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Abstract: Evidence has arisen in recent years suggesting that a tissue renin-angiotensin system (tRAS)
is involved in the progression of various human diseases. This system contains two regulatory
pathways: a pathological pro-inflammatory pathway containing the Angiotensin Converting En-
zyme (ACE)/Angiotensin II (Angll)/ Angiotensin II receptor type 1 (AGTR1) axis and a protective
anti-inflammatory pathway involving the Angiotensin II receptor type 2 (AGTR2)/ACE2/Angl-
7 /MasReceptor axis. Numerous studies reported the positive effects of pathologic tRAS pathway
inhibition and protective tRAS pathway stimulation on the treatment of cardiovascular, inflammatory,
and autoimmune disease and the progression of neuropathic pain. Cell senescence and aging are
known to be related to RAS pathways. Further, this system directly interacts with SARS-CoV 2
and seems to be an important target of interest in the COVID-19 pandemic. This review focuses
on the involvement of tRAS in the progression of the mentioned diseases from an interdisciplinary
clinical perspective and highlights therapeutic strategies that might be of major clinical importance
in the future.

Keywords: renin-angiotensin; RAS; senescence; cardiovascular; vulvodynia; intervertebral disc;
inflammation; regeneration; COVID-19

1. Introduction

The classic renin-angiotensin-aldosterone system (RAAS) is a well-known regulator of
salt and water homeostasis. For a long time, the RAAS was viewed as an endocrine system
in which kidney cells convert the blood’s prorenin to renin and secrete it into circulation. In
this classical point of view, the plasma renin itself converts the angiotensinogen, secreted
by the liver, to angiotensin I, which is then converted by angiotensin-converting enzyme
(ACE) on the surface of vascular endothelial cells to angiotensin II (Angll). This circulating
Angiotensin II can now bind onto blood vessel cells to reveal vasoconstrictive effects.
Further, Angll stimulates aldosterone secretion by zona glomerulosa cells of adrenal glands,
which increases sodium and water retention in kidneys, leading to an increase in blood
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pressure. As the current review focuses on local RAS effects in various tissues, we will
continue using RAS instead of RAAS, although these terms are often used interchangeably.
Nearly a hundred years after the first description of the circulating renin-angiotensin system
by Tigerstedt and Bergmann, evidence has arisen that local renin-angiotensin systems are
present in multiple human tissues [1,2]. This complex system seems to be independent of
the circulating renin-angiotensin-aldosterone system, is found intracellularly, and interacts
with numerous relevant intracellular processes (Figure 1).

Figure 1. Tissue renin-angiotensin system in humans. Local renin-angiotensin systems are found in numerous human
tissues, including skeletal muscle, bone, cardiovascular, brain, and intervertebral disc (IVD) tissue. The angiotensin II
receptor type 2 (AGTR2) and the Angl-7/Mas receptor (MasR) axis counteract the pro-inflammatory effects (increasing
intracellular reactive oxygen species (ROS) of accumulating angiotensin II concentrations (AngllI) on angiotensin II receptor
type 1 (AGTR1). Chronic/degenerative disease states are characterized by the domination of the pathological tRAS pathway
(angiotensin-converting enzyme (ACE)/Angll/AGTR1) over the protective axis (AGTR2/ACE2/Angl1-7/MasR), and aging
might shift the balance between protective and pathological RAS axis towards AGTR1/ACE/AnglII [2,3].

Interestingly, components of the renin-angiotensin system were found in primitive
chordates and tunicates before the circulating RAS had reached its full development, indi-
cating ancestral functions outside of their roles in regulating salt and water homeostasis [4].
Furthermore, renin-like activities were found in different tissues, emphasizing the RAS ef-
fectors’ local production and independence from the available circulatory RAS effectors [5].
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However, it seems impossible to distinguish the in vivo effects from the circulatory RAS,
as there may be multiple interactions with the available circulatory peptides of the RAS.

The complex mechanisms of the tissue RAS (tRAS) can be simplified into two regu-
latory pathways: a pathological pro-inflammatory pathway containing the ACE/Angll/
angiotensin II type 1 receptor (AGTR1) axis and a protective anti-inflammatory pathway
involving the angiotensin II type 2 receptor (AGTR2)/ACE2/Angl-7 /MasReceptor axis.
Its main effector, angiotensin II, a well-known vasoconstrictor, is a double-edged sword that
can negatively affect tissues when stimulating the pathological pathway or have positive
effects when stimulating the AGTR2 [6].

Another angiotensin II pathway is the conversion to Angl-7 through angiotensin-
converting enzyme 2 (ACE2), leading to positive effects by stimulating the Angl-7/
MasReceptor axis.

