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Abstract
Diabetic cardiomyopathy is a disease process in which 
diabetes produces a direct and continuous myocardial 
insult even in the absence of ischemic, hypertensive 
or valvular disease. The β-blocking agents bisoprolol, 
carvedilol and metoprolol have been shown in large-
scale randomized controlled trials to reduce heart fail-
ure mortality. In this review, we summarize the results 
of our studies investigating the effects of β-blocking 
agents on cardiac function and metabolism in diabetic 
heart failure, and the complex inter-related mechanisms 
involved. Metoprolol inhibits fatty acid oxidation at the 
mitochondrial level but does not prevent lipotoxicity; 
its beneficial effects are more likely to be due to pro-
survival effects of chronic treatment. These studies 
have expanded our understanding of the range of ef-
fects produced by β-adrenergic blockade and show 

how interconnected the signaling pathways of func-
tion and metabolism are in the heart. Although our 
initial hypothesis that inhibition of fatty acid oxidation 
would be a key mechanism of action was disproved, 
unexpected results led us to some intriguing regula-
tory mechanisms of cardiac metabolism. The first was 
upstream stimulatory factor-2-mediated repression of 
transcriptional master regulator PGC-1α, most likely oc-
curring as a consequence of the improved function; it 
is unclear whether this effect is unique to β-blockers, 
although repression of carnitine palmitoyltransferase 
(CPT)-1 has not been reported with other drugs which 
improve function. The second was the identification of 
a range of covalent modifications which can regulate 
CPT-1 directly, mediated by a signalome at the level of 
the mitochondria. We also identified an important inter-
action between β-adrenergic signaling and caveolins, 
which may be a key mechanism of action of β-adrenergic 
blockade. Our experience with this labyrinthine signal-
ing web illustrates that initial hypotheses and anticipat-
ed directions do not have to be right in order to open 
up meaningful directions or reveal new information.
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INTRODUCTION
Diabetic cardiomyopathy is a disease process in which 
diabetes produces a direct and continuous myocardial in-
sult even in the absence of  ischemic, hypertensive or val-
vular disease. It can act synergistically with hypertension 
or ischemia to damage heart muscle, but can also cause 
heart failure in its own right. The clinical course is long, 
and can be divided into three stages[1]. In the early stage, 
the cardiomyopathy presents with mild asymptomatic 
diastolic dysfunction which is associated with ultrastruc-
tural changes in tissue architecture, impaired calcium han-
dling, oxidative stress and changes in cardiac metabolism. 
As the disease progresses, evidence of  left ventricular hy-
pertrophy appears which is associated with more severe 
diastolic dysfunction and mild systolic dysfunction. Car-
diomyocyte apoptosis and necrosis, myocardial fibrosis, 
mild autonomic neuropathy and activation of  the renin-
angiotensin system appear at this stage. Finally, combined 
systolic and diastolic dysfunction occur which are associ-
ated with cardiac microvascular disease, severe autonomic 
neuropathy and systemic sympathetic nervous system 
activation. This late stage is frequently associated with 
hypertension and the onset of  ischemia[1]. The mecha-
nisms underlying the process are poorly understood, but 
an overall picture is emerging. The sustained diabetic 
cardiac insult appears to be produced by two major fac-
tors: hyperglycemia, a major mediator of  many diabetic 
complications, and a shift in energy substrate selection 
by the heart[2]. This disease process impairs both passive 
and active mechanical properties of  the myocardium; the 
compliance of  the heart wall decreases (due to increased 
cross-linking of  collagen, cardiac hypertrophy and fibro-
sis[2,3]), and contractility also decreases. 

Heart failure is associated with activation of  the 
sympathetic nervous system. The sympathetic drive to a 
failing resting heart is equivalent to the maximum drive 
a normal heart is subjected to during severe exercise; 
spillover of  catecholamines increases as much as 50-fold, 
producing marked elevation of  cardiac and systemic 
catecholamine levels[4-7]. This large response is initiated 
in an effort to maintain systemic perfusion, but sympa-
thetic activation is harmful to the failing heart, regardless 
of  the cause of  the failure, and correlates inversely with 
survival[8]. Conversely, the β-blocking agents bisoprolol, 
carvedilol and metoprolol have been shown in large-
scale randomized controlled trials to reduce heart failure 
mortality by a third or more[9]. β-blocking drugs produce 
negative chronotropic and inotropic responses when 
administered acutely. For this reason, they were contra-
indicated in heart failure for many years. However, in the 
1970s, β-blockers were pioneered as heart failure treat-

ments[10], and they are now among the agents of  choice 
for the treatment of  heart failure[9].

Putative mechanisms for the chronic effect of  β-bloc-
kers include antiarrhythmic effects, amelioration of  cardio-
myocyte hypertrophy, necrosis and apoptosis, reversal 
of  the fetal gene program (thereby improving calcium 
handling and force of  contraction), increases in cardiac 
receptor density (for some β-blockers including metopro-
lol; the effect is likely to be mediated both by increased 
receptor expression and decreased receptor internaliza-
tion), antiinflammatory effects (β-blockers lower serum 
C-reactive protein levels) and partial restoration of  car-
diac glucose oxidation[11,12]. Metoprolol[13], carvedilol[14] 
and bucindolol[15] have all been shown to induce a switch 
from fatty acid to glucose oxidation in non-diabetic pa-
tients with heart failure. Metabolic effects of  nebivolol, 
another commonly used β-blocker, have not been inves-
tigated. Metoprolol was shown to increase lactate uptake 
in heart failure patients, an effect which is consistent 
with an increase in carbohydrate oxidation[16]. A study in 
dogs with microembolism-induced heart failure revealed 
a potential mechanism for this effect: carnitine palmito-
yltransferase (CPT)-1 was inhibited by chronic treatment 
with metoprolol[17].

There had been no clinical or experimental studies 
examining whether β-blocking agents are beneficial in 
diabetic cardiomyopathy when we initiated our studies. 
A number of  clinical studies had examined the effects 
of  these agents in the context of  ischemia and shown 
benefit[18-25]. Our initial aim was to investigate whether 
a benefit could be seen in diabetic cardiomyopathy. Re-
cently, however, the use of  β-blockers as antihyperten-
sive agents has been associated with an increased risk of  
new-onset diabetes, leading to concern about their use 
in this context[26]. Hepatic glucose output is controlled 
by the β2 adrenoceptor, and blockade of  this receptor, 
which does occur with the β1 selective agents, decreases 
hepatic glucose output and delays recovery from hypo-
glycemia[27,28]. The risks and benefits of  using β-blockers 
to treat diabetic cardiomyopathy would need to very 
carefully weighed, and we do not believe that sufficient 
evidence exists at present on which to base this decision. 
Our studies in rats revealed that the effects of  β-blocker 
treatment on metabolism and function are wide-ranging, 
and provided some new insights into the regulation of  
fatty acid oxidation. In this review, we summarize the ef-
fects of  β-blocker treatment in diabetic cardiomyopathy 
and what they reveal about the interconnected signaling 
web which controls metabolism and function. The main 
pathways involved in cardiac metabolism are summarized 
in Figure 1[29].

β-ADRENOCEPTOR SIGNALING 
In 1948, Ahlquist[30] first demonstrated the existence of  
two broad subtypes of  adrenoceptors: α-adrenoceptors 
and β-adrenoceptors. Two subtypes of  β-adrenoceptors, 
β1 and β2, were identified and characterized in the late 
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1960s[31], while a third, β3, was isolated and cloned in 
1989[32]. All three subtypes are expressed in the heart, 
but the major subtypes are β1 and β2, the ratio of  β1:β2 
being approximately 60%-70%:40%-30%, with very low 
β3 expression[33]. The effects of  the putative β4 adreno-
ceptor are now believed to be mediated by a low-affinity 
state of  the β1 adrenoceptor[34,35]. The receptor reserve 
is low because the absolute expression levels are in the 
femtomolar range (50-70 fmol/mg protein for the β1 ad-
renoceptor)[11]. The affinities of  these receptors for their 
ligands differ: β1 (adrenaline = 4 μmol/L, noradrenaline 
= 4 μmol/L, isoproterenol = 0.2 μmol/L), β2 (adrenaline 
= 0.7 μmol/L, noradrenaline = 26 μmol/L, isoproter-
enol = 0.5 μmol/L), β3 (adrenaline = 130 μmol/L, nor-
adrenaline = 4 μmol/L, isoproterenol = 2 μmol/L)[36]. 

β-adrenoceptors are G-protein coupled receptors. In 
the classical β-adrenoceptor pathway, β1 and β2 adreno-
ceptors, acting via Gs, produce an acute positive inotopic 
response mediated by increased cAMP levels and stimula-
tion of  protein kinase A (PKA). PKA then phosphory-
lates several key proteins involved in calcium handling 
and calcium sensitivity of  myofilaments. Phosphorylation 

and activation of  L-type calcium channels and ryanodine 
receptors increases calcium uptake and release, while 
phosphorylation of  phospholamban relieves inhibition 
of  SERCA, thereby increasing sarcoplasmic reticulum 
calcium uptake[37-39]. Finally, PKA modulates the calcium 
sensitivity of  myofilaments through phosphorylation of  
troponin I and myosin binding protein B[40,41]. PKA also 
activates protein phosphatase inhibitor-1, sustaining its 
effects by preventing dephosphorylation of  its targets[42]. 

