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ABSTRACT
The effect of inhalational anesthetics on myocardial contraction
and energetics in type 2 diabetes mellitus is unknown. We
investigated the effect of isoflurane (ISO) on force and
intracellular Ca21 transient (iCa), myocardial oxygen consump-
tion (MVO2), and energetics/redox behavior in trabecular
muscles from Zucker diabetic fatty (ZDF) rats. At baseline, force
and corresponding iCa were lower in ZDF trabeculae than in
controls. ISO decreased force in both groups in a dose-
dependent manner. ISO did not affect iCa amplitude in controls,
but ISO . 1.5% significantly reduced iCa amplitude in ZDF
trabeculae. ISO-induced force depression fully recovered as
a result of increased iCa when external Ca21 was raised in
controls. However, both force and iCa remained low in ZDF
muscle at elevated external Ca21. In controls, force, iCa, and

MVO2 increased when stimulation frequency was increased from
0.5 to 1.5 Hz. ZDF muscles, however, exhibited blunted
responses in force and iCa and decreased MVO2. Oxidative
stress levels were unchanged in control muscles but increased
significantly in ZDF muscles after exposure to ISO. Finally, the
depressive effect of ISO was prevented by 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (Tempol) in ZDF muscles. These
findings suggest that ISO dose-dependently attenuates force
in control and ZDF muscles with differential effect on iCa. The
mechanism of force depression by ISO in controls is mainly
decreased myofilament Ca21 sensitivity, whereas in ZDF
muscles the ISO-induced decrease in contraction is due to
worsening oxidative stress, which inhibits iCa and force
development.

Introduction
Type 2 diabetes has become a common health hazard

worldwide, especially in developed countries. Patients with
diabetes experience many complications, including coronary
artery disease and heart failure. Often, these patients
undergo general anesthesia for a variety of surgical proce-
dures, and rates of perioperative complications are known to
be higher in patients with longstanding diabetes than
nondiabetic patients (Lee et al., 1999; Hoeks et al., 2009).
For example, the postoperative mortality of diabetic patients
after both cardiac and noncardiac surgery is significantly
higher than that of nondiabetic patients (Thourani et al.,
1999; Axelrod et al., 2002; Juul et al., 2004; Ganesh et al.,
2005), and the long-term outcome in diabetic patients after
noncardiac surgery is frequently associated with stroke
and early death (Halm et al., 2009). Often, the increased
postoperative mortality is the result of cardiovascular

complications (Juul et al., 2004). This fact is not surprising
given that diabetic patients have a higher prevalence of
cardiovascular comorbidities (Booth et al., 2006). Although
the exact reason for the higher perioperative complications in
diabetic patients is not well understood (Hoeks et al., 2009),
the impact of anesthesia during surgery should not be
overlooked.
At a cellular level, the diabetic heart undergoes metabolic

remodeling, as highlighted by increased mitochondrial dys-
function and uncoupling (Flarsheim et al., 1996; Bugger and
Abel, 2010; Heather and Clarke, 2011). Additionally, myofil-
ament function is impaired in both humans and animal
models of diabetes (Dai and McNeill, 1992; Okayama et al.,
1994; Zhou et al., 2000; Jweied et al., 2005; Song et al., 2008).
However, whether volatile agents worsen contractile function
during anesthesia and surgery is not known. Given that
volatile agents are known to depress cardiac contractility in
nondiabetic myocardium, regardless of functional state
(i.e., normal and failing) (Rusy and Komai, 1987; Pagel
et al., 1996; Vivien et al., 1997; Hanley et al., 2004; Preckel
et al., 2004; Ding et al., 2011), they are expected to affect
cardiac contraction of the diabetic heart. However, previous
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studies have shown conflicting results. One study showed that
isolated papillary muscles from rat hearts with streptozotocin-
induced diabetes (type 1) were less sensitive than control
muscles to volatile anesthetics, whereas another study showed
that they exhibited increased sensitivity (Hattori et al., 1987;
David et al., 2004). Halothane similarly depressed contraction
and intracellular Ca21 (iCa) in isolated myocytes from both
normal rats and streptozotocin-induced diabetic rats (Rithalia
et al., 2004). Although these differences may be explained
in part by differences in experimental conditions, the effect
of volatile anesthetics on myocardial contraction in diabetes
is yet unclear. Moreover, the effect of volatile anesthetics
on myocardial contraction in type 2 diabetes is not well
studied.
In the present study, we investigated the effect of isoflurane

