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Diabetes, heart damage, and angiotensin II. What is the relationship link
between them? A minireview
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Cardiovascular complications are the main cause of mortality and morbidity in the diabetic
patients, in whom changes in myocardial structure and function have been described. Numerous
molecular mechanisms have been proposed that could contribute to the development of a cardiac
damage. In this regard, angiotensin II (Ang II), a proinflammatory peptide that constitutes the
main effector of the renin-angiotensin system (RAS) has taken a relevant role. The aim of this re-
view was to analyze the role of Ang II in the different biochemical pathways that could be involved
in the development of cardiovascular damage during diabetes. We performed an exhaustive review
in the main databases, using the following terms: angiotensin II, cardiovascular damage, renin
angiotensin system, inflammation, and diabetes mellitus. Classically, the RAS has been defined
as a complex system of enzymes, receptors, and peptides that help control the blood pressure and
the fluid homeostasis. However, in recent years, this concept has undergone substantial changes.
Although this system has been known for decades, recent discoveries in cellular and molecular bi-
ology, as well as cardiovascular physiology, have introduced a better understanding of its function

and relationship to the development of the diabetic cardiomyopathy.
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The renin-angiotensin system (RAS) has classically
been defined as an endocrine system involved in the
regulation of blood pressure, sodium concentra-
tion, and extracellular fluid balance (Chappell 2016).
However, it is now known that the RAS is locally
expressed in several tissues and exerts multiple
paracrine and autocrine effects involved in physiology
and tissue homeostasis. In fact, RAS plays a key role
in the cell proliferation, differentiation, migration,
and apoptosis, as well as extracellular matrix (ECM)
remodeling (Bader 2010).

RAS has been extensively studied and is present
in most vertebrates. Beginning with the discovery

of renin more than a century ago (Tigerstedt and
Bergman 1898), the RAS has been evolved in an
extensive system of bioactive peptides that result from
the action of several enzymes on a single precursor,
angiotensinogen (AGT) (Dell'Italia 2011). These
peptides have specific receptors that produce unique
cellular responses in multiple tissues (Dell’Italia
2011).

It has been widely described that alterations in the
RAS are involved in multiple diseases, such as athero-
sclerosis, cardiac hypertrophy, type 1 diabetes, type 2
diabetes, and renal fibrosis (Nehme and Zibara 2017;
Nehme et al. 2019). On the other hand, RAS blocking
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agents, such as angiotensin-converting enzyme
(ACE) inhibitors and angiotensin II (Ang II) ATI
receptor blockers, have been shown to improve the
prognosis of patients with cardiovascular diseases
(Crowley et al. 2007).

Ang II is the main effector molecule of RAS. It
is involved in the control of blood pressure and
electrolyte balance. In addition, as a potent vasocon-
strictor, Ang II also exerts proliferative, proinflam-
matory, and profibrotic activities (Benigni et al. 2010;
Forrester etal. 2018). Patients with diabetes are at high
risk for cardiovascular diseases (CVD), which is the
main cause of morbidity and mortality. These patients
have a 2- to 3-fold increased risk of cardiovascular
events compared with their nondiabetic counterparts
and mortality associated with cardiovascular events
is about 80% in these individuals (Tonelli et al. 2012).
The aim of this review is to analyze the role of Ang II
in the different molecular pathways that could lead to
a cardiovascular pathology during diabetes.

Methods

A comprehensive search was conducted in the
following databases: PubMed, Scopus, and Science
Direct. The different sources consulted were reviewed
independently by all the authors. The keywords
used individually or combined for this search were:
angiotensin II, renin-angiotensin system, cardiovas-
cular damage, inflammation, and diabetes mellitus.
Observational studies, review articles, and clinical
guidelines were also reviewed. In order to evaluate the
quality evidence, only original articles were selected.

Overview of the renin-angiotensin system today

The RASisa system of hormones, various enzymes,
and inactive and active peptides, which together play
an important role in the regulation of blood pressure
and fluid and electrolyte homeostasis through
coordinated effects on the heart, blood vessels, and
kidneys (Bader 2010; Chappell 2016).

