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Glimepiride, a Novel Sulfonylurea, Does Not Abolish
Myocardial Protection Afforded by Either Ischemic
Preconditioning or Diazoxide

Mihaela M. Mocanu, PhD; Helen L. Maddock, PhD; Gary F. Baxter, PhD;
Christina L. Lawrence, PhD; Nicholas B. Standen, PhD; Derek M. Yellon, DSc, FESC

Background—The sulfonylurea glibenclamide (Glib) abolishes the cardioprotective effect of ischemic preconditioning
(IP), presumably by inhibiting mitochondrial Ak channel opening in myocytes. Glimepiride (Glim) is a new
sulfonylurea reported to affect nonpancreatigdchannels less than does Glib. We examined the effects of Glim on
IP and on the protection afforded by diazoxide (Diaz), an opener of mitochondgalckannels.

Methods and Results-Rat hearts were Langendorff-perfused, subjected to 35 minutes of regional ischemia and 120
minutes of reperfusion, and assigned to 1 of the following treatment groups: (1) control; (2) ¥ ®iinutes each
of global ischemia before lethal ischemia; or pretreatment with (3J80I/L Diaz, (4) 10umol/L Glim, (5) 10 umol/L
Glib, (6) IP+Glim, (7) IP+Glib, (8) Diazt+Glim, or (9) Diazt+Glib. IP limited infarct size (18.51% vs 43.73% in
control,P<0.01) as did Diaz (22:24.7%,P<0.01). The protective actions of IP or Diaz were not abolished by Glim
(18.5£3% in IP+Glim, 22.3+3% in Diazt+Glim; P<<0.01 vs control). However, Glib abolished the infarct-limiting
effects of IP and Diaz. Patch-clamp studies in isolated rat ventricular myocytes confirmed that both Glim and Glib (each
at 1 umol/L) blocked sarcolemmal ) currents. However, in isolated cardiac mitochondria, Glim gb@ol/L) failed
to block the effects of K opening by GTP, in contrast to the blockade caused by Glib.

Conclusions—Although it blocks sarcolemmal currents in rat cardiac myocytes, Glim does not block the beneficial effects
of mitochondrial K channel opening in the isolated rat heart. These data may have significant implications for the
treatment of type 2 diabetes in patients with ongoing ischemic heart dig€asmilation. 2001;103:3111-3116.)
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glfonylureas are drugs used in the treatment of type 2 conditioning in humans subjected to balloon angioplésdty.
iabetes. They inhibit ATP-sensitive potassium, (X glimepiride has fewer cardiac actions than other sulfonyl-
channels, which induce membrane depolarization and anureas, then this would have important implications for its
influx of calcium in pancreatig3-cells. Calcium acts as a  preferred use in the treatment of patients with type 2 diabetes
second messenger, accounting for insulin release into thewith concurrent coronary artery disease.
bloodstreant. However, it has been suggested that classic The aim of this study was to compare the effect of
sulfonylureas such as tolbutamide and glibenclamide (also glimepiride and the more conventionally used sulfonylurea
known as glyburide) may have adverse effects on the cardio- glibenclamide on IP protection and on the protection afforded
vascular system, mainly because they also close mitochon-by one of the preconditioning mimetic agents, diazoxide.
drial K,rp channels, thought to play a central role in ischemic Diazoxide is a K., channel opener exhibiting selectivity for
preconditioning (IP) protectioh3 mitochondrial K, channels at concentrations up to 30
Glimepiride is a newer sulfonylurea derivative demon- umol/L.7 In this study, we used infarct size as the end point
strated to have fewer cardiac actions than other sulfonylureasof injury, because this measure is a robust indicator of
in both animat and humahn studies. For example, Geisen et preconditioning-induced protection. We also assessed the
al* showed that glimepiride blocked,l currents in isolated effect of glimepiride and glibenclamide directly on sarcolem-
rat cardiomyocytes at a concentration 5-fold higher than mal K, channel currents in isolated ventricular myocytes in
glibenclamide. There are also data providing indirect evi- addition to their effect on membrane potential in isolated
dence that glibenclamide, but not glimepiride, prevents pre- cardiac mitochondria.
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Figure 1. Experimental protocols for infarct studies.