(ISO) on myocardial contraction in isolated, intact trabecular
muscles from control hearts and hearts of Zucker diabetic
fatty (ZDF) rats, which recapitulates the traits of type 2
diabetes [i.e., obesity, hyperglycemia, and insulin resistance
and (possible) cardiomyopathy]. In addition, we measured
myocardial oxygen consumption (MVO2) and oxidative stress
levels in these intact muscles. We hypothesize that isoflurane
exerts differential effect on contraction and energetics in ZDF
cardiac muscles as compared with normal ones. The aims of
the study were as follows: 1) to confirm that ISO exerts
a negative inotropic effect in ZDF muscles in which loaded
contraction and corresponding iCa are measured simulta-
neously; 2) to determine whether the negative inotropic effect
is due to limited energy provision; mitochondrial respiration
(i.e., MVO2) will be quantified under ISO exposure; and (3) to
determine levels of oxidative stress under these experimental
conditions and its impact on contraction of ZDFmuscles in the
presence of ISO.

Materials and Methods
Animals. Both Zucker lean (control) and ZDF adult rats (14–17

weeks old; Charles River Laboratories, Wilmington, MA) were used in
the study. The care of the animals and the experimental protocol were
approved by the Animal Care and Use Committee of The Johns
Hopkins University.

Trabecular Muscle Preparation. The rats were anesthetized by
intra-abdominal injection with pentobarbital (180 mg/kg). The heart
then was exposed by mid-sternotomy, rapidly excised, and placed in
a dissection dish. The aorta was cannulated, and the heart was
perfused in a retrograde fashion (∼15 ml/min) with dissecting Krebs-
Henseleit (K-H) solution equilibrated with 95% O2 and 5% CO2. The
dissecting K-H solution was composed of 120 mM NaCl, 20 mM
NaHCO3, 5 mM KCl, 1.2 mM MgCl, 10 mM glucose, 0.5 mM CaCl2,
and 20 mM 2,3-butanedione monoxime (BDM) [pH 7.35–7.45 at room
temperature (21–22°C)]. Trabecularmuscle from the right ventricle of
the heart was dissected and mounted between a force transducer and
a motor arm, superfused with K-H solution without BDM at a rate of
∼10 ml/min, and stimulated at 0.5 Hz.

Force was measured by a force transducer system (KG7; Scientific
Instruments, Heidelberg, Germany) and expressed in millinewtons
per square millimeter of cross-sectional area. The muscles underwent
isometric contractions with the resting muscle length set such that
resting force was ~15% of total force development (i.e., optimal muscle
length). Intracellular Ca21 concentration was measured by using the
free acid form of fura-2, as described previously (Gao et al., 1994, 2012;
Dai et al., 2007; Ding et al., 2011). All experiments were performed at
room temperature (20–22°C). Although several experiments were
attempted at 37°C, such experiments were technically inadequate due

to rapid loss of the Ca21 indicator and deterioration of contractile
function. ISO was delivered via an isoflurane-specific vaporizer
(calibrated by a vapor analyzer) to the K-H solution along with the
O2 (95%)/CO2 (5%) gas mixture at a constant flow rate (1.0 l/min). The
K-H solution was bubbled through a fine-porosity gas distribution
tube with desired doses (vol%) of ISO for at least 15 minutes before
use. Because of the volatile nature of ISO, the K-H solution was
constantly bubbled with gas mixture saturated with ISO and the
reservoir was covered to maintain the desired percentage of ISO
throughout the experiments. In this design, the muscles were per-
fused with K-H buffer that was saturated with the desired percentage
of ISO.

