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Abstract: There is considerable experimental evidence that the renin angiotensin system (RAS) plays
a central role in both hepatic fibrogenesis and portal hypertension. Angiotensin converting enzyme
(ACE), a key enzyme of the classical RAS, converts angiotensin I (Ang I) to angiotensin II (Ang II),
which acts via the Ang II type 1 receptor (AT1R) to stimulate hepatic fibrosis and increase intrahepatic
vascular tone and portal pressure. Inhibitors of the classical RAS, drugs which are widely used in
clinical practice in patients with hypertension, have been shown to inhibit liver fibrosis in animal
models but their efficacy in human liver disease is yet to be tested in adequately powered clinical trials.
Small trials in cirrhotic patients have demonstrated that these drugs may lower portal pressure but
produce off-target complications such as systemic hypotension and renal failure. More recently, the
alternate RAS, comprising its key enzyme, ACE2, the effector peptide angiotensin-(1–7) (Ang-(1–7))
which mediates its effects via the putative receptor Mas (MasR), has also been implicated in the
pathogenesis of liver fibrosis and portal hypertension. This system is activated in both preclinical
animal models and human chronic liver disease and it is now well established that the alternate RAS
counter-regulates many of the deleterious effects of the ACE-dependent classical RAS. Work from
our laboratory has demonstrated that liver-specific ACE2 overexpression reduces hepatic fibrosis and
liver perfusion pressure without producing off-target effects. In addition, recent studies suggest that
the blockers of the receptors of alternate RAS, such as the MasR and Mas related G protein-coupled
receptor type-D (MrgD), increase splanchnic vascular resistance in cirrhotic animals, and thus drugs
targeting the alternate RAS may be useful in the treatment of portal hypertension. This review
outlines the role of the RAS in liver fibrosis and portal hypertension with a special emphasis on the
possible new therapeutic approaches targeting the ACE2-driven alternate RAS.

Keywords: liver fibrosis and cirrhosis; portal hypertension; renin angiotensin system; angiotensin
converting enzyme 2; angiotensin-(1–7); Mas related G protein-coupled receptor type-D

1. Introduction

Fibrosis or scarring of the liver is initiated as a part of the wound healing response to
tissue injury. The end result of chronic fibrotic injury to the liver is cirrhosis, in which there
is extensive scar formation, distortion of liver parenchyma by septae and nodule formation,
and alterations in blood flow and this can finally lead to liver failure [1,2]. A major outcome
of cirrhosis is the development of portal hypertension which is responsible for many of
the complications including life-threatening variceal bleeding [3]. Cirrhosis has become
the 11th most common cause for deaths in humans and was responsible for approximately
1.2 million deaths worldwide in 2016 [4]. The most common causes for chronic liver
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disease (CLD) include chronic viral infections (e.g., hepatitis B and C), excessive alcohol
consumption, non-alcoholic fatty liver disease (NAFLD) and cholestatic diseases such as
primary biliary cholangitis and primary sclerosing cholangitis [2,5,6].

Despite being a major health problem, there is no specific medical treatment for cir-
rhosis. Therefore, treatments that target the causative factors and managing complications
associated with cirrhosis including portal hypertension are the only currently available
options. Thus, if the causative agent is viral hepatitis C (Hep C), treatment with antiviral
therapies leads to cessation and even reversal of tissue fibrosis [7]. Treatment options for
established cirrhosis and portal hypertension are limited with the major therapy being non-
selective beta-blockers (NSBB). Recent research shows that the renin angiotensin system
(RAS) is activated during the development of cirrhosis and contributes to the pathogenesis
of both liver fibrosis and portal hypertension [3,6]. This review presents an update on new
aspects of the RAS, with special emphasis on novel mechanisms via which the RAS can
be manipulated.

1.1. The Renin Angiotensin System (RAS)

In normal physiology, the RAS plays a very important role in vascular resistance
and regulation of blood pressure, sodium and water homeostasis, and tissue remodeling
during a tissue injury. The RAS comprises two arms known as the “classical arm” and
the “alternate arm” (protective arm). The alternate arm of the RAS plays a major role in
counter-balancing many of the deleterious effects of the classical RAS [8].

1.1.1. The Classical Arm of the Renin Angiotensin System

The classical arm of the RAS can be thought of as a linear cascade where angiotensino-
gen is converted to the effector peptide of the system, angiotensin II (Ang II). Angiotensino-
gen is produced mainly in the liver by hepatocytes and released into the circulation.
Circulating angiotensinogen is converted to the decapeptide angiotensin I (Ang I) by
renin, an enzyme produced by the juxtaglomerular apparatus of the kidney. Thereafter,
angiotensin converting enzyme (ACE), mainly present in the lungs, converts Ang I to Ang
II [9]. There is also an ACE independent pathway of Ang II production from Ang I, which
is regulated via a serine endopeptidases named chymase [10,11]. Ang II mediates its effects
through two G-protein-coupled receptors, Ang II type 1 receptor (AT1R) and Ang II type 2
receptor (AT2R). AT1R is the predominant receptor type during adult life whereas AT2R,
although having some functional role in adults, has been postulated to function mainly
during fetal life [12].

Ang II by binding to the AT1R mediates classical RAS functions which include vaso-
constriction (by directly affecting vascular smooth muscle cells), sodium homeostasis (by
increasing sodium reabsorption through renal tubules and by stimulating the adrenal gland
to release aldosterone), increasing thirst (by acting on AT1R in the brain), induction of
inflammation and the wound healing response via secretion of cytokines, chemokines, and
extracellular matrix proteins. Ang II also acts as a prooxidant and prothrombotic agent
and interferes at several steps of intracellular insulin signaling pathways such as the PI3
kinase (phosphoinositide 3-kinase) and MAP (mitogen activated protein kinase) kinase
pathways [13,14].

1.1.2. The Alternate Arm of the Renin Angiotensin System

Whilst the physiological role of the classical RAS is well-established, the discovery
of a new RAS enzyme, ACE2, a homologue of ACE, has dramatically changed our under-
standing of the RAS physiology [15,16]. The ‘alternate or the protective arm’ of the RAS
driven by ACE2 is considered as the counter-regulatory arm of the classical RAS [3].

