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Abstract

The renin-angiotensin system (RAS) plays a major role in liver fibrosis. Recently, a homolog of 

angiotensin-converting-enzyme 1 (ACE1), termed ACE2, has been identified that appears to be a 

negative regulator of the RAS by degrading Ang II to Ang1–7. The aim of this study was to 

characterize the long-term effects of gene deletion of ACE2 in the liver, to define the role of 

ACE2 in acute and chronic liver disease, and to characterize the role of Ang1–7 in hepatic stellate 

cell (HSC) activation. Ace2 knockout (KO) mice and wild-type (wt) littermates underwent 

different models of acute and chronic liver injury. Liver pathology was analyzed by histology, 

immunohistochemistry, alpha smooth muscle actin (α-SMA) immunoblotting, and quantitative 

polymerase chain reaction (qPCR). Murine HSCs were isolated by collagenase-pronase-perfusion, 

and density gradient centrifugation. One-year-old ace2 KO mice spontaneously developed an 

inflammatory cell infiltration and mild hepatic fibrosis that was prevented by treatment with 

irbesartan. Ace2 KO mice showed increased liver fibrosis following bile duct ligation for 21 days 

or chronic carbon tetrachloride (CCl4) treatment. In contrast, ace2 KO mice subjected to acute 

liver injury models did not differ from wt littermates. Treatment with recombinant ACE2 

attenuated experimental fibrosis in the course of cholestatic and toxic liver injury. HSCs express 

the Ang1–7 receptor Mas and Ang1–7 inhibited Ang II-induced phosphorylation of extracellular 

signal-regulated kinase (ERK)-1/2 in cultured HSCs.

Conclusion—ACE2 is a key negative regulator of the RAS and functions to limit fibrosis 

through the degradation of Ang II and the formation of Ang1–7. Whereas loss of ACE2 activity 

worsens liver fibrosis in chronic liver injury models, administration of recombinant ACE2 shows 

therapeutic potential.
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The renin-angiotensin system (RAS) is a master regulator of human physiology that plays a 

key role in maintaining blood pressure homeostasis, as well as fluid and salt balance in 

mammals through coordinated effects on the heart, blood vessels, and kidneys.1 In the 

classic pathway of the RAS, renin is secreted by juxtaglomerular cells at the renal afferent 

arterioles and cleaves the liver-derived precursor peptide angiotensinogen into the 

decapeptide angiotensin I (Ang I). Ang I is further hydrolyzed into the octapeptide Ang II by 

the angiotensin converting enzyme (ACE), which represents the main effector peptide of the 

RAS.

The discovery of the ACE homolog ACE2 adds a new complexity to the RAS. ACE2 

degrades Ang II to Ang1–7, which exerts effects opposite to those of Ang II through its 

receptor, Mas.2,3 Accordingly, ace2 knockout (KO) mice display elevated serum and tissue 

levels of Ang II4 and develop spontaneous glomerulosclerosis with increased deposition of 

fibrillar collagen, which can be prevented by treatment with an AT1 receptor antagonist.5 

Furthermore, ACE2 is up-regulated in response to tissue injury and hypoxia,6,7 protects 

from severe acute lung failure8 and diabetic kidney injury,9 and prevents cardiac 

hypertrophy and myocardial fibrosis caused by Ang II infusion.10 Although a recent study 

reported that ACE2 expression and activity is increased following experimental liver injury 

and in patients with cirrhosis, the functional and mechanistic role of ACE2 in liver fibrosis 

remains elusive.7

The role of ACE2 in liver disease is of special interest as several lines of evidence suggest 

that the RAS also participates in the regulation of hepatic inflammation, tissue remodeling, 

and fibrosis after liver injury analogous to other organs. The RAS is activated in patients 

with cirrhosis accompanied by elevated serum Ang I and II levels.11 In addition, an 

intrahepatic RAS is expressed in livers undergoing tissue remodeling, increasing local levels 

of Ang II.12 Activated hepatic stellate cells (HSCs) express all components of the RAS 

including AT1 receptors, rendering them susceptible to the fibrogenic, inflammatory, and 

oxidative effects of Ang II.13,14 The most compelling evidence supporting a major role for 