Measurement of MVO2. MVO2 was determined with a fiberoptic,
spectrometer-coupled chemical sensor (Ocean Optics, Largo, FL) that
provides full spectral analysis of dissolved oxygen pressure, as
described previously (Cortassa et al., 2006; Cortassa et al., 2009).
The tip of the oxygen-sensitive fiber-optic sensor (diameter: 300 mm)
contains the O2-sensitive compound ruthenium (which fluorescence is
quenched by O2) embedded in a resin. The fluorescence emitted at 600
nm is a function of O2 dissolved in the surroundings of the tip. During
measurement, the sensor tip was positioned within 100 mm of the
muscle. MVO2 was measured as the slope of the O2 decline upon brief
cessation of flow of the perfusate during a 45-second to 1-minute
interval. Under these conditions, we recorded a linear change in the
fluorescent signal for which the slope is proportional to MVO2 of the
muscle. As expected, the respiratory rate increased with increased
stimulation frequency and with increased Ca21 concentrations in the
buffer bathing the muscle (see Results). The measurements refer to the
maximal slope in the presence of the uncoupler trifluorocarbonylcyanide
phenylhydrazone (1 mM). MVO2 was also normalized to each in-
dividual muscle and expressed as micromolars of O2 � minute21 �
gram wet tissue21.

Measurement of NADH and Oxidative Stress Levels. NADH
was quantified by using the autofluorescence signal of the muscles
with excitation at 360 nm and emission at 450 nm. The NADH signal
was calibrated at the end of the experiment by perfusing the muscle
with 1 mM trifluorocarbonylcyanide phenylhydrazone and 5 mM
cyanide, which were added successively after BDM (20 mM). NADH
level was expressed as the ratio of NADH fluorescence (NADHF)
during treatment to baseline NADH fluorescence (NADHF0), which
was measured right after the stabilization period at 0.5 Hz.

Oxidative stress levels were measured by using fluorescent signal
of probes 5-(6)-chloromethyl-2,7-dichloro-hydrofluorescein (CM-DCF)
and MitoSOX (C43H43N3IP). Both CM-DCF and MitoSox are general
indicators of oxidative stress (i.e., not specific reactive oxygen species
indicators) within the cell. Fluorescent probes were loaded into the
trabeculae by chemical loading. The loading solution consisted of K-H
with the diacetate forms of CM-DCF (CM-H2DCFDA, C27H19Cl3O8,
7 mM) and MitoSOX (2 mM), which were dissolved in 0.4% Pluronic
F-127 (EO100PO65EO100), 1% dimethylsulfoxide, 5 g/l Cremophor, and
1 mM N,N,N9,N9 tetrakis(2-pyridylmethyl)ethylenediamine. The tra-
becula was exposed to the loading solution for 20 minutes at room
temperature. After loading, the fluorescent signals from the muscle
were acquired at 520 nm (CM-DCF) and 580 nm (MitoSox),
respectively. The fluorescence measured following the stabilization
period at 0.5 Hz was considered baseline (F0) for all subsequent
fluorescence signal measurements. The signals of CM-DCF and
MitoSOX were expressed as the ratio of fluorescence during
treatment (F) to that at baseline (F0). Levels of CM-DCF and
MitoSOX were normalized with respect to NADH autofluorescence
measured simultaneously and were expressed as CM-DCFF/F0/
NADHF/F0 and MitoSOXF/F0/NADHF/F0, respectively.

Statistics. Student’s t test and multivariate ANOVA (MNOVA)
were used for statistical analysis of the data (Systat 10.2.01; Systat
Software, San Jose, CA). A value of P , 0.05 was considered to
indicate significant differences between groups. Unless otherwise
indicated, pooled data are expressed as means 6 S.E.M.
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Results
Effect of ISO on Force Development and Intracellu-

