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Angiotensin Converting Enzyme- 2 
Therapy Improves Liver Fibrosis and 
Glycemic Control in Diabetic Mice With 
Fatty Liver
Indu G. Rajapaksha ,1 Lakmie S. Gunarathne ,1 Khashayar Asadi,2 Ross Laybutt,3,4 Sof Andrikopoulous,1 Ian E. Alexander,5 
Mathew J. Watt,6 Peter W. Angus,1,7 and Chandana B. Herath1,8,9

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease and is frequently associ-
ated with type 2 diabetes. However, there is no specific medical therapy to treat this condition. Angiotensin- converting 
enzyme 2 (ACE2) of the protective renin angiotensin system generates the antifibrotic peptide angiotensin- (1- 7) from 
profibrotic angiotensin II peptide. In this study, we investigated the therapeutic potential of ACE2 in diabetic NAFLD 
mice fed a high- fat (20%), high- cholesterol (2%) diet for 40  weeks. Mice were given a single intraperitoneal injection 
of ACE2 using an adeno- associated viral vector at 30  weeks of high- fat, high- cholesterol diet (15  weeks after induc-
tion of diabetes) and sacrificed 10  weeks later. ACE2 significantly reduced liver injury and fibrosis in diabetic NAFLD 
mice compared with the control vector injected mice. This was accompanied by reductions in proinflammatory cytokine 
expressions, hepatic stellate cell activation, and collagen 1 expression. Moreover, ACE2 therapy significantly increased 
islet numbers, leading to an increased insulin protein content in β- cells and plasma insulin levels with subsequent re-
duction in plasma glucose levels compared with controls. Conclusion: We conclude that ACE2 gene therapy reduces 
liver fibrosis and hyperglycemia in diabetic NAFLD mice and has potential as a therapy for patients with NAFLD 
with diabetes. (Hepatology Communications 2022;6:1056-1072).

Nonalcoholic fatty liver disease (NAFLD) 
is the most common chronic liver disease 
worldwide.(1- 3) A subset of patients with 

NAFLD will develop its severe inflammatory form, 
nonalcoholic steatohepatitis (NASH), with histo-
logical changes of lobular inflammation and hepa-
tocellular ballooning.(4,5) It has been estimated that 

approximately 20% of patients with NASH will 
progress to liver cirrhosis and/or hepatocellular car-
cinoma,(6,7) and NAFLD/NASH- associated cirrho-
sis is now the most common indication for liver 
transplantation in the United States.(8) Thus, there 
is a major need to develop effective treatments for 
this condition.

Abbreviations: AAV, adeno- associated virus; ACE, angiotensin converting enzyme; ACE2, angiotensin converting enzyme 2; ALB, human 
albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; Ang, angiotensin; ANOVA, one- way analysis of variance; ApoE, alipoprotein E;  
AST, aspartate transaminase; AT1- R, angiotensin II type 1 receptor; BSA, bovine serum albumin; COL1A1, collagen 1α1; CTGF, connective tissue 
growth factor; DAB, 3,3- diaminobenzidine; DM, diabetes mellitus; ECM, extracellular matrix protein; hAAT, human alpha- 1 antitrypsin; HFHC, 
high- fat, high- cholesterol; HSC, hepatic stellate cell; IL- 6, interleukin- 6; MasR, Mas receptor; mRNA, messenger RNA; NAFLD, nonalcoholic fatty 
liver disease; NASH, nonalcoholic steatohepatitis; rAAV/8- ACE2- , adeno- associated viral vector carrying mouse ACE2; RAS, renin angiotensin 
system; RT, room temperature; STZ, streptozotocin; TGF- β1, transforming growth factor β1; α- SMA, alpha- smooth muscle actin.
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The renin angiotensin system (RAS) is activated 
as part of the wound- healing response to chronic 
liver injury and plays a central role in the pathogen-
esis of hepatic fibrosis.(9- 11) The “classical” axis of the 
RAS includes angiotensin- converting enzyme (ACE), 
which converts the biologically inactive decapeptide 
angiotensin I (Ang I) to the octapeptide angioten-
sin II (Ang II), the primary effector peptide of this 
axis, and the Ang II type I receptor (AT1- R). Ang II 
causes vasoconstriction, inflammation, wound healing, 
and fibrogenesis through the AT1- R. However, with 
the discovery of the ACE homologue, ACE2, under-
standing of the RAS has changed.(12) ACE2 breaks 
down Ang II to the peptide, angiotensin- (1- 7) (Ang- 
[1- 7]),(10,13) which acts through its receptor Mas (Mas- 
R). This ACE2/Ang- (1- 7)/MasR axis is known as the 
alternate or protective axis of the RAS.(10,14) ACE2 
and its effector heptapeptide Ang- (1- 7) are activated 
in both experimental and human chronic liver disease 
and counter- regulate fibrogenesis and other deleteri-
ous effects of Ang II.(10,13,15) Thus, this protective axis 
of the RAS serves as a potential target for therapeutic 
intervention in chronic liver diseases.(16)

Our recent studies showed that overexpression of 
ACE2 in the liver ameliorates biliary fibrosis in the 
long- term multiple drug resistance protein- 2 knock-
out mouse model that develops lesions resembling 
those of human primary sclerosing cholangitis.(10) 
Additionally, we have characterized the therapeutic 
effects of ACE2 in short- term animal models with 
early NAFLD.(13) In the current study, we sought to 
expand these observations and determine the thera-
peutic effect of ACE2 overexpression in a long- term 
animal model with severe NAFLD/NASH. Because 

the presence of diabetes increases liver fibrosis in 
NAFLD,(17,18) we also examined the effects of ACE2 
overexpression in a chronic dietary model of NAFLD 
exacerbated by diabetes.(19)

Materials and Methods
animals anD eXpeRimental 
Design

All animals were housed with a 12- hour light- dark 
cycle at room temperature (22°C- 24°C) with water 
and standard mouse chow ad libitum. Experimental 
procedures were approved by the Animal Ethics 
Committee of Austin Health and performed according 
to the National Health and Medical Research Council 
of Australia Guidelines for animal experimentation.

