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Background and purpose: Reactive oxygen and nitrogen species play an important role in the development of diabetic
cardiomyopathy. They can activate matrix metalloproteinases (MMPs), and MMP-2 in particular is known to mediate early
consequences of oxidative stress injury in the heart. Therefore, we investigated the role of MMP-2 and the effect of the MMP
inhibitor doxycycline on the changes of heart function caused by diabetes.

Experimental approach: Using streptozotocin-induced diabetic rats, we evaluated the effect of doxycycline on both
mechanical and electrical function of isolated hearts, papillary muscle and cardiomyocytes.

Key results: Doxycycline abolished the diabetes-induced depression in left ventricular developed pressure and the rates of
changes in developed pressure in isolated hearts and normalized the prolongation of the action potential in papillary muscles.
In cardiomyocytes isolated from doxycycline-treated diabetic rats, the altered kinetic parameters of Ca®* transients, depressed
Ca’" loading of sarcoplasmic reticulum and basal intracellular Ca®" level, and the spatio-temporal properties of Ca®* sparks
were significantly restored. Gelatin zymography and western blot data indicated that the diabetes-induced alterations in
MMP-2 activity and protein level, level of tissue inhibitor of matrix metalloproteinase-4 and loss of troponin | were restored to
control levels with doxycycline.

Conclusions and implications: Our data suggest that these beneficial effects of doxycycline on the mechanical, electrical and
biochemical properties of the diabetic rat heart appear, at least in part, to be related to inhibition of MMP activity, implying
a role for MMPs in the development of diabetic cardiomyopathy.
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Abbreviations: +dP/dt, rates of changes in developed pressure; APD, action potential duration; DTso, half-decay time;
F, fluorescence intensity; Ic,, Ca’* currents; Ig;, inward rectifier K+ current; I, steady-state outward K™
current; Iy, transient outward K* current; LVDP, left ventricular developed pressure; LVEDP, left ventricular
end diastolic pressure; MMP, matrix metalloproteinase; ROS/RNS, reactive oxygen/nitrogen species; STZ,
streptozotocin; TIMP, tissue inhibitor of metalloproteinase; Tnl, troponin I; TP, time-to-peak amplitude

Introduction

Both type 1 and type 2 diabetes are accepted as disorders
affecting normal heart function and leading to congestive
heart failure, even in the absence of coronary artery disease
(Rubler et al., 1972). Several mechanisms for the develop-
ment of diabetic cardiomyopathy have been postulated
including enhanced oxidative stress (Wold et al., 2006).
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Hyperglycaemia increases the production of reactive oxygen
and nitrogen species (ROS and RNS) and alters the cellular
redox state and causes rapid changes in membrane function,
followed by contractile dysfunction within weeks in hearts
of diabetic animals (Nishikawa et al., 2000; Ayaz and Turan,
2006). The ROS- and RNS-induced endothelial and myocar-
dial dysfunction associated with diabetic cardiomyopathy
results in enhanced myocardial nitrotyrosine formation
(Ceriello et al., 2002) and activation of downstream effector
pathways including poly (ADP-ribose) polymerase (Pacher
et al., 2002). The increase in ROS/RNS leads to a decrease in
the antioxidant capacity of the diabetic myocardium (Ulusu
and Turan, 2005), contributing significantly to oxidative
stress and the resultant myocardial damage.
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Enhanced oxidative stress activates matrix metalloprotei-
nases (MMPs) (Okamoto et al., 2001; Wang et al., 2002a).
MMPs, a group of zinc-dependent neutral endopeptidases,
are expressed in a wide variety of cells (Nagase and Woessner,
1999) and MMP-2 is found in all cardiac cells including
cardiac myocytes, fibroblasts, endothelial and smooth
muscle cells. In addition, MMPs are critically involved in
remodelling the extracellular matrix of different tissues in
pathological conditions (Lemaitre and D’Armiento, 2006).
Often this occurs in conjunction with increased oxidative
stress as shown by reduced levels of glutathione (Cantin
et al., 1989). Thus, it is of great importance to explore the
role of MMPs in oxidative stress-induced changes in
diabetes-induced cardiac dysfunction.

Although MMPs are best known for their actions in
remodelling the extracellular matrix, it has been shown that
the acute contractile dysfunction resulting from myocardial
ischaemia-reperfusion injury is caused in part by activation
of MMP-2 in cardiac myocytes that act intracellularly by
proteolytic cleavage of susceptible intracellular targets
including troponin I (Tnl) (Cheung et al.,, 2000; Wang
et al., 2002a,b; Schulz, 2007). In addition, the role of pro-
oxidant species in MMP-2 activation and the subsequent loss
of contractile function, either as a result of the endogenous
biosynthesis of peroxynitrite in myocardial ischaemia—
reperfusion injury, or the direct infusion of peroxynitrite
into isolated hearts, was shown by the ability of either the
peroxynitrite scavenger glutathione or inhibitors of MMP
activity to prevent contractile dysfunction (Cheung et al.,
2000; Wang et al., 2002a, b). However, whether activation of
MMPs has a role in diabetes-induced cardiac dysfunction is
unknown.

