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Abstract

During myocardial infarction, the heart enters into an ischemic state that, if untreated,
leads to cell death. To avoid this, reperfusion must be instituted. However, this causes a type of
cardiac damage known as myocardial ischemia-reperfusion (I/R) injury. Concomitant diseases
such as diabetes not only increase the risk of myocardial infarction, but also intensify
susceptibility to I/R injury. Over-activation of Rho kinase (ROCK) has been reported to
contribute to I/R injury; however, it is unknown whether ROCK1, ROCK2 or both isoforms,
is/are responsible for this effect. Furthermore, it has not been determined if the cardioprotective
activity of ROCK inhibition is maintained under diabetic conditions. Here, we evaluated the
contribution of ROCK2 to myocardial I/R injury, as well as its role during diabetes.
The induction of I/R injury impaired cardiac function in wild-type (WT) but not
heterozygous ROCK2-knockdown (ROCK2+/-) mice. Infarct size was also lower in ROCK2+/mice than in their WT counterparts, while an I/R-induced increase in ROCK activity was
detected only in WT hearts. The cardioprotection observed in ROCK2+/- mice was associated
with increased Akt and GSK-3β phosphorylation and a reduction of I/R-induced cytokine
production. Compared to their ROCK2-expressing counterparts, cardiac-specific ROCK2
knockout (cROCK2-/-) mice subjected to I/R also had a smaller infarct size, suggesting that the
deleterious effects of I/R are at least partially regulated by cardiomyocyte ROCK2. However, the
induction of diabetes by streptozotocin treatment abrogated the protective effect of
cardiomyocyte-specific ROCK2 deletion. ROCK activity was comparable in control and diabetic
post-I/R cROCK2-/- hearts, but the increase in Akt and GSK-3β phosphorylation was no longer
detected under diabetic conditions. Furthermore, cytokine production in non-diabetic cROCK2-/ii

mice was higher than in their ROCK2 expressing counterparts, and this was normalized in
diabetic conditions.
Overall, these results show that ROCK2 plays a significant role in the development of
myocardial I/R injury, and that its inhibition is associated with activation of the pro-survival
RISK-pathway. Moreover, the cardioprotection obtained by the cardiac-specific deletion of this
isoform suggests that I/R-induced ROCK2 activation takes place in the cardiomyocyte.
However, this cardioprotective effect is lost during diabetes, possibly due to impaired Akt and
GSK-3β phosphorylation.
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Lay Summary

When a person suffers a heart attack, blood stops flowing through a portion of the heart.
This portion no longer receives the oxygen and nutrients carried in blood, so the heart enters a
state known as ischemia. In order to avoid tissue death on that portion of the heart, blood flow
has to be restored, in a procedure known as reperfusion. However, this sudden change of
conditions causes a type of damage known as myocardial ischemia-reperfusion (I/R) injury.
Because diabetic patients are at a greater risk of developing cardiovascular diseases, they are also
more prone to I/R injury. The present thesis focuses on a specific protein, Rho kinase 2
(ROCK2), and its role in the development of this disease in both diabetic and non-diabetic
conditions. Our data show that hearts that do not express ROCK2 are protected against I/R
injury; however, this cardioprotection is lost in the presence of diabetes.
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Chapter 1: Background

1.1

Cardiovascular disease and myocardial I/R injury
Cardiovascular disease is the number one cause of death worldwide. In 2015, 17.7

million people in the world died from cardiovascular disease, representing more than 30% of the
total deaths and of these, 7.4 million were due to heart disease (1). Cardiovascular disease is also
the leading cause of death in Canada. In 2004, 32.1% of all deaths in Canada were due to
cardiovascular disease, and 54% of these were caused by heart disease (2). High blood pressure,
elevated levels of blood cholesterol and triglycerides, diabetes, obesity, smoking, unhealthy diet,
lack of exercise and stress are some of the risk factors that have been associated with the
development of heart disease (3).
One of the most prevalent forms of heart disease is atherosclerosis, a condition caused by
the buildup of plaque in the arteries. Over time, this plaque may rupture, causing the formation
of a thrombus. This thrombus can then block the artery, stopping blood from flowing to a section
of the heart, and causing a myocardial infarction (also known as heart attack). People who suffer
a myocardial infarction have a higher risk of having another one; it has been estimated that after
three years, about 20% of them will have a second event (4).
When a myocardial infarction takes place, the normal blood flow and therefore the supply
of oxygen and nutrients to the myocardium is interrupted. As a consequence, the heart enters into
an ischemic state that, if untreated, will cause the death of cardiomyocytes in the damaged area
(5). In order to avoid this, myocardial reperfusion by thrombolytic therapy, percutaneous
coronary intervention, or coronary artery bypass is performed. However, the prompt
normalization of ischemic conditions during reperfusion causes an irreversible myocardial
1

damage known as ischemia/reperfusion (I/R) injury (5). Myocardial I/R injury can also happen in
other settings where the heart is subjected to ischemic conditions and then reperfused, such as a
cardiac transplant, where the heart is subjected to global I/R injury (6).
Myocardial I/R injury manifests in four different forms: myocardial stunning,
microvascular obstruction, I/R-induced arrhythmias and lethal myocardial I/R injury, with each
one of them being more severe than the previous one. Myocardial stunning is a form of
reversible contractile dysfunction linked to short periods of ischemia, and recovery also depends
on the length of ischemia before reperfusion (7). Microvascular obstruction is caused by
capillary compression and cardiomyocyte swelling, and it is characterized by neutrophil
infiltration and fibrin deposition. In patients who have suffered myocardial I/R injury, coronary
blood flow may appear to be normal, but more sensitive tests, such as myocardial contrast
echocardiography, will confirm the presence of microvascular obstruction. This manifestation of
myocardial I/R injury has been linked to reductions of ejection fraction, left ventricular
remodeling and large infarct sizes (7). I/R-induced arrhythmias are dependent on the duration of
ischemia, but can be treated (7). Lethal myocardial I/R injury refers to the death of
cardiomyocytes that were viable at the end of ischemia (7).
Many forms of treatment have been proposed for the reduction or prevention of
myocardial I/R injury (8). Of these, two therapeutic strategies, known as ischemic
preconditioning and ischemic postconditioning, have been especially well studied. Ischemic
preconditioning is defined as the cardioprotection achieved by subjecting the heart to brief
periods of ischemia and reperfusion before an extended period of ischemia; while ischemic
postconditioning is the cardiac tolerance against I/R injury provided by brief periods of ischemia
and reperfusion after a long period of ischemia has occurred (9). Both ischemic preconditioning
2

and postconditioning have been demonstrated to reduce the deleterious effects of myocardial I/R
injury by avoiding the sudden physiological changes that occur in this condition (6). However,
since ischemic preconditioning can only be employed in planned procedures such as a cardiac
transplant

or

a

previously

scheduled

percutaneous

coronary

intervention,

ischemic

postconditioning is the only one of the two therapies that is possible in patients that have suffered
a myocardial infarction (6). Clinical trials have been conducted in order to evaluate the
efficiency of these two forms of therapy; however, the results have so far been ambiguous or
negative (10). For instance, the ST-Segment Elevation Myocardial Infarction randomized trial
(POST) has recently shown that in patients undergoing percutaneous coronary intervention after
suffering a myocardial infarction, ischemic postconditioning did not improve the outcomes of
I/R injury (11). Therefore, the search for treatments that reduce or eliminate the detrimental
effects of myocardial I/R injury continues.

1.2

Molecular mechanisms of myocardial I/R injury
The development of myocardial I/R injury is a complex process that involves many

different mechanisms (Fig 1.1) and the most relevant are discussed below.

1.2.1

Rapid change of pH and intracellular Ca2+ overload
During ischemia, oxygen levels are significantly lower, and anaerobic glycolysis is

performed in order to maintain ATP levels. The production of ATP by this process is much less
efficient (5%), and this inhibits ATP-dependent processes such as Na+/K+ ATPase activity, ATPdependent Ca2+ reuptake and active Ca2+ excretion. Furthermore, both intra- and extracellular pH
are decreased due to the large amount of H+ produced by the conversion of glucose to lactate via
3

Figure 1.1 Mechanisms involved in the development of myocardial I/R injury
During ischemia, oxygen and pH levels are significantly decreased; however, the rapid change of conditions that
occurs during reperfusion can translate into many deleterious effects. The abrupt change in pH, as well as the
depolarization of the cell membrane, promotes an overload of intracellular Ca2+. The excess of intracellular Ca2+ can
then promote Ca2+ uptake into the mitochondria via the mitochondrial calcium uniporter. The elevated levels of
mitochondrial Ca2+ promote the opening of the MPTP, which induces ROS production (red dashed arrow).
Likewise, ROS can also further promote MPTP opening and stimulate an inflammatory response (blue dashed
arrows). Pro-inflammatory cytokines and chemoattractants promote neutrophil infiltration (green dashed arrow), and
the NADPH oxidase in these cells, as well as xanthine oxidase in endothelial cells (purple dashed arrows) stimulate
the production of ROS (12).

4

anaerobic glycolysis (13).
During reperfusion, only the extracellular pH is rapidly brought to a normal level,
creating a gradient across the membrane. The high level of intracellular H+ stimulates Na+/H+
exchange by the Na+/H+ exchanger (NHE), resulting in an increase of intracellular Na+. This
increase in intracellular Na+ and the depolarization of the cell membrane drive the Na+/Ca2+
exchanger (NCX) in the reverse direction, causing an overload of intracellular Ca2+ (14). The
excess intracellular Ca2+ can then promote Ca2+ uptake into the mitochondria via the
mitochondrial calcium uniporter (12).

1.2.2

Production of reactive oxygen species
At the onset of reperfusion, cardiac tissue switches from anaerobic glycolysis to aerobic

metabolism, increasing ATP production. However, the sudden recovery of oxygen levels causes
a drastic increase in the production of reactive oxygen species (ROS) (15). Most oxygen (95%) is
reduced to water (H2O) by tetravalent reduction in complex IV of the mitochondrial electron
transport chain, while the rest (5%) is reduced by univalent pathways that generate free radical
intermediates. In normal conditions, the univalent pathway generates superoxide (O2-) when
oxygen accepts an electron, and the presence of H+ promotes the formation of hydrogen peroxide
(H2O2). Superoxide dismutase (SOD) can also convert O2- to its ordinary molecular form or to
H2O2, and H2O2 can then be reduced to H2O by catalase or glutathione peroxidase (16).
However, in myocardial I/R injury, the presence of these antioxidant enzymes of ROS
homeostasis is affected, and a large amount of ROS accumulates (15). Furthermore, high levels
of ROS can also affect the components of the electron transport chain, promoting an even higher
production of O2- and potentiating ROS production (12).
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1.2.3

The opening of the mitochondrial permeability transition pore
The mitochondrial permeability transition pore (MPTP) is a large non-specific channel

located at the inner membrane of the mitochondria (17). During reperfusion, the elevated levels
of mitochondrial Ca2+ and ROS promote the opening of this pore, allowing the passage of any
molecule smaller than 1.5 kDa. The opening of the MPTP greatly diminishes the mitochondrial
membrane potential and proton gradient, thereby uncoupling oxidative phosphorylation and
reducing mitochondrial ATP production (18). Cyclophilin D can also promote the opening of the
MPTP by associating with adenine nucleotide translocase (ANT) and binding to the inner
mitochondrial membrane, in a process also regulated by Ca2+ and ROS (19). If the damage
induced by myocardial I/R injury is large enough, and most of the mitochondria undergo MPTP
opening, ATP production is severely limited and mitochondrial homeostasis is lost. The
mitochondrial matrix then swells, causing the outer mitochondrial membrane to break (12).

1.2.4

Cell death induced by I/R injury
The high levels of intracellular Ca2+, the accumulation of ROS, and the opening of the

MPTP along with other factors induced by myocardial I/R injury, eventually lead to cell death by
apoptosis, necrosis or autophagy (20). Apoptosis is a mechanism of regulated cell death
characterized by DNA fragmentation and cell shrinkage. The dying cell expresses cell surface
markers that promote phagocytosis, avoiding the leakage of cytosolic contents (21). In
myocardial I/R injury, apoptosis can be initiated by two different pathways: the extrinsic
receptor-specific pathway or the intrinsic mitochondrial-dependent pathway. In the extrinsic
receptor-specific pathway, a ligand binds to a death receptor and initiates the cleavage of pro6

caspases 2, 8 and 10, which then activate pro-caspases 3, 6 and 7. These pro-caspases are also
known as effector caspases, and they cleave proteins that initiate the apoptotic process in
myocardial I/R injury, such as inhibitor of caspase-activated DNAse (ICAD) and poly ADPribose polymerase (PARP) (22). The cleaved form of ICAD promotes the translocation of
caspase-activated deoxyribonuclease (CAD) from the cytosol to the nucleus. There, CAD
promotes DNA rupture, and therefore apoptosis (22). PARP, on the other hand, is an antiapoptotic protein that functions as a sensor of DNA damage. Cleavage by caspase 3 separates the
DNA-binding domain of PARP from its catalytic domain, rendering this protein inactive (23).
In the intrinsic mitochondrial-dependent pathway, pro-apoptotic and anti-apoptotic
signals regulate the release of proteins from the inner mitochondrial membrane. Bcl-2, an antiapoptotic protein located at the outer mitochondrial membrane, regulates the release of
cytochrome c and maintains the integrity of the mitochondrial membrane. However, during
myocardial I/R injury, Ca2+ overload and the opening of the MPTP promotes the translocation of
pro-apoptotic Bax from the cytosol to the outer mitochondrial membrane (22). Here, Bax
promotes the release of apoptosis-inducing factor (AIF) and cytochrome c from the intermembrane space by pore formation or Bcl-2 association, since the association of Bax with Bcl-2
inactivates the latter through heterodimerization. In animal models of myocardial I/R injury, it
has been suggested that the inhibition of Bax (24) and the activation of Bcl-2 (25) reduce the
extent of cell death. Moreover, because of the relationship between these two proteins, the ratio
of Bax/Bcl-2 is commonly used as an indicator of apoptosis susceptibility (26). The release of
AIF and cytochrome c from the mitochondria can then trigger a series of detrimental effects. AIF
induces caspase-independent nuclear degradation, while cytochrome c disrupts cell homeostasis
and activates caspase 9. Similarly to caspases 2, 8 and 10 from the extrinsic receptor-specific
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pathway, caspase 9 also activates pro-caspases 3, 6 and 7 (22). In myocardial I/R injury, the
initiation of the apoptotic cascade is almost immediate. Cytochrome c release can be detected
only within minutes of starting reperfusion. However, apoptosis only becomes apparent after
several hours (27).
In contrast to apoptosis, necrosis is normally regarded as an unregulated mechanism of
cell death characterized by cell swelling and rupture. However, it has been suggested that this
autolytic process can be promoted by an increased protease activity and ion dysregulation (20).
In the development of myocardial I/R injury, MPTP opening plays a key role in necrosis. At an
early stage, MPTP opening induces apoptosis; however when the MPTP remains open, necrosis
is induced due to the loss of membrane potential and ATP depletion (12). Calpain activation has
been also implicated in the development of I/R-induced necrosis. These proteins are cysteine
proteases activated by elevated concentrations of intracellular Ca2+, and they are responsible for
membrane degradation during myocardial I/R injury (28). Necrosis has also been detected in
cells that undergo apoptosis, in a process known as “secondary necrosis”. Phagocytosis is not
performed in these cells, and this causes a progressive loss of structural integrity that eventually
leads to cell rupture (29).
Autophagy is a mechanism used to remove damaged organelles or to supply nutrients
during starvation; however, when excessively activated, it induces cell death. When autophagy is
initiated, an isolation membrane engulfs cytoplasmic substrates, and an autophagosome is
formed. Lysosomes are then fused to autophagosomes to promote their degradation (30). Beclin1 has been implicated in autophagy initiation induced by myocardial I/R injury. In normal
conditions, this protein remains inactive when bound to Bcl-2, but in starvation conditions,
Beclin-1 is released. Beclin-1 functions as a molecular scaffold that allows the interaction of
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several regulators of autophagosome formation, therefore, its release promotes autophagy.
During myocardial I/R injury, autophagy can be classified either as protective or as damaging;
however, recent reports agree that its effects will differ depending when and how it is initiated
(12, 31).

1.2.5

Inflammation
Myocardial I/R injury induces an inflammatory response that is vital for cardiac tissue

repair. Within minutes, chemokines and pro-inflammatory cytokines are secreted by endogenous
cardiac cells and cells of the immune system. Chemokines then attract monocytes, while proinflammatory cytokines activate neutrophil recruitment (32), and both monocytes and
neutrophils clear debris in areas of necrosis and augment cytokine release. Nonetheless, the
inflammatory response elicited by myocardial I/R injury is often excessive, having a detrimental
effect on the heart (33). Inflammation, along with the activation of both the innate and adaptive
immune systems, plays an important role in the pathogenesis of myocardial I/R injury.
Since no pathogens are involved in the development of myocardial I/R injury, the type of
inflammation elicited is known as “sterile inflammation”. In this process, toll-like receptors
(TLRs) are activated by endogenous ligands known as damage-associated molecular patterns
(DAMPs). In normal conditions, DAMPs are located inside the cell; however, when the
membrane is damaged, DAMPs are released and free to bind TLRs (34). TLRs are
predominantly expressed in leukocytes, and it has been shown that TLR2, 3, 4, and 6 are also
expressed in cardiomyocytes (35). TLR activation leads to the nuclear translocation of nuclear
factor kappa B (NFκB), a transcription factor that promotes the expression of pro-inflammatory
cytokines such as tumor necrosis factor alpha (TNFα), interleukin 6 (IL-6) and interleukin 1-beta
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(IL-1β), and chemokines such as monocyte chemotactic protein 1 (MCP-1) (33). It has been
shown that TLR activation contributes to the development of myocardial I/R injury. For instance,
Hua et al. (36) reported that TLR4 knockout mice had significantly lower infarct sizes compared
to their wild-type (WT) counterparts, and that this cardioprotection was associated with the
activation of anti-apoptotic pathways. Similarly, Arslan et al. (37) reported that in an in vivo
mouse model of myocardial I/R injury, anti-TLR2 therapy is cardioprotective against the
development of this condition.
The increased production of pro-inflammatory cytokines has been detected in many
different models of myocardial I/R injury. Several reports show that mRNA and protein levels of
TNFα, IL-1β and IL-6 are significantly increased by I/R-induction (38-40). Neutrophils also play
an important role in the development of myocardial I/R injury. They are attracted to the site of
injury within minutes of reperfusion, and their presence peaks after 24 hours (41). In order for
them to infiltrate the cardiac tissue, pro-inflammatory cytokines TNFα, IL-1β and IL-6 activate
endothelial cells and promote the production of adhesion molecules that will allow neutrophil
migration through the endothelium (32). Once they are recruited to the cardiac tissue, neutrophils
can then amplify the production of pro-inflammatory cytokines and chemokines, and release
ROS and proteases that will contribute to the damage caused by myocardial I/R injury (41). The
deleterious role of neutrophils is supported by reports that suggest that neutrophil depletion
achieved by anti-neutrophil serum administration (42) or neutrophil-filtered blood perfusion
(43), reduces the severity of myocardial I/R injury.
However, as previously mentioned, the role of inflammation in the development of
myocardial I/R injury is not purely detrimental. There is also evidence that pro-inflammatory
cytokines, such as TNFα have an ambivalent role during myocardial I/R injury (44). Lecour et al.
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(45) showed that in hearts subjected to I/R injury ex vivo, a low dose of TNFα has the same
cardioprotective effects as those obtained by ischemic preconditioning, but at higher doses,
TNFα-treated hearts have larger infarct sizes compared to their untreated counterparts. Similarly,
blocking the IL-6 receptor for four weeks after inducing myocardial I/R injury worsens systolic
cardiac function, suggesting that this cytokine plays a protective role in the long-term
development of I/R injury (46).

1.3

Pro-survival pathways against the development of myocardial I/R injury
It has been demonstrated that the activation of specific cardioprotective pathways during

reperfusion can attenuate the detrimental effects of myocardial I/R injury. At the onset of
reperfusion, cardioprotection can be achieved by activating the reperfusion injury signaling
kinase (RISK) pathway (47). This pathway is activated by G-coupled protein receptor ligands
and growth factors, and it is formed by two signaling cascades, the phosphoinositide 3-kinase
(PI3K)/Akt and the extracellular signal regulated kinase (Erk1/2, also known as p44/p42). Each
one of these cascades can be selectively activated; for instance, it has been reported that insulin
only activates PI3K/Akt, and that transforming growth factor-β1 (TGF-β1) only recruits Erk1/2
(47).
The activation of both PI3K/Akt and Erk1/2 leads to the phosphorylation and inactivation
of pro-apoptotic proteins such as Bcl-2-associated death promoter (BAD), Bax, BIM and p53,
and the inhibition of cytochrome c release by Bax-independent mechanisms. Meanwhile, the
specific activation of the PI3K/Akt signaling cascade induces the phosphorylation of glycogen
synthase kinase-3 (GSK-3β) and endothelial nitric oxide synthase (eNOS), inactivating the
former and activating the latter. When GSK-3β is phosphorylated, it binds to ANT, and reduces
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the affinity of this protein for cyclophilin D, inhibiting MPTP opening. GSK-3β inhibition also
preserves mitochondrial ATP, prevents the overload of mitochondrial Ca2+ and decreases ROS
formation (48). The activation of eNOS leads to the formation of nitric oxide, which prevents
leukocyte adhesion, maintains the integrity of the endothelium (49), and inhibits the opening of
the MPTP (50). PI3K/Akt signaling can also phosphorylate and activate the inhibitor of NFκB
kinase (IKK)-α, inducing NFκB activation and its translocation to the nucleus (51). Although
NFκB is recognized as a trigger of the inflammatory response induced by myocardial I/R injury,
its transient activation can promote the transcription of anti-apoptotic proteins such as Bcl-2 (52).
As noted in the previous section, it has been reported that small amounts of TNFα
promote cardioprotection against I/R injury. However, this protective effect is maintained even
when Akt or Erk1/2 are inhibited, suggesting that this is an alternative cardioprotective pathway
(53). This pathway was later defined as the survivor activating factor enhancement (SAFE)
pathway, and it is formed by Janus kinase 2 (JAK2) and signal transducer and activator of
transcription 3 (STAT3) (54). The JAK/STAT signaling that forms part of the SAFE pathway
had been previously related to the development of cardiac hypertrophy, apoptosis and
inflammation; however, in the setting of myocardial I/R injury, it appears to have positive
outcomes (54). The SAFE pathway regulates cardioprotection by inducing the expression of
anti-apoptotic Bcl-2 and down-regulating pro-apoptotic Bax (55), reducing the extent of I/Rinduced apoptosis. Even though the SAFE and RISK pathways have shown to be independent
from each other, it has been suggested that cross-talk might occur. Serine phosphorylation of
STAT3 can be promoted by the p85 regulatory subunit of PI3K, allowing it to form homodimers
and achieve a more stable form (56). Additionally, Nguyen et al. (57) showed that after JAK2
binds to PI3K, it is phosphorylated and activated by Akt.
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A vast amount of research has been conducted in order to find pharmacological agents
and techniques that promote the activation of these prosurvival pathways. Some of these agents
have seemed promising, although the positive preclinical results have not always translated into
positive clinical outcomes. For example, glucose-insulin-potassium administration, which is
known to activate PI3K/Akt, consistently decreased infarct size in animal models of myocardial
I/R injury (58, 59). Nonetheless, randomized clinical trials showed no significant differences
between treated and untreated patients (60, 61). However, other pharmacological therapies such
as exenatide, a glucagon-like peptide analog that also activates the RISK pathway, have shown
cardioprotective properties against the development of I/R injury in both animal models (62) and
clinical trials (63). Furthermore, although the precise mechanism is not completely clear, both
ischemic preconditioning (53, 64) and postconditioning (65, 66) are known to exert their
cardioprotective effects by activating the RISK and SAFE pathways. Nonetheless, it should be
pointed out that none of these pharmacological or mechanical therapies have been transferred to
clinical practice, and that the presence of comorbidities may interfere with the cardioprotective
mechanisms of these phenomena (9).