RAS in liver fibrosis is the finding that blocking the generation of Ang II or its binding to 

AT1 receptors markedly attenuates experimental liver fibrosis in several models of liver 

injury.15–24

The aim of this study was to characterize the long-term consequences of gene deletion of 

ACE2 in the liver, to define the role of ACE2 in acute and chronic liver disease, and to 

analyze the function of Ang1–7 on HSCs.

Materials and Methods

Animal Models of Liver Injury

Ace2-deficient mice have been described.4 Liver fibrosis was induced by bile duct ligation 

(BDL) or carbon tetrachloride (CCl4) treatment as described.25 To test if recombinant ACE2 

attenuates cholestatic or toxic liver injury, fibrosis-susceptible Balb/c mice were subjected to 

BDL for 14 days or four injections of CCl4 and received recombinant ACE2 (2 mg/kg) daily 

intraperitoneally starting the first day after initial treatment. As a third model of liver injury 

mice were subjected to ischemia reperfusion injury.
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Cell Isolation, Purification, and Culture

Mouse HSCs were isolated from normal and fibrotic livers.26 Cell fractions of livers were 

isolated as described.27

RNA isolation and quantitative polymerase chain reaction (qPCR) RNA was extracted and 

differential gene expression was evaluated by real-time qPCR using commercially available 

primer-probe sets (Applied Biosystems, Foster City, CA). A detailed list of the primers used 

will be provided upon request.

Quantification of Hepatic Collagen Content

Collagen content was assessed both by morphometric analysis of Sirius Red and Masson 

Trichrome staining of liver sections and by hydroxyproline concentration as described.14,25

Measurement of intracellular reactive oxygen species (ROS) was measured using the redox-

sensitive dye DCFDA as described.14

Western Blot Analysis

Protein samples of HSCs and liver samples were prepared by standard protocols and protein 

concentration was determined using a BCA assay (Pierce). Western blotting was performed 

using standard methods.

Immunohistochemstry

Immunohistochemistry was performed using standard protocols, which will be provided 

upon request.

Recombinant ACE2

Please see the Supporting Materials and Methods for a detailed description of generation of 

recombinant ACE2.

Results

Aged Ace2 KO Mice Display Collagen Deposition

Ace2 KO mice spontaneously develop hepatocellular degeneration, accumulation of 

inflammatory cells, and collagen deposition around portal tracts at 12 months of age (Fig. 

1A). Immunoblot analysis showed that several mitogen-activated protein kinase (MAPK) 

pathways, including the p38, c-Jun N-terminal kinase (JNK), and extracellular signal-

regulated kinase (ERK) pathway, were activated in ace2 KO mice compared to age-matched 

wt littermates (Fig. 1B). Furthermore, qPCR showed that messenger RNA (mRNA) levels of 

collagen α1(I), alpha smooth muscle actin (αSMA), as well as profibrogenic mediators 

transforming growth factor beta 1 (TGFβ1) and tissue inhibitor of metalloproteinase 1 

(TIMP1) and the proinflammatory cytokine tumor necrosis factor alpha (TNFα) were 

significantly up-regulated in livers of ace2 KO mice compared to wt littermates (Fig. 1C). 