The experimental design is shown in Figure 1A. 
Six- week- old to 8- week- old C57BL/6 mice were 
randomly assigned into four groups. They were fed 
a high- fat, high- cholesterol (HFHC) diet (21% fat 
and 2% cholesterol)(2) for 40 weeks. Hyperglycemia 
exacerbates liver fibrosis/cirrhosis in animal models 
and humans with NAFLD.(20) To develop a mouse 
model with advanced NASH, three groups of HFHC 
fed animals were rendered diabetic (diabetes mel-
litus [DM]) using two consecutive daily injections 
of streptozotocin (STZ; 65 mg/kg) (Sigma- Aldrich,  
St. Louis, MO)(19,21) at 15 weeks of HFHC diet. One 
group was injected intraperitoneally with a liver- 
specific adeno- associated vector expressing mouse 
ACE2 (rAAV2/8- ACE2) (n  =  10), and the second 
group received the control vector rAAV2/8- ALB 
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expressing human albumin (n  =  10) at 30  weeks  
of HFHC diet. Each animal received a single dose 
of freshly prepared 1 × 1011 vector genomes (vg) of 
the viral vector. Animals in both groups were sacri-
ficed after 40  weeks of HFHC diet (10  weeks fol-
lowing vector injection) (Fig. 1A). The third group 
was sacrificed after 40  weeks of HFHC diet with-
out vector intervention to serve as a diabetic disease 

control (n = 10). The fourth group (n = 10), which 
was sacrificed after 40  weeks, served as the nondi-
abetic HFHC diet control group. Additionally, a 
fifth group of age- matched C57BL/6 mice fed a 
normal chow diet served as healthy controls (n = 5). 
To make comparisons of plasma insulin and glucose 
levels before and after ACE2 therapy, three addi-
tional groups of mice (i.e., normal chow, HFHC fed 

Fig. 1. Hepatic ACE2 mRNA and protein expression at an advanced stage of NAFLD. (A) Schematic representation of study design. 
ACE2 mRNA expression (B) and protein content as shown by immunohistochemical (C,E) and western blotting (D,F) were significantly 
up- regulated in the liver of ACE2- treated mice compared with all other groups. ACE2 is predominantly localized to hepatocytes  
(E; arrows). The mRNA expression data have been normalized to endogenous control gene, 18S, and healthy control group was given an 
arbitrary value of 1. Each bar represents the mean ± SEM profile of 5 (normal chow) or 10 (HFHC groups) and 10- 15 (HFHC- fed diabetic 
groups) mice per treatment group as calculated by one- way ANOVA with Tukey’s multiple comparison test. (E) Immunohistochemical 
images (20× in Fiji Image J) with arrows pointing to stained hepatocytes.
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nondiabetic, and HFHC fed diabetic) were killed at 
30 weeks of the diets. All animals were euthanized 
under lethal anesthesia induced by pentobarbitone 
(120 mg/kg) for blood and tissue collection.

ViRal VeCtoR pRepaRation
We constructed a pseudo- serotyped vector with 

murine liver trophic adeno- associated virus (AAV) 
serotype 8 capsid and liver- specific alipoprotein 
E (ApoE)/human alpha- 1 antitrypsin (hAAT) 
enhancer- promoter driving mouse ACE2 expression 
(rAAV2/8- ACE2) and control AAV vector carrying 
human serum albumin (rAAV2/8- ALB) (kindly pro-
vided by A/Prof. Alexandra Sharland, University of 
Sydney), as we have previously described.(10,13,22)

BioCHemiCal assessment oF 
liVeR FunCtion anD HepatiC 
tRiglyCeRiDe Content

Refer to the Appendix 1 for details of the procedure.

FiBRosis assessment

Quantification of Hepatic messenger 
Rna expression

Liver RNA extraction, complementary DNA syn-
thesis, and quantitative polymerase chain reaction 
(PCR) were carried out as previously described.(23)

Histological assessment of liver injury 
and Fibrosis

Four μm- thick paraffin- embedded liver tis-
sue sections were mounted on silane- coated glass 
slides and stained with hematoxylin and eosin 
(H&E) and picrosirius red (BioScientific, Sydney, 
Australia) as described previously.(23) Hematoxylin 
and eosin, and picrosirius red– stained sections were 
assessed by a pathologist blinded to the treatments 
and scored using the “Metavir” scoring system. In 
addition, H&E- stained sections were quantified 
for both macrosteatosis and microsteatosis by the 
pathologist.

Liver fibrosis was assessed using picrosirius red– 
stained liver sections with 10 selected fields per sec-
tion quantified for collagen at ×200 magnification, as 

described by us previously.(23) The picrosirius staining 
was also used to determine the “stage of fibrosis” con-
sidering the severity of fibrosis(24) with stage 1 (zone 3 
pericellular fibrosis [focal or extensive]), stage 2 (zone 
3 pericellular fibrosis [focal or extensive]) and portal 
fibrosis (focal or extensive), stage 3 (bridging fibrosis 
[focal or extensive]), and stage 4 (cirrhosis, ± foci of 
residual pericellular fibrosis).

aCe2 anD α- smootH musCle  
aCtin immunoHistoCHemistRy

aCe2
Staining was also performed on 4- μm sections 

of paraffin- embedded mouse liver/pancreas tissue 
mounted on silane- coated glass slides. Heat- induced 
antigen retrieval was performed using citrate buffer in 
a microwave. Endogenous peroxidase activity in the 
liver specimens was removed by application of per-
oxidase block solution at room temperature (RT) for 
5 minutes. The primary antibody to ACE2 (Abcam) 
at a concentration of 1:1,500 Tris- HCl containing 
1% bovine serum albumin (BSA; Trace Biosciences,  
New Zealand) was applied, and the slides and were 
incubated overnight at 4°C.

alpha- smooth muscle actin
The biotinylated primary antibody to alpha- smooth 

muscle actin (α- SMA; Monoclonal 1A4) (Dako, 
Agilent Technologies, Santa Clara, CA) at a concen-
tration of 1 in 50 in Tris- HCl containing 1% BSA 
(Trace Biosciences) was applied, and the slides and 
were left at RT for 15 minutes. Once the incubation 
with each primary antibody was completed, the sec-
tions were washed using Milli- Q water and 1 × PBS, 
and incubated with streptavidin peroxidase at RT for 
15 minutes. Sections were again washed with Milli- Q 
water and 1 × PBS, and peroxidase conjugates were 
subsequently localized using 3,3- diaminobenzidine 
(DAB) + substrate chromogen (Sigma- Aldrich) at RT 
for 15  minutes. The relative staining in each group 
was determined by computerized quantification (Fiji 
Image J) in a total of 10 fields per liver/pancreas sam-
ple at ×200 magnification and averaged in a blinded 
fashion.