lar Ca21 Transients. The body weight and blood glucose
levels of the animals used in the study are shown in Table 1.
ZDF rats had significantly higher body weight and blood
glucose levels than did control lean rats. These differences are
consistent with full development of type 2 diabetes in ZDF
rats. Even without ISO, both force development and iCa were
already depressed in ZDF muscles, suggesting impaired
excitation-contraction in ZDFmuscles (Fig. 1). This decreased
contraction is consistent with echocardiographic findings of
lower fractional shortening in hearts from ZDF rats (Zhou
et al., 2000; van den Brom et al., 2009). In normal cardiac
muscle, ISO concentrations up to 3% depressed force without
affecting amplitudes of iCa, as we have shown previously
(Ding et al., 2011). In ZDF muscles, force development
decreased in a similar dose-dependent manner as in lean
ones, but iCa behaved differently from controls (Fig. 1). In
lean control muscles, iCa remained largely unchanged at any
given doses of ISO tested, although it tended to decrease
slightly at high doses (P . 0.05 versus at 0% ISO), indicating
that ISO decreased myofilament Ca21 sensitivity. In ZDF
muscles, however, iCa was significantly decreased from
baseline at 1.5% ISO (P , 0.05 versus at 0% ISO) and at 3%
ISO (P , 0.05 versus at 0% ISO). This finding indicates that
ISO-induced force depression at concentrations greater than
1.5% is due mainly to decreased iCa.
We also determined the effect of stimulation frequency on

force and iCa for each group in the presence of ISO (Fig. 2).
ISO (1.5%) significantly depressed force development at each
stimulation frequency but did not affect the slope of the
frequency response in control muscles (Fig. 2A). Additionally,
the amplitude iCa in response to stimulation frequency of
control muscles was not affected by ISO either. In muscles
from ZDF rats, the response to stimulation rate was blunted
compared with that of control muscles (Fig. 2B). Moreover,
unlike in control muscles, ISO depressed the increases of iCa
as the stimulation rate increased to 1.5 Hz, an effect that most
likely underlay the blunted force development. Thus, the
effect of ISO on the responses of force and iCa to a higher
stimulation rate appears to result from decreased myofila-
ment Ca21 responsiveness in control muscles but depressed
iCa in ZDF muscles.

Effect of External Ca21 on Force and Intracellular
Ca21 Transient in the Presence of ISO. We have pre-
viously shown that the decreased force development in the
presence of ISO could be recovered to pre-exposure level by
raising external Ca21, which in turn doubles (or triples) iCa in
normal cardiac muscle (Ding et al., 2011). In the next series of
experiments, we increased external Ca21 concentration and
compared the effect of Ca21 on force and iCa in control and
ZDF muscles exposed to ISO. Figure 3A shows that in control
muscles exposed to 1.5% ISO, force increased significantly
when external Ca21 concentration was raised from 1.0 to 3.0
mM. The increased force development was accompanied by
significant increases in iCa. These data are consistent with
the premise that, in control muscles, ISO reduces myofila-
ment Ca21 responsiveness. In contrast, Fig. 3B shows in ZDF
muscles exposed to 1.5% ISO neither force nor iCa responded
to an increase in external Ca21. These results indicate that
ISO inhibited increases in iCa, thus inhibiting force de-
velopment when external Ca21 concentration was raised.
Effect of ISO on MVO2. Diabetic hearts are believed to

have altered energetics resulting from abnormal mitochon-
drial respiration and substrate metabolism (Bugger and Abel,
2010; Heather and Clarke, 2011). Notably, mitochondrial
respiration is uncoupled, and its energetic transition is
compromised (Boudina et al., 2007; Tocchetti et al., 2012).
These changes lead to mechanical dysfunction and altered O2

consumption, respectively (Golfman et al., 2005; Boardman
et al., 2009). To investigate whether ISO affects mitochondrial
respiration in diabetes, especially when coupled with me-
chanical performance, wemeasuredMVO2 in workingmuscles
from ZDF rats. As compared with control muscles, ZDF
muscles had a slightly lower MVO2 at baseline (P . 0.05
versus control) (Fig. 4). In control muscles, MVO2 increased as

TABLE 1
Body weight and blood glucose levels of control (lean) and ZDF rats

Group Body Weight Blood Glucose

g mg/dl

Lean 363 6 13 148 6 10
ZDF 421 6 25* 443 6 48*

ZDF, Zucker diabetic fatty rat.
*P , 0.01 versus lean group (n = 6).

