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CHAPTER 7
SUMMARY
The normal heartbeat originates in the sinus node. From there, the activation wave
spreads over both upper chambers (atria), and also reaches the atrioventricular (AV)
node, the only electrical connection between the upper chambers and the lower
chambers (ventricles). Because conduction within the AV node is slow, there is a
delay between atrial and ventricular activation. This delay allows the atria to empty
themselves into the ventricles, before the ventricular contraction starts. During the
ventricular contraction, blood is pumped by the right ventricle into the pulmonary
artery and by the left ventricle into the aorta. There are numerous cardiac arrhythmias
in which the activation sequence of the heart is disturbed. Of these arrhythmias,
atrial fibrillation (AF) is the most common in clinical practice. In some patients, this
arrhythmia occurs in the absence of other heart disease, so-called ‘lone AF’, but
many patient have heart disease, for example heart failure’ that predisposes to AF.
During AF, activation waves in the atrium propagate rapidly (up to 600 times per
minute) and irregularly, and organized atrial contraction is lost. Some of the atrial
activations conduct through the AV node to the ventricles, leading to a fast (up to
180 beats per minute) and irregular ventricular rate. Patients with AF experience
this rapid, irregular ventricular rate as palpitations, and their exercise tolerance is
reduced because this rate cannot be properly regulated during physical exertion. In
addition, on the long term AF patients have an increased tendency to develop blood
clots, especially in the left atrium, leading to a higher risk of debilitating strokes and
increased mortality.
In the beginning of the disease process, AF is often paroxysmal, meaning that AF
occurs in episodes that terminate spontaneously. In many patients, the duration
of these episodes gradually increase, until AF does not terminate spontaneously
anymore (persistent AF). At this stage, sinus rhythm can often be restored by
treatment with antiarrhythmic drugs. Eventually however, these drugs lose their
efficacy and AF cannot be terminated by anti-arrhythmic drug treatment (permanent
AF). During the progression of the disease, AF itself leads to atrial ‘remodeling’;
changes in the atrial tissue that makes the arrhythmia more stable. Several key
players in this process have already been identified and characterized extensively.
A fast process of ‘electrical remodeling’ occurs rapidly, in the first hours to days
of AF, and entails the shortening of the atrial action potential, allowing a higher
activation frequency. A much slower process of ‘structural remodeling’, developing
over months to years, changes the structure of the atrial tissue, increasing the size
of atrial muscle cells (hypertrophy) and the amount of connective tissue (fibrosis)
in between muscle cells. The latter in particular is thought to represent obstacles to
conduction, increasing the complexity of fibrillatory conduction and therefore the
stability of AF. Although these ‘culprits’ are well known, the treatment strategies to
prevent the progression of AF are still unsatisfactory. One of the central problems is
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that we do not know exactly which factors cause electrical and structural remodeling.
One of the candidate factors is the energy balance of the atrial myocardium. In a
cardiac muscle cell (myocyte), the molecule adenosine triphosphate (ATP) delivers
the energy that is required for contraction, electrical activity and other metabolic
processes. An estimated 2% of the cellular ATP pool is utilized during each heartbeat.
The rapid rates of electrical and contractile activity during AF will increase ATP
consumption. This increased demand needs to be matched by increased ATP
production, and the required oxygen and nutrients have to be supplied by the atrial
vasculature. If the energy demand by the myocardium cannot be met, a state of
supply/demand ischemia develops. The metabolic challenge presented by AF can be
met by scaling back energy demand and by increasing energy supply, and there are
several indications that both phenomena occur as a result of AF. Still, there is ample
evidence that these adaptations fall short of redressing this disbalance, that may
represent a driving force for atrial electrical as well as structural remodeling.
The general aim of this thesis is to investigate the metabolic and vascular
consequences of AF itself, and of an important risk factor for AF, congestive heart
failure (CHF). Characterizing and understanding the role of these processes may help
in finding therapeutic approaches and targets that could inhibit the progression of
AF.
As an animal model, we have chosen pigs, which are known to be similar to humans
with respect to coronary anatomy, coronary blood flow regulation and metabolism.
We studies animals early in the disease process, in the first few weeks, a phase in
which we expected the metabolic and vascular derangement and adaptations to be
most pronounced. First, we studied a pig model of CHF (chapter 2). Clinically, CHF is a
major independent risk factor for AF, with approximately 50% of patient with severe
CHF developing AF. In the pig model, we induced CHF by rapid ventricular pacing.