In the late 80s, researchers discovered a biologically active heptapeptide angiotensin-
(1–7) (Ang-(1–7)) of the RAS [17]. The enzymatic pathway responsible for producing
Ang-(1–7) came to light when ACE2 was discovered in the year 2000 by two independent
laboratories [15,16]. It is now known that Ang-(1–7) peptide is produced by ACE2 after
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cleavage of a carboxyl terminal single amino acid from the 8-amino acid peptide Ang
II. ACE2 is a zinc-metalloproteinase and a type-1 transmembrane protein which consists
of 805 amino acids with a single transmembrane alpha-helical portion, an extracellular
N-terminus portion containing the catalytically active domain and an internal inactive
C-terminus [9]. ACE2 is structurally similar to ACE; however, it is functionally different
with different substrate affinities than that of ACE, and ACE2 is resistant to ACE inhibitors
(ACEi). The major action of ACE2 is to break down Ang II to Ang-(1–7), which acts through
the Mas receptor (MasR), a G protein-coupled receptor (GPCR). Ang (1–7) is subsequently
metabolized via ACE into Ang-(1–5) and via the other neutral endopeptidases (NEP),
neprilysin into Ang-(1–4) [18]. The ACE2/Ang-(1–7)/MasR arm counter-regulates many
of the actions of the classical RAS, thus producing opposing effects to those of the classical
RAS, including antihypertensive, anti-inflammatory, antithrombotic, antiproliferative, and
antifibrotic effects (Figure 1).
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Santos and colleagues in 2003 suggested that certain effects of Ang-(1–7) may not be me-
diated through MasR [20]. This was supported by the finding that MasR blocker D-Ala7-
Ang-(1–7) (A779) could not block the Ang-(1–7) mediated vasodilatation in the rat aorta, 
however, these effects were completely blocked by the Ang-(1–7) antagonist D-Pro7-Ang-
(1–7) (D-Pro) [21]. Subsequently, a study by Gembardt and colleagues showed that upon 
stimulation with Ang-(1–7), COS cells overexpressing MasR or a newly characterized 
Ang-(1–7) receptor, the Mas related G protein-coupled receptor type-D (MrgD), released 
arachidonic acid [22]. Lautner and colleagues later showed that in addition to Ang-(1–7), 
the RAS peptide alamandine also activates the MrgD, and the vasodilatory effects pro-
duced by alamandine were blocked by the MrgD blocker D-Pro [23]. Work from our la-
boratory provided further evidence by showing that D-Pro blocked Ang-(1–7) mediated 

Figure 1. The ‘balance’ between the two arms of the renin angiotensin system (RAS). Graphical repre-
sentation of the classical arm (ACE/Angiotensin II/AT1R) and the alternate arm (ACE2/Angiotensin-
(1–7)/MasR) of the RAS where the alternate arm counter-balances the deleterious effects of the
classical arm. Angiotensin II can exert its effects via the angiotensin II type 1 receptor (AT1R). Whilst
angiotensin-(1–7) of the alternate RAS acts mainly via the Mas receptor (MasR), recent evidence
suggests that it also transduces its signal via the Mas related G protein-coupled receptor type-D
(MrgD). ACE: angiotensin converting enzyme; ACE2: angiotensin converting enzyme 2.

Although the MasR is recognized to be the functional receptor for Ang-(1–7) [19], San-
tos and colleagues in 2003 suggested that certain effects of Ang-(1–7) may not be mediated
through MasR [20]. This was supported by the finding that MasR blocker D-Ala7-Ang-(1–7)
(A779) could not block the Ang-(1–7) mediated vasodilatation in the rat aorta, however,
these effects were completely blocked by the Ang-(1–7) antagonist D-Pro7-Ang-(1–7) (D-
Pro) [21]. Subsequently, a study by Gembardt and colleagues showed that upon stimulation
with Ang-(1–7), COS cells overexpressing MasR or a newly characterized Ang-(1–7) re-
ceptor, the Mas related G protein-coupled receptor type-D (MrgD), released arachidonic
acid [22]. Lautner and colleagues later showed that in addition to Ang-(1–7), the RAS
peptide alamandine also activates the MrgD, and the vasodilatory effects produced by
alamandine were blocked by the MrgD blocker D-Pro [23]. Work from our laboratory pro-
vided further evidence by showing that D-Pro blocked Ang-(1–7) mediated vasodilatation
in perfused cirrhotic rat livers whilst the MasR blocker A779 had no effect [24].
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In a recent study, it was shown that when transfected with either the MasR or
MrgD, mesangial cells release cyclic adenosine monophosphate (cAMP) in the presence of
Ang-(1–7) [25]. Moreover, in MasR or MrgD transfected HEK293 cells, blockade of MasR
and MrgD with A779 and D-Pro, respectively, abolished the release of cAMP. Moreover, the
effects of MrgD stimulation in-vitro were confirmed by in-vivo functional studies by show-
ing that the hemodynamic responses to a bolus injection of Ang-(1–7) were blunted in MrgD
knockout (MrgD-KO) mice compared with the controls. With these findings, it is now con-
sidered that the alternate arm of the RAS consists of ACE2/Ang-(1–7)/MasR/MrgD [25].

1.2. The Role of Classical RAS in Liver Fibrosis

Traditionally, the RAS was considered as an endocrine system. However, recent
studies have shown that there is a local RAS which functions in an autocrine and/or
paracrine manner, in major organs such as heart, the kidneys and liver [26,27]. The local
RAS is activated in response to a tissue injury, which leads to a wound healing response
with upregulated expression of the RAS components at the site of repair [28]. Initially it was
discovered that the classical RAS plays an important role in tissue repair and organ fibrosis
in heart disease and chronic kidney disease (CKD), and RAS inhibitors have been shown
to have benefits in these conditions beyond those that are due to their antihypertensive
effects [29,30].

There is also substantial evidence that Ang II is a major mediator in hepatic fibrosis.
Serum Ang II concentration is significantly elevated in patients with cirrhosis [31,32]
and the local RAS in the liver is activated as a response to the chronic injury. Findings
from our laboratory and others showed that the hepatic expression of the classical RAS
comprising ACE, Ang II and AT1R is increased in the diseased liver compared to those
in healthy livers [3,33–37]. Moreover, these studies reported that the expression of the
RAS components was localized to the areas of active fibrogenesis, suggesting that the local
classic RAS plays a major role during the progression of liver fibrosis.