Fig. 1. Effect of isoflurane on force (A)
and iCa (B) in cardiac muscles from
control and ZDF rats. (A) Pooled data
show that systolic force is lower in
trabeculae from ZDF rats than in those
from control rats at baseline. Isoflurane
decreased systolic force similarly in con-
trol and ZDF muscles. (B) Pooled data
show iCa of control and ZDF muscles. In
control muscles, amplitudes of iCa re-
mained unchanged at all tested isoflurane
concentrations (up to 3%). However, in
ZDF muscles, iCa amplitudes were signif-
icantly reduced compared with baseline at
doses of 1.5% and higher. There were no
changes in diastolic forces and resting Ca2+

levels in both groups. *P , 0.05 versus
ZDF; #P , 0.05 versus 0% isoflurane
within each group; n = 4–5 each group.
Extracellular [Ca2+] = 1.0 mM.
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stimulation frequency increased, consistent with increases in
force development (i.e., Fig. 3A) and indicating mitochondrial
respiration was stimulated by increased demand (Cortassa
et al., 2009). Within control muscles, ISO (1.5%) increased
MVO2 slightly (Fig. 4, A and C) (P . 0.05, MNOVA) at the
tested stimulation frequencies. In contrast, muscles from ZDF
rats showed no changes (or slight decrease) in MVO2 as
stimulation frequency increased and ISO decreased MVO2 at
both stimulation frequencies (Fig. 4, B and D) (P , 0.01,
MNOVA). At higher dose of ISO (3%), there were no differ-
ences in MVO2 in control muscles (Fig. 4E), whereas it
remained depressed in ZDF muscles (Fig. 4F). The responses
of MVO2 to stimulation frequencies and to ISO between
control and ZDF muscles were significantly different (P ,
0.01, MNOVA). The differential responses of MVO2 to
stimulation frequencies and to ISO between control and

ZDF muscles indicate that myocardial energetics are signif-
icantly altered in ZDF muscle in the presence of ISO.
Effect of ISO on Oxidative Stress. To investigate the

underlying mechanism by which ISO affects force, iCa, and
MVO2, we measured oxidative stress levels in real time in
control and ZDF muscles in the presence and absence of ISO.
Specifically, we compared levels of NADH, CM-DCF, and
MitoSox before and after isoflurane exposure. Because
NADH levels were comparable before and after ISO, we
determined oxidative stress levels by normalizing fluores-
cent signals of CM-DCF and MitSox from each muscle to
NADH signals in the same muscle. In the absence of ISO,
oxidative stress levels did not differ between control and
ZDF groups (Fig. 5). However, In the presence of ISO,
oxidative stress increased in ZDF muscles but remained
unchanged in controls.

Fig. 2. Effect of isoflurane on force and iCa at different stimulation frequencies in cardiac muscles from control (A) and ZDF (B) rats. (A) In control
muscles, the positive response to stimulation frequency was not affected by isoflurane despite significant reduction in force development (left panel) (P,
0.001, MNOVA). The responses of iCa were not affected by isoflurane. (B) In ZDF muscles, the responses of both force and iCa to increased stimulation
rate were blunted before isoflurane. Isoflurane depressed both force and iCa (P , 0.001, MNOVA). N = 5; extracellular [Ca2+] = 1.0 mM.

Fig. 3. Effect of extracellular Ca2+ concentration on the recovery of force and iCa in the presence of isoflurane. (A) In control muscles, developed force
recovered to over 80% of the preisoflurane level with concomitant increase in iCa (∼200% preisoflurane treatment). *P , 0.05 versus values
at extracellular [Ca2+] = 1.0 mM; n = 4. (B) In ZDFmuscles, increasing [Ca2+]o to 3.0 mM increased force and iCa minimally in the presence of isoflurane;
n = 4.