After 5 weeks, we observed that the degree to which both atrial and ventricular
coronary vessels could dilate (i.e. increase blood flow to the cardiac muscle) was
decreased. This in itself would reduce that capacity of the coronary vessels to
accommodate fluctuation in energy and oxygen demand. However, during pacing
(i.e. increased heart rate), we did not observe an increase in atrial lactate production,
which would be a tell-tale sign of supply-demand ischemia. On the other hand, we
demonstrate that atrial contractility has decreased dramatically in this model. Thus,
the hypertrophied atria in this model still receive adequate coronary blood flow,
but this does not translate to useful external work (contractility). In other words,
the atrial oxygen efficiency (the amount of work delivered per amount of oxygen
supplied) has decreased dramatically. In failing hearts, the atrial contraction becomes
more important to overall cardiac function. The loss of the atrial contraction may
contribute to reduced exercise capacity and exacerbation of heart failure, even
before AF develops.
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Subsequently, we assessed metabolic and vascular alterations that occur because of
AF itself. As a relatively early time point, we chose one weeks of AF (maintained by
rapid atrial pacing). From these pigs, we isolated atrial small muscular arteries, the
arteries that normally determine blood flow to the myocardium. Because virtually
nothing was known about the behavior of these blood vessels and their reaction
to AF, we performed a basic characterization of vascular function (chapter 4). We
observed that both the reaction to vasodilators and vasoconstrictors was enhanced
after one week of AF. This implies that coronary vessels, and thus coronary blood
flow, react more strongly to factors that regulate vascular tone. To some extent,
these alterations are similar to the (adaptive) changes that occur during exercise
training. Further studies will have to determine whether these alterations in vascular
function persist during the time course of AF, or whether vascular dysfunction
eventually develops.
At the same point in time, we determined a number of metabolic parameters in tissue
and assessed the function of isolated mitochondria. On the hand, we demonstrate
a number of changes that can be interpreted as adaptations to increased energy
demand, metabolic stress and calcium overload (increased mitochondrial
respiratory control, decreased production of reactive oxygen species and faster
calcium buffering). On the other hand, we observed potential counterproductive,
maladaptive changes, including reduced tissue levels of energy carriers (ATP and
PCr), possibly reduced energy producing capacity (a reduction in the mitochondrial
membrane constituent cardiolipins) and reduced mitochondrial calcium storage
capacity during oxidation of fatty acids. The work we have performed in this study
represents only a snapshot of metabolic changes during the pathogenesis of AF.
While the time course of metabolic remodeling will have to be studied more closely,
our observations do support the view that AF presents a major metabolic stress for
atrial myocytes.
Finally, we have studied vascular structure at two time points, after 1 and 5 weeks
of AF. First we show an increase at both time points of HIF1a expression, a classic
marker of oxygen shortage. HIF1a activates the transcription of VEGF, one of the
key factors in the formation of new blood vessels. Indeed, expression of VEGF was
increased after 5 weeks of AF. Increased expression of VEGF would normally lead to
the formation of new blood vessels to supply the tissue in which oxygen shortage
occurs. However, when we determined the distribution of capillaries (the small
vessels where oxygen supply to the tissue takes place), a paradoxical decrease in
the number of vessels was apparent after 5 weeks of AF. This suggests that newly
formed capillaries are not sufficiently stabilized and quickly disappear. At this point,
we do not have a mechanistic explanation for the loss of capillaries from the atrial
myocardium, despite hypoxic signaling. However, this phenomenon implies the
capacity of the remodeled atria to respond to fluctuations in energy demand is
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limited and that it remains vulnerable to supply/ demand ischemia.
