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Abstract

The heart of subjects with hypertension and cardiac hypertrophy is more vulnerable to
ischemia/reperfusion injury (IRI). Here we discuss the main mechanisms of IRI and possible targets
for cardioprotection. In particular, we consider the viewpoint that hypertension and cardiac
hypertrophy may act synergistically in increasing the predisposition to cardiovascular accidents and
in worsening IRI. There is no doubt that hypertrophic hearts may be redirected to be less vulnerable
to IRl. Some experimental evidences suggest that anti-hypertensive drugs may have beneficial
effects, some of which are not directly related to hypertension lowering effect. However, more
thorough experimental and clinical studies are necessary to understand the mechanisms and to
maximize the beneficial effects of reperfusion after a heart attack in the presence of comorbidities,

such as hypertension and cardiac hypertrophy.
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Hypertension is estimated to occur in about 30% young adults, increasing to about 60% for those
over 60 and to 75% in older than 70 . In about 90% of patients the cause of hypertension is
unknown; actually they suffer the so-called essential hypertension. In about 20-30% of hypertensive
patients left ventricular hypertrophy (LVH) is observed, which is associated with a poor prognosis.
Thus hypertension is the most common cause of LVH and cardiovascular accidents #°. The
prevalence of LVH is even higher in aged patients **. In this mini-review, we briefly consider
hypertension and the compensated LVH, i.e., before the onset of overt cardiac failure, as a risk
factor. We also discuss hypertension and LVH effects on responses to ischemia/reperfusion, and the

effectiveness of cardioprotective strategies in these conditions.

In hypertrophic hearts the total O, consumption is high and any reduction of the coronary flow has
more severe consequences. The narrowing of a coronary artery that produces no symptoms when
the heart size is normal can produce acute myocardial infarction (AMI) when the heart is enlarged
or hypertrophic. In the absence of coronary stenosis, the coronary flow reserve may decrease for
several reasons, including a decrease of the vasodilatory reserve and an increase of the basal flow
due to cardiac hypertrophy and small vessel disease, typical of hypertension >®.

Moreover, hypertension increases the incidence of atherosclerosis and myocardial infarction and
these conditions are common even when the heart is not hypertrophic. In the long period, the ability
of the heart to meet the increased peripheral resistance is overcome, and heart failure occurs.
Hypertensive subjects are also predisposed to cerebral vessels thrombosis and hemorrhage. A
further complication is kidney failure. However, the incidence of heart failure, stroke, and kidney
failure can be greatly reduced by the active treatment of hypertension, even when hypertension is
relatively moderate. At present, essential hypertension is treatable, but not curable. An effective
lowering of blood pressure may be produced by different drugs which have diverse mechanisms of
action: diuretics, inhibitors of converting enzyme of angiotensin, calcium channel antagonists, and

blockers of angiotensin, a-adrenergic or B-adrenergic receptors. Experimentally, inhibition of
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aldosterone has also been observed to prevent fibrosis and myocardial hypertrophy due to a
prolonged adrenergic action on the heart .

Myocardial infarction is usually due to the occlusion of a coronary branch following atherosclerotic
plaque rupture. Usually, in order to have necrosis, ischemia should last about 20-30 minutes, but
patients may die because of tachyarrythmias and ventricular fibrillation before irreversible injury
has time to appear. Interestingly, along with increased interstitial fibrosis, the hypertrophic
myocardium may display prolongation of the cardiac action potential and abnormalities in
individual currents, such as ICaL, INa, and Ito, which may predispose to arrhythmias, through
different mechanisms ®**. Importantly, in epidemiological studies, sudden cardiac death is closely
associated with hypertensive LVH *2.

Of note, if the occluded artery is reopened, the damage caused by ischemia is exacerbated in the
first minutes of a subsequent reperfusion. It follows that the reopening of an occluded coronary
artery is paradoxically a cause of worsening of the damage, leading to a greater extension of the
infarcted tissue. To emphasize the role of reperfusion injury in myocardial damage, this

phenomenon is called ischemia-reperfusion injury (IR1).

