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Angiotensin converting enzyme 2 (ACE2) which breaks 
down profibrotic peptide angiotensin II to antifibrotic 
peptide angiotensin-(1–7) is a potential therapeutic tar-
get in liver fibrosis. We therefore investigated the long-
term therapeutic effect of recombinant ACE2 using a 
liver-specific adeno-associated viral genome 2 serotype 
8 vector (rAAV2/8-ACE2) with a liver-specific promoter 
in three murine models of chronic liver disease, includ-
ing carbon tetrachloride-induced toxic injury, bile duct 
ligation-induced cholestatic injury, and methionine- and 
choline-deficient diet-induced steatotic injury. A single 
injection of rAAV2/8-ACE2 was administered after liver dis-
ease has established. Hepatic fibrosis, gene and protein 
expression, and the mechanisms that rAAV2/8-ACE2 ther-
apy associated reduction in liver fibrosis were analyzed. 
Compared with control group, rAAV2/8-ACE2 therapy pro-
duced rapid and sustained upregulation of hepatic ACE2, 
resulting in a profound reduction in fibrosis and profi-
brotic markers in all diseased models. These changes were 
accompanied by reduction in hepatic angiotensin II levels 
with concomitant increases in hepatic angiotensin-(1–7) 
levels, resulting in significant reductions of NADPH oxi-
dase assembly, oxidative stress and ERK1/2 and p38 phos-
phorylation. Moreover, rAAV2/8-ACE2 therapy normalized 
increased intrahepatic vascular tone in fibrotic livers. We 
conclude that rAAV2/8-ACE2 is an effective liver-targeted, 
long-term therapy for liver fibrosis and its complications 
without producing unwanted systemic effects.
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INTRODUCTION
Liver cirrhosis and its sequelae of liver failure, portal hyperten-
sion, and hepatocellular cancer is now one of the world’s lead-
ing causes of chronic illness and death.1 As a result, there is a 
major need to develop antifibrotic therapies which can prevent 
liver scarring and the development of cirrhosis in patients with 
chronic liver disease.

There have been many advances in our understanding of the 
mechanisms involved in liver fibrosis and a number of possible 
targets for antifibrotic therapy have been identified.2 However, the 
development of antifibrotic therapies has been hindered by con-
cerns about the lack of liver specificity of treatments which block 
pathways involved in liver inflammation and fibrosis, and their 
potential to produce unwanted side effects in other organs.

One possible target for anti-fibrotic therapy is the intrahepatic 
renin-angiotensin system (RAS). A number of studies suggest that 
the hepatic RAS plays a key role in liver fibrosis. Angiotensin II (Ang 
II), a key effector peptide of the classic RAS, drives liver fibrosis via a 
number of mechanisms including increasing production of reactive 
oxygen species (ROS) by NADPH.3–5 While angiotensin receptor 
blockers which block the Ang II type 1 receptor, have been shown to 
ameliorate liver fibrosis in several animal models of liver injury, their 
effectiveness in man has not been confirmed in randomized studies. 
Furthermore, there is increasing concern about the safety of angio-
tensin receptor blockers in patients with established cirrhosis.6,7

Another approach is to target the so-called “alternate arm” of the 
RAS, which opposes many of the deleterious effects of Ang II of the 
classic RAS.8 Activity of this arm of the RAS is modulated by angio-
tensin converting enzyme 2 (ACE2), a homologue of ACE, which 
breaks down Ang II to angiotensin-(1–7) (Ang-(1–7)), a peptide 
with anti-fibrotic and vasodilatory activity. Work from our labora-
tory recently demonstrated that in experimental cholestatic liver 
disease, Ang-(1–7) infusion inhibits hepatic fibrosis.9 Furthermore, 
a recent study has shown that liver fibrosis is accelerated in mice 
lacking ACE2 gene and in the short-term, daily intraperitoneal 
injections of recombinant human ACE2 protein, commenced at 
the induction of liver injury, inhibited the initiation of liver fibrosis 
in mice.10 In cirrhosis, Ang II increases hepatic resistance to portal 
flow whilst hepatic tone is lowered by Ang-(1–7) which suggests 
that strategies which increase hepatic ACE2 activity and change the 
balance of angiotensin peptide levels in the liver, could also be use-
ful in the treatment of portal hypertension.11–13 However, given that 
the study by Osterreicher and colleagues was for only up to 2 weeks 
and of prophylactic strategy with more invasive in nature, we were 
interested in a long-term therapeutic and less invasive approach of 
ACE2 treatment in liver fibrosis.
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We therefore wished to determine, in contrast to systemic 
administration of ACE2 protein,10 whether a gene therapy 
approach using a liver-trophic recombinant AAV genome 2 sero-
type 8 vector carrying murine ACE2 (rAAV2/8-ACE2) under 
the control of a liver-specific human antitrypsin promoter, could 
be used to produce long-term liver-specific upregulation of the 
expression of ACE2 in established liver disease. This vector was 
injected intraperitoneally only once into mice with chronic liver 
disease induced by three different approaches.