Ang II is the primary effector hormone of this
system that can act either as a systemic hormone or a
factor produced locally in tissues. Within the kidney,
cells of the juxtaglomerular apparatus synthesize an
aspartyl protease called renin (Sequeira Lopez et al.
2004), a very specific enzyme, which acts on AGT
synthesized in the liver catalyzing the first step in
a biochemical cascade of enzymatic processes. By
acting on angiotensinogen, renin gives, it rises to the
decapeptide angiotensin I (Ang I), which is subse-
quently converted to the octapeptide Ang II by the

action of angiotensin converting enzyme (ACE)
(Hobart et al. 1984). ACE is a glycoprotein with a
molecular mass of 18 kDa and two carboxy-terminal
active sites, which can also metabolize bradykinin
(BK), an active vasodilator and natriuretic substance,
to an inactive metabolite (Soubrier et al. 1993;
Kuoppala et al. 2000).

Ang II exerts its physiological actions primarily
through two distinct receptors: the Ang II type 1
(AT1) and type 2 (AT2). Although Ang II binds with
similar affinity to both receptors, most of its functions
are mediated by binding to the AT1 receptor (Carey
and Padia 2008). Binding of Ang II to the AT1
receptor activates a series of signaling cascades that
lead to tissue remodeling, acute vasoconstriction, and
water and salt reabsorption. Whereas the binding to
the AT2 receptor is thought to have opposite effects,
as it has been reported to inhibit and antagonize AT1
receptor-mediated functions through compensatory
responses, in particular through nitric oxide release
and anti-proliferative properties (Horiuchietal. 2012).

In 2000, angiotensin-converting enzyme type 2
(ACE-2) was reported as first; since then, compensa-
tory RAS pathways have been described (Donoghue
et al. 2000; Tipnis et al. 2000). The ACE-2 cleaves
Ang I to generate Ang 1-9, which is then converted
to the vasodilator peptide Ang 1-7 by the action of
ACE or other peptidases. More efficiently, ACE-2
also directly metabolizes Ang II to form Ang 1-7.
This heptapeptide has properties opposite to those
of Ang II, promoting vasodilation exerting anti-
proliferative and anti-hypertrophic effects by acting
through the Mas receptor (MasR) (Santos et al. 2003).
Some reports have also described binding of Ang 1-7
to AT2 receptors (Walters et al. 2005). In addition to
the above components of the RAS, Ang II is further
metabolized to Ang III by the action of aminopepti-
dase A and then converted to Ang IV by the action of
aminopeptidase N (Gao et al. 2014). Ang II can also
be converted to angiotensin A (Ang A) by the enzyme
aspartate decarboxylase derived from mononuclear
leukocytes (ADDLM), leading to the formation of
Alamandin, which has been shown to bind to the
Mas-related G-protein-coupled D receptor (Hrenak
et al. 2016). Ang A and Alamandin have antago-
nistic effects. The former induces vasoconstriction
and cell proliferation, whereas the latter triggers
opposite effects. Alamandin can be generated from
both “harmful” Ang A and “protective” Ang 1-7. This
constitutes an additional axis that modulates the
regulation of the peripheral and central blood pressure
and cardiovascular remodeling in the complex
structure of the RAS (Figure 1) (Hrenak et al. 2016).
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Figure 1. An overview of the renin-angiotensin system. Abbreviations: ACE - angiotensin-converting enzyme; APA -
aminopeptidase A; APN - aminopeptidase N; ACE-2 - angiotensin-converting enzyme 2; Ang (1-9) - angiotensin 1-9;
Ang (1-7) - angiotensin 1-7; MLDAD - mononuclear leukocyte-derived aspartate decarboxylase; MrgD — Mas-related
D receptor coupled to G protein; ATIR - AT1 receptor; AT2R — AT2 receptor.