Recently, a major paradigm shift has occurred in adre-
noceptor biology. The β-adrenoceptors are now known 
to form complex “signalomes” which are temporally 
and spatially organized. A signalome can be defined 
as all genes, proteins and ligands which are involved 
in the transduction and response to a biological signal. 
With regard to temporal organization, it is well estab-
lished that β-adrenoceptors, and most particularly the 
β2-adrenoceptor, desensitize by uncoupling from their 
G-proteins. This dissociation occurs following receptor 
phosphorylation and is mediated by β-arrestins acting to-
gether with G protein-coupled receptor kinases or PKA 
itself[43-45]. In addition to receptor desensitization, proteins 
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and ligands are involved in the transduction and response 
to a biological signal. With regard to temporal organi-
zation, it is well-established that β-adrenoceptors, and 
most particularly the β2-adrenoceptor, are desensitized 
by uncoupling from their G-proteins. This dissociation 
is stimulated by β-adrenoceptors changing their coupling 
to downstream signaling pathways. Prolonged activation 
of  β1 adrenoceptors causes a switch from PKA- to cal-
cium/calmodulin-dependent protein kinase-Ⅱ (CAMK 
Ⅱ)-dependent signaling, leading to CAMK-Ⅱ-mediated 
apoptosis and pathological hypertrophy[46]. In contrast, 
prolonged activation of  β2-adrenoceptors switches 
G-protein coupling from Gs to Gi, which is cardiopro-
tective[47]. 

Whereas β1 adrenoceptor signaling is widely dis-
seminated throughout the cell, β2 adrenoceptor signaling 
is compartmentalized, and the positive inotropic effect 
elicited by β2/Gs signaling is therefore smaller[48,49]. β2 
adrenoceptor compartmentalization is partly achieved by 
the selective enrichment of  β2 adrenoceptors in caveo-
lae[50,51]. It has been suggested that translocation of  β2 
adrenoceptors out of  caveolae following sustained stimu-
lation causes the switch from Gs to Gi association[52]. β2 
adrenoceptor-Gi signaling activates the phosphoinosi-
tol-3 kinase (PI3K)-protein kinase B (Akt) pathway and 
phosphodiesterase 4[48]. Phosphodiesterase 4 increases 
the breakdown of  cAMP generated by β1-adrenoceptor-
Gs stimulation, enabling the β2-adrenoceptor-Gi path-
way to functionally antagonize the β1-adrenoceptor-Gs 
pathway. The PI3K-Akt pathway protects the cardio-
myocyte against apoptosis[48]. Recently, a role for the 
extracellular-signal-regulated kinase 1/2 in mediating β2-
adrenoceptor-Gi cardioprotection has been suggested[53]. 
Taken together, these data indicate that the coupling of  
β-adrenoceptors to downstream signaling pathways is 
compartmentalized and time-dependent. Sustained acti-
vation of  β1 adrenoceptors is harmful, whereas sustained 
activation of  β2 adrenoceptors could be cardioprotective. 

Another consequence of  PI3K/Akt activation is stimu-
lation of  nitric oxide (NO) production. NO is synthesized 
from the terminal guanidine nitrogen atom of  the amino 
acid L-arginine and molecular oxygen by nitric oxide syn-
thase (NOS). This process requires tetrahydrobiopterin 
(BH4) as a cofactor; without BH4, eNOS becomes “un-
coupled”, and produces reactive oxygen species, including 
peroxynitrite, instead of  NO. Endothelial NOS (eNOS) 
is constitutively expressed in adult cardiomyocytes, pro-
ducing physiological NO signaling in the nanomolar 
range. Inducible NOS (iNOS) is expressed in response to 
inflammatory stimuli[54,55] and produces higher levels of  
NO, mediating pathophysiological effects[56,57]. NO and 
related reactive nitrogen species (RNS, e.g., peroxynitrite) 
covalently modify target proteins in one of  three ways: 
nitrosylation, oxidation or nitration. Binding of  NO to 
a protein, termed nitrosylation, is a reversible reaction 
and the modification produced is labile. Oxidation (e.g., 
glutathiolation of  cysteine residues) or nitration of  a 
protein (on tyrosine residues) produces more stable co-

valent modifications[58]. Tyrosine nitration, nitrosylation 
and oxidation can be stimulatory or inhibitory depending 
on the target protein and residue affected. Nitrosylation 
of  the heme moiety of  soluble guanylyl cyclase by NO 
activates the enzyme, stimulating the production of  cyclic 
3’,5’-guanosine monophosphate (cGMP) from guanosine 
triphosphate[59]. Just as cAMP activates PKA, cGMP ac-
tivates protein kinase G isoforms. The NO/cGMP sig-
naling pathway induces a negative inotropic effect in the 
heart[54]. β3-adrenoceptors always couple to Gi, activating 
the PI3K/Akt pathway. β3-adrenoceptors produce a neg-
ative inotropic effect which is mediated by NO. There-
fore, β2 adrenoceptor-Gi signaling and β3 adrenoceptor-
Gi signaling both stimulate NO production[60,61]. 

The effects of  diabetes on cardiac β-adrenergic re-
sponsiveness have been studied for many years, but the 
results obtained have been conflicting. Vadlamudi et al[62] 
showed a decrease in the cardiac relaxant effects with-
out an effect on heart rate or contractility. Zola et al[63] 
showed a decrease in the chronotropic response in rabbit 
heart in vivo. Foy et al[64] demonstrated an increased chro-
notropic response and a decreased inotropic response 
in atria. Most recent studies report decreased sensitivity 
to β-adrenergic stimulation in cardiac tissues[65,66]. The 
effects of  diabetes on β-receptor expression and down-
stream signaling are also controversial[66-70]. Fourteen 
weeks but not 8 wk of  diabetes blunted the chronotropic 
response to noradrenaline, but the response to fenoterol, 
a selective β2 agonist, was preserved[71]. This suggests 
that β1-mediated responses are selectively blunted in 
the diabetic heart. The expression of  β1 is markedly de-
creased and that of  β2 adrenoceptors modestly decreased 
in the diabetic heart, whereas the expression of  β3 adre-
noceptors is increased two-fold[66]. A similar increase in 
β3 adrenoceptor expression has been reported in failing 
human hearts[72]. The significance of  this shift in receptor 
subtypes towards β3 adrenoceptors remains to be deter-
mined; it is possible that this shift contributes to cardiac 
dysfunction by promoting a negative inotropic effect; on 
the other hand, a cardioprotective effect may also result 
if  β3 adrenoceptor-mediated activation of  the PI3K/Akt 
pathway also prevents apoptosis (Figure 2).

EFFECTS OF METOPROLOL ON CARDIAC 
FUNCTION AND METABOLISM
We demonstrated that metoprolol ameliorates the cardiac 
dysfunction produced by diabetic cardiomyopathy in 
rats[73]. This improvement was evident both from Starling 
curves generated by direct left ventricular pressure mea-
surements and from measurements of  cardiac output and 
hydraulic power taken over the course of  an hour-long 
perfusion at constant preload and afterload. However, 
when we repeated the measurements in vivo using echo-
cardiography, a robust improvement in function was not 
seen; although metoprolol improved stroke volume and 
cardiac output, it also increased end-diastolic volume, so 
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it was unclear whether the underlying cardiac dysfunction 
was being attenuated or worsened[74].

We began our investigation of  the metabolic effects 
of  metoprolol by investigating its effects on known car-
diac fuels. As expected, metoprolol had no effects on 
plasma glucose levels. To account for the putative ability 
of  β-blockers to suppress lipolysis, we measured circulat-
ing plasma lipids. Metoprolol had no effect on plasma 
free fatty acids, triglycerides or cholesterol. Surprisingly, 
however, metoprolol attenuated the observed increase in 
plasma ketone bodies in the diabetic rats[73]. It is not clear 
why metoprolol would produce such an effect.

