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Abstract
Our previous studies have indicated that chronic treatment with XNT (1-[(2-dimethylamino)
ethylamino]-4-(hydroxymethyl)-7-[(4-methylphenyl) sulfonyl oxy]-9H-xanthene-9-one), an
angiotensin-converting enzyme2 (ACE2) activator, reverses hypertension-induced cardiac and
renal fibrosis in spontaneously hypertensive rats (SHR). Furthermore, XNT prevented pulmonary
vascular remodeling and right ventricular hypertrophy and fibrosis in a rat model of
monocrotaline-induced pulmonary hypertension. The aim of this study was to determine the
mechanisms underlying the protective effects of XNT against cardiac fibrosis. Hydroxyproline
assay was used to measure cardiac collagen content in control and XNT-treated (200ng/kg/min for
28 days) SHR. Cardiac ACE2 activity and protein levels were determined using the fluorogenic
peptide assay and western blot analysis, respectively. Extracellular signal-regulated kinases (p44
and p42; ERKs) and AT1 receptor levels were quantitated by western blotting. Cardiac ACE2
protein levels were ~15% lower in SHR compared with WKY controls (1.00±0.02 vs. 0.87±0.01
ACE2/GAPDH ratio in SHR). However, treatment of SHR with XNT completely restored the
decreased cardiac ACE2 levels. Also, chronic infusion of XNT significantly increased cardiac
ACE2 activity in SHR. This increase in ACE2 activity was associated with decreased cardiac
collagen content. Furthermore, the anti-fibrotic effect of XNT correlated with increased cardiac
Ang-(1–7) immunostaining, though no change in cardiac AT1 protein levels was observed. The
beneficial effects of XNT were also accompanied by a reduction in ERK phosphorylation (WKY:
1.00±0.04; Control-SHR: 1.46±0.25; SHR-treated: 0.86±0.02 phospho ERK/total ERK ratio). Our
observations demonstrate that XNT activates cardiac ACE2 and inhibits fibrosis. These effects are
associated with increases in Ang-(1–7) and inhibition of cardiac ERK signaling.
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INTRODUCTION
Development of cardiac fibrosis is a major complication of hypertensive heart disease. It
contributes to progressive disruption of the normal structure of the heart resulting in
increased risk for adverse cardiac events such as myocardial ischemia, infarction,
arrhythmias and sudden cardiac death (Weber, 2000). Therefore, prevention and/or reversal
of cardiac fibrosis becomes extremely essential in the management of hypertensive heart
disease (Weber, 2000).

The renin-angiotensin system (RAS) is a pivotal regulator of cardiovascular function. While
the key role of angiotensin-converting enzyme (ACE) is to generate angiotensin (Ang) II,
the major vasoactive peptide of the RAS; its homologue ACE2 is responsible for
metabolizing Ang II into the heptapeptide Angiotensin-(1–7) [Ang-(1–7)] (Vickers et al.
2002; Tipnis et al. 2000). Consequently, ACE2 counter-regulates the deleterious actions of
Ang II (Ferreira et al. 2010), thereby promoting many beneficial effects, including tissue-
specific anti-fibrotic actions (Katovich et al. 2008). As a matter of fact, cardiac
overexpression of ACE2 using lentiviral gene transfer prevented hypertension-induced
cardiac hypertrophy and fibrosis in spontaneously hypertensive rats (SHR) and in Ang II-
infused rats (Diez-Freire et al. 2006; Huentelman et al. 2005). In addition, chronic
administration of Ang-(1–7) prevented the development of ventricular fibrosis induced by
DOCA-salt treatment (Grobe et al. 2006). Thus, an increased activity of the vasoconstrictive
and proliferative axis of the RAS, comprising of ACE, Ang II and AT1 receptor (AT1R), is
associated with the development of cardiac fibrosis (Bader at al. 2001; Leask, 2010). On the
other hand, the ACE2/Ang-(1–7)/Mas receptor axis exerts protective actions against fibrosis
(Ferreira et al. 2010, Katovich et al. 2008), indicating that this axis is an important cardiac
protector.