Following liver injury a major cell type responsible for the wound healing response
is the hepatic stellate cell (HSC) [38]. Ang II plays a major role in the activation and
phenotypic transformation of HSCs into active myofibroblasts which drive tissue fibrosis.
Whilst quiescent HSCs have minimal expression of the RAS components and do not
produce Ang II, activated HSCs express all components of RAS including angiotensinogen,
renin, ACE, and AT1R [28]. Activated HSCs thus have the potential to synthesize Ang II,
which acts on AT1R in an autocrine fashion [28,39,40], stimulating their proliferation [41].
The molecular mechanism responsible for HSC activation appears to be the activation
of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, an enzyme which
produces reactive oxygen species (ROS) in response to Ang II. Inhibition of NADPH
oxidase with diphenylene iodonium (DPI) blocked Ang II-induced ROS production in
cultured HSCs, confirming that NADPH oxidase mediates the increase in ROS after Ang
II stimulation [31]. This evidence suggests that Ang II has the potential to induce HSCs
to produce ROS that can further stimulate the fibrogenic process in an autocrine and/or
paracrine manner. In addition, Ang II acts as a powerful chemoattractant for activated
HSCs [31]. Thus, Ang II becomes a contributing factor for HSC proliferation, activation
and accumulation at the site of injury.

Furthermore, Ang II exerts a direct influence on endothelial function [13]. In general,
normal endothelial function is determined by the cell redox state, which is controlled
by a homeostatic balance between nitric oxide and ROS. Griendling and colleagues in
1994 showed that prolonged exposure of vascular smooth muscle cells (VSMCs) to Ang II
induced oxidative stress and ROS generation due to activation of NADPH, the enzyme
responsible for intracellular superoxide generation. In addition, it has been shown that Ang
II stimulates the release of endothelin-1, a potent vasoconstrictor and inducer of smooth
muscle cell proliferation in vasculature, while altering the balance between the fibrinolysis
and coagulation processes [13].
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When normal liver sinusoidal endothelial function is disturbed by factors such as
Ang II induced ROS generation, the damaged liver sinusoidal endothelial cells (LSEC) are
replaced by bone marrow (BM) derived sinusoidal endothelial cell progenitor cells (sprocs)
in order to compensate for the loss. These BM sprocs which lack LSEC fenestrae arrange
along the sinusoids and an organized basement membrane is laid down. This process of
dedifferentiation of injured LSECs leads to “capillarization” of the sinusoids [42]. Although
normal LSECs are responsible for the production of heparin-binding epidermal growth
factor (HB-EGF), which maintains HSC quiescence (Figure 2), the immature LSECs derived
from BM sprocs have less or reduced capacity to release HB-EGF which leads to activation
of HSCs [42,43]. In addition, dedifferentiated LSECs express EIIIA fibronectin isoform
which influences quiescence HSCs to change their phenotype to the activated form [44,45].
Thus, LSECs perform a critical crosstalk function in the HSC activation process in hepatic
fibrosis by simultaneous reduction in HB-EGF and expression of EIIIA (Figure 2).
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ACE Inhibitors (ACEi) and Angiotensin II Type 1 Receptor Blockers (ARBs) in Liver Fibrosis

Since Ang II plays a major role in liver fibrosis, ACEi and ARBs have been studied
as potential antifibrotic therapies in liver disease [40]. ACE inhibitors are widely used in
patients with high blood pressure and chronic heart failure. Studies in preclinical models
suggest that ACEi attenuate the expression of transforming growth factor beta 1 (TGF-β1),
collagen and other extra cellular matrix (ECM) proteins including matrix metalloproteinase
(MMP)-2 and MMP-9, leading to attenuation of fibrosis [13,46,47].

There have also been several animal studies which have examined the effects of ARBs
in liver diseases. Studies in bile duct ligated (BDL) rats have shown that ARB, telmisartan
decreased gene expression of ACE, AT1R, collagen type III, and TGF-β1 while increasing
the expression of ACE2 and MasR with concomitant reduction in hepatic fibrosis [48,49].
Another ARB, losartan, significantly ameliorated the progression of hepatic fibrosis induced
by carbon tetrachloride (CCl4) in rats along with significant reductions in gene expression
levels of AT1R and TGF-β1 [50]. Moreover, a study performed in rats with NASH induced
by feeding methionine-choline deficient (MCD) diet showed that another ARB, olmesartan,
attenuated serum aspartate transaminase (AST) levels, HSC activity, oxidative stress, gene



J. Clin. Med. 2021, 10, 702 6 of 20

expression of TGF-β1 and collagen, collectively leading to improved liver fibrosis likely
resulting from reduced activation of HSCs [51].

Despite evidence from animal studies there is a relative lack of clinical studies of
RAS inhibition in human liver fibrosis. A retrospective study carried out by Corey and
colleagues suggested a reduction in liver fibrosis and necroinflammation in patients with
chronic hepatitis C who received ACE inhibitors and ARBs as a treatment for hyperten-
sion [52]. The study reviewed 284 liver biopsies from the patients who were evaluated at
an outpatient hepatology clinic during a 5 year period. The patients were classified into
three groups: Group 1—hypertensive patients (n = 143) who received ACE inhibitors (cap-
topril, enalapril, lisinopril, quinapril, and trandolapril) or ARBs (losartan, valsartan and
irbesartan); Group 2—hypertensive patients (n = 91) treated with β-adrenergic antagonists,
calcium channel antagonists, diuretics, α-adrenergic antagonists, and vasodilators; Group
3—patients (n = 50) with chronic hepatitis C infection who did not have hypertension. The
results showed a significantly low mean Ishak fibrosis score in patients included in the
Group 1 who received ACE inhibitors and ARBs compared to the patients in Group 2 who
were treated with other treatments for hypertension. The patients with no hypertension
included in the Group 3 showed the lowest mean fibrosis score supporting the theory that
hypertension and activation of RAS contributes to fibrosis progression. Another register-
based cohort study of patients (n = 70,546) with a first-time diagnosis of chronic liver
disease between 2005 and 2012 in Sweden revealed a marked reduction in liver-related
mortality among patients with alcoholic liver disease who received ACE inhibitors [53].