Refer to the Appendix 1 for details of each 
procedure.
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assessment oF Fasting 
plasma gluCose anD insulin

Mice were fasted for 6 hours, anesthetized, and blood 
was collected by heart puncture. Plasma glucose and 
insulin levels were measured using GM7 Analox glu-
cose analyzer (Helena Laboratories, Beaumont, TX) and 
Alpco mouse insulin ultrasensitive enzyme- linked immu-
nosorbent assay (r- biopharm, Australia), respectively.

insulin immunoHistoCHemistRy  
anD QuantiFiCation oF insulin  
Content in panCReatiC tissue 
seCtions

Pancreatic tissue was collected in 4% paraformal-
dehyde solution for 24 hours and transferred to 10% 
sucrose in 1 × PBS until used for paraffin embed-
ding. One to 2 days before paraffin embedding, the 
tissues were transferred to 70% alcohol. The stain-
ing was performed on 4- μm sections of paraffin- 
embedded mouse pancreatic tissue mounted on 
silane- coated glass slides. Specimens were dewaxed 
thrice in 100% histolene for 3  minutes each and 
dehydrated in graded ethanol (100%, 90%, and 70% 
ethanol for 2 minutes each). The sections were then 
washed in distilled water. The peroxidase block was 
performed by application of 3% hydrogen peroxide 
at RT for 5 minutes. The sections were washed with 
distilled water and then with 1 × PBS. The tissue 
sections were incubated with serum- free protein 
block (Dako) for 5 minutes at RT. The excess pro-
tein block was tipped off and blotted around the 
tissue section. The biotinylated primary antibody to 
insulin (polyclonal guinea pig anti- insulin) (Dako) 
at a concentration of 1 in 100 in antibody diluent 
(Dako) was applied and the slides were incubated 
in incubation chambers overnight at 4°C. They 
were washed in two changes of 1 × PBS, 5 minutes 
each, then incubated with streptavidin conjugated 
with peroxidase (DAB; Dako) at RT for 15  min-
utes. The sections were washed two times with 1 × 
PBS, 5 minutes each, and stained with hematoxylin 
(Sigma- Aldrich) as described elsewhere.(15) Insulin 
staining in each group was determined by comput-
erized quantification using digital images of the 
whole pancreatic tissue using Aperio Image Scope 
software. The insulin staining was calculated as the 
sum of staining of weak positive (Nwp), positive 

(Np), and strong positive (Nsp), and was determined 
as a proportion of the total area of the section (Nt) 
(i.e., insulin content = [Nwp + Np + Nsp]/Nt).

aCe2 anD insulin 
immunoFluoResCenCe

Paraffin- embedded mouse pancreatic tissue sec-
tions (4  μm) were dewaxed as described previously 
and incubated with 10% normal goat serum (Dako) in 
PBS for 30 minutes. The polyclonal guinea pig anti- 
insulin (Dako) at 1:100 and ACE2 (Sigma- Aldrich) 
at 1:50 was applied, and the slides were placed in 
incubation chambers overnight at 4°C. Then the sec-
tions were incubated with fluorochrome- conjugated 
secondary antibodies; goat anti- guinea pig immuno-
globulin G (IgG) H&L (Alexa Fluor 594) (Abcam) 
at 1:250 and goat anti- rabbit IgG H&L (Alexa Fluor 
488; Abcam) at 1:250; in dark at room temperature 
for 1 hour. Sections were rinsed three times in PBS for 
5 minutes each in dark and incubated with 1 μg/mL  
4′,6- diamidino- 2- phenylindole for 5  minutes, fol-
lowed by mounting on a glass slide with a drop of 
Dako fluorescence mounting agent.

WesteRn Blotting FoR aCe2 
pRotein in liVeR

Anti- ACE2 antibody (Abcam) was used to probe 
liver protein extracted from mouse livers. Thereafter, 
PVDF membranes were incubated with polyclonal 
goat anti- rabbit HRP secondary antibody (Agilent 
Technologies). β- actin was used as loading controls. 
Detailed decription is available in Appendix 1.

Cell CultuRe oF mouse  
β- Cells anD α- Cells

Insulin- producing MIN6 cells (β- cell line) and 
glucagon producing α- cells (α- cell line, α- TC clone 6)  
were grown to about 60% confluency in 24- well 
plates (100,000 cells per well) and were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 25 mmol/L glucose, with 15% fetal bovine 
serum (FBS), 100  units/mL penicillin, 100  g/mL 
streptomycin, 100  g/mL L- glutamine, and 0.05mM 
beta- mercaptoethanol in humidified 5% CO2, 95% 
air at 37°C. Glucagon- producing α- cells (α- cell line, 
α- TC1 clone 6) were similarly seeded and maintained 
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in DMEM containing 5.5 mmol/L glucose, with 10% 
FBS, 100  units/mL penicillin, 100  g/mL streptomy-
cin, 100 g/mL L- glutamine, 15 mM HEPES, 0.1 mM 
nonessential amino acids, and 0.02% BSA in humidi-
fied 5% CO2, 95% air at 37°C. The cells were infected 
with rAAV2/8- ACE2 vector (1 × 109 vector genomes) 
or control vector (rAAV2/8- ALB at 1  ×  109 vg)  
for 24 hours. Cells without the vector infection served 
as untreated controls. Cells were then harvested for 
RNA extraction and quantitative PCR for the quan-
tification of ACE2 messenger RNA (mRNA) expres-
sion as previously described.(23)

statistiCal analysis
Means between groups were compared using one- 

way analysis of variance (ANOVA) with Tukey post- 
hoc test. All data are expressed as mean ± SEM. All 
statistical analyses were carried out using the computer 
package PRISM (GraphPad Prism 7.0). P < 0.05 was 
considered statistically significant.

Results
RaaV2/8- aCe2 gene tHeRapy 
inCReases aCe2 eXpRession in 
miCe WitH naFlD

A single dose of ACE2 vector significantly 
(P < 0.01) increased liver ACE2 mRNA expression by 
more than 50- fold (Fig. 1B), and protein content by 
more than 4- fold compared with those in HFHC- fed 
diabetic mice (Fig. 1C- F). The expression of ACE2 
in the liver of ACE2- treated mice was predominantly 
localized to hepatocytes (Fig. 1E).