To address this question, we investigated the effect of the
MMP inhibitor doxycycline (Golub et al., 1998) on mechan-
ical and electrophysiological function, as well as Ca**
handling properties, of heart preparations from rats with
streptozotocin (STZ)-induced diabetes. Doxycycline is the
most potent MMP inhibitor of the tetracycline class of
antibiotics and exhibits MMP inhibition in vivo at blood
levels lower than those required for its antibacterial effect
(Golub et al., 1990). It effectively crosses cell membranes
(Liu et al., 2001) and accumulates preferentially in cardio-
myocytes (Modrak and Rovang, 1981), and was shown to be
protective in several models of myocardial oxidative stress
injury (Cheung et al., 2000; Wang et al., 2002b; Schulz,
2007). In this study, we found doxycycline treatment to
have beneficial effects on the mechanical, electrical and
biochemical properties of the diabetic rat heart, which
appear to be because of its MMP inhibitory property.

Methods

Experimental model

All animal procedures and experiments were approved by
the Ankara University School of Medicine Animal Ethics
Committee. Male Wistar rats were used (200-250 g). Diabetes
was induced in the diabetic group as described earlier (Yaras
et al., 2005). One week after injection of STZ, blood glucose
level was measured and rats with threefold higher levels of
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blood glucose than pre-injection levels were used in these
experiments. Diabetic and non-diabetic animals received
either doxycycline (15mgkg 'day™'; intragastrically) or
vehicle (carboxymethylcellulose) for 4 weeks in an identical
fashion. All rats had free access to standard chow and water.

Langendorff-perfused hearts

After the S5-week experimental period, the animals were
killed and left ventricular developed pressure (LVDP), left
ventricular end diastolic pressure (LVEDP) and the rates of
changes in developed pressure (+dP/dt) of isolated hearts
were measured as described earlier (Tuncay et al., 2007). Briefly,
isolated hearts were electrically stimulated (DCS, Harvard
Instruments, Commat Ltd., Ankara, Turkey) at 300 beats min~}
by a square wave of two times the threshold voltage of 1.5 ms
duration. Hearts were perfused for a total of 50-60min
and functional parameters were determined at 40 min.

Electron microscopy

For electron microscopic evaluations, longitudinal sections
of cardiac muscle tissue were removed from the left
ventricles and fixed in 2.5% glutaraldehyde in phosphate
buffer for 2-4h at 4°C and postfixed in 1% osmium
tetroxide. The samples were then dehydrated in graded
alcohol solutions and embedded in Araldite 6005. Ultrathin
sections (60-80 um) were cut with a glass knife on LKB III
ultramicrotome (Leica, Gantenbein Ltd., Ankara, Turkey)
and stained with uranyl acetate-lead citrate and examined
using a Leo 906 E transmission electron microscope.

Action potentials in isolated papillary muscle

Isolation of papillary muscles and measurement of action
potential were performed as described earlier (Yaras et al.,
2005). Muscle strips were stimulated and intracellular action
potential was measured using a conventional glass micro-
electrode connected to a preamplifier. Repolarization phases
of the action potential duration (APD3s s50,7590) Were deter-
mined and compared between groups.

Isolation of cardiomyocytes

Cell isolation was performed as described elsewhere (Yaras
et al., 2005). Briefly, ventricles were removed from rapidly
excised hearts and minced into small pieces and gently
passed through a nylon mesh. Following digestion with
collagenase, dissociated cardiomyocytes were washed with
collagenase-free solution. Subsequently, Ca®>" in the med-
ium was increased in a graded manner to a final concentra-
tion of 1.3 mM. The cells were kept in this solution at 37 °C
and only Ca®*-tolerant cells were used in the experiments.

Patch-clamp experiments

Whole-cell patch clamp recordings were carried out as
described earlier (Ozdemir et al., 2005). K* currents
(transient outward current, I;,, steady-state outward current,
I and inward rectifier current, Ix;) were recorded. From a
holding potential of —80mV, voltage pulses (duration of
600 ms) between —120 and + 70mV (with 10 mV steps) were
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applied at a frequency of 0.14 Hz. K" currents were normal-
ized with cell capacitance and expressed as pApF l. A
detailed kinetic analysis of the I, was performed. I,
activation characteristics were determined by applying 6 ms
prepulses within the range —40 to +50mV in 10mV
increments that were followed by a —40mV, 120ms pulse.
Its inactivation was established by applying a 200ms
prepulse within the range —85mV to +30mV in 10mV
increments that was followed by a +50mV pulse 300 ms
long.