Only a small number of randomized studies have evaluated the effects of RAS block-
ade in liver fibrosis. A randomized open-label controlled study performed by a group of
researchers from South Korea in 2012 investigated the antifibrotic effect of ARBs in patients
with compensated alcoholic liver disease [54]. They treated 42 patients with candesartan
and ursodeoxycholic acid (UDCA), and the control group (n = 43) received UDCA alone for
6 months. There was a reduction in Laennec fibrosis score, area of fibrosis, hydroxyproline
level, and α-smooth muscle actin in the candesartan treated group. Another randomized
clinical trial performed in 2011 in a group of selected patients with cirrhosis compared those
who received (n = 24) and those who did not receive (n = 24) olmesartan treatment for one
year. There was a reduction in TGF-β1 in the olmesartan treated group but not in hepatic
fibrosis markers which include serum hyaluronic acid, type IV collagen, and procollagen
III N-terminal propeptide levels [55]. In 2007, Debernardi-Venon and colleagues from
Italy published data from a randomized clinical trial of candesartan treatment conducted
in 47 compensated Child A and Child B cirrhotic patients. The results showed a signifi-
cant reduction in serum fibrosis marker hyaluronic acid in candesartan treated patients
compared to the untreated patients [56]. Although there is a reduction in hyaluronic acid
level in treated patients, the results were not supported by histological data. Between
2004 and 2006, a 48-month follow up study was conducted on 89 patients with cirrhosis
associated with hepatocellular carcinoma (HCC) in Japan using combination therapy with
branched-chain amino acid (BCAA) granules and an ACE inhibitor, perindopril [57]. The
serum fibrosis markers hyaluronic acid and type IV collagen 7S were measured in groups
of patients who received a combination therapy with BCAA granules and perindopril and
two single-treatment groups who received either perindopril or BCAA and compared to
a control group. The patients included into this study were confirmed to be free of any
residual HCC, alcohol consumption and also the status of insulin resistance (IR). The results
of this study show that combination therapy of BCAA and perindopril improved serum
fibrosis markers as compared to either ACE inhibitor or BCAA alone. Another randomized
study conducted in 30 patients with early stages of chronic hepatitis C in Japan showed that
oral losartan and UDCA administration has the potential to reduce serum type IV collagen
and TGF-β1 compared to UDCA alone, but not liver fibrosis as indicated by METAVIR
fibrosis score [58]. A recent double-blind randomized-controlled trial which was designed
to study the efficacy of losartan to reduce or reverse the progression of fibrosis in patients
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with nonalcoholic steatohepatitis (NASH) was unable to show a positive outcome due to
the widespread use of ACE inhibitors and ARBs in patients with NASH [59].

Thus, there are some studies which suggest beneficial effects of ACE inhibitors and
ARBs as antifibrotic agents, [52,53,57]; however, the evidence is conflicting and there is a
definite need for further large randomized placebo controlled clinical trials [60]. In addition,
it should be noted that there are also concerns about the use of RAS inhibitors in advanced
cirrhosis [61,62] as they can induce arterial hypotension and renal function impairment.

1.3. Role of the Alternate RAS in Hepatic Fibrogenesis

Our laboratory has demonstrated that along with the classical arm, the alternate arm
is also activated in liver injury [33,35]. The activated alternate arm would be expected
to counter the harmful effects produced by the activated classic arm (Figure 1). It has
been shown that the components of the classical RAS including angiotensinogen, ACE,
and AT1R are upregulated in the areas of active fibrogenesis within one week of bile
duct ligation in experimental cholestasis using BDL rats. The expression of alternate RAS
components such as ACE2 and MasR were observed at the third week post-BDL whereas,
once activated, their expression parallels the changes in the expression of classical RAS
components [35]. This was followed by high levels of Ang-(1–7) in the circulation [35].
In line with these findings, ACE2 was found to be increased in patients with liver disease
(Paizis et al., 2005). In agreement with these findings the patients with CLD show increased
levels of circulating Ang-(1–7) and ACE2 [32,63]. Figure 3 shows high level of ACE2 protein
expression in liver specimen collected from patients with primary sclerosing cholangitis
(PSC) in comparison with healthy human livers [64].
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Figure 3. ACE2 protein expression in the liver of healthy controls and in patients with primary
sclerosing cholangitis (PSC). Angiotensin converting enzyme (ACE2), the expression of which is
very low in healthy livers (left panel), is upregulated in the cirrhotic livers of patients with primary
sclerosing cholangitis (PSC) (right panel). Upregulated ACE2 may be important in counter-regulating
the ACE and angiotensin II-driven profibrotic effects of the classical renin angiotensin system.
Arrowhead, ACE2 staining; DAPI, nuclear staining; magnification, ×100.

Inhibition of the components of classical arm of the RAS has been extensively tested
in animal models of diseases; however, only few studies have investigated the role of the
alternate arm of the RAS in liver fibrosis. Emerging evidence suggests that the alternate
arm of the RAS is a potential target for research and subsequent drug intervention. One
possible way of achieving a therapeutic outcome in liver fibrosis would be to increase
the level of antifibrotic peptide Ang-(1–7), which opposes most of the deleterious effects
of Ang II. Studies using BDL rats and cultured rat HSCs have confirmed that Ang-(1–7)
peptide reduce matrix formation which in turn leads to pronounced improvement in
hepatic fibrosis [32]. Moreover, the same study showed that the nonpeptide MasR agonist,
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AVE0991, significantly decreased the α-SMA protein content and collagen production
in rat HSCs. These effects were inhibited by pretreatment with the MasR antagonist D-
Ala7-Ang-(1–7) (A779), suggesting that the antifibrotic effects of Ang-(1–7) are mediated
via the MasR [32]. However, Ang-(1–7) is a peptide that cannot be administered orally.
To circumvent this problem, Ang-(1–7) oral formulation has been recently developed
with Ang-(1–7) encapsulated in oligosaccharide hydroxypropyl-cyclodextrin (HPβCD)
to protect the degradation of the peptide by enzymes in the digestive system. This oral
Ang-(1–7) formulation has been tested in rats with myocardial infarction and shown to be
cardioprotective [65]. Moreover, the same oral Ang-(1–7) formulation has reduced lung
inflammation and histopathological changes of elastase induced pulmonary emphysema
induced in mice [66]. A recent study in high fat diet fed rats with metabolic syndrome
demonstrated that oral HPβCD/Ang-(1–7) treatment has the potential to decrease ACE
and AT1R, increase ACE2 gene expression, reduce oxidative stress, and improve insulin
signaling in the liver [67].