1.4
1.4.1

The role of diabetes during myocardial I/R injury
Diabetes mellitus
Diabetes mellitus is a metabolic disorder characterized by hyperglycemia due to deficient

insulin secretion, deficient insulin action or both. Chronic hyperglycemia in diabetic patients
leads to the development of microvascular complications that notably affect the eyes, kidneys
and nerves, and the overall risk of cardiovascular disease is much higher in those with diabetes
than in non-diabetics. In 2015, the International Diabetes Federation estimated that 415 million
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adults in the world suffer from diabetes (67). Even though the prevalence of diabetes is much
higher in developing countries, Canada has seen a drastic increase in its incidence. In 2009, 6.8%
of the population was diabetic, representing a 230% increase since 1998 (68). Diabetes can be
classified into several types, the most common being type 1 diabetes, type 2 diabetes, and
gestational diabetes mellitus (68). Other types of specific diabetes, such as those derived from
genetic conditions or drug use, have been identified, but their prevalence is much lower (68).
Type 1 diabetes is an autoimmune disease characterized by the destruction of pancreatic
beta cells. Since these cells are the ones that produce insulin, hyperglycemia is induced. Patients
with this type of diabetes produce islet autoantibodies that promote the accumulation of isletspecific T cells that recognize and destroy beta cells (69). Growing evidence shows that this
process is triggered by environmental factors in patients with a genetic predisposition. Therefore,
it is believed that the modern pro-inflammatory environment is one of the main causes of the
increase in the incidence of type 1 diabetes in the last 50 years (70). Compared to the rest of the
world, countries of European descent have a higher prevalence of type 1 diabetes, and this
condition is normally diagnosed during childhood. Of all children that develop this type of
diabetes by the age of 18, 80% have detectable autoantibodies before they are 3 years old (70).
Lifelong insulin therapy is required to treat type 1 diabetes, and frequent blood glucose selfmonitoring is necessary. Type 1 diabetes is also distinguished by its proclivity for ketoacidosis,
due to the lack of insulin (68).
Type 2 diabetes is characterized by different degrees of insulin resistance and insulin
deficiency, and is by far the most common form, representing 90-95% of all cases (71). Many
risk factors have been associated with the development of type 2 diabetes: a sedentary lifestyle,
lack of physical activity, obesity, smoking, advanced age, genetic predisposition, and a low fiber
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diet with a high glycemic index (71). The progression of type 2 diabetes is characterized by an
initial state of insulin resistance, which can be caused by lipotoxicity, inflammation,
glucotoxicity and mitochondrial dysfunction (72). Insulin resistance is compensated by an
overproduction of insulin by the pancreatic beta cells, in order to maintain normal glucose levels.
However, as insulin resistance increases, beta cells gradually decline in function, resulting in
impaired glucose tolerance. Eventually, beta cells become exhausted, and this leads to patent
diabetes and elevated glucose levels (73).
Gestational diabetes mellitus is a condition suffered by pregnant women characterized by
the presence of glucose intolerance (68). As pregnancy progresses, insulin requirements become
higher in both healthy women and those with gestational diabetes mellitus. However, women
with gestational diabetes mellitus have a reduced insulin response to nutrients, and therefore
develop hyperglycemia (74). It has been suggested that inadequate beta cell function is one of the
underlying causes of gestational diabetes mellitus. The beta cells of healthy pregnant women
undergo a series of changes so that the higher demand for insulin is met. For instance, glucosestimulated insulin secretion is increased. However, in women with gestational diabetes, beta cells
are incapable of adapting (75). When controlled, this type of diabetes ceases at the end of
pregnancy; nonetheless, women who have previously suffered gestational diabetes mellitus have
a higher risk of developing it in later pregnancies. If untreated, it may lead to an increase in
maternal and perinatal morbidity (68).
In order to diagnose someone as diabetic, at least one of the following criteria should be
met: 1) a fasting plasma glucose higher than 7.0 mM, 2) a 2 hour-plasma glucose higher than
11.1 mM in a 75 g oral glucose tolerance test, or 3) a random plasma glucose higher than 11.1
mM. In adult patients, a glycated hemoglobin (A1C) test can also be performed, and diabetes is
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diagnosed when A1C is higher than 6.5% (68). However, this test should not be performed when
factors that affect its accuracy are present. For instance, patients with chronic anemia will have
falsely low A1C values due to the decreased survival of red blood cells; while patients with
suspected type 1 diabetes who commonly present iron deficiency anemia will have falsely
elevated A1C values (76).

1.4.2

Diabetes and cardiac disease
Patients with both type 1 and type 2 diabetes are at a significantly high risk of developing

cardiovascular disease. In the Framingham study, it was found that the presence of diabetes
increases the incidence of cardiovascular disease 2-fold in men and 3-fold in women (77).
Furthermore, 68% of diabetic patients over the age of 65 die from heart disease (78), making it
the greatest threat to patients suffering from this condition.
Diabetes affects cardiovascular function by increasing the presence of coronary plaques,
which later lead to coronary artery disease. This process is mediated by mechanisms stimulated
by chronic hyperglycemia, such as the accumulation of ROS, microvascular dysfunction, insulin
resistance, enhanced inflammation and the reversed transport of cholesterol (79). Coronary artery
disease then translates to ischemic heart disease, making diabetic patients more prone to suffer a
myocardial infarction. Their risk of suffering a myocardial infarction for the first time is
comparable to the risk of non-diabetic patients with a previous myocardial infarction (80); and
according to data obtained in the INTERHEART study, if diabetes were eliminated, the rate of
myocardial infarction would decrease by 19.1% for women and 10.1% for men (81).
The presence of diabetes can also impair cardiac function independently of changes in
vascular function, coronary artery disease or hypertension. This cardiac disease is known as
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diabetic cardiomyopathy, and it is characterized by three clinical stages: 1) patients develop an
asymptomatic left ventricular diastolic dysfunction, that can be detected by tissue Doppler
imaging or conventional Doppler echocardiography, 2) diastolic dysfunction is evident and early
signs of systolic dysfunction can be detected with echocardiography, 3) the heart has developed
hypertrophy and both diastolic and systolic dysfunction are present, leading to heart failure (79,
82). Diabetic cardiomyopathy is induced by hyperglycemia, hyperinsulinemia and insulin
resistance, as well as the metabolic shift from glucose to fatty acid oxidation (83).

1.4.3

Diabetes and myocardial I/R injury
The increased incidence of myocardial infarction in diabetic patients makes them more

prone to experience myocardial I/R injury. Moreover, the outcomes of this procedure are much
worse under diabetic conditions. When reperfusion is performed by either percutaneous coronary
intervention or thrombolytic therapy, diabetic patients have larger infarcts, lower ejection
fraction, and greater mortality (84, 85). The mechanisms that lead to an increased susceptibility
of the diabetic heart to I/R injury remain to be fully elucidated. However, two main factors are
known to play an important role: the increased levels of oxidative stress, and the exacerbated
inflammatory response (86, 87).
Oxidative stress is one of the principal causes of all diabetes complications. In the
diabetic heart subjected to I/R injury, increased oxidative stress is due to a higher basal
production of ROS and/or the depletion of the antioxidant defense system (88). A large part of
hyperglycemia-induced ROS overproduction takes place in the mitochondria (89). In normal
conditions, nicotinamide adenine dinucleotide (NADH), a reducing agent, and pyruvate, are
generated by glycolysis in the cytoplasm. The oxidation of pyruvate then produces other four
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molecules of NADH and a molecule of flavin adenine dinucleotide (FADH2). NADH and
FADH2 donate electrons to complexes I and II of the electron transport chain, respectively. The
transfer of these electrons generates a mitochondrial membrane potential that drives ATP
synthase, allowing the production of ATP (87). However, under hyperglycemic conditions, the
formation of NADH and FADH2 is significantly increased, and the mitochondrial membrane
potential generated is much higher. This increases the half-life of electron transport
intermediates, such as ubisemiquinone, which produce high amounts of O2- (87, 90).
The production of ROS under diabetic conditions can also be modulated by nonmitochondrial mechanisms. For instance, the activity of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, an enzyme located in the membrane of intracellular organelles, is
much higher in the diabetic myocardium (91, 92). NADPH oxidase promotes the formation of
O2- by transferring NADPH electrons to molecular oxygen; therefore, its increased activity
becomes deleterious for cell function (93). Similarly, xanthine oxidase, an enzyme that promotes
ROS production by catalyzing the oxidation of hypoxanthine to xanthine and its subsequent
conversion to uric acid, is overactivated during hyperglycemia (94). Furthermore, the activity of
nitric oxide synthase, which stimulates the production of O2-, is also uncoupled during diabetes
(94).
The diabetes-induced depletion of the antioxidant system causes a further increase in
oxidative stress. For example, under hyperglycemic conditions, superoxide dismutase 2 (SOD2)
activity is significantly decreased, and in compensation, superoxide dismutase 1 (SOD1)
increases its activity. Both SOD1 and SOD2 form H2O2 from O2-, which is then converted to
water by glutathione peroxidase or catalase. However, the depletion of these last two antioxidant
enzymes and the increased activity of SOD1, translates into H2O2 accumulation, which increases
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oxidative stress (87). This depletion of the antioxidant system has also been detected in diabetic
patients (95).
The diabetes-induced accumulation of ROS can then activate several deleterious
mechanisms. For example, high levels of ROS lead to the activation of the polyol pathway,
which reduces carbonyl compounds to their polyol form using NADPH. However, since NADPH
is required for the regeneration of reduced glutathione, a major scavenger of ROS, its
overconsumption exacerbates oxidative stress (89). The ROS-induced inhibition of glycolysis
also promotes the formation of diacylglycerol, a metabolite capable of activating protein kinase
C (PKC). Overactivation of PKC due to hyperglycemia has been linked to decreased eNOS
activity (96). Therefore, the levels of endothelium-derived nitric oxide, a molecule known to
preserve vascular homeostasis, are lower in the presence of diabetes (97). It has been suggested
that in hyperglycemic conditions, PKC phosphorylates PI3K at Thr86, decreasing its insulin
induced-activation (98). Therefore, eNOS, as a downstream target of PI3K/Akt, is inactivated by
the hyperglycemia-induced overactivation of PKC (98). Furthermore, PKC-β2, an isoform of
PKC, has been implicated in the development of myocardial I/R injury under diabetic conditions,
via caveolin-3/Akt signaling (99). Liu et al. (99) showed that PKC-β2 inhibits caveolin-3, a
structural membrane protein required to maintain the integrity of cardiomyocyte caveolae. Since
the knockdown of caveolin-3 inactivated Akt, a kinase involved in cardioprotective mechanisms
against I/R injury, the authors suggested that both proteins were affected by hyperglycemiainduced PKC-β2 overactivation (99).
Another mechanism affected by the overload of ROS due to hyperglycemia is the higher
production of advanced glycation end-products (AGEs). AGEs are formed by the non-enzymatic
reaction of proteins with glucose and other glycating agents. This modification alters the function
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of these proteins, affecting their ability to interact with other components and promoting their
binding to the receptor for AGEs (RAGE), which then promotes ROS production and NFκB
activation (89). During diabetes, the elevated levels of O2- inhibit enzymes of the glycolysis
pathway, and a higher concentration of glucose and glycating agents is available to form AGEs
(100). Moreover, it has been suggested that the activation of RAGE is linked to the development
of myocardial I/R injury in the diabetic heart; since diabetic RAGE-knockout mice hearts
subjected to ex vivo I/R injury show improved cardiac function compared to their WT
counterparts (101).
Under hyperglycemic conditions, basal inflammation is also higher. It has been reported
that hyperglycemia increases the level of circulating pro-inflammatory cytokines such TNFα and
IL-6 (102), and that high levels of TNFα affect both insulin signaling and secretion (103).
Furthermore, diabetes also promotes leukocyte production and the infiltration of neutrophils
(104). Therefore, under diabetic conditions, the inflammatory response is constantly activated,
leaving diabetic patients in a state of chronic inflammation. The mechanisms that lead to chronic
inflammation under diabetic conditions have not been fully elucidated. However, it has been
suggested that the overproduction of ROS induced by hyperglycemia activates IKK/NFκB, the
NH2-terminal Jun kinases/stress-activated protein kinases (JNK/SAPK) and the p38 MAPK proinflammatory pathways (105).

These pathways affect insulin signaling by altering the

phosphorylation of the insulin receptor and/or the insulin receptor substrate (IRS) (105). When
I/R injury is induced in the diabetic heart, an exacerbated inflammatory response is triggered. For
instance, it has been suggested that in diabetic hearts subjected to I/R injury, leukocyte
accumulation, as well as the adhesion of leukocytes to endothelial cells are much higher than in
normal conditions (106, 107).
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1.4.4

Impairment of pro-survival pathways against I/R injury in the diabetic heart
There is increasing evidence suggesting that cardioprotective mechanisms, such as

preconditioning and postconditioning, are not effective against the development of myocardial
I/R injury under diabetic conditions (108-110). For instance, it has been reported that in normal
rats, one cycle of preconditioning is sufficient to lower infarct size, but in diabetic Goto-Kakizaki
rats, a minimum of three cycles is necessary (111). Both preconditioning and postconditioning
achieve cardioprotection by activating the RISK and SAFE pathways; however, during diabetes,
the activation of these pro-survival pathways is impaired (112).
The abrogation of the RISK pathway and its PI3K/Akt signaling cascade plays an
important role in the susceptibility of the diabetic heart to I/R injury. There are many reports
supporting the concept that Akt inactivation is linked to the increase in cardiac damage observed
in models of both type 1 (99, 113, 114) and type 2 diabetes (111, 115). Several mechanisms have
been suggested, but two appear to be most important: the deficiency of insulin action or
secretion, and the activation of phosphatase and tensin homolog deleted on chromosome 10
(PTEN) (87).
It has been reported that the administration of insulin before (116) or shortly after
reperfusion (117), protects the heart against the development of I/R injury via activating
PI3K/Akt signaling. However, in type 1 and type 2 diabetes, the activation of this signaling
mechanism is compromised by insulin resistance, leading to a decrease in Akt activity and
therefore an increase of cardiac damage. PTEN, on the other hand, counteracts the activity of the
PI3K/Akt signaling cascade. In its active form, PI3K phosphorylates phosphatidylinositol (3,4)biphosphate (PIP2) and generates phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 serves
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as a plasma membrane docking site for proteins that have a pleckstrin-homology (PH) domain,
such as phosphoinositide-dependent protein kinase-1 (PDK1) and Akt. In the presence of PIP3,
Akt is recruited to the plasma membrane where it is phosphorylated and activated by PDK1
(118). However, PTEN is able to dephosphorylate PIP3, converting it to PIP2 (119). Compared
to their normal counterparts, the hearts of diabetic Goto-Kakizaki rats exhibit a higher level of
PTEN expression (120), and it has been suggested that this increase is responsible for the loss of
the cardioprotective activity of postconditioning during diabetes (121).
Less research has been done on the effects of diabetes on the SAFE pathway and its main
component, the JAK2/STAT3 signaling cascade. However, there is some evidence suggesting
that the activation of this prosurvival pathway is abrogated under hyperglycemic conditions.
Hotta et al. (122) reported that in diabetic rats subjected to myocardial I/R injury, treatment with
valsartan, an angiotensin II type 1 (AT1) receptor blocker, restored calcineurin and
erythropoietin-induced JAK2 activity. Therefore, the authors suggested that diabetes-induced
AT1 receptor-mediated upregulation of calcineurin impairs JAK2 signaling (122). It has also
been reported that the decrease of STAT3 activity in diabetic rat hearts subjected to ex vivo I/R
injury is regulated by the activation of mammalian target of rapamycin (mTOR) (123).
Furthermore, STAT3 has been implicated in the hyperglycemia-induced loss of cardioprotection
of ischemic postconditioning (124).

1.5
1.5.1

Rho kinase and its role in cardiovascular disease and myocardial I/R injury
Rho kinase
Rho kinases (ROCKs) are serine/threonine kinases involved in a wide range of

physiological functions, such as smooth muscle contraction, cell migration, adhesion and
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motility. The ROCK kinase domain is located towards the amino terminus, while a coiled-coil
region contains other functional motifs such as the Rho-binding domain, the PH domain and the
cysteine-rich domain (Fig 1.2) (125). The two isoforms of ROCK that have been detected, Rho
kinase 1 (ROCK1) and Rho kinase 2 (ROCK2), are highly homologous, sharing an overall amino
acid identity of 65%, and an identity of 92% at the kinase domain (126). ROCK1 is widely
expressed in all human tissues except brain and muscle, while ROCK2 is mainly found in brain,
muscle, heart, lungs and placenta (127).
ROCK is the major downstream effector of RhoA, a small guanosine-5'-triphosphate
(GTP)-binding protein activated by the stimulation of G-protein coupled receptors and tyrosine
kinase (126). In their inactive state, ROCK keeps a closed autoinhibitory loop by binding the
amino terminus to the Rho-binding and the PH domains. But when RhoA is activated by GTPbinding, it attaches to the Rho-binding domain, opening the autoinhibitory loop and exposing the
kinase domain (Fig 1.2) (125). Both ROCK isoforms are also activated by arachidonic acid,
which binds to the PH domain (126), and ROCK1 and ROCK2 can be selectively activated by
caspase-3 and granzyme-B, respectively, by cleaving the carboxyl terminus and uncovering the
kinase domain (128) (Fig 1.2).
Mechanisms of ROCK inhibition have also been reported. RhoE inhibits ROCK1 by
preventing RhoA from binding the Rho-binding domain (125), while ROCK1 and ROCK2 are
inhibited by small G-proteins Gem and Rad, respectively, by an unknown mechanism (129).
Additionally, ROCK activity can be regulated by phosphorylation (130, 131), and it was recently
reported that autophosphorylation at Ser1366 reflects the activation status of this protein (132).
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Figure 1.2 Structure and activation of ROCK
ROCK is formed by an amino terminus, where a kinase domain is located, and a coiled-coil region, that contains the
Rho-binding domain (RBD) and the PH domain, where the cysteine-rich domain can be found. In its inactive form,
ROCK forms a closed autoinhibitory loop by binding the amino terminus to the PH domain. The main activator of
ROCK, RhoA, is a small G-protein that is activated when bound to GTP, and deactivated when bound to guanosine
5′-diphosphate (GDP). In order to switch from one state to another, GTPase-activating proteins (GAPs) and guanine
nucleotide exchange factors (GEFs) regulate the activity of RhoA. GEFs, activated by G-protein coupled receptor
activation, activate RhoA by promoting the exchange of GDP for GTP, while GAPs promote the hydrolysis of GTP.
When RhoA is activated by GTP-binding, it attaches to the RBD, opening the autoinhibitory loop and exposing the
kinase domain (125).
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ROCK phosphorylates more than 30 downstream substrates at the consensus amino acid
sequences R/KXS/T and R/KXXS/T (R: arginine, K: lysine, X: any amino acid, S: serine, T:
threonine). Myosin phosphatase targeting protein (MYPT) is one of the most relevant ones (125,
133). This protein is a subunit of myosin light chain phosphatase (MLCP), an enzyme that
dephosphorylates the light chain of myosin II and promotes smooth muscle relaxation. When
MYPT is phosphorylated by ROCK, MLCP is inhibited, stimulating smooth muscle contraction
(133). However, ROCK1 and ROCK2 activate MYPT by different mechanisms. Only ROCK2 is
able to bind directly and phosphorylate MYPT, while ROCK1 requires intermediaries (134).
Other downstream substrates of ROCK are LIM-Kinase (LIMK), adducin and ezrin-radixinmoesin (ERM) (125). ROCK-activated LIMK phosphorylates and inactivates cofilin, a protein
that promotes actin depolymerization and actin filament turnover (135). Adducin, activated by
ROCK phosphorylation, binds to actin filaments and promotes the association of actin to
spectrin, a mechanism that plays an important role in membrane ruffling and cell motility (136).
ERM, phosphorylated and activated by ROCK, promotes the crosslinking of transmembrane
proteins to F-actin (137).

1.5.2

Rho kinase in cardiovascular disease and diabetes
Even though ROCK is involved in many basic cellular processes, its overactivation has

been linked to the pathogenesis of several cardiovascular diseases. In some cases, each isoform
has a different role in the development of these conditions. For instance, it has been reported that
ROCK inhibition reduces the extent of cardiac hypertrophy induced by G-protein-coupled
receptor agonists, such as angiotensin II, and endothelin-1 (138-140). However, further research
suggested, that ROCK2, but not ROCK1, was involved in the development of angiotensin II25

induced hypertrophy (141). Compared to their ROCK2-expressing counterparts, the induction of
hypertrophy by angiotensin II infusion or transverse aortic constriction (TAC) resulted in a
smaller heart-to-body weight ratio and a lower left ventricular mass in cardiac-specific ROCK2knockout mice (142). TAC-induced fibrosis and cardiac remodeling are also significantly
reduced by ROCK inhibition (143), and the results from studies using knockout mice have
revealed that ROCK1 is the isoform involved in this mechanism (141, 144, 145).
The inhibition of ROCK can also reduce the inflammatory process that takes place in
atherosclerosis. In a model of mice deficient in low-density lipoprotein receptor (LDLR-/-), Y27632, a non-isoform selective ROCK inhibitor, reduced inflammation and the infiltration of Tlymphocytes promoted by this condition (146). Similar results were observed when the bone
marrow of ROCK1 and ROCK2 knockout mice was transplanted to LDLR-/- mice, suggesting
that both isoforms are involved in this process. However, each one of them acted by a different
mechanism and had different functions (147, 148). ROCK has also been implicated in the
development of hypertension. The treatment of this condition by non-isoform specific inhibitors
such as Y-27632 and fasudil has successfully lowered blood pressure (149-151), although the
role of each ROCK isoform is less clear.
Since a large proportion of patients with cardiac complications also have type 1 or type 2
diabetes, it is important to understand how these conditions might affect the role of ROCK in the
development of cardiovascular diseases. For instance, it has been reported that in a rat model of
type 2 diabetes, ROCK inhibition reduces the extent of myocardial fibrosis by inhibiting JNK
and TGF-β1 (152). Also, it has been suggested that an increase in ROCK expression at an early
stage of type 1 diabetes contributes to the development of coronary dysfunction (153), and that in
a type 2 diabetic model, ROCK contributes to the increase of blood pressure (154).
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ROCK has also been implicated in the development of diabetic cardiomyopathy and the
cardiac abnormalities characteristic of this disease. In type 1 diabetic mice, ROCK inhibition
improved both ex vivo and in vivo cardiac function, in association with attenuation of actin
polymerization (155). A subsequent study showed that, under diabetic conditions, ROCK
inhibition attenuated PKCβ2 and iNOS activity, and that the inhibition of PKC-β2 and iNOS
normalized the hyperglycemia-induced overactivation of both RhoA and ROCK, suggesting that
RhoA/ROCK, PKCβ2 and iNOS interact in a positive feedback loop that promotes the
development of diabetic cardiomyopathy (156). Furthermore, it was later determined that
ROCK2 is the isoform involved in this process, given its ability to directly phosphorylate and
activate PKCβ2, interfering with the PDK1-mediated phosphorylation of Akt (157).

1.5.3

Rho kinase and myocardial I/R injury
ROCK has also been implicated in the development of myocardial I/R injury. Bao et al.

