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Heart failure (HF) and cancer are the main public health issues in industrialized countries and are increasing in
prevalence, especially, in the ageing population. These two diseases were thought to be independent; however, new
research has revealed that cancer and HF frequently coexist in the same patient. Furthermore, as cancer-specific
mortality decreases and the surviving population gets older, the overlap between cardiac disease and cancer patients is
growing. As a result, the discipline of cardio-oncology has primarily focused on the adverse effects of anti-cancer therapy.
HF is one of the most serious consequences of cardiotoxic cancer therapy.
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1. Renin-Angiotensin-Aldosterone System Linking Ischemic Heart Failure
and Cancer

There is evidence that the RAAS is involved in most of the tumorigenic characteristics described above, and due to the
chronic activation of RAAS in HF, it has been proposed that a failing heart may be closely related to the development of
cancer. In this review, we will discuss recent studies that highlight the role of RAAS components as an axis of crucial
importance in the pathophysiology of HF and as well as evidence of the dysregulation of its components in the
development of cancer to highlight the points where these two entities that were previously considered independent could
now converge.

There are two major pathways in the RAAS: classical and non-classical pathways. In the classical RAAS, the effector
peptide is angiotensin-II (Angll), which is produced from its hepatic precursor, angiotensinogen, which is catabolized by
the enzyme renin, giving rise to angiotensin-I (Angl) in turn, which is a substrate for the angiotensin-converting enzyme
(ACE) producing angiotensin-ll. The functional effects of Angll in the classical RAAS are largely mediated by the type 1
angiotensin-II receptor (AT1R) and the type 2 receptor (AT2R) 2l AT1R activation increases aldosterone, an important
player in the regulation of electrolyte balance &, but AT1R activation also has many other effects (described later).
Signaling mediated by the AT2R is associated with antifibrotic functions and even with anti-inflammatory effects in HF 4=
(8 while in cancer, this axis has antiproliferative, antiangiogenic, and pro-apoptotic effects [l However, there are also
conflicting reports suggesting possible tumor type-specific differences Bl

In the non-classical RAAS, the homologue of ACE, angiotensin-converting enzyme 2 (ACE2) cleaves Angl into a
nonapeptide, Ang 1-9 and Angll into a heptapeptide, Ang 1-7. Additionally, Angll can be also converted to Ang 2-8 (Anglll)
by aminopeptidase A, and exerts its effects by binding to AT1R. Aminopeptidase N converts Anglll to Ang 3-8 (AnglV) and
can act through the angiotensin 4 receptor (AT4R) . Ang 1-9 can activate AT2R, and Ang 1-7 can bind to the proto-
oncogene Mas receptor (MasR). Interestingly, every one of these components has been demonstrated to counteract the
actions of the classical RAAS W Signaling mediated by the ACE2/Ang 1-7/MasR axis has been shown to have a
protective role in the development of myocardial remodeling post-MlI in an animal model 29, but it is also associated with
antifibrotic and anti-inflammatory effects 1412 Moreover, AngIV/AT4R signaling has a cardioprotective role, acting as a
counterpart of Ang ll-mediated inflammation and myocardial fibrosis in rat model X3 In cancer, MasR has been
documented to reduce abnormal angiogenesis, inflammation and cell proliferation by the local decrease of Ang Il levels or
AT1 receptor blockade associated with high concentrations of Ang(1-7) at the tumor site 24 Even so, as the ATIR
continues to be crucial in mediating physiological and pathophysiological effects of Angll 22!, in this review, we are going
to focus in the classical ATIR/Angll RAAS axis.

Angll overproduction is linked to the development of chronic illnesses; in fact, a chronic activation of RAAS is a hallmark
of HF, especially marked by a systemic increase in levels of Angll 281171 and to better understand how RAAS is implied in
both of these diseases, first we must consider the involved pathophysiology from Ml to HF and then later to cancer.