Another potential therapeutic target to treat liver fibrosis is ACE2. Increasing activity
of ACE2 would be expected to facilitate the degradation of the profibrotic peptide Ang
II while simultaneously enhancing the generation of the antifibrotic peptide Ang-(1–7).
In experimental animal studies, recombinant human ACE2 (rhACE2) reduced hypertension
in cardiovascular disease [68] and improved kidney function in diabetic nephropathy [69].
A phase I clinical trial has shown that rhACE2 was well tolerated in healthy human vol-
unteers, without producing any unwanted side effects in the cardiovascular system [70].
However, adequately powered randomized clinical trials in healthy individuals and pa-
tients assigned for rhACE2 treatment are yet to be undertaken. There is one study that has
tested the therapeutic effects of recombinant ACE2 in experimental liver fibrosis, using BDL
and CCl4 models [71]. This study showed that recombinant ACE2 significantly reduced
the liver fibrosis in both animal models [71]. Additionally, following CCl4 injection, ACE2
gene knockout (ACE2-KO) mice had high levels of α-SMA protein and collagen content in
the liver compared with wild-type littermates [71]. These findings suggest that ACE2 is a
potential therapy for liver fibrosis.

There are several disadvantages with systemic administration of recombinant ACE2.
This includes the need for daily injections and expense, and the fact that circulating ACE2
could produce off target effects in other organs. Moreover, long-term therapy with systemic
infusion of ACE2 may lead to systemic hypotension.

The ideal approach to circumvent this problem would be to increase tissue-specific
ACE2 levels in the target organ. To achieve this our group has developed an adeno-
associated viral (AAV) vector system to deliver ACE2 into the liver of experimental animal
models [36]. Although there are a number of viral vectors that have been used to date to
increase expression of proteins, adeno-associated viral (AAV) vector appears to be the most
safe and effective [72]. In literature, it has been shown that the AAV is an efficient vector
to deliver a transgene and it provides many advantages compared to those of other viral
vector candidates. The most prominent advantages of AAV over the other viral vectors
include replicative defectiveness, nonpathogenicity, minimal immunogenicity, and broad
tissue tropism in both animal models and humans. Moreover, the AAV gene delivery
system has an ability to maintain long-term gene and protein expression and high tissue
tropism following a single injection of the vector which further facilitates to its popularity
as a better tool for gene delivery. This type of gene delivery system has been tested for
inherited metabolic diseases [73].

An AAV vector carrying AAV2 genome and a liver-specific AAV8 capsid (AAV2/8) has
been used to deliver murine ACE2 (mACE2) into the liver of three short-term experimental
mouse models with liver disease [36]. This included a liver disease model induced by BDL
(2-week model), toxin induced liver injury model by CCl4 injections (8-week model) and a
dietary liver disease model induced by feeding MCD diet (8-week model), representing
a cholestatic biliary fibrosis, alcoholic liver fibrosis and non-alcoholic fatty liver disease
(NAFLD), respectively, in humans. It was shown that a single intraperitoneal injection
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of mACE2-rAAV2/8 therapy significantly reduced hepatic fibrosis in all three models.
Furthermore, the treatment effects were confined to the liver for up to 6 months and, ACE2
overexpression was absent in other major organs such as heart, lungs, brain, intestine, and
kidneys. ACE2 treated mice showed markedly increased ACE2 expression and activity
in their livers and those results were accompanied by increased hepatic Ang-(1–7) levels
with concomitant decrease in hepatic Ang II levels [36]. These findings provided profound
evidence to conclude that liver-specific ACE2 gene delivery is a promising therapy for
hepatic fibrosis.

Recently, this treatment strategy has been tested and evaluated in a long-term animal
model which better reflects the time course of liver disease in humans. This genetic model
of biliary fibrosis is known as multiple drug resistant gene 2 knockout (Mdr2-KO) model
and the biliary lesions seen in this chronic cholestatic disease are comparable to those seen
in patients with primary sclerosing cholangitis (PSC). A study conducted to determine
the therapeutic potential of mACE2-rAAV2/8 gene therapy at early and advanced biliary
fibrosis of Mdr2-KO mice showed a marked attenuation in liver injury and fibrosis at
both stages [64].

In recent years, it has been reported that the so-called ACE2 activator drugs also have
potential to be used as therapeutic agents for tissue fibrosis. In 2007, Hernandez Prada and
colleagues identified two small molecules, xanthenone (XNT) and resorcinolnaphthalein,
as potential ACE2 activators using a structure based screening method [74]. These two
compounds were tested in in vitro studies, and it was confirmed that they have the capacity
to increase ACE2 activity in a dose dependent manner. However, only XNT was used
in further testing in vivo as it was more soluble than resorcinolnaphthalein. This study
showed that long term (4 weeks) administration of XNT could reverse myocardial, perivas-
cular, and renal fibrosis in a spontaneously hypertensive rat (SHR) model. Later, other
studies showed that XNT has a potential to increase ACE2 activity in thrombi of SHR with
a significant antithrombogenic effect [75]. It was also shown that ACE2 activation by XNT
protected experimental pregnant rats against leptin induced hypertension and protein-
uria [76] and reduced hypertension-induced cardiac fibrosis in SHR [77]. Moreover, it was
also shown to increase brain tissue ACE2 gene expression in cerebral ischemia/reperfusion
injury in experimental rats [78].

In 2013, it was demonstrated that diminazene aceturate (DIZE), the US Food and Drug
Administration (FDA) approved small molecule, was also effective as an ACE2 activator
in rat models with ischemia induced cardiac disease and pulmonary hypertension [79,80].
DIZE has been developed to be used as an antitrypanosomal and antibabesial drug which
has been used in veterinary practice for many decades [81]. The drug is used to treat human
trypanosomiasis in some tropical and subtropical African countries [82]. In published
studies, DIZE has been shown to exert beneficial effects on tissue fibrosis in the heart, lungs,
kidneys, and the eyes [83–85]. A recent study published by our laboratory demonstrated
however that DIZE inhibited experimental liver fibrosis but it did not affect liver ACE2
activity, questioning its mode of action [37].