Methods

Animals
Male Sprague-Dawley rats (3530 g body weight) were used. All
animals were obtained from the same source (Charles River UK

Limited, Margate, UK), fed a standard diet, housed under the same
conditions, and received humane care in accordance with The

Guidance on the Operation of the Animals (Scientific Procedures)
Act 1986.

Isolated Heart Perfusion
Rats were anesthetized with sodium pentobarbital (55 mg/kg intra-
peritonally) and given heparin sodium (300 IU). Hearts were excised,

arrested in ice-cold buffer, and mounted on a constant-pressure

(80 mm Hg) Langendorff perfusion system. They were perfused
retrogradely with a modified Krebs-Henseleit bicarbonate buffer
containing the following chemicals (in mmol/L): NaCl 118.5,
NaHCG; 25.0, KCI 4.8, MgSQ 1.2, KH,PQ, 1.2, CaCJ 1.7, and
glucose 12.0. All solutions were filtered through a Whatmanih®-
microfilter and gassed with 95%B% CO, (pH 7.35 to 7.50 at

37°C). Temperature was continuously monitored by a thermoprobe

inserted into the right ventricle. A latex, fluid-filled, isovolumic
balloon was introduced into the left ventricle through the left atrial

onset of regional ischemia. (7) Hearts=(h) underwent the IP
protocol in the presence of J@mol/L glibenclamide as in group 6.
(8) Hearts (+=9) were coperfused with 3@mol/L diazoxide and 10
umol/L glimepiride for 20 minutes immediately before regional
ischemia. (9) Hearts (8) were coperfused with 3Qumol/L
diazoxide and 1@wmol/L glibenclamide for 20 minutes immediately
before regional ischemia.

Infarct Size Measurement

At the end of the reperfusion period the snare was tightened to
reocclude the coronary artery, and a saline solution of 0.12% Evans
blue was infused slowly by way of the aorta. This procedure
delineated the nonischemic zone of the myocardium as a dark blue
area. After 1 to 4 hours at20°C, hearts were sliced into 1-mm-thick
transverse sections and incubated in triphenyltetrazolium chloride
solution (1% in phosphate buffer, pH 7.4) at 37°C for 10 to 15
minutes. The tissue slices were then fixed in 10% formalin. At the
end of this procedure, in the risk zone the viable tissue was stained
red and the infarcted tissue appeared pale. The slices were drawn
onto acetate sheets. With the use of a computerized planimetry
package (Summa Sketch Il, Summagraphics), the percentage of
infarcted tissue within the volume of myocardium at risk was
calculated.

Patch-Clamp Studies

Ventricular myocytes were isolated from adult rat hearts by enzy-
matic dissociation as previously descrilfe@ells were stored at
10°C to 12°C and bathed in a solution containing the following
constituents (in mmol/L): NaCl 135.0, KCI 6.0, Ca@.0, MgCl,

1.0, NaHPOQ, 0.33, sodium pyruvate 5, and HEPES 10.0, pH 7.4.
The intracellular (pipette) solution contained the following constit-
uents (in mmol/L): KCI 140.0, MgGI1.0, EGTA 5.0, ATP 2.0, ADP

0.1, GTP 0.1, and HEPES 10.0, pH 7.2. Currents were recorded by
using conventional patch-clamp techniques with an Axopatch 200B
amplifier, analyzed with pPCLAMP 8 software, and expressed relative
to cell size as picoamps per picofarad. Experiments were performed
at 30°C.

Studies in Isolated Cardiac Mitochondria
Mitochondria were isolated from rat hearts by using a previously