RESULTS
Effects of rAAV2/8-ACE2 therapy on tissue ACE2 
mRNA expression and ACE2 activity
In order to determine the expression levels and organ-specificity / 
tissue tropism of the viral vector, liver, kidney, lungs, heart, brain, 
and small intestine were removed at 2, 4, 8, 12, and 24 weeks after 
a single intraperitoneal injection of rAAV2/8-ACE2 in healthy 
mice. Quantitative PCR results (Figure 1a) showed that vector-
mediated ACE2 expression was liver specific, and significantly 
increased at all time points in rAAV2/8-ACE2 vector injected 
mice, and this was accompanied by upregulation of hepatic ACE2 
protein (Figure 1b) and activity (Figure 1c) at 2, 4, and 8 weeks.

ACE2 therapy reduces hepatic Ang II and increases 
Ang-(1–7) levels in the fibrotic liver
We studied the effects of the therapeutic administration of 
rAAV2/8-ACE2 in three models of chronic liver injury. At sac-
rifice, in all three models of liver disease, mice treated with 
rAAV2/8-ACE2 showed a significant reduction in serum ala-
nine transaminase (ALT) level compared to those that received 
human serum albumin control vector (rAAV2/8-ALB) (Figure 
2a). Moreover, compared with the healthy controls without the 
vector injection (mean ± SEM: 33 ± 7 U/l), rAAV2/8-ALB vec-
tor injected healthy mice after 10 days showed no change in 
plasma ALT level at different doses (means ± SEM: 26 ± 8, 32 ± 5, 
34.5 ± 11.5, and 35 ± 12 U/l in mice injected with 1 × 1010, 5 × 1010, 
1 × 1011, and 5 × 1011 gc, respectively), suggesting that the vector 
itself is unlikely to cause liver injury. In addition, we found no 
difference in plasma ALT levels in healthy mice injected with 
rAAV2/8-ACE2 (1 × 1011 gc) for up to 24 weeks (means ± SEM: 
29.5 ± 3.7, 28 ± 3.8, 24.2 ± 1.9, 21 ± 2.1, and 26.4 ± 7.8 U/l in mice 
2, 4, 8, 12, and 24 weeks after vector injection, respectively) com-
pared with that in healthy mice without rAAV2/8-ACE2 vector 
(mean ± SEM: 20.2 ± 2.3 U/l). Additionally, we found that the lev-
els of liver Ang-(1–7) peptide in BDL mice without rAAV2/8-ALB 

Figure 1 ACE2 expression in the liver and other major organs of healthy C57BL/6 mice treated with rAAV2/8-ACE2 gene therapy. ACE2 
expression was evaluated by (a) qPCR, (b) western blotting, and (c) activity assay. rAAV2/8-ACE2 significantly increased liver specific ACE2 mRNA 
expression, ACE2 protein and activity compared to mice treated with saline injection. Each bar represents the mean ± SEM profile from n = 5 mice 
per treatment group. *P < 0.0001 and #P < 0.01 were calculated by one-way analysis of variance with Tukey comparison test.
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vector (mean ± SEM: 365 ± 166 pg/ml/g liver) were not differ-
ent from those in BDL mice injected with rAAV2/8-ALB vector 
(mean ± SEM: 248 ± 68 pg/ml/g liver).

As expected, hepatic ACE2 mRNA expression was increased 
up to 2,700-fold in rAAV2/8-ACE2-treated mice with liver disease 
(BDL: 2,000-, CCl4: 300- and MCD: 2,700-fold increase compared 
to control vector treated diseased livers). Mechanistically, hepatic 
ACE2 overexpression would be expected to produce dual benefits; 
degradation of the potent profibrotic peptide Ang II and genera-
tion of the antifibrotic peptide Ang-(1–7).12 This was confirmed 
by the findings in all three models. Hepatic Ang II peptide con-
centrations were significantly decreased in animals treated with 
rAAV2/8-ACE2, compared with those treated with human serum 
ALB control vector (Figure 2b), and this was associated with 
markedly increased levels of Ang-(1–7) (Figure 2c).