The rate of  ketogenesis is determined by the rate 
of  fatty acid delivery to the liver, the rate of  fatty acid 
oxidation in the liver, and the activity of  mitochondrial 
β-hydroxy-β-methylglutaryl-CoA synthase (HMG CoA 
synthase), which catalyses the first step in ketogenesis. 
Stimulation of  HMG-CoA synthase is the underlying 
mechanism by which low insulin levels, starvation and 
low-carbohydrate/low protein/high fat diets increase 
ketogenesis[75]. β-adrenergic stimulation is known to 
increase lipolysis in adipocytes. The effect is mediated 
partly by hormone-sensitive lipase and partly by a poorly 
understood alternative pathway[76]. β-blockers, acting on 
the same pathway, may decrease lipolysis, thereby decreas-
ing the delivery of  fatty acids to the heart. The fact that 
metoprolol treatment had no effect on circulating plasma 
lipids argues against a major effect on lipolysis. However, 
there are two components to lipolysis: a pulsatile release 
under the control of  the sympathetic nervous system 

and a basal release which is independent of  the sym-
pathetic nervous system[77]; attenuation of  the pulsatile 
release could be sufficient to reduce ketogenesis without 
affecting cholesterol synthesis by the liver. Alternatively, 
the effect could be mediated by inhibition of  CPT-1 
in the liver. It is also possible that metoprolol increases 
the peripheral utilization of  ketones. However, present 
evidence suggests that ketone utilization by peripheral 
tissues is largely unregulated, being determined solely by 
ketone body supply[78]. It is therefore difficult to postulate 
a mechanism by which metoprolol could directly increase 
the peripheral utilization of  ketones. Further studies are 
needed to investigate the mechanism of  this intriguing 
effect of  metoprolol on plasma ketones. 

We next measured ex vivo fatty acid and glucose me-
tabolism in the heart to explore the acute and chronic ef-
fects of  metoprolol[73]. By studying the effects of  chronic 
metoprolol treatment, we hoped to gain insights into the 
sustained changes in cardiac metabolism that accompany 
the improvement in cardiac function. By studying the 
rapid effects of  acute metoprolol perfusion, we hoped to 
gain insights into positive events that could occur in vivo 
immediately following the commencement of  treatment, 
preceding the improvements in function. The pattern 
of  changes we observed in our studies was complex and 
depended on the disease state and the duration of  meto-
prolol exposure. 

The heavy reliance of  the diabetic heart on fatty 
acid oxidation observed in our studies was expected and 
agrees with previous experimental findings in isolated 
perfused hearts; palmitate oxidation was markedly in-
creased, glycolysis was decreased by 50% and glucose 
oxidation was negligible[79-85]. Surprisingly, however, myo-
cardial energetics, as indicated by tissue adenine nucleo-
tide levels, were not altered. Chronic diabetes is known to 
be associated with a fall in cardiac ATP production[86]. It 
is possible that 6 wk of  diabetes is too soon to observe a 
fall in ATP levels as this is the timepoint at which cardiac 
dysfunction first appears. Furthermore, we did not ob-
serve any activation of  AMPK in the diabetic heart. This 
is consistent with previous reports[87,88], and a recent study 
suggested that AMPK activation is prevented by high 
circulating and tissue lipids[88]. However, circulating fatty 
acids were only mildly elevated in our studies.

Contrary to expectations, we observed that chronic 
metoprolol treatment increased palmitate oxidation and 
decreased glucose oxidation in control hearts[73]. How-
ever, in diabetic hearts, chronic metoprolol treatment had 
the expected effect of  lowering fatty acid oxidation and 
increasing glucose oxidation. Before attempting to re-
solve this apparent paradox, it was important to establish 
whether the main target of  metoprolol was in the fatty 
acid or in the glucose oxidation pathway. In a preliminary 
study, we found that chronic metoprolol treatment had 
no effect on glycolysis, but increased coupling between 
glucose oxidation and glycolysis in the diabetic heart by 
increasing glucose oxidation. To determine whether the 
observed changes in glucose oxidation were direct, or 
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mediated through the Randle Cycle by direct changes in 
fatty acid oxidation, we repeated the perfusions in the ab-
sence of  insulin to reduce glucose uptake and utilization 
to low levels. When this was done, the effect of  metopro-
lol on glucose oxidation was abolished while the effect 
on palmitate oxidation was preserved[73]. This strongly 
suggests that fatty acid oxidation is the direct target of  
metoprolol. It also indicates that the effect of  metoprolol 
is independent of  insulin.

Short term perfusion with metoprolol inhibited fatty 
acid oxidation and produced marked stimulation of  glu-
cose oxidation in both control and diabetic hearts, and 
was associated with a decrease in lactate production, 
reflecting a marked improvement in glycolytic/glucose 
oxidation coupling, and an increase in tissue ATP lev-
els[73]. When the perfusions were repeated in the absence 
of  insulin, the effect of  metoprolol on glucose oxidation 
was attenuated in control hearts and abolished in diabetic 
hearts. However, the effect on palmitate oxidation was 
preserved[73]. Once again, this suggests that fatty acid 
oxidation is the direct target of  metoprolol, and inhibi-
tion of  fatty acid oxidation occurs immediately following 
exposure to the drug. Further evidence for this was pro-
vided by the fact that metoprolol concomitantly inhib-
ited PDC catalytic activity. Any stimulatory effect would 
therefore have to be mediated by the Randle cycle.

Intriguingly, we found that acute metoprolol perfu-
sion and chronic metoprolol treatment lowered tissue 
triglyceride levels regardless of  whether fatty acid oxida-
tion was increased or decreased. This effect cannot be 
explained on the basis of  fatty acid oxidation changes 
alone. Indeed, inhibition of  CPT-1 by metoprolol in 
dogs produced an increase in tissue triglycerides[17]; treat-
ment of  rats with CPT-1 inhibitors also increased tissue 
triglyceride levels[89]. However, our tissue triglyceride 
measurements were carried out in hearts that had been 
perfused ex vivo. The heart is known to utilize its en-
dogenous triglyceride pool over the course of  an ex vivo 
perfusion, which may partly account for the difference. 
Nevertheless, inhibition of  CPT-1 would be expected to 
decrease the utilization of  fatty acids from all sources, so 
the decrease in tissue triglyceride levels following meto-
prolol treatment is unlikely to be attributable to increased 
triglyceride utilization. It is possible that metoprolol 
decreases the uptake of  fatty acids into the cytoplasm. 
Uptake of  long chain fatty acids into the cytoplasm is 
known to be stimulated by contraction, but the effect is 
likely to be mediated by AMPK (which was unaffected 
in our studies) and PKC isoforms[90]. Triglyceride levels 
can be decreased by the secretion of  lipoproteins by the 
heart itself. Indeed, overexpression of  apolipoprotein B 
(apo B) prevents triglyceride accumulation in the diabetic 
heart[91,92]. However, there is presently no evidence to sug-
gest that β-adrenoceptors regulate this process.

The β-blocker propranolol was reported to induce 
an increase in CPT-1 activity in normal Sprague-Dawley 
rats[93]. Metoprolol, by contrast, was reported to decrease 
CPT-1 activity in conscious dogs with micro-embolism-

induced heart failure[17]. In dogs with pacing-induced 
heart failure, glucose uptake was improved by carvedilol 
but not by metoprolol[94]. However, in clinical studies, 
metoprolol, carvedilol and bucindolol[13-15] have all been 
shown to inhibit fatty acid oxidation. The wide variation 
in responses reported in the literature reflects the com-
plexity observed in our own studies in which the effect 
of  metoprolol on fatty acid oxidation varied according to 
the length of  exposure to the drug and the disease state. 

An increase in diastolic filling increases cardiac work 
and oxygen consumption in direct proportion via the 
Frank-Starling mechanism. However, in the normal heart, 
ATP supply is maintained at a steady level regardless of  
cardiac work or oxygen consumption. This means that 
cardiac metabolism is driven by cardiac function[95]. What 
is less clear, however, is how cardiac function influences 
cardiac energy substrate selection. It is possible that some 
of  the effects of  metoprolol on cardiac metabolism may 
be attributable to, rather than responsible for, its effects 
on cardiac function. When palmitate and glucose oxida-
tion rates were normalized to cardiac function, the pat-
tern of  changes observed was preserved, and, in the case 
of  palmitate oxidation, even accentuated. However, to 
fully account for effects of  function on metabolism, fu-
ture studies are needed to investigate whether the effect 
of  metoprolol is preserved in isolated cardiomyocytes, 
in which the effects of  cardiac function and the Frank-
Starling mechanism do not apply. 

With these studies, we had established that metoprolol 
acts directly on fatty acid oxidation. We also found that 
neither diabetes nor chronic metoprolol treatment had 
any effect on the activities of  acyl-CoA dehydrogenase or 
citrate synthase[96]. Based on these findings, and previous 
reports of  the effects of  β-blockers on CPT-1, we inves-
tigated whether the observed effects of  metoprolol on 
fatty acid oxidation are mediated by CPT-1. 

CPT-1 ACTIVITY AND REGULATION BY 
MALONYL COA
Mechanisms linking β-adrenergic signaling with cardiac 
metabolism had not been investigated in great detail. 
We therefore employed a combination of  “bottom-up” 
(known rate-limiting enzymes) and “top-down” (known 
β-adrenoceptor pathways) approaches to unravel the 
pathways involved. As discussed above, a previous study 
in microembolism-induced heart failure in rats demon-
strated that chronic metoprolol treatment decreased the 
activity of  CPT-1[17]. In the heart, the major mechanism 
by which CPT-1 is regulated is through modulation of  
malonyl CoA levels. Isoproterenol had previously been 
shown to lower malonyl CoA levels by increasing PKA-
mediated phosphorylation of  acetyl CoA carboxylase 
(ACC)[97]. We therefore hypothesized that β-adrenergic 
blockade could have the opposite effect, preventing ACC 
phosphorylation and increasing malonyl CoA levels. A 
study in isolated cardiomyocytes using activators and in-
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hibitors of  cAMP revealed that stimulation of  fatty acid 
oxidation by contraction was PKA-dependent[98]. 