(158) were the first to suggest that ROCK had a role in the development of myocardial I/R
injury. They reported that in an in vivo mouse model of myocardial I/R injury, the expression of
RhoA and ROCK activity in the ischemic heart were increased. Furthermore, Y-27632, a nonisoform selective ROCK inhibitor, had a cardioprotective effect on hearts subjected to
myocardial I/R injury. They proposed that the cardioprotective effect of Y-27632 was mediated
by anti-apoptotic mechanisms, since Bcl-2 was downregulated during I/R injury and upregulated
when ROCK was inhibited. Necrosis was also inhibited, and inflammatory mechanisms such as
neutrophil infiltration and cytokine and chemokine production were affected by ROCK
inhibition. Similarly, Wolfrum et al. (159) reported that fasudil, another non-isoform selective
ROCK inhibitor, exhibited cardioprotective activity in an in vivo rat model of myocardial I/R.
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The administration of hydroxyfasudil increased the activity and phosphorylation of Akt. Since
this process was blocked by the inhibition of PI3K, the authors were able to confirm that ROCK
inhibition promoted the activation of PI3K/Akt signaling.
Hamid et al. (160) confirmed that the effects of ROCK during myocardial I/R injury in an
ex vivo rat model were mediated by the inhibition of elements of the RISK pathway.
Furthermore, they demonstrated that ROCK was activated during early reperfusion and not
during ischemia, suggesting that this protein has a highly significant role in the development of
myocardial I/R injury. On the other hand, Li et al. (161) reported that the cardioprotective
mechanism triggered by ROCK inhibition was different depending on the stage of reperfusion.
They confirmed in an in vivo rat model that the PI3K/Akt signaling cascade of the RISK pathway
was activated with fasudil at an early stage, but not at a late phase of reperfusion. They suggested
that at this later stage, ROCK inhibition activated JAK2/STAT3 signaling from the SAFE
pathway instead. Also, they demonstrated that the I/R-induced increase of caspase-3 activity is
also attenuated by fasudil treatment.
Although Bao et al. (158) had previously shown that I/R-induced neutrophil infiltration is
affected by ROCK inhibition, Kitano et al. (162) evaluated the mechanism involved in this
process. Using an in vivo mouse model of I/R injury, they observed that fasudil administration
reduced I/R-induced leukocyte accumulation, and that this was correlated with a reduction of
pro-inflammatory cytokines in serum. Moreover, the mRNA production of IL-6, MCP-1 and
TNFα was significantly lower in the cardiac tissue and leukocytes of mice treated with fasudil
(162).
Even though these reports provide a better understanding of the role of ROCK in the
development of myocardial I/R injury, none of them investigated the specific role of either one
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of the two ROCK isoforms. Until a couple of years ago, isoform-specific ROCK inhibitors were
not commercially available, making this a complicated task. In order to assess the contribution of
each ROCK isoform, transgenic knockout models need to be used. Because of the relevant
progress that has been done assessing the role of ROCK1 and ROCK2 in other cardiovascular
diseases, it is of importance to investigate their individual contributions in myocardial I/R injury.
Furthermore, the effect of ROCK inhibition in the development of I/R injury in the presence of
comorbidities, such as diabetes, has not been evaluated. Due to the prevalence of myocardial I/R
injury in diabetic patients, it is crucial to determine whether diabetes affects the cardioprotective
activity of ROCK inhibition.
Whether ROCK1, ROCK2 or both isoforms are responsible for the development of
myocardial I/R injury in normal and diabetic conditions is not known. However, since recent
results from our research group indicate that the expression of ROCK2 but not ROCK1 is
elevated in type 1 diabetic hearts (157), we are currently focused on the activity of this ROCK
isoform. Therefore, this thesis work will focus on understanding the role of ROCK2 in the
development of myocardial I/R injury in the absence and presence of type 1 diabetes.

1.6

Experimental models of myocardial I/R injury and type 1 diabetes
In order to understand the role of a protein or a pharmacological agent in the

development of myocardial I/R injury, the proper experimental model should be selected. The
three main types of models of I/R injury reported in the literature are in vitro, ex vivo and in vivo
models. In the in vitro model of myocardial I/R injury (also known as simulated I/R injury or
hypoxia-reoxygenation) cultured cells are first exposed to conditions that simulate ischemia: low
levels or absence of oxygen, slightly acidic media, and low glucose. After a period of time, they
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return to normoxic conditions and normal cell culture media is provided. This model provides a
limited understanding of the complex dynamics between different types of cells that take place in
I/R injury. Nonetheless, the in vitro model is useful in scenarios where genetic effects or
complex mechanistic relationships need to be studied (163).
In the ex vivo model of myocardial I/R injury, isolated hearts are first subjected to global
or regional ischemia and then returned to normal perfusion. This can be done either by
Langendorff perfusion, where the aorta is cannulated and perfused in a retrograde manner, or
using the isolated working heart, where perfusion starts from the left atrium and exits the aorta,
mimicking the normal perfusion of the heart. In both types of ex vivo myocardial I/R injury, a
physiologic solution such as the Krebs-Hensleit buffer, replaces blood, and constant pressure or
flow may be instituted. An ex vivo isolated heart system allows the measurement of cardiac
contractile function without the interference of other organ systems, systemic circulation or
neuronal regulation (164). However, this is a non-physiological model, which can be a limitation
if the systemic effects of myocardial I/R injury need to be assessed. In this case, an in vivo model
should be used. The transient ligation of the left anterior descending (LAD) coronary artery is the
most common model of in vivo myocardial I/R injury, and it is normally performed by a left
thoracotomy (164). This model has the capacity to evaluate cardiac function, infarct size, protein
expression and activity, and the systemic effects of inflammation, allowing a more
comprehensive understanding of the development of myocardial I/R injury. Therefore, this was
the model used in the present work.
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1.7

Experimental models of type 1 diabetes
Type 1 diabetes is an autoimmune condition that targets the destruction of pancreatic beta

cells in the islets of Langerhans. Therefore, an animal model of type 1 diabetes should focus on
selectively inducing the death of these cells. This can be achieved by the following approaches:
induction by autoimmune diabetes, genetic induction, viral induction and chemical induction
(165).
Mice that are able to develop autoimmune type 1 diabetes such as the non-obese diabetic
(NOD) mice, the bio-breeder (BB) rats and the Lewis rats with a defined MHC haplotype
(LEW.1AR1) can be used as an experimental model for this condition (165). All of them develop
insulitis due to the infiltration of inflammatory cells to the islets of Langerhans, causing beta cell
destruction. Alternatively, non-autoimmune models of genetically induced type 1 diabetes such
as the AKITA mouse have also been developed. These mice have a mutation at the Insulin 2
gene, which causes a defective processing of pro-insulin. Misfolded pro-insulin then aggregates
at the endoplasmic reticulum (ER), causing ER stress and beta cell death (166). Due to their
characteristics, the autoimmune and the genetically induced type 1 diabetic mice are commonly
used in studies that focus on beta cell inflammation and the genetics of this condition. However,
neither one of these models of type 1 diabetes are convenient to use if a transgenic model, such
as the ROCK2 knockout mice, is already being employed. Type 1 diabetes can also be induced
by viral infection, where viruses such as the coxsackie B virus, the encephalomyocarditis virus
and the Kilham rat virus are used to promote beta cell destruction (165). Nonetheless, this last
method is the most complicated to manage, and therefore the least applied.
The induction of beta cell death by chemical toxicity is one of the most common and
affordable methods used to establish a model of type 1 diabetes. Alloxan and streptozotocin
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(STZ) are the two drugs normally employed for this purpose. The chemical structure of both
drugs is highly similar to glucose, and this characteristic allows them to enter the pancreatic beta
cells through the glucose transporter 2 (GLUT2). The pancreas, kidney and liver are the main
organs expressing this transporter; however, the last two are better protected against the
deleterious effects of alloxan and STZ (166). Therefore, by using a controlled dose, the induction
of cell death is beta cell-selective.
Alloxan and STZ lead to cell death by different mechanisms. When alloxan enters the
beta cells, it is reduced to dialuric acid by ROS. Dialuric acid can then re-oxidize alloxan, in a
process that generates O2- and other free radicals. The high level of free radicals damages the
DNA, induces its fragmentation and leads to cell death. With doses that range from 50 to 150
mg/kg for rodents, alloxan generates a quick hyperglycemic response. Chronic hyperglycemia
can also be generated using this drug; however, there are reports that show that glucose levels
can be normalized over time, possibly due to beta cell-regeneration (166). STZ follows several
mechanisms that lead to beta cell-destruction. This drug can accumulate inside the cell and form
diazomethane, an alkylating product that induces DNA alkylation and promotes cell death. STZ
also acts as a nitric oxide donor, promoting DNA damage, and in a very similar mechanism to
that of alloxan, it can also stimulate free radical production. This production of free radicals not
only causes cell damage directly, but it can also disrupt ATP production and lead to a decrease of
insulin synthesis and secretion. Unlike alloxan, STZ has a better toxicity profile, and its beta cellregeneration incidence is much lower (166). Two different doses of STZ can be used to induce
type 1 diabetes: a single high dose and a multiple low dose. A single high dose of STZ induces a
high level of DNA damage that translates into to a drastic reduction of ATP levels as well as the
loss of membrane integrity, therefore leading to beta cell necrosis (167). For mice, a single high
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dose of STZ may range from 100 to 300 mg/kg, and it can lead to hyperglycemia within a few
hours. However, mice have high risk of hypoglycemia, as well as renal and hepatic toxicity,
shortly after STZ administration. On the other hand, the induction of diabetes by multiple low
doses of STZ more closely resembles the development of type 1 diabetes in humans. By
administering 20-50 mg/kg STZ to mice over 3 to 5 days, two peaks of beta cell apoptosis can be
detected: one at the end of STZ treatment, and another one 11 days later, when lymphocyte-cell
infiltration to the islets of Langerhans takes place (167). Multiple low doses of STZ can induce
both hyperglycemia and insulitis, and the risk of immediate hypoglycemia is much lower (166).

1.8

Research hypothesis and specific aims
Based on the observations that have been made on the role of ROCK inhibition in

myocardial I/R injury, the relevance of evaluating the contribution of the ROCK2 isoform and
the importance of understanding how diabetes can affect the response to I/R injury, we proposed
to investigate the following hypothesis: The overactivation of ROCK2 contributes to I/R injury in
the normal and diabetic heart.
In order to test this hypothesis, three specific aims were pursued in the present thesis:
1. Establish an in vivo model of myocardial I/R injury in non-diabetic and diabetic conditions:
In order to properly evaluate the role of ROCK2 in the development of myocardial I/R
injury, we first evaluated the most appropriate conditions for the research model selected. Two
preliminary studies were performed for this purpose. In the first, cardiac function was evaluated
in diabetic and non-diabetic mice with a ROCK2 partial deletion. In the second, we developed a
protocol of in vivo myocardial I/R injury for both control and diabetic mice.
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2. Investigate the whole-body and cardiomyocyte-specific contribution of ROCK2 in myocardial
I/R injury:
In order to evaluate the role of ROCK2 in the development of myocardial I/R injury, we
measured the infarct size of whole-body heterozygous and cardiomyocyte-specific ROCK2
knockout mice subjected to vivo myocardial I/R injury. Cardiac function, ROCK activity, the
activation of the RISK pathway, and the extent of inflammation were also evaluated.
3. Evaluate the role of cardiomyocyte ROCK2 in the development of myocardial I/R injury in
diabetic conditions.
In order to assess the role of ROCK2 in the development of myocardial I/R injury during
diabetes, we compared the responses of diabetic and non-diabetic cardiomyocyte-specific
ROCK2 knockout mice to the induction of myocardial I/R injury. Infarct size, cardiac function,
ROCK activity, the activation of the RISK pathway, and the extent of inflammation were also
evaluated in this study.
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Chapter 2: Characterization of the myocardial I/R injury in vivo model

2.1

Overview
In vivo cardiac studies allow us to not only understand the effects of a specific disease on

cardiovascular function and signaling, but also to evaluate its interdependent physiology. In the
present thesis, we evaluated the role of ROCK2 in the development of myocardial I/R injury in
vivo in both non-diabetic and diabetic mice. In order to achieve this, it was first necessary to
determine the most appropriate conditions for these experiments.
As mentioned in Chapter 1, selective inhibitors of ROCK2 are not commercially
available, so in order to investigate the isoform-specific contribution of ROCK2, it was
necessary to use a genetically modified mouse model. Two types of genetically modified mice
were available to us: the ROCK2 heterozygous whole-body knockdown (ROCK2+/-) and the
tamoxifen-inducible cardiac-specific ROCK2 knockout. The first model enabled us to
understand the systemic role of ROCK2 during myocardial I/R injury, as well as the sum of the
effects that it had on the many different types of cardiac cells, while the second one allowed us to
isolate the role of ROCK2 in the cardiomyocyte.
In order to establish our experimental conditions, we conducted two preliminary studies.
In the first one, we evaluated the effect of STZ-induced diabetes on the cardiac function of
ROCK2+/- mice. STZ was selected to induce type 1 diabetes given its effectiveness for this
purpose. In the second study, we developed an in vivo myocardial I/R injury protocol for both
control and diabetic mice, and assessed the role of STZ-induced diabetes on the development of
I/R injury by measuring cardiac function over the course of 5 weeks.
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2.2

Study 1: Evaluation of cardiac function in non-diabetic and diabetic WT and

ROCK2+/- mice
2.2.1

Introduction
Mice are one of the most relevant animal models in research; however, each strain has

different characteristics that need to be taken into consideration. For instance, CD-1 mice are an
outbred strain, meaning that they are more robust and have a greater genetic diversity (168);
while C57BL/6J are inbred mice, making them highly genetically similar (169). There are even
strains of mice, such as the FVB/N, that have demonstrated cardioprotection against the
development of myocardial I/R injury, making them unsuitable for this type of experiment (170).
Furthermore, genetically modified mice might respond in different ways depending on
the gene that has been knocked out. Although no major physiological or behavioral changes were
found in ROCK2+/- mice (171), when we began this work it was unknown whether partial
ROCK2 deletion had a significant effect on cardiac function under either non-diabetic or diabetic
conditions. Therefore, the main aim of this study was to evaluate cardiac function in non-diabetic
and diabetic WT and ROCK2+/- mice.

2.2.2

Materials and methods

Animals
Homozygous ROCK2 mice (ROCK2-/-) have an embryonic lethality as high as 90%,
(171, 172). Therefore, ROCK2+/- mice, provided by Dr. Zhengping Jia, a collaborator at the
Faculty of Neurosciences and Mental Health at the University of Toronto, were used in the
present thesis. Mice were bred on a CD-1 background; no remarkable differences between them
and their WT counterparts have been identified (171).
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At 8 weeks of age, male ROCK2+/- and WT mice were treated with STZ (40 mg/ml/day
for 3 days) or its citrate buffer vehicle (0.1 M, pH 4.5). This STZ dose was chosen based on
preliminary work in our lab showing that it produced a marked increase in blood glucose in CD1 mice within 2 weeks after administration of the final dose. Eight weeks after STZ treatment,
non-fasting blood glucose levels were measured using One Touch Ultra test strips and a One
Touch Ultra 2 glucometer (LifeScan, Burnaby, BC, Canada). At all times, mice were housed
under identical conditions, and had free access to food and water. Two groups of mice were
employed in this study, one for the echocardiographic measurements, and another one for the
isolated heart perfusion and western blotting.
This investigation conforms to the Canadian Council on Animal Care Guidelines on the
Care and Use of Experimental Animals and the Guide for Care and Use of Laboratory Animals
published by the United States National Institutes of Health (NIH publication no. 85–23, revised
1996). All protocols were approved by the University of British Columbia Animal Care
Committee.

Echocardiographic measurements
Eight and eleven weeks after STZ or vehicle treatment, systolic cardiac function was
assessed in the first group of diabetic and non-diabetic mice using the Vevo 2100
echocardiography system (Fujifilm VisualSonics, Toronto, ON, Canada). In brief, mice were
anesthetized using 4-4.5% of isoflurane, and kept at a constant temperature of 37±0.5°C using a
heated echocardiography platform. The level of isoflurane was then lowered to 1-2%, and all
measurements were done at a heart rate of 500±30 bpm. Mice were positioned at a parasternal
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short-axis view, and 2-D M-mode scans were obtained in order to calculate ejection fraction,
fractional shortening, cardiac output, and left ventricular (LV) mass.

Heart perfusion and western blotting
The original purpose of the second group of mice was to assess the effect of I/R injury ex
vivo in non-diabetic and diabetic mice. To this end, 16 weeks after STZ or vehicle treatment,
mice were deeply anesthetized with 4% isoflurane, and euthanized by cervical dislocation.
Hearts were quickly excised and perfused in the Langendorff mode with Krebs-Henseleit buffer
(118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 2.5 mM
CaCl2, 0.05 mM EDTA, 0.5 mM sodium pyruvate, and 11 mM glucose, pH 7.4, bubbled with
95% O2 and 5% CO2). Hearts were stabilized for 10 minutes, and in order to simulate ischemia,
the perfusion line was closed for 20 minutes. Reperfusion was then allowed by re-opening the
perfusion line, and 40 minutes later, hearts were removed and snap frozen in liquid nitrogen.
Cardiac function following induction of myocardial I/R injury ex vivo was highly
variable, making it very difficult to evaluate the effects of either partial deletion of ROCK2 or of
diabetes. As a result, we decided to not pursue this model further. However, the hearts were used
to evaluate the effect of STZ-induced diabetes on ROCK1 and ROCK2 expression levels in
ROCK2+/- hearts and their WT counterparts. In brief, frozen tissues were homogenized in RIPA
buffer (Tris HCl 50 mM pH 7.4, NP-40 1%, SDS 0.1%, sodium deoxycholate 0.5%, NaCl 150
mM, EDTA 2 mM and protease and phosphatase inhibitor), Laemmli buffer was added (2x), and
samples were heated at 95° for 5 minutes. Proteins were separated using 8% SDS-PAGE gels
and immunoblotted using ROCK2 primary antibody (Santa Cruz Biotechnology, Santa Cruz,
CA). GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) protein expression was used as a
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loading control. Membranes were then stripped and re-probed for ROCK1 (BD Biosciences,
Franklin Lakes, NJ). ImageJ v1.46r (NIH, Bethesda, MD) was used to perform densitometry.

Statistical analysis
All results are expressed as means ± standard error (SE), and n represents the number of
animals in each group. GraphPad Prism version 5.00 for Mac (GraphPad Software, San Diego,
CA) was used to analyze for statistical significance (p<0.05) using one-way ANOVA followed
by Neuman-Keuls test.

2.2.3

Results
Eight weeks after vehicle treatment, there were no significant differences in the body

weight of non-diabetic ROCK2+/- mice and that of their WT counterparts (Fig 2.1A). Similarly,
the non-fasting blood glucose level of non-diabetic mice of both genotypes was comparable (Fig
2.1B). Eight week-diabetic ROCK2+/- and WT mice had a significantly lower body weight
compared to their control counterparts; however, no differences were detected between the two
genotypes (Fig 2.1A). As expected, non-fasting blood glucose levels were much higher in
diabetic mice, but there were no differences between the diabetic ROCK2+/- and WT mice (Fig
2.1B). These results indicate that the partial deletion of ROCK2 does not have an effect on the
decrease of body weight and the increase of non-fasting blood glucose induced by STZ
treatment.
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Figure 2.1 Physiologic parameters of ROCK2+/- and WT mice 8 weeks after STZ treatment.
Body weight (A) and non-fasting blood glucose levels (B) of ROCK2+/- and WT mice 8 weeks after STZ treatment
(n=4-5, * p<0.05).

At both 8 (Fig 2.2) and 11 (Fig 2.3) weeks after vehicle treatment, no significant
differences in ejection fraction, fractional shortening, cardiac output, or LV mass were found
between non-diabetic ROCK2+/- mice and their WT counterparts, indicating that partial deletion
of ROCK2 does not impair systolic cardiac function. Furthermore, both 8 (Fig 2.2) and 11 (Fig
2.3) weeks after induction of diabetes, the ejection fraction, fractional shortening, cardiac output,
and LV mass of diabetic WT mice were similar to those observed in their non-diabetic
counterparts, suggesting that even after a long period of hyperglycemia, the systolic cardiac
function of WT CD-1 mice is not significantly affected. Similarly, no significant differences in
systolic cardiac function were detected between diabetic ROCK2+/- mice and their WT
counterparts.
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Figure 2.2 Cardiac parameters of ROCK2+/- and WT mice 8 weeks after STZ treatment.
Ejection fraction (A), fractional shortening (B), LV mass corrected (C) and cardiac output (D) were determined
using 2-D M-mode (n=4-5, p>0.05).
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Figure 2.3 Cardiac parameters of ROCK2+/- and WT mice 11 weeks after STZ treatment.
Ejection fraction (A), fractional shortening (B), LV mass corrected (C) and cardiac output (D) were determined
using 2-D M-mode (n=4-5, p>0.05).
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As expected, ROCK2 expression was significantly lower in isolated non-diabetic
ROCK2+/- hearts than in their WT counterparts (Fig 2.4A). In hearts from diabetic WT mice,
there was a significant increase in ROCK2 expression, but no corresponding differences were
detected between diabetic ROCK2+/- hearts and their non-diabetic counterparts (Fig 2.4A).
These results suggest that the diabetes-induced increase in ROCK2 expression in the heart is
avoided by the partial deletion of ROCK2. ROCK1 expression was similar among groups (Fig
2.4B), suggesting that in this model, the induction of diabetes does not have an effect on ROCK1
expression, and that the knockdown of ROCK2 does not cause a compensatory upregulation of
this other isoform.

A

B

ROCK2

ROCK1

GAPDH

GAPDH

*

*

1.5

*
ROCK1 / GAPDH

ROCK2 / GAPDH

1.5

1.0

0.5

Control
STZ

1.0

0.5

0.0

0.0

WT

ROCK2+/-

WT

ROCK2+/-

Figure 2.4 ROCK isoforms expression in diabetic and non-diabetic ROCK2+/- and WT mice subjected to ex
vivo I/R injury.
ROCK2 (A) and ROCK1 (B) protein expression was evaluated in WT and ROCK2+/- mice hearts 16 weeks after
STZ treatment (n=4-5 for all groups, * p<0.05).
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2.2.4

Discussion
It is well known that the presence of diabetes is associated with the development of

cardiac dysfunction. However, when the cardiac abnormalities of diabetes occur in the absence
of changes in coronary artery disease or hypertension, it results in a condition known as diabetic
cardiomyopathy (79). Although this condition is known to develop in STZ-treated diabetic
rodents (173), in the present study, there was no evidence of systolic cardiac dysfunction in
diabetic WT mice 11 weeks after STZ treatment. As previously mentioned, these mice have a
CD-1 background, and in an unpublished study performed by our research group, we were
unable to detect a decrease in systolic cardiac function in CD-1 mice even 13 weeks after
induction of diabetes. Moreover, diastolic dysfunction, which usually accompanies and often
precedes systolic cardiac dysfunction in the development of diabetic cardiomyopathy, was not
detected at 13 weeks either. These observations, together with the fact that both ROCK2+/- and
WT mice were overtly diabetic by 8 weeks after STZ treatment, suggest that CD-1 mice are
resistant to the development of myocardial dysfunction associated with diabetic cardiomyopathy.
It has been previously suggested that animal strain can have an independent influence on
the development of diabetic cardiomyopathy (174). In rats, these changes depended on the
susceptibility of each strain to STZ treatment (174). However, the reason for strain differences in
mice is not as clear. Male C57BL/6 mice were found to display a significant decrease in systolic
cardiac function 12 weeks after STZ treatment (175, 176). Moreover, using magnetic resonance
imaging, a decrease in ejection fraction, fractional shortening and cardiac output could be
detected in this strain of mice as early as 4 weeks after STZ treatment (177). On the other hand,
male CD-1 mice were not found to develop systolic cardiac dysfunction until 16 weeks after
induction of diabetes, although significant diastolic dysfunction was detected at 12 weeks (178).
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Our data showing an absence of systolic dysfunction in WT CD-1 mice 13 weeks after diabetes
induction are consistent with the results of the latter study, and suggest that the development of
diabetic cardiomyopathy in this strain of mice is delayed.
Since cardiac dysfunction did not develop in the animal model used in the present study
within the time period investigated, the role of ROCK2 in diabetic cardiomyopathy could not be
evaluated. Previously, our research group had demonstrated the presence of diabetic
cardiomyopathy in 12 week diabetic rats, and had found that acute inhibition of ROCK
normalized cardiac function in diabetic rats while having no effect on cardiac function in control
animals (155). Furthermore, it was later shown that ROCK2 expression was higher in diabetic rat
hearts, while ROCK1 expression remained the same, suggesting that the former is the isoform
involved in the development of diabetic cardiomyopathy (157). In the present study, we detected
a significant increase in ROCK2 expression in diabetic WT mice 16 weeks after STZ treatment,
which was prevented in diabetic ROCK2+/- mice; and in the unpublished study performed by
our research group that was mentioned above, ROCK2 expression was significantly higher in
diabetic CD-1 mice 13 weeks after STZ treatment. Since cardiac dysfunction was not detected in
either case, the data suggests that the diabetes-induced elevation of ROCK2 expression occurs
well before the onset of diabetic cardiomyopathy.
In spite of these observations, it was important to determine if the induction of
myocardial I/R injury resulted in differences in cardiac function in diabetic and non-diabetic CD1 mice. Therefore, we also conducted a preliminary study in which CD-1 mice were treated with
STZ and then subjected to myocardial I/R injury, following which systolic and diastolic cardiac
function were evaluated.