Cardiomyocyte necrosis in the infarcted myocardium activates the innate immune response, triggering an inflammatory
response. The release of danger signals from dying cells induces the secretion of cytokines, like chemokines and
adhesion molecules, to allow the recruitment and infiltration of leukocytes, mainly monocytes, into the infarcted area,
where they exert a “reparative” response, phagocytosing the cellular debris, while stimulating repair pathways by
secreting pro-inflammatory cytokines. To supply the appropriate number of immune cells, a release of stem cells and
hematopoietic progenitors from the niches of the bone marrow occurs; these cells then migrate to the spleen and,
ultimately, increase the production of immune cells, which in turn mediates an effective inflammatory response (Figure 1)
[18l19] The modulation of inflammation in this repair phase includes fibroblast activation and healing mediated by the
neurohumoral response. RAAS, which is part of the neurohumoral response, is activated by renal hypoperfusion and
sympathetic activation as compensatory mechanisms after a myocardial injury 29, In these processes, RAAS actively
participates mainly through the Angll effector peptide. Indeed, various components of RAAS, including angiotensinogen,
Angll, ACE, AT1R, and AT2R, have been reported to be expressed in a variety of immune cells 21, as well as in bone
marrow cells 22, Shortly after myocardial injury, an increase in Angll concentration occurs, which induces an
accumulation, differentiation, and the exit of hematopoietic stem/precursor cells (HPSC) from the bone marrow to
contribute to splenic myelopoiesis, supplying up to 50% of the leukocytes to the infarcted area 23, and through the
phosphorylation of nuclear factor-kappa B (NF-kB), the binding of Angll to its AT1R receptor induces a pro-inflammatory
response mediated by tumor necrosis factor-alpha (TNF-a) or interleukin-1 beta (IL1R), which in turn are drivers of
inflammation [24. Nevertheless, when neurohumoral response becomes chronic, it leads to an excessive loss of
cardiomyocytes, an exacerbated inflammatory response, and the healing and adverse remodeling of the infarcted
ventricle, which ultimately underlies HF [25l2827] Thjs dysfunctional environment has been proposed to trigger the
secretion of several factors into the circulation that can be synthesized in various cell types surrounding the heart and its
own cell components, including cardiomyocytes, fibroblasts, smooth muscle (aortic or blood-derived progenitors), and
vascular endothelial cells (Figure 1) 281129
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Figure 1. Myocardial infarction and heart-failure-related events. Shortly after myocardial injury, an increase in Angll
concentration occurs and induces an accumulation, differentiation, and exit of hematopoietic stem/precursor cells (HPSC)
from the bone marrow to contribute to splenic myelopoiesis to supply the infarcted area of the immune cells.
Cardiomyocyte necrosis releases signals of danger and induces the secretion of cytokines, chemokines, and adhesion
molecules to allow the recruitment and infiltration of leukocytes (mainly monocytes) into the infarcted area. Monocytes
exert a reparative response, phagocytosing the cellular debris, while it stimulates repair pathways by secreting pro-
inflammatory cytokines through the binding of angiotensin-Il (Angll) to type 1 angiotensin-Il receptor (AT1R), which
induces the phosphorylation of nuclear factor-kappa B (NF-kB). This induces a pro-inflammatory response mediated by
tumor necrosis factor-alpha (TNF-a) or interleukin-1 beta (IL13) and drives inflammation. The modulation of inflammation
in this repair phase includes fibroblast activation and healing mediated in part by renin-angiotensin- aldosterone system
(RAAS). When this response becomes chronic, it leads to a pathological process called ventricular remodeling,
characterized by progressive hypertrophy of myocytes and interstitial fibrosis, which in later stages involve progressive
loss of myocytes through apoptosis, an exacerbated inflammatory response. The healing and the adverse remodeling of
the infarcted ventricle ultimately underlie heart failure. This environment can lead to the secretion of certain factors into
the circulation that are synthesized in various cell types in the heart, including cardiomyocytes, fibroblasts, smooth
muscle, and vascular endothelial cells and other unknown factors. Image created with BioRender.com (Toronto, ON,
Canada).