Simultaneous measurement of intracellular Ca®* transients and
L-type Ca® "t currents (1¢,)

Cardiomyocytes were whole-cell patch-clamped in an ex-
ternal solution containing (in mm): NaCl 135, MgCl, 1, CsCl
20, CaCl;, 1.8, glucose 10, HEPES 10; pH 7.4. Patch-clamp
recording of I-, was made using a HEKA EPC8 amplifier.
Patch pipettes (1.0-1.2MQ) were filled with a solution that
contained (mMm): CsCl 130, MgC1, 0.4, TEA-CI 20, MgATP 4,
HEPES 10 (pH 7.2) and 50puM Fura-2. Cells were held at
—80mV and five sequential step-depolarizations to OmV to
keep the sarcoplasmic reticulum load constant and to allow
the penetration of dye into the cells. To inhibit Na™*
channels, cells were then ramped to —50mV over 500ms
and then held at —50mV for 50ms before the test pulses
were tried (between —50mV and +60mV in 10mV incre-
ments). Ic, was recorded using pClamp8 software. Current
amplitude was estimated as the difference between peak
inward current and the current level at the end of the 250 ms
pulse. Currents were normalized to the membrane capaci-
tance to obtain current density. Intracellular Ca** transients
were monitored by using a Ca®"-sensitive dye, Fura-2, at
room temperature. Fluorescence was recorded using a micro-
spectrophotometer and FELIX software (Photon Technology
International, Birmingham, NJ, USA). Cells were sequentially
excited at 340/380nm at 10 Hz and emission was measured
at 510nm. The ratio of the fluorescence at 340 nm excitation
to the fluorescence at 380 nm was calculated and used as an
indicator of intracellular [Ca®™"].

Ca?™ sparks measurement

Ca®™* sparks were measured as described earlier (Yaras et al.,
2005). Fluorescence images were acquired with a Zeiss LSM
510 NLO confocal system. Fluo-3 was excited with an argon
laser at 488 nm, and the emitted fluorescence was recorded
at 505 nm. Potential spark areas were empirically identified
using an autodetection algorithm (Yaras et al., 2005). The
mean fluorescence intensity (F) of the images was calculated
by summing and averaging the temporal F at each spatial
location while ignoring the potential spark area. This F value
then used to create a AFF~! image pixel by pixel. Following a
three-point smoothing routine, potential spark locations
were visualized manually and analysed for spatio-temporal
properties as described (Yaras et al., 2005). Ca®>" sparks were
manually detected and converted to temporal lines by
averaging the fluorescence intensity of two to three pixels,
aligning the peak of fluorescence intensity over time. Then
the temporal profiles were fitted to the y function to analyse
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time-to-peak (TP), peak amplitude of fluorescence intensity
(max) and the decrease time to half-maximum (DTs).

Biochemical analyses

Preparation of heart homogenates. Frozen hearts were pulver-
ized in liquid N, and then homogenized (Cheung et al.,
2000). Protein content was analysed using the Bradford
method (Bio-Rad) and bovine serum albumin was used as the
standard.

Gelatin zymography. Gelatin zymography for MMP activity
was performed as described (Sawicki et al., 1998). Briefly,
non-reduced proteins were loaded onto an 8% polyacryl-
amide gel containing gelatin. Gelatinolytic activities were
detected as transparent bands against the background of
Coomassie blue-stained gelatin. To quantify the activities
zymograms were imaged by a Raytest camera attached to a
computer with AIDA software. Gelatinolytic activity was
identified using HT1080 cell culture medium as a standard.
The intensities of the bands were analysed using SigmaGel
(Jandel) and reported as normalized to non-treated control
values.

Western blotting. MMP-2, TIMP-4 and Tnl protein levels
were determined by western blotting. Briefly, equal amount
of proteins from samples were loaded and separated on
8-15% sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis under reducing conditions (Laemmli, 1970). After
electrophoresis (150V, 20 °C) the samples were electroblotted
onto a PVDF membrane. MMP-2, MMP-9, TIMP-4 and Tnl
content in the samples were identified using anti-MMP-2,
anti-MMP-9, anti-TIMP-4 or anti-Tnl antibodies, respec-
tively. Immunoreactive protein bands were visualized using
the ECL plus detection system.

Data analysis

Results are expressed as mean t s.e.mean, from the number
of experiments shown. Statistical analysis was performed
using analysis of variance followed by Newman-Keuls as the
post hoc test. P<0.05 was considered statistically significant.

Chemicals

Unless otherwise specified, the reagents used were obtained
from Sigma-Aldrich or Fisher Scientific. Anti-MMP-2,
-MMP-9 and -TIMP-4 antibodies were obtained from Chemicon
International (Temecula, CA, USA). Monoclonal anti human
Tnl (clone 81-7) was purchased from Spectral Diagnostics
(Toronto, ON, Canada). Goat anti-rabbit and anti-mouse I1gG
conjugated with horseradish peroxidase was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Results

Characteristics of experimental animals

Diabetic animals had blood glucose levels fivefold higher
than those of control rats (Table 1). The heart weight/body
weight ratio of diabetics was not significantly different from
the controls (data not shown). The weight loss of untreated
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Table 1 Changes in body weight and blood glucose levels during the experimental period
Group Weight (g) Blood glucose (mgmL™")

Initial Final Initial Final
Control (n=32) 224879 234.4+8.0* 0.990 £0.021 1.043+0.034
DM (n=41) 237.2+8.4 195.0+£7.6%** 1.005+0.016 5.400 +£0.109***
Doxy (n=43) 257.4+5.6 233.9+8.3* 1.022+£0.035 5.260 +£0.206***

DM, diabetic; Doxy, doxycycline treated diabetic; n, number of rats.