45

2.3

Study 2: Establishing a model of in vivo myocardial I/R injury in non-diabetic and

diabetic mice
2.3.1

Introduction
The use of in vivo myocardial I/R injury models has allowed researchers to study many

different factors around the development of this condition. Reproducible results can be obtained
by controlling the duration and the location of ischemic injury, as well as the length of
reperfusion. The most common technique used to induce myocardial I/R injury in vivo is the
temporary ligation of the LAD coronary artery (179). In larger animals, such as pigs or dogs, the
ligation is done using a strip of moistened umbilical tape, while in small animals, such as rats or
mice, a thread or a fine suture is used (179). Since a thoracotomy needs to be performed to
visualize the hearts, animals have to be intubated and ventilated during this procedure. Intubation
can be performed by tracheostomy or by endotracheal intubation, with the latter method being
the safest (180).
For the project in this thesis, we established a detailed surgical protocol that allowed us to
perform myocardial I/R injury in vivo in both normal and type 1 diabetic CD-1 mice. The
protocol was developed under the guidance and supervision of Dr. Shelly McErlane and Kris
Andrews, from the Centre for Comparative Medicine at the University of British Columbia.
Once this protocol was established, we induced myocardial I/R injury in mice subjected to
different lengths of STZ treatment. Afterwards, changes in both systolic and diastolic cardiac
function were evaluated.
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2.3.2

Materials and methods

Animals
At 8 weeks of age, male CD-1 mice were treated with two different doses of STZ: 40
mg/ml for 3 days (treatment 1), or 60, 50 and 40 mg/ml for 3 days (treatment 2). Preliminary
work from our lab has shown that with both doses, mice become diabetic within 2 weeks.
Control mice were given citrate buffer vehicle (0.1 M, pH 4.5) for the same length of treatment.
Non-fasting glucose levels were measured using One Touch Ultra test strips and a One Touch
Ultra 2 glucometer (LifeScan, Burnaby, BC, Canada). Ultimately, no significant differences were
detected between the two doses of STZ in either blood glucose (treatment 1, 18.3±3.5 mM;
treatment 2, 24.0±4.6 mM; p>0.05) or cardiac function following I/R injury, so results from the
two treatment groups were pooled for the analyses.
All mice were housed under the same conditions, and had free access to food and water.
This investigation conforms to the Canadian Council on Animal Care Guidelines on the Care and
Use of Experimental Animals and the Guide for Care and Use of Laboratory Animals published
by the United States National Institutes of Health (NIH publication no. 85–23, revised 1996). All
protocols were approved by the University of British Columbia Animal Care Committee.

Surgical preparation
Diabetic and non-diabetic mice were divided in two groups: one was subjected to
myocardial I/R injury 1 week after STZ treatment, and another one had I/R injury induced 3
weeks after STZ treatment. The day of surgery, mice were weighed and anesthetized using a
subcutaneous (SC) injection of a ketamine/xylazine mixture. Control mice received 80 and 5
mg/kg of ketamine and xylazine, respectively; while STZ-treated mice received 40 and 1.25
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mg/kg. If mice were still moving after 5 minutes, additional ketamine/xylazine was given. After
mice were sedated, 1 ml of warm saline (SC) was provided and corneal lubricant was applied.

Intubation and Ventilation
Mice were placed on a slanted table with their abdomen facing up before starting the
intubation procedure. The tip of an otoscope was inserted into the mouth and the tongue was
gently pressed down in order to expose the throat and vocal cords. Xylocaine (2%) jelly was
applied and a 22G catheter was inserted into the trachea. Proper intubation was verified. The
appropriate ventilation rate and volume were determined using the values provided by the
ventilator manufacturer (Harvard Apparatus, Holliston, MA). Mice were placed on their side
over a heating pad, and ventilated using a mixture of oxygen and isoflurane (1-2.5%). A SC
injection of buprenorphine (0.05 mg/kg for control mice and 0.025 mg/kg for STZ-treated mice)
was provided. A rectal probe thermometer (Braintree Scientific, Braintree, MA) was used to
monitor body temperature, which ranged between 36.8-37.1°C.

LAD coronary artery ligation
Before starting surgery, anesthesia was verified by testing the pedal withdrawal reflex. A
SC injection of bupivacaine 0.25% on the incision site (30-60 µl) was provided, and the skin was
disinfected with surgical scrub. A skin incision parallel to the midline and on the right side of the
sternum was made. The pectoral muscles were separated and the rib cage exposed. A
thoracotomy between the 3rd and 4th rib was made, and the heart was exposed using a small
retractor. The pericardium was removed and the LAD coronary artery was ligated using Vicryl
8-0 (Ethicon, Somerville, NJ). If the ligation was successful, an immediate “blanching” was
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observed in the myocardium downstream from the ligation. In sham-operated mice, Vicryl 8-0
was passed underneath the LAD artery, but a ligation was not performed. The chest cavity was
then covered with a small piece of moistened sterile gauze during ischemia. After 40 minutes,
the knot was carefully removed without damaging the cardiac muscle in order to allow
reperfusion. The rib cage, the muscle and the skin were then sutured using Vicryl 6-0 (Ethicon,
Somerville, NJ).

Recovery
To wean mice from the ventilator, a SC injection of atipamizole (1 mg/kg for control
mice and 0.5 mg/kg for STZ-treated mice) was provided and the percentage of isoflurane was
lowered by half. Isoflurane was turned off when mice started to battle the ventilator, and the
tracheal cannula was removed when signs of consciousness were detected. Mice were then
placed in recovery cages (heated, easily accessible food and gel water), and after 20-40 minutes
of constant monitoring, another SC injection of buprenorphine (0.05 mg/kg for control mice and
0.0125 mg/kg for STZ-treated mice) was provided. Mice were then monitored for the next 3-5
hours, and at the end of the day, an extra dose of buprenorphine (0.05 mg/kg for control mice
and 0.025 mg/kg for STZ-treated mice) was given. The first week after surgery, additional fluids
and buprenorphine were given as needed. Mice were monitored on a daily basis for 1 week, and
then every week.

Echocardiographic measurements
Cardiac function was evaluated by echocardiography 1, 3 and 5 weeks after surgery using
the Vevo 2100 echocardiography system (Fujifilm VisualSonics, ON, Canada). In brief, mice
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were anesthetized using 4-4.5% of isoflurane, and placed on an echocardiography platform with
their nose inside an anesthesia nose cone. Temperature was maintained at 37±0.5°C. The level of
isoflurane was then lowered to 1-2% before proceeding with the echocardiographic
measurements. Anesthetized mice, with a heart rate of 400±30 bpm, were positioned at an apical
four-chamber view in order to image the mitral valve. The early to late ventricular filling (E/A)
ratio and the left ventricular myocardial performance index (LV MPI) were calculated from
scans obtained by pulse wave Doppler. The E/A ratio is a measurement of diastolic cardiac
function, while the MPI incorporates both systolic and diastolic cardiac function. Mice were then
positioned at a parasternal short-axis view, and 2-D M-mode scans were obtained at a heart rate
of 500±30 bpm. Fractional shortening and ejection fraction were calculated from these scans as
indicators of systolic cardiac function. After the last echocardiographic assessment, body weight
and non-fasting glucose levels were measured. Mice were then euthanized and hearts were
removed and weighed.

Statistical analysis
Data were expressed as means ± SE, and the number of animals in each group is
represented by n. Results were analyzed using GraphPad Prism version 5.00 for Mac (GraphPad
Software, San Diego, CA). Physiological data were analyzed by one-way ANOVA followed by
Neuman-Keuls test for multiple comparisons. Echocardiographic data were analyzed using twoway ANOVA followed by Neuman-Keuls test. Results were considered statistically significant at
p<0.05.
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2.3.3

Results
No significant differences in mortality rate were found between non-diabetic (11.1%) and

diabetic mice (12.5%), suggesting that the surgical protocol developed here is a safe method for
the induction of myocardial I/R injury in vivo in both diabetic and non-diabetic mice. Before the
induction of myocardial I/R injury, the non-fasting blood glucose levels of mice that had been
treated with STZ one week previously were not significantly higher than those of untreated mice
(Table 2.1). Also, at this point, no significant differences in body weight were detected between
STZ-treated and untreated mice (Table 2.1). The first week after surgery, there were no
differences in systolic or diastolic cardiac function among groups (Fig 2.5). However, 3 weeks
after inducing I/R injury, both control and STZ-treated mice hearts had a significantly higher
E/A ratio and LV MPI compared to sham-operated mice (Fig 2.5C and D). A high E/A ratio is a
sign of elevated left atrial pressure, which could be secondary to an increase in left ventricular
filling pressure during diastole (181, 182), while a higher LV MPI indicates a global
deterioration in cardiac function (183). Therefore, the increase in both of these parameters could
reflect the induction of myocardial I/R injury. Nonetheless, by 5 weeks after surgery, the E/A
ratio and the LV MPI had returned to control levels, while the ejection fraction and fractional
shortening of both control and STZ-treated mice were significantly lower than those detected in
sham-operated mice (Fig 2.5A and B), suggesting the presence of systolic dysfunction in hearts
subjected to I/R injury.
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Group 1: One week after STZ treatment
Before surgery
Group

Blood glucose
(mM)

Five weeks after surgery

Body weight (g)

Blood glucose
(mM)

Body weight (g)

Heart weight (mg)

Heart/Body
weight ratio

Sham

9.4

±

1.0

38.9

±

0.9

7.8

±

0.5

41.2

±

0.3

225.0

±

5.5

5.5

±

0.2

Ctrl IR

9.1

±

0.7

38.0

±

2.1

7.1

±

0.7

42.6

±

1.9

237.5

±

10.3

5.6

±

0.1

11.9

±

0.9

39.3

±

1.1

23.0

±

3.9

39.5

±

0.8

215.3

±

14.5

5.4

±

0.3

STZ+IR

a

Group 2: Three weeks after STZ treatment
Before surgery
Group

Blood glucose
(mM)

Five weeks after surgery

Body weight (g)

Blood glucose
(mM)

Body weight (g)

Heart weight (mg)

Sham

7.9

±

0.2

42.8

±

2.2

8.8

±

0.3

45.4

±

3.1

220.8

±

6.8

Ctrl IR

7.9

±

0.3

43.8

±

1.7

7.5

±

0.4

44.2

±

1.4

248.9

±

14.3

20.8

±

2.8

38.7

±

0.7

30.4

±

2.2

39.8

±

0.5

198.7

±

2.5

STZ+IR

a

a

b

Heart/Body
weight ratio
4.9

±

0.3

5.6

±

0.2

5.0

±

0.1

b

Table 2.1 Characteristics of CD-1 mice subjected to myocardial I/R injury 1 or 3 weeks after STZ treatment.
Blood glucose and body weight were measured before surgery. Five weeks after inducing I/R, blood glucose and body weight were measured again, and heart
weight and heart/body weight ratio were recorded. Sham: sham-operated control mice, Ctrl IR: control mice subjected to I/R injury, STZ+IR: STZ-treated mice
subjected to I/R injury. (n=3-4 for group 1, and n=4-7 for group 2; a: p<0.05 compared to Sham and Ctrl IR mice, b: p<0.05 vs. sham and STZ+IR mice).
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Figure 2.5 Systolic and diastolic cardiac function values of mice subjected to myocardial I/R injury
after 1 week of STZ treatment.
Ejection fraction (A) and fractional shortening (B), were used to evaluate systolic cardiac function, and the
E/A ratio (C) was used to evaluate diastolic cardiac function. The LV MPI is an indicator of both systolic
and diastolic cardiac function (D). Sham: sham-operated control mice, Ctrl IR: control mice subjected to
I/R injury, STZ+IR: STZ-treated mice subjected to I/R injury. (n=3-4, +=p<0.05 sham vs. Ctrl IR and
STZ+IR, #=p<0.05 Sham vs. control I/R injury).
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Nonetheless, no significant differences in systolic or diastolic cardiac function
were detected between control and STZ-treated mice subjected to myocardial I/R injury
at any point of the study. It also should be noted that by 5 weeks after surgery, the nonfasting blood glucose levels of STZ-treated mice had increased, and were now
significantly higher than those of untreated mice (Table 2.1). However, no significant
differences in body weight, heart weight or the heart/body weight ratio were detected.
Before inducing myocardial I/R injury, CD-1 mice that were treated with STZ 3
weeks before surgery had significantly higher non-fasting glucose levels than their
control counterparts (Table 2.1). However, no differences in body weight were detected
(Table 2.1). One and three weeks after the induction of myocardial I/R injury, there were
no significant differences in either systolic or diastolic cardiac function among groups
(Fig 2.6). However, five weeks after surgery, fractional shortening and ejection fraction
were significantly lower in control I/R mice compared to their sham counterparts and to
the STZ-treated mice subjected to I/R injury (Fig 2.6A and B). Also at this point, STZtreated mice subjected to I/R injury had a significantly higher E/A ratio compared to their
untreated counterparts (Fig 2.6C), suggesting restrictive LV filling patterns (182). There
were no significant differences in LV MPI at any point of the study. Heart weight was
significantly higher in control mice subjected to I/R injury than in their sham counterparts
and the STZ-treated mice, and the increase was preserved even after standardizing to
body weight (Table 2.1). Altogether, these results suggest that although CD-1 mice
subjected to I/R injury develop cardiac dysfunction, mice with STZ-induced diabetes
have a similar or better performance than their non-diabetic counterparts.
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Figure 2.6 Systolic and diastolic cardiac function values of mice subjected to myocardial I/R injury 3
weeks after STZ treatment.
Ejection fraction (A) and fractional shortening (B), were used to evaluate systolic cardiac function, and the
E/A ratio (C) was used to evaluate diastolic cardiac function. The LV MPI is an indicator of both systolic
and diastolic cardiac function (D). Sham: sham-operated control mice, Ctrl IR: control mice subjected to
I/R injury, STZ+IR: STZ-treated mice subjected to I/R injury. (n=4-7, &=p<0.05 Ctrl IR vs. sham and
STZ+IR, @=p<0.05 Ctrl IR vs. STZ+IR).
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2.3.4

Discussion
The ligation of the LAD coronary artery is a highly invasive surgery. The

literature reports that the induction of myocardial I/R injury by LAD ligation has
mortality rates as high as 30 and 50% (179, 184); however, in our hands the overall
mortality rate was much lower. This observation, along with the fact that non-diabetic
mice subjected to this procedure had impaired cardiac function compared to their shamoperated counterparts, supports the suggestion that the protocol here developed was
effective at inducing myocardial I/R injury. Nonetheless, the cardiac function of diabetic
mice was similar, and in some cases better than that detected in non-diabetic mice.
Clinical studies clearly demonstrate that diabetic hearts are more susceptible to
myocardial I/R injury; however, experimental models have shown conflicting results.
Literature reports suggest that diabetic mouse hearts may have higher, lower, or equal
susceptibility to I/R injury (185), and these differences seem to be mainly due to the
experimental conditions used in each of them, such as the length of diabetes, the length of
ischemia and reperfusion, and the mouse strain used. The fact that we were unable to
detect an effect of diabetes on the development of myocardial I/R injury even in overtly
diabetic mice, suggests that CD-1 mice are not only more resistant to the development of
diabetic cardiomyopathy, but also to the cardiac dysfunction associated with myocardial
I/R injury in diabetic conditions.
Other strains of mice have shown more susceptibility to the deleterious effects of
the combination of diabetes and myocardial I/R injury. For instance, Rui et al. (186)
reported that diabetic C57BL/6 mice subjected to myocardial I/R injury have larger
infarct sizes than their non-diabetic counterparts. Moreover, the induction of diabetes in
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this strain of mice also translates in further cardiac dysfunction after inducing I/R injury
(187).
The results obtained in this study suggest that, due to their CD-1 background,
ROCK2+/- mice are not an appropriate model for determining the role of ROCK2 in the
development of myocardial I/R injury during diabetes. However, the presence of cardiac
dysfunction in non-diabetic mice subjected to I/R injury suggested that these mice would
be useful to assess the effect of whole-body ROCK2 partial deletion on the development
of myocardial I/R injury in non-diabetic conditions.

2.4

Summary and conclusions
The two preliminary studies reported above support the following conclusions:
- In non-diabetic conditions, both WT and ROCK2+/- mice had similar systolic

cardiac function, suggesting that the partial deletion of this ROCK isoform does not
impair systolic cardiac function. On the other hand, diabetic WT mice failed to develop
systolic cardiac dysfunction, even though they had an increase in ROCK2 expression,
probably due to their CD-1 background. Therefore, it was not possible to evaluate the
role of ROCK2 on the development of diabetes-induced cardiac dysfunction in these
mice.
- The induction of myocardial I/R injury caused a significant decrease of cardiac
function in non-diabetic CD-1 mice; however, their diabetic counterparts had a similar or
better performance. It is not clear why diabetic CD-1 mice did not develop further cardiac
dysfunction, but in accordance with the results obtained in the first preliminary study, this
may have been related to the mouse strain. Alternatively, even though non-fasting blood
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glucose was elevated in CD-1 mice treated with STZ, it is possible that a higher dose of
STZ would have produced a more rapid and intense response. Unlike ROCK2+/- mice,
cardiac-specific ROCK2 knockout mice have a C57BL/6J background. Since diabetic
C57BL/6J mice have shown to be susceptible to the deleterious effects of myocardial I/R
injury (175, 176), this animal model was used instead to evaluate the effects of
cardiomyocyte-ROCK2 on the development of myocardial I/R injury during diabetes.
As mentioned in chapter 1, ROCK inhibition has shown cardioprotective activity
against the development of myocardial I/R injury via activation of the RISK pathway and
reduced inflammation (158-160). Since both of these mechanisms take place at a
relatively early stage of reperfusion (33, 47), we decided that in our further studies, we
would evaluate the consequences of I/R injury at short times of reperfusion in order to
monitor the effects of ROCK2 deletion on these early responses to myocardial I/R injury.
The evaluation of cardiac function at later times of reperfusion involves different
responses, such as the development of hypertrophy and fibrosis, both outside the scope of
the present thesis.
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Chapter 3: Contribution of ROCK2 to myocardial I/R injury

3.1

Introduction
In the United States, close to 1 million cases of new and recurrent myocardial

infarction are reported every year (188). In order to avoid the adverse effects of ischemia,
reperfusion must be instituted. However, the prompt normalization of ischemic
conditions during reperfusion triggers a deleterious mechanism known as myocardial I/R
injury. This type of injury is characterized by many detrimental changes such as ion
accumulation, elevated ROS production, autophagy, apoptosis and necrosis, which
ultimately lead to cardiac tissue death (12). Myocardial I/R injury represents a major
health burden, since it can lead to the development of reperfusion arrhythmias,
microvascular dysfunction, and myocardial stunning (7). Several types of pharmacologic
interventions focused on attenuating the effects of myocardial I/R injury have been
proposed, but no definite solution has been found.
The over-activation of ROCK, a serine/threonine kinase activated by the small Gprotein RhoA, has been implicated in the development of a number of different
cardiovascular diseases and pathologies, including myocardial I/R injury. Bao et al. (158)
were the first to suggest that increased activation of ROCK had a significant role during
the development of no-flow myocardial I/R injury in vivo. Subsequently it was reported
that the over-activation of ROCK occurs specifically during myocardial reperfusion
(160). While initial studies suggested that the cardioprotective mechanisms triggered by
ROCK inhibition include activation of the RISK pathway (159, 161), more recently it has
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been suggested that the inhibition of ROCK activation in neutrophils leading to reduced
leukocyte infiltration and inflammatory cytokine production plays a major role (162).
ROCK is expressed as two different isoforms, ROCK1 and ROCK2. These
isoforms share an overall amino acid identity of 65%, and have 92% homology in the
kinase domain. While ROCK1 is widely expressed in all human tissues except brain and
muscle, ROCK2 is mainly found in brain, muscle, heart, lungs and placenta (127).
Previous reports that have analyzed the effect of ROCK inhibition on myocardial I/R
injury employed only non-isoform selective inhibitors, so it is unclear whether ROCK1,
ROCK2 or both isoforms contribute to the development of this condition. In the present
study, we investigated the specific contribution of the ROCK2 isoform, and examined the
underlying mechanisms. Our results indicate that mice with whole-body partial deletion
of ROCK2 are protected against the development of myocardial I/R injury. This was
associated with activation of the RISK pathway at an early stage of reperfusion and with
reduced production of inflammatory cytokines but not with reduced neutrophil
infiltration. Furthermore, a cardioprotective effect was also seen in hearts from mice with
cardiomyocyte-specific deletion of ROCK2, indicating that the adverse effects of
ROCK2 activation arise at least in part from actions within the cardiomyocyte
compartment.

3.2
3.2.1

Materials and methods
Animals
ROCK2+/- mice were generated as described by Zhou et al. (171), and were

backcrossed for 7 generations on a CD-1 background. Complete knockout of ROCK2 is
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highly lethal in utero (171); therefore, only ROCK2+/- mice were employed. Male
ROCK2+/- mice and their WT littermates were used in experiments. ROCK2flox/flox mice
were generated as described by Okamoto et al. (142) and in order to obtain cardiacspecific ROCK2 knockouts, these mice were crossed with alpha-myosin heavy chain (αMHC) Cre recombinase (α-MHC-MerCreMer) mice. After 4 generations, ROCK2flox/floxα-MHC-MerCreMer and ROCK2flox/flox-non-α-MHC-MerCreMer mice were obtained. At
8 weeks of age, ROCK2flox/flox-α-MHC-MerCreMer and ROCK2flox/flox-non-α-MHCMerCreMer mice were treated for 5 consecutive days with 20 mg/kg/day of tamoxifen
diluted in corn oil, in order to generate cardiac-specific ROCK2 knockout mice
(cROCK2-/-) and their ROCK2 expressing littermates (cROCK2+/+) (189). Male
cROCK2-/- and cROCK2+/+ mice were used in experiments. This investigation
conforms to the Canadian Council on Animal Care Guidelines on the Care and Use of
Experimental Animals and the Guide for Care and Use of Laboratory Animals published
by the United States National Institutes of Health (NIH publication no. 85–23, revised
1996). All protocols were approved by the University of British Columbia Animal Care
Committee.

3.2.2

In vivo myocardial I/R injury and echocardiography measurements
At 11 weeks of age, the basal cardiac function, cardiac dimensions and

myocardial wall deformation of ROCK2+/- mice and their WT counterparts were
evaluated using the Vevo 2100 echocardiography system (Fujifilm VisualSonics, ON,
Canada). In brief, mice were anesthetized with 4-4.5% isoflurane and then maintained at
1% isoflurane. Body temperature was kept constant at 37±0.5°C and all measurements
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were done at a heart rate of 500±30 bpm. Fractional shortening, ejection fraction and
cardiac dimensions were obtained from 2-D M-mode imaging from a parasternal shortaxis view. B-mode long-axis view images were used to calculate radial and longitudinal
endocardial strain, strain rate and velocity using Speckle tracking with VevoStrain
software (Fujifilm VisualSonics, ON, Canada). Two days later, mice were subjected to
myocardial I/R injury by transient ligation of the LAD coronary artery using a
modification of the method of Eguchi et al. (190). Briefly, mice were anesthetized with a
subcutaneous injection of ketamine/xylazine (80 and 5 mg/kg, respectively) and intubated
with a 22G catheter. They were ventilated using a mixture of oxygen and isoflurane (12%), and a subcutaneous injection of bupivacaine (0.25%, 30-60 µl) was administered at
the incision site. Pre-operative buprenorphine (0.05 mg/kg, subcutaneous) was also
provided. A left side thoracotomy between the 3th and 4th rib was performed, and the
LAD coronary artery was ligated for 40 min using 8-0 Vicryl suture. Blanching of the
myocardium indicated a successful ligation. In sham-operated mice, suture was passed
underneath the LAD coronary artery, but no ligation was performed. At the end of the
ischemic period, the knot was carefully removed in order to restore blood flow and the
chest was closed using 6-0 Vicryl suture. This same procedure was performed in
cROCK2-/- and cROCK2+/+ mice 8 weeks after tamoxifen treatment. No significant
differences were found in body weight before or after surgery. Mortality rates were
similar between genotypes after inducing myocardial I/R injury (approximately 20% for
ROCK2+/- and WT mice, and 10% for cROCK2-/- and cROCK2+/+ mice), and all
deaths occurred during the first 45 minutes of reperfusion, most likely due to
pneumothorax or arrhythmia (191, 192). After 24 hours of reperfusion, surviving mice
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were subjected to the echocardiography procedure described above. Mice were then
euthanized and hearts quickly removed and snap frozen in liquid nitrogen. Tissues were
stored at -80°C until further analysis. A second set of mice was exposed to LAD coronary
artery or sham ligation and 2 hours of reperfusion, following which hearts were removed
and stored as described above.