1.4. The Role of RAS in Portal Hypertension

Almost 90% of the patients with cirrhosis eventually develop portal hypertension.
This condition prequels to a number of complications that occur in the patients with
decompensated cirrhosis, such as gastro-esophageal varices and variceal bleeding, ascites,
hepato-renal syndrome (HRS), and hepato-pulmonary syndrome (HPS) [86–89].

In cirrhosis, the development portal hypertension is due to the combined effects of
increased hepatic resistance to the incoming portal venous flow which results from the
changes to the normal tissue architecture within the fibrotic liver and increased sinusoidal
vasoconstriction, and elevated portal venous blood flow secondary to the splanchnic
vasodilatation [90,91]. There is currently a lack of therapeutic options for treating portal
hypertension and associated complications. The pharmacological mainstay is the use
of non-selective beta-blockers (NSBBs). NSBBs reduce portal pressure via decreasing
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cardiac output and increasing splanchnic vascular resistance and thus reducing mesenteric
blood flow. However, NSBBs are poorly tolerated thus contraindicated in up to 15–20%
of the patients. Moreover, in up to 60% of the patients, NSBB treatment fails to produce
a clinically significant therapeutic response, defined as a fall of hepatic venous pressure
gradient of to a value less than 12 mmHg or reduction in portal pressure greater than
20% from baseline [92–95]. Since there have been no new drug classes introduced for the
long-term management of portal hypertension for more than 30 years, there is an ongoing
need for the development of more effective and tolerable drugs to treat this condition in
cirrhotic patients.

Recent studies suggest that the RAS plays a major role in the development of portal
hypertension in cirrhosis [86,96–98] (Figure 4). Many experimental and clinical studies
have shown that modulation of the RAS improves portal pressure in cirrhotic animal
models and human patients [24,95,99–101], suggesting that this system is a potential target
in formulating future therapies to treat portal hypertension in cirrhosis.
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Figure 4. Role of the renin angiotensin system in cirrhotic portal hypertension. Development of portal hypertension
in cirrhosis is a combined effect of the changes that occur within the intrahepatic and splanchnic vascular beds. In the
cirrhotic liver, vasoconstrictor peptide angiotensin II (Ang II) signals through its receptor Ang II type 1 receptor (AT1R) in
activated hepatic stellate cells (HSCs) to increase the extracellular matrix proteins (ECM) deposition, creating a fixed barrier
to the incoming portal blood flow which raises portal pressure. In addition, Ang II also promotes the contraction of the
activated HSCs and vascular smooth muscle cells (VSMCs), further increasing intrahepatic vascular tone, exacerbating portal
pressure. Increased intrahepatic resistance is further augmented by the reduced release of vasodilatory molecules such as
nitric oxide (NO) from vascular/sinusoidal endothelial cells (VECs) in the cirrhotic livers. In addition, the intrahepatic
vasodilatory function of angiotensin-(1–7) (Ang-(1–7)) peptide produced from Ang II by ACE2 action is also diminished,
further contributing to intrahepatic resistance. In contrast, in the cirrhotic splanchnic vascular bed, circulating Ang-(1–7)
increases the release of NO via its putative receptor Mas (MasR) and possibly other factors such as endothelium-derived
hyperpolarizing factors (EDHFs) via the Mas related G protein-coupled receptor type-D (MrgD) from VECs. This promotes
the relaxation of VSMCs which leads to dilatation of the splanchnic vascular bed leading to an increased portal blood
flow. This further aggravates portal pressure. Splanchnic vasodilatation is also aggravated by intrinsic splanchnic vascular
hypocontractility to vasoconstrictors such as Ang II. ACE, angiotensin converting enzyme; ACE2, angiotensin converting
enzyme 2; eNOS, endothelial nitric oxide synthase. Adapted from [102].
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1.5. The Role of RAS in Increasing Hepatic Resistance in the Cirrhotic Liver

As outlined above, the components of the classical RAS, such as ACE and Ang II,
are significantly upregulated in the systemic and hepatic circulations of the cirrhotic ani-
mals [35,39,48,63]. Ang II is a potent profibrotic peptide which promotes HSC proliferation
and ECM formation in the fibrotic liver [31,39], and the subsequent elevation in intrahep-
atic resistance to blood flow contributes to the development of portal hypertension in
cirrhosis. Increased intrahepatic vascular resistance is also mediated by the contraction
of the activated perisinusoidal contractile HSCs. These cells overexpress the AT1R and
contract in response to elevated Ang II, and it is through this mechanism that Ang II
contributes to sinusoidal vasoconstriction, thus increasing the intrahepatic resistance to
blood flow [32,41]. Previous work from our laboratory supported this concept by showing
that in response the infusion of Ang II, perfused cirrhotic rat liver preparations had a
greatly increased vasoconstrictive response when compared to healthy rat livers, likely
due to the effects of Ang II on the upregulated AT1R in vascular smooth muscle cells and
sinusoidal myofibroblastic HSCs [101]. This study also showed that cirrhotic livers have an
elevated local Ang II production, thus potentially driving AT1R-mediated vasoconstriction
and resistance to portal flow. Therefore, it is expected that the inhibition of Ang II via ACEi
and/or ARBs would improve portal hypertension not only by attenuating hepatic fibrosis
but also by improving intrahepatic resistance to blood flow in cirrhosis [48,103,104].

Recent studies suggest that the detrimental effects of the classical RAS on hepatic
resistance could be counteracted by increasing the overexpression of the alternate RAS
in the cirrhotic livers [3]. Previous work by our laboratory showed that the addition of
Ang-(1–7) or the MasR agonist AVE0991, decreases the activation of primary rat HSCs in
cell culture, whereas with the addition of MasR blocker A779, increases the activation of
HSC, as reflected by increased αSMA expression. This study also showed that infusion of
Ang-(1–7) in-vivo, suppressed HSC activation in cirrhotic rats [32]. In keeping with these
findings, a separate study published by our group showed that Ang-(1–7) has profound
vasodilatory effects in cirrhotic livers [24]. In this study in-situ perfused cirrhotic rat livers
pre-constricted with Ang II or methoxamine, produced a marked vasodilatory response to
the infusion of Ang-(1–7) infusion of Ang-(1–7), which is also shown to be endothelium-
dependent and AT1R/AT2R independent [24]. In addition, the local overexpression of
ACE2 in cirrhosis [36] not only ameliorated liver fibrosis but also reduced hepatic perfusion
pressure in experimental mouse models by decreasing the levels of vasoconstrictor peptide
Ang II whilst simultaneously increasing the levels of vasodilator peptide Ang-(1–7) in the
cirrhotic livers [36,64].