The role of angiotensin II in most human tissues remains largely unknown. Should
it be considered as an intracrine, autocrine, or paracrine hormone? Based on previous
findings, Angll can be internalized through AGTR1 incorporation, and the intracellular
concentration is strictly regulated by complex intercellular interactions involving multiple
cellular compartments, including the nucleus and mitochondria [7-9]. Therefore, it appears
likely that cells do not only directly react to changes in tissue angiotensin II through the
activation of surface receptors, but they are also actively involved in regulating the tissue
angiotensin II concentration through 1) AGTR1 mediated internalization, 2) conversion
through ACE2 and 3) secretion of intracellularly produced angiotensin II [8,10]. This implies
that angiotensin Il is an intracrine, autocrine, and paracrine hormone at the same time.

For a long time, it has been a general consensus that AGTR?2, in contrast to AGTR1, is
primarily expressed during fetal development and is less abundant in adult tissues unless
it gets somehow reactivated [11]. This implicated that its impact as part of the protective
RAS axis in adult tissue is negligible. The evidence leading to this consensus was primarily
provided by studies in rodent animals almost 20 years ago, conducting in situ hybridization
techniques, autoradiography, and ligand binding studies to investigate the tissue-specific
expression during the oncogenic stages [11]. At the same time, other authors were stating
the contrary by revealing a significant expression of the AT2 receptor in adult rodent
animals [12,13]. More recent research provides convincing data, including data in humans,
contrary to the dogma that AT2 receptors are primarily expressed in fetal tissues, showing
its significant expression in adult bone, bone marrow mesenchymal stem cells, synovial
cells, fibroblasts, heart, kidney, adrenal gland, uterus, pancreas, retina, skin, smooth
muscle cells of vasculature, and intervertebral disc cells [2,14-20]. Notably, some tissues’
expression levels can change depending on pathological states and tissue remodeling
processes [19]. As most of the research on AT?2 receptor changes during development was
conduct in rodent animals, it is unclear how and why its expression may vary in humans in
different developmental stages. The dogma stating AT2 receptors are primarily important
in an early stage of life should be revisited based on the current evidence. More research
should be conduct on its impact and the variable expression levels in adult human tissues.

It remains an open question about which factors define whether Ang II acts positively
or negatively. It is currently suggested that the protective pathway’s variable expression
level is the leading factor that defines the impact of Angll in the tissues [21]. Therefore, it is
believed that an imbalance between these regulatory pathways could directly impact mul-
tiple cell processes, including inflammation, immune activity, and cell senescence [22-24].

Nevertheless, angiotensin II is not the only molecule of interest for the local renin-
angiotensin system. Little is known about the receptors and effectors of this system’s
protective axis and their therapeutic relevance. An overwhelming number of recent stud-
ies indicated that its beneficial components might save the tissue from the inflamma-
tory and tissue-degenerative consequences of increased angiotensin II tissue concentra-
tions [6,25-27]. To date, most studies have focused on the pathological pathway of tRAS
and proposed positive effects on cell and tissue levels following the subsequent inhibition
of the pathological pathway.
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We have structured this review in different sections summarizing recent findings
related to tRAS. These include the impact of tRAS on cell senescence, aging, and age-
related diseases, as numerous recent studies provided strong evidence for interactions of
tRAS with intracellular cell aging processes. As most studies focus on the role of tRAS
in inflammation and inflammatory diseases, we highlight the most impactful studies on
this topic in a separate section. Here, we also provide the findings of clinical trials that
focused on RAS modulation therapy and its impact on inflammatory and inflammatory-
associated diseases. Another area focuses on the RAS’ role in the cardiovascular system
and might be the section of summarized evidence in which the classical circulatory RAS
and tRAS become blurred. An emerging research field focused on tRAS, and its role in
hyperinnervation, axon sprouting, and (neuropathic) pain led us to provide a summary of
these findings in a separate section. Finally, as the protective pathway of tRAS is currently
in the spotlight, and SARS-CoV and SARS-CoV-2 utilize this system for cell entry following
ACE2 interactions [27,28], we will discuss the therapeutic implications for COVID-19
resulting from these findings as part of the present review.

Here, we present recent evidence regarding the role of the tissue renin-angiotensin
system in humans and highlight therapeutic approaches that will soon be of major clini-
cal importance.

2. Summary of Study Findings: tRAS and Its Tole in Human Tissues
2.1. The Role of tRAS in Aging and Age-Related Diseases

The steady increase in life expectancy since the second half of the 20th century can be
described as a consequence of improved medicine and nutrition. However, understanding
the self-repair potential and age-related changes in human tissues is necessary to make
progress along the road to longevity with maintenance of quality of life [29]. The expression
of the circulating and localized renin-angiotensin system changes as humans age [30].
The circulating RAS components, such as Angll and Renin, decrease with age [30-33].
In contrast, the expression and levels of the pathological tRAS pathway increase with
age, as shown in the heart, vasculature, and the brain [30,31,34-36]. Angiotensin II, the
main effector of tRAS, was shown to promote vascular senescence onset and progression,
leading to age-related vascular diseases [37]. The AGTR1 receptor mediates its detrimental
effects. The receptor-mediated vascular senescence-promoting effects are mediated through
mitogen-activated protein kinases (MAPK) and transcription factors, including nuclear
factor-kappa  (NF-«f3) and activator protein-1 (AP-1), leading to an increase of tissue
levels of reactive oxygen species [37].