The renin-angiotensin system in cardiac tissue

In recent years, an abundance of research has been
published demonstrating the existence of multiple
enzymatic pathways for the generation of different
angiotensin peptides that exert their effects in a tissue-
specific manner (Ferrario et al. 2014). The concept of
local RAS was initially challenged by the fact that
renin was considered for a specific RAS limiting
enzyme, a key element in the cleavage of GTS into
Ang-1. However, in 1971, Ganten and coworkers have
described a renin-like enzyme present in dog brain
tissue that was independent of renal and plasma
renin. This finding marked the beginning of the
demonstration of the existence of a tissue RAS. Since
then, local angiotensin pathways and their physi-
ological significance have been described in different
tissues, including the heart, blood vessels, kidney,

brain, adipose tissue, adrenal gland, pancreas, liver,
reproductive system, lymphatic tissue, placenta, and
eye (Paul et al. 2006; Ferrario et al. 2014).

All major components of the classical RAS, i.e.,
renin, AGT, ACE, ATI1, and AT2 receptors, are
expressed in the heart, although there is a lack of
consensus on the source of renin (Krop and Danser
2008). However, it is known that regardless of this
fact, most of cardiac Ang II is synthesized in situ
(van Kats et al. 1998). The difference in circulating
and cardiac Ang II levels is particularly prominent
in diabetes. Hyperglycemia increases tissue Ang II
even in the heart, which induces oxidative stress,
endothelial damage, vasoconstriction, thrombosis,
inflammation, and vascular remodeling (Giacchetti
et al. 2005; Singh et al. 2008a, b).

Several studies have demonstrated uptake and
activation of prorenin by cardiomyocytes resulting



58 Angiotensin II and diabetes heart damage

in an increased intracellular Ang II levels, suggesting
that intracellular Ang IT synthesis may occur after
sequestration of prorenin and AGT by these cells (van
Kesteren et al. 1997; Peters et al. 2002). On the other
hand, Singh and coworkers (2007), have demon-
strated Ang II synthesis in neonatal rat ventricular
myocytes using specific enzyme inhibitors and have
concluded that renin and ACE are involved in Ang II
synthesis, while Ang II generation induced by high
glucose concentration involved renin and chymase.
Fibroblasts constitute the second major cell type in
the heart that play an important role in the cardiac
remodeling in various pathological conditions.
Fibroblasts have been described to contain a full RAS
and respond to stimulation by producing Ang II that
induces extracellular matrix production (Sanghi
et al. 2005). The close proximity and interaction
of cardiac myocytes and fibroblasts make cardiac
fibroblasts of critical importance, when considering
the paracrine or autocrine effects of Ang II in the
heart. Previous experiments have demonstrated that
cardiac fibroblasts stimulated with high doses of
glucose or isoproterenol produced Ang Il in an intra-
and extracellular manner dependent on the action
of renin and ACE, but not chymases (Singh et al.
2008a, b). In this context, it has been described that
in addition to renin, other enzymes such as cathepsin

D (CTSD), cathepsin G (CTSG), and tonin have a
capacity to degrade TFA and generate Ang I (Wu et
al. 2011). These constitute additional pathways for
the generation of Ang II that would escape to known
blocking mechanisms.

One of the most important contributions leading
to the understanding of the local RAS is the discovery
of angiotensin peptide (1-12), which may serve as an
alternative precursor for Ang II production. Ang
1-12 was first described in 2006 and induces aortic
constriction ex vivo and elevates blood pressure in
rats (Nagata et al. 2006). This substrate in the presence
of mast cell protease (chymase) is directly converted
to Ang II in humans (Ahmad et al. 2011; Ferrario
et al. 2016). Mast cells normally exist in an intact
form within the myocardium and can be activated
by releasing enzymes, such as chymase, in response
to acute stress, such as ischemia/reperfusion and
oxidative stress (Zheng et al. 2014). These alternative
pathways may explain in part the dual function of
RAS, not only as a circulating hormone system, but
also as a tissue-specific regulatory system that serves
autocrine, paracrine, and even intracrine functions.