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ﺍاﻟﺨﻼﺻﺔ
ﺍاﺿﻄﺮﺍاﺏب ﺍاﻟﻨﻈﻢ ﺍاﻟﻘﻠﺒﻲ ﺃأﻭو ﺍاﺧﺘﻼﻝل ﺍاﻟﻨﱠ ْ
ﻈﻢ ﺍاﻟﻘَ ْﻠﺒِ ّﻲ ﻫﮬﮪھﻲ ﺍاﻻﺧﺘﻼﻓﺎﺕت ﺍاﻟﺘﻲ ﺗﻄﺮﺃأ ﻋﻠﻰ ﺩدﻗﺎﺕت ﺍاﻟﻘﻠﺐ ﻭوﻋﻠﻰ ﻧُﻈُﻢ ﻧﻘﻞ ﺍاﻟﺸﺎﺭرﺓة
ﺍاﻟﻜﻬﮭﺮﺑﺎﺋﻴﯿﺔ ﻓﻲ ﻋﻀﻠﺔ ﺍاﻟﻘﻠﺐ .ﺗﺨﺘﻠﻒ ﺍاﺿﻄﺮﺍاﺑﺎﺕت ﺍاﻟﻨﻈﻢ ﺍاﻟﻘﻠﺒﻲ ﻓﻴﯿﻤﺎ ﺑﻴﯿﻨﻬﮭﺎ ﻓﻤﻨﻬﮭﺎ ﺍاﻷﻛﺜﺮ ﺧﻄﻮﺭرﺓةً ﻭوﺍاﻷﻗﻞ ﺧﻄﻮﺭرﺓة ﻋﻠﻰ
ﺣﻴﯿﺎﺓة ﺍاﻟﻤﺮﻳﯾﺾ .ﺇإﺣﺪﻯى ﺣﺎﻻﺕت ﺍاﺿﻄﺮﺍاﺏب ﺍاﻟﻨﻈﻢ ﺍاﻟﻘﻠﺒﻲ ﻫﮬﮪھﻮ ﺍاﻟﺮﺟﻔﺎﻥن ﺍاﻷﺫذﻳﯾﻨﻲ .ﻳﯾﻌﺘﺒﺮ ﺍاﻟﺮﺟﻔﺎﻥن ﺍاﻷﺫذﻳﯾﻨﻲ ﺇإﺣﺪﻯى ﺣﺎﻻﺕت
ﺍاﺿﻄﺮﺍاﺏب ﺍاﻟﻨﻈﻢ ﺍاﻟﻘﻠﺒﻲ ﺍاﻷﻛﺜﺮ ﺷﻴﯿﻮﻋﺎ ً ﻋﻨﺪ ﻣﺮﺿﻰ ﺍاﻟﻘﻠﺐ ،٬ﺗﻜﻤﻦ ﺧﻄﻮﺭرﺓة ﻫﮬﮪھﺬﺍا ﺍاﻟﻤﺮﺽض ﻓﻲ ﻛﻮﻧﻪﮫ ﻣﺴﺒﺐ ﺭرﺋﻴﯿﺴﻲ ﻓﻲ
ﺍاﻟﺴﻜﺘﺔ ﺍاﻟﺪﻣﺎﻏﻴﯿﺔ.
ﻫﮬﮪھﻨﺎﻙك ﻋﺪﺓة ﻋﻮﺍاﻣﻞ ﺗﺠﻌﻞ ﺍاﻹﻧﺴﺎﻥن ﺃأﻛﺜﺮ ﻋﺮﺿﺔ ﻟﻤﺮﺽض ﺍاﻟﺮﺟﻔﺎﻥن ﺍاﻷﺫذﻳﯾﻨﻲ ،٬ﻋﻠﻰ ﺳﺒﻴﯿﻞ ﺍاﻟﻤﺜﺎﻝل ﺗﺸﻮﻫﮬﮪھﺎﺕت ﺍاﻟﻬﮭﻴﯿﻜﻞ ﺍاﻷﺫذﻳﯾﻨﻲ
ﺍاﻟﺬﻱي ﻳﯾﻌﺘﺒﺮ ﺍاﻟﺴﺒﺐ ﺍاﻟﺮﺋﻴﯿﺴﻲ ﻓﻲ ﺣﺪﻭوﺙث ﺍاﻟﺮﺟﻔﺎﻥن ﺍاﻷﺫذﻳﯾﻨﻲ .ﺣﺘﻰ ﺍاﻷﻥن ﺍاﻟﻌﻮﺍاﻣﻞ ﺍاﻟﻤﺴﺒﺒﺔ ﺑﺤﺪﻭوﺙث ﺗﺸﻮﻫﮬﮪھﺎﺕت ﺍاﻟﻬﮭﻴﯿﻜﻞ
ﺍاﻷﺫذﻳﯾﻨﻲ ﻏﻴﯿﺮ ﻣﻌﺮﻭوﻓﺔ ﻛﻠﻴﯿﺎ ً.