RAS components are expressed in satellite cells and contribute to muscle regeneration
and age-associated muscle changes [38]. Importantly, abundant evidence suggested that
the protective axis of tRAS protects from pathological muscle remodeling and muscle in-
sulin resistance [39]. The workgroup of Delafontaine et al. sowed that AnglIl was working
through NADPH and mitochondria-derived ROS generation [40]. Wild-type mice showed
a 2.4-fold increase in superoxide production after Angll infusion compared to p47Phox/-
mice, in which the NADPH oxidase subunit p47P"°* gene was deleted [40]. Further, AnglI
increased mitochondrial-derived superoxide, decreased number and size of regenerating
myofibers, and inhibit satellite cell regenerative capacity and muscle regeneration [41,42].
Additionally, dysregulations of local ACE2 seem to be directly related to age-associated
loss of muscle mass, recognizes as sarcopenia [43]. ACE2 knockout mice showed early
aging-associated muscle weakness with signatures of aging, including the induction of
p16INK4a, a senescence-associated gene, and aging-associated changes of myofiber struc-
tures [44]. Ang-1-7 application was able to reverse these effects [44]. Interestingly, exercise
training was shown to increase the Angl1-7/Angll ratio in skeletal muscles and shift the
balance of RAS towards the protective axis [45]. Overall, the literature reveals that the
protective and pathological RAS axis have opposing roles in muscle regeneration, mus-
cle wasting, and associated chronic diseases, indicating a potential therapeutic target for
muscle-related diseases.
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Benigni et al. reported that a disruption of the pathological pathway’s main actor,
the AGTR1, promotes longevity in mice [46]. Furthermore, the inhibition of the AGTR1
receptor improved muscle repair and regeneration through down-regulation of the aging-
promoting C1q-Wnt/beta-catenin signaling pathway [47]. Interestingly, the reduction of
local AnglI with the ACE inhibitor enalapril also increased rats’ lifespan [48]. This suggests
that the pathological pathway containing the Angll/AGTR1 axis promotes cell senescence
and aging, at least based on preclinical research in rodent animals. Other authors also
confirmed the increase in lifespan by ACE-inhibitors in rats. Both AGTR1 blockade in
hypertensive rats and the reduction of Angll through ACE inhibition doubled the animals’
lifespan [49,50].

Interestingly, the anti-aging effects of ACE-inhibitors and ARBs were also observed
in rodents with normal blood pressure values [48,51,52]. A key mechanism potentially
leading to these findings is the interaction of Angll with members of the Sirtuin fam-
ily [53,54]. Sirtuins are proteins known to influence cellular signaling processes, such as
aging, apoptosis, and inflammation. To date, seven Sirtuins (SIRT1-7) have been described
in mammalians [55]. SIRT1 and 3 were shown to downregulate the pathological pathway
of tRAS (AGTR1) and inhibit the Angll-induced binding of NF-«kf to its specific binding
sites in the kidney and vasculature [53,54,56]. Local angiotensin II and SIRT1 were also
shown to play a significant role in modulating age-related changes in the brain; Diaz-Ruiz
et al. showed that the pathological pathway of tRAS and SIRT1 regulate each other in the
brain [57].

Furthermore, they revealed that the overactivation of pathological tRAS in the nigros-
triatal system of aged rats led to neuroinflammation, oxidative stress, and neurotoxic effects,
which were inhibited by blocking the pathological pathway of tRAS by the administration
of ARBs [57-61]. Pathological RAS overactivation was also associated with dopaminergic
cell vulnerability in aged rats [62,63] and Parkinson’s disease in humans [64—66]. The con-
version of Angll to the protective Angl-7 counteracts the detrimental effects by reducing
NADPH oxidase activity and interaction with the Sirt1-FOXO1 pathway, as shown in
a recent diabetic nephropathy mice model [67]. Notably, a recent analysis of longevity
phenotypes in a large cohort of humans revealed that two polymorphisms in the AGTR1
promoter, namely rs422858 and rs275653, were significantly associated with the ability
to attain extreme old age [68]. The authors concluded that AGTR1 could be one of the
longevity-enabling gene candidates in humans. Future research on the local angiotensin
system and its role in aging is warranted to evaluate the therapeutic relevance in aging
and age-related diseases.