More recently, we have found that chronic treatment with XNT (1-[(2-dimethylamino)
ethylamino]-4-(hydroxymethyl)-7-[(4-methylphenyl) sulfonyl oxy]-9H-xanthene-9-one), an
ACE2 activator discovered based on the crystal structure of this enzyme (Hernández Prada
et al. 2008), prevents and reverses hypertension-induced cardiac and renal fibrosis in SHR
(Hernández Prada et al. 2008). Furthermore, XNT prevents pulmonary vascular remodeling
and right ventricular hypertrophy and fibrosis in a rat model of monocrotaline-induced
pulmonary hypertension (Ferreira et al. 2009). However, the mechanism by which XNT
exerts these beneficial actions is not fully understood. Hence, our aim in this present study
was to evaluate the mechanisms underlying the cardiac anti-fibrotic effects of XNT. We
hypothesized that increase in Ang-(1–7) and inhibition of extracellular signal-regulated
kinases (p44 and p42; ERKs) might be associated with the protective actions of XNT.

METHODS
Ethical Approval

All animal procedures were performed in compliance with approved IACUC protocols and
University of Florida regulations.

Animals
Male Wistar-Kyoto (WKY) rats and SHR, aged 12 weeks, were purchased from Charles
River Laboratories (Wilmington, MA, USA). Five-day-old SHR pups were used to obtain
primary cell cultures of cardiac fibroblasts. Osmotic minipumps (Alzet, model 2004)
containing either 10mg/mL of XNT (60μg/day; 28 days) or vehicle (saline pH 2.0 to 2.5)
were implanted subcutaneously after allowing them to equilibrate in sterile saline at 37°C
for 24 hours. XNT was delivered at an infusion rate of 260ng/kg per minute. We have
observed that, under these conditions, this vehicle does not change arterial pressure, heart
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rate, responses to Ang II, bradykinin and losartan, heart function, myocardial and renal
structures and ACE2 activity in SHR (Hernandez Prada et al. 2008).

Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted from the left ventricles of SHR and WKY rats with
RNaqueous-4RCP Kit (Ambion). cDNA samples (2μl) of reverse transcription reactions
were amplified by quantitative real-time PCR (qPCR) using primers and probes for ACE2
from Applied Biosystems (Cat# Mm01159013_m1) and an ABI PRISM 7000 HT Detection
system. ACE2 mRNA levels were normalized to 18S RNA from the same samples.

Western Blotting
Cardiac ACE2, AT1 receptor and phosphorylated ERKs (p44 and p42) were quantitated by
western blotting. Forty micrograms of protein extracted from the left ventricles of WKY rats
and SHR were electrophoresed on 12% SDS-PAGE gel and then transferred onto a
nitrocellulose membrane. After 1 hour of blocking with 5% milk in Tris-buffered saline-
Tween, the membranes were probed with one of the following primary antibodies: anti-
ACE2 (1:400, Cat#sc-20998, Santa Cruz Biotechnology, Inc., Santa Cruz, CA); anti-AT1
(1:400, Cat#sc-579, Santa Cruz Biotechnology, Inc., Santa Cruz, CA); anti-phospho-p44/42
MAPK (ERK1/2) (1:200, Cat#9101, Cell Signaling Technology, Inc., Danvers, MA); and
anti-total-p44/42 MAPK (ERK1/2) (1:200, Cat#9102, Cell Signaling Technology, Inc.,
Danvers, MA). Membranes were washed 3 times for 10 minutes in Tris-buffered saline-
Tween and incubated with anti-rabbit IgG-horseradish peroxidase-conjugated secondary
antibody (1:5000) for 1 hour at room temperature. After final washes, the membrane was
incubated with chemiluminescent agent for 1 minute and then exposed to X-ray film to
visualize protein bands. Protein levels were expressed as a ratio of optical densities. GAPDH
(ACE2 and AT1 receptor) and total ERK (phosphorylation of ERKs - p44 and p42) bands
served as loading controls to correct for inaccuracies in protein loading.