appendage and inflated to give a preload of 8 to 10 mm Hg. Left described techniqueAfter extraction the mitochondria were kept on
ventricular developed pressure, heart rate, and coronary flow wereice, and an aliquot was suspended in KCI buffer containing
registered at regular intervals. A surgical needle was passed under(in mmol/L) KCI 45.0, potassium acetate 25.4, TES 5.0, EGTA 0.1
the left main coronary artery, and the ends of the thread were passedPH 7.4), MgC} 1.0, and 10umol/L cytochromec. Substrates for
through a small plastic tube to form a snare. Regional ischemia was respiration were 2.5 mmol/L ascorbate and 0.25 mmol/L
induced by tightening the snare, and reperfusion was started by N'.N'.N’,N’-tetramethyl-P-phenylene diamine. Aliquots of mito-
releasing the ends of the thread. chondria were incubated with the mitochondrial membrane poten-
tial-sensitive dye tetramethylrhodamine methyl ester (TMRM, 200
nmol/L)'° at room temperature for 5 minutes before drug interven-
tion. Where indicated, the physiological.} channel opener GTP
(50 wmol/L) was added to the TMRM-stained mitochondria 2
minutes before measurements of fluorescence in the absence or
presence of 5-hydroxydecanoate (a mitochondrigls, Kchannel
inhibitor, 100 umol/L), glibencamide (1Qumol/L), and glimepiride

(10 umol/L). The mitochondrial uncoupler carbonyl cyanide
m-chlorophenylhydrazone (Imol/L) was used as a positive control.

Treatment Protocols

The experimental protocols are presented in Figure 1. Gliben-
clamide, glimepiride, and diazoxide were dissolved in dimethyl

sulfoxide and added to the Krebs-Henseleit buffer such that the final
dimethyl sulfoxide concentration did not exceed 0.02%. The hearts
were randomly assigned to 1 of 9 treatment groups: (1) Control
hearts (+9) were perfused with 0.02% dimethyl sulfoxide for 20

minutes during stabilization before 35 minutes of regional ischemia
and 120 minutes of reperfusion. (2) IP hearts={) were treated

with 2 periods of 5 minutes each of global ischemia with a 10-minute
intervening reperfusion before 35 minutes of regional ischemia and

Cytofluorometric analysis was done on a Coulter Epics flow cytom-
eter equipped with a 488-nm argon laser. The TMRM signal was
analyzed in the FL2 channel equipped with a band-pass filter at

58030 nm; the photomultiplier value of the detector was 631 V.
Data were acquired on a logarithmic scale. Arithmetic mean values
of the median fluorescence intensities were determined for each
sample for graphic representation. Experiments were performed on
mitochondria isolated from 6 individual rats, each experiment
representing 15 000 mitochondria.

120 of minutes reperfusion. (3) Hearts<(8) were perfused with 30
umol/L diazoxide for 20 minutes immediately before regional
ischemia. (4) Hearts (6) were perfused with 10umol/L
glimepiride for 20 minutes immediately before regional ischemia. (5)
Hearts (n=6) were perfused with 1@mol/L glibenclamide for 20
minutes immediately before regional ischemia. (6) Hearts8n
underwent the IP protocol in the presence ofulfol/L glimepiride. L .
The drug was added to the perfusate 20 minutes before starting theStatistical Analysis

preconditioning protocol and was present throughout this protocol. All values are expressed as meZ®EM. Data were analyzed by
The buffer was switched to normal Krebs-Henseleit buffer after the 1-way ANOVA and Fisher’'s protected least significant difference
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Figure 2. Infarction developed in risk zone in hearts precondi-
tioned (IP) in presence of 10 umol/L glibenclamide (glib) or
glimepiride (glim). *P<0.001.

test for multiple comparisons. Differences were considered signifi-
cant forP<0.05.

Results

Exclusions

We used a total of 76 rat hearts for the Langendorff perfusion
study. Of these, 6 were excluded owing to poor function
during stabilization.

Hemodynamic Data

Baseline data relating to cardiac function and coronary flow
rates before regional ischemia where similar in all experi-
mental groups. During regional ischemia, coronary flow and

left ventricular developed pressure decreased to a similar

extent in all groups. An increase in coronary flow during the
first minutes of reperfusion was indicative of successful
reflow, but coronary flow subsequently declined in all groups
during the following 120-minute reperfusion period. During

reperfusion, left ventricular developed pressure recovered

gradually, though never reaching stabilization values.