The IRI affects both the myocardium and the coronary vessels. Vascular damage comprises the
acute endothelial dysfunction and its consequences. Indeed, not only is coronary vasculature
affected by atherosclerotic disease, but it is also injured after myocardial ischemia/reperfusion.
Damaged vessels display edema, due to increased vascular permeability, as well as endothelial
dysfunction and impaired vasomotility. Often atherothrombotic debris are the cause of
microembolization leading to stasis with intravascular cell aggregates, and finally, to capillary
destruction with hemorrhage. In the clinical scenario, the so-called no-reflow phenomenon (a
reduced or absent reperfusion that occurs after the end of ischemia in a previously patent vessel)

often occurs after artery reopening, and this is a worrying prognostic event **.



Some mechanisms of myocardial damage, such as necrosis and apoptosis, initiate during the period
of ischemia and worsen during the first minutes of reperfusion. Other mechanisms of myocardial
injury and vascular damage occur only in the first minutes of reperfusion. The overall result of IRI
is represented by necrosis and apoptosis, as well as a transient reduction of contractility of surviving
myocardium (myocardial stunning). This is in part due to the presence of non-necrotic tissue no
longer able to contract, or contracting with less force. Stunning can last from minutes to days, in
relation to the severity of the preceding ischemia and in relation to the severity of reperfusion
injury.

The myocardial damage from IRI is due in large part to the long-lasting opening of the so-called
mitochondrial permeability transition pore (mPTP) and the consequent explosive swelling of the
cells. The mPTPs allow the passage of molecules of weight less than 1500 Dalton and their opening
leads to swelling of mitochondria and cell death **. At the beginning of reperfusion, the opening of
mPTP is the consequence of the worsening of the Ca? * overload and of the production of reactive
oxygen species (ROS).

The cellular Ca?* overload is also responsible for the contraction of the heart in the so-called
contracture, that is the incomplete diastolic relaxation of the myocardium that results in an increase
of the diastolic ventricular pressure.

Another phenomenon responsible of IRI is the so-called pH paradox, that is the consequence of pH
recovery from acidosis that occurs during ischemia, when the cellular pH drops inhibiting
hydrolytic enzymes, such as phospholipase and proteases, which otherwise can damage the
sarcolemma. In this sense, acidosis plays a protective role. At the onset of reperfusion instead the
pH returns back to normal, reaching the optimum level for the action of the aforementioned
enzymes that can target cell membranes causing the membrane rupture.

The vascular reperfusion injury is also due to the lack of production of nitric oxide (NO) by the
endothelium at the end of ischemia. As a result of NO deficiency we can observe vasoconstriction,

platelet aggregation and activation of cell adhesion molecules or cellular adhesion molecules
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(CAM), which favor the interaction between leukocytes and endothelial cells. The main CAM
molecules involved in this mechanism are: selectins (P, L, E), integrins (CD11, CD18) and
immunoglobulins such as intracellular adhesion molecule-1 (ICAM-1), the vascular cell adhesion
molecule-1 (VCAM -1) and the platelet endothelial cell adhesion molecule-1 (PECAM-1).

The aggregation of platelet and leukocyte adhesion to endothelial cells can lead to a reduction in the
sectional area of small vessels with an increase in the flow resistance; however, this area reduction
IS exacerbated by the vasoconstriction due to NO deficiency. The concomitant presence of these
factors can be the cause of the no reflow phenomenon, above described. It is obvious that this

phenomenon can be the basis of a further worsening of myocardial damage.

As said, IRl may be exaggerated by myocardial hypertrophy (Fig. 1). Actually, at the beginning of
hypertrophy the heart may be more resistant to ischemic injury. However, this protection is lost a
few weeks afterwards, and IRI is increased as hypertrophy develops **°. Mglgaard et al.'” have
recently confirmed that hearts from spontaneous hypertensive stroke-prone rats with L\VH are more
susceptible to IRI and propose mitochondrial complexes I11 and 1V as possible targets of the heart
increased vulnerability. Already in the nineties, biochemical and metabolic modifications have been
proposed as explanations for this increased susceptibility to IRI. Among such modifications,
alterations in mitochondrial energetics, ATP production, glycolytic metabolism and lactate
accumulation during ischemia are included **%.