‘Initial’ and ‘Final’ represent the observation times of the end of first and fifth weeks of the experimental period, respectively.

Values are expressed as mean + s.e.mean.
*P<0.05 vs initial; **P<0.05 vs control.

Figure 1

Electron micrographs of left ventricular heart muscle sections from control, diabetic and doxycycline-treated diabetic rats.

(a) Regularly arranged myofilaments and Z-lines (Z) in myofibres and mitochondria (M), rich in cristae, were observed in control hearts.
(b) Diabetes-induced changes in myofilaments and the Z-lines of myofibres, degeneration of myofibrils and destruction and loss of myofibrils
over sarcomere units. Mitochondria showed loss of cristae and a granular matrix. There were also increased numbers of lipid droplets (L).
(c) Doxycycline treatment normalized alterations in myofilaments, Z-lines and mitochondria. Scale bar: 2 pm.

diabetics within the total S-week observation period was
about 18%. Treatment with doxycycline for 4 weeks reduced
the weight loss by 50%. Doxycycline, however, did not affect
the high blood glucose level in diabetic animals as observed
at the end of the 5-week experimental period (Table 1). In the
non-diabetic group (n=8) doxycycline treatment did not
affect weight gain (269.8 £9.2 vs 275.8 £ 7.1 g, initial vs final
body weights, P>0.05 vs vehicle-treated control group) nor
blood glucose level (1.110+0.025 vs 1.196 +0.033 mgmL ™},
initial vs final, P>0.05 vs vehicle-treated control group).
Diabetic animals did not show abnormal behaviour or any
sign of heart failure.

The ultrastructure of diabetic hearts (Figure 1b) showed
various morphological changes including a loss in cardio-
myocyte diameter, alterations in myofilaments and Z-lines of
myofibres, myofibrillary degeneration and destruction and
loss of myofibrils over sarcomere lengths when compared
with control hearts (Figure 1a). In the diabetic group most of

the mitochondria of the cardiomyocytes showed loss of
cristae and granular matrix and also increased numbers of
lipid droplets (Figure 1b). Doxycycline treatment normalized
the alterations in the myofilaments (Figure 1c). We did not
see any signs of tissue necrosis in any group.

Doxycycline improved STZ-induced cardiac contractile
dysfunction

Effects of doxycycline on LVDP, LVEDP and the *dP/dt were
determined in Langendorff-perfused rat hearts isolated at the
end of the 5-week experimental period. Diabetes caused a
significant depression in LVDP, which was abolished by
doxycycline treatment (Figure 2a). No changes in LVEDP
were observed in any group. Doxycycline also abolished the
diabetes-induced reductions in both +dP/dt and —dP/dt
(Figure 2b). In summary, inhibition of MMP activity by
doxycycline exerted beneficial effects on diabetes-induced

British Journal of Pharmacology (2008) 155 1174-1184



Doxycycline, MMPs and diabetic cardiomyopathy

1178 N Yaras et al
a 'f' b KR
100 = - !
=aC n=12 40
— . DM n=16 o
= = 2000 4
I 759 e==aDoxyn=10 o
E T *
E € 1000
g 50 o —E'
; 5 ]
25 +
0 -2000 =
LVEDP LVDP
125 = *
=cn=8 ’
100 - DM n=8 T
=y == Doxy n=9 *
w
E 75+ T
@
E 504 o
|_
= =
APD25 APDS50 APD75 APDS0

Figure 2 Effect of doxycycline on mechanical function of hearts and action potential kinetics of papillary muscle strips isolated from diabetic
rats. Despite no changes in LVEDP, both the reductions in LVDP (a) and *dP/dt (b) induced by diabetes were abolished by doxycycline.
The diabetes-induced increase in action potential duration (APD) was also restored by doxycycline (c). Bar graphs represent mean + s.e.mean
values from control (C; Npeart =12, Npapitlary = 8); diabetic (DM; nheart =16, Npapitiary = 8); doxycycline-treated diabetic (Doxy; Nheart=10,
Npapillary = 9) groups. *P<0.01 vs control, "P<0.01 vs diabetic, analysis of variance.

mechanical dysfunction. In the non-diabetic group (n=38)
doxycycline treatment did not show any significant effect on
either LVDP (47.8 £ 8.6 mm Hg) or LVEDP (27.3 £ 2.4 mm Hg).
As doxycycline treatment of the non-diabetic rats for 4 weeks
had no significant effect on mechanical activity of the heart,
we did not measure any other electrical parameters.