24 Shen et al.



Effect of Tempol on Force Development in the Pres-
ence of Isoflurane. If increased oxidative stress were
responsible for the ISO action in ZDF muscles, relieving
oxidative stress would prevent decreases in iCa and force
development. We tested this hypothesis by investigating the
effect of antioxidant, 4-hydroxy-2,2,6,6-tetramethylpiperidine-
N-oxyl (Tempol), on force development in the presence of

ISO (1.5%). Tempol is a cell membrane–permeable amphilite
that decreases oxidative stress by dismutating superoxide,
facilitating hydrogen peroxide metabolism, and limiting the
formation of hydroxyl radicals. It is broadly effective in
detoxifying reactive oxygen species (ROS) in cells (Wilcox and
Pearlman, 2008). Tempol did not affect force development
(tested up to 2 mM) at baseline (results not shown). Figure 6

Fig. 4. Effect of isoflurane on oxygen consumption (MVO2) of intact cardiac muscle from control (A, C, and E) and ZDF (B, D, and F) rats. (A) Raw
tracings of voltage changes from the O2 electrode as levels of O2 surrounding the muscle decreased at stimulation rates of 0.5 Hz (left) and 1.0 Hz (right).
MVO2 increased as stimulation frequency increased. Isoflurane also increased MVO2 slightly. Black bars indicate a period in which the muscle was
allowed to consume O2 contained only in the bath solution (see text for details). (B) Raw tracings of voltage changes from the O2 electrode as levels of O2
surrounding the muscle decreased at stimulation rates of 0.5 Hz (left) and 1.0 Hz (right). MVO2 remained unchanged or decreased as stimulation
frequency increased. (C) Pooled data of the effect of isoflurane (1.5%) on MVO2 in control muscles. (D) Pooled data showing that isoflurane decreased
MVO2 at any given stimulation frequency in ZDFmuscles (P, 0.01 versus without isoflurane, MNOVA); n = 6. Extracellular [Ca2+] = 1.0 mM. (E) Pooled
data of the effect of isoflurane (3.0%) on MVO2 in control muscles. (F) Pooled data of the effect of isoflurane (3.0%) on MVO2 in ZDF muscles. MVO2 was
decreased at both stimulation rates in the presence of isoflurane (P , 0.01, MNOVA). n = 6, extracellular [Ca2+] = 1.0 mM. n = 6, extracellular [Ca2+] =
1.0 mM.

Isoflurane and Oxidative Stress in Diabetic Myocardium 25



shows that Tempol (0.4 mM) prevented decreases in force
development in ZDF muscles when they were exposed to ISO.
While in control muscles, Tempol failed to stop ISO-induced
force depression. These data further support that the de-
creased contraction in the presence of ISO is due to increased
oxidative stress in ZDF muscles.

Discussion
This study investigated the effects of ISO on cardiac

mechanics and energetics in isolated intact trabecular
muscles from ZDF and control rats. ZDF rats share many
features of human type 2 diabetes, such as obesity, hypergly-
cemia, insulin resistance, and cardiomyopathy. Thus, our
study is clinically relevant to patients with type 2 diabetes. In
the intact trabecular muscles, we were not only able to
measure force directly and reliably but also to assess mito-
chondrial respiration simultaneously. It is noteworthy that
we can couple mechanical activity toMVO2 (i.e., mitochondrial
respirations) within each individual muscle. We found that
force development was lower in muscles from diabetic rats,
most likely due to lower baseline iCa. Additionally, whereas
ISO decreased force similarly in muscles from control and
diabetic rats, it differentially affected iCa. In control muscle,
ISO had little effect on iCa at concentrations up to 3%, but, in
ZDFmuscles, it significantly depressed iCa at concentrations of
1.5% and above. ISO also increased oxidative stress in diabetic
muscles, and muscles from diabetic rats that were exposed to
ISO exhibited little recovery of force or iCa when external Ca21

was increased. In contrast, relieving oxidative stress prevented
ISO-induced force depression. These results indicate that ISO
worsened the abnormal cardiac excitation-contraction coupling
in diabetic myocardium by increasing oxidative stress.