Treatment of ace2 KO with the angiotensin receptor blocker (ARB) irbesartan reversed this 

phenotype (Fig. 1A,C). Thus, genetic disruption of ace2 results in hepatic inflammation and 
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collagen deposition in an Ang II-dependent manner, paralleling our previous results from 

Ang II-perfused rats.28

Loss of Ace2 Exacerbates Experimental Biliary Fibrosis

Loss of ace2 results in increased serum and tissue levels of Ang II and accelerates diabetic 

kidney injury.4,9 To test if ace2 KO mice are susceptible to liver fibrosis, ace2 KO mice 

were subjected to BDL. Livers of ace2 KO mice displayed a 2-fold increase in fibrillar 

collagen deposition compared to wt littermates as evaluated by Sirius Red staining (percent 

positive area: 9.58 ± 2.03 versus 5.01 ± 1.31, P < 0.01; Fig. 2B). These results were further 

supported by qPCR data showing that ace2 KO mice displayed a significantly higher 

induction of collagen α1(I) mRNA as compared to their wt littermates (P < 0.01; Fig. 2C). 

Ace2 KO mice also displayed an increased number of activated myofibroblasts as evaluated 

by immunohistochemistry (Fig. 2D) and immunoblotting for αSMA (densitometry of 

αSMA/β-actin or α-tubulin bands: 0.86 ± 0.11 versus 0.51 ± 0.07, P < 0.05; Fig. 2D,E). 

Similar results were obtained for αSMA mRNA levels as evaluated by qPCR (Fig. 2F). 

Livers of ace2 KO mice were also characterized by significantly increased inflammatory 

cell infiltration (290.4 ± 56.57 versus 129.5 ± 7.38; P < 0.05) as evaluated by 

immunohistochemistry for CD43. We also observed a small increase in staining for HNE in 

ace2 KO mice compared to wt littermates following bile duct ligation (percent positive area: 

4.00 ± 0.39 versus 2.98 ± 0.34, P = 0.0982; Supporting Fig. 1). Ace2 KO mice did not differ 

from wt littermates with regard to liver injury as evaluated by serum alanine 

aminotransferase ALT levels, mortality, or body weight loss following BDL (Supporting 

Fig. 2). We also did not observe any differences between ace2 KO mice and wt littermates 

in terms of serum bilirubin (59.85 ± 7.99 versus 63.92 ± 5.33, P = 0.6862) or alkaline 

phosphatase levels (1,075 ± 113.9 versus 898.4 ± 60.65, P = 0.0927; Supporting Fig. 3). 

Furthermore, we also evaluated bile duct proliferation in ace2 KO mice and wt littermates 

by immunohistochemistry for CK19 but did not observe any differences (percent positive 

area: 2.57 ± 0.21 versus 2.67 ± 0.16, P = 0.7061; Supporting Fig. 3). These results indicate 

that ace2 KO mice are susceptible to cholestatic liver injury independent of liver injury, 

cholestasis, or compensatory activation and proliferation of bile ducts.

Loss of Ace2 Exacerbates Toxic Liver Injury

As an alternative model of chronic liver injury, ace2 KO mice were subjected to treatment 

with CCl4. Ace2 KO mice showed significantly more fibrosis compared to wt littermates as 

evaluated by Sirius Red staining (percent positive area 5.20 ± 1.64 versus 2.85 ± 1.82, P < 

0.01; Fig. 3A,B). Immunohistochemistry demonstrated an increased number of αSMA 

positive myofibroblasts in ace2 KO mice compared to wt littermates (Fig. 3D). Protein 

levels of αSMA were also increased in ace2 KO mice compared to wt littermates 

(densitometry of αSMA/αTubulin bands: 1.03 ± 0.14 versus 0.58 ± 0.07, P < 0.05; Fig. 

3E,F). Livers of ace2 KO mice were also characterized by increased inflammatory cell 

infiltration (516.2 ± 27.56 versus 200.2 ± 48.76; P < 0.01) similar to results obtained from 

ace2 KO mice undergoing BDL. Ace2 KO mice did no differ from wt littermates with 

regard to liver injury as evaluated by serum ALT levels. No difference with regard to body 

weight was observed between ace2 KO mice and wt littermates at baseline before the first 
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injection of CCl4. However, ace2 KO mice weighed significantly less over the course of 

chronic CCl4 treatment and at the time of sacrificing (Supporting Fig. 4). Collectively, these 

data indicate that loss of ace2 exacerbates liver fibrosis in two different models of chronic 

liver injury and that ACE2 might be a protective factor in the course of persisting liver 

injury.