Clearly, chronic models of hypertrophy better reflect the clinical situation of hypertension leading
to cardiac hypertrophy. We have shown that sub-chronic use of high concentrations of nandrolone,
improves post-ischemic cardiac function in postconditioned hearts. However, chronic treatment
with nandrolone induces marked myocardial hypertrophy, increases cardiac susceptibility to IRI and

abolishes the possibility to induce postconditioning protection *>¢

, & protection obtained with brief
periods of ischemia (a few seconds) at the beginning of reperfusion *%. Actually, in animal

experiments, local and remote ischemic pre-, per- and post-conditioning not only reduce
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cardiomyocyte death, but also the typical events of coronary vascular injury, such as no-reflow
phenomenon®. Moreover some drugs may activate signal transduction pathway typical of
conditioning protocols. However, the translation of these protective interventions to clinical practice

has been disappointing to date 2.

Interactions between drugs and risk factors complicate the scenario. Angiotensin converting
enzyme inhibitors (ACE-I) are widely used as antihypertensive drugs and were shown to prolong

patients survival after myocardial ischemia *"%.

In addition to reducing the formation of
angiotensin I, ACE-I reduce the degradation of kinins thus prolonging their activity *°. This
prolonged activity on B2 receptors makes ACE-I particularly interesting in the context of IR, since,
by interfering with the B2 receptors *! the heart responsiveness to cardioprotective interventions
could be altered **%*, Yet, ACE-I have been shown to reduce cardiac hypertrophy and to be
cardioprotective per se 2. Actually, we have shown that in rats infarct size was larger in the
presence of cardiac hypertrophy due to hypertension when compared to hearts of normotensive
animals subjected to ischemia/reperfusion. Moreover, we have shown that a postconditioning
protocol, which is able to induce cardioprotection against infarct size in normotensive rats, is not
protective in hearts of hypertensive animals. Intriguingly, the postconditioning protocol does not
add protective effects to the protection already provided by chronic Captopril treatment **. Recently
an experimental study demonstrated that preventive treatment with either cardosten, enalapril, or
losartan can attenuate LVVH development in infarction-induced heart failure in rats * .

Overall, it seems that in hypertensive LVH before the onset of functional decompensation,
conditioning cardioprotective mechanisms remain intact or are even up-regulated. Only the
progression of LVH towards a decompensated state may compromise the possibility of protection.
Only a few drugs (e.g., exenatide, esmolol, metoprolol and brain natriuretic peptide) have
demonstrated some satisfactory effectiveness in reducing infarct size in patients that underwent

reperfusion after acute myocardial infarction. Nevertheless, also for these drugs more pre-clinical
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and clinical studies are necessary, as little information on their mechanism of action in the presence
of comorbidities or on their impact on the post-ischemic coronary circulation is available.

Some experimental data suggest that the concomitant presence of conditions such as age,
hypercholesterolemia, diabetes, and hypertension, rather than LVVH per se, is responsible of infarct
size exacerbation and limitation of cardioprotective strategies’ effectiveness ***’. Interestingly, in
patients with multiple risk factors (high blood pressure, smoking, dyslipidemia, and diabetes) and a
mean age of approximately 60 years, ischemic conditioning may reduce IRl and improve the
patient's prognosis ***°. Yet, it is not clear whether this discrepancy between studies is due to drug
interactions, to the compresence of hypertension and LVH or to other reasons .

Overall, it seems clear that the concomitant presence of high blood pressure and LVH is a
dangerous condition. Treating hypertension, especially with ACE antagonists, regardless of blood
pressure lowering and/or of LVH regression, may be useful to reduce the risk and the damage of
ischemia and reperfusion, at least in animal experiments * .Whether this treatment is sufficient in
humans to lower the risk and the ischemia/reperfusion damage has not been ascertained yet.
Recently, chronic pretreatment with angiotensin receptor blockers has been associated with the
reduction of the no-reflow phenomenon in 276 hypertensive patients with reperfused AMI. It seems
that this treatment could preserve microvascular integrity after AMI. Also these beneficial effects
seem not directly related to hypertension lowering function **. It is likely that these beneficial
effects are due to the so-called pleiotropic effects. Indeed, it has been reported that telmisartan may
protect against microvascular dysfunction during myocardial IRl in rabbits, by activating

peroxisome proliferator-activated receptor gamma *.