ACE2 gene therapy decreased experimental liver 
fibrosis
We then assessed the effects of modulation of hepatic angioten-
sin peptide levels by rAAV2/8-ACE2 treatment on hepatic fibro-
sis. In comparison with rAAV2/8-ALB-treated mice, hepatic 
collagen deposition, as assessed by picrosirius red staining 
(Figure 3a,b), hydroxyproline content (Figure 3c) and collagen 
type 1a1 (COL1A) mRNA expression (Figure 3d), were signifi-
cantly reduced by rAAV2/8-ACE2 treatment in all three models. 
Moreover, as assessed by α-smooth muscle actin (α-SMA) immu-
nohistochemistry (Figure 3e) and qPCR (Figure 3f), hepatic 
stellate cell (HSC) activation, a major cellular event in the devel-
opment and progression of liver fibrosis, was significantly reduced 
in all rAAV2/8-ACE2-treated groups compared with rAAV2/8-
ALB-treated controls.

The antifibrotic effects of ACE2 gene therapy 
are associated with reduced expression of 
proinflammatory and profibrotic cytokines
Secretion of extracellular matrix proteins by activated HSCs and 
myofibroblasts following liver injury is triggered by increased 

expression of profibrogenic and proinflammatory mediators. 
We therefore investigated the effects of ACE2 therapy on mRNA 
expression of connective tissue growth factor (CTGF) (Figure 4a), 
transforming growth factor-β1 (TGF-β1) (Figure 4b), monocyte 
chemoattractant protein-1 (MCP-1) (Figure 4c), and interleu-
kin-6 (IL-6) (Figure 4d). These cytokines were significantly 
downregulated in rAAV2/8-ACE2-treated mice in all three mod-
els, when compared to rAAV2/8-ALB-treated mice.

ACE2 therapy suppresses NADPH oxidase activity, 
lipid peroxidation, and MAPK signaling
The generation of ROS via activation of NADPH oxidase in HSCs 
is a key mechanism through which Ang II mediates liver inflam-
mation and fibrosis.5,14–16 In order to activate NADPH oxidase, 
translocation of different NADPH subunits from the cytosol to 
the membrane is required.14 We therefore measured transloca-
tion of p67phox, a rate-limiting subunit of NADPH oxidase acti-
vation. As expected, cytosolic and membrane protein levels of 
p67phox subunit were significantly increased in all animal mod-
els. However, in response to ACE2 therapy, p67phox protein level 
in the membrane was markedly reduced in all three  models 
(Figure  5a,c), whereas ACE2 therapy had no effect on p67phox 
protein level in the cytosol (Figure 5b,d), suggesting it was mem-
brane translocation of the subunit that was inhibited by ACE2 
therapy, but not p67phox subunit protein synthesis. In keeping with 
these findings, it has been recently shown that the metabolism of 
Ang II to Ang-(1–7) by ACE2 attenuates Ang II-dependent ROS 
formation in rats.17

As known, lipid peroxidation induced by generation of ROS 
contributes to many forms of chronic liver disease. Thus, we 
assessed hepatic 4-HNE, a reliable biomarker of ROS-initiated 
lipid peroxidation in liver diseases,18 in all three disease models. 
We found that 4-HNE adduct formation was markedly reduced 
in rAAV2/8-ACE2-treated mice compared with rAAV2/8-ALB-
treated mice (Figure 6a,b).

Moreover, there are close links between oxidative stress 
and activation of mitogen activated protein kinases (MAPKs), 

Figure 2 Plasma aminotransferase level (ALT) and hepatic angiotensin peptides levels in the BDL, CCl4, and MCD models with ACE2 gene 
therapy. rAAV2/8-ACE2 treated animals displayed significant reduction of (a) plasma alanine aminotransferase (ALT). In addition, ACE2 therapy 
decreased (b) hepatic Ang II concentrations and (c) increased hepatic Ang-(1–7) concentrations. Each bar represents the mean ± SEM profile from n 
>10 mice per treatment group. *P < 0.0001, #P < 0.01 and ^P < 0.05 and were calculated by one-way analysis of variance with Tukey comparison test.
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including p38 and ERK1/2.19 We hypothesized that sus-
tained elevation of hepatic ACE2 should decrease MAPK 
phosphorylation and/or increases their dephosphorylation. 
Western blot  analysis showed that in all liver fibrosis mod-
els, treatment  with rAAV2/8-ACE2 significantly reduced 

phosphorylated p38 in the liver compared to those in rAAV2/8-
ALB-treated mice (Figure 7a,c). Moreover, ACE2 therapy pro-
duced a significant reduction in phosphorylated ERK1/2 levels 
in the CCl4 model compared to those in rAAV2/8-ALB-treated 
mice (Figure 7b,c).