Cardiac ACE2 Activity
ACE2 activity was determined in the left ventricles of WKY rats and SHR using a
fluorogenic peptide substrate [ACE2 substrate, fluorogenic peptide VI (FPS VI), Mca-
YVADAPK(Dnp)-OH, catalog. ID: ES007, where Mca is 7-(methoxycoumarin-4-yl) acetyl
and Dnp is 2,4-dinitrophenyl; R&D Systems, Minneapolis, MN], as described previously
(Huentelman et al. 2004). The reaction buffer [75 mmol/l Tris/HCl (pH 7.5), 1 mol/l NaCl
and 0.5 mmol/l ZnCl2] was added to the tissues for protein extraction. Protein concentration
was determined using a standard Bradford assay. The enzyme removes the C-terminal
dinitrophenyl moiety that quenches the inherent fluorescence of the 7-methoxycoumarin
group, resulting in increased fluorescence at excitation and emission spectra of 320 nm and
405 nm, respectively. Enzymatic activity was measured with a Spectra Max Gemini EM
Fluorescence Reader (Molecular Devices). All assays were performed at least in triplicate
and samples were read every minute for at least 120 minutes immediately after the addition
of fluorogenic peptide substrates at 37°C.

Collagen Content Assay
Total collagen content was determined by hydroxyproline assay. Cardiac tissues (left
ventricles) were collected, trimmed and homogenized in 1.5ml 0.5 mol/l glacial acetic acid.
This mixture was dried in a speed vacuum and weighed. The dried samples were redissolved
in 1.5 ml of 6 N HCl and hydrolyzed at 110°C overnight. 7.5 μl-samples were transferred to
96-well plates, dried and ressuspended in 7.5 μl of citrate-acetate buffer (5% citric acid,
1.2% glacial acetic acid, 7.24% sodium acetate and 3.4% NaOH dissolved in distilled water
and adjusted to pH 6.0). One hundred microliters of freshly prepared chloramine-T solution
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(0.282 g chloramine-T, 2 ml n-propanol, 2 ml distilled water QS to 20 ml with citrate-
acetate buffer), was added and the reaction mixture was allowed to stand at room
temperature for 20 minutes. Afterward, 100μl of freshly prepared Ehrlich’s solution (4.5 g 4-
dimethylaminobenzaldehyde dissolved in 18.6 ml of n-propanol and 7.8 ml of 70%
perchoric acid), was added and the mixture was heated to 65°C for 15 minutes. The
absorbance was recorded at 550 nm. A standard curve of samples with known quantity of
hydroxyproline was generated for each assay. Absorbance of unknown sample was
compared to the standard curve and hydroxyproline content per sample was calculated.

Cell Culture
Cardiac fibroblasts were isolated from the ventricles of 5-day-old SHR pups, as previously
described (Qi et al. 2010). Briefly, ventricles were dissociated by mechanical disaggregating
and enzymatic digestion with 1% collagenase II (Worthington Biochemical Corporation,
Freehold, NJ, USA). Next, cells were plated in the presence of 5% fetal bovine serum
(FBS). The attached cells on the dish were mainly cardiac fibroblasts, which were cultured
in 10% FBS medium [DMEM supplemented with 10% (v/v) FBS, 1% penicillin/
streptomycin and 50 μg/ml ascorbic acid]. More than 95% of cultured cells were cardiac
fibroblasts, as determined by positive immunostaining for vimentin (data not shown).
Fibroblast cultures were dissociated using trypsin/ethylenediaminetetraacetic acid, which
contribute to eliminate any residual cardiomyocytes.