3.2.3

Measurement of infarct size
Infarct size was measured employing a modified version of the protocol of Bohl

et al. (193). Briefly, mice subjected to LAD ligation and 24 hours of reperfusion as
described above were anesthetized using 4-4.5% of isoflurane, hearts were quickly
excised, and the aorta cannulated using a 20G blunted needle. The hearts were then
perfused with Krebs-Henseleit buffer until all residual blood was removed. The LAD
coronary artery was re-ligated at the same position as before, and a 1.5% solution of
Evans blue dye was used to perfuse the remote myocardium. The whole heart was then
semi-frozen at -20°C for 15 min and cut into 6 thin short-axis slices. The slices were
rinsed in PBS, thawed, and incubated in a 1% solution of triphenyltetrazolium chloride
(TTC) at 37°C for 20 min. They were then blotted and placed in 10% formalin for 20 min
at room temperature, following which they were weighed and placed between glass
slides. The heart slices were photographed under a stereomicroscope and the area of
necrosis (AON) and the area at risk (AAR) were measured using ImageJ v1.46 r (NIH,
Bethesda, MD). Infarct size was calculated as the percentage of AON relative to the
AAR.
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3.2.4

H&E staining and neutrophil infiltration
After 24 hours of reperfusion, hearts were quickly excised and fixed in 10%

formalin for 48 hours. The tissues were then washed and stored in PBS buffer. The
segments between the LAD coronary artery ligation and 2 mm above the apex were
paraffin embedded. Two sets of sections (5 µm thickness) were prepared; one was
subjected to hematoxylin and eosin (H&E) staining and the other one to
immunohistochemical (IHC) staining, in order to determine the extent of Ly6G+
neutrophil infiltration. Briefly, paraffin-embedded sections were deparaffinized with
xylene, and re-hydrated with a series of graded concentrations of ethanol. Antigen
retrieval was performed by placing the sections in citrate buffer (pH 6), and heating them
in a microwave (2 minutes at high power and 20 minutes at 20% power). Endogenous
peroxidase activity was blocked using a 0.6% peroxide solution in methanol for 15
minutes. Blocking buffer (1% BSA in PBS) was added to each section and incubated for
25 minutes. They were then incubated in anti-mouse Ly-6G primary antibody (Clone
1A8, BioLegend, San Diego, CA) overnight at 4°C, followed by an Ig biotinylated
antibody (SouthernBiotech, Birmingham, AL) for 45 minutes at room temperature.
Sections were then covered with streptavidin poly-HRP (Pierce-Thermo Fisher Scientific,
Waltham, MA) and incubated for 45 minutes at room temperature. A 3,3'
diaminobenzidine color development solution was added, and sections were
counterstained with hematoxylin. Neutrophil infiltration was determined by counting the
number of neutrophils in 6 randomly selected fields using a microscope at 20x
magnification.
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3.2.5

Extraction of mRNA and RT-PCR
Total RNA was isolated from 30-50 mg of frozen heart tissue subjected to 24

hours of reperfusion using TRIzol (Invitrogen, Carlsbad, CA) as described by the
manufacturer. Reverse transcription was done using the SuperScript VILO cDNA
Synthesis kit (Invitrogen, Carlsbad, CA) and 1 µg of total RNA. RT-PCR was performed
using SYBR Select Master Mix (Applied Biosystems, Foster City, CA) on an Applied
Biosystems StepOnePlus machine. The endogenous control was 36B4, and the primer
sequences were the following: IL-6 (F): GAGGATACCACTCCCAACAGACC, IL-6
(R):

AAGTGCATCATCGTTGTTCATACA

(194),

IL-1β

(F):

AGATGAAGGGCTGCTTCC, IL-1β (R): CTGCCTGAAGCTCTTGTTG (designed
using

AutoPrime

1.0

software,

AGGTTCTCTTCAAGGGACAAG,
MCP-1

(F):

TNFα

www.autoprime.de),
(R):

TNFα

(F):

GCAGAGAGGAGGTTGACTTT,

TAGGCTGGAGAGCTACAAGAGGAT,

MCP-1

(R):

AGACCTCTCTCTTGAGCTTGGTGA, 36B4 (F): AGATGCAGCAGATCCGCAT,
36B4 (R): GTTCTTGCCCATCAGCACC (195). Relative mRNA expression was
calculated using the 2-∆∆CT method.

3.2.6

Western blot analysis
Frozen hearts subjected to 2 and 24 hours of reperfusion were homogenized in

RIPA buffer (Tris HCl 50 mM pH 7.4, NP-40 1%, SDS 0.1%, sodium deoxycholate
0.5%, NaCl 150 mM, EDTA 2 mM and protease and phosphatase inhibitor). Proteins
from each sample were separated using 8–10% SDS-PAGE gels and immunoblotted
using primary antibodies against ROCK2 (Santa Cruz Biotechnology, Santa Cruz, CA),
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ROCK1 (BD Biosciences, Franklin Lakes, NJ),
Ser1177

p-eNOS, eNOS,

Ser380/Thr382/383

Ser473

p-Akt, Akt,

Ser9

p-GSK-3β, GSK-3β,

PTEN, and PTEN (Cell Signaling, Danvers, MA).

Band density was measured by densitometry using ImageJ v1.46 r (NIH, Bethesda, MD),
and protein expression was normalized to GAPDH (Santa Cruz Biotechnology, Santa
Cruz, CA), Ponceau staining, or the corresponding total protein.

3.2.7

ROCK activity assay
To determine ROCK activity, frozen heart tissue samples were homogenized in a

non-denaturing lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1mM EDTA, 1mM EGTA,
1mM Na3VO4, 1mM 2-glycerolphosphate, 1% Non-Idet P-40, 1x protease inhibitors, pH
7.5). A 10x concentration of assay buffer (250 mM Tris-HCl, 100 mM MgCl2, 50 mM
glycerol-2-phosphate, 1 mM Na3VO4, 10 mM 1,4-dithiothreitol (DTT), 5 mM ATP, 0.2
µg/ml truncated MYPT1 (654-880), pH 7.5) was added to the homogenates, and the mixture
was incubated at 30ºC for 30 minutes with gentle agitation. To stop the reaction, Laemli
buffer was added and samples were incubated at 90ºC for 5 minutes. The extent of
phosphorylation of

Thr853

MYPT1, an indicator of ROCK activity, was determined by

Western blotting. The ROCK inhibitor H1152 (1 µM) was used to confirm that MYPT1
phosphorylation at this site was specific for ROCK.

3.2.8

PTEN activity assay
In order to evaluate PTEN activity, phosphate release from phosphatidylinositol

3,4,5-trisphosphate (PIP3) diC8 was measured using a Malachite Green assay kit (both
Echelon, Biosciences, Salt Lake City, UT) as described by Soliman el al. (196). Briefly,

66

frozen heart tissue samples were homogenized in a non-denaturing lysis buffer (25 mM
Tris, pH 8.0, 150 mM NaCl, 1% Non-Idet P-40, 1 mM EDTA, and 5% glycerol), and
prepared at the same concentration. PTEN was immunoprecipitated overnight at 4°C
using anti-PTEN-Sepharose bead conjugate (Cell Signaling, Beverly, MA). Then,
samples were centrifuged for 30 seconds and washed five times with non-denaturing lysis
buffer. The pellets were collected and resuspended in enzyme reaction buffer (50 mM
Tris-HCl, pH 8.0, 50 mM NaCl, 10 mM dithiothreitol, and 10 mM MgCl2) and the
reaction was carried out following manufacturer's instructions. PTEN activity was
expressed as the percent conversion of PIP3.

3.2.9

Statistical analysis
All values are expressed as means ± SE; n denotes the number of animals in each

group. Results were analyzed for statistical significance using GraphPad Prism version
5.00 for Mac (GraphPad Software, San Diego, CA). All data were analyzed by one-way
ANOVA followed by the Neuman-Keuls test. Where only two groups were analyzed, an
unpaired t-test was performed. Results were considered statistically significant at p<0.05.

3.3
3.3.1

Results
Infarct size in hearts from ROCK2+/- mice
To determine if partial deletion of ROCK2 influences the extent of myocardial I/R

injury, infarct size was evaluated. At the end of 24 hours of reperfusion, there were no
significant differences in the AAR of WT and ROCK2+/- mice hearts, suggesting that the
size of the ischemic area induced by LAD ligation was similar in all hearts (Fig. 3.1 A
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and B). However, myocardial infarct size, calculated as the AON/AAR, was significantly
lower in ROCK2+/- mice than in their WT counterparts (Fig. 3.1 A and C), suggesting
that this ROCK isoform is involved in the development of myocardial I/R injury.
Furthermore, the H&E staining of post-I/R hearts showed that, in the vicinity of the LAD,
ROCK2+/- mice had less cardiomyocyte disruption than their WT counterparts (Fig. 3.1
D).
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Figure 3.1 Infarct size in WT and ROCK2+/- mice hearts after 24 hours of reperfusion.
Representative images showing the AAR and AON following 40 min of ischemia and 24 hours of
reperfusion in hearts from WT and ROCK2+/- mice (A). Mean AAR (B) and mean infarct size (C),
calculated as the ratio of AON to AAR in WT and ROCK2+/- hearts (n=4-5, *p<0.05). Representative
images of H&E stained sections (40x) of WT and ROCK2+/- mice hearts after 24 hours of reperfusion (D).
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3.3.2

Basal and post-I/R cardiac function and parameters
In order to further assess the role of ROCK2 during myocardial I/R injury, cardiac

function before and after surgery was evaluated. At 11 weeks of age, basal cardiac
function (Fig. 3.2) and cardiac parameters (Table 3.1) of ROCK2+/- mice and their WT
counterparts were not significantly different, consistent with our previous observations
(196). Cardiac strain, a measure of tissue deformation, and strain rate, a measure of the
time-course of deformation, were also evaluated, and no significant differences were
found between the two genotypes at baseline (Table 3.2).
Following LAD ligation and 24 hours of reperfusion, cardiac function was
significantly impaired in WT mice. Fractional shortening and ejection fraction decreased
by 44% and 36% compared to the basal levels, respectively (Fig. 3.2 B and C), and these
changes were associated with a significant increase in systolic left ventricular internal
diameter (Table 3.1). End diastolic and systolic volumes also tended to be higher in WT
mice following I/R injury, although these differences were not statistically significant
(Table 3.1). Similarly, both radial and longitudinal endocardial strain were significantly
reduced compared to baseline (Table 3.2), consistent with the development of myocardial
I/R injury (190).
In contrast, fractional shortening and ejection fraction following induction of I/R
injury in ROCK2+/- mice (Fig. 3.2 B and C), were not significantly different from those
observed at baseline (53.0 ± 3.5% basal vs. 48.1 ± 4.1% post-I/R and 83.9 ± 3.2% basal
vs. 79.5 ± 4.3% post-I/R, respectively). Consistent with this, there was no significant
change in systolic left ventricular internal diameter following I/R injury in ROCK2+/mice, nor were there changes in end diastolic and systolic volumes. Furthermore, radial
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and longitudinal endocardial cardiac strain and strain rates in post-I/R ROCK2+/- mice
were similar to the values observed at baseline (Table 3.2). Taken together, these results
indicate that partial deletion of ROCK2 prevents the development of cardiac contractile
dysfunction 24 hours after I/R injury.
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Figure 3.2 Cardiac function in WT and ROCK2+/- mice after myocardial I/R injury.
Representative images of the M-mode parasternal short-axis view of WT and ROCK2+/- mice measured
before (basal) and after (post-I/R) myocardial I/R injury (A). Fractional shortening (B), and ejection
fraction (C) of basal and post-I/R WT and ROCK2+/- mice (n=4-5, *p<0.05).
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Basal level
WT

Post-I/R injury

ROCK2+/-

WT

ROCK2+/-

506.8 ± 18.1

491.0 ± 18.7

496.1 ± 25.3

522.1 ± 11.7

SV (µl)

59.1 ± 5.7

56.3 ± 4.2

46.5 ± 3.1

46.7 ± 3.2

EDV (µl)

74.6 ± 5.2

68.0 ± 7.9

90.3 ± 11.7

59.7 ± 6.7

ESV (µl)

15.6 ± 2.6

11.7 ± 3.8

48.8 ± 16.2

13.0 ± 4.0

LVID, d (mm)

4.0 ± 0.4

3.9 ± 0.4

4.4 ± 0.5

3.7 ± 0.3

LVID, s (mm)

2.2 ± 0.2

1.9 ± 0.5

3.2 ± 1.0a

1.9 ± 0.5b

HR (bpm)

Table 3.1 Echocardiographic assessment of cardiac parameters before and after ischemia and 24
hours of reperfusion in WT and ROCK2+/- mice.
HR, heart rate; LV, left ventricular; SV, stroke volume; EDV, end-diastolic volume; ESV, end-systolic
volume; LVID, left ventricular internal diameter; d, diastole; s, systole (n=4-5, a: p<0.05 compared to the
corresponding basal level, b: p<0.05 compared to the other genotype).
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Basal level
WT

Post-I/R injury

ROCK2+/-

WT

ROCK2+/-

26.7 ± 2.1

21.8 ± 1.4

11.8 ± 2.1a

23.4 ± 5.4b

5.7 ± 0.5

5.0 ± 0.7

3.3 ± 0.5

4.7 ± 0.7

-13.9 ± 2.1

-17.1 ± 1.9

-7.4 ± 1.2a

-14.1 ± 2.0b

-4.2 ± 0.7

-5.1 ± 0.8

-2.3 ± 0.4

-4.7 ± 1.3

RADIAL
Strain, %
Strain rate, 1/s
LONGITUDINAL
Strain, %
Strain rate, 1/s

Table 3.2 Cardiac strain and strain rate before and after ischemia and 24 hours of reperfusion.
Radial and longitudinal measurements of endocardial strain and strain rate (n=4-5, a: p<0.05 compared to
the corresponding basal level, b: p<0.05 compared to the other genotype).

3.3.3

ROCK expression and activity
As expected, total ROCK2 expression in sham-operated hearts from ROCK2+/-

mice was significantly lower than their WT counterparts, but no differences in ROCK1
expression were detected, suggesting that the knockdown of ROCK2 did not cause a
compensatory up-regulation of the other isoform (Fig. 3.3). Neither 2 nor 24 hours of
reperfusion after ischemia had an effect on the expression of ROCK1 or ROCK2 in either
WT or ROCK2+/- mice hearts (Fig. 3.3). Furthermore, despite the difference in ROCK2
expression, no significant differences in total ROCK activity were detected between
sham-operated WT and ROCK2+/- hearts (Fig. 3.3 C, F). However, following ischemia
and both 2 and 24 hours of reperfusion, total ROCK activity was significantly higher in
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hearts from WT mice, and this increase was prevented in their ROCK2+/- counterparts
(Fig. 3.3 C, F).
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Figure 3.3 ROCK isoforms expression and ROCK activity in WT and ROCK2+/- mice hearts
following I/R injury.
ROCK2 (A) and ROCK1 (B) protein expression (n=3-4, * p<0.05), and ROCK activity measured by
MYPT phosphorylation (C) (n=4-6, * p<0.05) in sham and post-I/R WT and ROCK2+/- mice after 2 hours
of reperfusion with western blot representative images. ROCK2 (D) and ROCK1 (E) protein expression,
and ROCK activity measured by MYPT phosphorylation (F) in sham and post-I/R WT and ROCK2+/mice after 24 hours of reperfusion (n=5-7, * p<0.05) with western blot representative images.
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3.3.4

Activation of the RISK pathway
Since the cardioprotective effect of ROCK inhibition during I/R injury has been

associated with activation of the RISK pathway, we assessed whether this pathway was
activated in hearts from ROCK2+/- mice. To this end, we evaluated the phosphorylation
of Akt at Ser473, which leads to its activation, as well as that of its downstream targets
GSK-3β at Ser9 (leading to its inactivation), and eNOS at Ser1177 (promoting its
activation). The activation of the RISK pathway occurs at the onset of reperfusion (161,
197); therefore, phosphorylation levels were evaluated after 2 hours of reperfusion.
Compared to their sham-operated controls, no changes in the levels of
Ser9

pGSK-3β, or

Ser1177

Ser473

pAkt,

peNOS were detected in WT hearts after myocardial I/R injury

(Fig. 3.4 A, B, C). However, the levels of

Ser473

pAkt and

Ser9

pGSK-3β were significantly

higher in ROCK2+/- hearts subjected to I/R than in their WT counterparts (Fig. 3.4 A, B),
although no significant difference in

Ser1177

peNOS levels was found (Fig. 3.4 C). No

significant differences in the total expression of these proteins were detected. These data
suggest that at an early stage of reperfusion, the activation of the RISK pathway is at least
partially responsible for the cardioprotection observed in ROCK2+/- mice subjected to
I/R injury.
It has been reported that ROCK phosphorylates and activates PTEN (198), a
phosphatase that acts as a negative regulator of PI3K/Akt signaling. Hence, we evaluated
whether partial deletion of ROCK2 activates the RISK pathway via PTEN inactivation.
However, no changes in the levels of

Ser380/Thr382/383

PTEN, total PTEN or PTEN activity

were detected between groups (Fig. 3.4 D, E, F) after 2 hours of reperfusion, suggesting
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that the activation of the RISK pathway in ROCK2+/- hearts was not mediated via
decreased PTEN activity.
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Figure 3.4 Akt and GSK-3β phosphorylation in post-I/R WT and ROCK2+/- hearts as an index of
activation of the RISK pathway.
Phosphorylation levels of Akt (A), GSK-3β (B), and eNOS (C) in sham and post-I/R WT and ROCK2+/mice after 2 hours of reperfusion (n=3-4, * p<0.05) with western blot representative images.
Phosphorylation levels of PTEN (D), total PTEN expression (E), and PTEN activity (F) in sham and postI/R WT and ROCK2+/- mice after 2 hours of reperfusion (n=4-6, * p<0.05) with western blot
representative images.
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3.3.5

Neutrophil infiltration and production of inflammatory mediators
Inflammation is an important mechanism involved in the development and

pathophysiology of myocardial I/R injury, and one of its main characteristics is the
increased production of pro-inflammatory mediators such as cytokines and chemokines.
Consistent with this, in WT mice hearts subjected to I/R injury, the mRNA expression of
the pro-inflammatory cytokines TNFα and IL-1β, and the chemokine MCP-1, was
significantly higher than in the corresponding sham-operated WT mice hearts (Fig. 3.5 A,
C and D). The mRNA expression of IL-6 had a tendency to be higher in WT mice after
myocardial I/R injury, but due to high variability, no significant differences were found
between the groups (Fig. 3.5 B).
Conversely, the induction of myocardial I/R injury in ROCK2+/- mice did not
increase the mRNA expression of either IL-1β or IL-6, and the expression of IL-1β in
post-I/R ROCK2+/- hearts was significantly decreased compared to their WT
counterparts (Fig. 3.5 B and C). Furthermore, although mRNA expression of TNFα in
post-I/R ROCK2+/- hearts was increased compared to their sham-operated controls, the
levels were significantly lower than in post-I/R WT hearts (Fig. 3.5 A). In contrast, the
mRNA expression of MCP1 was not significantly different in ROCK2+/- mice hearts
subjected to I/R injury than in either their sham-operated controls or post-I/R WT hearts
(Fig. 3.5 D). These data suggest that the production of pro-inflammatory cytokines
induced by myocardial I/R injury is at least partially regulated by ROCK2.
It has been demonstrated that during reperfusion, neutrophils are one of the first
leukocytes attracted to the myocardium, and that their levels remain elevated for at least
24 hours (41). Therefore, we evaluated whether there was a difference in neutrophil
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infiltration between hearts from WT and ROCK2+/- mice 24 hours after reperfusion (Fig.
3.6). However, the number of Ly6G+ neutrophils in post-I/R ROCK2+/- hearts was not
significantly different from their WT counterparts (Fig. 3.6 D). No significant neutrophil
infiltration was detected in sham-operated hearts (Fig. 3.6 A).
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Figure 3.5 The mRNA expression of inflammatory chemokines and cytokines in post-I/R WT and
ROCK2+/- hearts.
TNFα (A), IL-6 (B), IL-1β (C) and MCP-1 (D) mRNA expression of sham and post-I/R WT and
ROCK2+/- hearts subjected to 24 hours of reperfusion (n=5-7, *p<0.05).
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Figure 3.6 Ly6G+ neutrophil infiltration was similar in WT and ROCK2+/- hearts subjected to
myocardial I/R injury.
Representative images (20x) of the Ly6G immunohistochemical staining of WT Sham (A), WT post-I/R
(B), and ROCK2+/- post-I/R mice hearts (C) after 24 hours of reperfusion. Quantification of infiltrated
neutrophils per field (n=3, 6 random fields per sample, p>0.05) (C).

3.3.6

Infarct size and RISK pathway activation in hearts from cROCK2-/- mice
In order to determine whether cardiomyocyte-specific ROCK2 expression

contributes to I/R injury, we evaluated infarct size in hearts of mice with inducible
cardiomyocyte deletion of ROCK2 following 40 min of ischemia and 24 hours of
reperfusion. Cardiac-specific deletion of ROCK2 was confirmed by comparing the levels
of expression of this protein in heart and skeletal muscle following tamoxifen treatment.
78

A decrease in ROCK2 expression was detected in cROCK2-/- hearts but not in cROCK2/- skeletal muscle, where the level of expression was the same as that observed in
cROCK2+/+ mice (Fig. 3.7 A). There was no significant difference between the two
genotypes in the AAR following 24 hours of reperfusion. However, infarct size was 40%
smaller in hearts from cROCK2-/- than from cROCK2+/+ mice, indicating that activation
of ROCK2 within the cardiomyocyte compartment is sufficient to induce I/R injury (Fig.
3.7 B, C). ROCK2 expression levels of cROCK2-/- hearts were significantly lower
(approximately 40%) than those observed in cROCK2+/+ hearts (Fig. 3.7 D). The
remaining ROCK2 protein detected in cROCK2-/- hearts is likely due to a combination
of incomplete excision from cardiomyocytes (tamoxifen knockout efficiency is 80% at
most (189)), and its expression in other cardiac cells, such as fibroblasts, vascular smooth
muscle cells and endothelial cells. No significant differences in ROCK2 expression were
detected after inducing I/R injury (Fig. 3.7 D), consistent with the observations made in
ROCK2+/- mice. Furthermore, as was also found in hearts from ROCK2+/- mice, the
level of

Ser473

pAkt was significantly higher in cROCK2-/- than in cROCK2+/+ hearts

subjected to I/R injury (Fig. 3.7 E), Altogether, these data show that the deleterious role
of ROCK2 in myocardial I/R injury takes place primarily in the cardiomyocyte, and that
the protection achieved by reducing the expression of this isoform is at least partially
mediated by the activation of Akt.
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Figure 3.7 Infarct size and Akt activity in cROCK2-/- and cROCK2+/+ mice subjected to I/R injury.
Western blot representative images showing that tamoxifen-induced ROCK2 knockout was specific to
cardiac tissue (A). Representative images showing the AAR and AON following 40 min of ischemia and 24
hours of reperfusion in cROCK2+/+ and cROCK2-/- hearts (B). Mean AAR and infarct size (AON/AAR)
(C) in cROCK2+/+ and cROCK2-/- hearts (n=6-8, *p<0.05). ROCK2 expression (D) and Akt
phosphorylation (E) levels measured in sham and post-I/R cROCK2+/+ and cROCK2-/- mice after 2 hours
of reperfusion (n=5-6, * p<0.05) with western blot representative images.