However, we found that malonyl CoA levels were 
decreased by metoprolol in control hearts and were un-
changed in diabetic hearts. The mechanism of  this effect 
is unclear, because ACC and malonyl CoA decarboxylase 
(MCD) expression were unchanged, and we found no 
evidence of  changes in AMP-activated protein kinase 
(AMPK) or PKA-mediated phosphorylation of  ACC. 
Dobutamine, a non-selective β-agonist, was previously 
found to decrease malonyl CoA levels without an effect 
on AMPK, ACC or MCD[99,100]. In addition to the activi-
ties of  ACC and MCD, malonyl CoA levels are also de-
pendent on the cytosolic supply of  acetyl CoA[100]. Most 
of  the acetyl CoA in the cardiomyocyte is present in the 
mitochondria[101], and cytosolic acetyl CoA is derived 
from peroxisomal β-oxidation, citrate and acetylcarni-
tine[102]. Intriguingly, acute inhibition of  CPT-1 has been 
shown to produce a fall in malonyl CoA levels indepen-
dent of  ACC and MCD[102]. The fall in malonyl CoA lev-
els observed in control hearts could, therefore, have been 
secondary to the inhibition of  CPT-1. It is unclear why 
such a mechanism would only lower malonyl CoA levels 
in control hearts. One possibility is that fatty acid oxida-
tion rates, and therefore the acetyl CoA/CoA ratio, are 
higher in the diabetic heart, and the fall in cytosolic acetyl 
CoA levels produced by CPT-1 inhibition in this context 
may not be sufficient to decrease malonyl CoA levels. 
Metoprolol tended to decrease tissue acetyl CoA levels in 
our studies, but measurements of  the cytosolic and mito-
chondrial acetyl CoA pools would be required to confirm 
these speculations. Overall, however, malonyl CoA levels 
did not correlate with the observed changes in fatty acid 
oxidation. The action of  metoprolol, therefore, could not 
be explained solely on the basis of  malonyl CoA regula-
tion[73].

We next investigated the effects of  metoprolol on 
CPT-1 itself[73]. Metoprolol had no effect on CPT-1 cata-
lytic activity or malonyl CoA sensitivity when incubated 
with CPT-1 in vitro. Effects were only seen following per-
fusion of  the isolated working heart with metoprolol or 
chronic treatment. Metoprolol decreased the maximum 
capacity of  CPT-1 activity as measured in vitro. This effect 
was observed following both short-term perfusion with 
metoprolol and chronic metoprolol treatment, and was 
seen in both control and diabetic hearts. Since allosteric 
effects are lost during sample preparation, these effects 
could only be explained by a decrease in CPT-1 expres-
sion or a covalent modification. Surprisingly, metoprolol 
also decreased the sensitivity of  CPT-1 to malonyl CoA. 
To our knowledge, this was the first demonstration that 
regulation of  CPT-1 sensitivity occurs in the heart. Long-
term changes in CPT-1 catalytic activity and malonyl CoA 
sensitivity were previously believed to occur only in the 
liver[103,104]. 

Taken together, the time and disease-dependent 
changes in fatty acid oxidation can be described as fol-

lows. In control hearts, acute metoprolol perfusion causes 
malonyl CoA levels to fall. The sensitivity of  CPT-1 to 
malonyl CoA decreases, and the activity of  CPT-1 is 
markedly decreased. With chronic treatment, malonyl 
CoA levels remain low but the sensitivity of  CPT-1 to 
malonyl CoA is restored and the inhibition of  CPT-1 ac-
tivity is less marked. Fatty acid oxidation is therefore in-
hibited following acute exposure to the drug, but this ef-
fect is lost with time. In diabetic hearts, acute metoprolol 
perfusion markedly reduces CPT-1 activity. With chronic 
treatment, this reduction is sustained and produces in-
hibition of  fatty acid oxidation despite a concomitant 
decrease in malonyl CoA sensitivity. The major determi-
nants of  the fatty acid oxidation rate are CPT-1 activity 
and malonyl CoA levels. Using metabolic control analysis, 
it has been shown that CPT-1 only becomes rate-limiting 
when its activity is inhibited by approximately 50%[105]. 
Consistent with this observation, in our studies, fatty 
acid oxidation was always inhibited if  CPT-1 activity was 
inhibited by approximately 50%. The observed changes 
in CPT-1 sensitivity would be expected to increase flux 
through CPT-1; however, they may represent a fine tun-
ing mechanism of  the system since at no point do they 
hold sway over the overall fatty acid oxidation rate. 

Both CPT-1A and CPT-1B are present in the 
heart[106,107]. The net IC50 of  malonyl CoA in the heart is 
intermediate between the high sensitivity of  CPT-1B and 
the low sensitivity of  CPT-1A; in our studies, the IC50 
of  control hearts was approximately 30 μmol/L malonyl 
CoA[73,108]. Catalytic activity and malonyl CoA sensitiv-
ity could change for several reasons. Firstly, total CPT-1 
expression could be altered. Secondly, isoform switching 
between CPT-1A and CPT-1B could alter sensitivity; the 
fetal heart expresses CPT-1A, and CPT-1B expression is 
asserted during development, eventually becoming the 
major isoform[107]. However, CPT-1 isoform switches in 
the adult heart have not been reported. Finally, two splic-
ing variants of  CPT-1 have been identified in the heart 
and are predicted to be malonyl CoA-insensitive[109,110]. 

The N- and C-termini of  CPT-1 both face the 
cytosol, separated by a loop region inserted into the 
outer mitochondrial membrane which contains two 
membrane spanning domains. The C-terminus is the 
catalytic region, and residues which regulate malonyl 
CoA sensitivity have been found within the C-terminus, 
the N-terminus and the loop region[111-114]. In the liver, 
regulation of  CPT-1A sensitivity is more important than 
regulation of  malonyl CoA levels, and has been attrib-
uted to regulation by cytoskeletal elements[115], changes 
in the membrane environment[116] and direct phosphory-
lation of  CPT-1[117]. Peroxynitrite-mediated nitration of  
CPT-1B has been shown to decrease CPT-1B catalytic 
activity following endotoxemia in the heart[118]. However, 
no other covalent modifications of  CPT-1B have been 
identified. We therefore pursued two lines of  enquiry. 
Firstly, we investigated the effects of  chronic metoprolol 
treatment on CPT-1A and CPT-1B expression. Secondly, 
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we investigated the effects of  short-term metoprolol 
perfusion and chronic metoprolol treatment on CPT-1B 
covalent modifications. 

REGULATION OF CPT-1 EXPRESSION
Chronic metoprolol treatment decreased total CPT-1 
expression in rat heart, and this was attributable to a 
decrease in CPT-1B expression. The decrease was only 
seen in diabetic hearts and was associated with a modest 
increase in CPT-1A expression which provides a partial 
explanation for the decrease in CPT-1 malonyl CoA sen-
sitivity. The expression of  CPT-1 is controlled by peroxi-
some proliferator-activated receptor (PPAR)-α, but the 
PPAR-α/RXR complex produces only modest induc-
tion of  CPT-1 when acting alone[119-121]. PGC1α greatly 
enhances CPT-1 induction by PPAR-α, but can also 
induce CPT-1 independently by binding to MEF-2A[122]. 
PGC1α-mediated expression of  CPT-1 has been shown 
to be repressed in isolated cardiomyocytes by upstream 
stimulatory factor (USF)-2. USFs are transcription factors 
of  the basic helix-loop-helix leucine zipper family which 
bind to the E-box consensus sequence CANNTG[123]. In 
the heart, USFs are involved in excitation-transcription 
coupling, responding to sustained increases in electrical 
stimulation by increasing the expression of  sarcomeric 
genes such as sarcomeric mitochondrial creatine kinase 
and MHC[124,125]. 