In conclusion, it is not surprising that a variation (ranging from highly protective to neutral and
even negative results) in the magnitude of myocardial salvage can be observed among clinical
studies testing cardioprotective strategies. In fact, similar to IRI, cardioprotective interventions may

also be influenced by a number of conditions. Here, particularly relevant are the following
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variables: 1) the duration of ischemia, 2) the extension of the area at risk; 3) the velocity and
extension of artery reopening; 4) the presence of comorbidities, such as cardiac hypertrophy,
hypertension and diabetes; 5) the therapies already used by the patients; to name only a few of the
variables in play that are not easy to keep under the control of the physicians in the ‘clinical arena’.

Relevant to the topic of this short commentary is the fact that hypertension and LVH may act
synergistically in increasing the predisposition to cardiovascular accident and worsening of IRI. Of
course, technical complications in the reperfusion strategies cannot be ignored, and more thorough
experimental and clinical studies are necessary to understand the mechanisms of protection and to
maximize the beneficial effects of reperfusion after an infarction in the presence of comorbidities

such as hypertension and cardiac hypertrophy.

Acknowledgements
We thank Professor Donatella Gattullo, Dr Francesca Tullio and Dr Saveria Femmino for
invaluable support. The author are supported for its research by the University of Torino (ex-60%;

CP, PP) and Universita Italo-Francese (PP).

References

1. Lionakis N, Mendrinos D, Sanidas E, Favatas G, Georgopoulou M. Hypertension in the
elderly. World J Cardiol 2012;4:135-147.

2. Shapiro LM, Mackinnon J, Beevers DG. Echocardiographic features of malignant
hypertension. Br Heart J 1981;46:374-379.

3. Diamond JA, Phillips RA. Hypertensive heart disease. Hypertens Res 2005;28:191-202.

4. Tuzcu EM, Golz SJ, Lever HM, Salcedo EE. Left ventricular hypertrophy in persons age 90

years and older. Am J Cardiol 1989;63:237-240.



5. Ferdinandy P, Schulz R, Baxter GF. Interaction of cardiovascular risk factors with
myocardial ischemia/reperfusion injury, preconditioning, and postconditioning. Pharmacol Rev
2007; 59:418-458.

6. Li XM, Ma YT, Yang YN, Zhang JF, Chen BD, Liu F, Huang Y, Han W, Gao XM. Ischemic
postconditioning protects hypertrophic myocardium by ERK1/2 signaling pathway: experiment
with mice. Zhonghua Yi Xue Za Zhi 2009; 89:846-850.

7. Briet M, Schiffrin EL. Aldosterone: effects on the kidney and cardiovascular system. Nature
Reviews Nephrology 2010; 6: 261-273.

8. Cameron JS, Myerburg RJ, Wong SS, Gaide MS, Epstein K, Alvarez TR, Gelband H, Guse
PA, Bassett AL. Electrophysiologic consequences of chronic experimentally induced left
ventricular pressure overload. J Am Coll Cardiol 1983;2:481-487.

9. Keung EC. Calcium current is increased in isolated adult myocytes from hypertrophied rat
myocardium. Circ Res 1989;64:753-763.

10. Ryder KO, Bryant SM, Hart G. Changes in cell length consequent on depolarization in
single left ventricular myocytes from guinea-pigs with pressure-overload left ventricular
hypertrophy. Proc Biol Sci 1993;253:35-42.

11. Yokoshiki H, Kohya T, Tomita F, Tohse N, Nakaya H, Kanno M, Kitabatake A. Restoration
of action potential duration and transient outward current by regression of left ventricular
hypertrophy. J Mol Cell Cardiol 1997;29:1331-1339.

12. Saadeh AM, Jones JV. Predictors of sudden cardiac death in never previously treated
patients with essential hypertension: long-term follow-up. J Hum Hypertens 2001;15:677-680.
13. Heusch G. The Coronary Circulation as a Target of Cardioprotection. Circ Res 2016;
118:1643-1658.