In this scenario, one of these secreted or leading factors can be components of RAAS, especially, Angll. This statement is
based on several facts. On one hand, the activation of Angll/AT1R axis is generally associated with the pathophysiological
appearance in HF, and it has also been established that RAAS is frequently altered in a variety of cancer types, which in
turn is associated with a poor prognosis B9, It should be considered that the pathological effects observed in these
diseases are mainly associated with the Angll/ATR1 axis 2. Thus, AT1R signaling increases aldosterone levels and
blood pressure, induces vasoconstriction, cardiac hypertrophy, fibrosis, inflammation, and reactive oxygen species (ROS)
production, while decreasing nitric oxide (NO) production, among other effects @&, In the cancer scenario, ATIR
activation by Angll favors cell proliferation, inhibits apoptosis, and promotes adhesion molecule expression, the interaction
of monocytes with endothelial cells (EC), the infiltration of inflammatory cells, and the generation of pro-inflammatory
cytokines, enabling the establishment of the inflammatory microenvironment, which is a pivotal state for the subsistence of
neoplastic cells (141,

On another topic, it has previously been proposed that the initial immune response against a neoplasm is the result of the
presence of an acute tissue injury that has generated a chronic infiltration of various myeloid cells, triggering a state of
chronic inflammation in the tissue environment because the initial acute inflammatory response did not resolve 1. Along
the same lines, RAAS is a driver of tumorigenesis, linking with HF through immune and inflammatory responses. The
involvement of immune cells both in the acute response after MI, the progression towards HF, and in the tumor
microenvironment (TME) is a well-established notion. In the TME, immune cells intervene in various stages, mainly due to
their infiltration into tumors and their differentiation into tumor-associated macrophages (TAM) B2 which are important
components of the infiltration of most tumors and are derived mainly from circulating monocytes and which are attracted
to the tumor by chemokines. In such a tumorigenic microenvironment, TAMs can stimulate tumor cell proliferation,
promote angiogenesis, and favor invasion and metastasis 23l In TME, they are frequently located surrounding blood
vessels, where they secrete vascular endothelial growth factor (VEGF) and induce new blood vessel formation
(angiogenesis). TAMs are the major immunoregulatory cells, and result in immune suppression in TME 241, It should be
noted that in the post-MI phase, monocytes predominate B2l28 |n MI, monocytes secrete angiogenic mediators, such as
VEGF and the fibrogenic mediator transforming growth factor-beta (TGF-B), where their function is to promote the repair
of infarcted tissue and cardiac fibrosis (28], so these HF-immune mediators can act as a substrate for the development of
cancer cells by modulating a favorable microenvironment for its development (Figure 2).
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Figure 2. The endothelium in a normal and pathological state. The endothelium is a monolayer of cells that covers the
interior of each major and minor vessel. A healthy endothelium has anti-inflammatory, anti-thrombotic properties and
promotes vasodilation through nitric oxide (NO) release (left side). Cardiovascular risk factors such as obesity, diabetes
and hypertension could promote a dysfunctional endothelium (right side) that is characterized by a decrease in NO
release as well as an increment in reactive oxygen species (ROS) and a pro-inflammatory activity mediated by
Angll/AT1R signaling, which activates NF-kB and, consequently, the expression of cytokines, chemokines, and adhesion
molecules: interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), and vascular cell adhesion molecule-1
(VCAM-1) by endothelial cells. Then, myeloid cells such as monocytes migrate and infiltrate towards the aortic walls
(where they become macrophages) contributing to the endothelial dysfunction by producing tumor necrosis factor-alpha
(TNF-0), IL-6, and MCP-1. Image created with BioRender.com, Toronto, ON, Canada.

Additionally, it was reported that systemic changes induced by the tumor influence the phenotype of circulating monocytes
(such as the acquisition of immunosuppressive activity and a decreased responsiveness to inflammatory stimuli) before
their infiltration into the tumor environment B2, In particular, the inflammatory Ly6C"9" monocyte subset is efficiently
recruited towards tumors and provides mediators that stimulate cancer-associated inflammation and angiogenesis 23132,
Consistent with the above, Koelwyn et al. reported that Ml accelerates breast cancer growth and cancer-specific mortality



in mice and humans. In a murine model, there was an increase in the levels of circulating Ly6C"9" monocytes that were
epigenetically reprogrammed in the spleen towards an immunosuppressive phenotype that was maintained in the tumor,
as well as in the blood circulation, and additionally demonstrated that the depletion of these cells abolished MI-induced
tumor growth B2 Angll plays a relevant role in macrophage-mediated chronic inflammation by modulating this
macrophage amplification program, since according to Retamozo et al. the overproduction of Angll increased macrophage
progenitors in the spleen, allowing the extramedullary tissue to supply new macrophages associated with tumors
throughout cancer progression in a tumor-bearing animal model. In contrast, blocking Angll production prevented the
amplification of macrophage progenitors (23, |n this context, RAAS, and in particular Angll, could be a key point in the
convergence of HF and cancer pathophysiology.