3.4

Discussion
In the present study, we evaluated the role of ROCK2 in the development of

myocardial I/R injury. Our main findings were that decreasing the expression of ROCK2,
either globally or specifically within cardiomyocytes, produced a marked and significant
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reduction in infarct size. This was associated with normalized post-I/R cardiac function
and less cardiomyocyte disruption in hearts from ROCK2+/- mice. Furthermore, ROCK
activation induced by myocardial I/R injury was prevented in ROCK2+/- mice, leading to
higher levels of Akt and GSK-3β phosphorylation at an early stage of reperfusion and to
decreased production of inflammatory cytokines but not decreased neutrophil infiltration.
These data suggest that activation of ROCK2, specifically in the cardiomyocyte
compartment, plays an important role in promoting I/R injury in the heart by suppressing
activation of cardioprotective Akt signaling and promoting an inflammatory response.
To our knowledge, this is the first time that the contribution of a specific ROCK
isoform to myocardial I/R injury has been demonstrated. Although there is a high degree
of similarity between the two ROCK isoforms, each of them has been shown to have nonredundant roles (126, 128). For example, it has been demonstrated that ROCK2 binds
directly to and phosphorylates MYPT1 (134), that ROCK1 does the same with RhoGTPase RhoE (199), and that each isoform appears to have specific roles in the
regulation of insulin signaling (195, 196, 200). The differences between these two
isoforms could be due to alternate mechanisms by which they are activated in different
situations, as well as cell-specific variations in their expression levels and protein
interactions (128).
Both ROCK1 and ROCK2 have been shown to be expressed in the heart (201),
although their relative contribution to total ROCK activity has not been elucidated. In the
present study, a similar level of ROCK activity was observed in sham-operated hearts
from WT and ROCK2+/- mice despite the lower level of ROCK2 expression in the latter.
This suggests that under normal conditions, ROCK1 may contribute to a greater extent
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than ROCK2 to basal ROCK activity. On the other hand, the increase in ROCK activity
detected in hearts from WT but not ROCK2+/- mice subjected to I/R injury suggests that
ROCK2 may be activated to a greater extent than ROCK1 following I/R injury. The
reason why ROCK activation was completely prevented following I/R injury in hearts
from mice with only a partial decrease in ROCK2 expression is not clear. However, these
data are consistent with the results of our recent study, in which the increase in ROCK2
activity seen in hearts of WT mice fed a high fat diet was completely prevented in hearts
from ROCK2+/- mice (196).

In contrast to our data showing that ROCK isoform

expression was unchanged following 40 min of ischemia, Zhang et al. (202) reported that
the expression of both isoforms increased in rat hearts subjected to 30 min of ischemia
and 3 hours of reperfusion, suggesting that there may be species-related differences in the
effect of I/R on ROCK isoform expression in the heart.
That ROCK2 is the isoform responsible for promoting the deleterious cardiac
effects of myocardial I/R injury is supported by our observations that infarct size and
reduced cardiac strain were attenuated in hearts from ROCK2+/- mice, and cardiac
function was preserved. On the other hand, very little is known about the role of ROCK1
in myocardial I/R injury. Haudek et al. (203) reported that ROCK1-/- mice hearts
subjected to repeated periods of occlusion and reperfusion over a week did not develop
the fibrosis characteristic of this model, consistent with a role for ROCK1 in promoting
cardiac fibrosis in pathological conditions (144). Also, Zhang et al. (202) suggested that
the extracellular signal-regulated kinase/mitogen-activated protein kinase pathway
opposes ROCK1 during ischemic preconditioning. However, whether ROCK1 inhibition
is cardioprotective during the development of I/R injury remains to be investigated.
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The activation of cardioprotective signaling pathways at the onset of reperfusion
reduces the extent of cell death caused by myocardial I/R injury (47). The RISK pathway,
one of the first signaling pathways shown to antagonize I/R injury, can be activated by a
variety of endogenous and external signals that bind to receptors such as G-protein
coupled receptors and growth factor receptors. This pathway involves a series of prosurvival kinases that ultimately lead to the reduction of cardiac damage (47). In the
present study, increased phosphorylation of Akt and its downstream target GSK-3β were
detected after 2 hours of reperfusion in hearts from ROCK2+/- mice, although there was
no change in phosphorylation of either kinase in hearts from WT mice. This suggests that
decreasing ROCK2 expression, which prevented the I/R-induced increase in ROCK
activity, permitted an increase in phosphorylation and activation of Akt. One possible
explanation for this is that in WT hearts, an I/R-induced increase in ROCK2 activity
opposes activation of intrinsic cardioprotective signaling through Akt. Furthermore, it is
possible that the activation of this cardioprotective pathway might begin at an even
earlier stage, given that we were unable to detect evidence of eNOS activation at this time
point. Previous studies that evaluated the cardioprotective activity of ROCK inhibitors
against the development of myocardial I/R injury have found a significant increase in Ser
1177 phosphorylation of eNOS only at very short times of reperfusion (7-10 minutes)
(160, 204). Altogether, these results suggest that the reduction of myocardial infarct size
observed in ROCK2+/- mice hearts was at least partly due to the prompt activation of the
RISK pathway.
It has been reported that ROCK is capable of phosphorylating and activating
PTEN, leading to decreased activation of Akt (198), while genetic deletion of PTEN has
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been shown to decrease the extent of myocardial I/R injury (205). Therefore, we
hypothesized that the activation of the RISK pathway induced by the partial deletion of
ROCK2 was mediated by a decrease in PTEN activity. However, no changes in the
activity of PTEN, or in its expression or phosphorylation could be detected in hearts from
ROCK2+/- mice following I/R, suggesting that ROCK2 does not suppress Akt activation
by modulating PTEN activity in I/R injury. PI3K/Akt signaling can be activated by a
myriad of mediators, and it is possible that the activation of this pathway via ROCK2
partial deletion is modulated by a less direct mechanism.
I/R injury elicits an inflammatory response that, although necessary for cardiac
repair, has been shown to contribute to the pathophysiology of this condition. Hypoxia,
increased ROS production, mechanical stretch, and other stress signals that are
characteristic of myocardial I/R injury, stimulate toll-like receptors that subsequently
activate NFκB, a redox-sensitive transcription factor that promotes the production of proinflammatory cytokines and chemokines in resident cardiac cells, such as
cardiomyocytes, fibroblasts, endothelial cells, adipocytes and inflammatory cells (206).
These cytokines and chemokines then stimulate the recruitment of circulating
inflammatory cells such as neutrophils and monocytes/macrophages that further amplify
the production of these pro-inflammatory elements (206). The decreased production of
TNFα, IL-1β and IL-6 found following I/R injury in hearts from ROCK2+/- mice
suggests that the inflammatory response is reduced in hearts from these animals, and is
consistent with previous studies showing a decrease in I/R-induced inflammatory
cytokine production following pre-treatment with non-isoform selective ROCK inhibitors
(162). This could be the indirect result of activation of the RISK pathway, since this is

84

associated with decreased opening of the MPTP, reducing the increase in ROS
production (12) and the subsequent inflammatory response. However, it is also possible
that ROCK2 activation results in direct stimulation of NFκB, promoting mRNA
expression of inflammatory cytokines, since a role for ROCK2 in activating NFκB has
been reported (207).
Interestingly, the decrease in cytokine production following induction of I/R
injury in hearts from ROCK2+/- mice was not associated with a decrease in neutrophil
infiltration after 24 hours, since we did not observe a significant difference in neutrophil
count between post-IR ROCK2+/- and WT mice hearts. This is in contrast with previous
studies in which non-selective ROCK inhibitors were shown to reduce neutrophil
infiltration (158, 162). Leukocyte infiltration is initiated by the chemoattraction promoted
by pro-inflammatory cytokines, but in order to move from the circulation into the
affected tissue, leukocytes must undergo transendothelium migration (208). It is possible
that ROCK2 has a greater role in activating the pathways that lead to the transcription of
pro-inflammatory cytokines, while ROCK1 has a more downstream role in leukocyte
recruitment. This is supported by studies in a vascular injury model induced by carotid
artery ligation, in which ROCK1+/- but not ROCK2+/- mice showed lower leukocyte
migration due to the reduced induction of endothelial adhesion molecules (209).
Nevertheless, it is important to highlight that despite the failure to reduce
leukocyte infiltration in the present study, the partial deletion of ROCK2 was able to
successfully lower infarct size and preserve cardiac function. Our observation that the
latter was also found in hearts from mice with cardiomyocyte-specific loss of ROCK2 is
consistent with a lesser role for immune cells in the cardioprotection offered by reduced
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expression of ROCK2. This is supported by the finding that the activation of Akt was
also observed in cROCK2-/- hearts subjected to I/R injury, suggesting that the activation
of Akt signaling is the primary mechanism by which ROCK2 inhibition counteracts the
development of myocardial I/R injury.
In conclusion, the results of the present study implicate ROCK2 as an important
contributor to I/R injury in the heart, through suppression of cardioprotective Akt
signaling and inflammation. Although we did not investigate the potential contribution of
ROCK1 to I/R injury, the observation that lowering ROCK2 expression both globally and
specifically within cardiomyocytes produced a significant reduction in infarct size and
preserved cardiac function in ROCK2+/- mice, suggests that the selective inhibition of
the ROCK2 isoform could represent a new form of treatment against myocardial I/R
injury. Given that a selective ROCK2 inhibitor is now in clinical trials (210), this has
potentially important translational implications.
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Chapter 4: Diabetes

impairs

the

cardioprotective

effect

of

cardiomyocyte-specific ROCK2 deletion in myocardial I/R injury

4.1

Introduction
Every year, more than 55,000 people in Canada suffer a myocardial infarction for

the first time (211). Moreover, it has been estimated that 20% of these patients will suffer
a second infarct after only three years (4). When a myocardial infarction occurs,
reperfusion must be promptly instituted in order to avoid cell death due to myocardial
ischemia (5). However, the sudden return of oxygen and nutrients to the myocardium
induces a type of myocardial damage known as I/R injury.
Compared to non-diabetics, patients with diabetes are more likely to suffer a
myocardial infarction. For instance, their risk of suffering a myocardial infarction for the
first time is as high as the one non-diabetic patients with a previous myocardial infarction
have (80). Because of this, those with diabetes are also more susceptible to myocardial
I/R injury, and more sensitive to its deleterious effects, with larger infarcts, lower ejection
fraction after I/R, and greater mortality (84, 85).
ROCK is a serine/threonine kinase involved in many physiological functions,
such as, cell migration, adhesion and motility, as well as smooth muscle contraction
(125). However, its overactivation has been implicated in the development of many
pathological conditions. In myocardial I/R injury, the administration of ROCK inhibitors,
before or at the time of reperfusion, has been described as a cardioprotective (158-161).
There are two isoforms of ROCK: ROCK1, which is expressed in all human tissues
except brain and muscle, and ROCK2, which is mostly expressed in brain, muscle, heart,
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lungs and placenta (127). In the previous study of this thesis (Chapter 3), we found that
the over-activation of ROCK2 was involved in the development of myocardial I/R injury,
and that the cardiomyocyte was at least partly responsible for this response.
Given the prevalence of myocardial I/R injury among diabetic patients, it is
important that cardioprotection against the development of I/R is also evaluated under
diabetic conditions. Previous studies from our lab have demonstrated that ROCK plays
an important role in the development of diabetic cardiomyopathy, a condition defined as
ventricular dysfunction that occurs independently of changes in vascular function,
coronary artery disease or hypertension (155). Moreover, further research has shown that
in diabetic rat hearts, ROCK2 expression is increased, while the expression levels of
ROCK1 are similar at both diabetic and non-diabetic conditions, suggesting that this
isoform is the one involved in the development of diabetic cardiomyopathy (157).
Therefore, the main objective of the present study was to evaluate the role of
cardiomyocyte-ROCK2 in the development of myocardial I/R injury during diabetes.

4.2
4.2.1

Materials and methods
Animals
ROCK2flox/flox mice were generated as described by Okamoto et al. (142). In order

to obtain cardiac-specific ROCK2 knockouts, these mice were crossed with mice
expressing the αMHC-MerCreMer transgene. After 4 generations, ROCK2flox/flox-αMHC-MerCreMer and ROCK2flox/flox-non-α-MHC-MerCreMer mice were obtained. At 8
weeks of age, male ROCK2flox/flox-αMHC-MerCreMer mice and their ROCK2flox/flox nonαMHC-MerCreMer littermate controls were treated with 20 mg/kg of tamoxifen diluted
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in corn oil by intraperitoneal injection for 5 consecutive days in order to generate
cROCK2-/- and cROCK2+/+ mice (189). At 12 weeks of age, mice were treated for 5
consecutive days with 50 mg/kg/day of streptozotocin (STZ) or its citrate buffer (0.1 M,
pH 4.5) vehicle. Male cROCK2-/- and ROCK2 cROCK2+/+ mice were used in all
experiments.
This investigation conforms to the Canadian Council on Animal Care Guidelines
on the Care and Use of Experimental Animals and the Guide for Care and Use of
Laboratory Animals published by the United States National Institutes of Health (NIH
publication no. 85–23, revised 1996). All protocols were approved by the University of
British Columbia Animal Care Committee.

4.2.2

In vivo myocardial I/R injury and echocardiography measurements
Using One Touch Ultra test strips and the One Touch Ultra 2 glucometer

(LifeScan, Burnaby, BC, Canada), non-fasting blood glucose levels were measured 4
weeks after STZ treatment. Mice were considered diabetic if non-fasting blood glucose
levels were at 18 mM or higher. Basal cardiac function, cardiac dimensions, and cardiac
strain were then determined using the Vevo 2100 echocardiography system (Fujifilm
VisualSonics, ON, Canada). Briefly, mice were anesthetized with 4-4.5% isoflurane, and
then maintained at 1% isoflurane for the remainder of the procedure. Body temperature
was maintained at 37±0.5°C, and all echocardiographic measurements were done at a
heart rate of 475±25 bpm. Mice were positioned at a parasternal short-axis view, and
using scans obtained by 2-D M-mode, fractional shortening, ejection fraction, and cardiac
dimensions were calculated. B-mode long-axis view images were then used to calculate

89

radial and longitudinal endocardial strain and strain rate using Speckle tracking with
VevoStrain software (Fujifilm VisualSonics, ON, Canada).
Myocardial I/R injury was induced in vivo 48 hours later, by transient ligation of
the LAD coronary artery. In brief, mice were anesthetized using a ketamine/xylazine
mixture. Non-diabetic mice received 80 and 5 mg/kg of ketamine and xylazine,
respectively; while diabetic mice received 40 and 1.25 mg/kg. If diabetic mice were still
active after 10 minutes, the ketamine/xylazine mixture was administered a second time.
Mice were then intubated using a 22G catheter, and ventilated with a mixture of oxygen
and isoflurane (1-2%). Bupivacaine (0.25%, subcutaneous) was injected at the incision
site, and pre-operative buprenorphine (0.05 mg/kg for control mice and 0.025 mg/kg
diabetic mice, subcutaneous) was provided.
A left side thoracotomy was performed between the 3rd and 4th rib, and the LAD
coronary artery was ligated with 8-0 Vicryl suture. Blanching of the surrounding tissue
was considered evidence that the ligation was successful. In sham-operated mice, the
suture was passed under the LAD coronary artery, but the ligation was not performed.
After 40 minutes of ischemia, reperfusion was instituted by carefully removing the knot,
and the chest was then closed using 6-0 Vicryl suture. No significant differences were
found in the mortality rates of cROCK2+/+ and cROCK2-/- mice (9.7% vs. 5.4%,
respectively, p=0.28), or non-diabetic and diabetic mice (6.8% vs. 8.3%, respectively,
p=0.92). All deaths occurred in the first 40 minutes of reperfusion, possibly due to
pneumothorax or arrhythmia (191, 192).
After 24 hours of reperfusion, cardiac function, cardiac dimensions and cardiac
strain were re-evaluated by echocardiography as described above. Mice were then
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euthanized. Blood was collected and serum was separated centrifuging at 3000 rpm for
15 minutes, while hearts and skeletal muscles were quickly excised and snap frozen with
liquid nitrogen. Tissues were stored at -80°C until further analysis. Another set of mice
hearts were subjected to 40 min of ischemia and 2 hours of reperfusion, and tissues were
collected and stored as previously described.

4.2.3

Infarct size measurement
Using a modified version of the protocol proposed by Bohl et al. (193), we

measured infarct size in mice subjected to 24 hours of reperfusion. Briefly, mice were
anesthetized with 4-4.5% isoflurane, and hearts were quickly excised and placed in icecold Krebs-Henseleit buffer. The aorta was cannulated using a 20G blunted needle, and
the heart was then perfused in order to remove residual blood. The LAD coronary artery
was re-ligated at the same position, and the remote myocardium was stained by perfusing
1.5% Evans blue dye solution. Hearts were semi-frozen by placing them at -20°C for 15
minutes, and then cut into 6 thin short-axis slices. The heart slices were thawed and
washed in PBS. Afterwards, they were incubated in a 1% solution of TTC at 37°C for 20
min. Heart slices were blotted and placed in 10% formalin for 20 minutes at room
temperature. Finally, they were weighed, placed between glass slides, and photographed
under a stereomicroscope. Infarct size was calculated as the percentage of AON relative
to AAR; these measurements were made using ImageJ v1.46 r (NIH, Bethesda, MD).
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4.2.4

Serum lactate dehydrogenase levels
Levels of lactate dehydrogenase (LDH) were measured in serum of mice

subjected to ischemia and 2 hours of reperfusion using the QuantiChrom™ Lactate
Dehydrogenase Kit (BioAssay Systems, Hayward, CA). The protocol provided by the
manufacturer was followed.

4.2.5

Neutrophil infiltration
The apex of mouse hearts subjected to 24 hours of reperfusion was fixed in 10%

formalin for 48 hours. At the end of this fixing period, tissues were washed with PBS
buffer, and embedded in paraffin. Sections of 5µm thickness were prepared, in order to
evaluate Ly6G+ neutrophil infiltration by IHC staining. Paraffin-embedded sections were
deparaffinized using xylene, and then re-hydrated with a series of graded concentrations
of ethanol. Sections were placed in citrate buffer (pH 6), and heated using a microwave
(2 minutes at high power and 20 minutes at 20% power) in order to perform antigen
retrieval. Sections were then placed in a 0.6% peroxide solution in methanol for 15 min
to block endogenous peroxidase activity. Sections were blocked for 25 minutes with 1%
BSA in PBS, and then incubated in anti-mouse Ly-6G primary antibody (Clone 1A8,
BioLegend, San Diego, CA) overnight at 4°C. The following day, sections were
incubated in Ig biotinylated antibody (SouthernBiotech, Birmingham, AL) for 45 minutes
at room temperature. Incubation with streptavidin poly-HRP (Pierce-Thermo Fisher
Scientific, Waltham, MA) for 45 minutes at room temperature was then performed.
Finally, a 3,3' diaminobenzidine color development solution was added, and hematoxylin
was used as a counterstain. Neutrophil infiltration was determined by counting the

92

number of neutrophils in 3 randomly selected fields using a microscope at 20x
magnification.

4.2.6

Extraction of mRNA and RT-PCR
Total RNA was extracted from both diabetic and non-diabetic mouse hearts

subjected to 24 hours of reperfusion. Frozen heart tissue (30 to 50 mg) was homogenized
in TRIzol (Invitrogen, Carlsbad, CA), and the isolation was performed as described by
the manufacturer. The SuperScript VILO cDNA Synthesis kit (Invitrogen, Carlsbad, CA)
was then used to perform reverse transcription of 1 µg of total RNA to cDNA.
Afterwards, RT-PCR was performed on an Applied Biosystems StepOnePlus system,
using SYBR Select Master Mix (Applied Biosystems, Foster City, CA). The sequences of
each primer were the following: IL-1β (F): AGATGAAGGGCTGCTTCC, IL-1β (R):
CTGCCTGAAGCTCTTGTTG
www.autoprime.de),

TNFα

(designed
(F):

using

AutoPrime

1.0

AGGTTCTCTTCAAGGGACAAG,

software,
TNFα

(R):

GCAGAGAGGAGGTTGACTTT, 36B4 (F): AGATGCAGCAGATCCGCAT, 36B4
(R): GTTCTTGCCCATCAGCACC (195). The concentration of mRNA in each heart
was quantified using the 2-∆∆CT method.

4.2.7

Western blot analysis
Protein expression and phosphorylation of mouse hearts subjected to 2 and 24

hours of reperfusion were measured by western blot. Frozen heart tissue samples were
homogenized in RIPA buffer (Tris HCl 50 mM pH 7.4, NP-40 1%, SDS 0.1%, sodium
deoxycholate 0.5%, NaCl 150 mM, EDTA 2 mM and protease and phosphatase
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inhibitor). The proteins in each sample were separated on 8-10% SDS-PAGE gels, and
transferred to PVDF membranes. Proteins were then immunoblotted with antibodies to
ROCK2 (Santa Cruz Biotechnology, Santa Cruz, CA), ROCK1 (BD Biosciences,
Franklin Lakes, NJ),
Ser473

p-Akt, Akt,

PTEN,

Tyr458

Ser9

Tyr612

p-IRS-1 (Thermo Fisher Scientific, Waltham, MA), IRS-1,

p-GSK-3β, GSK-3β,

p85 p-PI3K, p85 PI3K,

Ser536

Ser1177

p-eNOS, eNOS,

Ser380/Thr382/383

p-PTEN,

p65 p-NFκB, and p65 NFκB (Cell Signaling,

Danvers, MA), then incubated in secondary anti-mouse or anti-rabbit antibody. ImageJ
v1.46 r (NIH, Bethesda, MD) was used to perform densitometry and measure band
density. GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA), Ponceau staining, or the
corresponding total protein, were used to normalize protein expression.

4.2.8

ROCK activity assay
In order to measure the level of ROCK activity in diabetic and non-diabetic mice

hearts subjected to 2 and 24 hours of reperfusion, a ROCK activity assay was performed.
Frozen heart tissue was homogenized in non-denaturing lysis buffer (50 mM Tris-HCl,
150 mM NaCl, 1mM EDTA, 1mM EGTA, 1mM Na3VO4, 1mM 2-glycerolphosphate,
1% Non-Idet P-40, 1x protease inhibitors, pH 7.5). A 10x concentration of assay buffer
(250 mM Tris-HCl, 100 mM MgCl2, 50 mM glycerol-2-phosphate, 1 mM Na3VO4, 10
mM DTT, 5 mM ATP, 0.2 µg/ml truncated MYPT1 (654-880), pH 7.5) was added to each
sample, and they were then incubated for 30 minutes at constant agitation at 30ºC. At the
end of this incubation period, Laemli buffer was added and samples were heated at 90ºC
for 5 minutes. In order to measure ROCK activity, the phosphorylation level of
Thr853

MYPT1 was evaluated using western blotting. Protein phosphorylation was

94

normalized against GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) and quantified
by densitometry as mentioned above.

4.2.9

Statistical analysis
Data are expressed as means ± SE, and n refers to the number of mice in each

group. GraphPad Prism version 5.00 for Mac (GraphPad Software, San Diego, CA) was
used to analyze all results, and one-way ANOVA followed by the Neuman-Keuls test
was used to determine statistical significance. Results were considered statistically
significant at a value of p<0.05.

4.3
4.3.1

Results
General characteristics of diabetic cROCK2+/+ and cROCK2-/- mice
Four weeks after STZ treatment, both cROCK2+/+ and cROCK2-/- mice had

significantly higher levels of non-fasting blood glucose than those injected with citrate
buffer vehicle (Table 4.1). In the group of mice subjected to 24 hours of reperfusion, the
levels of non-fasting blood glucose were similar for both genotypes; however, in those
subjected to 2 hours of reperfusion, the blood glucose of diabetic cROCK2-/- mice was
slightly higher than the one detected in diabetic cROCK2+/+ mice (Table 4.1). Similarly,
in mice subjected to 24 hours of reperfusion, the body weight of diabetic cROCK2+/+
and cROCK2-/- mice were significantly lower than those detected in their non-diabetic
counterparts. In mice subjected to 2 hours of reperfusion, the weight of diabetic
cROCK2-/- mice was significantly lower compared to mice injected with vehicle (Table
4.1). In mice subjected to either 2 or 24 hours of reperfusion, no significant differences
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on heart weight or heart to body weight ratio were detected among groups (Table 4.1).
Altogether, these results demonstrate that mice were rendered diabetic four weeks after
STZ treatment.