Doxycycline improved diabetes-induced alterations in action
potential characteristics of left ventricular papillary muscle
Diabetes significantly prolonged the action potential
duration in isolated papillary muscle strips (Figure 2c) as
observed earlier (Pacher et al.,, 1999). Doxycycline signi-
ficantly decreased the prolongation in action potential
duration. Parameters of the repolarization phase of the action
potentials were markedly shorter (46% in APD,s, 36% in
APDsg, 25% in APD7s and 25% in APDgg, P<0.05, ANOVA) in
the doxycycline-treated diabetics than those in the untreated
diabetic animals. Doxycycline did not cause any significant
alterations in other parameters such as resting membrane
potential and peak depolarization potential, which were also
not affected by diabetes itself (data not shown).

Doxycycline restored depressed Kt currents in diabetic
cardiomyocytes

Three major K" currents (I, Ix; and I) were evaluated in
the cardiomyocytes. The current densities were estimated for
Ix; at —120mV and for I, and I, at +70mV. These K*
current densities (I, Ix; and I, respectively) were signi-
ficantly reduced in diabetics (8.82+1.40 pApF~!, —18.09 +
1.46 pApF~! and 2.74+0.42pApF~!, respectively P<0.05,
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ANOVA) compared with controls (14.12+1.56, —24.57
0.75 and 3.96 + 0.34 pApF !, respectively, P<0.05, ANOVA).
Doxycycline significantly restored these inhibited K™*
currents (11.85 +1.40, —21.84 + 1.46 and 5.28 +0.34 pApF ',
respectively P<0.05, ANOVA). Current-voltage relationships
of these currents are shown for comparison in Figures 3a
and b. Here we show that the lengthening of the action
potential duration induced by diabetes results mainly from
a decrease in the I, and, to a lesser extent, Ix; and I.
Doxycycline prevented the prolongation in action potential
duration, an action likely to be because of the restoration of
these inhibited K* currents.

Doxycycline restored global Ca®™ release in cardiomyocytes
isolated from diabetic rats

To determine whether doxycycline treatment has an effect
on altered cellular Ca®* signalling, which underlies diabetes-
induced cardiac dysfunction, we simultaneously recorded
intracellular Ca?* transients and Ic, in isolated cardio-
myocytes at various membrane potentials (between —50 and
+60mV with 10mV increments). Figure 4a (upper) shows
the corresponding calculated Ca®* transients of cardio-
myocytes from control, diabetic and doxycycline-treated
groups as a function of the depolarization potentials. The
Ca®™ transients of diabetics were markedly smaller in ampli-
tude and decayed more slowly with respect to the corres-
ponding controls at all depolarizing potentials. Doxycycline
significantly restored these altered parameters. As we
obtained maximal amplitudes for both Ca®* transients and
Ic, at 0mV depolarization, we compared the data between
groups as follows: averaged data indicate a significant
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Figure 3 Effect of doxycycline on K* currents in ventricular cardiomyocytes isolated from diabetic rat hearts. (a) Current-voltage (I-V)
relationships of peak current densities (I, and /k1) in cardiomyocytes isolated from control (C; n= 22 cells from five rats), diabetic (DM; n=30
cells from six rats) and doxycycline-treated diabetic groups (Doxy; n=24 cells from five rats). Voltage pulses were applied from a holding
potential of 80 mV to between 120 and + 70 mV, with 10 mV steps. The current densities were estimated for I, at —120 mV, and for I, which
was estimated as the difference between peak and steady state currents (Nagase et al.) elicited at + 70 mV. Doxycyline significantly recovered
Ikr and I, density. (b) I~V characteristics of I, were also improved in doxycycline-treated diabetic rats. Data points on the graphs represent
mean + s.e.mean values.
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Figure 4 Doxycycllne restored the depressed intracellular Ca?" homoeostasis transients in diabetic rat ventricular cardiomyocytes.
(a) Intracellular Ca®* transients measured through Fura-2 under voltage-clamp conditions (upper part) and /-V relationships of I, density
(lower part) were obtained from control (C; n=35 myocytes from 11 hearts), diabetic (DM; n=33 myocytes from seven hearts) and
doxycycline-treated diabetic (Doxy; n=37 myocytes from seven hearts) groups (between —50 and +60mV with 10 mV increments).
(b) Representative Ic,. traces (upper part) and Ca?™* transients (lower part) recorded at 0 mV depolarization potential from the experimental
groups. (c) Changes of basal fluorescence intensity indicating intracellular basal Ca®* levels of the groups. Data points on the graphs and bar
graphs represent mean + s.e.mean values. *P<0.01 vs control, P<0.01 vs diabetic, analysis of variance.

reduction in the maximum amplitude of the Ca®* transients
(max) at OmV in diabetics (0.173+£0.021) compared with
controls (0.570+0.046) and significant restoration in this
inhibition with doxycycline (0.485+0.031) (P<0.05, ANOVA)
(Figure 4a-upper).

The half-decay time (DTs0) and time-to-peak amplitude of
fluorescence intensity (TP) of the Ca?" transients (at 0mV
depolarization potential) were significantly longer in cardio-
myocytes from diabetics (0.610 £ 0.033 and 0.262 £ 0.009 ms,

respectively) than those of the controls (0.492+0.028
and 0.166+0.005ms). Thus, diabetic cardiomyocytes
have depressed contractile properties and decreased [Ca®*];
transients and doxcycyline significantly restored DTsq
(0.524+0.025ms) and TP (0.185%0.007ms) to normal
values.