2.2. The Role of tRAS in Autoimmune and Inflammatory Diseases

tRAS seems to be directly involved in immune activity as well as inflammatory and
degenerative processes. Cells of the immune system, such as T-cells, natural killer (NK)
cells, macrophages, and dendritic cells, express angiotensin receptors and are reactive to
local AnglI concentrations [69]. Angll also regulates the circulation and local concentra-
tions of immune cells, as it increases the number of circulating monocytes by promoting
differentiation of progenitor cells as well as induction of adhesion molecules and P-selectin,
leading to local immune cell accumulation [23,70-72]. These findings imply that Angllis a
chemoattractant hormone. Therefore, it is not surprising that Angll is frequently reported
to play an important role in many autoimmune diseases, including rheumatoid arthritis,
systemic lupus erythematosus, and multiple sclerosis [73]. Locally accumulating AnglI
upregulates important pro-inflammatory markers, such as interleukin (IL)-6, 8, TNF-«, and
increases the concentration of reactive oxygen species [73]. The activation of NF-«f3 and
the increase of CRP through ERK1/2 JNK signaling are the main features of pathological
tRAS stimulation leading to vascular inflammation [74]. These interactions implicate an
essential role of pathological tRAS stimulation in atherosclerosis, which is currently being
intensely researched. The protective pathway of the RAS reduces the generation of reactive
oxygen species and comprises anti-inflammatory, anti-fibrotic, and anti-apoptotic effects,



Cells 2021, 10, 650

60f23

counterbalancing pathological processes and enabling tissue regeneration via inhibition
of nuclear factor-kappa 3 (NF-«f3) activity [75,76]. Rompe and coworkers demonstrated
decreasing levels of interleukin (IL)-6 expression in human and murine dermal fibroblasts
by utilizing an AGTR?2 agonist, counteracting the pro-inflammatory effects of tumor necro-
sis factor-alpha (TNF-«) [77]. Furthermore, recent research showed that AGTR2 activity
downregulates matrix metalloproteinases (MMP) and upregulates their inhibitors (tissue
inhibitors of matrix metalloproteases (TIMP)) [78-80]. Therefore, a counter-activation of
the protective AGTR2 by AnglI after inhibition of AGTR1 was reported to be one of the
protective mechanisms of angiotensin II type 1 receptor blockers (ARBs) [81].

Notably, multiple studies showed that protective tRAS stimulation counteracts these
autoimmune and inflammatory effects of pathologic tRAS stimulation [6]. Okada et al.
showed in a nephritic kidney mice model that the activation of the protective pathway was
one of the main anti-inflammatory effects of AGTR1 blockade [81]. The anti-inflammatory
actions of AGTR1 blockade were absent in AGTR2 gene-deficient mice. Impressive research
results on the protective tRAS pathway’s role in autoimmune diseases and inflammation
were provided by Hammer et al. [82]. They showed in a murine model of autoimmune
neuroinflammation and atherosclerosis that the protective Angl-7/Mas-receptor axis
affected macrophage migration and T-cell activation. Mas receptor deficiency resulted in
an exacerbation of experimental autoimmune encephalomyelitis and pro-inflammatory
gene expression in the spleen and spinal cord. This suggests that the modulation of tRAS
could be a promising target for autoimmune and inflammatory diseases.

Numerous recent studies focused on the role of tRAS in inflammation-related bone
diseases and bone loss. The protective tRAS pathway was shown to have beneficial effects
on bone metabolism. Angl-7 was shown to increase the osteoprotegerin (OPG)/receptor
activator NF-kf3 ligand (RANKL) ratio resulting in enhanced trabecular and cortical bone
gains [83]. Mas receptor inhibition attenuated these beneficial effects. Further, ACE in-
hibitors and ARBs were shown to have beneficial effects on bone regeneration [84]. Queiroz
et al. recently confirmed these findings in an experimental model of alveolar bone re-
sorption in rats [85]. Invitro treatment of human bone cells with Angl-7 stimulated
matrix synthesis and reduced IL-7, IL-1§3, and RANKL expression resulting in a higher
OPG/RANKL ratio. Interestingly, they also found that healthy human gingival samples
had higher expression of the protective tRAS axis compared to inflamed tissues [85]. Is low
protective tRAS expression increasing the susceptibility to inflammation and degeneration
as suggested by these findings? This question still needs to be answered. Our workgroup
recently confirmed the expression of tRAS in the human intervertebral disc [20]. Here,
the expression of pathological tRAS was correlated with elevated gene expression of in-
flammatory markers. Furthermore, we showed that AGTR1 receptor inhibition through
losartan revealed beneficial effects on modulation of human nucleus pulposus cells phe-
notype, indicating a potential therapeutic target for intervertebral disc degeneration [86].
Our ongoing study is investigating the impact of Angll on human nucleus pulposus cells’
inflammatory response.