Figure 3 ACE2 inhibited liver fibrosis and hepatic stellate cell activation. Fibrosis in the BDL, CCl4, and MCD models was evaluated by morpho-
metric analysis of (a and b) liver sections stained with picrosirius red, by (c) liver hydroxyproline content, and by (d) qPCR for COL1A mRNA, showed 
a significant reduction of hepatic fibrosis by rAAV2/8-ACE2 therapy. ACE2-treated mice also displayed a significantly decreased (e) positive staining of 
α-SMA, a marker for activated HSCs as well as (f) the mRNA level. Each bar represents the mean ± SEM profile from n >10 mice per treatment group. 
*P < 0.0001, #P < 0.01, ^P < 0.05, and ξP = 0.06 were calculated by one-way analysis of variance with Tukey comparison test.
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Effects of ACE2 therapy on methoxamine-mediated 
hepatic vasoconstriction
The local production of Ang-(1–7) has been shown to play 
an important role in the regulation of vascular reactivity to 
α-adrenergic agonists.20 We therefore wished to generate func-
tional data to support the concept that locally generated Ang-
(1–7) could reduce intrahepatic vascular resistance in the fibrotic 
liver. In Figure 8, we show that the α-adrenergic agonist meth-
oxamine produced a dose-dependent increase in perfusion pres-
sure in in situ perfused livers from rAAV2/8-ALB control vector 
treated BDL animals. In the livers from rAAV2/8-ACE2-treated 
BDL mice, there was a marked attenuation of this response to 
methoxamine, consistent with our previously documented vaso-
dilatory effects of Ang-(1–7) in cirrhotic liver.11,13

DISCUSSION
In this study, we demonstrate for the first time that a single dose 
of rAAV2/8-ACE2 vector produces sustained overexpression of 
ACE2 in the liver. This increase in hepatic ACE2 activity which 
produced a marked reduction in the ratio of Ang II to Ang-(1–7) 
in the liver, resulting in reductions of HSC activation, oxidative 

stress, release of proinflammatory and profibrotic mediators, and 
the development of liver fibrosis in three different models of liver 
disease. Importantly, in two of the models (CCl4 and MCD), these 
changes were sustained for up to 8 weeks after disease initiation. 
Given the sustained gene expression of ACE2 for up to 6 months 
achieved in healthy mice (Figure 1a), it is likely that a single dose 
of this ACE2 viral vector will provide much longer-term inhibition 
of experimental liver injury and fibrosis.

The Ang II-dependent arm of the RAS is upregulated in 
chronic liver disease and is thought to be a primary pathway 
responsible for the pathogenesis of liver fibrosis.3,21 Recently, we 
showed that the alternate ACE2-dependent arm is also upregu-
lated and postulated that this represents a counter-regulatory tis-
sue protective response, in which ACE2 not only breaks down the 
profibrotic vasoconstrictor Ang II but also generates the antifi-
brotic vasodilatory peptide Ang-(1–7).12,22 Indeed, several studies 
have shown that Ang II infusion exacerbates,3 while Ang-(1–7) 
infusion ameliorates liver fibrosis.9 Other studies have shown 
that Ang-(1–7) treatment improves cardiac fibrosis and function 
caused by Ang II infusion.23,24 Moreover, a number of studies have 
shown that short-term treatment with recombinant ACE2 protein 

Figure 4 ACE2 gene therapy reduced profibrotic mediators and proinflammatory cytokines expression. rAAV2/8-ACE2 therapy reduced mRNA 
levels of profibrotic mediators (a) CTGF, (b) TGF-β1, as well as proinflammatory cytokines (c) MCP-1 and (d) IL-6 in the BDL, CCl4, and MCD models. 
Each bar represents the mean ± SEM profile from n >10 mice per treatment group. *P < 0.0001, #P < 0.01, ^P < 0.05, and ns = nonsignificant were 
calculated by one-way analysis of variance with Tukey comparison test.