PGC1α occupancy of  the CPT-1 promoter was 
increased in diabetes and decreased by metoprolol treat-
ment; this was associated with increased binding of  
USF-2 to PGC1α[96]. The data obtained to date only 
establish associative effects, but we proposed the fol-
lowing model. In control hearts, USF-2 maintains a con-
stant level of  tonic repression of  CPT-1 expression, and 
CPT-1 expression is modulated through the activation 
of  PGC1α and PPAR-α. This produces modest changes 
in CPT-1 expression. Even though USF-1 and 2 expres-
sion are increased by metoprolol in control hearts, MHC 

expression is unaffected, indicating that USF activity is 
unchanged. In the diabetic heart, USF expression, and 
USF activity as indicated by MHC expression, are both 
decreased in the diabetic heart, and metoprolol increases 
USF expression and activity. The result is that tonic 
repression of  PGC1α by USF-2 is lost in the diabetic 
heart, and restoration of  USF-2 repression produces 
marked changes in CPT-1 expression (Figure 3). The role 
of  USF-2 could be tested in transgenic mice with USF-2 
knockout targeted to the heart, or alternatively in a con-
ditional knockout model. Alternatively, USF-2 could be 
silenced using an interfering RNA approach. If  USF-2 
mediates repression of  CPT-1 by metoprolol, the effect 
would be attenuated or lost following USF-2 knockout 
and mimicked by USF-2 overexpression. Furthermore, 
we would expect USF-2 knockout to be associated with 
an increase in CPT-1 expression. We were able to dem-
onstrate that both USF-2 and MEF-2A co-immunopre-
cipitate with PPAR-α, suggesting that PGC1α, PPAR-α, 
MEF-2A and USF-2 could form a single transcriptional 
complex.

Moore et al[122] demonstrated that PGC1α/myocyte 
enhancing factor (MEF) 2A-dependent induction of  
CPT-1 was repressed by USF-2 in isolated rat cardiomyo-
cytes. We have demonstrated that binding of  USF-2 to 
PGC1α occurs in the heart with the native proteins, and 
that this is associated with functionally significant repres-
sion of  CPT-1 expression. Our results suggest that bind-
ing of  USF-2 can be induced by the transcriptional acti-
vation of  USF-2 itself, since USF-2 binding to PGC1α 
always changed in the same direction as USF activity. 
USF is activated by increases in electrical stimulation[125]. 
It is therefore likely that activation of  USF by metoprolol 
is mediated by the increase in electrical stimulation that 
accompanies the improvement in function; this explains 
why the effect is only seen in the diabetic heart. Func-
tion did not change in control hearts. However, the more 
global regulation of  the PGC1α transcriptional complex 
observed in our studies is not explicable solely on the ba-
sis of  USF binding. The decrease in PGC1α association 
with PPAR-α and MEF2A could be an indirect effect 
of  the acute changes in fatty acid metabolism. However, 
it is more likely that active regulation of  the complex is 
occurring. Phosphorylation of  p38 mitogen-activated 
protein kinase (MAPK) increases both PGC1α/PPAR-α 
coactivation and downstream signaling to PGC1α and 
PPAR-α targets[126-129]. It has been suggested that phos-
phorylation by p38 MAPK may serve to integrate and 
coordinate contractile and metabolic gene expression[122]. 

We found that the association of  MEF-2A with the 
CPT-1 promoter was obliterated by both metoprolol and 
diabetes. In diabetes, this may reflect generalized repres-
sion of  MEF-2A targets, which is known to occur. With 
metoprolol treatment, it may represent sequestration of  
MEF-2A to higher priority gene targets. Alternatively, the 
decreased association could be due to covalent modifica-
tions of  MEF-2A or PGC1α, perhaps mediated by p38, 

Metoprolol

↑Function

USF-2

PGC1a

PGC1a MEF-2A

PGC1a PPAR-a

CPT-1

Figure 3  Repression of carnitine palmitoyltransferase-1 by metoprolol. 
Improved contractile function in rat heart leads to stimulation of upstream 
stimulatory factor (USF)-2, which represses PGC1-α transcriptional complex 
and reduces the expression of carnitine palmitoyltransferase (CPT)-1. PPAR: 
Peroxisome proliferator-activated receptor.
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or competition between PPAR-α and MEF-2A for their 
consensus sites, which are known to overlap. Activation 
of  β2-adrenoceptors in the heart has been shown to in-
crease signaling through the p38 MAPK pathway[130]. It is 
therefore possible that metoprolol decreases p38 phos-
phorylation by blocking β2-adrenoceptors, leading to a 
decrease in the association of  PGC1α with its coactiva-
tors. Further studies are required to investigate the role 
of  stress-kinase signaling in the regulation of  the PGC1α 
transcriptional complex.

We investigated whether metoprolol influenced co-
valent modifications of  PGC1α[96]. Metoprolol, by pro-
moting glucose oxidation, reduced pyruvate levels which 
in turn led to a decrease in the binding of  the pyruvate-
activated deacetylase SIRT-1 to PGC1α. The binding of  
the acetylase p300 was increased by metoprolol. Both of  
these changes would have been expected to result in an 
increase in the acetylation state of  PGC1α. The opposite 
effect was observed; PGC1α acetylation was decreased! 
We speculate that USF-2 interferes with the acetylation 
reaction, because the acetylation site is very close to the 
USF-2 binding region. Decreased acetylation may be 
another mechanism of  the repressive effect of  USF-2. 
We also investigated the phosphorylation of  PGC1α by 
PKA, and found, surprisingly, that this was increased by 
metoprolol in the diabetic heart. We have no explanation 
for this effect, except to speculate that PGC1α is a low 
priority target of  PKA and is only available to it when is 
not interacting with its primary targets.

α-MHC expression is decreased as part of  the fetal 
gene program induction. In the diabetic heart, a fall in 
both α-MHC and SERCA expression was observed, 
both of  which were improved by metoprolol[73]. This im-
provement in fetal gene program expression is consistent 
with what is known about the mechanism of  action of  
β-blockers. α-MHC is regulated by USFs, while SERCA 
has been shown to be induced by MEF-2A[131] and is pro-
posed to be induced by PPAR-α[132]. It is therefore pos-
sible that the PGC1α/PPARα/MEF2A/USF complex 
may be able to prevent or reverse the induction of  at least 
some components of  the fetal gene program. In other 
words, improvement of  gene expression and modulation 
of  cardiac metabolism could occur in parallel as a result 
of  modulation by the same transcriptional complex.

NO/RNS - INDUCED COVALENT MODIFI-
CATIONS OF CPT-1
In recent years, there has been increasing interest in the 
ability of  NO and its associated RNS to directly regulate 
protein function in a similar manner to phosphorylation. 
Residues that are targeted by NO and RNS are cysteine, 
methionine and tyrosine[133,134]. The unique redox chemis-
try of  protein thiol groups confers specificity and revers-
ibility to thiol covalent modifications. The attachment of  
NO to thiol groups on critical cysteine residues within a 
protein, termed S-nitrosylation, is a major mechanism by 
which NO acts as a signaling molecule. Intriguingly, there 

is a consensus sequence, analogous to kinase consensus 
sequences, which confers site specificity on NO-mediated 
thiol modifications[135]. Furthermore, S-nitrosylation is 
a reversible reaction, and a number of  enzymatic and 
non-enzymatic reactions have been identified which can 
remove NO from cysteine thiols[136-138]. S-nitrosylation 
activates guanylate cyclase, the classical NO target. The 
list of  targets proposed to be regulated by S-nitrosylation 
is growing, and, in the heart, includes GAPDH and SER-
CA[139]. 

Reversible oxidation or nitrosylation of  thiol groups 
is mediated by physiological levels of  NO and RNS, and 
typically produces the following reversible modifications: 
S-nitrosylation (addition of  NO), glutathiolation (forma-
tion of  mixed disulfides between the thiol group and 
glutathione) or oxidation from thiol to sulfenate. Any 
of  these modifications can regulate protein function, 
but glutathiolation and S-nitrosylation have been most 
frequently implicated in the regulation of  enzyme activ-
ity[133]. Higher levels of  RNS induce further oxidation of  
the sulfenate (one oxygen) to sulfinate (two oxygens) and 
sulfonate (three oxygens). This is toxic, causing irrevers-
ible loss of  function. Glutathiolation, by committing the 
thiol to an alternate reaction pathway, protects critical 
thiol residues against irreversible oxidation[133] (Figure 4). 

Tyrosine nitration is classically regarded as an inhibi-
tory modification. However, some proteins are activated 
by tyrosine nitration including cytochrome C, fibrinogen 
and PKC[140-143]. As with thiol modification, tyrosine ni-
tration also exhibits site-specificity[144]. Tyrosine nitration 
is frequently used as a biomarker of  peroxynitrite[140], and 
we also used it as such. Previous studies have demon-
strated that incubation of  CPT-1 with continuous per-
oxynitrite, NO or hydrogen peroxide producing systems 
produces a decrease in CPT-1 activity which is associated 

Glutathiolation

R-SSG

R-SHR-SNO R-SOH R-SO2H R-SO3H
S-nitrosylation Unmodified

thiol group
Oxidation to

sulfenide
Oxidation to

sulfinate
Oxidation to

sulfonate

Physiological RNS levels
Signal transduction

Protection against irreversible oxidation

Pathological RNS levels
Protein damage

Irreversible loss of activity

Figure 4  Nitric oxide and reactive nitrogen species-mediated modifications 
of thiol residues. Thiol (SH) residues undergo a series of reversible modifica-
tions in response to changes in the redox potential or exposure to physiological 
levels of reactive nitrogen species or nitric oxide. Oxidation of the thiol to the 
corresponding sulfenic acidor the formation of a disulfide bond between the thiol 
and glutathione (glutathiolation) are reversible either by changes in the equilib-
rium, or enzymatic restoration of the thiol group by thiol transferases. Further oxi-
dation of a glutathiolated residue is not possible, so glutathiolation confers pro-
tection against oxidative damage for as long as it persists. However, exposure 
of the thiol group or the sulfenic acid to pathological levels of reactive nitrogen 
or oxygen species results in the formation of sulfinate and then sulfonate; these 
are irreversible modifications which result in protein damage and loss of activity. 
RNS: Reactive nitrogen species. Modified from: Figure 2, Klattp et al[133].
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with tyrosine nitration[145]. Furthermore, endotoxemia 
produced inhibition and nitration of  CPT-1 in suckling 
rats[118]. 