aCe2 tHeRapy noRmaliZes 
BoDy mass anD ReDuCes liVeR 
mass in DiaBetiC miCe

The physical appearance of animals was observed 
throughout the period of study, and the macroscopic fea-
tures of the livers were examined at 40 weeks. Mice fed 
the HFHC diet without DM displayed increased body 
weight compared with the normal chow- fed control 
mice (Fig. 2A,B). In contrast, diabetic mice displayed 
lower body weight, compared to both normal chow- fed 
and HFHC- fed control mice (Fig. 2B). Livers of HFHC 

diet– fed diabetic mice had a nodular appearance, sug-
gesting advanced fibrosis. Importantly, ACE2 treatment 
was associated with increased body weight and improved 
smoother appearance of liver without nodularity (Fig. 2A)  
with significantly (P  <  0.01) reduced liver weight  
(Fig. 2C) compared to the diabetic mice. However, liver 
triglyceride content was not altered by ACE2 therapy, 
and there were no differences in liver triglyceride con-
tent among the four HFHC- fed groups (Fig. 2D). In 
support of this, histological assessment of macrosteatosis 
(35 ± 5, 35 ± 6, 44 ± 7, and 30 ± 6) and microsteatosis 
(41 ± 5, 39 ± 6, 27 ± 6, and 41 ± 6) also showed no dif-
ference among the four groups of HFHC, HFHC+DM, 
HFHC+DM+rAAV- HSA and HFHC+DM+rAAV- 
ACE2, respectively. This suggests that the reduction in 
relative liver weight in ACE2- treated mice was not due 
to a reduction in liver fat content. Histological grading 
performed on liver H&E- stained sections, however, 
showed no change in inflammatory changes or hepato-
cyte damage (i.e., hepatocyte ballooning) among the 
four HFHC- fed groups (Fig. 2E).

aCe2 tHeRapy impRoVes liVeR 
enZyme pRoFiles in DiaBetiC 
naFlD miCe

Plasma levels of alanine aminotransferase (ALT) 
(Fig. 3A), aspartate aminotransferase (AST) (Fig. 3B), 
and alkaline phosphatase (ALP) (Fig. 3C) were sig-
nificantly (P < 0.01) elevated in HFHC- fed mice with 
or without diabetes when compared with chow- fed 
mice. Plasma ALT and AST levels were significantly 
(P  <  0.05) reduced in mice treated with rAAV2/8- 
ACE2 compared with diabetic mice injected with the 
control vector (Fig. 3A,B). There was no effect of 
ACE2 on plasma ALP levels (Fig. 3C).

aCe2 tHeRapy DoWn- Regulates  
tHe eXpRession oF 
pRoinFlammatoRy anD 
pRoFiBRotiC CytoKines in tHe 
liVeR oF DiaBetiC naFlD miCe

Liver mRNA expression of the pro- inflammatory 
cytokine, interlukin- 6 (IL- 6) (Fig. 3D), was mark-
edly (P  <  0.01) increased in HFHC- fed dia-
betic control and control vector– injected diabetic 
mice, compared with healthy control, despite no 



Hepatology CommuniCations, may 2022RAJAPAKSHA ET AL.

1062

histological evidence of reduced inflammation being 
found in ACE2- treated animals (data not shown). 
Similarly, mRNA expression of the profibrotic cyto-
kines, transforming growth factor beta- 1 (TGF- 
β1) (Fig. 3E), and connective tissue growth factor 
(CTGF) (Fig. 3F) was markedly (P < 0.01) increased 

in HFHC- fed diabetic control and control vector– 
injected diabetic mice, compared with healthy con-
trol. However, ACE2 therapy markedly reduced 
(P  <  0.05) IL- 6, TGF- β1, and CTGF expressions 
when compared with HFHC diabetic control mice 
and control vector– injected diabetic mice. Notably, 

Fig. 2. Physical appearance of mice, the macroscopic appearance of the liver, body weight, the relative liver weight, and triglyceride 
content at 40- week advanced stage of NAFLD. (A,B) Diabetic mice had lower body weight as compared with chow- fed mice. Compared 
with rAAV2/8- ALB- treated diabetic mice, ACE2 treatment was associated with increased body weight, and the livers appeared smoother. 
(C) ACE2 treatment significantly reduced relative liver weight compared with diabetic controls. (D) Liver triglyceride content was not 
different between the HFHC- fed groups. (E) Representative H&E images of the livers from five groups are shown (magnification: ×200). 
Each bar represents the mean ± SEM profile of 5 (normal chow), 10 (HFHC groups), and 10- 15 (HFHC- fed diabetic groups) mice per 
group as calculated by one- way ANOVA with Tukey comparison test.
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in ACE2- treated animals, expression levels of these 
mRNA were not statistically different from the nor-
mal chow- fed mice (Fig. 3D- F).

aCe2 tHeRapy ReDuCes liVeR 
FiBRosis in DiaBetiC naFlD 
miCe

We assessed the liver expression of α- SMA, a 
marker of activated hepatic stellate cells (HSCs). 
When compared with healthy controls, α- SMA 
mRNA expression (Fig. 4A) and protein expression 
(Fig. 4B,C) were significantly (P  <  0.05) increased 
in HFHC diabetic and control vector– injected dia-
betic mice. Importantly, a single dose of ACE2 ther-
apy caused a more than 50% reduction in α- SMA 
mRNA expression (Fig. 4A) and protein expression 
by more than 65% (Fig. 4B,C) when compared with 

the HFHC diabetic group and control vector– injected 
disease controls.

Collagen is a major extracellular matrix protein 
(ECM) in the liver. The mRNA expression of colla-
gen 1 type 1α1 (COL1A1) was significantly (P < 0.01) 
increased in HFHC- fed mice, HFHC- fed diabetic 
control mice, and control vector– injected diabetic 
mice compared with the healthy controls (Fig. 4D). 
Treatment with ACE2 inhibited COL1A1 mRNA 
expression by more than 50% (P  <  0.05) in HFHC 
diabetic NAFLD mice in comparison with HFHC 
diabetic control mice and control vector– injected dis-
ease controls (Fig. 4D).

The antifibrotic effect of ACE2 in hepatic fibrosis 
was further confirmed by quantifying hepatic collagen 
protein deposition using picrosirius red– stained liver 
sections. Collagen content was increased in HFHC- 
fed animals and further increased by diabetes (Fig. 4E). 