Table 1 lists completed clinical trials on tRAS modulation in inflammatory diseases.
This list only contains inhibitors of the pathological tRAS axis. A systemic application of
ACE-inhibitors or ARB will always interfere with circulating RAS activity. Consequently,
the analysis of outcomes will not allow for a separate consideration of tissue RAS role alone.
However, as there are currently no tRAS modulation therapeutics for local applications,
these studies show a first association between the general RAS system inhibition and the
inflammatory disease state for different inflammatory or inflammatory-associated human
diseases. Literature search for completed clinical trials was structured around different
keywords, including “ARBs”, “angiotensin-converting enzyme inhibitors”, “ACE” in con-
junction with “inflammation” using the Boolean operator AND. The search was conducted
in Medline (OVID), Web of Science core collection (Web of Science), Cochrane central
register of controlled trials (CENTRAL, Trials) (Ovid), Cochrane database of systematic
reviews (CDSR) (Ovid), Google Scholar, and hand searches of the references of selected
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studies. To the best of our knowledge, there are currently no completed clinical trials on
the impact of protective tRAS stimulation (i.e., AGTR2/MasR agonists) in inflammatory
diseases. There is an urgent need for clinical trials to close the evidence gap.

Table 1. Overview and outcomes of clinical trials on tRAS modulation in inflammatory diseases. NASH: nonalcoholic
steatohepatitis; TNF-alpha: tumor necrosis factor-alpha; clCAM: circulating intercellular adhesion molecule-1; VCAM:
vascular cell adhesion molecule; cVCAM: circulating vascular cell adhesion molecule-1; eNOS: endothelial nitric oxide
synthase; NO: nitric oxide; ROS: reactive oxygen species; NF-kappa (3: nuclear factor-kappa 3; CRP: c-reactive protein;
TGF-betal: transforming growth factor-beta 1.
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2.3. The Role of tRAS in Cardiovascular Diseases

The activation of the systemic RAS is a key pathological characteristic of cardiovas-
cular diseases. Accordingly, over the last three decades, ACE-inhibitors, angiotensin II
type 1 receptor blockers (ARB), and mineralocorticoid receptor antagonists (MRA) have
been the mainstay of therapy strategies in chronic heart failure, post-myocardial infarc-
tion remodeling, or hypertension and are recommended by current guidelines to reduce
mortality and morbidity [110-112]. More recently, the combined AGTR1 and neprilysin
inhibitor sacubitril /valsartan was introduced. Neprilysin is a peptidase mediating the
breakdown of natriuretic peptides and bradykinin, angiotensin II, adrenomedullin, and
others [113]. In the PARADIGM-HEF study, the additional use of sacubitril/valsartan com-
pared to enalapril reduced death and hospitalization in patients with symptomatic heart
failure (EF < 40%) [114].

It is widely accepted that the detrimental effects of RAS activation on the cardiovas-
cular system are mediated by the circulating hormones angiotensin II and aldosterone.
However, components of the RAS are also locally expressed in the heart and the vasculature.
Thus, renin and angiotensinogen could be found in neonatal rat hearts and later in human
hearts [115-117]. Alongside local production, renin can also be sequestered from circulating
blood into the cardiac or vascular tissue [118]. Cardiac aldosterone is mostly taken from
the circulating blood. The local output of aldosterone in healthy hearts is insignificant but
increases in cardiac diseases such as heart failure or myocardial infarction [119].

Likewise, in the vascular endothelium, renin expression could be detected next to
ACE and other RAS actors [120]. Further, ACE2-opposing Angiotensin II effects through
Ang-(1-7)—can be extracted from vascular endothelial cells [121].

The concentration of renin and angiotensinogen in the heart tissue is low (compared
to kidney renin concentration <1%; compared to plasma angiotensin concentration about
4%). The distribution of different RAS components comprises all four heart chambers,
valves, ascending arteries (coronary arteries, aorta, pulmonary artery), and the cardiac
conduction system [118].

The classical pathway Angiotensinogen/Angl/Angll promotes vasoconstriction, cell
proliferation, inflammation, oxidative stress, hypertrophy, and fibrosis; whereas the alterna-
tive pathway, ACE2/Ang-(1-7)/MasR, counteracts these processes by inducing vasodila-
tion, increase in cell coupling, decrease in cell volume, and antiarrhythmic properties [122].
The genesis of cardiovascular diseases is believed to be based on an imbalance in the tissue
RAS system of the heart muscle, vessels, and kidneys [122].

Generalized atherosclerosis with consecutive myocardial infarction, ventricular hyper-
trophy, and fibrosis resulting in heart failure, hypertension, and arrhythmia are promoted
by predominant ACE/Angll/ AGTR1 signaling [80]. Consequently, cardiomyopathy can be
observed in older ACE2-/- knockout mice with predominant ACE/Ang-II/AGTR1 action.
The remodeling is accompanied by cardiac inflammation and hypertrophy with consecu-
tive diastolic dysfunction. This development can be stopped by ARBs [123]. Further, in
mice, ACE2 deficiency leads to a disturbed post-ischemic remodeling driven by inflam-
mation after induced myocardial infarction. The use of ARBs mitigated the inflammatory
response and infarct size [124]. The same mechanisms in the atria add to atrial fibrillation
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pathogenesis in the form of electrical cardiac remodeling. ACE-inhibitors or ARBs might
reduce the risk of atrial fibrillation [125].