ACE2 Does Not Play a Role in Acute Liver Injury

Loss of ace2 results in increased serum levels of Ang II(4) and predisposes to severe acute 

lung failure.8 To evaluate the role of ACE2 in acute liver injury, ace2 KO mice were 

subjected to three different injury models: BDL for 5 days (acute cholestatic injury), single 

injection of CCl4 (acute toxic injury), and ischemia-reperfusion injury (Fig. 4). No 

differences with respect to serum ALT levels and histological extent of necrosis were 

observed between ace2 KO mice and wt littermates in any of the models used. Ace2 KO 

mice also did not differ from wt littermates with respect to collagen α1(I), αSMA, TIMP1, 

TGFβ1 mRNA levels, or mRNA levels of proinflammatory mediators such as monocyte 

chemoattractant protein 1 (MCP-1) or TNFα after BDL (Supporting Fig. 5) or CCl4 

treatment (Supporting Fig. 6). Thus, endogenous ACE2 activity plays a role in chronic but 

not acute liver injury.

Recombinant ACE2 Attenuates Experimental Biliary Fibrosis

To test whether recombinant ACE2 attenuates experimental fibrosis, fibrosis-susceptible 

Balb/c mice were subjected to BDL. Mice treated with recombinant human ACE2 (rhACE2) 

showed significantly reduced liver fibrosis as evaluated by Sirius Red staining (12.99 ± 4.08 

versus 3.93 ± 0.92% positive area, P < 0.01; Fig. 5A,B) and determination of liver 

hydroxyproline content (347.7 ± 119.1 versus 230.4 ± 78.6 µg/g liver, P < 0.05; Fig. 5C). 

Immunohistochemistry and immunoblot analysis demonstrated that mice treated with 

rhACE2 also showed reduced expression of αSMA compared to vehicle-treated mice 

following BDL (densitometry of αSMA/αTubulin bands: 0.24 ± 0.04 versus 1.07 ± 0.09, P 

< 0.01; Fig. 5D–F). Mice treated with rhACE2 did not differ from vehicle-treated controls 

with regard to serum ALT levels (264.1 ± 45.67 versus 471.6 ± 72.30, P = 0.1206), 

mortality, or body weight loss following BDL (Supporting Fig. 7). Thus, treatment with 

recombinant ACE2 attenuates biliary fibrosis.

As an alternative model of chronic liver injury, Balb/c mice were subjected to CCl4 

treatment. In parallel to the results obtained from BDL, mice receiving rhACE2 showed 

significantly reduced fibrosis compared to control mice as evaluated by Sirius Red staining 

(percent positive area: 3.99 ± 0.09 versus 9.70 ± 1.12, P < 0.01; Fig. 6C,F). 

Immunohistochemistry and immunoblot analysis furthermore demonstrated that mice treated 

with rhACE2 also showed reduced expression of αSMA compared to control mice 

(densitometry ofαSMA/αTubulin bands: 0.19 ± 0.02 versus 0.69 ± 0.06, P < 0.05; Fig. 6D–

F). Mice treated with rhACE2 did not differ from vehicle-treated controls with regard to 

serum ALT levels (197.2 ± 59.90 versus 157.6 ± 34.69, P = 0.5830) or body weight (Fig. 