To characterize the effect of doxycycline on diabetes-
induced impairment of the Ca?™* transients in more detail,
we analysed the function of L-type Ca** channels (Ic,) and
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measured basal Ca* levels, thus examining the critical
steps in diabetes-induced altered cardiac Ca** cycling more
comprehensively. Ic, was not significantly changed in
diabetic cardiomyocytes compared with controls (recorded
at all voltages) (Figure 4a-lower). The averaged current
densities of Ic, (as pApF’l at O0mV) were —10.98 £0.66,
—-9.98+0.92 and -10.51%+0.94 for doxycycline-treated,
diabetic and control groups, respectively. We also analysed
steady-state activation and inactivation of Is,. Neither
steady-state activation nor inactivation was significantly
different among the three groups (data not shown).

Figure 4b shows examples of the Ca®* transients and
I, recorded simultaneously in the three groups. Figure 4c
shows the averaged data of the basal Ca®?* levels and
confirms Ca?*t overload in diabetics compared to the
controls. Doxycycline normalized Ca** overload in diabetic
cardiomyocytes.
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Doxycycline normalized the altered parameters of local Ca®*
release in diabetic cardiomyocytes

To get an insight into the possible effects of doxycycline
on cardiac ryanodine receptors (RyR2) activity, we recorded
Ca®" sparks in cardiomyocytes. Figure 5a shows examples of
line-scan images recorded in cardiomyocytes from control,
diabetic and doxycycline-treated diabetic animals. Quanti-
tative data for Ca®>" spark characteristics are summarized
in Figures 5b and c. The maximum peak amplitude of the
diabetic group (AFFy') was not significantly changed by
diabetes (Figure 5b) but the time-to-peak amplitude was
significantly slower as well as the half-decay time was
prolonged (Figure Sb). The spatial spread (sparks width at
half maximal amplitude) was significantly higher in diabetic
cardiomyocytes with respect to control (Figure 5c). The
spontaneous Ca®" sparks frequency was also elevated in
diabetic cardiomyocytes compared with control cells
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Figure 5 Doxycycline restored diabetes-induced alterations of Ca®* sparks parameters in cardiomyocytes. (a) Line-scan images with
spontaneously arising Ca®* sparks recorded using Fluo-3AM in representative cardiomyocytes from control (C; n=30 myocytes from six
hearts), diabetic (DM; n=27 myocytes from five hearts) and doxycycline-treated diabetic rats (Doxy; n=28 myocytes from five hearts).
(b) Averaged spatial and temporal values of Ca®* sparks. Time-to-peak amplitude (TP; left-hand axis) and half-decay time (DTso, right-hand
axis), of Ca®" sparks were improved by doxycycline. Diabetes itself did not affect peak amplitude (Max; right-hand graph). (c) Left:
Comparison of Ca®* sparks frequency. Right: Spatial distribution of the sparks represented as Ca®* sparks width at half maximal amplitude
(FWHM). Bar graphs represent mean * s.e.mean values. *P<0.01 vs control, "P<0.01 vs diabetic, analysis of variance.
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(Figure 5¢). Doxycycline caused a near-complete restoration
in the prolonged time-to-peak amplitude, the half-decay
time, the spontaneous Ca>* sparks frequency and the sparks
width at half maximal amplitude (Figures 5b and c).

Activity and expression of MMPs in heart homogenates
A 72-kDa MMP-2 activity was detected by gelatin zymo-
graphy in all heart homogenates as verified by comparison
with MMP standards from HT1080 cell culture medium, in
accordance with earlier observations (Cheung et al., 2000;
Wang et al., 2002b). Diabetes caused a significant decrease in
myocardial MMP-2 activity (Figure 6a) that reflects its
activation by oxidative stress and subsequent release from
the heart (Cheung et al., 2000; Schulz, 2007). Doxycycline
abolished the loss in MMP-2 activity. MMP-9 activity was not
found in any of the heart extracts (data not shown).
Western blot analysis showed that the level of MMP-2
protein in diabetic heart extracts was also significantly
reduced and was normalized by doxycycline treatment
(Figure 6b). As the balance between MMPs and TIMPs may
be impaired in the diabetic heart as we observed earlier in
ischemic-reperfused hearts (Schulze et al., 2003) we exam-
ined myocardial TIMP-4 levels, which were found to be
significantly decreased in diabetic hearts. Treatment with
doxycycline reduced the loss of TIMP-4 (Figure 6¢).

Tnl degradation in diabetic hearts
We have shown earlier that MMP-2 is localized to cardiac
sarcomeres and is responsible for Tnl degradation, which
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causes contractile dysfunction in the setting of acute
myocardial oxidative stress injury (Wang et al., 2002b).
We determined whether doxycycline would alter the
degradation of Tnl in hearts. Analysis of Tnl protein
level showed a significant loss of 31kDa Tnl in the diabetic
heart extracts, which was prevented by doxycycline
(Figure 6d).