These maladaptive effects could also be observed in the vascular tissue of ACE2
knockout mice: after Angll infusion (blood pressure increase), inflammation, collagen,
and oxidative stress increased in the aortic tissue [126]. In line with these results from
(transgenic) animal studies, levels of Angll in cardiac tissue from patients with chronic
heart failure are higher than in healthy controls [127].

On the contrary, ACE2/Ang-(1-7)/MasR antagonizes adverse AnglI effects and oper-
ates protectively in cardiovascular disease. Further, in the absence of ACE2 and pressure-
induced cardiomyopathy, the treatment with ARBs and Ang-(1-7) proved to have beneficial
effects on cardiac hypertrophy and remodeling in mice [128]. Moreover, recombinant hu-
man ACE2 weakened the hypertrophic phenotype in ACE2 deficiency and was able to
attenuate dilated cardiomyopathy in wild-type mice after exposure to pressure-overload of
the left ventricle [129]. AGTR2 signaling in vessels is believed to oppose vasoconstriction
conducted by Angll, endothelial dysfunction, inflammation, and maladaptive remodel-
ing [130]. Recombinant human ACE2 treatment opposed Angll-induced hypertension as it
lowered Angll and raised Ang-(1-7) levels [131]. In preclinical models, Ang-(1-7) formulas
and Mas-agonists exhibited antihypertensive effects [130]. Diabetes and obesity can directly
result in diabetogenic/ obesity-induced cardiomyopathy with preserved ejection fraction
or increased cardiovascular risk. Glucose levels and insulin sensitivity are improved by
Ang-(1-7). Interestingly, the Mas receptor interacts with the insulin receptor signaling [132].
Thus, Ang-(1-7) attenuated diastolic dysfunction, fibrosis, hypertrophy, myocardial fat,
and (adipose) inflammation in diabetic mice [133].

The investigation of the cardiovascular protective axis of the tissue RAS system
proposed several alternative therapeutic targets. Thus, recombinant human ACE2 and
Ang-(1-7) formulations are under investigation [134,135]. Other strategies comprise Mas
and AGTR2 receptor agonists [130].

One more link between RAS and cardiovascular disease can be found when focusing
on the role of RAS in adipose tissues. RAS components are expressed in white and brown
adipose tissues [136]. Adipocyte-specific angiotensinogen production is reported to be
a major source of circulating Angll, and obesity activates the adipocyte RAS, promoting
obesity-hypertension [136]. Notably, AnglI also promotes AT2 receptor-mediated differen-
tiation of mesenchymal stem cells to adipocytes [137]. Resulting local AnglI production can
increase chemokines, such as MCP-1, in a dose-dependent manner through the AT1 recep-
tor and NF-k 3 -dependent pathway [138]. Inhibition of the AT1 receptor through ARBs was
shown to blunt age-and body weight associated falls of plasma adiponectin concentrations,
ameliorate dysregulation of adipocytokines, such as TNF-«, platelet-activating factor-1
(PAF-1), MCP-1, and serum amyloid A3, and reduce the reactive oxygen species originat-
ing from the adipose tissue [139]. Overall, there seems to be an apparent link between
local adipose tissue RAS, obesity, and cardiovascular diseases, which needs to be further
explored in the future, especially when considering the significant relevance and need of
therapeutic strategies for obesity and cardiovascular diseases in the modern population.

2.4. tRAS and (Neuropathic) Pain: Vulvodynia

Vestibulodynia is a highly underestimated medical condition, affecting 8-15% of all
women and leading to a dramatic decrease in quality of life [140,141]. Whereas several risk
factors, such as vulvovaginal infections, contraceptives, or adolescent sexual abuse, have
been proposed, the actual etiology is still unclear [142-145]. Hyperinnervation through
the increase in axons and infiltration of inflammatory and immune cells were reported as
the main histological features [145-148]. Several studies have already shown that AngII
can promote axon sprouting and hyperinnervation in other tissues [145,149-151]. Based on
previous preclinical reportings, AGTR2 seems to be the target receptor of Angll, leading
to these effects [152-154]. A recent study by Liao et al. provided new insights into the
role of tRAS in the progression of vestibulodynia in humans [145]. They found higher
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concentrations of RAS components in affected areas, probably due to the increase in
inflammatory and immune cells expressing these components. Furthermore, they reported
that AGTR2 inhibition or Angll neutralization prevented axon sprouting in affected areas
in vitro. A study conducted later by the same workgroup confirmed these findings in a
rat model of provoked vestibulodynia [155]. These findings not only suggest that tRAS
modulation could be a potential therapeutic target in vestibulodynia. They also indicate a
possible involvement of tRAS in the progression of this disease. Therefore, they pave the
way for more research on tRAS and its participation in hyperinnervation, axon sprouting,
and pain.