6A,B).
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Ang1–7 Interferes with ERK Phosphorylation Induced by Ang II

Our data indicate that ACE2 is a physiological regulator of chronic liver injury and that 

administration of ACE2 attenuates liver injury. We therefore asked if this effect is mediated 

by the degradation of Ang II or if Ang1–7 generated by ACE2 represents a biologic effective 

peptide in HSC activation. To address which cells in the liver express ACE2 and the Ang1–7 

receptor Mas, we isolated hepatocytes, Kupffer cells (KCs), endothelial cells (ECs), and 

HSCs and analyzed mRNA expression of all major components of the RAS (ACE1 and 

ACE2, AT1a, and Mas) by qPCR. Although ACE1 was mainly expressed by EC, but also by 

KC and HSCs, HSCs represent the main cell population in the liver expressing mRNAs for 

the AT1a receptor as well as ACE2 (Fig. 7A; Supporting Fig. 8). The Ang1–7 receptor Mas 

was expressed by both ECs and HSCs (Fig. 7B), and Mas expression increased following 

BDL (Fig. 7C). In vivo activated HSCs isolated from mice subjected to chronic CCl4 

treatment or BDL also expressed Mas, suggesting that HSCs are a target of Ang1–7 

(Supporting Figs. 9, 10).

Ang II mediates its effect on HSC activation through nicotinamide adenine dinucleotide 

phosphate, reduced form (NADPH) oxidase-mediated generation of ROS.14 To analyze if 

Ang1–7 interferes with this early event of HSC activation, we performed DCFDA 

measurement of HSC stimulated with Ang II. Although Ang II led to a robust increase in 

ROS formation, preincubation with Ang1–7 had no effect on spontaneous ROS formation 

nor on ROS formation by Ang II (Fig. 7D). Ang II has been reported to activate the PI3 

kinase signaling pathway as well as several MAPK pathways and the nuclear factor kappa B 

(NFκB) pathway. Interestingly, preincubation with Ang1–7 reduced Ang II induced ERK 

phosphorylation (Fig. 7E). We also tested if preincubation with Ang1–7 interferes with Ang 

II or platelet-derived growth factor (PDGF)-stimulated proliferation of primary mouse HSC 

as well as immortalized human HSC. Ang1–7 did not abrogate HSC proliferation induced by 

Ang II or PDGF (data not shown). These data suggest that Ang1–7 does not interfere with 

Ang II-mediated HSC activation in a global manner, but rather specifically abrogates ERK 

activation.

Discussion

RAS is a key regulator of the human body, maintaining and controlling multiple essential 

functions such as blood pressure homeostasis and fluid and salt balance, cell differentiation, 

and inflammation. The need for a tightly controlled regulation of this system is highlighted 

by the detrimental role of RAS in tissue remodeling and scarring observed in multiple 

organs, including the liver. The recent discovery of ACE2 has provided significant insight 

into how this system is turned off.

Our study provides evidence that ACE2 serves as an endogenous negative regulator and 

therefore as a “brake” of RAS in the course of chronic liver injury. Using two 

complementary models of liver injury, we show that genetic disruption of ace2 exacerbates 

liver fibrosis (Figs. 2, 3). No differences in mortality and liver injury were observed between 

ace2 KO mice and wt littermates, suggesting that increased fibrosis in ace2 KO mice 

represent a direct consequence of genetic disruption of ace2 and cannot be attributed to 

increased liver injury in these mice.
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In contrast, when we challenged ace2 KO mice with a single injection of CCl4 or BDL for 

only 5 days (reflecting acute toxic and cholestatic liver injury), we did not find any 

difference by means of histology, serum ALT levels, or mRNA levels of markers for fibrosis 

or inflammation between KO mice and wt littermates (Fig. 4; Supporting Figs. 5, 6). In 

contrast to the heart, the lungs, and the kidneys, baseline expression of ACE2 is low in the 

liver3 (and data not shown), explaining why the genetic deletion of ACE2 does not have a 

detrimental consequence in acute liver injury as compared to acute lung injury.8

In the liver the consequences of loss of ace2 become apparent only after chronic injury when 

ACE2 expression and activity increases. Indeed, we observed that mRNA levels of ACE2 

increase only minimally after 3 days of BDL or one injection of CCl4. In contrast, ACE1 is 

already ≈7-fold increased after 3 days of BDL and ≈4-fold increased after a single injection 

of CCl4. However, with persistent liver injury ACE2 mRNA levels and ACE2 activity 

gradually increase over time, as reported by others.29 We speculate that ACE1 activity and 

formation of Ang II predominates acute phases of liver injury and that ACE2 is up-regulated 

in chronic liver injury in order to limit fibrogenesis through the degradation of Ang II, 

thereby providing negative regulation for the RAS. To our knowledge, ACE2 represents the 

first negative regulator of a hormone/peptide system to be discovered in liver fibrosis.