Infarct Size Data

The risk zone volume was similar in all experimental groups,
at ~0.5 cni. Infarct size is represented as the percentage o
tetrazolium-negative tissue in the ischemic risk zone. As
expected, IP significantly reduced the amount of infarcted
tissue in the risk zone compared with control hearts
(18.6+1.5% vs 43.7-3.0%, P<0.01; Figures 2 and 3).
Glimepiride or glibenclamide alone did not influence infarct
size (glibenclamide 44#%5%, glimepiride 41.44.7%).
However, when administered before and during the IP pro-
tocol, glibenclamide abolished the protective effect of pre-
conditioning (36.%4% in glibenclamide-IP vs 18.6:1.5%

50
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infarct-risk ratio (%)

=3

P

control diaz diaz+glib diaz+glim

Figure 3. Infarction developed in risk zone in hearts pretreated
with both 30 umol/L diazoxide (diaz) and 10 umol/L gliben-
clamide (glib) or glimepiride (glim) before regional ischemia.
*P<0.001.
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in IP, P<0.05), whereas glimepiride did not (1&2.7% in
glimepiride+IP vs 18.6:1.5% in IP; Figure 2).

With regard to potential effects on the mitochondria, we
used the K channel opener diazoxide to investigate the
differences between glibenclamide and glimepiride. Diazox-
ide alone given before ischemia also conferred protection
against ischemia/reperfusion injury (infarct/risk zone,
22.2-4.7%; P<0.05 vs control). This beneficial effect was
lost in the presence of glibenclamide (222 7% in diazox-
ide vs 38.8:5% in diazoxide-glibenclamide;P<0.05) but
not in the presence of glimepiride (22t2.9% in
diazoxidetglimepiride vs 22.24.7% in diazoxideP>0.05;
Figure 3).

Patch-Clamp Studies

To test whether glimepiride and diazoxide affect currents
through sarcolemmal 4, channels of rat ventricular myo
cytes, we used patch-clamp techniques to record whole-cell
membrane currents at a holding potential of 0 mV in
6 mmol/L K" solution. Under these conditions, the,. K
channel opener pinacidil activated a substantial outwagd K
current, which was blocked by both @amol/L glimepiride
(Figure 4A) and 1umol/L glibenclamide (Figure 4B). The
effectiveness of glimepiride in blocking sarcolemmal;K
channels was confirmed in 16 additional cells. In experiments
in which we tested different concentrations, half blockage
occurred with~10 nmol/L glimepiride. In similar experi-
ments, we looked for current activation by diazoxide (at 30
and 300umol/L). Figure 4B shows that no activation of
current was detectable in response to diazoxide at 300
wmol/L, but the subsequent application of pinacidil (200
umol/L) to the same cell activated substantigKcurrent.
The results from several cells (Figure 4C) show that diazox-
ide caused no activation of sarcolemmalicurrent at either

30 or 300umol/L. These results suggest that glibenclamide

fand glimepiride are potent blockers of sarcolemmatzK

channels in rat ventricular myocytes and that diazoxide does
not activate these channels under our experimental
conditions.

Mitochondrial Membrane Potential

Ascorbate was used in all experiments as a mitochondrial
respiratory substrate. Application of ascorbate to the mitochon-
dria caused an instantaneous increase in intensity of TMRM
fluorescence, concomitant with mitochondrial membrane polar-
ization. The mitochondrial uncoupler carbonyl cyanide
m-chlorophenylhydrazone (@mol/L), used as a positive control

to collapse membrane potential in the mitochondria, resulted in
a large reduction in intensity of TMRM fluorescence (Figure
5A). Treatment of mitochondria with the physiological mito-
chondrial K» channel opener GTP (5@mol/L) significantly
(P<0.0001) decreased the TMRM fluorescence from13.3
arbitrary fluorescence units in untreated mitochondria to
135+2.9 (Figure 5A). GTP significantly decreased the mito-
chondrial membrane potential by £8.9% of the control value
(Figure 5B). 5-Hydroxydecanoate, glimepiride, or glibenclamide
alone had no effect on membrane potential (Figure 5B). Both
glibencamide and 5-hydroxydecanoate prevented the changes in
membrane potential induced by GTP (#5007 and 156:3.8
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Figure 4. Effects of sulfonylureas and diazoxide on sarcolemmal
Katp current. A, Membrane current recorded from isolated rat
ventricular myocyte by using whole-cell patch-clamp technique.
Cell was held at 0 mV throughout, and extracellular solution
contained 6 mmol/L K*. Application of Kxrp channel opener
pinacidil activated outward Kare current, which was completely
blocked by 1 umol/L glimepiride. B, Recording from different
cell under same conditions as in A. Diazoxide (300 umol/L) did
not activate Karp current, but subsequent application of pinacidil
(200 wmol/L) activated substantial current that was inhibited by
1 wmol/L glibenclamide. C, Mean+SEM sarcolemmal Karp
(glibenclamide-sensitive) current at 0 mV in absence of Karp
channel openers (6K), in presence of diazoxide (30 and 300
umol/L) or pinacidil (200 umol/L). n=5 cells in each case.
*P<0.0001 vs 6K, t test.