Tyrosine nitration of  CPT-1 by peroxynitrite has 
been shown to inhibit CPT-1 activity following endotox-
emia[118]. Furthermore, superoxide, NO and peroxynitrite 
were all shown to inhibit CPT-1 activity in vitro when 
CPT-1 was co-incubated with systems which continu-
ously generated these reactive oxygen and nitrogen spe-
cies[145]. This suggests that CPT-1 can be regulated by 
covalent modifications mediated by nitrogen species. It is 
likely that, in addition to tyrosine nitration, cysteine nitro-
sylation and glutathiolation also occur. Indeed, cysteine-
scanning mutagenesis of  the muscle isoform of  CPT-1 
revealed that cysteine 305 was important for catalysis; 
nitrosylation or glutathiolation of  this residue could con-
ceivably increase or decrease the catalytic activity of  the 
enzyme. 

Cysteine-scanning mutagenesis of  CPT-1 revealed 
that cysteine 305 is critical for catalytic activity of  the 
enzyme[146]. We therefore tested whether nitrosylation or 
glutathiolation of  cysteine residues, or nitration of  tyro-
sine residues, inhibits CPT-1 activity. To test the effects of  
the modifications per se on CPT-1 activity, we incubated 
isolated mitochondria from rat heart with increasing con-
centrations of  peroxynitrite ranging from 100 nmol/L to 
1 mmol/L. At neutral pH, peroxynitrite is rapidly degrad-
ed, but even brief  exposure to peroxynitrite is sufficient 
for it to induce the full range of  its target modifications. 
We also incubated mitochondria with a peroxynitrite-gen-
erating system. Finally, we used dithiothreitol to remove 
the covalent modifications induced by peroxynitrite. We 
found that CPT-1 was stimulated by peroxynitrite at low 

physiological levels but inhibited at high levels, and that 
peroxynitrite could induce tyrosine nitration, cysteine ni-
trosylation and cysteine glutathiolation. By a process of  
elimination, we found that activation of  CPT-1 was most 
consistently associated with glutathiolation of  CPT-1B. 
We hypothesized that the key residue involved was cyste-
ine 305, but our efforts to confirm this by mass spectros-
copy (MS) were unsuccessful[108].

We also successfully detected cysteine-nitrosylation, 
glutathiolation and nitration of  CPT-1 in whole rat heart 
homogenates. Acute metoprolol perfusion increased 
nitrosylation and glutathiolation in diabetic hearts, but 
decreased tyrosine nitration in both control and diabetic 
hearts (Figures 5-7). In control hearts, nitrosylation was 
low and glutathiolation increased only following chronic 
treatment. An increase in CPT-1 glutathiolation would be 
expected to increase CPT-1 activity based on our in vitro 
studies. The change in CPT-1 activity cannot therefore 
be explained on the basis of  CPT-1 glutathiolation. Fur-
thermore, the mechanism of  the changes in CPT-1 nitro-
sylation, glutathiolation and nitration is not explicable on 
the basis of  cell-wide changes in NO and RNS produc-
tion, because the observed patterns in systemic NO/RNS 
and CPT-1 covalent modifications do not match. There is 
a mitochondrial isoform of  NOS (mtNOS), but NO and 
peroxynitrite produced by mtNOS affect targets within 
the mitochondrial matrix and the inner mitochondrial 
membrane[147]. CPT-1 predominantly faces the cytosol, 
so it is likely that regulation of  CPT-1 by NO/RNS is 
mediated by eNOS and possibly iNOS. eNOS has been 
proposed to translocate to the mitochondria[148,149]; mito-
chondrial eNOS translocation could therefore be a major 
determinant of  NO/RNS mediated effects on CPT-1.

PHOSPHORYLATION OF CPT-1
Phosphorylation of  CPT-1A has been demonstrated  
in vitro[117], and the stimulation of  CPT-1 by okadaic acid 
in rat hepatocytes was prevented by a specific inhibitor of  
CAMK Ⅱ, indicating that CAMK Ⅱ is involved in stim-
ulation of  CPT-1A activity[150]. Activation of  the sympa-
thetic nervous system centrally by cerulenin was found to 
stimulate CPT-1B activity in soleus muscle within 3 h[151]. 
This effect must have been mediated by an as yet uniden-
tified covalent modification of  CPT-1B; the modification 
in question could conceivably be phosphorylation. It 
is possible that phosphorylation of  CPT-1 requires the 
presence of  other proteins present on or recruited to the 
outer mitochondrial membrane. Compartmentalization 
of  PKA signaling in the cardiomyocyte is achieved in part 
by the action of  A-kinase anchoring proteins (AKAPs), 
a group of  proteins which bind to PKA targets in order 
to regulate PKA-dependent phosphorylation of  those 
targets[152]. Three mitochondrial AKAPs have been identi-
fied - AKAP121, D-AKAP-1 and AKAP149 - but func-
tional studies of  their role in the heart are awaited[152]. It 
is possible that mitochondrial AKAPs mediate, and are 
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Figure 5  Covalent modifications of carnitine palmitoyltransferase-1 mea-
sured by immunoprecipitation. Rat heart samples underwent immunoprecipi-
tation with combined pan-specific anti-phosphoserine and anti-phosphothreo-
nine antibodies, anti-glutathione antibodies or anti-nitrosocysteine antibodies, 
followed by immunoblotting with pan-specific carnitine palmitoyltransferase 
(CPT)-1 antibodies. Densitometric analyses of these data are presented in 
Figure 6. C: Control, n = 5; CP: Control perfused with metoprolol, n = 5; CT: 
Control treated with metoprolol, n = 5; D: Diabetic, n = 5; DP: Diabetic perfused 
with metoprolol, n = 5; DT: Diabetic treated with metoprolol, n = 5.
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even essential for, CPT-1 phosphorylation. This possibil-
ity has never been investigated. 

We speculated that the reason phosphorylation of  
CPT-1B had never been reported is because the kinases 
involved require other mediators to be present in order 
to bind their targets. This was our rationale for using 
isolated mitochondria rather than purified enzyme prepa-
rations which are usually used for investigating enzyme 
phosphorylation. When PKA was incubated with isolated 
mitochondria, it bound and phosphorylated CPT-1A, 
and increased the binding of  AKAP-149; the functional 
effect was a decrease in CPT-1 sensitivity without any ef-
fect on catalytic activity. 

When CAMK-Ⅱ was incubated with isolated mito-
chondria, it bound and phosphorylated CPT-1B; however, 

the functional effect in this case was an increase in CPT-1 
sensitivity without any effect on catalytic activity[108]. Our 
mitochondrial isolation produced a variation in the initial 
sensitivity of  CPT-1, most likely produced by membrane 
effects. This unintended effect revealed that the magni-
tude of  the increase in malonyl CoA sensitivity depended 
on the initial sensitivity. In other words, CAMK-Ⅱ 
tended to restore CPT-1 sensitivity to a “set-point” repre-
sented approximately by an IC25 of  20 μmol/L, an IC50 of   
100 μmol/L and an IC75 of  150 μmol/L malonyl CoA. 
In this case, the scaffolding protein turned out to be 
α-actinin, whose binding was decreased by CAMK-Ⅱ 
phosphorylation of  CPT-1. It is unlikely that α-actinin 
is anchored in the mitochondrial membrane. CPT-1B 
probably forms a point of  attachment of  the cytoskel-

Figure 6  Densitometric analysis of carnitine palmitoyltransferase-1 covalent modifications. Data represent mean ± SE. Data were analyzed using one-factor 
analysis of variance with the Neumann-Keuls post hoc test. aSignificantly different from C or D (P < 0.05). CPT: Carnitine palmitoyltransferase; C: Control, n = 5; 
CP: Control perfused with metoprolol, n = 5; CT: Control treated with metoprolol, n = 5; D: Diabetic, n = 5; DP: Diabetic perfused with metoprolol, n = 5; DT: Diabetic 
treated with metoprolol, n = 5.
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eton to the mitochondria. We speculate that AKAP-149 
and α-actinin restrict access to the malonyl CoA binding 
site, and changes in the strength of  their association with 
CPT-1 isoforms produce changes in their malonyl CoA 
sensitivity. 

The MAPK p38 bound and phosphorylated CPT-1B 
via the scaffolding protein JIP-2, stimulating CPT-1 cata-
lytic activity without affecting malonyl CoA sensitivity[108]. 
By contrast, Akt did not bind or phosphorylate CPT-1, 
and had no effect on the activity or sensitivity of  the en-
zyme. 