Immunohistochemistry
ACE2 and Ang-(1–7) expression in cultured cardiac fibroblasts from left ventricles and in
left ventricular sections of control and XNT-treated SHR were evaluated by
immunohistochemistry using the streptavidin-biotin-peroxidase method, as described
previously (Yamazato et al. 2009). Five-micrometer sections were obtained from left
ventricles fixed in 10% formalin and embedded in paraffin. The primary antibodies used
were anti-ACE2 (1:500, Cat#GTX15348, GeneTex, Inc., Irvine, CA) and anti-Ang-(1–7)
(1:600; Yamazato et al. 2009). Briefly, endogenous peroxidase was blocked with 0.3%
hydrogen peroxide and nonspecific binding of the antibody was blocked by 5% rabbit
serum. The primary antibodies diluted in 1% BSA in PBS were applied and incubated
overnight at 4°C. Subsequently, biotinylated secondary antibody followed by streptavidin-
peroxidase conjugate was applied. Positive staining was visualized using diaminobenzidine
and nuclei were counterstained with hematoxylin. Negative controls were obtained by
omitting the primary antibody from the incubation procedure. The immunostaining results
were quantified according to Lehr et al. (1997).

Statistical Analysis
The results are presented as mean ± SEM. Statistical significance was estimated using
unpaired Student’s t-test or one-way ANOVA followed by the Bonferroni post-test.
Differences were considered significant at a p≤0.05.

RESULTS
XNT Restores Cardiac ACE2 Protein Levels in SHR

As observed in Figure 1a, the expression of ACE2 protein in SHR hearts was significantly
lower when compared with WKY rats (1.00 ± 0.02 vs. 0.87 ± 0.01 ACE2/GAPDH ratio in
SHR, p<0.01). Interestingly, treatment with XNT resulted in a complete restoration of
cardiac ACE2 levels in SHR (p<0.01). In keeping with this later finding, the ACE2 activity
was also observed to be higher in SHR that were chronically infused with XNT compared to
SHR that received saline alone (Fig. 1b; p=0.05). Unexpectedly, XNT-induced increases in
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ACE2 protein and activity was accompanied by a significant increase in cardiac ACE2
mRNA expression (Fig. 1c, p=0.05).

Restoration of Cardiac ACE2 Levels in SHR is Associated with Reduction in Fibrosis
The total ventricular collagen content was evaluated by the hydroxyproline assay method.
Chronic administration of XNT (260 ng/kg/min for 28 days) considerably decreased
(approximately 15%) the total collagen content in the hearts of SHR (Fig. 2, p<0.05),
suggesting that the anti-fibrotic effect of XNT may be associated with increased cardiac
ACE2 activity and levels.

Effects of XNT on ACE2 and Ang-(1–7) Expression in Cardiac Fibroblasts
To evaluate the effects of XNT on ACE2 and Ang-(1–7) expression in cardiac fibroblasts,
the main cellular type involved in collagen deposition, we performed immunohistochemical
analysis using histological sections from left ventricles of SHR. We found that XNT
treatment increased ACE2 expression by approximately 16% (p>0.05) in both interstitial
(Fig. 3b) and perivascular (Fig. 3d) fibroblasts. In addition, similar effects were observed for
Ang-(1–7) expression, i.e. the expression of Ang-(1–7) was increased by about 16%
(p>0.05) in interstitial and perivascular fibroblasts of XNT-administered SHR (Figs. 4b and
4d). To further confirm these data, we incubated isolated fibroblasts with XNT. In keeping
with our immunohistochemical results, isolated fibroblasts treated with XNT also exhibited
higher expression of both ACE2 (Fig. 3g) and Ang-(1–7) (Fig. 4g).

The anti-fibrotic effect of XNT was accompanied by ERKs reduction
It has been well established that ERK activation is one of the downstream signaling events
that participates in collagen synthesis. Therefore, we examined if the beneficial anti-fibrotic
effect of XNT would involve ERKs. As shown in Figures 5a and 5b, phosphorylation of
ERKs (p44 and p42) was higher in SHR compared with WKY rats. XNT treatment restored
or in fact, reduced ERK phosphorylation in SHR (WKY: 1.00 ± 0.04; Control SHR: 1.46 ±
0.25; SHR-treated: 0.86 ± 0.02 phospho ERK/total ERK ratio, p<0.05). No significant
changes were observed in the levels of cardiac AT1R expression (Fig. 5c).