BDL

15 4

3

2

1

0

#

#

*

#*

∧

∧

# ∧

# ns

* ns

# ∧

*

∧*

∧*

∧*

∧*

10
C

T
G

F
 m

R
N

A
 e

xp
re

ss
io

n
F

ol
d 

ch
an

ge
 (

no
rm

al
is

ed
 to

 1
8S

)

5

0

CCI4 MCD BDL CCI4 MCD

H
ea

lth
y

A
LB

A
C

E
2

H
ea

lth
y

A
LB

A
C

E
2

H
ea

lth
y

A
LB

A
C

E
2

BDL

80
18

16

14

12

10

8

6

4

2

0

60

40

30

25

20

15

10

4

2

0

M
C

P
-1

 m
R

N
A

 e
xp

re
ss

io
n

F
ol

d 
ch

an
ge

 (
no

rm
al

is
ed

 to
 1

8S
)

IL
-6

 m
R

N
A

 e
xp

re
ss

io
n

F
ol

d 
ch

an
ge

 (
no

rm
al

is
ed

 to
 1

8S
)

CCI4 MCD

H
ea

lth
y

A
LB

A
C

E
2

H
ea

lth
y

A
LB

A
C

E
2

H
ea

lth
y

A
LB

A
C

E
2

BDL CCI4 MCD

H
ea

lth
y

A
LB

A
C

E
2

H
ea

lth
y

A
LB

A
C

E
2

H
ea

lth
y

A
LB

A
C

E
2

T
G

F
-β

1 
m

R
N

A
 e

xp
re

ss
io

n
F

ol
d 

ch
an

ge
 (

no
rm

al
is

ed
 to

 1
8S

)

H
ea

lth
y

A
LB

A
C

E
2

H
ea

lth
y

A
LB

A
C

E
2

H
ea

lth
y

A
LB

A
C

E
2

a b

c d

1438 www.moleculartherapy.org vol. 23 no. 9 sep. 2015



© The American Society of Gene & Cell Therapy
rAAV2/8-ACE2 Gene Therapy Inhibits Liver Fibrosis

ameliorates experimental tissue injury in different organs includ-
ing the liver,10 but none of them have evaluated its effects on local 
peptide levels, a mechanistically important aspect of ACE2 ther-
apy. The major reduction in hepatic Ang II levels and simultane-
ous increase in hepatic Ang-(1–7) levels observed in the current 

study provides a likely mechanism for the beneficial effects of 
ACE2 therapy. Although our therapy was liver-specific, it should 
be noted that we did not measure circulating angiotensin peptide 
levels due to unavailability of sufficient plasma volumes from mice 
for the assays.

Figure 5 ACE2 attenuated NADPH oxidase subunit translocation from the membrane to the cytosol. rAAV2/8-ACE2 therapy markedly reduced pro-
tein level of NADPH p67phox protein subunit in the membrane (a and c) but had no effect on cytosolic subunit levels (b and d) in the BDL, CCl4, and MCD 
models, suggesting rAAV2/8-ACE2 inhibited membrane translocation of p67phox subunit. Each bar represents the mean ± SEM profile from n >10 mice per 
treatment group. *P < 0.0001, #P < 0.01, ^P < 0.05, and ns = nonsignificant were calculated by one-way analysis of variance with Tukey comparison test.
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Figure 6 ACE2 inhibited hepatic oxidative stress via reduction of lipid peroxidation. Oxidative stress in the BDL, CCl4, and MCD models was 
evaluated morphometric analysis of (a and b) liver sections stained with 4-hydroxynonenal, which showed a significant reduction of hepatic oxida-
tive stress by rAAV2/8-ACE2 therapy. Each bar represents the mean ± SEM profile from n > 10 mice per treatment group. *P < 0.0001, #P < 0.01, and 
^P < 0.05 were calculated by one-way analysis of variance with Tukey comparison test.
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Previous studies in isolated HSCs have shown that Ang II 
activates the enzyme NADPH oxidase, leading to ROS gen-
eration and oxidative stress.5 In these cells, Ang II increases the 

phosphorylation of p47phox, a rate limiting protein subunit of 
NADPH oxidase, which upon phosphorylation, is translocated 
into the membrane for NADPH enzyme assembly. In addi-
tion, mice lacking the p47phox protein subunit display a blunted 
response to Ang II and are protected from liver fibrosis induced by 
bile duct ligation.5 In the present study, we found that ACE2 ther-
apy significantly reduced protein levels of another rate limiting 
NADPH oxidase protein subunit, p67phox, in the cell membrane 
fraction (Figure 5a,c). However, there was no difference in p67phox 
subunit protein levels in the cytosol (Figure 5b,d), suggesting that 
it is not subunit protein turnover that is affected by ACE2, but 
rather its translocation from the cytosol to the membrane. This, in 
turn, would be expected to reduce ROS generation.