Consequently, numerous reviews evaluated the therapeutic impact of tRAS in (neu-
ropathic) pain in recent years [156—158]. These reviews’ conclusions were similarly pos-
itive regarding the potential therapeutic relevance of tRAS modulators in the future. In
particular, the small molecule AGTR2 antagonist EMA200 provides promising data for
neuropathic pain [159]. However, clinical trials in humans with post-herpetic neuralgia
(ClinicalTrials.gov Identifier: NCT03094195) and painful diabetic neuropathy (ClinicalTri-
als.gov Identifier: NCT03094195) were terminated due to animal toxicity data that became
available after the start of the trials. Future clinical studies are warranted to translate the
promising preclinical results in humans.

2.5. The Role of tRAS in the COVID-19 Pandemic

Of note, the coronavirus SARS-CoV-2, the cause of the COVID-19 pandemic, utilizes
ACE2 as a co-receptor to facilitate cell entry [160]. Thus, there has been speculation during
the pandemic about whether increased expression of ACE2 due to age, disease, or phar-
macological therapy might increase the susceptibility to SARS-CoV-2 infection [161,162].
Local RAS of various tissues expressing ACE2 are primarily affected by Sars-Cov2. ACE2
is highly expressed in type2 alveolar cells of lung, epithelial cells of oral mucosa, colon
enterocytes, myocardial cells, and kidney proximal tubule cells. These tissue RAS will
predominantly be affected after infection (e.g., ARDS or proximal tubular dysfunction).
Notably, ACE2 is generated mainly in clara cells and type II alveolar epithelial cells ex-
plaining the impairment and resulting lung injury after infection [163]. Low expression of
ACE2 leads to increased production of Angll, which can cause lung failure [164]. A recent
mathematical prediction model based on patient data reported in the literature of Sars-Cov
2 infection on the RAS showed that plasma Angl-7 levels in patients with severe disease
status could decrease to nearly half of the uninfected patient values [165]. However, some
contrary findings have been reported by van Lier et al., stating that ACE2 levels in the
serum of ten COVID-19 patients admitted to the intensive care unit because of respiratory
failure were increased compared to age-matched healthy control patients [166]. The same
increase in ACE2 activity was found in the serum of a critically ill COVID-19 patient who
presented with acute respiratory distress syndrome [167]. Notably, the authors stated that
these findings need to be compared to local measurements in the pulmonary compartment
(i.e., bronchoalveolar fluids), considering there might be differences in local and circular
RAS reactions, especially in the early infection stadium [166]. RN A-seq analysis of bron-
choalveolar fluid samples of nine COVID-19 patients with severe symptoms and 40 control
patients was conducted by Garvin et al. [168]. They reported a 199-fold upregulation of
ACE2 gene expression compared to controls. One should consider that this finding was
based on gene expression analysis and might not reflect protein level changes. Based on
the aforementioned studies, it remains an open question how the local and systemic RAS
activity truly changes during the infection and disease course. One possible explanation
of these paradox results could be a counterregulatory increase of ACE2 gene expression
due to the initial ACE2 shedding. Thus, despite the fact that tissue RAS will be the first
target, this has subsequent effects on the entire RAS system. Even though literature with
large patient data of severe COVID-19 and RAS plasma level changes lacks currently, it
seems evident that local RAS in tissues with high ACE2 expressions are the first target.
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Nevertheless, dysregulation on the local level might subsequently lead to disturbance of
the entire RAS system (Figure 2).

Figure 2. SARS-CoV 2 interactions with tRAS. SARS-CoV-2 binding on ACE2 inhibits the conversion of the pathological
AnglI to protective Angl-7. The resulting increase in local angiotensin 2 (Angll) concentrations lead to an overactivation
of the pathological Angll/angiotensin II receptor type 1 (AGTR1) axis, leading to a cytokine storm and resulting in
overwhelming inflammatory reactions [169].