We were able to confirm the associations of  the ki-
nases and their scaffolding proteins in rats in vivo using 
rigorous colocalization studies[108]. We then examined the 
effects of  metoprolol on the associations. Both acute 
metoprolol perfusion and chronic metoprolol treat-
ment increased the total phosphorylation state of  CPT-1  
(Figures 1 and 2). However, when PKA and CAMK-
Ⅱ-interactions with CPT-1 were examined in greater 
detail, an intriguing pattern emerged (Figures 8 and 9).  
Firstly, we found, for the first time, that PKA and 
CAMK-Ⅱ physically associate with CPT-1. Further-
more, we also found that AKAP-149 also physically as-
sociates with CPT-1 and appears to mediate PKA bind-
ing. AKAPs bind the regulatory subunit of  PKA, and 
activation of  PKA occurs following release of  the cata-
lytic subunit. The PKA antibodies we used in our studies 
recognize the catalytic subunit of  PKA. Phosphorylation 
of  AKAP-149 was always associated with a decrease 
in AKAP-149/CPT-1 association and an increase in 
PKA/CPT-1 binding. Conversely, loss of  AKAP-149 
phosphorylation was always associated with an increase 
AKAP-149/CPT-1 binding and a decrease in PKA/

CPT-1 binding. Based on these findings, we propose the 
following scheme. PKA is targeted to the mitochondria 
by AKAP-149. Phosphorylation of  AKAP-149 by PKA 
causes AKAP-149 to disassociate from CPT-1, enabling 
PKA to bind and phosphorylate CPT-1. The pattern of  
changes differed between control and diabetic hearts; in 
control hearts, the association between AKAP-149 and 
CPT-1 was decreased by chronic metoprolol treatment, 
whereas in diabetic hearts, it was increased by both acute 
metoprolol perfusion and chronic metoprolol treatment. 
It is clear that the compartmentalization and response 
of  PKA and its target proteins is markedly different in 
the diabetic state. CAMK-Ⅱ binding followed a differ-
ent pattern, consistently decreasing in response to any 
duration of  metoprolol exposure. There are other mi-
tochondrial AKAPs which could mediate similar effects 
as AKAP-149: for example, AKAP-121 has also been 
shown to target PKA to mitochondria[153]. 

The effects of  metoprolol, and the basal state of  the 
system, differed between control and diabetic hearts. In 
control hearts, acute metoprolol perfusion and chronic 
metoprolol treatment increased PKA binding to CPT-1. 
Chronic metoprolol treatment also modestly decreased 
CAMK-Ⅱ binding to CPT-1. In diabetic hearts, PKA-
binding to CPT-1 was decreased by metoprolol, but 
CAMK-Ⅱ binding was also decreased, and, following 
chronic treatment, the decrease in CAMK-Ⅱ binding 
was marked. Taken together with our findings in isolated 
mitochondria, these data explain the sensitivity changes 
produced by metoprolol; metoprolol increases PKA-
mediated desensitization in control hearts, and decreases 
CAMK-Ⅱ-mediated sensitization in diabetic hearts. 
Acute metoprolol perfusion, but not chronic treatment, 

Figure 7  Co-immunoprecipitation of protein kinase A and ����������������������������  ��� �������������������������������������  �� ��������������������������  A-kinase anchoring protein����� �������������������������������������  �� ��������������������������  -149 with carnitine palmitoyltransferase-1, and phosphorylation state 
of ����������������������������  ���A-kinase anchoring protein�����-149. Densitometric analyses of these data are presented in Figure 8. AKAP: ��������������������������������������������������������       A-kinase anchoring protein;�����������������������������      PKA: Protein kinase A; CPT: 
Carnitine palmitoyltransferase; C: Control, n = 5; CP: Control perfused with metoprolol, n = 5; CT: Control treated with metoprolol, n = 5; D: Diabetic, n = 5; DP: Dia-
betic perfused with metoprolol, n = 5; DT: Diabetic treated with metoprolol, n = 5.
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abolished the association of  p38 with CPT-1; this may 
explain why acute metoprolol perfusion inhibits CPT-1 
activity in control hearts. However, the association of  
p38 with CPT-1 was abolished in the diabetic heart. It is 
noteworthy that the binding of  PKA, CAMK-Ⅱ and p38 
to CPT-1 bear no relation to the overall activities of  these 
kinases measured in the whole heart. It is the transloca-
tion of  these kinases to the mitochondria which is cru-
cial. The mechanisms by which β-adrenoceptors might 
regulate such a translocation process are unknown and 
require further investigation. Clearly the compartmental-
ization and regulation is altered in the setting of  diabetes.

Having confirmed that functionally significant phos-
phorylation of  CPT-1 occurs, we attempted to identify 

specific phosphorylation sites on CPT-1. Consensus sites 
were identified for PKA, CAMK Ⅰ, CAMK Ⅱ and p38 
MAPK, so we proceeded to use liquid chromatography-
tandem MS (LC-MS/MS) to examine phosphorylation 
of  these sites. Identifying phosphorylation events is 
challenging due to the labile nature of  the modification 
and the overwhelming number of  peptides generated by 
tryptic digestion. In order to maximize our chances of  
finding the phosphorylation sites, we used many different 
methods to purify the isolate and digest the sample. Al-
though coverage of  CPT-1 was sufficient to identify the 
presence of  the protein, it was not sufficient to examine 
the phosphorylation sites of  interest; all the sites except 
one were missed. Several factors may account for this. 
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Figure 8  Densitometric analysis of the binding of protein kinase A and ����������������������������  ��� �����������������������������������  �� �������������� A-kinase anchoring protein����� �����������������������������������  �� �������������� -149 to carnitine palmitoyltransferase-1, and phosphory-
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treated with metoprolol; D: Diabetic; DP: Diabetic perfused with metoprolol; DT: Diabetic treated with metoprolol. aSignificantly different from C or D; cSignificantly dif-
ferent from C and CP or D and DP (P < 0.05). 
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CPT-1 abundance in the whole-cell homogenate may 
have been too low. Also, there were relatively few tryp-
sin cutting sites on CPT-1. Many of  the CPT-1 peptides 
could have been too large to be eluted from the column 
during the LC-MS/MS procedure (peptides over 2500 
Da in mass are retained). We attempted to use an alterna-
tive cutting agent, but this rendered CPT-1 undetectable. 
In rat livers, 99% coverage of  CPT-1 has been achieved, 
but the amount of  starting material required could never 
be feasibly obtained from rat hearts. Forced overexpres-
sion of  CPT-1 would be another approach, but CPT-1 
only has catalytic activity if  it is correctly folded and 
inserted into the mitochondrial membrane. The interac-
tions of  CPT-1 with kinases and scaffolds would prob-
ably not be preserved in forced overexpression. These 
difficulties have hampered efforts to study CPT-1 for 
many years. 

Overall, changes in CPT-1 sensitivity produced by meto-
prolol could be explained by decreased CAMK-Ⅱ phos-
phorylation of  CPT-1 and/or increased phosphorylation 
of  CPT-1 by PKA and are mediated by changes in the as-

sociation of  CPT-1 with scaffolding proteins (Figure 10).  
The acute decrease in CPT-1 catalytic activity in control 
hearts could be due to obliteration of  the CPT-1/p38 in-
teraction. However, there is no explanation for the acute 
decrease in CPT-1 catalytic activity seen in the diabetic 
heart. The association with p38 MAPK was obliterated, 
and glutathiolation of  CPT-1 was increased. The effects 
of  the covalent modifications identified in vitro may not 
reflect their effects in vivo. Also, it is possible that the co-
valent modifications we identified produce more complex 
and varied effects on CPT-1 when acting together as op-
posed to in isolation. It is also possible that there are other 
mechanisms for regulating CPT-1 catalytic activity which 
have not yet been identified. 