1.6. The Role of RAS in Mesenteric Vasodilatation in Cirrhosis

In contrast to the profound vasoconstrictive effects produced by Ang II in the intrahep-
atic vasculature, systemic and splanchnic vessels are hyporesponsive to circulatory Ang
II, and therefore these vessels remain dilated in cirrhosis [105–107]. Experiments with the
isolated mesenteric, omental and/or peripheral vascular bed preparations from cirrhotic
animals and patients have indicated that the dilatation of the splanchnic vascular bed in
cirrhosis is also attributed to the development of intrinsic vascular hyporesponsiveness
to the circulatory vasoconstrictors such as Ang II [108,109]. Supporting the above in-vitro
vessel work, in-vivo experiments in human patients showed that cirrhotic patients had a
diminished vasoconstrictive response to intra-arterially administered Ang II as reflected
by no significant change in the forearm blood flow, compared to healthy controls [110].
However, despite the evidence of reduced Ang II activity, AT1R is either unchanged
or upregulated in splanchnic vessels of the cirrhotic patients [111,112], suggesting that
splanchnic vascular hyporesponsiveness to Ang II may probably as a result of the changes
that occur downstream of the AT1R [113,114].

Systemic vasodilatation in cirrhosis may also be facilitated by overexpression of the
alternate RAS [32,35,115]. Importantly, ACE2, MasR and Ang-(1–7) are elevated in the
splanchnic vascular bed of cirrhotic rats and human patients, suggesting that the alternate
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RAS may play a role in the splanchnic vasodilatation and thereby in the development
of portal hypertension in cirrhosis [99,100]. Ang-(1–7) acting via the MasR is shown to
increase the release of nitric oxide (NO) from the VECs, which promotes the relaxation of
VSMCs leading to splanchnic vasodilatation [99]. It is also shown that Ang-(1–7)/Ang II
ratio is significantly elevated in the splanchnic compared to systemic circulations in the
cirrhotic patients undergoing liver transplant, which is also negatively correlated with the
systemic vascular resistance, suggesting that the augmented Ang-(1–7) activity contributes
to the splanchnic vasodilatation in cirrhosis [115]. Supporting this, a previous study by our
group showed that the infusion of Ang-(1–7) produced hypocontractility in the cirrhotic
splanchnic vasculature but not in controls [99]. Consistent with this, preincubation of
cirrhotic mesenteric vascular bed preparations with MasR blocker A779 inhibited the
vasodilatory effects produced by Ang-(1–7) [99]. These ex vivo findings were in agreement
with in vivo findings showing that a bolus intravenous injection of Ang-(1–7) reduced both
splanchnic vascular resistance and hepatic vascular resistance and that a bolus dose of the
MasR antagonist A779 increased the resistance in both splanchnic and hepatic vascular
beds with a net effect of a significant improvement of portal pressure in CCl4-induced
cirrhotic rats [99].

In our recent experiments we were the first to document that not only the MasR,
but the alternate receptor for Ang-(1–7), MrgD, is also upregulated in the splanchnic
vessels of the cirrhotic rats. Moreover, the injection of both MasR and MrgD blockers
improved portal hypertension in cirrhotic animal models, presumably via the inhibition of
Ang-(1–7) mediated splanchnic vasodilatation in cirrhosis [100]. Although this study did
not investigate the mechanism(s) through which Ang-(1–7) regulates the MrgD-mediated
vasodilatory effects in the splanchnic vessels, it is possible that in addition to the release of
NO, Ang-(1–7), by acting via the MrgD, may enhance the release of other vasodilators such
as endothelium-derived hyperpolarizing factors (EDHFs) including epoxyeicosatrienoic
acids in splanchnic vessels [116,117].

1.7. Manipulation of the RAS in Portal Hypertension

Thus, much research evidence supports the contribution of the RAS in the pathogene-
sis of portal hypertension. It is expected that the inhibition of the classical RAS or increasing
local expression or activity of the alternate RAS may reduce intrahepatic vascular tone,
resulting in a reduced portal pressure. On the other hand, inhibition of the alternate RAS in
the splanchnic vasculature is expected to increase splanchnic vascular resistance, thereby
improving portal hypertension by reducing portal inflow. These findings therefore suggest
that both the classical and alternate RAS are potential targets for the development of novel
therapies to treat portal hypertension in human cirrhotic patients.

1.8. Targeting the Classical RAS in Portal Hypertension

Many experimental and clinical studies have shown that portal hypertension in cir-
rhosis could be treated with the inhibitors of the classical RAS, such as ACEi and ARBs. In
addition to RAS regulation of portal hypertension, some studies have also suggested that
chymase inhibitors are potential drugs to reduce portal pressure by inhibiting intrahepatic
Ang II production [10,11]. These drugs are expected to reduce portal pressure via decreas-
ing Ang II mediated increase in intrahepatic resistance. ACEi also prevents the degradation
of Ang-(1–7), and thus would increase the intrahepatic Ang-(1–7) levels promoting va-
sodilatation. However, although they have been widely used in the treatment of systemic
hypertension, the ACEi such as enalapril and captopril, and ARBs such as candesartan,
losartan, and irbesartan have only been used in a limited number of clinical trials to study
their antifibrotic and antiportal hypertensive effects in cirrhotic patients [111,118–122].