Based on our data, we predicted that administration of recombinant ACE2 would have 

therapeutic potential for the treatment of liver fibrosis. Administration of rhACE2 reduced 

all critical features of liver fibrosis in a cholestatic liver injury model in mice: reduced Sirius 

Red-positive area, reduced hydroxyproline content, and reduced activated/αSMA-positive 

myofibroblasts (Fig. 5). Similar results were obtained for mice subjected to CCl4 treatment 

and treated with rhACE2 (Fig. 6). This intervention might be especially beneficial during 

early phases of liver injury when endogenous ACE2 levels in the liver are low. In addition to 

the degradation of fibrogenic Ang II, part of this protective effect of ACE2 might come 

through the generation of Ang1–7.

Ang1–7 is a biologically active peptide and a potent negative regulator of the RAS: Ang1–7 

prevents Ang II-induced cardiac remodeling and attenuates ventricular dysfunction and 

remodeling after myocardial infarction.30,31 Furthermore, pretreatment of cardiac fibroblasts 

with Ang1–7 abrogates Ang II-induced increases in collagen synthesis and mRNA 

expression of endothelin-1.32 Ang1–7 also inhibits serum-stimulated phosphorylation of 

ERK1/2 in cardiac myocytes mediated by the Mas receptor.33 In addition, Ang1–7 also 

functions as an endogenous ACE1 inhibitor, while being itself inactivated by the same 

enzyme.34

Interestingly, the AT1 receptor and the Mas receptor are often coexpressed in cells, 

including HSCs (Fig. 7B). Ang II is known to activate a large variety of signaling pathways 

through the AT1 receptor on HSC, most of them being dependent on the activation of the 

NADPH oxidase complex.14 It is generally believed that Ang II binds to its receptor, which 

leads to the activation of the PI3 kinase complex, which in turn leads to the generation of 

ROS by NADPH oxidase. We did not find any effect of Ang1–7 on Ang II-induced Akt 

phosphorylation, ROS production, or HSC proliferation (Fig. 7D and data not shown). 

However, Ang1–7 specifically interfered with phosphorylation of ERK1/2 by Ang II (Fig. 
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7E), suggesting that Ang1–7 might counterbalance the effects of Ang II on HSCs in a more 

specific way than in proximal tubular cells of the kidney.35 A recent study suggests that 

Ang1–7 might also play a role in liver fibrosis. Pharmacological inhibition of Ang1–7 

aggravated liver fibrosis in rats undergoing BDL with a significant elevation in hepatic 

hydroxyproline content and TGFβ1 levels.36 Part of this effect might be attributable to the 

direct inhibitory effects of Ang1–7 on HSCs. The precise mechanisms by which Ang1–7 

interferes with HSC activation and the consequences of abrogated ERK phosphorylation 

remain to be determined. Furthermore, it remains elusive if Ang1–7 interferes with HSC 

activation by other profibrogenic stimuli like TGFβ1, PDGF, endothelin, or leptin. Future 

studies are needed to address this question.