Discussion

The major novel result of our study is that doxycycline exerts
a pronounced protective action against cardiac dysfunction
in STZ-induced diabetic rats. Induction of diabetes caused
alterations in mechanical, biochemical and electrical func-
tions of the heart. Inhibition of MMP activity with
doxycycline, a property that is distinct from its antibacterial
action (Golub et al., 1990, 1998; Schulz, 2007), improved
cardiac contractile function, the changes in the repolariza-
tion phase of action potentials and restored K* currents in
the diabetic rat heart. Besides improvement in cardiac
function, inhibition of MMP activity also prevented the
typical diabetes-induced ultrastructural alterations in the
cardiac myocytes. Doxycycline treatment also normalized
MMP-2, TIMP-4 and Tnl levels in the diabetic rat heart.
This study addresses two main aspects of diabetic cardio-
myopathy: electrical abnormalities in cardiac function and
mechanical dysfunction through effects on both Ca®*
homoeostasis and contractile machinery (Belke et al., 2000;
Bell, 2003). It has been shown that high glucose induces
superoxide anion production through multiple pathways
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Figure 6 Effect of doxycycline on MMP-2 and troponin | in diabetic hearts. Heart homogenates were assayed for MMP-2 activity by gelatin
zymography (a), or MMP-2 (b), TIMP-4 (c) and Tnl (d) protein levels by Western blotting. Upper panels show representative gelatin zymogram
(a) and Western blots (b—d) bottom panels show the summary of the densitometric analysis. C: control; DM: diabetic; Doxy: doxycycline-
treated diabetic. Bar graphs represent mean + s.e.mean values. *P<0.05 vs control (n=3-6), analysis of variance.
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including xanthine and NAD(P)H oxidases, uncoupled NO
synthase, glucose autoxidation and the mitochondrial
respiratory chain (Rosen et al., 2001; Evans et al., 2002).
Superoxide leads to increased expression of pro-inflamma-
tory cytokines, angiotensin II, endothelin-1 and NAD(P)H
oxidases, which in turn generate more superoxide through
multiple mechanisms and favours increased expression of
iNOS, which increases the generation of NO. The reaction
between superoxide and NO forms the highly reactive
oxidant, peroxynitrite (Pacher ef al., 2007), which induces
cell damage through lipid peroxidation, inactivation of
several enzymes and damage to many proteins by oxida-
tion/nitration, and activation of downstream pathways
including poly (ADP) ribose polymerase, which contributes
to diabetic cardiomyopathy (Pacher et al., 2002). Therefore,
hyperglycaemia and other disturbances caused by diabetes
increases oxidative stress in a variety of tissues including the
heart. Endogenous antioxidant defence mechanisms are also
impaired and therefore, the balance between pro- and
antioxidants is disturbed (Bonnefont-Rousselot et al., 2000).

Diabetes-induced oxidative stress is one of the major
modulators of cardiac K™ currents (Rozanski and Xu, 2002;
Ayaz et al., 2004) and it has been associated with a reversible
increase in the duration of the action potential attributable
to a reduced transient outward K* current (Ix;) whereas the
L-type Ca®" current (Ic,) was unaffected (Shimoni et al.,
1994; Choi et al., 2002; Yaras et al., 2005). Despite the fact
that I, is not modified by diabetes, cardiomyocytes from
diabetic rats demonstrate significant alterations in Ca*™
homoeostasis (Wold et al., 2006) such as an increase in rise
time and half-decay time of Ca®>" transient together with
decrease in Ca®" transient amplitude and sarcoplasmic
reticulum Ca®" load as well as an increase in diastolic
Ca?". In addition, it is known that abnormalities in
contractile function have been linked to changes in Ca**
homoeostasis and contractility (Fein et al., 1980; Shimoni
et al., 1994; Ayaz et al., 2004; Ozdemir et al., 2005). ROS/RNS
are known to react with some thiol groups of the ryanodine-
sensitive receptors and increase Ca®" release from the
sarcoplasmic reticulum through the ryanodine-sensitive
receptors (Anzai et al., 1998; Liu et al., 1998).

We have shown earlier that Ca®>* sparks in ventricular
cardiomyocytes from STZ-induced diabetic rats are slower
and have higher frequency compared with controls, con-
sistent with alterations in Ca®?* handling and cardiac
dysfunction (Yaras et al., 2005). Moreover, defective intra-
cellular Ca®* signalling as well as increased basal Ca®>* and
Zn2* levels in cardiomyocytes from diabetic animals can be
normalized with an antioxidant dose of selenium through
the restoration of the cell redox state (Ayaz and Turan, 2006).
Our results showed that treatment of diabetic rats with
doxycycline restored the altered electrical activities, normal-
ized the increased basal Ca®" level, depressed Ca®" loading
of sarcoplasmic reticulum, and altered parameters of the
Ca®" transients and Ca®* sparks.