ﻟﺬﻟﻚ ﻛﺎﻥن ﺍاﻟﻬﮭﺪﻑف ﺍاﻟﻌﺎﻡم ﻣﻦ ﻫﮬﮪھﺬﻩه ﺍاﻷﻁطﺮﻭوﺣﺔ ﻫﮬﮪھﻮ ﺩدﺭرﺍاﺳﺔ ﻭوﻓﻬﮭﻢ ﺍاﻵﻟﻴﯿﺎﺕت ﻭوﺍاﻟﻌﻮﺍاﻣﻞ ﺍاﻟﺘﻲ ﺗﺸﺎﺭرﻙك ﻓﻲ ﺣﺪﻭوﺙث ﺗﺸﻮﻫﮬﮪھﺎﺕت
ﺍاﻟﻬﮭﻴﯿﻜﻞ ﺍاﻷﺫذﻳﯾﻨﻲ .ﻓﻬﮭﻢ ﻫﮬﮪھﺬﻩه ﺍاﻵﻟﻴﯿﺎﺕت ﻳﯾﻤﻜﻦ ﺃأﻥن ﻳﯾﺴﺎﻋﺪ ﻓﻲ ﺇإﻳﯾﺠﺎﺩد ﺍاﻟﻨﻬﮭﺞ ﻭوﺍاﻷﻫﮬﮪھﺪﺍاﻑف ﺍاﻟﻌﻼﺟﻴﯿﺔ ﺍاﻟﺘﻲ ﻣﻦ ﺷﺄﻧﻬﮭﺎ ﻭوﻗﻒ ﻣﻈﺎﻫﮬﮪھﺮ
ﺍاﻟﺮﺟﻔﺎﻥن ﺍاﻷﺫذﻳﯾﻨﻲ.ﺇإﺣﺪﻯى ﺃأﺑﺮﺯز ﺍاﻟﻔﺮﺿﻴﯿﺎﺕت ﻟﺤﺪﻭوﺙث ﺗﺸﻮﻫﮬﮪھﺎﺕت ﺍاﻟﻬﮭﻴﯿﻜﻞ ﺍاﻷﺫذﻳﯾﻨﻲ ﻫﮬﮪھﻲ ﻧﺘﻴﯿﺠﺔ ﺇإﺧﺘﻼﻝل ﺗﻮﺍاﺯزﻥن ﺍاﻷﻭوﻛﺴﻴﯿﺠﻴﯿﻦ ﻓﻲ
ﺍاﻷﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ.
ﻟﺬﻟﻚ ﻟﻘﺪ ﻗﻤﺖ ﻓﻲ ﻫﮬﮪھﺬﻩه ﺍاﻷﻁطﺮﻭوﺣﺔ ﺑﺪﺭرﺍاﺳﺔ ﺍاﻷﻭوﻋﻴﯿﺔ ﺍاﻟﺪﻣﻮﻳﯾﺔ ﻭوﺇإﻋﺎﺩدﺓة ﺍاﻟﺘﻤﺜﻴﯿﻞ ﺍاﻟﻐﺬﺍاﺋﻲ ﻭوﻻ ﺳﻴﯿﻤﺎ ﻓﻲ ﺍاﻷﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ ﻓﻲ
ﺛﻼﺛﺔ ﻧﻤﺎﺫذﺝج ﻣﻦ ﺍاﻟﺨﻨﺎﺯزﻳﯾﺮ.ﺃأﻭوﻻً ﻧﻤﻮﺫذﺝج ﺧﻨﺰﻳﯾﺮ ﻟﺪﻳﯾﻪﮫ ﻗﺼﻮﺭر ﺍاﻟﻘﻠﺐ ﺍاﻻﺣﺘﻘﺎﻧﻲ ﺣﻴﯿﺚ ﺗﻤﺖ ﺩدﺭرﺍاﺳﺔ ﺍاﻷﻭوﻋﻴﯿﺔ ﺍاﻟﺪﻣﻮﻳﯾﺔ
ﻭوﺣﺮﻛﺔ ﺇإﻧﻘﺒﺎﺽض ﺍاﻷﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ ،٬ﺛﺎﻧﻴﯿﺎًﻧﻤﻮﺫذﺝج ﺧﻨﺰﻳﯾﺮ ﻟﺪﻳﯾﻪﮫ ﺭرﺟﻔﺎﻥن ﺃأﺫذﻳﯾﻨﻲ ﻗﺼﻴﯿﺮ ﺍاﻟﻤﺪﻯى ﺣﻴﯿﺚ ﻗﻤﺖ ﻫﮬﮪھﻨﺎ ﺑﺪﺭرﺍاﺳﺔ ﻭوﻅظﻴﯿﻔﺔ
ﻭوﻫﮬﮪھﻴﯿﻜﻞ ﺍاﻟﺸﺮﺍاﻳﯾﻴﯿﻦ ﺍاﻟﺘﺎﺟﻴﯿﺔ ﻟﻼﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ ﻛﻤﺎ ﻗﻤﺖ ﺃأﻳﯾﻀﺎ ً ﺑﺪﺭرﺍاﺳﺔ ﺍاﻟﺘﻤﺜﻴﯿﻞ ﺍاﻟﻐﺬﺍاﺋﻲ ،٬ﻫﮬﮪھﻴﯿﻜﻞ ،٬ﻭوﻭوﻅظﻴﯿﻔﺔ ﺍاﻟﻤﻴﯿﺘﻮﻛﻮﻧﺪﺭرﻳﯾﺎ.ﺛﺎﻟﺜﺎ ً
ﻭوﺃأﺧﻴﯿﺮﺍاً ﻧﻤﻮﺫذﺝج ﺧﻨﺰﻳﯾﺮ ﻟﺪﻳﯾﻪﮫ ﺭرﺟﻔﺎﻥن ﺃأﺫذﻳﯾﻨﻲ ﻁطﻮﻳﯾﻞ ﺍاﻟﻤﺪﻯى ﺣﻴﯿﺚ ﺗﻢ ﺗﻘﻴﯿﻴﯿﻢ ﺑﻨﻴﯿﺔ ﺍاﻷﻭوﻋﻴﯿﺔ ﺍاﻟﺪﻣﻮﻳﯾﺔ ﻓﻲ ﺍاﻷﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ.