In all three liver disease models used in the current study, 
4-HNE adduct formation, a marker of oxidative stress, was mark-
edly reduced by rAAV2/8-ACE2 treatment (Figure 6a,b). These 
findings are consistent with other studies which showed that 
ACE2-deficient mice have elevated NADPH oxidase activity in 
the kidney,25 and that Ang-(1–7) infusion suppresses ROS for-
mation via attenuation of NADPH activity in mice with diabetic 
nephropathy.26 Collectively, our data suggest that the breakdown 
of Ang II to Ang-(1–7), catalyzed by ACE2, leads to inhibition 
of p67phox translocation from the cytosol to the cell membrane 
and subsequently reduces NADPH oxidase activity and oxidative 
stress in diseased livers.

Figure 7 ACE2 reduced phosphorylation of MAPKs including (a and c) p38 in the BDL, MCD, and CCl4 models and (b and c) ERK1/2 in the CCl4 
model. Phosphorylation of MAPKs was evaluated by western blotting in total liver proteins. Each bar represents the mean ± SEM profile from n > 10 
mice per treatment group. *P < 0.0001, #P < 0.01, and ̂ P < 0.05 were calculated by one-way analysis of variance (ANOVA) with Tukey comparison test.
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One important downstream consequence of ROS generation 
is the phosphorylation of MAPKs, including p38 and ERK1/2.19 
Ang II treatment has been shown to increase MAPK phosphoryla-
tion by increasing NADPH oxidase activity,5 whereas Ang-(1–7) 
decreased MAPK phosphorylation in a fatty liver disease model,27 
and inhibited Ang II-induced phosphorylation of MAPK in proxi-
mal tubular cells.28 Ang-(1–7) also increases dephosphorylation of 
MAPKs via its positive effect on MAPK phosphatase activity.29 The 
present study showed that ACE2 therapy reduced ERK1/2 phos-
phorylation in CCl4-induced liver fibrosis compared with ALB 
treated CCl4 livers. However, this effect was not observed in BDL 
and MCD diet induced liver fibrosis, suggesting ERK1/2 may be 
differentially regulated, depending on the fibrogenic stimulus. In 
addition, ACE2 therapy greatly reduced p38 phosphorylation in 
all three models of liver fibrosis. In contrast, in mouse HSCs Ang-
(1–7) blocked Ang II-induced phosphorylation of ERK1/2 with-
out affecting p38 phosphorylation.10 It should be noted, however, 
that we determined MAPK phosphorylation in whole livers from 
rAAV2/8-ACE2-treated mice which might better reflect the regu-
lation of hepatic MAPK pathways by ACE2 therapy, as compared 
to studies in isolated HSCs exposed to Ang II and Ang-(1–7).10

In cirrhosis, intrahepatic vascular tone and portal hyperten-
sion are exacerbated by potent vasoconstrictors such as Ang II, 
α-adrenergic agonists of the sympathetic nervous system and 
endothelin-1 from cirrhotic animals and cirrhotic patients.30–33 
Because Ang-(1–7) has been shown to regulate responsiveness to 
these agonists,20 we wished to generate functional data to support 
the concept that ACE2 therapy could reduce intrahepatic vascular 
resistance in the fibrotic liver. The α-adrenergic agonist methox-
amine which produced a dose-dependent increase in perfusion 
pressure in perfused control livers, was markedly attenuated in 
ACE2-treated livers, consistent with our previously documented 
vasodilatory effects of Ang-(1–7) in cirrhosis.11,13 This suggests 
that ACE2 therapy could also potentially be used to reduce intra-
hepatic vascular tone and thus lower portal pressure in cirrhosis.

In this study, we used a liver-specific AAV2 genome pseudo-
typed with liver-specific serotype 8 (AAV2/8) carrying ACE2 gene 
under the transcriptional control of a strong liver-specific promoter, 
apoliprotein E/human α1-antitrypsin, as previously described by 
us.34 AAV serotype 8 (AAV8), a member of the AAV family iso-
lated from non-human primates, has been an attractive candidate 
for hepatic gene transfer application because it only elicits minimal 
immune response35 and it has high transduction efficiency in the 
liver,36 as shown in the current study, with persistent ACE2 gene 
expression for at least 6 months. Moreover, recent human clinical 
trial using a recombinant AAV2/8 vector to increase hepatic factor 
IX production in hemophilia B found that gene transfer with AAV 
was safe and well tolerated and partially corrected coagulopathy.37

In conclusion, our results show for the first time that AAV2/8 
vector technology can be used therapeutically in diseased livers 
to produce long-term liver-specific overexpression of ACE2, an 
antifibrotic mediator. Hepatic overexpression of ACE2 produced 
by a single intraperitoneal injection of rAAV2/8-ACE2 changed 
the intrahepatic balance of angiotensin peptides, thus reducing 
liver injury, oxidative stress, inflammation, fibrosis, and vascular 
reactivity in chronic liver disease models. Therefore, the use of 
AAV2/8 to deliver ACE2 therapy to the liver may offer a novel 

long-term therapeutic approach for the treatment of hepatic fibro-
sis and its complications.