Blood glucose

Body weight

Heart weight

Heart/Body

(mM)

(g)

(mg)

weight ratio

Group

Sham cROCK2+/+

9.2

±

0.8

30.8

±

0.4

154.1

±

3.8

5.0

±

0.2

Sham cROCK2-/-

8.7

±

0.5

30.8

±

1.3

159.4

±

7.9

5.0

±

0.3

2 hours of

IR-Cit cROCK2+/+

8.7

±

0.3

31.0

±

0.8

148.6

±

8.2

4.9

±

0.2

reperfusion

IR-Cit cROCK2-/-

9.2

±

0.1

33.0

±

1.2

163.8

±

7.3

5.0

±

0.2

IR-STZ cROCK2+/+

27.2

±

1.9

a

28.0

±

0.7

135.0

±

3.0

4.9

±

0.1

IR-STZ cROCK2-/-

31.9

±

0.9

ab

26.2

±

0.7

140.5

±

8.0

5.4

±

0.2

Sham cROCK2+/+

10.1

±

0.8

32.0

±

1.1

168.9

±

13.6

5.2

±

0.2

Sham cROCK2-/-

9.6

±

0.9

30.8

±

0.2

155.3

±

8.7

5.1

±

0.3

24 hours of

IR-Cit cROCK2+/+

8.9

±

0.2

30.6

±

0.6

169.3

±

11.1

5.5

±

0.4

reperfusion

IR-Cit cROCK2-/-

8.8

±

0.4

30.0

±

0.8

169.2

±

6.7

5.7

±

0.2

IR-STZ cROCK2+/+

28.5

±

1.7

a

27.0

±

0.7

a

145.7

±

7.8

5.4

±

0.3

IR-STZ cROCK2-/-

29.7

±

0.9

a

26.0

±

1.5

a

138.5

±

6.8

5.5

±

0.4

a

Table 4.1 Characteristics of non-diabetic and diabetic cROCK2-/- and cROCK2+/+ mice subjected to
ischemia and 2 or 24 hours of reperfusion.
Blood glucose and body weight were measured before surgery, while heart weight and heart/body weight
ratio were recorded at the end of the reperfusion period. Sham: sham-operated non-diabetic mice, IR-Cit:
non-diabetic mice subjected to I/R injury, IR-STZ: diabetic mice subjected to I/R injury (n=5-6 for both
times of reperfusion; a: p<0.05 compared to Sham and IR-Cit mice, b: p<0.05 vs. their cROCK2+/+
counterparts).
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4.3.2

Infarct size and the extent of I/R injury in diabetic cROCK2-/- mice
In order to evaluate the effect of cardiomyocyte-specific ROCK2 deletion on the

development of myocardial I/R injury under diabetic conditions, we measured the infarct
size of diabetic cROCK2-/- mice subjected to 40 minutes of ischemia and 24 hours of
reperfusion. There were no significant differences in the AAR of cROCK2+/+ and
cROCK2-/- mice, whether non-diabetic or diabetic, suggesting that the LAD ligation was
similar in all hearts (Fig. 4.1 A, B). As reported in the previous chapter, infarct size,
measured as the ratio of AON to AAR, was significantly lower in non-diabetic-cROCK2/- mice than in their ROCK2 expressing counterparts, consistent with a cardioprotective
effect of cardiomyocyte ROCK2 deletion. In contrast, infarct size was significantly
greater in diabetic than non-diabetic cROCK2-/- mice while there were no significant
differences in infarct size between diabetic cROCK2-/- and cROCK2+/+ mice (Fig. 4.1
A, C), suggesting that the cardioprotection provided by the cardiac-specific knockout of
ROCK2 is abolished under diabetic conditions.
Levels of LDH in serum were evaluated after ischemia and 2 hours of reperfusion,
as an additional measure of cardiac injury and necrosis. Serum LDH tended to be higher
in non-diabetic cROCK2+/+ mice, while there was no detectable elevation in serum LDH
levels in non-diabetic cROCK2-/- mice, compared to sham-operated mice (Fig. 4.1 D).
However, in contrast to both their sham-operated and post-I/R non-diabetic counterparts,
diabetic cROCK2-/- mice subjected to myocardial I/R injury had significantly higher
serum LDH levels (Fig. 4.1 D). These results are consistent with those of the infarct size
measurement, since they suggest that cROCK2-/- mice are more susceptible to the
deleterious effects of myocardial I/R injury under diabetic than non-diabetic conditions.
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Figure 4.1 Effects of STZ-diabetes on infarct size in hearts from cROCK2-/- and cROCK2+/+ mice.
Representative images showing the AAR and AON following 40 min of ischemia and 24 hours of
reperfusion in non-diabetic and diabetic cROCK2+/+ and cROCK2-/- hearts (A). Mean AAR (B) and mean
infarct size (C), calculated as the ratio of AON to AAR in non-diabetic (Cit) and diabetic (STZ)
cROCK2+/+ and cROCK2-/- hearts (n=6-8, *p<0.05). LDH levels after inducing ischemia and 2 hours of
reperfusion (D) (n=5-6, *p<0.05).

4.3.3

Cardiac function and cardiac strain before and after myocardial I/R injury
Cardiac function and cardiac dimensions, as well as cardiac strain, were also

evaluated by echocardiography prior to, and 24 hours after the induction of I/R injury in
non-diabetic and diabetic cROCK2+/+ and cROCK2-/- mice. No differences in basal
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cardiac function or dimensions could be detected between any of the groups prior to
induction of I/R injury. Furthermore, although hearts in all groups had a tendency to
perform worse after I/R injury, no significant differences in fractional shortening or
ejection fraction could be detected between basal and post-I/R mice (Table 4.2).
Likewise, cardiac strain, a measure of tissue deformation, and strain rate, a measure of
the time-course of deformation, were similar in all groups both basally and post/I-R
(Table 4.3).
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Non-diabetic

Diabetic

Parameter
cROCK2+/+

cROCK2-/-

cROCK2+/+

cROCK2-/-

(units)
Basal

Post-I/R

Basal

Post-I/R

Basal

Post-I/R

Basal

Post-I/R

HR (bpm)

508.0

±

21.4

472.7

± 10.8

501.3

±

6.9

490.2

±

4.2

484.4

±

5.6

461.0

±

11.7

495.9

±

5.8

468.1

±

8.9

CO (mL/min)

19.7

±

1.6

16.3

± 1.6

17.5

±

1.4

17.1

±

0.7

18.4

±

0.9

14.7

±

0.3

18.3

±

0.8

15.7

±

1.1

SV (μl)

38.7

±

2.3

34.4

± 2.9

34.9

±

2.7

34.9

±

1.4

38.0

±

1.8

32.1

±

0.9

36.9

±

1.5

33.5

±

2.2

EDV (μl)

45.0

±

3.2

42.8

± 2.8

38.9

±

3.2

51.8

±

6.7

45.6

±

2.9

37.5

±

0.8

44.0

±

2.5

37.6

±

1.0

ESV (μl)

5.2

±

0.4

5.6

± 0.5

4.0

±

0.8

10.3

±

4.0

7.6

±

1.5

6.0

±

0.8

7.1

±

1.8

8.7

±

2.1

107.5

±

5.9

118.7

± 5.7

111.5

±

6.8

114.4

±

8.7

103.8

±

4.8

102.7

±

4.2

93.5

±

2.8

102.0

±

3.5

LVID, s (mm)

1.5

±

0.1

1.7

± 0.2

1.3

±

0.1

2.0

±

0.4

1.6

±

0.1

1.8

±

0.2

1.5

±

0.2

1.9

±

0.2

LVID, d (mm)

3.2

±

0.1

3.2

± 0.1

3.1

±

0.1

3.5

±

0.2

3.2

±

0.1

3.2

±

0.1

3.2

±

0.1

3.3

±

0.2

FS (%)

55.2

±

1.7

49.6

± 6.5

60.7

±

2.0

49.6

±

6.5

52.7

±

3.4

44.1

±

6.0

54.3

±

3.7

43.1

±

4.1

EF (%)

86.4

±

1.5

81

± 5.5

90.2

±

1.3

79.4

±

6.7

83.9

±

2.6

76.3

±

6.1

84.8

±

3.0

74.1

±

4.8

LV Mass, (mg)

Table 4.2 Echocardiographic assessment of cardiac function and parameters before and after myocardial I/R injury in non-diabetic and diabetic
cROCK2+/+ and cROCK2-/- mice.
HR, heart rate; CO, cardiac output; SV, stroke volume; EDV, end-diastolic volume; ESV, end-systolic volume; LV, left ventricular; LVID, left ventricular
internal diameter; d, diastole; s, systole; FS, fractional shortening; EF, ejection fraction (n=5-7, p>0.05).
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Non-diabetic
Parameter (units)

cROCK2+/+
Basal

Diabetic
cROCK2-/-

Post-I/R

Basal

cROCK2+/+

Post-I/R

Basal

cROCK2-/-

Post-I/R

Basal

Post-I/R

Radial strain, %

27.8

±

2.3

27.6

±

2.4

32.9

±

1.5

33.2

±

1.8

22.3

±

1.8

18.6

±

3.6

17.6

±

4.3

20.3

±

3.0

Radial strain rate, 1/s

6.7

±

0.5

6.8

±

0.5

6.2

±

0.3

6.9

±

0.6

5.4

±

0.3

4.9

±

0.4

4.5

±

0.8

4.9

±

0.6

Longitudinal strain, %

-19.4

±

1.6

-19.0

±

2.4

-22.6

±

0.9

-23.6

±

2.1

-12.3

±

2.3

-13.3

±

2.4

-14.5

±

2.5

-13.6

±

3.0

-6.1

±

0.5

-6.6

±

1.0

-5.9

±

0.7

-6.6

±

0.3

-4.1

±

0.7

-5.1

±

1.0

-3.7

±

0.4

-4.4

±

0.9

Longitudinal strain
rate, 1/s

Table 4.3 Cardiac strain and strain rate before and after myocardial I/R injury in non-diabetic and diabetic cROCK2+/+ and cROCK2-/- mice.
Radial and longitudinal endocardial strain and strain rate were evaluated before ischemia (basal) and after 24 hours of reperfusion (post-I/R) (n=8-5, p>0.05).

101

4.3.4

ROCK expression and activity
ROCK2 expression in sham-operated cROCK2-/- mice hearts was approximately 50%

lower than that detected in their ROCK2 expressing counterparts (Fig 4.2 A and D). The
remaining ROCK2 expressed in cROCK2-/- mice hearts can be attributed to both the
recombination efficiency of tamoxifen, which is approximately 80% in αMHC-MerCreMer mice
(189), and the expression of ROCK2 in other cardiac cells, such as fibroblasts, endothelial cells
and vascular smooth muscle cells. Following ischemia and both 2 and 24 hours of reperfusion,
there was no change in ROCK2 expression in either non-diabetic or diabetic cROCK2-/- and
cROCK2+/+ mice compared to their corresponding sham-operated mice (Fig 4.2 A and D),
indicating a lack of effect of myocardial I/R injury on ROCK2 expression. ROCK1 expression
was similar in sham-operated cROCK2-/- mice and their ROCK2 expressing counterparts, and
was also unchanged following induction of I/R injury in either non-diabetic or diabetic mice,
suggesting that the cardiomyocyte-specific knockout of ROCK2 does not cause a compensatory
up-regulation of this other isoform under any of these conditions (Fig 4.2 B and E).
There was no difference in total ROCK activity, measured as the level of

Thr853

MYPT1

phosphorylation, between sham-operated cROCK2+/+ and cROCK2-/- hearts in the 2 hour
reperfusion group (Fig. 4C). However, following induction of ischemia and 2 hours of
reperfusion, ROCK activity was significantly lower in non-diabetic cROCK2-/- hearts than in
their cROCK2+/+ counterparts, suggesting that an increase in ROCK activity induced by
myocardial I/R injury was prevented in these hearts. No significant differences were detected
between non-diabetic and diabetic cROCK2+/+ hearts subjected to ischemia and 2 hours of
reperfusion (Fig 4.2 C), indicating that diabetes did not potentiate any I/R-induced increase in
ROCK activity. Furthermore, after 2 hours of reperfusion, diabetic cROCK2-/- hearts also
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exhibited levels of phosphorylated

Thr853

MYPT1 similar to those detected in their non-diabetic

counterparts (Fig 4.2 C). In the group of mice subjected to 24 hours of reperfusion, the level of
Thr853

MYPT1 phosphorylation was significantly lower in sham-operated cROCK2-/- mice hearts

than in their cROCK2+/+ counterparts (Fig 4.2 F). Similarly, both non-diabetic and diabetic
cROCK2-/- mice hearts subjected to ischemia and 24 hours of reperfusion exhibited significantly
lower levels of ROCK activity than their ROCK2 expressing counterparts (Fig 4.2 F).

4.3.5

Inactivation of the RISK pathway under diabetic conditions
In order to assess whether the loss of cardioprotection observed in diabetic cROCK2-/-

mice hearts subjected to I/R injury was related to changes in the activation of the RISK pathway,
we evaluated the phosphorylation levels of Akt at Ser473, which leads to its activation, as well as
those of its downstream targets GSK-3β at Ser9 (leading to its inactivation), and eNOS at
Ser1177 (promoting its activation). Since the RISK pathway is known to be activated at an early
stage of reperfusion, the phosphorylation levels of these proteins were evaluated in mice hearts
subjected to ischemia and 2 hours of reperfusion.
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Figure 4.2 Effects of STZ-diabetes on ROCK isoform expression and ROCK activity in post-I/R cROCK2-/and cROCK2+/+ mice hearts following 2 or 24 hours of reperfusion.
ROCK2 (A) and ROCK1 (B) protein expression and ROCK activity measured by MYPT phosphorylation (C) in
sham, non-diabetic (Cit) and diabetic (STZ) cROCK2+/+ and cROCK2-/- hearts after 2 hours of reperfusion with
western blot representative images (n=5-6, * p<0.05). ROCK2 (D) and ROCK1 (E) protein expression and ROCK
activity measured by MYPT phosphorylation (F) sham, non-diabetic (Cit) and diabetic (STZ) cROCK2+/+ and
cROCK2-/- hearts after 24 hours of reperfusion with western blot representative images (n=5-6, * p<0.05).

As described in Chapter 3 of this thesis, following induction of I/R injury, non-diabetic
cROCK2+/+ hearts had a Ser473pAkt level similar to that observed in sham-operated cROCK2+/+
hearts, while non-diabetic cROCK2-/- hearts had a significantly higher level of

Ser473

pAkt than

their sham-operated counterparts (Fig 4.3 A). However, compared to the non-diabetics, diabetic
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cROCK2-/- mouse hearts subjected to I/R injury had a significantly lower level of Akt
phosphorylation, similar to that observed in diabetic cROCK2+/+ hearts (Fig 4.3 A). The
phosphorylation of GSK-3β followed a similar tendency. No significant differences in Ser9pGSK3β levels were detected between I/R-induced non-diabetic cROCK2+/+ mice hearts and their
sham-operated counterparts, while the induction of I/R injury in non-diabetic cROCK2-/- mice
hearts was associated with a significantly higher level of Ser9pGSK-3β (Fig 4.3 B). However, this
increase was not detected in diabetic cROCK2-/- mice hearts subjected to I/R injury (Fig 4.3 B).
Although

Ser1177

peNOS levels tended to be higher in both non-diabetic and diabetic hearts

subjected to I/R injury, no significant differences were found among groups (Fig. 4.3 C). Since
eNOS is only active at very short times of reperfusion (7-10 minutes) (160, 204), it is possible
that by 2 hours of reperfusion, Ser1177peNOS levels had returned to baseline levels. No differences
in the total expression of Akt, GSK-3β or eNOS were detected between any of the groups.
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Figure 4.3 Effects of STZ-diabetes on Akt and GSK-3β phosphorylation in cROCK2-/- and cROCK2+/+ mice
hearts subjected to ischemia and 2 hours of reperfusion.
Phosphorylation levels of Akt (A), GSK-3β (B), and eNOS (C) in sham, non-diabetic (Cit) and diabetic (STZ)
cROCK2+/+ and cROCK2-/- hearts after 2 hours of reperfusion with western blot representative images (n=5-6, *
p<0.05).
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4.3.6

Modulation the RISK pathway under diabetic conditions
In order to understand how the I/R-induced activation of Akt in cROCK2-/- mice hearts

is abrogated under diabetic conditions, we first evaluated whether there was a diabetes-induced
increase in PTEN expression or phosphorylation given that this protein is a negative regulator of
Akt. However, after ischemia and 2 hours of reperfusion, no changes in PTEN phosphorylation
(Fig 4.4 A) or expression (Fig 4.4 B) were detected among groups.
Insulin signaling is also known to influence the activity of the PI3K/Akt pathway. When
insulin binds to and stimulates the autophosphorylation of the insulin receptor, tyrosine
phosphorylation and activation of IRS-1 is promoted. Activated IRS-1 recruits and activates
PI3K, which then leads to Akt activation. Therefore, we evaluated the phosphorylation level of
IRS-1 at Tyr612, as well as its total expression. No significant differences were detected between
non-diabetic cROCK2-/- and cROCK2+/+ mice subjected to ischemia and 2 hours of reperfusion
and their respective sham-operated counterparts (Fig 4.5 A). However, diabetic cROCK2-/- and
cROCK2+/+ mice hearts had significantly lower levels of

Tyr612

pIRS-1 to total IRS-1 compared

to non-diabetic cROCK2-/- mice hearts following I/R injury (Fig 4.5 A). Nonetheless, this
appeared to be largely due to an increase in total IRS-1 expression, which was significantly
higher in diabetic cROCK2-/- and cROCK2+/+ mice hearts than in their sham-operated and I/Rinduced non-diabetic counterparts (Fig 4.5 B). Furthermore, no significant differences were
detected in the absolute levels of Tyr612pIRS-1 (figure not shown).
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Figure 4.4 Effects of STZ-diabetes on PTEN phosphorylation and expression in hearts of cROCK2-/- and
cROCK2+/+ mice subjected to ischemia and 2 hours of reperfusion.
Phosphorylation levels of PTEN (A), and PTEN total expression (B) in sham, non-diabetic (Cit) and diabetic (STZ)
cROCK2+/+ and cROCK2-/- hearts after 2 hours of reperfusion with western blot representative images (n=5-6,
p>0.05).
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Figure 4.5 Effects of STZ-diabetes on IRS-1 and PI3K phosphorylation and expression in cROCK2-/- and
cROCK2+/+ mice hearts subjected to ischemia and 2 hours of reperfusion.
Phosphorylation levels of IRS-1 (A), IRS-1 total expression (B), phosphorylation levels of PI3K (C) and PI3K total
expression (D), in sham, non-diabetic (Cit) and diabetic (STZ) cROCK2+/+ and cROCK2-/- hearts after 2 hours of
reperfusion with western blot representative images (n=5-6, * p<0.05).
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At this same time of reperfusion, we also assessed the expression of PI3K and its
phosphorylation at Tyr458, a site known to reflect the activation of this kinase (212). However,
no differences in

Tyr458

pPI3K levels (Fig 4.5 C) or PI3K expression (Fig 4.5 D) were detected

between cROCK2-/- and cROCK2+/+ mice hearts subjected to I/R injury under either diabetic or
non-diabetic conditions.

4.3.7

Neutrophil infiltration and the mRNA production of inflammatory cytokines
The induction of myocardial I/R injury initiates an inflammatory response that promotes

the production of pro-inflammatory cytokines and the accumulation of inflammatory cells. In our
previous study (Chapter 3), we found that in hearts from ROCK2+/- mice subjected to I/R injury,
pro-inflammatory cytokines were reduced although neutrophil infiltration was unaffected. Here,
we evaluated the role of cardiomyocyte ROCK2 in these responses under both non-diabetic and
diabetic conditions. Although non-diabetic cROCK2+/+ mice hearts subjected to I/R had a
tendency to produce more IL-1β mRNA (Fig 4.6 A) than their sham-operated counterparts, this
increase was not statistically significant. But compared to both sham-operated mice and to nondiabetic cROCK2+/+ mice subjected to I/R injury, non-diabetic cROCK2-/- mice hearts
produced much greater levels of IL-1β mRNA (Fig 4.6 A). Interestingly, this difference was
abolished under diabetic conditions, where the mRNA production of IL-1β in cROCK2-/- mice
hearts subjected to I/R was significantly lower, and comparable to the one detected in their shamoperated counterparts (Fig 4.6 A).
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Figure 4.6 Effects of STZ-diabetes on the mRNA expression of pro-inflammatory cytokines, NFkB
phosphorylation and NFkB expression in cROCK2-/- and ROCK2+/+ hearts subjected to I/R.
IL-1β (A) and TNFα (B) mRNA expression of sham, non-diabetic (Cit) and diabetic (STZ) cROCK2+/+ and
cROCK2-/- hearts subjected to ischemia and 24 hours of reperfusion (n=5-6, *p<0.05). Phosphorylation levels of
NFkB (C), and NFkB total expression (D) in sham, non-diabetic (Cit) and diabetic (STZ) cROCK2+/+ and
cROCK2-/- hearts subjected to ischemia and 24 hours of reperfusion with western blot representative images (n=56, * p<0.05).
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A similar trend was observed with the production of TNFα mRNA, in that the mRNA
production of this cytokine was significantly higher in non-diabetic cROCK2-/- mice hearts
subjected to I/R than in sham-operated hearts, and this increase was no longer noticeable under
diabetic conditions (Fig 4.6 B), although the differences were not as marked as those of IL-1β.
These results suggest that in non-diabetic conditions, the cardiac-specific knockout of ROCK2
promotes the I/R-induced mRNA production of pro-inflammatory cytokines, and that under
diabetic conditions this increase is abrogated. In an effort to understand how cytokine mRNA
production was regulated in these hearts, we evaluated the expression levels of NFκB, as well as
its phosphorylation at Ser536, a site known to be correlated with its activation (213). However,
after ischemia and 2 hours of reperfusion, no changes in

Ser536

pNFκB (Fig 4.6 C) or NFκB

expression (Fig 4.6 D) were detected under either non-diabetic or diabetic conditions.
Neutrophils are one of the first inflammatory cells that are attracted to the site of injury
after I/R takes place. Both cROCK2-/- and cROCK2+/+ mice hearts subjected to I/R injury
showed a higher level of Ly6G+ neutrophil infiltration compared to their sham-counterparts;
however, this difference was significant only cROCK2-/- mice hearts. Under diabetic conditions,
this increase was no longer as pronounced, and no significant differences were detected between
diabetic cROCK2-/- and cROCK2+/+ mice hearts subjected to I/R.
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Figure 4.7 Ly6G+ neutrophil infiltration in diabetic and non-diabetic cROCK2+/+ and cROCK2-/- hearts
subjected to I/R injury.
Representative images (20x) of the Ly6G+ immunohistochemical staining of sham cROCK2+/+ (A), sham
cROCK2-/- (B), post-I/R non-diabetic cROCK2+/+ (C), post-I/R non-diabetic cROCK2-/- (D), post-I/R diabetic
cROCK2+/+ (E) and post-I/R diabetic cROCK2-/- (F) mice hearts after 24 hours of reperfusion. Quantification of
infiltrated neutrophils per field (G) (n=3, 3 random fields per sample, * p<0.05).
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4.4