Previous studies have shown that doxycycline also has
some ability to inhibit ROS (Akamatsu et al., 1992;
Ramamurthy et al., 1993). Ramamurthy et al. (1993) showed
that at least 50-100 uM tetracycline was necessary to prevent
hypochlorite activation of pro-collagenase, whereas less than
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30 uM was sufficient to inhibit MMP activity. Akamatsu et al.
(1992) showed that 2 uM doxycycline would inhibit in vitro
systems generating superoxide, hydroxyl or hydrogen per-
oxide by 0, 16 and 22%, respectively. As our dose of
15mgkg 'day ! doxycycline is reported to give approxi-
mately 2 pM peak plasma concentration (Lorne Golub, SUNY,
Stonybrook NY, USA; personal communication) we suggest
that MMP inhibition, as opposed to ROS scavenging, may be
an important mechanism of the protective action of
doxycycline in this study. Nonetheless, we cannot exclude
the possibility that doxycycline may have other protective
effects in diabetic cardiomyopathy because of its reported
pleiotropic actions (Golub et al., 1998). Further experiments
examining other MMP inhibitors, whether doxycycline has
any effect on ROS/RNS generation or acts only downstream
of these and the full spectrum of proteolytic targets of MMP
activation (Schulz, 2007), will be required to resolve this.

MMP-2, which can be activated by oxidative stress
(Cheung et al., 2000), not only degrades extracellular matrix
proteins, thereby impairing the normal structural support of
cardiomyocytes (Nagase et al., 2006), but also specifically
targets intracellular substrates such as Tnl (Wang et al.,
2002b) which contributes to the acute impairment in con-
tractile function following myocardial ischaemia-reperfusion
injury. We have shown that reperfusion after ischaemia or
exposure of hearts to pro-inflammatory cytokines causes a
rapid and significant increase in 72kDa activity in isolated
heart perfusate in conjunction with a decrease of MMP-2
activity and protein in the myocardial tissue (Cheung et al.,
2000). Similarly, we observed a clear-cut depletion of MMP-2
in the diabetic heart. In keeping with the loss of MMP-2 from
the heart observed here as a result of diabetes, activation of
MMP-2 in the heart as a result of oxidative stress in the form
of ischaemia-reperfusion injury resulted in enhanced tran-
scription and translation of MMP-2 (Alfonso-Jaume et al.,
2006). The time course of this response (seen as early as
30min of reperfusion following ischaemia) is in keeping
with the rapid activation and release of MMP-2 from the
heart seen in the first 5min of reperfusion (Cheung et al.,
2000) and is probably intended to replenish stores of MMP-2
lost from the myocyte. Myocardial-specific overexpression
of constitutively active MMP-2 results in severe systolic
dysfunction, which is accompanied by disruption of the
sarcomere, lysis of myofilaments and loss of Tnl (Bergman
et al., 2007). Consistent with our previous data we also
observed a loss of myocardial TIMP-4, the predominant
intracellular TIMP in the heart (Greene et al., 1996; Schulze
et al., 2003). Doxycycline prevented the activation of MMP-2
and normalized Tnl, TIMP-4 and MMP-2 levels in the
myocardium. This suggests that the activation of MMP-2
contributes to the development of mechanical dysfunction
in the diabetic myocardium.

In this study we have focused on MMP-2 as it is robustly
expressed in cardiomyocytes and in all heart cell types. We
found no evidence for MMP-9 by zymography or immuno-
blot, in accordance with earlier studies in rat hearts
including those exposed to pro-inflammatory cytokines or
endotoxin (Cheung et al., 2000; Lalu et al., 2004). Doxy-
cycline preferentially inhibits MMP-2, -9 and -8 activities
and is a much weaker inhibitor of MMP-1; it does not inhibit



MMP-3 or MMP-7 (Nip et al., 1993; Golub et al., 1998; Smith
et al., 1999; Kivela-Rajamaki et al., 2003). Interestingly,
doxycycline has a unique property in that it rapidly
accumulates in cardiac myocytes (Modrak and Rovang,
1981). On account of its inhibitory profile on MMPs, we
can only suggest that MMP-2 is likely to be an important
inhibitory target of doxycycline in the heart, especially in
terms of its intracellular actions to prevent cleavage of Tnl.
We cannot, however, exclude possible effects of doxycycline
on other MMPs, or other proteolytic targets.

In conclusion, diabetes results in the activation of MMP-2
and loss of TIMP-4 in rat heart, which results in significant
degradation of Tnl in the heart tissue. Although doxycycline
did not significantly alter hyperglycaemia, it normalized
cardiac dysfunction of diabetic rat heart through restoring
the altered parameters of Ca®" homoeostasis. Therefore,
doxycycline may prevent diabetic cardiomyopathy because
of its salutary effects on both mechanical and electrical heart
function. Although cardiomyopathy is a complicated dis-
order, and several factors have been associated with its
development, we conclude that MMPs are at least in part
involved in the development of diabetes-induced cardiac
dysfunction.
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