It has been suggested that potential inhibition of ACE2 due to SARS-CoV-2 binding
may increase Ang-II levels and aggravate the course of COVID-19 [170]. Based on the
theory of a protective tRAS, downregulation of ACE2 would lead to decreased conversion
of Angll to the beneficial Angl-7 and, therefore, less stimulation of the protective tRAS axis.
The increased levels of Angll would also contribute to detrimental effects by stimulating the
pathological Angll/AGTR1 axis, as stated by Kai et al. [171]. This theory is supported by
reports of raised Angll levels in infected COVID-19 patients [172,173]. Notably, increased
angiotensin II levels were shown to be linearly associated with virus load [172]. Further, in
the early studies on SARS-CoV, angiotensin II levels were shown to increase in wild-type
mice after infection and worsened the course of the acute respiratory distress syndrome
(ARDS), whereas ACE2 knockout remarkably attenuated acute lung injury, emphasizing its
protective effects in this respect [164]. In accordance with these results, other early research
on SARS-CoV showed that the pathological tRAS axis, including ACE, Angll, and AGTR1,
promoted lung injury [174,175]. AngllI concentrations could be markedly reduced, whereas
protective Angl-7 profoundly increased by injecting human recombinant soluble ACE2
in a recent study, leading to a reduction of inflammatory cytokines and improved clinical
condition [173]. In contrast, two studies reported no changes in plasma angiotensin II
levels in SARS-CoV-2 infected patients [176,177]. However, patients in both studies did
not suffer severe COVID-19 compared to the Wuhan cohort, where all patients suffered
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pneumonia and/or ARDS [172]. A more recent study indicated higher RAS system activity
in patients with COVID-19 [178]. Overall, there seems to be an association between the
severity of the disease and the elevated angiotensin II concentrations.

The use of ARBs and ACE-inhibitors has been a subject of debate since the beginning
of the COVID-19 pandemic. There seems to be no ARB or ACE-inhibitor (ACEI) related
upregulation in ACE2 levels [179]. Meanwhile, retrospective registries, including more than
80.000 patients worldwide, found no increased risk for COVID-19 in patients treated with
an ACEI or ARB [170]. Preliminary results of the prospective BRACE Corona trial [180]
presented at the ESC Virtual Congress September 2020 demonstrated no difference in
the median days alive out of hospital at day 30 in COVID-19 patients with discontinued
or continued chronic ACEI/ARB therapy. As the beneficial effects of the pathological
pathway’s inhibitors failed to reveal clinical significance, the stimulators of the protective
axis have recently gained more attention [27]. In neonatal rats with hyperoxia-induced
lung injury, agonists of the protective tRAS pathway (i.e., MAS receptor and AGTR2
receptor) showed protective effects, leading to attenuated pulmonary inflammation and
right ventricular hypertrophy [181]. Compound 21, an AGTR2 agonist, is currently being
tested in a Phase 2 trial in COVID-19 patients (ClinicalTrials.gov Identifier: NCT04452435).
In preclinical studies, this compound has already shown protective effects in several lung
injury models leading to multiple beneficial effects such as the attenuation of inflammation,
fibrosis, and improvement of the right heart function [182]. As mentioned above, another
stimulatory approach for the protective pathway is recombinant ACE2, which on the one
hand limits the entry of the coronavirus, inhibiting its cell entry by “catching” it before
it can bind on the cells and, on the other hand, helps to convert Angll to the protective
Angl1-7 [27]. The beneficial effects on cell inflammatory responses were demonstrated by
Hemnes et al. in a phase Ila open-label pilot study [183]. A single infusion was associated
with reduced markers of oxidative stress and inflammatory mediators. These positive
effects by MAS receptor stimulation (through the MAS receptor agonist AVE0991) were
also shown in an in vitro study of alveolar epithelial cells and in an ex vivo study with
pulmonary arteries [183,184].

3. Therapeutic Implications and Future Directions

Various RAS inhibitors were shown to have anti-inflammatory and anabolic effects in
degenerative and inflammatory diseases [76,78-80,107,185-192]. As described previously,
it is not possible to distinguish the systemic effects of RAS inhibitors when evaluating
tRAS response to these inhibitors in vivo. The circulating RAS components and tRAS are
connected via complex in vivo interactions. Therefore, the impact of these systemic drugs
should be seen as a general RAS modulation therapy influencing both the systemically
available components of the RAS, their effect on the vasculature, their interaction with
tRAS systems in human tissues, and the local tRAS components when these drugs reach
tissue level. In a recent study, we showed a need for high concentrations of ARBs to
significantly inhibit the inflammatory setting of human nucleus pulposus cells [86]. Such
cell culture studies allow us to evaluate the locally available tRAS with the removal of
systemic effects and emphasize the existence of an (at least) partly independent system. It is
worth mentioning that these concentrations of RAS inhibitors are probably not achievable
with usual oral dosages and systemic availability of these drugs in humans, which could
also explain that studies found no relevance of these drug classes on the course of COVID-
19 [193]. However, as new drug delivery methods begin to arise, it could be possible to
specifically target the tissues of interest with effective dosages of these drugs and block
the overactive pathological tRAS where it is necessary. As research on the protective tRAS
pathway only began a few years ago in the work of Unger et al., the findings on the
involved mechanisms are scarce [6]. Compound 21 and human recombinant ACE2 as a
new class of drugs stimulating the protective tRAS pathway are, therefore, of high interest.
MAS receptor agonists feasible for use in humans are still not available. We encourage
researchers to conduct more research on the interactions of the protective tRAS within
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human cells and elucidate its role in human cell senescence, inflammation, and the course
of major human diseases based on the evidence included in this review.
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