Fig. 3. Plasma concentrations of ALT, AST and ALP, and pro- inflammatory and pro- fibrotic cytokine mRNA expression in the liver. 
Increased plasma levels of liver enzymes ALT (A) and AST (B) in control vector– treated animals were significantly reduced by ACE2 
therapy. (C) ACE2 did not affect ALP enzyme level. The mRNA expression of the pro- inflammatory cytokine, IL- 6 (D), and the pro- 
fibrotic cytokines TGF- β1 (E) and CTGF (F) in the liver was markedly down- regulated by ACE2 therapy compared with those of control 
vector– injected diabetic mice. The data are normalized to 18S. Each bar represents the mean ± SEM profile of 5 (normal chow) or 10 
(HFHC groups) and 10- 15 (HFHC fed diabetic groups) mice per group as calculated by one- way ANOVA with Tukey comparison test.
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Fig. 4. ACE2 therapy reduces mRNA and protein expression of α- SMA and liver fibrosis in diabetic NAFLD mice. ACE2 gene therapy 
significantly reduced the expression of HSC activation marker (α- SMA) mRNA (A) and α- SMA protein content (B,C) in the livers 
of ACE2- treated diabetic NAFLD mice compared with HFHC diabetic and control vector– injected groups. The expression of fibrosis 
marker COL1A1 (D) was significantly inhibited by ACE2 therapy compared with HFHC diabetic and control vector– injected diabetic 
mice. Hepatic collagen content was profoundly reduced by ACE2 therapy compared with both HFHC diabetic and control vector– 
injected groups (E,G). Metavir fibrosis score from ACE2- treated livers was significantly lower compared with diabetic controls (F). The 
mRNA expression data have been normalized to 18S. Each bar represents the mean ± SEM profile of 5 (normal chow) or 10 (HFHC 
groups) and 10- 15 (HFHC fed diabetic groups) mice per group as calculated by one- way ANOVA with Tukey comparison test. Each bar 
represents the mean ± SEM profile of 5 (normal chow) or 10 (HFHC groups) and 10- 15 (HFHC fed diabetic groups) mice per group 
as calculated by one- way ANOVA with Tukey comparison test. Magnification: ×100. Arrow, pericellular fibrosis; arrowhead, bridging 
fibrosis. Abbreviation: cv: central vein.
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In keeping with the profound inhibition on α- SMA 
and COL1A1 expressions, ACE2 treatment markedly 
reduced collagen content by more than 50% in the 
liver of ACE2- treated mice compared with HFHC 
diabetic (P < 0.01) and control vector– injected (ALB) 
(P  <  0.001) diabetic mice (Fig. 4E,G). Moreover, 
picrosirius images from HFHC diabetic and con-
trol vector– injected HFHC diabetic mice showed 
an extensive pericellular fibrosis (arrows) along with 
bridging fibrosis (arrow heads), which was markedly 
reduced in ACE2- treated animals (Fig. 4G).

We then assessed hepatic fibrosis using the Metavir 
fibrosis score on H&E and picrosirius red– stained liver 
sections. There was a significant increase in Metavir 
score with HFHC, which was further increased with 
diabetes in HFHC- fed mice. Consistent with the 
data from picrosirius- stained sections (Fig. 4E,G), 
Metavir scoring showed ACE2 therapy significantly 
(P  <  0.01) reduced liver fibrosis in ACE2- treated 
animals compared with diabetic controls and control 
vector– injected mice (Fig. 4F).

aCe2 tHeRapy inCReases 
numBeRs oF panCReatiC β- Cell  
ClusteRs, β- Cell insulin 
Content anD Fasting plasma 
insulin, anD ReDuCes gluCose 
leVels in DiaBetiC naFlD miCe

Because diabetes is a strong risk factor for advanced 
NAFLD and a strong predictor of cirrhosis in patients 
with NAFLD,(17,18) we sought to determine the effects 
of STZ treatment and ACE2 therapy on pancreatic 
β- cells, β- cell insulin content, and plasma insulin 
and glucose levels. Immunohistochemical images of 
insulin- stained sections clearly showed brown- colored 
pancreatic islets, representing insulin- secreting β- cell 
clusters (Fig. 5A). Consistent with STZ- induced 
partial destruction of β- cells,(19) the number of islets 
in HFHC diabetic controls and the control vector– 
injected diabetic group was significantly (P  <  0.05) 
lower than that of the normal chow- fed control 
group (Fig. 5B). ACE2 therapy markedly increased 
(P  <  0.05) islet numbers compared to diabetic con-
trols with and without the control vector injection, 
restoring the islet numbers in ACE2- treated mice to 
those observed in chow- fed and HFHC controls (Fig. 
5B). Notably, most islet clusters in ACE2- treated 

mice appeared relatively smaller in size compared with 
those in HFHC control animals (Fig. 5A). Consistent 
with this, insulin content was significantly (P < 0.05) 
reduced in the islets of diabetic mice compared with 
those in normal chow- fed and HFHC control mice 
(Fig. 5C) and was significantly (P < 0.05) increased by 
ACE2 therapy (Fig. 5C).

Blood analysis showed that fasting plasma insu-
lin levels were significantly reduced (P  <  0.001) in 
HFHC- fed diabetic mice compared with normal 
chow- fed mice or HFHC- fed nondiabetic mice at 
both 30  weeks and 40  weeks of the respective diets 
(Fig. 5D). Interestingly, fasting plasma insulin lev-
els in diabetic mice were not significantly changed 
from week 30 to week 40; however, mice treated with 
ACE2 showed increased (P  <  0.01) fasting plasma 
insulin levels compared with the two groups of dia-
betic controls at 40 weeks and a tendency (P = 0.12) 
to increase when compared with the diabetic group 
at 30  weeks (Fig. 5D), suggesting that ACE2 ther-
apy likely caused increased synthesis of insulin rather 
than preventing the decline of its synthesis. Fasting 
plasma insulin levels across groups were significantly 
and negatively correlated with fasting plasma glu-
cose levels (r  =  −0.78, P  <  0.001), which rose from 
a normal range in normal chow or HFHC- fed mice 
to significantly higher (P  <  0.01) levels in diabetic 
mice (Fig. 5E). However, diabetic mice treated with 
ACE2 had significantly (P  <  0.05) reduced (>30%) 
fasting glucose levels compared to diabetic mice with 
or without the control vector injection at 40  weeks 
of HFHC diet. Additionally, fasting plasma glucose 
levels in ACE2- treated mice were not different from 
those in the diabetic group at 30  weeks of HFHC 
diet, suggesting that ACE2 therapy prevented the rise 
of plasma glucose during the course of disease pro-
gression (Fig. 5E).