ﺗﻢ ﺍاﻟﻌﺜﻮﺭرﻓﻲ ﻣﺠﻤﻮﻋﺔ ﻗﺼﻮﺭر ﺍاﻟﻘﻠﺐ ﺍاﻻﺣﺘﻘﺎﻧﻲ ﻋﻠﻰ ﺍاﻧﺨﻔﺎﺽض ﻓﻲ ﺣﺮﻛﺔ ﺇإﻧﻘﺒﺎﺽض ﺍاﻷﺫذﻳﯾﻦ ،٬ﺗﻀﺨﻢ ﻓﻲ ﺧﻼﻳﯾﺎﺍاﻷﺫذﻳﯾﻦ
ﺍاﻷﻳﯾﺴﺮ ،٬ﺍاﻧﺨﻔﺎﺽض ﻓﻲ ﺍاﺣﺘﻴﯿﺎﻁطﻲ ﺗﺪﻓﻖ ﺍاﻟﺪﻡم ﻓﻲ ﺍاﻟﺸﺮﻳﯾﺎﻥن ﺍاﻟﺘﺎﺟﻲ ﺍاﻟﻤﺆﺩدﻱي ﺇإﻟﻰ ﺍاﻷﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ ﻭوﺍاﻧﺨﻔﺎﺽض ﻓﻲ ﻛﺜﺎﻓﺔ
ﺍاﻷﻭوﻋﻴﯿﺔ ﺍاﻟﺪﻣﻮﻳﯾﺔ ﻓﻲ ﺍاﻷﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ .ﻓﻲ ﻣﺠﻤﻮﻋﺔ ﺍاﻟﺮﺟﻔﺎﻥن ﺍاﻷﺫذﻳﯾﻨﻲ ﻗﺼﻴﯿﺮ ﺍاﻟﻤﺪﻯى ﺗﻢ ﺍاﻟﻌﺜﻮﺭر ﻋﻠﻰ ﺍاﻧﺨﻔﺎﺽض ﻓﻲ
ﻭوﻅظﻴﯿﻔﺔ ﺍاﻟﺘﻤﺜﻴﯿﻞ ﺍاﻟﻐﺬﺍاﺋﻲ ﻭوﻧﻘﺺ ﺍاﻷﻭوﻛﺴﺠﻴﯿﻦ ﻓﻲ ﺍاﻷﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ ﻟﻜﻦ ﻫﮬﮪھﺬﺍا ﺍاﻟﻨﻘﺺ ﻟﻢ ﻳﯾﻜﻦ ﻧﺘﻴﯿﺠﺔ ﺗﻐﻴﯿﺮ ﻓﻲ ﻭوﻅظﻴﯿﻔﺔ
ﺍاﻟﺸﺮﺍاﻳﯾﻴﯿﻦ ﺍاﻟﺘﺎﺟﻴﯿﺔ ﻟﻼﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ ﻭوﺇإﻧﻤﺎ ﻛﺎﻥن ﺑﺴﺒﺐ ﺍاﻟﺰﻳﯾﺎﺩدﺓة ﻓﻲ ﻣﻌﺪﻝل ﺣﺮﻛﺔ ﺍاﻷﺫذﻳﯾﻦ ﺍاﻷﻳﯾﺴﺮ ﺧﻼﻝل ﺍاﻟﺮﺟﻔﺎﻥن ﺍاﻷﺫذﻳﯾﻨﻲ.
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