Our finding that force development in ZDF muscles was
decreased at baseline is consistent with reports in previous
studies (Zhou et al., 2000; Golfman et al., 2005; van den Brom
et al., 2009). Cardiac contraction has also been shown to be
depressed in myocytes and hearts from type 2 diabetic mice
(db/db and ob/ob) (Belke et al., 2004; Dong et al., 2006;
Pereira et al., 2006; Boudina et al., 2007) and skinned
myocytes from humans with type 2 diabetes (Jweied et al.,
2005). Although depressed cardiac contraction seems to be
a cardinal feature of type 2 diabetes, the mechanism un-
derlying the depressed state is not well understood. Mito-
chondrial dysfunction appears to contribute substantially to
cardiac dysfunction (Flarsheim et al., 1996; Bugger and Abel,
2010; Heather and Clarke, 2011), but some studies have
suggested that decreased myofilament Ca21 responsiveness
may also underlie contractile dysfunction in diabetes (Jweied
et al., 2005; Ramirez-Correa et al., 2008). In this study, we
found that both force and iCa were decreased, exhibited a flat
response to increased stimulation rate, and failed to respond
to elevated external Ca21. These data suggest that the lower
force development is the result of reduced activator Ca21.
However, it remains unclear whether myofilament Ca21

responsiveness is altered in ZDF muscles, as has been shown
in human type 2 diabetes (Jweied et al., 2005).
In control muscles, ISO depressed force development

without affecting iCa, indicating decreased myofilament
responsiveness. However, in diabetic muscles, both force
and iCa were decreased, suggesting that the decreased force
resulted from decreased iCa (Fig. 1). Thus, Ca21 availability is
further reduced by ISO in diabetic muscles. The function of
L-type sarcolemmal Ca21 channels has been found to be
reduced, leading to diminished Ca21 entry and hence reduced
Ca21 availability, which was further exacerbated by a de-
crease in ryanodine receptor Ca21 channel density and

Fig. 5. Effect of isoflurane (1.5% and 3.0%) on oxidative
stress levels in cardiac muscles from control and ZDF
rats. (A) Effect of isoflurane on CM-DCF fluorescence in
control and ZDF muscles. CM-DCF fluorescence was
normalized to NADH fluorescence. (B) Effect of isoflur-
ane on MitoSox fluorescence in control and ZDF
muscles. MitoSox fluorescence was normalized to
NADH fluorescence. *P , 0.05 versus before isoflurane;
P , 0.01 versus control muscles, MNOVA; n = 5.
Extracellular [Ca2+] = 1.0 mM.

Fig. 6. Effect of Tempol (0.4 mM) on force
development in the presence of isoflurane in
control and ZDF muscles at stimulation fre-
quency of 0.5 Hz (A) and 1.5 Hz (B). Isoflurane
decreased force development in both control
and ZDF muscles. Tempol did not affect the
isoflurane-induced force depression in control
muscles. However, Tempol inhibited the force-
depressing effect of isoflurane in ZDF muscles.
*P, 0.01 versus in the absence of isoflurane in
the control group; #P , 0.01 versus in the
absence of isoflurane in ZDF group; **P , 0.05
versus in the absence of Tempol in the ZDF
group. N = 4, extracellular [Ca2+] = 1.0 mM.
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sarcoplasmic reticulum Ca21 load (Pereira et al., 2006) and by
defective sarcoplasmic reticulum Ca21 ATPase function
(Belke et al., 2004). Apparently, ISO affects all of these
processes and leads to further decreases in iCa. This notion is
also supported by our data, which showed that raising the
external Ca21 concentration failed to augment force or iCa in
the presence of ISO (Fig. 3). The mechanism for ISO-induced
decreases in force and iCa is most likely due to worsening
oxidative stress (Fig. 5), which inhibits key processes involved
in excitation-contraction coupling (i.e., sarcoplasic reticulum
ATPase, ryanodine receptors, etc.) (Sag et al., 2013).
Myocardial energetics also differed between control and