DISCUSSION
The major finding of this study is that the synthetic ACE2 activator XNT stimulates
endogenous cardiac ACE2 to inhibit ventricular fibrosis. These effects are associated with
increases in Ang-(1–7) and inhibition of cardiac ERK signaling.

The pro-fibrotic role of Ang II acting via the AT1 receptor is well established (Bader at al.
2010; Leask et al. 2010). Activation of AT1 receptors is associated with a range of
deleterious effects including vasoconstriction, inflammation, hypertrophy and extracellular
matrix protein synthesis (Bader at al. 2010; Rosenkranz, 2004). These actions can induce
tissue-specific remodeling effects including cardiac hypertrophy and fibrosis, as well as
arterial stiffness, all of which are key factors in cardiovascular diseases. On the other hand,
the role of ACE2/Ang-(1–7)/Mas axis on the fibrotic process has only recently been
described. We have previously reported that cardiac overexpression of ACE2 using
lentiviral gene transfer prevents both hypertrophy and fibrosis in SHR and Ang II-infused rat
model of hypertension (Diez-Freire et al. 2006; Huentelman et al. 2005). Additionally,
pharmacological activation of ACE2 reduces hypertension-induced cardiac and renal
fibrosis in SHR (Hernández Prada et al. 2008), as well as prevents pulmonary vascular
remodeling and right ventricular hypertrophy and fibrosis in rats with pulmonary
hypertension (Ferreira et al. 2009). In the present study, we further confirm the cardiac anti-
fibrotic effects of XNT using a well established biochemical assay.
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The mechanisms, by which ACE2 reduces cardiac fibrosis remain poorly understood. The
beneficial effect of ACE2 might be, at least in part, due to reduction in Ang II and
subsequent augmentation of Ang-(1–7) levels. Indeed, it has been reported that Ang-(1–7)
acts as an important anti-fibrotic agent (Katovich et al. 2008). Grobe et al. (2006) have
reported that Ang-(1–7) infusion prevents cardiac collagen deposition without decreasing
blood pressure, indicating that the anti-fibrotic effect of Ang-(1–7) is independent of blood
pressure changes. Furthermore, the Ang-(1–7) receptor, Mas which is expressed on cardiac
fibroblasts plays an important role against cardiac collagen deposition (Iwata et al. 2007;
Santos et al. 2006). In keeping with these findings, we found that the hearts from XNT-
treated SHR exhibit a significant increase in Ang-(1–7) immunolabeling, suggesting that
Ang-(1–7) participates in the anti-fibrotic effects of XNT.

Cardiac fibroblasts are the main cell type involved in extracellular matrix protein deposition
in the heart. Several studies have reported that functional AT1 receptors are expressed on
cardiac fibroblasts and activation of these receptors stimulate synthesis of extracellular
matrix proteins (Qi et al. 2010; Gonzalez et al. 2002; Kawano et al. 2000). Ang II acting
through the AT1 receptor has been shown to trigger signaling cascades that stimulate
mitogen activated protein kinases (MAPKs), including extracellular signal-regulated kinases
(ERK1/2), to induce fibrosis (Mehta et al. 2007). In the current study, XNT restored cardiac
ACE2 protein levels and reduced ventricular collagen deposition.

However, no significant change in cardiac AT1 receptor was observed; suggesting that this
receptor may not be involved in the anti-fibrotic effects of XNT. On the other hand, XNT
decreased the phosphorylation of ERKs (p44 and p42) in the heart. The exact mechanism by
which XNT reduces ERK activation has not been addressed in our current study. However,
we speculate that Ang-(1–7) is involved, since cardiac level of this peptide is increased with
XNT administration and that Ang-(1–7) has been previously shown to modulate ERK
activation (Sampaio et al. 2007). Because we did not measure the Ang II levels in the heart,
a reduction in the cardiac concentration of Ang II, as a cause of the anti-fibrotic effect of
XNT and reduction of the ERKs phosphorylation, can not be excluded at this point. In
addition, taking into consideration that ACE2 forms Ang-(1–7) degrading Ang II, both
increases in Ang-(1–7) and decreases in Ang II levels may contribute to the down-regulation
observed in the ERKs expression.