arbitrary units, respectively, compared with control 5339),
whereas glimepiride did not block these changes 139
arbitrary units; Figures 5A and 5B).

Discussion
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Figure 5. Effects of sulfonylureas and GTP on mitochondrial
membrane potential. A, Representative flow cytometric profile of
isolated cardiac mitochondria stained with TMRM showing mito-
chondrial membrane potential-associated fluorescence. Effect
on control of (a) 50 umol/L GTP, (b) GTP in presence of 10
umol/L glimepiride, (c) GTP in presence of 100 umol/L
5-hydroxydecanoate, (d) GTP in presence of 10 umol/L glibenc-
amide, and (e) 1 wmol/L carbonyl cyanide
m-chlorophenylhydrazone CCCP. B, Mean*=SEM percent
change from control of median TMRM fluorescence, n=6.
**P<0.0001.

Diabetes is a common and widespread disease. In the diabetic

population, 90% of patients have type 2 diabétels these lease by pancreati@-cells. Unfortunately, K, channel
patients there is an increased risk of cardiovascular compli- plockade is not specific to the pancreas and can affect other
cations followed by higher morbidity and mortality than in a  tissues as well. It is well established that glibenclamide can
nondiabetic population with coronary artery diset&s&he also block sarcolemmal & channels in a number of other
most common treatment approach in type 2 diabetes is cell types, including vascular smooth muscle cells, cardiac
administration of oral sulfonylureas, such as glibenclamide, myocytes, and vascular endothelium, as well as the K
which block K, channels, thereby stimulating insulin-re  channels situated on the inner membrane of mitochonr@lria.

Downloaded from circ.ahagjournals.org at UNIV COLLEGE LONDON on November 25, 2008


http://circ.ahajournals.org

Mocanu et al Glimepiride, Preconditioning, and Myocardial Protection 3115

There is also substantial evidence to suggest that in diabeticing by using infarct size, which has been shown to be a valid
patients with acute myocardial infarction, these oral agents end point in relation to experimental preconditioning stud-
should be avoide# Initial concern for issue this was raised ies23 The results show that infarct size reduction due to
in the early 1970s when the University Group Diabetes ischemic preconditioning was not significantly changed when
Program assessed the efficacy of oral hypoglycemic treat- the preconditioning protocol took place in the presence of
ment Compared with insulin and diet alone in the prevention g||mep|r|de On the Con'[raryl g|ibenc|amide Comp|ete|y abol-
of cardiovascular complication8.They demonstrated a sig-  jshed this protection. A possible explanation would be that
nificantly higher cardiovascular mortality in patients on ypjike glibenclamide, glimepiride does not block the mito-
sulfonylureas compared with diet alqne. Nonetheless, thesenongrial Kae channels, known to play a crucial role in

agents have continued to be extensively used because, 0N reconditioning protection. To examine this hypothesis, the

suspects, of the lack of a plausible mechanism for the go0qnq aim of our study was to ascertain whether glimepiride
University Group Diabetes Program study results. The United abolished the protective role of diazoxide, a known opener of

Kingdom Prospective Diabetes Study, a large-scale clinical mitochondrial K. channels at specific dosést has been