14. Di Lisa F, Canton M, Carpi A, Kaludercic N, Menabo™ R, Menazza S, Semenzato M
Mitochondrial injury and protection in ischemic pre- and post-conditioning. Antioxid Redox

Signal. 2011;14:881-891.
10



15. Penna C, Abbadessa G, Mancardi D, Tullio F, Piccione F, Spaccamiglio A, Racca S,
Pagliaro P. Synergistic effects against post-ischemic cardiac dysfunction by sub-chronic
nandrolone pretreatment and postconditioning: role of beta2-adrenoceptor. J Physiol Pharmacol
2008;59:645-659.

16. Penna C, Tullio F, Perrelli MG, Moro F, Abbadessa G, Piccione F, Carriero V, Racca S,
Pagliaro P. Ischemia/reperfusion injury is increased and cardioprotection by a postconditioning
protocol is lost as cardiac hypertrophy develops in nandrolone treated rats. Basic Res Cardiol
2011;106:409-420.

17. Mglgaard S, Faricelli B, Salomonsson M, Engstrem T, Treiman M. Increased myocardial
vulnerability to ischemia-reperfusion injury in the presence of left ventricular hypertrophy. J
Hypertens 2016;34:513-523.

18. Obata H, Tanaka H, Haneda T. Response of isolated perfused heart to ischemia after long-
term treatment of spontaneously hypertensive rats with diltiazem. Jpn Circ J 1990;54:89-99.

19. Anderson PG, Allard MF, Thomas GD, Bishop SP, Digerness SB. Increased ischemic injury
but decreased hypoxic injury in hypertrophied rat hearts. Circ Res 1990;67:948-959.

20. Osbakken M, Douglas PS, Ivanics T, Zhang DN, Van Winkle T. Creatinine kinase kinetics
studied by phosphorus-31 nuclear magnetic resonance in a canine model of chronic
hypertension-induced cardiac hypertrophy. J Am Coll Cardiol 1992;19:223-228.

21. Zhao ZQ, Corvera JS, Halkos ME, Kerendi F, Wang NP, Guyton RA, Vinten-Johansen J.
Inhibition of myocardial injury by ischemic postconditioning during reperfusion: comparison
with ischemic preconditioning. Am J Physiol Heart Circ Physiol 2003;285:H579-H588.

22. Penna C, Mancardi D, Raimondo S, Geuna S, Pagliaro P. The paradigm of postconditioning
to protect the heart. J Cell Mol Med 2008;12:435-458.

23. Cohen MV, Downey JM. Ischemic postconditioning: from receptor to end-effector. Antioxid

Redox Signal 2011;14:821-31.

11



24. Penna C, Granata R, Tocchetti CG, Gallo MP, Alloatti G, Pagliaro P. Endogenous
Cardioprotective Agents: Role in Pre and Postconditioning. Curr Drug Targets 2015;16:843-
867.

25. Bolli R, Becker L, Gross G, Mentzer R Jr, Balshaw D, Lathrop DA; NHLBI Working Group
on the Translation of Therapies for Protecting the Heart from Ischemia. Myocardial protection
at a crossroads: the need for translation into clinical therapy. Circ Res 2004;95:125-134.

26. Bell RM, Batker HE, Carr RD, Davidson SM, Downey JM, Dutka DP, Heusch G, Ibanez B,
Macallister R, Stoppe C, Ovize M, Redington A, Walker JM, Yellon DM. 9th Hatter Biannual
Meeting: position document on ischaemia/reperfusion injury, conditioning and the ten
commandments of cardioprotection. Basic Res Cardiol 2016;111:41.

27. Pfeffer JM, Pfeffer MA, Mirsky |, Braunwald E. Regression of left ventricular hypertrophy
and prevention of left ventricular dysfunction by captopril in the spontaneously hypertensive rat.
Proc Natl Acad Sci USA 1982;79:3310-3314

28. Pfeffer MA, Braunwald E, Moye” LA, Basta L, Brown EJ Jr, Cuddy TE, Davis BR,
Geltman EM, Goldman S, Flaker GC et al. Effect of captopril on mortality and morbidity in
patients with left ventricular dysfunction after myocardial infarction. Results of the survival and
ventricular enlargement trial. The SAVE Investigators. N Engl J Med 1992;327:669-677.