The outcomes of clinical trials studying the effects of ACEi and ARBs in cirrhosis
were summarized by Tandon and colleagues in a comprehensive meta-analysis published
in 2010, which included the findings of three and nine studies on ACEi ARBs, respec-
tively [95]. This analysis concluded that in early Child Pugh A cirrhosis, ACEi and/or
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ARBs are of similar efficacy to NSBBs in reducing the hepatic venous pressure gradient
(HVPG) (17% and 21% with ACEi/ARBs and NSBBs, respectively). However, in advanced
Child Pugh B or C cirrhosis, ACEi/ARBs only produced a 3% reduction of HVPG, whilst
NSBBs produced a similar reduction of HVPG to that in Child Pugh A cirrhosis. This study,
therefore, concluded that although the RAS plays an important role in increasing intra-
hepatic resistance in early stages of cirrhosis, the effects of RAS on increasing intrahepatic
vascular tone in advanced cirrhosis are likely to be overridden by the activation of other
powerful vasoconstrictive systems such as the endothelin and/or the sympathetic nervous
system [95,107,123]. However, an undesirable side effect of ACEi/ARBs is that in patients
with advanced cirrhosis these drugs produce significant systemic hypotension and renal
impairment, since the baseline activation of the RAS plays a pivotal role in maintaining
adequate arterial pressure and renal perfusion in these patients [95,124,125].

1.9. Targeting the Alternate RAS in Portal Hypertension

It is shown that the vasodilatory effects of Ang-(1–7) in cirrhotic splanchnic vessels
appear to be mediated via its receptor MasR. Administration of the specific MasR blocker
A779 increased the resistance in splanchnic vessels, reduced splanchnic blood flow and
thereby improved portal hypertension in cirrhotic rat models [99]. However, the effective-
ness of MasR blockade in lowering portal pressure by increasing splanchnic resistance may
be compromised by its ability to increase intrahepatic resistance by blocking Ang-(1–7)
mediated vasodilatation in the liver [99]. Indeed, in contrast to the results of MasR antag-
onism, the nonpeptide Ang-(1–7) agonist AVE0991 was shown to lower portal pressure
by reducing intrahepatic resistance [126]. Supporting this another study showed that
neutral endopeptidase (NEP) inhibitor candoxatrilat also significantly reduced intrahepatic
resistance thereby portal pressure in cirrhotic rats, via reducing Ang-(1–7) metabolism in
the cirrhotic livers [127].

As has been discussed, in addition to the MasR, the novel receptor MrgD is also
shown to mediate the vasodilatory effects of Ang-(1–7) [25]. Consistent with this, we
have documented that similar to the MasR, MrgD is also significantly upregulated in the
cirrhotic splanchnic vessels, and blockade of MrgD with a bolus injection of D-Pro led to a
significant reduction of portal pressure in cirrhotic rat models, which was similar to that
produced by the MasR blocker A779 (Figure 5A) [100]. However, in this study both these
blockers failed to reduce portal pressure up to clinically significant levels (i.e., <20% from
the baseline). Moreover, these drugs failed to sustain their portal pressure lowering effect
for more than 20–25 min, possibly attributed to the rapid metabolism of these peptide
blockers within the rat circulation [100]. This study therefore warrants further studies to
determine whether these blockers could maintain adequate plasma concentrations when
given as a continuous infusion over time, and thereby produce a clinically sustainable
effect on portal pressure in experimental cirrhosis.

Importantly, we have also discovered that unlike MasR, MrgD is not upregulated in
the hepatic vascular bed of the cirrhotic animals (Figure 5B), suggesting that the effects
of MrgD likely to be limited to the splanchnic vascular bed in cirrhosis. Thus, in contrast
to the MasR blocker A779, MrgD blockade with D-Pro may not increase intrahepatic
resistance, thus enhancing its antiportal hypertensive effect in cirrhosis [99]. This finding
that the MrgD has tissue-specific expression in splanchnic vessels in cirrhosis has significant
potential implications for the development of pharmacotherapies that specifically target
splanchnic vasodilatation in cirrhotic patients.
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Figure 5. Portal pressure responses to the blockade of the receptors of the alternate renin angiotensin system (RAS) in
cirrhotic rat models induced by carbon tetrachloride (CCl4) injections or bile duct ligation (BDL), and splanchnic and hepatic
vascular expression of the receptors, MasR and Mas related G protein-coupled receptor type-D (MrgD). (A) Portal pressure
responses 5 min after a bolus injection of MasR blocker D-Ala7-Ang-(1–7) (A779) (10 µg/kg) or MrgD blocker D-Pro7-Ang-
(1–7) (D-Pro) (10 µg/kg) in CCl4 and BDL rats. Both MasR and MrgD blockade produced a significant reduction of portal
pressure likely via blocking angiotensin-(1–7)-mediated dilatation of the splanchnic vascular bed. (B) Gene expression of
MasR and MrgD in cirrhotic mesenteric and hepatic vascular beds of CCl4 and BDL models compared with sham-operated
or healthy control livers. In the splanchnic vasculature of cirrhotic rats, both MasR and MrgD are upregulated, suggesting
that both these receptors likely play an important role in angiotensin-(1–7)-mediated splanchnic vasodilatation in cirrhosis.
Although the MasR is upregulated in the cirrhotic livers, there was no change in the expression of MrgD suggesting that
MasR, but not MrgD contributes to the regulation of hepatic vascular resistance in cirrhosis. Adapted from [100].

2. Conclusions

Recent advances in our understanding of the complexities of the RAS have led to
the development of new ideas regarding the therapeutic potential of manipulating the
RAS in liver disease. Whilst the classical RAS via its effector peptide Ang II is strongly
implicated in liver scarring, there remains a lack of clinical evidence to support the routine
use of classical RAS blockers as antifibrotic agents. Ang II is also strongly implicated in the
pathogenesis of portal hypertension via its ability to promote constriction of contractile cells
in the cirrhotic liver. This has prompted a number of clinical trials of classical RAS blockers
in cirrhosis; however, available evidence suggests that this class of drugs is of limited
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efficacy and has serious adverse effects in patients with advanced cirrhosis. The possible
role of the alternative RAS and its suitability as a therapeutic target in liver cirrhosis
is less well-studied. There is intriguing evidence that drugs targeting the MasR could
have efficacy as antifibrotic agents. On the other hand, a greater therapeutic interest and
importance is the possibility that drugs targeting the receptors of the alternate arm could
be used to treat portal hypertension. Very recent evidence suggests that the MrgD may be a
particularly attractive therapeutic target because in cirrhosis, unlike MasR, the expression
of MrgD is minimal in the liver but markedly upregulated in splanchnic vessels. This
could allow for the potential development of mesenteric vasculature selective drugs which
reduce splanchnic flow but do not adversely affect resistance and blood flow in the liver.
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