: . )
study 0f>5(.)00 patients; atter_npted to answer the que_stlon shown that diazoxide, when administered before ischemia,
of whether improved glycemic control reduced the risk of - . S g

protects the infarcting myocardiutf;this beneficial effect

cardiovascular death in patients who were taking insulin and | . .
P 9 being lost in the presence of glibenclamid®ur results

sulfonylureas. In that study no detrimental effect of sulfonyl- ) . . . .
ureas was noted, and the United Kingdom Prospective Dia- confirm these studlgs WI'.[h respect to glibenclamide byt alsp
betes Study is often cited as proof that sulfonylureas such asdemon;trate that.gl|mep|r|de dges not appear to _abO“?h th's
glibenclamide do not pose a risk to patients with type 2 protective effect; ie, the p_rotecnon_conferred by dla_lzox@e is
diabetes. Unfortunately, what the study failed to ascertain N0t 10t even when the mitochondriaki opener is given in
was the effect that these agents had on these type 2 diabetidh® Presence of this sulfonylurea. The most plausible expla-
patients in the setting of acute coronary syndromes, ie, in Nation would be that glimepiride does not affect mitochon-
patients directly at risk of myocardial infarction (presenting drial Kare opening, whereas glibenclamide blocks this chan
with chest pain or unstable angina). nel. We do note, however, that 10nol/L glibenclamide may

In this context, one of the most potent mechanisms of not be specific, and we cannot exclude the possibility that at
protection against myocardial ischemia/reperfusion injury is this concentration, glibenclamide abolishes other mechanisms
ischemic preconditioning’. This endogenous protective re- involved in preconditioning.
sponse has been demonstrated in all species, including Diazoxide has been shown to cause a decrease in mito-
humansig and has been described as the beneficial adaptive chondrial membrane potential, although the exact process by
response of the myocardium to repeated episodes of sublethalvhich it does so remains controverst&k-26 Although dia-
ischemia. A substantial body of evidence implicates mito- zoxide has been proposed to directly open mitochondrigl K
chondrial Kp channel opening as playing a central role in  channels, it may in addition have a nonspecific effect on
the acquisition of this protectioft® Although it is not clearly electron transport of the respiratory chai#.26 To concen-
established whether mitochondrialx channel opening  trate on the mitochondrial k& channel specifically, the
plays a trigger role (proximal event) or acts as a distal effector physijological mitochondrial k» channel opener GTP was
of protection, glibenclamide has been shown to attenuate thisinerefore used to investigate the action of the two sulfonyl-
preconditioning response in animal studies (for a review, see ,;aq7 GTP produced a decrease in mitochondrial mem-
Yellon et al). There are also data from human studies in p-ane notential, which was blocked by glibenclamide, as well
Wh_lch preconditioning has been e.xallmlned ywth surrogatq end as by a suitable agent known to block mitochondriak:K
points such as ST-_segr_nent deviation during repea_tted 'mra'channels, viz, 5-hydroxydecanoate. Under the same condi-
coronary balloon inflations that support the notion that tions, glimepiride failed to inhibit the effects of GTP on

gllbencla_mlde blunts the preconditioning respoffs&uch tmitochondrial membrane potential. These data indicate that
observations have generated concern about the safety of . - : .
glimepiride has no effect on mitochondrial,J channel

sulfonylurea agents in diabetic patients with concurrent is- .
. . S opening by GTP.
chemic heart disease, because inhibition of the endogenous ) . . -
We believe that more studies, basic as well as clinical, are

ditioni hanism b [fonyl ight predis-
PISSOIIO IO TIECIaTiS T By STToTylreas TN PIers needed to fully elucidate and characterize the role of this

pose to cell death.Glimepiride, a second-generation sulfo- .
Sulfonylurea. At present, we believe that our study under-

nylurea, has been shown to be more specific to the pancrea / ] ) -
than to other tissues, especially the myocardiuRurther- taken in the isolated rat heart demonstrates that glimepiride

more, glimeperide was shown to have a more rapid as well as@PPears to be significantly less harmful to the ischemic heart
longer duration of action, and despite stimulating less insulin than is the more conventionally used sulfonylurea gliben-
secretion in comparison with glibenclamide, it has been clamide. Further work in other species and in vivo are
shown to have higher glucose-decreasing actig. This warranted. However, the present data may have important
characteristic may be as a consequence of its having a directmplications for the treatment of type 2 diabetes patients at
effect on the expression of glucose transporters, such asrisk of myocardial infarction, and appropriate clinical studies
Glut-1 and Glut-42 would need to be designed to ascertain the true nature of the

Our aim was to study the direct effect of these sulfonylurea role and place of such sulfonylureas in ischemic heart disease
drugs on the protection conferred by ischemic precondition- patients.
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