aCe2 anD insulin eXpRession 
in tHe panCReatiC tissue

We have previously reported that the liver- targeted 
ACE2 vector used in these experiments did not 
increase ACE2 expression in other major organs 
such as heart, kidneys, lungs, brain, or small intes-
tine.(13) However, because ACE2 therapy had a pos-
itive impact on glycemic control by increasing β- cell 
insulin content and thereby increasing plasma insu-
lin levels, we explored the promoter (ApoE/hAAT) 
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activity in pancreatic islet cells. Immunohistochemical 
quantification showed that ACE2 protein expres-
sion in the islets was significantly (P  <  0.01) higher 
in ACE2- treated NAFLD mice compared with the 
two groups of diabetic control mice and was similar 
to the level in nondiabetic animals (Fig. 6A,C). Thus, 
ACE2 gene therapy normalized ACE2 expression in 
diabetic NAFLD mice whose pancreatic islets were 
damaged by STZ injections. To further confirm the 
vector specificity for β- cells, we transduced MIN6 β 
cells with the ACE2 vector. Angiotensin- converting 
enzyme 2 mRNA expression was significantly up- 
regulated in ACE2- treated MIN6 cells compared 

with untreated (P < 0.001) and control ALB vector– 
treated (P < 0.01) cells (Fig. 6B). To explore whether 
the vector transduces other cell types in the islets, we 
also used glucagon- secreting α- cells, α- TC clone 6. 
Similar to β- cells, we found that α- TC clone 6 cells 
transduced with the ACE2 vector had significantly 
up- regulated ACE2 mRNA expression compared 
with untreated (P < 0.001) and control ALB vector– 
treated (P < 0.001) cells (Fig. 6B), suggesting that the 
vector transduces α- cells in the islets.

We then assessed co- localization of islet insulin 
and ACE2 protein in the pancreas of mice. There 
was a similar expression pattern of insulin to that 

Fig. 5. ACE2 therapy is associated with increased pancreatic islet mass and insulin content, higher plasma insulin, and lower glucose 
levels in diabetic mice with NAFLD. (A) Insulin- secreting pancreatic β- cell islets in normal chow, HFHC control mice, diabetic control, 
and diabetic mice injected with control ALB vector or ACE2 vector are shown. (B) The number of islets was significantly increased in 
mice with ACE2 therapy compared with control vector– injected mice. (C) Insulin content in β- cells was significantly higher in ACE2- 
treated mice compared with control vector– injected diabetic mice. (D) Fasting plasma insulin levels were higher (>60%) in ACE2- treated 
diabetic NAFLD mice than control vector– injected diabetic NAFLD mice. (E) Increased plasma insulin levels in ACE2- treated mice 
were accompanied by reduced (>30%) fasting plasma glucose levels compared with control vector– injected mice. Each bar represents the 
mean ± SEM profile of 5 (normal chow), 10 (HFHC nondiabetic), and 10- 15 (HFHC diabetic groups) mice per group as calculated by 
one- way ANOVA with Tukey’s multiple comparison test. Magnification: ×100. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 
versus normal chow– 30 weeks; #P < 0.05, ##P < 0.01, and ####P < 0.0001 versus normal chow– 40 weeks; †††P < 0.001 and ††††P < 0.0001 
versus HFHC control– 30 weeks; ‡‡‡‡P < 0.0001 versus HFHC control– 40 weeks; ꝋꝋꝋꝋP < 0.0001 versus HFHC+DM control– 30 weeks; 
αP < 0.05 and ααP < 0.01 versus HFHC+DM control– 40 weeks; and ££P < 0.01 versus HFHC+DM+rAAV2/8- ALB– 40 weeks.
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of ACE2, with higher expression in the islet cells of 
both normal chow- fed and HFHC- fed nondiabetic 
NAFLD mice compared with expression levels in 
diabetic mice whose β- cell population was partially 
destroyed by STZ injections (Fig. 6D). Strikingly, 
there was a strong ACE2 expression in the islets of 
ACE2- treated diabetic mice, and it appears that its 
expression was primarily colocalized with that of insu-
lin in the β- cells (Fig. 6D). This increased expression 
of ACE2 and insulin in islet β- cells of ACE2- treated 
diabetic mice provided further evidence that ACE2 
has a direct stimulatory effect on the synthesis and 
secretion of insulin in diabetic mice with subsequent 
improvement in hyperglycemia.

Discussion
The major aim of this study was to elucidate the 

therapeutic effects of AAV- mediated liver- targeted 
ACE2 gene therapy on liver injury and fibrosis in 
advanced NAFLD/NASH. In agreement with our 
published studies,(10,13) ACE2 therapy resulted in 
more than four- fold increase in ACE2 protein expres-
sion, improved liver biochemistry, and prevented the 
development of advanced liver disease in a long- term 
model of diabetic NAFLD.

Numerous rodent models of NAFLD have been 
described in the literature, which include mod-
els developed using nutritional, genetic, toxic, and 
viral factor modification.(25,26) We used a nutritional 
model of NAFLD induced by feeding mice with a 
HFHC diet for 40  weeks. This model demonstrates 
slow disease progression, and many of the comorbid-
ities observed in human NAFLD are present in this 
model, including obesity, dyslipidemia, insulin resis-
tance, and impaired glycemic control.(27) However, the 
HFHC diet alone is not sufficient to induce severe 
NASH and advanced liver fibrosis in animal mod-
els,(19) and because diabetes is a strong risk factor 

that exacerbates NAFLD and is a predictor of cirrho-
sis in patients with NAFLD,(18,28) we superimposed 
chemical- induced diabetes in our model(19) to drive 
NASH and worsen liver fibrosis (Figs. 3 and 4).

ACE2 gene therapy induced striking effects on 
the whole- body phenotype of the animals and the 
macroscopic appearance of the livers. As expected, 
diabetic mice lost considerable weight, with an appar-
ent reduction in adipose tissue mass, and a nodular 
appearance was observed in the livers of several dia-
betic NAFLD mice, suggesting that they developed 
early cirrhosis (Fig. 2). In marked contrast, ACE2 
therapy changed the physical appearance of the dia-
betic NAFLD mice with body weight similar to nor-
mal chow- fed mice and relative liver weight similar 
to nondiabetic NAFLD mice. This may suggest that 
the ACE2- induced improvement in glycemic control 
likely resulted in the restoration and maintenance of 
adipose tissue mass.