That is why it has been stated that chronic inflammation is a point of convergence between HF and cancer; because the
former is characterized by chronic inflammation, it directly influences the risk of cancer development in patients with HF,
since inflammation is an established component of carcinogenesis. Evidence suggests that chronic inflammation is
responsible for up to 25% of all cancers 28, On this occasion, we want to highlight the role of endothelial dysfunction as a
pathophysiological substrate in the development of Ml and HF, which in turn can generate an environment conducive to
cancer progression.

The presence of cardiovascular risk factors, among them obesity, diabetes, and hypertension, directly affects the
endothelium which is composed by EC. These cells line the inside of all major and minor vessels and serve as the first
point of contact between the lumen and other tissues and regulate vascular tone, stiffness, inflammation, thrombotic
potential in both health and illness (Figure 2). Cardiovascular risk factors mediate their detrimental effects on the vessel
wall in part via enhanced activity of RAAS and increased release of vasoactive agents including Ang Il as well as
paracrine and circulating factors that regulate the generation and activity of endothelium-derived vasoactive and growth
factors, adhesion molecules that mediate leucocyte-EC interaction, and blood coagulation regulators B7E8l The
endothelium in a healthy vasculature is anti-inflammatory, anti-thrombotic, and promotes vasodilation but, on the contrary,
when the endothelium becomes dysfunctional, it is characterized by a pro-inflammatory and pro-thrombotic state 249
(Figure 2). It is worth noting that the exact mechanism by which a normally functioning endothelium becomes
dysfunctional remain unknown. However, it has been reported that the endothelium is a prime site for the effects of
cardiovascular risk factors; thus, endothelial function can be seen as an integrated index and sensitive measure of
cardiovascular disease risk, since it reflects the cumulative contribution of various risk variables associated with
inflammation and oxidative stress and given the similar pathological mechanisms that underpin cancer and cardiovascular
disease “; thus, this is an elemental cellular component that can intermediate the transition between HF and cancer
(Figure 2).

From a cancer perspective, dysfunctional ECs can promote pro-inflammatory signaling that is associated with
characteristics that favor cancer progression, while in non-pathological conditions, it has been reported that ECs mitigate
tumor invasiveness and metastasis 4. Using in vitro models of dysfunctionally activated ECs, Franses et al. observed
that resting EC constructs exhibited moderate inflammatory activity and could inhibit the proliferation and invasion of
cancer cells. In contrast, “dysfunctional” ECs favored spontaneous metastasis in adjacent tumors through an aberrant
expression of pro-inflammatory cytokines, extracellular matrix, alterations in the leukocyte adhesion process, increasing
the expression of vascular cell adhesion molecule-1 (VCAM-1) and abnormal responses to oxidative stress, which are
pathological stimuli present both in atherosclerotic lesions, precursors of Ml and HF, as well as in the tumor environment
(Figure 3) 28142 \glitor et al. provided evidence that the Angll/AT1R axis favors the migration and infiltration of myeloid
cells towards the aortic walls, inducing endothelial dysfunction. Notably, AT1R blockade with telmisartan attenuated
vascular infiltration of immune cells, reducing oxidative stress, and improved endothelial dysfunction 43 Furthermore, in a
subsequent study, they tested ACE inhibition in an HF model after MI, where they observed a decrease in systemic
inflammation accompanied by a reduction in vascular infiltration of inflammatory myeloid cells and a decrease in the ROS
levels nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) produced [24],
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Figure 3. Role of RAAS in the tumor microenvironment. Immune cells can infiltrate tumors and differentiate into tumor-
associated macrophages (TAM) derived mainly from circulating monocytes and are attracted to the tumor by chemokines.
TAMs can stimulate tumor cell proliferation, angiogenesis, invasion and metastasis. Additionally, tumor microenvironment
(TME) can influence the phenotype of circulating monocytes such as the Ly6CM9" monocyte subset, giving them an
immunosuppressive activity and a decreased responsiveness to inflammatory stimuli before their infiltration intoTME.
Angiotensin-Il (Angll) plays a relevant role in macrophage-mediated chronic inflammation, increasing macrophage
progenitors and supplying of TAMs. Additionally, endothelial cells (EC) can promote pro-inflammatory signaling, favoring
spontaneous metastasis in adjacent tumors through an aberrant expression of pro-inflammatory cytokines, extracellular
matrix, alterations in the leukocyte adhesion process, increasing vascular cell adhesion molecule-1 (VCAM-1) and
abnormal responses to oxidative stress. In ECs, Angll/AT1R signaling generates a pro-angiogenic response mediated by
vascular endothelial growth factor (VEGF). Angll signaling activates TNF-a and NF-kB and upregulates pro-inflammatory
endothelial chemokines. Angll has been reported to be able to promote VCAM-1 expression and enhance adhesion,
growth, angiogenesis, and the inflammatory microenvironment through AT1R in hepatocellular carcinoma. It has been
reported that angiogenesis promotes tumor cell metastasis. Image created with BioRender.com, Toronto, ON, Canada.