The most significant observation regarding cardiac
RAS is the glucose-induced intracellular synthesis
and complete retention of Ang II in cardiomyo-
cytes. These observations are important not only for
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Figure 2. A representative scheme depicting the paracrine communication network between
the cardiac fibroblasts and myocytes, chymase-dependent angiotensin II (Ang II) production,
and the effect of hyperglycemia on Ang II production in these cells.
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understanding the RAS in diabetes, but also for the
clinical management of diabetic cardiomyopathy
(Singh et al. 2007, 2008a, b). The key step in the
effector mechanisms of the RAS is the binding of
Ang II to AT1 receptors. This initiates a signal trans-
duction cascade that results in collagen synthesis
by cardiac fibroblasts, causing fibrosis and myocyte
hypertrophy, which underlie the development of
cardiac hypertrophy (Figure 2) (Krenning et al. 2010).

Angiotensin II and cardiovascular damage in
diabetes

Cardiovascular disease remains the leading cause
of morbidity and mortality in type land 2 diabetes
(Livingstone et al. 2012; Paneni et al. 2013; Miller et
al. 2019). Beyond the inherent increase in mortality
in diabetic subjects, when diabetes is combined
with manifestations of cardiovascular disease, i.e.,
disorders of the heart and blood vessels, such as
myocardial infarction or stroke, the mortality rate
nearly doubles, leading to an estimated reduction in
life expectancy by approximately 12 years (Pennells
et al. 2019). Multiple evidences support the widely
accepted fact that RAS activation represents a
mechanism linking diabetes and cardiovascular
complications (Weinsaft 2000). In addition to the
systemic RAS activation, the induction of this
pathway also occurs locally in the heart during
diabetes (Bugger and Abel 2014). ACE inhibitors
have been shown to reduce the risk of heart failure
in patients with diabetes or established cardiovas-
cular disease (Ghali et al. 2007; Aguilar et al. 2010).
RAS activation in diabetes may also contribute to
inflammation (Candido et al. 2004), cardiac fibrosis,
and oxidative stress (Fiordaliso et al. 2006), which
promotes cardiac remodeling that could be reversed
or prevented by blocking it (Fiordaliso et al. 2006;
Matsusaka et al. 2006).

A prominent feature of diabetic myocardium is
cardiac hypertrophy (increased ventricular mass
and wall thickness), which is accompanied by a
compromised systolic and diastolic function (Lee
et al. 1997; Singh et al. 2007, 2008a, b; Devereux
et al. 2000). In this regard, several studies have
demonstrated an increase in the mouse hearts
connective tissue with streptozotocin (STZ)-induced
diabetes, which can be attenuated by treatment with
aldosterone antagonists (Westermann et al. 2007;
Kumar et al. 2008). In addition, increased cardiac
Ang II receptor density and synthesis, an increased
superoxide anion production and apoptosis have
been demonstrated, which can be at least partially

inhibited by treatment with angiotensin receptor
blockers or ACE inhibitors (Brown et al. 1997; Singh
et al. 2008a, b). This is why these drugs remain the
first-line therapy for the prevention of CVD in
patients with diabetes (ESH/ESC 2013). Chronic
hyperglycemia and insulin resistance play an
important role in the onset of the diabetes vascular
complications and involve a number of mechanisms
including increased formation of advanced glycation
end products (AGEs) and activation of the receptor
for advanced glycation end products (RAGE) with a
consequent induction of oxidative stress and inflam-
mation (Brownlee 2005).