β-ADRENOCEPTOR SIGNALING PATH-
WAYS: NO AND SURVIVAL SIGNALING
Consistent with previous reports, diabetes produced a 
decrease in β1-adrenoceptor expression and a marked in-
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crease in β3-adrenoceptor expression in rat heart. Metop-
rolol increased the expression of  all three adrenoceptor 
subtypes. PKA activity was decreased by both acute 
metoprolol perfusion and chronic metoprolol treat-
ment, whereas PI3K activity, as indicated by Akt phos-
phorylation, was increased by metoprolol only following 
chronic treatment. CAMK activity was not significantly 
affected by metoprolol. There was no clear shift in β2-
adrenoceptor association with Gs or Gi; association with 
both G-proteins was detected. These results indicate that, 
in the whole heart, the major acute effect of  metoprolol 
is to decrease classical cAMP/PKA signaling. Chronic 
treatment with metoprolol, in addition, increases PI3K/
Akt signaling, and we speculate that this is primarily due 
to the marked increase in β3-adrenoceptor expression. 
Activation of  Akt was associated with pro-survival ef-
fects. The pro-apoptotic factors FOXO-3 and Bad were 
inhibited, and the anti-apoptotic factor BCl-2 was stimu-
lated[74,154]. Another intriguing pro-survival effect was that 
metoprolol increased the sequestration of  activated cas-
pase-3 by caveolins[74]. 

eNOS is regulated by two main mechanisms; phos-
phorylation of  Ser 1177, mediated by the PI3K/Akt 
pathway, was shown to increase eNOS activity in trans-
fected COS cells[155,156]; phosphorylation of  Thr 495, me-

diated by PKA, partially blocks the phosphorylation of  
Ser 1177 in bovine aortic endothelial cells[157]. Calcium-
dependent translocation of  eNOS from caveolae in the 
plasma membrane to calmodulin in the cytosol is also 
associated with an increase in eNOS activity[158,159]. Acti-
vation of  eNOS by β3-adrenoceptors has been shown to 
be due both to an increase in Ser 1177 phosphorylation 
and to translocation from caveolae, but the importance 
of  these mechanisms is region-specific; in atria, translo-
cation is the predominant mechanism whereas, in the left 
ventricle, phosphorylation is the predominant mecha-
nism[160]. Intriguingly, β3-adrenoceptor stimulation has 
also been shown to uncouple eNOS and increase oxygen 
free radical formation[160].

Our efforts to measure NOS activity in the heart were 
unsuccessful. We therefore measured nitrate/nitrite levels 
and total protein glutathiolation as biomarkers of  NO 
and physiological RNS production respectively, and cor-
related these with changes in the phosphorylation and 
expression of  NOS isoforms. The pattern of  changes 
produced for both markers was the same, with the ex-
ception of  the diabetes treatment group, and can be in-
terpreted as follows. In control hearts, acute metoprolol 
perfusion increased NO/RNS production by decreasing 
the inhibitory phosphorylation of  Thr 486, a PKA site. 
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Stimulatory phosphorylation of  Ser 1177 by Akt was also 
decreased, but we speculate that the decrease in PKA-
mediated phosphorylation exerted a greater effect on 
activity. Following chronic treatment with metoprolol in 
control hearts, NO production remained high despite 
a surprising decrease in eNOS expression and a loss of  
any effect on eNOS phosphorylation. We speculate that 
this increase in activity could be due to increased eNOS 
translocation from caveolae to the cytosol.

In the diabetic heart, NO production is reduced and 
is dependent on iNOS rather than eNOS. iNOS is not 
regulated by β-adrenoceptors acutely, so acute perfu-
sion with metoprolol has no effect on NO production. 
Chronic metoprolol treatment prevented the induction 
of  iNOS without restoring eNOS expression. The net 
result was that chronic treatment with metoprolol had no 
effect on NO production. However, as indicated by the 
fall in glutathiolation, prevention of  iNOS induction by 
chronic metoprolol treatment did decrease RNS produc-
tion. The changes produced by metoprolol on the phos-
phorylation of  eNOS by Akt did not correlate with the 
changes in Akt phosphorylation produced by the same 
treatment; this suggests that the elevated Akt signal was 
compartmentalized, and that eNOS was not its primary 
target. It is important to note that several cell types would 
have been present in the whole heart homogenate, in-
cluding cardiomyocytes and endothelial cells; we did not 
differentiate between endothelial and cardiomyocyte NO 
signaling in our studies.

When tyrosine nitration, a marker of  peroxynitrite, 
was measured, levels of  total protein tyrosine nitration 
remained constant as long as either eNOS or iNOS were 
present. When eNOS expression was low and iNOS was 
absent, total protein tyrosine nitration fell. These data 
indicate that nitrosative stress was not significantly in-
creased in diabetic hearts, although eNOS expression was 
low and NO levels had fallen. The fact that prevention 
of  iNOS induction had a marked effect on RNS produc-
tion but no effect on NO production suggests that iNOS 
was producing predominantly RNS. As discussed above, 
NO has been reported to inhibit glucose utilization pre-
dominantly through inhibition of  glycolysis[161]. However, 
chronic metoprolol treatment had no effect on glycolysis 
in control hearts despite the fact that it increased NO 
production. 

The effects of  metoprolol on pro-survival signaling 
provide the most likely explanation for its pro-survival 
effects, even though apoptosis itself  was not detectable 
(we observed artefactual TUNEL staining, a caution-
ary example of  this assay’s non-specificity). Although 
metoprolol inhibits CPT-1, it has no effect on CD-36 
translocation and increases the cytoplasmic accumulation 
of  long-chain acyl CoAs. Metoprolol also did not pre-
vent oxidative stress or the resulting DNA damage. It is 
therefore clear that the stimulus for cell damage remains 
unaltered, and metoprolol acts by preventing the sequelae 
of  the stimulus (Figure 11).

SIGNIFICANCE OF THE PRESENT STUD-
IES
We chose to investigate metoprolol because it had previ-
ously been found to inhibit fatty acid oxidation, it is a 
clinically useful drug and its known range of  actions is 
narrower than that of  carvedilol. Several other β-blockers 
have been reported to have effects on metabolism. How-
ever, several key questions remain to be answered. Is 
this effect a class effect or is it mediated only by certain 
β-blockers? Are the effects mediated by β-adrenoceptors, 
and if  so, what is the contribution of  each receptor? 
Comparative studies of  a wider range of  β-blockers, as 
well as studies in which β-adrenoceptor expression is 
silenced, must be carried out in order to answer these 
questions. 

We have shown that metoprolol improves cardiac 
function in diabetic cardiomyopathy in rats, raising the 
question as to whether the drug should be used earlier in 
diabetic patients. However, its in vivo effects on function 
were equivocal. There are also a number of  concerns 
with the administration of  β-blockers to diabetic patients 
which need to be weighed against the benefits of  intro-
ducing the drug so early. First and foremost are concerns 
about the effects of  β-blockers on glycemic control. Co-
administration of  a β-blocker with a thiazide has been re-
ported to worsen glycemic control since the 1980s when 
the effects of  propranolol and hydrochlorothiazide were 
reported[162]. Recently, however, the use of  β-blockers 
as antihypertensive agents has been associated with an 
increased risk of  new-onset diabetes, leading to concern 
about their use in this context[26]. Hepatic glucose output 
is controlled by the β2 adrenoceptor, and blockade of  
this receptor, which does occur with β1 selective agents, 
decreases hepatic glucose output and delays recovery 
from hypoglycemia[27,28]. Attenuation of  the symptoms 
of  hypoglycemia by β-blockade is no longer considered 
to be a problem, because the symptoms of  sweating and 
paresthesias are preserved, and patients can be educated 
to recognize these signs[28,163]. 

Another concern with chronic β-blockade is the pres-
ence of  sustained unopposed α1-adrenoceptor stimula-
tion. This is problematic in two situations. Firstly, activa-
tion of  the sympathetic nervous system by hypoglycemia 
increases unopposed α1-adrenoceptor stimulation to the 
point where a hypertensive crisis can be precipitated[28]. 
Secondly, unopposed α1-adrenoceptor stimulation pro-
duces peripheral vasoconstriction which could worsen pe-
ripheral vascular disease and, by decreasing muscle flow, 
increase insulin resistance[12,164]. Indeed, use of  β-blockers 
in diabetic patients increases glucose levels and triglycer-
ides and lowers high density lipoprotein cholesterol levels 
by decreasing insulin sensitivity[12]. None of  these con-
cerns are considered great enough to deny β-blockers to 
patients with systolic heart failure because these drugs are 
lifesaving in this context. However, the risks and benefits 
of  earlier β-blocker use will need to be weighed carefully 

Sharma V et al . Diabetic cardiomyopathy and fatty acid metabolism



297 September 26, 2011|Volume 3|Issue 9|WJC|www.wjgnet.com

and no evidence currently exists on which to base these 
considerations. β-blockers with antioxidant activity, such 
as carvedilol, may be superior agents to metoprolol as 
they could also prevent the injury caused by oxidative 
stress, rather than just preventing its sequelae.

These studies have expanded our understanding of  
the range of  effects produced by β-adrenergic blockade 
and show how interconnected the signaling pathways 
of  function and metabolism are in the heart Although 
our initial hypothesis that inhibition of  fatty acid oxida-
tion would be a key mechanism of  action was disproved, 
unexpected results led us to some intriguing regulatory 
mechanisms of  cardiac metabolism, some of  which were 
hitherto unsuspected. The first was USF-2-mediated 
repression of  PGC-1α, most likely occurring as a con-
sequence of  the improved function. The second was the 
identification of  a range of  covalent modifications which 
can regulate CPT-1 directly, mediated by a signalome at 
the level of  the mitochondria. We also identified an im-
portant interaction between β-adrenergic signaling and 
caveolins, which may be a key mechanism of  action of  
β-adrenergic blockade. Our experience with this labyrin-
thine signaling web illustrates that initial hypotheses and 
anticipated directions do not have to be right in order to 
open up meaningful directions or reveal new information. 
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