In addition to serving as an inducible negative regulator of the RAS by being up-regulated 

after tissue injury in various organs, ACE2 also appears to have a constitutive function in the 

RAS that becomes apparent upon aging. Genetic ablation of ace2 in mice results in a cardiac 

contractility defect, which appears to be caused by increased Ang II levels. Accordingly, 

ace1/ace2 double KO mice are rescued from this phenotype.4 Ace2 KO mice also develop 

glomerulosclerosis associated with increased deposition of types I and III collagen and a 

marked increase in renal lipid peroxidation product formation.5 Pharmacological AT1 

receptor blockade prevented both the kidney and the heart phenotype.5,37 Livers from 1-

year-old ace2 KO mice displayed a very similar phenotype: spontaneous collagen 

deposition, inflammatory cell infiltration, up-regulation of markers of fibrosis, and 

inflammation including collagen, αSMA, TIMP1, and TNF and activation of several MAPK 

pathways (Fig. 1). We have previously reported that infusion of Ang II in rats causes a very 

similar phenotype28 and also exacerbates liver fibrosis in bile duct-ligated rats.38 Treatment 

with an ARB was able to prevent histological features and the increases in fibrosis and 

inflammation markers in ace2 KO mice, suggesting that increased levels of Ang II account 

for these findings (Fig. 1).

Finally, ACE2 also functions as a protease for a variety of other peptide mediators including 

des-Arg9-bradykinin, apelin-13, and apelin-36, neurotensin, dynorphin A and 

casamorphin.39 Some of these mediators have been reported to be involved in tissue injury 

and wound healing.40–43 Infusion of bradykinin attenuates liver fibrosis in rats treated with 

CCl4,44 and treatment of cirrhotic rats with an apelin receptor inhibitor improves liver 

fibrosis.45 This supports the concept that the RAS and especially its negative regulator 

ACE2 control a number of different peptide systems involved in liver fibrosis. In this way, 

ACE2 could serve as a central negative regulator of different peptide systems involved in 

fibrogenesis, inflammation, angiogenesis, and tissue injury. This might be of special interest 

with regard to the therapeutic benefits of ACE2 compared to classical ACE inhibitors or 

ARB. Therefore, ACE2 should be a more effective inhibitor of fibrosis than the previously 

described ACE inhibitors, ARB or Ang1–7.

Our study provides compelling evidence that up-regulation of ACE2 limits fibrosis and 

therefore represents a physiological response of the liver that minimizes the results from 

chronic activation of the RAS. Recombinant ACE2 might represent a novel therapeutic 

option for the treatment of human liver disease.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

α-SMA alpha smooth muscle actin

ACE angiotensin-converting enzyme

ALT alanine aminotransferase

Ang angiotensin

ARB angiotensin receptor blocker

BDL bile duct ligation

EC endothelial cells

ERK extracellular signal-regulated kinase

HSE hepatic stellate cell

JNK c-Jun N-terminal kinase

KC Kupffer cells

KO knockout

MAPK mitogen-activated protein kinase

PDGF platelet-derived growth factor

qPCR quantitative polymerase chain reaction

RAS renin-angiotensin system

ROS reactive oxygen species

TGFβ1 transforming growth factor beta 1

TIMP1 tissue inhibitor of metalloproteinase 1

TNFα tumor necrosis factor alpha
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Fig. 1. 
Spontaneous inflammation and collagen deposition in 1-year-old ace2 KO mice. Livers of 1-

year-old ace2 KO mice (n = 10), wt littermates (n = 9), and ace2 KO mice treated with 

irbesartan (n = 8) were evaluated by Masson Trichrome staining (A). Activation of p38, c-

Jun, and ERK was analyzed by immunoblotting using phospho-specific antibodies (B). 

mRNA expression of collagen α1(I), αSMA, TGFβ1, TIMP1, and TNFα was evaluated by 

qPCR. Data are presented as mean ± standard error of the mean (SEM); *P < 0.05, **P < 

0.01.
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Fig. 2. 
Loss of ace2 exacerbates experimental biliary fibrosis. Ace2 KO mice (n = 8) and wt 

littermates (n = 8) were subjected to BDL for 21 days. Fibrosis was evaluated by 

morphometric analysis of Sirius Red-stained sections (A,B), by qPCR for collagen α1(I) and 

αSMA (C,F), by immunohistochemistry (IHC) and immunoblotting for αSMA (D,E). Ace2 

