change by the relative
histological damage score in each patient. As shown
in Figure 3, the median of relative Aquaporin-7
expression was significantly lower in patients treated
with Diazoxide (p <0.05). For the effect size (group
means of 20.5 vs. 0.7), SD (0.6), patient number
(5 and 6), alpha (0.050, 2-tailed), power is 0.84.

Discussion

In this study, we show that Diazoxide administrated
during CABG attenuates Aquaporin-7 expression of
the right atrium as compared with its histological
damage score. Excessive Aquaporin-7 expression is
dependent on histopathology and may indicate tissue
damage (12).

Though Diazoxide is a mitochondrial K -channel
opener, it may have a dual effect on sarcolemma as
well. In an experimental model of acute myocardial
infarction, Diazoxide decreases apoptosis and regional
myocardial cell necrosis by attenuating mitochondrial

Control (n=8)

Diazoxide (n=8)

1h 6h 12 h 24 h 1h 6h 12 h 24 h
HR, beat/ min 75=*2 83+4 835 85*6 75=*5 88+ 6 90*5 95*+5
MAP, mmHg 76=*5 81=x3 87*3 88*3 74*6 79*6 80*+4 85*+4
CO, /min 5.4*0.6 5.6*0.6 6.0*x0.6 5.9*0.6 52*04 4,7+0.4 53*05 5705
CI, I/min m? 25*0.2 3.0+0.3 3.1+0.3 3.0+0.2 2.8x£0.3 2.6+0.2 2.6+0.3 2.7*0.3

Data represented as mean standard error of the mean. No significant differences between the groups.
CI, cardiac index; CO, cardiac output; HR, heart rate; MAP, mean arterial pressure.
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Figure 1. Representative histology of right atrium before (A) and
during (B) coronary artery bypass grafting (CABG). Note increased
vacuolized and dark sharp-edged intramyocardial nuclei indicating
tissue edema and ischemia shown with arrows in B.

damage (15). Studies on ischemic preconditioning sug-
gest for apoptotic related mechanisms associated with
opening of K . ,-channels (16). In another experimen-
tal setting, Diazoxide inhibited caspase-dependent and
-independent apoptotic pathways while preserving
mitochondrial structure thus enhancing neurological
recovery after spinal cord ischemia and reperfusion
injury (17). We did not study apoptosis from biopsies
taken from the right atrium, since previously it has been
shown that apoptosis may in overall be non-significant
very early after reperfusion in the human heart (13).

Besides K, p-channel opening, other molecular
mechanisms seem to be involved with Diazoxide. The
down-regulation of Aquaporin-4 expression in an
experimental setting was associated with decrease of
neuronal edema after treatment with a K, ,-channel
opener (7). This in turn, promoted behavioral recov-
ery and enhanced protection against neuronal apop-
tosis and necrosis. Edema and water balance are
regulated by Aquaporins and associated with cellular
electrolyte trafficking. Diazoxide, while opening

Aquaporin-7 expression during operation
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Figure 2. Aquaporin-7 during coronary artery bypass grafting
(CABG) in Controls and in patients with Diazoxide. Dark thick
line indicates base line (+ 1) Aquaporin-7 expression before CABG
to which Fold Change values during CABG were compared within
each patient.

K, rp-channels, may directly or indirectly ameliorate
cellular electrolyte balance after ischemia-reperfusion.
Aquaporin-7, as a member of the aquaglyceroporin
family, permeates intracellular water and glycerol.
Glycerol acts as an energy substrate in the heart (11),
and down-regulation of Aquaporin-7 may indicate
relatively low energy need of the heart during CPB
and Diazoxide treatment. Thence, Aquaporin-7 expres-
sion may be considered here as a surrogate of tissue
edema and damage (12).

Nevertheless, we did neither observe decrease in
incidence of atrial fibrillation nor functional amelio-
ration despite Diazoxide, may be owing to other
simultaneous treatment such as Beta blockers. Sevo-
flurane may have had an effect on the K, ,-channels

Aquaporin 7- change/ Histology- change
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Figure 3. Aquaporin-7 change/ histological damage score change
during coronary artery bypass grafting (CABG) in Controls (black
boxes) and in patients with Diazoxide (open triangles). Median is
shown in each group with a horizontal line. In comparison with
histological damage score change, Aquaporin-7 change after CABG
was significantly decreased in patients with Diazoxide treatment
(p<0.05, Power 0.84).



comparable to that of adenosine. However, both groups
of patients received the same anesthetic and treat-
ment protocol, lest not counting Diazoxide. While
biopsies from the right atrium were most vulnerable
to histopathological edema changes after operation,
it is worth to note that the patients may have been at
base line susceptible to heterogeneous ischemic insult.
Though the demographics of the patients were non-
significant among groups and the patient were care-
fully selected to obtain only stable coronary artery
disease, it may be argued that this still represents an
inadequate selection to delete bias from different his-
topathological pictures associated with clinical isch-
emia due to coronary artery disease. The relative small
number of patients is a limitation of the study. Again,
two unexpected complications (subacute stroke and
unexpected hemodynamic collapse) occurred both in
the Diazoxide group. The possible connection of these
events with Diazoxide needs to be verified in a sub-
sequent study.

Despite these limitations, we link Diazoxide with
decrease of relative Aquaporin-7 expression as compared
with histopathological damage score for the first time
in a clinical setting. Though power calculation of even
up to 84% for Aquaporin-7 change associated with
histology change indicates that Diazoxide may have
an important impact during surgery, it is pertinent
to warrant further clinical evidence for its efficacy. It
thus remains to be shown whether this indicates that
Diazoxide treatment may be associated with preserv-
ing heart energy supplies and functional capacity by
decreasing the incidence of arrhythmias after CABG.
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