MATERIALS AND METHODS
Animal models of liver injury. Liver fibrosis in male C57BL/6 mice (8 to 10 
weeks old) was induced by bile duct ligation (BDL), carbon tetrachloride 
(CCl4) treatment, or methionine and choline deficient (MCD) diet. BDL was 
performed as previously described.13 For the CCl4 treatment model, animals 
were given an i.p. injection of 1:1 mixture of CCl4 and olive oil twice weekly 
at a dose of (0.5 ml/kg of body weight) for a duration of 8 weeks. For MCD 
dietary model of NASH, animals were fed the MCD diet for duration of 8 
weeks. ACE2 therapy was administered to animals at following time points: 
(i) at 1 week of BDL, (ii) at 2 weeks of CCl4 injection, (iii) at 2 weeks of MCD 
diet feeding, based on a time course study which showed active fibrosis at 
these time points. Experimental procedures were approved by the Animal 
Welfare and Ethics Committee of Austin Health and performed according to 
the NHMRC of Australia Guidelines for animal experimentation.

Vector construction. A rAAV2-LSP1 vector,34 constructed using the pAM 
backbone, was used for producing rAAV2-LSP1-ACE2. The sequence of 
mouse ACE2, with optimized Kozak sequence, was inserted as an EcoRI/
EcoRV fragment under the transcriptional control of the human antitryp-
sin promoter downstream of hepatic control region of the human ApoE. 
Control vector (rAAV-LSP1-ALB) was constructed containing human 
serum albumin (ALB) gene in place of the mouse ACE2 gene. Both vec-
tors were pseudo-serotyped with the liver-specific AAV8 capsid using 
p5E18-VD2/8 plasmid.

AAV production, purification, titration, and administration. Vectors 
were packaged by triple plasmid transfection of HEK293T cells with either 
rAAV2/8-LSP1-ACE2 (ACE2 treatment) or rAAV2/8-LSP1-ALB (control 
treatment), p5E18-VD2/8, and the adenoviral helper plasmid pXX6 by cal-
cium phosphate/DNA coprecipitation, and the viral particles were purified 
from cell lysate using standard cesium chloride gradient centrifugation. 
Vector genomes were titered using real-time qPCR as described previ-
ously.34 One week after BDL and 2 weeks after commencing CCl4 treatment 
or the MCD diet, mice were given a single i.p. injection of rAAV2/8-ACE2 
(1011 genome copies) or rAAV2/8-ALB (1011 genome copies) viral particles. 
One week (BDL group) or 6 weeks (CCl4 and MCD groups) after respec-
tive viral vector injections, mice were sacrificed to harvest blood and liver 
tissue for analysis.

Liver biochemistry. Plasma ALT was measured by an auto-analyzer 
(Beckman Coulter, Brea, CA), as described previously.9

Quantification of liver fibrosis. Hepatic collagen content was determined 
colorimetrically by measurement of hydroxyproline content in hydrolyzed 
liver samples, as described previously.9 In addition, 4-µm thick paraffin 
sections of liver mounted on silane-coated glass slides were stained with 
picrosirius red (BioScientific, Sydney, Australia), as described previously.9 
Picrosirius red staining was quantified (10 fields/liver section) at ×40 mag-
nification for BDL, CCl4 and at ×200 magnification for MCD using com-
puterized image capture (MCID, Imaging Research, Ontario, Canada), as 
described previously.9

Immunohistochemistry. Immunohistochemistry was performed on 4 µm 
sections of paraffin-embedded liver tissue mounted on silane-coated glass 
slides. Staining for α-smooth muscle actin (α-SMA) and 4-hydroxynon-
enal (4-HNE) was performed as described previously.38 The positive 
staining in each section (10 fields/liver section) was determined at ×200 
magnification using MCID.