Perpetuation of inflammation in chronic liver dis-
ease is driven by continuous exposure of the liver 
parenchyma to increased levels of proinflammatory 
cytokines secreted by inflammatory cells.(10,13,22,29) 
Proinflammatory cytokine IL- 6 is closely associated 
with liver injury.(30) We showed that in comparison 
with healthy mice, IL- 6 levels— which were markedly 
up- regulated in diabetic NAFLD mice— were signifi-
cantly reduced by ACE2 therapy, although no such 
changes were observed histologically. It is known that 
proinflammatory cytokines lead to activation of pro-
fibrogenic stimuli such as CTGF, and in particular, 
TGF- β1, a potent profibrogenic cytokine secreted by 
both Kupffer cells and HSCs.(13,29) Release of pro-
fibrogenic cytokines has an autocrine and paracrine 
action by activating quiescent HSCs into a myofi-
broblastic phenotype that secretes excess ECM.(29) 
Consistent with our previous findings,(10,13,22) ACE2 
therapy reduced expression of CTGF and TGF- 
β1, leading to the inhibition of HSC activation, as 
reflected by a more than 60% reduction in α- SMA 

Fig. 6. ACE2 protein expression and co- localization with insulin in pancreatic islet cells. (A,C) ACE2 protein expression was lower in 
diabetic NAFLD mice compared with those of healthy and nondiabetic NAFLD mice. Importantly, ACE2 therapy markedly increased 
ACE2 expression in the islets of diabetic NAFLD mice. (B) Infection of both β- cells and α- cells with the ACE2 vector increased ACE2 
expression in both cell types. (D) ACE2 was co- localized with insulin in the β- cells, and increased ACE2 expression with ACE2 therapy 
was associated with increased insulin expression in diabetic NAFLD mice. Each bar represents the mean ± SEM profile of 5 (normal 
chow), 10 (HFHC nondiabetic), and 10- 15 (HFHC diabetic) mice per group as calculated by one- way ANOVA with Tukey’s multiple 
comparison test. ACE2 immunohistochemistry, magnification ×100; immunofluorescence sections, 20 μm; n = 3 independent experiments 
per cell type.
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gene and protein expression. In keeping with the 
reduced expression of α- SMA, we found that in the 
livers of ACE2- treated mice, the expression of col-
lagen, a major ECM protein secreted by activated 
HSCs, was greatly reduced, and these changes were 
associated with a more than 60% reduction in fibrosis 
in these mice compared with control vector– injected 
animals (Fig. 4). Mechanistically, ACE2 breaks down 
hepatic profibrotic peptide angiotensin II to antifi-
brotic angiotensin- (1- 7) peptide, and this is associated 
with reduced generation of reactive oxygen species 
through activation of the nicotinamide adenine dinu-
cleotide phosphate (reduced form) oxidase pathway 
which is a key mechanism through which angiotensin 
II activates stellate cells and drives liver inflammation 
and fibrosis.(13)

It was of major interest to evaluate the effects of 
this ACE2 therapy on glycemic control in diabetic 
NAFLD mice, because diabetes promotes NAFLD 
progression to NASH and cirrhosis.(28,31) In this 
study, a single injection of an AAV vector carrying the 
ACE2 gene was associated with an increase in pan-
creatic islet numbers and increased pancreatic β- cell 
insulin content, which resulted in higher plasma insu-
lin levels compared with control vector– injected dia-
betic NAFLD mice. This was accompanied by a more 
than 30% reduction in plasma glucose levels in ACE2- 
treated animals (Fig. 5). Moreover, a 30% reduction in 
plasma glucose level as a response to ACE2 therapy is 
clinically significant, because lowering plasma glucose 
level is expected to reduce the progression of NAFLD 
to NASH and cirrhosis.(28) However, ACE2- treated 
animals still remained significantly hyperglycemic; 
thus, the marked improvement in liver fibrosis in 
response to ACE2 therapy was unlikely to be due to 
amelioration of diabetes alone.

The AAV vector we constructed to overexpress 
ACE2 was pseudo- serotyped with the highly murine 
liver- trophic serotype 8 capsid, which we had previ-
ously reported as liver- specific, because ACE2 tran-
scription was driven by the liver- specific ApoE/hAAT 
enhancer- promoter without targeting other major 
organs such as heart, kidneys, lungs, brain, or small 
intestine.(13) However, in the present study, ACE2 
protein was significantly higher in the islets of ACE2- 
treated diabetic mice compared with those of the 
other diabetic groups (Figs. 5 and 6), suggesting that 
the AAV serotype 8 vector recognizes and transduces 
islet cells, leading to ACE2 transcription driven by 

ApoE/hAAT enhancer- promoter. This was supported 
by independent studies in cultured α- cells and β- cells 
that showed increased expression of ACE2 following 
rAAV2/8- ACE2 vector administration. This is not sur-
prising, because the pancreas and liver have the same 
embryonic origin(32,33); thus, both may harbor the AAV 
serotype 8 receptor and the transcription machinery 
involving the same promoter elements. Supporting 
pancreatic tropism of AAV serotype 8 vector, a pre-
vious study showed that intraperitoneal administra-
tion of this vector- carrying green fluorescent protein 
gene into mice produced insulin promoter– driven high 
expression of the protein in the islet cells.(34)

One mechanism by which ACE2 therapy improved 
glycemic control appeared to be by increasing islet cell 
numbers. This appears likely due to a local effect of 
ACE2 in stimulating the regrowth of the islet cell pop-
ulation, as a major source of new β- cells in adult mice 
is pre- existing β- cells rather than pluripotent stem 
cells.(35) It is therefore unlikely that ACE2 therapy 
had an inhibitory effect on STZ- induced β- cell loss, 
because the drug was administered 15  weeks before 
ACE2 therapy.(19,36) ACE2 therapy may also have 
directly improved β- cell function and insulin secretion 
as a result of its effects on angiotensin peptide lev-
els. Ang II inhibits insulin synthesis and secretion by 
β- cells(37,38); thus, ACE2, which degrades Ang II, is 
likely to have reduced local Ang II levels,(13) leading 
to increased insulin production.(37) Furthermore, the 
product of Ang II degradation by ACE2 is Ang- (1- 7), 
a peptide that has both anti- inflammatory and anti-
oxidant properties(10,13) and is a potent stimulant of 
β- cell function, insulin synthesis, and secretion.(39,40) 
Although an increased ratio of Ang- (1- 7) to Ang II 
in the islet microenvironment of ACE2- treated ani-
mals helps improve insulin synthesis and/or secretion, 
Ang- (1- 7)— which may also be possibly released into 
the islet microcirculation— can reach other organs 
such as adipose and muscle tissues where Ang- (1- 7) 
may improve insulin resistance by modulating insulin 
actions and reducing inflammation.(41) Because pres-
ent studies were primarily designed to investigate the 
therapeutic efficacy of ACE2 in diabetic NAFLD, 
further studies are warranted to investigate whether 
organ- specific ACE2 overexpression improves periph-
eral insulin resistance through increased circulating 
Ang- (1- 7) peptide levels in diabetes. These findings 
thus provide strong evidence that a single administra-
tion of ACE2 vector produces long- term therapeutic 
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effects on glycemic control, which may have partly 
contributed to the beneficial effect of ACE2 on 
NAFLD progression to liver fibrosis in diabetic 
NAFLD animals. It should be noted, however, that 
while the chemical- induced diabetic model we used 
drove NASH and worsened liver fibrosis, this model 
with a reduced population of pancreatic β- cells is more 
akin to type 1 diabetes than the type 2 diabetes gener-
ally associated with NAFLD. However, it did produce 
histological changes typical of those seen in patients 
with diabetes with advanced NAFLD.