AGEs represent a heterogeneous group of
compounds formed by nonenzymatic glycation and
glycoxidation of proteins, nucleic acids, and lipids
with reducing sugars (Thorpe and Baynes 2003). These
compounds interact with 2 main types of receptors:
scavenger receptors, which remove and degrade
AGEs and receptors for advanced glycation end
products (RAGE), the latter, which triggers a specific
cell signaling responses after AGE binding. RAGE is
a member of the immunoglobulin superfamily and
binds to many ligands. In addition to AGEs. RAGE,
it can also bind high-mobility group protein B1, S100
calcium-binding proteins (including calgranulin),
B-amyloid protein, and amphotericin (Mosquera
2010). The AGE-RAGE axis sends biochemical
signals through the transcription factor NF-kB, using
pathways such as mitogen-activated protein kinases
(MAPK; ERK1 / 2, p38MAPK) and NADPH oxidase
(nicotinamide adenine dinucleotide phosphate)(Nox)
inducing the expression of adhesion molecule 1,
E-selectin, vascular endothelial growth factor, and
several proinflammatory cytokines (IL-1B, IL-6,
TNF-a) (Manigrasso et al. 2014).

There is evidence for the involvement of RAGE in
Ang II-induced ventricular hypertrophy (Manigrasso
et al. 2014). It has been reported that inhibition of
RAS and RAGE signaling almost completely inhibits
the development of atherosclerosis associated with
experimental diabetes (Watson et al. 2014). Recently,
our laboratory has reported an increase in the
myocardial expression of RAGE and ED1(monocytes/
macrophages) in heart biopsies and increased plasma
Endothelin-1 concentration in Sprague Dawley rats,
using a model of experimental diabetes induced with
streptozotocin. These parameters decreased after
treatment with Enalapril and Losartan, suggesting a
possible involvement of Ang II as a mediator of the
inflammatory process through activation of RAGE
and Endothelin-1 production (Munoz et al. 2020).
Evidence suggests that diabetes is accompanied
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by a proinflammatory state, since an increase in
factors that regulate and/or biomark inflamma-
tory responses, such as high-sensitivity C-reactive
protein (hsCRP), toll-like receptors (TLR), oxidative
stress, increased NF-kB expression, increased AGEs,
and increased its main receptor on the cell surface
(RAGE) have been described (Hayaishi-Okano et al.
2002; Dasu et al. 2010; Daffu et al. 2013; Lopez-Diez
et al. 2016).

It has been suggested that the initial trigger, by
which the high glucose concentrations alter the
vascular function is the imbalance between the nitric
oxide (NO) bioavailability and the reactive oxygen
species (ROS) accumulation, which results in an
oxidative stress leading to endothelial dysfunction
(Creager et al. 2003). Oxidative stress is defined
as a state of imbalance, in which the production of
ROS, including superoxide anion (O*), hydrogen
peroxide (H,0,), and hydroxyl radicals (OH),
exceeds antioxidant defenses (Creager et al. 2003).
There are several enzyme systems that contribute to
the formation of ROS, including NADPH oxidase,
xanthine oxidase, and mitochondrial electron
leakage from the electron transport chain. ROS
are normally generated as a natural by-product of
oxygen metabolism playing an important role in the
cell signaling. However, ROS levels can be increased

dramatically under conditions of oxidative stress,
such as heart failure, ischemia/reperfusion, and
aging (Vignais 2002). NADPH oxidase is a multi-
protein enzyme complex of five subunits distributed
in the cytoplasm, cytoplasmic membranes, and
phagocytic vesicles. The NADPH oxidase complex
is widely distributed in immune cells as well as
endothelial cells, vascular smooth muscle cells, and
cardiac myocytes (Xiao et al. 2002). ROS generated
by NADPH oxidase were initially recognized as a
major source of ROS from the vasculature and later
also from the cardiac ROS (Xiao et al. 2002). Previous
studies have shown that Ang II can duplicate the
production of vascular ROS in vivo in an NADPH-
dependent manner (Rajagopalan et al. 1996; Vignais
2002). Although the detailed molecular mechanisms
for Ang II signaling in NADPH oxidase are still under
investigation, a number of possible mediators for
NADPH oxidase activation have been hypothesized.
Ang IT may activate the PLA,, PLD, and PKC phos-
phorylation pathways by binding to ATI receptors
and subsequently activate a cytosolic oxidase subunit
the p47 phox, which may migrate to the plasma
membrane and participate in the oxidation process
(Hitomi et al. 2007).