Quantitative polymerase chain reaction analysis. Total RNA was 
extracted from all livers using TRI reagent (Life Technologies, Carlsbad, 
CA). QPCR was performed using multiplexing, as described previously.9
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Western blotting. Preparation of membrane and cytosolic fractions: Liver 
tissue samples were homogenized in approximately 0.5 ml of ice-cold lysis 
buffer and 1× PhosSTOP Phosphatase Inhibitor Cocktail Tablets solu-
tion (Hoffmann-La Roche, Basel, Switzerland) and then centrifuged at 
45,000 rpm using Optima TLX ultracentrifuge (Beckman Coulter) for 1 
hour at 4 °C. After centrifugation, the resultant supernatant was kept as 
cytosolic p67phox subunit samples, whereas the pellet was resuspended and 
sonicated in 0.5ml ice-cold lysis buffer and kept as membrane p67phox sub-
unit samples. Membrane specific polyclonal rabbit Na/K-ATPase antibody 
and cytosolic specific polyclonal rabbit HSP90 antibody (Cell Signaling, 
Boston, MA) were used to confirm enrichment of the membrane and cyto-
solic protein fractions.

Liver tissues (~200 μg) from all mice were subjected to western 
blotting. Polyclonal rabbit ACE2 antibody (Aviva System Biology, San 
Diego, CA), polyclonal rabbit β-actin antibody (Abcam, Cambridge, 
UK), polyclonal rabbit p67phox antibody (Sapphire Bioscience, Australia), 
monoclonal rabbit phosphorylated/total p38 antibody (Cell Signaling, 
Boston, MA) and polyclonal rabbit phosphorylated/total extracellular 
signal-regulated kinase (ERK1/2) antibody (Cell Signaling, Boston, MA) 
were used in liver samples. Thereafter, polyvinylidene fluoride membranes 
were incubated with polyclonal goat anti-rabbit HRP secondary antibody 
(Agilent Technologies, Santa Clara, CA). Total p38, total ERK1/2 and 
β-actin antibodies were used as loading controls. Blots were developed 
in enhanced chemiluminescence reagent (Thermo Fisher Scientific, 
Waltham, MA). Intensities of the digitally detected bands were evaluated 
densitometrically using Gel Doc XR System (BioRad, Hercules, CA).

Tissue ACE2 activity assay. Enzyme activity of ACE2 in homogenized 
liver samples was measured as described previously.12 In brief, by using 
specific quenched fluorogenic substrates (Auspep, Melbourne, Australia), 
which comprised of a fluorophore, 7-methoxycoumarin-4-acetyl, and a 
quencher, N-2,4-dinitrophenyl separated by a short peptide chain (alanine, 
proline and lysine), this proline-lysine bond was cleaved by ACE2, allow-
ing the quencher to separate from the fluorophore, resulting in increased 
fluorescence emission of 7-methoxycoumarin-4-acetyl. The fluorescence 
was then measured by using a FLUOstar Optima plate reader (BMG 
LABTECH GmBH, Ortenberg, Germany). The specific activity of ACE2 
was determined using a specific ACE2 inhibitor - MLN4760 (Millennium 
Pharmaceutical, Cambridge, MA).

Radioimmunoassay to determine hepatic angiotensin peptide levels. 
Approximately 0.01–0.02 g of fresh liver tissue was chopped into small 
pieces in a solution of 5 ml of 4M guanidine thiocyanate with 1% triflu-
roacetic acid (Sigma Aldrich, St Louis, MO) and homogenized. The tissue 
homogenates were then centrifuged at 50,000 × g for 20 minutes at 4 °C 
and supernatants were harvested and the peptides were extracted using 
polymeric reversed phase strata cartridges (Phenomenex, Torrance, CA). 
Eluted angiotensin peptides were dried using speed vacuum centrifuga-
tion followed by resuspension in assay buffer. Hepatic concentrations of 
Ang II and Ang-(1–7) were measured by radioimmunoassay (ProSearch 
International, Melbourne, Australia), as described previously.12

In situ perfused mouse liver preparation. BDL mice treated with rAAV2/8-
ACE2 or rAAV2/8-ALB were anesthetized and in situ perfused, as described 
previously.13 Briefly, the portal vein and subdiaphragmatic inferior vena cava 
were cannulated using 22-guage cannula and the liver was flushed with hep-
arinized (400 IU) saline. Livers were then perfused through the portal vein 
with carbogenated Krebs-Henseleit solution with 1% bovine serum albu-
min and 0.1% dextrose in a nonrecirculating system. Portal flow was kept 
constant at 3 ml per minutes. Once pressure had stabilized after 15 minutes 
different concentrations (10−8M to 10−4M) of methoxamine (Sigma Aldrich) 
was infused into the liver by adding methoxamine directly to the reservoir.

Statistical analysis. Means between groups were compared using either a 
two-tailed, unpaired student’s t-test or one-way analysis of variance with 

Tukey post-hoc test. All data are expressed as mean ± standard error of 
mean (SEM). All statistical analyses were carried out using the computer 
package PRISM (GraphPad Prism 4.0). P < 0.05 was considered statisti-
cally significant.
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