In support of our findings, when injected directly 
into the pancreas, adenovirus- carrying human ACE2 
improved glycemic control and increased islet insulin 
content and β- cell proliferation with a reduction in 
β- cell apoptosis in diabetic db/db mice.(42) However, 
the antidiabetic effect of ACE2 delivered by adeno-
viral vector in this manner was not sustained, and 
the invasive nature of the treatment using five intra- 
pancreatic injections of adenovirus limits the clinical 
applicability of this approach.(42)

Gene therapy technology is rapidly evolving, and 
there is an imminent possibility in the future of gene- 
therapy approaches to cure not only genetic disorders 
but also nongenetic disorders.(43,44) However, gene- 
therapy clinical studies of genetic disorders are often 
met with a challenge of achieving a long- term thera-
peutic effect due to immune responses directed against 
the vector and/or the transcribed protein product.(44) 
Nonetheless, treatment of patients with hemophilia B 
with liver- directed AAV8 vector- carrying human blood 
clotting factor IX (FIX) was successful and enabled 
most patients to reduce the use of FIX concentrate 
by more than 86%.(45) Ongoing development of AAV 
capsid technology is to deliver AAV vector configura-
tions with increasing human liver tropism, which will 
extend therapeutic reach to a greater number of liver- 
disease phenotpyes while simultaneously reducing the 
vector doses required.(46,47) This includes nongenetic 
disorders such as NAFLD/NASH, in which relatively 
high proportions of the hepatic cell mass will need to 
be transduced for optimal therapeutic effect and bodes 
well for clinical translation in the near term.(44)

In summary, rAAV2/8- ACE2 gene therapy mark-
edly improves liver injury and fibrosis in diabetic mice 
with NAFLD/NASH. We demonstrated that this 
therapy acts in the diabetic pancreas to increase islet 
numbers and insulin content, and this is associated with 
improved glycemic control. Although ACE2- treated 

animals still had significant hyperglycemia, this 
improvement in blood glucose levels likely contributed 
to the beneficial effect of ACE2 on NAFLD progres-
sion to liver fibrosis. We therefore conclude that the 
protective axis of the RAS has potential as a thera-
peutic target in diabetic NAFLD, as up- regulation of 
ACE2 activity by ACE2 gene therapy inhibits both 
liver fibrosis and improves glycemic control.
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Appendix 1
BioCHemiCal assessment oF 
liVeR FunCtion anD HepatiC 
tRiglyCeRiDe Content

Plasma alanine transaminase (ALT), aspar-
tate transaminase (AST), and alkaline phosphatase 
(ALP) were measured using Beckman Coulter LX20 
Autoanalyser (Pasadena, CA) at Austin Pathology, 
Austin Health.

Hepatic lipids were extracted in chloroform:metha-
nol (2:1 vol/vol), and the phases were separated with 4 
mmol/L MgCl2. Triglyceride content was determined 
by colorimetric assay (Triglycerides GPOPAP; Roche 
Diagnostics).(48)

aCe2 anD α- sma 
immunoHistoCHemistRy

aCe2
Staining was also performed on 4- μm sections 

of paraffin- embedded mouse liver/pancreas tissue 
mounted on silane- coated glass slides. Specimens were 
dewaxed twice in 100% histolene for 5 minutes each 
and dehydrated in graded ethanol (three times in 100% 
and then once in 95% for 3 minutes each). The sec-
tions were washed thoroughly in running tap water for 
20 minutes followed by washing in Milli- Q water and 
1 × PBS for 5 minutes each on a rocker. Heat- induced 
antigen retrieval was performed by immersing the 
slides in citrate buffer for 15 minutes in a microwave. 
Endogenous peroxidase activity in the liver specimens 
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was removed by application of peroxidase block solu-
tion at RT for 5 minutes. Washing steps with Milli- Q 
water and 1 × PBS were repeated as explained pre-
viously. The primary antibody to ACE2 (Abcam) at 
a concentration of 1:1,500 Tris- HCl containing 1% 
BSA (Trace Biosciences, New Zealand) was applied, 
and the slides were incubated overnight at 4°C.

α- sma
The biotinylated primary antibody to α- SMA 

(monoclonal 1A4) (Dako) at a concentration of 1 in 50 
in Tris- HCl containing 1% BSA (Trace Biosciences) 
was applied, and the slides and were left at RT for 
15 minutes. Once the incubation with each primary 
antibody was completed, the sections were washed 
using Milli- Q water and 1 × PBS and incubated with 
streptavidin peroxidase at RT for 15 minutes. Sections 
were again washed with Milli- Q water and 1 × PBS, 
and peroxidase conjugates were subsequently localized 
using DAB + substrate chromogen (Sigma- Aldrich) 
at RT for 15 minutes. The sections were rinsed with 
Milli- Q water and stained with hematoxylin (Sigma- 
Aldrich) for 1 minute at RT as described previously. 
The relative staining in each group was determined by 
computerized quantification (Fiji Image J) in a total 
of 10 fields per liver/pancreas sample at ×200 magni-
fication and averaged in a blinded fashion.

Western Blotting
Liver tissue samples were homogenized in 0.5 mL 

of ice- cold lysis buffer and 1 × PhosSTOP phospha-
tase inhibitor cocktail tablet solution (Hoffmann- La 
Roche) and then centrifuged at 72,000 × g using 
Optima TLX ultracentrifuge (Beckman Coulter) 
for 1 hour at 4°C. After centrifugation, the resultant 
supernatant was kept as cytosolic samples, whereas 
the pellet was resuspended and sonicated in 0.5 mL 
of ice- cold lysis buffer and kept as membrane sam-
ples. Then, membrane samples (~50 μg) were subject 
to western blotting. Anti- ACE2 antibody (Abcam) 
was used to probe liver protein extracted from mouse 
livers. Thereafter, polyvinylidene fluoride membranes 
were incubated with polyclonal goat anti- rabbit 
horseradish peroxidase secondary antibody (Agilent 
Technologies). β- actin was used as loading controls.

Blots probed with protein 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 (Bio- Rad, Hercules, CA).
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