diabetic muscles exposed to ISO. In the presence of ISO, MVO2
was unchanged (or slightly increased) despite significantly
decreased force development in control muscles (Figs. 1 and
4). Because the main source of MVO2 is mitochondrial
respiration (Cortassa et al., 2009), the lack of significant
changes in MVO2 suggests ISO has a negligible effect on
mitochondrial respiration in normal muscles. Nevertheless, it
cannot be ignored that ISO did produce a trend toward higher
MVO2 in control muscles, an effect that may be due to mild
mitochondrial uncoupling (Ljubkovic et al., 2007). In diabetic
muscles, baseline force development and iCa were lower than
those of control muscles, but MVO2 was unchanged, indicating
that diabetic muscles are less efficient, which is consistent
with increased mitochondrial uncoupling (Bugger and Abel,
2010). Unlike in control muscles, in diabetic muscles, ISO
attenuated mitochondrial respiration, as proven by reduced
MVO2 (Fig. 4) via increased oxidative stress (Bhatt et al.,
2012). This reduction might impede a variety of energy-
requiring processes in excitation-contraction coupling and
thereby lead to reduced iCa and force development in diabetic
muscles.
What is the mechanism that underlies ISO inhibition of

mitochondrial respiration in diabetic muscles? Our finding
that ISO augments oxidative stress in diabetic muscles
suggests that ROS plays an important role in ISO-induced
inhibition of mitochondrial respiration. This notion is sup-
ported by the following evidence: 1) impaired mitochondrial
respiration predisposes diabetic myocardium to (or even
promotes) the generation of ROS via electron transport chain
(Boudina et al., 2007; Tocchetti et al., 2012), and 2) ISO can
directly stimulate mitochondrial production of ROS (Hirata
et al., 2011). Although ISO-stimulated mitochondrial produc-
tion of ROS is protective in normal myocardium [i.e., anes-
thetic preconditioning (Kersten et al., 1997)], it is likely that
this process becomes maladaptive in diabetic myocardium
(i.e., worsening oxidative stress), thus leading to inhibition of
mitochondrial respiration.
The worsened oxidative stress of diabetic muscles upon

exposure to ISO not only inhibited force development and iCa
but also hindered their recovery when extracellular Ca21,
a common positive inotropic agent, was increased (Fig. 3). In
contrast, antioxidant Tempol prevented the decreases in force
development by decreasing ROS in ZDF muscles (Fig. 6). This
observation has important implications. First, patients with
diabetes may respond poorly to inotropic agents when being
treated for ISO-induced low contractility. Second, reducing
oxidative stress should be considered as part of the treat-
ment regimen when managing ISO-induced depression of
contractility.

One limitation in this study is that the experiments were
performed at room temperature with slower pacing rates
(0.5–1.5 Hz). The special requirements of the techniques and
preparations prevented us from performing these extremely
difficult experiments successfully at body temperature and
normal heart rate. Therefore, one should be cautioned that
extrapolating and implicating these in vitro findings is
limited. Clearly, in vivo experiments at physiologic conditions
are needed. Changes in diastolic properties in diabetes,
especially in type 2 diabetes, are expected. We did not focus
our investigation on these in this study because of the extent
of our current experimental protocols. A separate study is
needed to investigate these important properties in diabetic
hearts.
In conclusion, ISO inhibits myocardial contraction by

decreasing iCa in trabeculae from ZDF diabetic rats. The
reduced Ca21 availability results from impaired mitochon-
drial energetics and decreased oxygen usage caused by
increased ROS production. In addition, the increased oxida-
tive stress during ISO exposure retards the ability of positive
inotropic agents to reverse ISO-induced myocardial depres-
sion in ZDF muscles, and relieving oxidative stress by
antioxidants prevents ISO-induced force depression. Whereas
these results from our study are stimulating, it remains to be
seen whether antioxidant therapy will indeed attenuate ISO-
inducedmyocardial depression action in diabetic hearts under
physiologic conditions and in patients clinically.
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