KO mice displayed significantly increased deposition of fibrillar collagen, mRNA levels of 

collagen α1(I) and αSMA, and αSMA-positive cells. αSMA immunoblots for two 

independent cohorts of mice are shown (E). Data are presented as mean ± SEM; *P < 0.05, 

**P < 0.01.
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Fig. 3. 
Loss of ace2 exacerbates toxic liver injury. Ace2 KO mice (n = 12) and wt littermates (n = 

16) received eight injections of CCl4 (0.5 µL/g every 4 days) and were analyzed 48 hours 

after the last injection. Fibrosis was evaluated by morphometric analysis of Sirius Red-

stained sections (A,B), by qPCR for collagen α1(I) (C), by IHC and immunoblotting for 

αSMA (D,E). Immunoblots were quantified by densitometry (F). Ace2 KO mice displayed 

significantly increased deposition of fibrillar collagen, mRNA levels of collagen α1(I), and 

αSMA-positive cells. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01.
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Fig. 4. 
Ace2 does not play a role in acute hepatocellular injury. Ace2 KO mice and wt littermates 

were subjected to different models of acute liver injury: BDL for 5 days (A,B), single 

injection of CCl4 (C,D), and ischemia-reperfusion injury (E,F). No differences were 

observed between ace2 KO mice and wt littermates as evaluated by hematoxylin and eosin 

staining (A,C,E) and serum ALT levels (B,D,F). Data are presented as mean ± SEM; n.s. 

indicates not significant.
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Fig. 5. 
Recombinant ACE2 attenuates experimental biliary fibrosis. Balb/c mice were subjected to 

BDL for 14 days. Treatment with rhACE2 (2 mg/kg, daily, intraperitoneally) or vehicle was 

started the first day after surgery. Fibrosis was evaluated by morphometric analysis of Sirius 

Red-stained sections (A,B), by hepatic hydroxyproline content, and by IHC and 

immunoblotting for αSMA (D,E). Immunoblots were quantified by densitometry (F). Mice 

receiving rhACE2 (n = 11) showed significantly reduced deposition of fibrillar collagen, 

hepatic hydroxyproline content, and expression of αSMA as compared to the vehicle-treated 

group (n = 10). Data are presented as mean ± SEM; *P < 0.05, **P < 0.01.
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Fig. 6. 
Recombinant ACE2 attenuates fibrosis caused by toxic liver injury. Balb/c mice received 

four injections of CCl4. Treatment with rhACE2 (2 mg/kg, daily, intraperitoneally) or 

vehicle was started the first day after the first injection of CCl4. Fibrosis was evaluated by 

morphometric analysis of Sirius Red-stained sections (C,F), by IHC, and immunoblotting 

for αSMA (D,E). Immunoblots were quantified by densitometry (F). Mice receiving 

rhACE2 (n = 5) showed significantly reduced deposition of fibrillar collagen and expression 

of αSMA as compared to control mice (n = 5). Data are presented as mean ± SEM; *P < 

0.05, **P < 0.01.
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Fig. 7. 
Ang1–7 inhibits ERK phosphorylation induced by AngII in HSC. mRNA was isolated from 

hepatocytes (Hep), KCs, ECs, and HSCs and expression of ace2 and Mas was evaluated by 

qPCR (A,B). RT-PCR for Mas was performed using mRNA isolated from whole liver from 

balb/c mice subjected to BDL for 18 days (C). Mouse HSCs were cultured for 5 days and 

then serum starved for 24 hours. ROS production was evaluated by DCFD fluorescence of 

mouse HSCs stimulated with AngII (black solid line) and preincubated with Ang1–7 (gray 

solid line) (D). Cells were stimulated with AngII (10−7 M) in the presence or absence of 

Ang1–7 (10−7 M) for 15 minutes. Activation of signaling pathways was analyzed by 

immunoblotting for IκBα and using phospho-specific antibodies for p38, Akt, JNK, c-Jun, 

and ERK. Equal loading was evaluated by Ponceau S staining (not shown). Data are 

representative of three independent experiments.
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