ECs are essential in the tumor microenvironment, as they can also express and use components of the RAAS signaling
pathway to promote tumor growth, enhance angiogenesis, and promote metastasis B424 |t should be noted that
adhesion molecules play a crucial role in these processes, since they allow the union and transendothelial migration, in
this case, of tumor cells or TAMs. Angll signaling activates TNF-a and NF-kB and upregulates pro-inflammatory
endothelial chemokines 28451 Angll has been reported to be able to promote VCAM-1 expression and enhance
adhesion, growth, angiogenesis, and the inflammatory microenvironment through AT1R in hepatocellular carcinoma [46l,
During HF, an increase in VCAM-1 expression was observed in response to Angll stimulation, and this is associated with
endothelial dysfunction as well 43147,

Angiogenesis is involved in myocardial healing. It has been reported to promote tumor progression, depending first on
supplying oxygen and nutrients and later, generating a pathway for its metastasis “&. In ECs, AT1R-mediated Angll
generates a pro-angiogenic response mediated by VEGF, a crucial stimulator of pathological vessel formation (Figure 3)
49 Therefore, this represents another mechanism in which HF could influence the environment that leads to cancer
progression. Thus, the study of endothelial dysfunction mechanisms is crucial to preventing the recurrence of serious
secondary events in patients who have suffered HF, including the development of cancer.

2. Papel de la farmacoterapia con inhibidores del RAAS en la insuficiencia
cardiaca y el cancer

Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) are part of the basic
pharmacological treatment after Ml (besides reperfusion), and its administration has been reported to reduce mortality in
the short and long term in addition to reducing the risk of HF BYBLB2 Additionally, recent data suggest that these drugs
also possess anti-inflammatory and anticancer characteristics 23541 which reinforces the convergent role of the RAAS
system in HF and cancer, because their molecular inhibitors play an important role in development, migration, recurrence,
and resistance to antineoplastic drugs 24!,



To denote the role that RAAS plays in HF and cancer, we want to highlight the therapeutic properties that RAAS inhibitors
possess in HF (Table 1) and the findings that these inhibitors have shown in cancer preclinical research (Table 2).

Table 1. Role of RAAS inhibitors in heart failure.