Ang 1II is a peptide with proinflammatory
properties, capable of inducing the synthesis of
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Figure 3. Schematic picture depicting the relationship of angiotensin II (Ang IT) with the main
biochemical pathways of the cardiovascular damage induction during diabetes. AngII can in-
duce production of reactive oxygen species (ROS) by promoting the activation of NADPH oxi-
dase, which can generate mitochondrial damage and further ROS production. Additionally,
Ang II can activate NF-kB and NLrp3 inflammasome promoting an inflammatory state. It can
also induce the RAGE receptor expression, which when activated by advanced glycation end
products (AGEs), generates activation of NF-kB and potentiates the inflammatory response.
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cytokines, chemokines, and growth factors, leading
to lesions in different organs. These proinflammatory
effects are generated by binding to ATI receptors,
which results in the activation of NF-kB either
directly or indirectly by stimulating other pathways
such as the generation of ROS. This transcription
factor was first described in the 1980s (Singh et al.
1986), and is one of the most important transcrip-
tion factors that plays a critical role in the regulation
of innate immunity, inflammatory responses, cell
growth, and apoptosis.

NF-kB is widely expressed in different mammalian
tissues, including humans, and can be activated by
a variety of stimuli. Proinflammatory cytokine and
chemokine families, including tumor necrosis factor
a (TNF-a), IL-1 and IL-6, microbial lipopolysac-
charide (LPS), and ROS, are the most commonly
described factors that induce NF-«kB activation
(Singh et al. 1986; Gilmore 2006). The ability of Ang
II to activate NF-xB has also been demonstrated
suggesting its role as an intracellular mediator. Ang
IT is known to induce target organ damage in cardio-
vascular, hypertensive, and renal diseases through
activation of a number of proinflammatory cytokines,
chemokines, and growth factors (Kranzhofer et al.
1999; Ruiz-Ortega et al. 2000).

The proliferative and growth-promoting effects of
Ang IT may be mediated, in part, by an activation of
NF-kB signaling. Conversely, the beneficial clinical
effects of ACE inhibitors and AT1 receptor blockers
may also be due, in part, to their effects on inhibition
of NF-«B signaling (Costa et al. 2006; Wu et al. 2006).
The proinflammatory activity of Ang II has also
been linked to NLrp3 inflammasome activation. The
inflammasomes are high-molecular-weight cytosolic
complexes that mediate caspase activation and induce

inflammation (Abderrazak et al. 2015). The NLrp3
inflammasome is activated by forming an NLrp3
complex consisting of a sensor portion that subse-
quently oligomerizes and then recruits an apoptosis-
associated protein containing a caspase recruitment
domain (ASC), which processes pro-caspase-1 to
active caspase-1. Activated caspase-1 facilitates the
conversion of pro-interleukin IL-1p to its mature
form IL-1p and thereby triggers an inflammatory
response (Kang et al. 2014). In this context, it has
been recently demonstrated murine Ang II infusion-
induced hypertension a model that treatment with
EMD638683 (a selective inhibitor of NLrp3 inflam-
masome activation) has been successful in inhibiting
cardiac fibrosis, with a significant reduction in
inflammation (Gan et al. 2018). Additionally, the
RAGE receptor has been shown to induce cardiac
hypertrophy through activation of the PKCs-ERK1/2
and NF-kB-NLrp3-IL-1p  signaling pathways,
suggesting that the RAGE- NLrp3 axis may be an
important mediator of Ang II-induced cardiomyo-
cyte hypertrophy (Figure 3) (Lim et al. 2018).

Conclusion

Ang II is a proinflammatory peptide that plays
a key role in the development and progression of
the myocardial dysfunction and the cardiovas-
cular diseases during diabetes. Ang II involvement
includes its relationship with the AGEs/RAGE axis,
redox imbalance, activation of the transcription
factor NF-kB, and the NLrp3 inflammasome. All
these biochemical mechanisms appear to interrelate
in a complex and intricate biochemical pathways
that have, as a common effector at some point, the
involvement of Ang II.
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