29. Remme WJ. Should ACE inhibition always be first-line therapy in heart failure? Lessons
from the CARMEN Study. Cardiovasc Drugs Ther 2003;17:107-1009.

30. Weidenbach R, Schulz R, Gres P, Behrends M, Post H, Heusch G. Enhanced reduction of
myocardial infarct size by combined ACE inhibition and AT(1)-receptor antagonism. Br J
Pharmacol 2000; 131:138-144.

31. Pagliaro P, Penna C. Rethinking the renin-angiotensin system and its role in cardiovascular
regulation. Cardiovasc Drugs Ther 2005;19:77-87.

32. Pagliaro P, Moro F, Tullio F, Perrelli MG, Penna C. Cardioprotective pathways during

reperfusion: focus on redox signaling and other modalities of cell signaling. Antioxid Redox
12



Signal. 2011;14:833-850.

33. Zhu M, Feng J, Lucchinetti E, Fischer G, Xu L, Pedrazzini T, Schaub MC, Zaugg M.
Ischemic postconditioning protects remodeled myocardium via the PI3 K-PKB/Akt reperfusion
injury salvage kinase pathway. Cardiovasc Res 2006;72:152-162.

34. Penna C, Tullio F, Moro F, Folino A, Merlino A, Pagliaro P. Effects of a protocol of
ischemic postconditioning and/or captopril in hearts of normotensive and hypertensive rats.
Basic Res Cardiol 2010;105:181-192.

35. Kiss K, Fekete V, Paloczi J, Sarkdzy M, Murlasits Z, Pipis J, Kheyfets IA, Dugina JL,
Sergeeva SA, Epstein Ol, Csonka C, Csont T, Ferdinandy P, Bencsik P. Renin-Angiotensin-
Aldosterone Signaling Inhibitors-Losartan, Enalapril, and Cardosten-Prevent Infarction-induced
Heart Failure Development in Rats. Altern Ther Health Med 2016;22:10-17.

36. Ferdinandy P, Schulz R, Baxter GF . Interaction of cardiovascular risk factors with
myocardial ischemia/reperfusion injury, preconditioning, and postconditioning. Pharmacol Rev
2007;59:418-458.

37. McCafferty K, Forbes S, Thiemermann C, Yagoob MM. The challenge of translating
ischemic conditioning from animal models to humans: the role of comorbidities. Dis Model
Mech 2014;7:1321-1333.

38. Staat P, Rioufol G, Piot C, Cottin Y, Cung TT, L'Huillier I, Aupetit JF, Bonnefoy E, Finet
G, André-Fouét X, Ovize M. Postconditioning the human heart. Circulation 2005 Oct
4;112:2143-2148.

39. Darling CE, Solari PB, Smith CS, Furman MI, Przyklenk K. 'Postconditioning’ the human
heart: multiple balloon inflations during primary angioplasty may confer cardioprotection. Basic
Res Cardiol 2007;102:274-278.

40. Pagliaro P, Penna C. Redox signalling and cardioprotection: translatability and mechanism.

Br J Pharmacol. 2015 ;172:1974-1995.

13



41. Hu T, Wang HC, Wang RT, Lv AL, Luan RH, Li CX, Cheng HX, Xia CH, Tao L. Effect of
chronic pretreatment of angiotensin-converting receptor blocker on no-reflow phenomenon in
patients with acute myocardial infarction undergoing percutaneous coronary intervention.
Cardiovasc Ther. 2013;31:e7-e11.

42. Zeng XC, Li XS, Wen H. Telmisartan protects against microvascular dysfunction during
myocardial ischemia/reperfusion injury by activation of peroxisome proliferator-activated

receptor y. BMC Cardiovasc Disord 2013;13:39.

14



Figure legend

Fig. 1. The concomitant presence of hypertension and cardiac hypertrophy predisposes to
cardiovascular accidents and worsening of damage from ischemia/reperfusion injury (IRI).
Some anti-hypertensive drugs, regardless of lowering in blood pressure, can reduce the
consequences of IRI. The question mark indicates that the mechanisms of this protective effect

are unknown.
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