Discussion
Patients with diabetes are not only more susceptible to myocardial infarction, but also

more sensitive to the deleterious effects of myocardial I/R injury. Therefore, it is very important
to evaluate the effectiveness of therapeutic interventions targeting I/R injury under these
conditions. Previously we had reported that the over-activation of ROCK2 is involved in the
development of myocardial I/R injury, and that the cardiomyocyte-specific deletion of this
ROCK isoform was at least partially responsible for the cardioprotection observed in mice with a
whole-body partial deletion of ROCK2. In the present study, we investigated whether the
cardioprotection against I/R injury observed in cROCK2-/- mice is maintained during diabetes.
Our main findings were: 1) in diabetic mice, the cardiomyocyte-specific knockout of ROCK2 no
longer decreases infarct size, and this loss of cardioprotection is associated with an increase in
serum LDH in diabetic cROCK2-/- mice subjected to I/R, 2) the activation of Akt and the
inactivation of its downstream target GSK-3β stimulated by cardiomyocyte-specific ROCK2
knockout is abrogated under diabetic conditions and 3) cardiomyocyte ROCK2 appears to exert a
regulatory effect on the inflammatory response to I/R injury that is also attenuated in diabetes.
Previous work from our lab has demonstrated that the RhoA-ROCK pathway is involved
in the development of diabetic cardiomyopathy (155), and has suggested that ROCK2 is the
isoform involved in this process (157). Therefore, when we detected the cardioprotective activity
of ROCK2 knockdown in the development of myocardial I/R injury, we hypothesized that this
cardioprotection would be maintained under diabetic conditions. However, diabetic cROCK2-/mice hearts subjected to I/R injury no longer presented the decrease in infarct size found in their
non-diabetic counterparts. The increased susceptibility to I/R injury of diabetic compared to nondiabetic cROCK2-/- mice hearts was corroborated by the increase in serum LDH detected in
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these mice. Unlike infarct size and serum LDH release, cardiac function and cardiac strain did
not reflect these changes in cardioprotection. The data obtained with non-diabetic cROCK2+/+
and cROCK2-/- mice were different than those detected in WT and ROCK2+/- mice, since no
clear cardiac dysfunction was detected after inducing myocardial I/R injury. Furthermore, the
induction of diabetes did not have an effect on cardiac function or cardiac strain, suggesting that
the induction of I/R injury 4 weeks after STZ treatment is enough to impair cardioprotection but
not the contractile function of the heart. Since all STZ-treated mice were overtly diabetic, we
believe that the lack of differences might have been related to this mouse strain being more
resistant to the development of post-I/R cardiac dysfunction.
The cardiomyocyte-specific deletion of ROCK2 prevented the increase of ROCK activity
after 2 hours of reperfusion. However, it seems that by 24 hours of reperfusion, ROCK activity
was mostly driven by the amount of ROCK2 present in cardiomyocytes rather than the induction
of myocardial I/R injury at both diabetic and non-diabetic conditions. These data differ from
what we observed in our previous study, where sham-operated ROCK2+/- and WT mice had no
differences in ROCK activity at either point of reperfusion. As was previously stated in Chapter
3, it is possible that in ROCK2+/- mice hearts, ROCK1 contributes to a greater extent to basal
ROCK activity, in order to compensate for the loss of this other ROCK isoform. However, this
compensation might not take place in cardiomyocytes given that this response was not detected
in sham-operated cROCK2-/- mice hearts at 24 hours of reperfusion.
The loss of infarct size reduction and the increase of LDH release in diabetic cROCK2-/mice hearts subjected to I/R were concomitant with the fact that, under diabetic conditions,
ROCK2 cardiomyocyte-specific knockout no longer promoted the phosphorylation of Akt and
GSK-3β. A loss of cardioprotection under type 1 diabetic conditions has been previously
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reported. For instance, Ghaboura et al. (214) showed that erythropoietin-induced
cardioprotection against I/R injury was maintained in rats made insulin resistant with a high fat
diet. However, in rats with type 1 diabetes induced by STZ treatment, this cardioprotection was
lost. Erythropoietin treatment promoted an increase in Akt, GSK-3β, and Erk1/2 phosphorylation
in control and insulin-resistant rats, but not in diabetic rats. Therefore, it was suggested that a
hyperglycemia-induced alteration of the RISK pathway was responsible for the loss of
erythropoietin-induced cardioprotection (214). Similarly, Whittington et al. (215) reported that in
aging rat hearts subjected to I/R injury, the phosphorylation of Akt, GSK-3β, and STAT-3, a
component of the SAFE pathway, are significantly lower under diabetic than non-diabetic
conditions.
Evidence has been presented suggesting that over-activation of PTEN is responsible for
the impairment of the PI3K/Akt pathway in diabetic rat hearts subjected to I/R injury (121).
However, we were unable to detect diabetes-induced changes in PTEN expression or
phosphorylation following I/R injury in either cROCK2+/+ or cROCK2-/- hearts, suggesting that
this mechanism is not universal for all models of type 1 diabetes. It has also been reported that
decreases in the tyrosine-phosphorylation of IRS-1 are related to the hyperglycemic-induced loss
of cardioprotection detected in cardiomyocytes subjected to hypoxia-reperfusion (216).
However, although we observed that compared to their non-diabetic counterparts, diabetic
cROCK2-/- and cROCK2+/+ mice hearts subjected to I/R have a significantly lower level of
Tyr612

pIRS-1, this appeared to be largely due to a diabetes-induced increase in total expression of

IRS-1. The low levels of circulating insulin in diabetic cROCK2-/- and cROCK2+/+ mice may
promote the upregulation of IRS-1 expression in an effort to stimulate insulin signaling. As a
result, although relative levels of

Tyr612

pIRS-1 to total IRS-1 were lower in diabetic hearts, the
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absolute levels of tyrosine phosphorylated IRS-1 were not significantly different than those in
non-diabetic hearts, suggesting that IRS signaling may be unchanged in these hearts. This is
supported by our observation that PI3K activity, measured as the phosphorylation of this protein
at Tyr458, also appeared to be unchanged in diabetic compared to non-diabetic hearts.
Unexpectedly and in contrast to the results previously obtained with ROCK2+/- mice,
where the mRNA expression of pro-inflammatory cytokines induced by myocardial I/R injury
was significantly lower, non-diabetic cROCK2-/- mice hearts subjected to I/R exhibited a higher
production of IL-1β and to a lesser extent, TNFα mRNA, compared to their cROCK2+/+
counterparts. Furthermore, the presence of diabetes in cROCK2-/- mice hearts subjected to I/R
injury was sufficient to lower cytokine mRNA levels to baseline levels, although cytokine
mRNA production in diabetic cROCK2+/+ hearts remained unchanged from that in non-diabetic
hearts. Since no differences were observed between sham-operated cROCK2-/- and cROCK2+/+
mice hearts, we do not believe this was a consequence of the surgical procedure. Neutrophil
infiltration followed very similar trends to the changes in inflammatory cytokine mRNA
production, suggesting that cytokine mRNA translated to functional cytokines that promoted the
infiltration of these inflammatory cells. These results suggest that in non-diabetic conditions, the
cardiac-specific knockout of ROCK2 promotes the I/R-induced mRNA production of proinflammatory cytokines, and that under diabetic conditions this increase is abrogated.
This discrepancy between results obtained in the whole-body ROCK2+/- mice and the
cardiac-specific cROCK2-/- mice suggests that the role of ROCK2 in the inflammatory response
in cardiomyocytes is different from that in other cells. It is well known that when necrosis takes
place, the release of intracellular components initiates an inflammatory response. Therefore, less
necrosis in cardiac tissue should translate into less inflammation, and since infarct size reflects
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the extent of cardiac necrosis, it is possible that the reduction of pro-inflammatory cytokine
mRNA detected in ROCK2+/- mice is secondary to the reduction of infarct size also achieved in
these mice. On the other hand, the increase in cytokine mRNA found in cROCK2-/- hearts
suggests that ROCK2 may actually suppress cardiomyocyte cytokine mRNA production during
I/R injury. Although most reports focus on the adverse effects of pro-inflammatory cytokines
during myocardial I/R injury, there are also studies suggesting that cytokines may be protective
against the development of this condition (217). However, this is only true when cytokine
concentrations are low. Since protein levels of pro-inflammatory cytokines were not measured in
these hearts, it is not clear whether this increase in mRNA production was translating into protein
or not. Nonetheless, this increase of pro-inflammatory cytokine mRNA in non-diabetic
cROCK2-/- mice hearts subjected to I/R injury was not associated with any damaging effects
such as an increase of infarct size or serum LDH.
One of the limitations of the present study was that although protection from the
development of I/R injury provided by cardiomyocyte-specific ROCK2 knockout is lost in
diabetic hearts, it is not clear if ROCK2 inhibition in other types of cells would prevent the
deleterious effects of myocardial I/R injury under diabetic conditions. Therefore, a subsequent
study that evaluates this would give a fuller picture of the role of ROCK2 in the development of
myocardial I/R injury during hyperglycemia.
In conclusion, the results of the present study suggest that despite our previous studies
implicating ROCK2 in the deleterious effects of diabetes on the heart, reduction of its expression
in cardiomyocytes is not sufficient to protect against I/R injury in diabetes. The impairment of
the cardioprotective activity of cardiomyocyte-ROCK2 deletion demonstrates the importance of
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evaluating the effectiveness of therapeutic targets against myocardial I/R injury in the presence
of comorbidities such as diabetes.
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Chapter 5: Conclusion

5.1

Summary and conclusions
During a myocardial infarction, the occluded region of the heart enters into an ischemic

state that, if untreated, will lead to cell death. Timely reperfusion must be instituted in order to
avoid this; however, this procedure leads to a type of cardiac damage known as myocardial I/R
injury (5). Patients who are susceptible to myocardial infarction often have comorbidities, such
as diabetes, that worsen the outcome of I/R injury (84, 85); therefore, it is of great importance to
also consider the effects that this disease has on the development of myocardial I/R injury. It has
been reported that ROCK is overactivated in animal models of myocardial I/R injury (158-160),
however, it was unknown whether ROCK1, ROCK2 or both isoforms, is/are responsible for this
effect. Furthermore, none of the previous reports had evaluated whether diabetes had an effect on
the cardioprotective role of ROCK inhibition against I/R injury. Here, we proposed to evaluate
whether the overactivation of ROCK2 contributes to I/R injury in the normal and diabetic heart.
The first aim of the present thesis was to establish an in vivo model of myocardial I/R
injury in non-diabetic and diabetic conditions. Since we planned on using ROCK2+/- mice that
were bred on a CD-1 background to evaluate the role of ROCK2 on the development of
myocardial I/R, we first evaluated the basal cardiac function of these mice under non-diabetic
and diabetic conditions. In non-diabetic mice, the partial deletion of ROCK2 does not affect
systolic cardiac function. However, no significant differences in systolic cardiac function were
detected between diabetic and non-diabetic WT mice at 8 or 11 weeks after STZ treatment,
suggesting that this strain of mice requires a longer time to develop diabetes-induced cardiac
dysfunction. Nonetheless, since the induction of I/R injury may induce a different response than
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the one obtained at basal conditions, we decided to evaluate the cardiac function of non-diabetic
and diabetic CD-1 mice subjected to in vivo myocardial I/R injury by transient ligation of the
LAD coronary artery. Non-diabetic mouse hearts subjected to I/R had impaired cardiac function,
but their diabetic counterparts had a similar or better performance, suggesting that ROCK2+/mice, due to their CD-1 background, are not an appropriate model to study the effects of diabetes
on the development of myocardial I/R injury. Since cROCK2-/- mice have a C57BL/6
background, the effects of diabetes on I/R injury were evaluated in these mice in the third aim of
this work.
The second aim of the thesis was to investigate the whole-body and cardiomyocytespecific contribution of ROCK2 in myocardial I/R injury. After ischemia and 24 hours of
reperfusion, the infarct size of ROCK2+/- mice hearts was much lower than the one developed
by their WT counterparts. Similarly, a post-I/R reduction in cardiac function was detected in WT
mice, while in ROCK2+/- mice, cardiac function was conserved. The induction of I/R injury
prompted a significant increase in ROCK activity in WT hearts, but in ROCK2+/- mouse hearts
this was prevented. After 2 hours of reperfusion, the phosphorylation levels of Akt and GSK-3β,
both elements of the RISK pathway, were significantly higher in ROCK2+/- hearts than in their
WT counterparts, implying that cardioprotective signaling pathways are activated by the
knockdown of ROCK2. Furthermore, the I/R-induced increase of pro-inflammatory cytokine
mRNA was attenuated in ROCK2+/- mice. However, no significant differences on Ly6G+
neutrophil infiltration were found between ROCK2+/- and WT mice hearts. These results
suggest that although ROCK2 partial deletion prevents the production of pro-inflammatory
cytokines, this ROCK isoform is not as involved in the more downstream inflammatory
responses. By specifically deleting ROCK2 in cardiomyocytes, we observed that the reduction of
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infarct size previously detected in ROCK2+/- mice subjected to I/R injury was maintained.
Furthermore, this decrease in infarct size was also associated with an increase in Akt activity.
Altogether, the results of this study indicate that ROCK2, specifically that in cardiomyocytes,
plays an important role in the development of myocardial I/R injury, and that the
cardioprotection achieved by knocking out ROCK2 is associated with activation of the RISK
pathway.
The third aim of the present thesis was to evaluate the role of cardiomyocyte ROCK2 in
the development of myocardial I/R injury in diabetic hearts. Our results indicate that the
reduction of infarct size previously achieved in non-diabetic cROCK2-/- mice subjected to
myocardial I/R injury is abrogated under diabetic conditions. Although no significant differences
in cardiac function were detected before or after myocardial I/R injury, the increase of serum
LDH in diabetic cROCK2-/- mice subjected to I/R injury confirmed these observations. No
increase in ROCK expression was detected in either cROCK2+/+ or cROCK2-/- mice hearts
under diabetic conditions, suggesting that the loss of cardioprotection in diabetic hearts was not
triggered by an increase in ROCK activity. At 2 hours of reperfusion, hearts from non-diabetic
cROCK2-/- mice subjected to I/R had a significant increase in Akt and GSK-3β phosphorylation
compared to their ROCK2 expressing counterparts, suggesting the activation of the RISK
pathway. However, under diabetic conditions, this increase was no longer detected. These
observations suggest that the lack of cardioprotection detected in diabetic cROCK2-/- mice
subjected to I/R is at least partially regulated by a diabetes-induced impairment of prosurvival
pathways. The activation of proteins known to modulate Akt signaling was also evaluated;
however, the loss of Akt activity in diabetic hearts could not be explained by changes in PTEN,
IRS or PI3K. Unexpectedly and in contrast to the results obtained with ROCK2+/- mice, non-
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diabetic cROCK2-/- mice hearts subjected to I/R exhibited an increase in pro-inflammatory
cytokine mRNA production compared to their cROCK2+/+ counterparts. Furthermore, this
increase was no longer detected under diabetic conditions. Additionally, this higher level of proinflammatory cytokine mRNA production was associated with greater neutrophil infiltration.
Taken together, the results of these 3 studies suggest that ROCK2 plays an important role
in the development of myocardial I/R injury, and that the cardioprotective effect provided by its
inhibition or genetic deletion is likely mediated at least in part by the activation of Akt and the
inactivation of its downstream target GSK-3b in the cardiomyocyte. However, this
cardioprotection is abrogated under diabetic conditions, possibly due to impaired Akt signaling.
Unfortunately, the effects on I/R-induced inflammation are not as clear. However, the
differences between whole-body ROCK2+/- mice and cardiac-specific cROCK2-/- mice suggest
that in cardiomyocytes, the role of ROCK2 in I/R-induced inflammation is different from that in
other cells. These findings are summarized in Fig. 5.1.
One of the greatest strengths of the work presented in this thesis was the use of an in vivo
model to evaluate the role of ROCK2 in the development of myocardial I/R injury under both
non-diabetic and diabetic conditions. Unlike in vitro models, that can only simulate the
conditions present during myocardial I/R injury, or ex vivo models, that isolate the heart from all
the physiological changes that occur in response to I/R injury, an in vivo model allows us to
evaluate this condition as a whole, and gives us the most comprehensive understanding of the
development of myocardial I/R injury. Furthermore, the fact that we employed both ROCK2+/and cROCK2-/- mice, allowed us to effectively isolate the effects of this isoform. Even though a
selective ROCK2 inhibitor was developed while the present thesis was conducted,
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pharmacological inhibitors may not achieve the same degree of specificity that a genetic model
offers (218).

Myocardial I/R injury
Diabetic
conditions

Non-diabetic
conditions
ROCK2+/- mice
(Whole-body ROCK2 knockdown)

Akt

Cytokine
mRNA

cROCK2-/- mice

cROCK2-/- mice

(Cardiomyocyte-specific
ROCK2 knockout)

(Cardiomyocyte-specific
ROCK2 knockout)

Akt

Cytokine
mRNA

Akt

GSK-3β

GSK-3β

GSK-3β

Cardioprotection

Cardioprotection

No
cardioprotection

Cytokine
mRNA

Figure 5.1 Summary figure with the principal findings of the present thesis.
By using ROCK2+/- and cROCK2-/- mice, we were able to evaluate the role of ROCK2 in the development of I/R
injury at both diabetic and non-diabetic conditions. The cardioprotection achieved by the whole-body knockdown
and the cardiomyocyte-specific knockout of ROCK2 in non-diabetic conditions was mediated via Akt signaling,
however this mechanism was abrogated by the presence of diabetes.

On the other hand, one of the limitations of the present thesis was the fact that we only
evaluated the role of ROCK2 in the short-term responses to myocardial I/R injury. We decided to
concentrate our efforts on these since previous studies that evaluated the cardioprotective role of
non-isoform specific ROCK inhibition had also focused on the first 24 hours of reperfusion, and
showed that ROCK inhibition was involved in the activation of the RISK pathway, a
cardioprotective pathway activated at the onset of reperfusion (158-160). Nonetheless, it is
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important to assess the consequences of ROCK2 deletion on the long-term responses to I/R
injury in both non-diabetic and diabetic conditions before a more elaborate clinical study is
conducted. Another limitation relates to the differences detected in the mRNA production of proinflammatory mediators in non-diabetic hearts. While the whole-body partial deletion of ROCK2
inhibited the I/R-induced mRNA production of TNFα and IL-1β, the cardiomyocyte-specific
deletion of this isoform promoted it. As previously mentioned, the reasons for this are not clear,
and more research is necessary in order to fully understand the role of ROCK2 in the
development of the I/R-induced inflammatory response. Lastly, even though the model here used
has been shown to be one of the most comprehensive in the development of myocardial I/R
injury, it should be pointed out that there are clear differences between mice subjected to I/R
injury and patients who suffer a myocardial infarction and are subjected to reperfusion. In mice,
a healthy artery is ligated to simulate ischemia, and this ligature is then removed to promote
reperfusion. However, patients who suffer a myocardial infarction usually have atherosclerosis
and other conditions that affect arterial condition and function. Therefore, the basal conditions in
each case are significantly different. One way to circumvent this would be to breed ROCK2+/and cROCK2-/- mice with mice that are known to develop atherosclerosis, such as ApoE
knockout mice.
In conclusion, both whole-body partial deletion and cardiomyocyte-specific deletion of
ROCK2 have a cardioprotective effect against the development of myocardial I/R injury in nondiabetic conditions. This cardioprotection is likely mediated by the activation of Akt and the
inactivation of its downstream target GSK-3β. However, the cardioprotection conferred by
cardiomyocyte-specific ROCK2 deletion is lost under diabetic conditions, possibly due to the
abrogation of cardioprotective signaling pathways.
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5.2

Therapeutic implications
In the present thesis, we were able to describe the role of ROCK2 in the development of

myocardial I/R injury, and our results suggest that the isoform-selective inhibition of this protein
represents a feasible form of therapy against the development of myocardial I/R in non-diabetic
patients. As mentioned above, a ROCK2 isoform selective inhibitor has recently been developed
by Kadmon Corporation, and its application for the treatment of autoimmune diseases such as
psoriasis is currently being investigated (210). This inhibitor could potentially be tested along
with non-isoform specific ROCK inhibitors in a clinical trial, so that the responses obtained with
each of these drugs are compared. Additionally, compared to inhibitors that are non-isoform
specific, isoform-selective inhibitors should display a better toxicity profile since fewer proteins
are being targeted. Therefore, this may be another advantage of using an isoform-selective
ROCK2 inhibitor for the treatment of myocardial I/R injury.
Our results suggest that the cardioprotection achieved by knocking out ROCK2 from
cardiomyocytes is lost under diabetic conditions; however, it would still be necessary to evaluate
whether ROCK2 inhibition in other types of cells reduces the cardiac damage induced by I/R
injury in diabetes. Only after this it will be possible to determine whether treatment with an
isoform-selective ROCK2 inhibitor would benefit diabetic patients.

5.3

Main findings
•

Systolic cardiac function in non-diabetic WT and ROCK2+/- mice was similar,
suggesting that ROCK2 partial deletion does not have an effect on systolic cardiac
function. However, WT mice did not develop diabetes-induced systolic cardiac
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dysfunction within the time period examined, even though ROCK2 expression was
significantly higher, possibly due to their CD-1 background. Therefore, ROCK2+/- mice
were not employed to evaluate the role of ROCK2 on the development of myocardial I/R
injury under diabetic conditions.
•

In hearts from non-diabetic CD-1 mice, the induction of myocardial I/R injury decreased
cardiac function. However, the cardiac function of hearts from diabetic CD-1 mice was
similar or better than that detected in their non-diabetic counterparts. The reasons for this
are unclear, although we believe this may also be related to mouse strain. Therefore, only
cROCK2-/-, which have a C57BL/6J background, were used to evaluate the role of
ROCK2 in the development of myocardial I/R injury under diabetic conditions.

•

ROCK overactivation has been related to the development of myocardial I/R injury.
However, it was not known whether ROCK1, ROCK2, or both isoforms were responsible
for this pathological response. Here, we observed that ROCK2+/- mice had smaller
infarct sizes compared to their WT counterparts, and this was associated with preserved
cardiac function, activation of the RISK pathway and reduced production of proinflammatory cytokines.

•

In mice with a cardiomyocyte-specific ROCK2 knockout, cardioprotection against I/R
injury is maintained, suggesting that at least part of the I/R-induced overactivation of
ROCK2 takes place in the cardiomyocyte. Furthermore, since our data showed that Akt
was activated and GSK-3β was inactivated in these hearts, it is likely that the activation
of the RISK pathway takes place at the cardiomyocyte.

•

Under diabetic conditions, the cardioprotection provided by cardiomyocyte-specific
ROCK2 deletion is abrogated, possibly due to impaired in the activation of Akt and
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GSK-3β. Neither PTEN, a negative regulator of Akt, nor defective IRS-1-PI3K signaling
appear to be involved in this process.
•

In contrast to the effects observed in hearts from ROCK2+/- mice, the cardiomyocytespecific deletion of ROCK2, caused a significant increase in I/R induced proinflammatory cytokine mRNA production under non-diabetic conditions. This was also
related to a significant increase in Ly6G+ neutrophil infiltration.

5.4

Future research directions
•

Assessing the role of ROCK2 in isolated cardiomyocytes subjected to hypoxia/reperfusion
under both hyperglycemic and non-hyperglycemic conditions:
By evaluating the expression and phosphorylation levels of Akt, GSK-3β and IRS
in

cardiomyocytes

isolated

from

cROCK2-/-

and

cROCK2+/+

mice

under

normoglycemic conditions, we will be able to corroborate that this is the pathway leading
to the cardioprotection found in non-diabetic cROCK2-/- hearts. Furthermore, measuring
cytokine mRNA production in an in vitro model of hypoxia/reperfusion would allow us
to isolate cardiomyocytes from other cells that are also subjected to the deleterious effects
of myocardial injury. If an increase in cytokine mRNA production is still detected in
cROCK2-/- mice cardiomyocytes subjected to hypoxia/reperfusion, this would indicate
that ROCK2 plays a role in controlling the expression of these inflammatory mediators in
cardiomyocytes.

•

Evaluating the role of ROCK2 in the long-term consequences of myocardial I/R injury
under both non-diabetic and diabetic conditions:
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Even though the induction of I/R injury had no detectable effect on cardiac
function or cardiac strain after 24 hours of hours of reperfusion, an echocardiographic
follow up of 6 weeks would allow us to determine whether over the longer term, cardiac
function is impaired in these mice (190). Furthermore, hearts subjected to ischemia and a
long period of reperfusion develop fibrosis and cardiac hypertrophy (219). By having this
follow up, we will be able to see if the activation of cardioprotective pathways at the
onset of reperfusion translates into a reduction in cardiac remodeling. At the point of
termination, we would be able to assess the extent of fibrosis by Masson's trichrome
staining and by measuring the mRNA and protein expression of collagen type I and III;
while cardiac hypertrophy can be evaluated by measuring cardiomyocyte size.

•

Evaluating the role of ROCK1 in the development of myocardial I/R injury under both
non-diabetic and diabetic conditions:
The work presented in this thesis provides strong support for the concept that in
non-diabetic conditions, ROCK2 deletion has a cardioprotective effect against the
development of myocardial I/R injury. Although knocking out ROCK2 does not promote
the upregulation of ROCK1, whether this isoform has a role in the development of
myocardial I/R injury is not understood. We unfortunately do not have access to a model
of either whole-body knockdown or cardiomyocyte-specific ROCK1 knockout; however,
we believe that using one or both of these two mouse models would provide great insight.

•

Evaluate the role of ROCK2 in myocardial I/R injury using human induced pluripotent
stem cell-derived cardiomyocytes:
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In this study, a mouse model was used to determine the role of ROCK2 in the
development of I/R injury in both non-diabetic and diabetic hearts. However, by using
human induced pluripotent stem cell-derived cardiomyocytes subjected to conditions of
hypoxia-reperfusion, we would be able to test whether the results obtained here are
applicable to patients who have suffered myocardial I/R injury. A genome-editing
technique such as the CRISPR/Cas9 system could potentially be used to selectively
induce the knockout of ROCK2 in these cells (220).
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