RAAS Inhibitor  Observations

Angiotensin converting enzyme inhibitors (ACEI)

Long-term administration was associated with an improvement in survival and reduced morbidity and
mortality due to major cardiovascular events in patients with asymptomatic left ventricular (LV) dysfunction

Captopril
after myocardial infarction (M) (531,
Enalapril Increased exercise time and left ventricular ejection fraction (LVEF) [56],
. . Increased 6 min walk distance but did not decrease mortality 37, After 1-year treatment reduced
Perindopril . . . . . L (58]
progressive LV remodeling but it was not associated with better clinical outcomes 22,
L Administration to patients with clinical evidence of either transient or ongoing heart failure (HF) after Mi
Ramipril . . Lo [59]
resulted in a substantial reduction in premature death from all causes 221,

Long-term treatment in patients with reduced LV function soon after Ml significantly reduced the risk of

Trandolapril overall mortality, mortality from cardiovascular causes, sudden death, and the development of severe HF
[60]
Angiotensin Il type 1 receptor blockers (ARBS)

Telmisartan was well tolerated in patients unable to tolerate ACEI. Although the drug had no significant

Telmisartan effect on hospitalizations for HF, it modestly reduced the risk of the composite outcome of cardiovascular
death, M, or stroke [€2],

Slightly decreased hospitalizations but did not decrease mortality 621, Reduced cardiovascular mortality

Candesartan and hospital admissions for worsening chronic HF. Patients with reduced ejection fraction were the most
benefited [€3],
Reduced the rate of death or admission for HF in patients with HF, reduced LVEF, and intolerance to ACEI
Losartan [64]
In patients with Ml associated with HF and/or LV dysfunction, valsartan administration in the immediate post
Valsartan . . i1 [65][66]
MI period demonstrated equal efficacy than captopril R

Aldosterone antagonists

Spironolactone Prevented LV fibrosis and remodeling after Mi [7]

Table 2. Role of RAAs inhibitor in cancer preclinical research.

RAAS Inhibitor  Findings
Angiotensin converting enzyme inhibitors (ACEI)
Inhibits tumor growth in a gastric cancer model and suppresses the angiogenesis of the tumor by

decreasing the expression of vascular endothelial growth factor (VEGF) and matrix metalloproteinase
(MMP)-7 in a mouse model with human gastric cancer (€8], Attenuates cell migration in a breast cancer

Captopril
model [¢2], Inhibits cell growth, decreases c-myc expression, and increases apoptosis on leukemic cell lines
[z0]
Enalapril Inhibits tumor progression and reduces number of tumor-associated macrophages (TAMs) [23],
Perindobril Can inhibit the tumor growth in gastric cancer model and suppress the angiogenesis of the tumor by
! pri decreasing the expression of VEGF and MMP-7 in a mouse model with human gastric cancer [£8],
Ramipril Decreases systemic inflammation [24],
Trandolapril Inhibits cell growth, decreases c-myc expression, and increases apoptosis in leukemic cell lines 79,
Angiotensin Il type 1 receptor blockers (ARBs)
. Inhibits cell proliferation and tumor growth of esophageal squamous cell carcinoma by inducing s-phase
Telmisartan [z
cell cycle arrest L2,

Prevents bladder cancer growth in a mouse model by inhibiting angiogenesis, and combined treatment with
candesartan and paclitaxel enhances paclitaxel-induced cytotoxicity 721,

Candesartan S " X .
Candesartan treatment significantly sensitizes human lung adenocarcinoma cells to tumor necrosis factor-
related apoptosis-inducing ligand-mediated apoptosis 3,



RAAS Inhibitor  Findings

Can inhibit the tumor growth in gastric cancer model and suppress the angiogenesis of the tumor
decreasing the expressions of VEGF [68],
Can exert anti-metastatic activity by inhibiting chemokine receptor type 2 (CCR2) signaling and suppressing
monocyte recruitment in a mouse model with tumors and indirectly as anti-inflammatory effect and

Losartan independently of AT1R [Z4],
Ameliorates angiogenesis, inflammation and the induction of oxidative stress via type-1 angiotensin-II
receptor (AT1R) in a murine model of lung metastasis of colorectal cancer (751,
Inhibits cell growth, decreases c-myc expression and increases apoptosis in leukemic cell lines [z,
Valsartan Can inhibit the tumor growth in gastric cancer model and suppress the angiogenesis of the tumor,

decreasing the expressions of VEGF e8],
Aldosterone antagonists

Inhibits cancerous cell growth and is highly toxic for cancer stem cells; impairs DNA-double-strand breaks
Spironolactone repair and induces apoptosis in cancer cells and cancer stem cells (CSCs) while sparing healthy cells. In
vivo, this treatment reduces the size and CSC content of tumors 28],
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