Our data showing that XNT induces increases in ACE2 mRNA expression suggests that
XNT may have other mechanisms of action besides the direct activation of ACE2 enzyme. It
has been shown that Ang II may decrease ACE2 mRNA expression in cardiac myocytes and
fibroblasts (Gallagher et al. 2008). Thus, it is possible that XNT increases the ACE2 mRNA
expression by decreasing the Ang II bioavailability.

One of the limitations of our study is that we have used 12 week old SHR to evaluate the
anti-fibrotic effects of XNT. This may not represent the best age group to examine
ventricular fibrosis and associated cardiac dysfunction in the SHR. Increased ventricular
fibrosis might have been evident if older animals were to be used in our experiments.
However, at 12 weeks of age, these animals did show elevated mean arterial pressure
(184±5mmHg in SHR vs. 123±4mmHg in WKY rats) and modest increase in ventricular
fibrosis (2.78±0.62% area of fibrosis in SHR vs. 1.42±0.17% area of fibrosis in WKY)
(Hernández Prada et al. 2008) These observations definitely suggest onset of cardiac
damage in the hearts of these rats, thereby, validating our results.

In summary, our study demonstrates that endogenous ACE2 activation restores cardiac
ACE2 protein levels resulting in increased ACE2 activity in SHR. These effects correlate
with significant decrease in cardiac collagen content, increase in Ang-(1–7) and reduced
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ERK signaling. Altogether, our findings suggest that XNT, a synthetic ACE2 activator could
be a potential lead compound for the treatment of cardiac fibrosis, facilitating the
management of hypertensive heart disease.
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Figure 1.
XNT restores cardiac ACE2 protein levels in SHR. A) Quantification of ACE2 protein
expression using western blotting in hearts from WKY rats, vehicle-treated SHR and XNT-
treated SHR. ACE2 levels were ~15% lower in SHR compared with WKY rats. XNT
treatment restored ACE2 protein levels in SHR. Data were normalized using
GAPDH. #p<0.05 vs. WKY; *p<0.05 vs. vehicle-treated SHR (One-way ANOVA). Each
column represents the mean ± SEM (n=3 to 6). B) XNT increases ACE2 activity in hearts of
SHR. Chronic infusion of XNT caused a significant increase in cardiac ACE2 activity in
SHR. *p<0.05 vs. untreated animals (Unpaired Student’s t-test). Each column represents the
mean ± SEM (n=4). C) XNT increases ACE2 mRNA expression in SHR. Quantitative real-
time PCR was carried out to assess the ACE2 expression in left ventricles of SHR treated or
not with XNT. XNT treatment increased the ACE2 expression. *p<0.05 vs. untreated
animals (Unpaired Student’s t-test). Each column represents the mean ± SEM (n=4).
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Figure 2.
XNT reduces total collagen content in hearts of SHR. Collagen content was evaluated by
hydroxyproline assay in hearts of SHR treated or not with XNT. XNT promotes a significant
reduction in collagen content. *p<0.05 vs. untreated animals (Unpaired Student’s t-test).
Each column represents the mean ± SEM (n=5 to 6).
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Figure 3.
XNT increases ACE2 protein expression in cardiac fibroblasts of SHR.
Immunohistochemical analysis was used to detect the expression of ACE2 in paraffin-
embedded sections of left ventricles and in isolated cardiac fibroblasts of SHR. XNT
increased the expression of ACE2 in interstitial (b) and perivascular (d) fibroblasts (arrows)
when compared with untreated animals (a; control interstitial area and c; control
perivascular area). (e) Negative control. (*); wall vessels. XNT treatment also increased the
ACE2 expression in isolated cardiac fibroblasts (g) (d; untreated fibroblasts). Higher
magnification of cardiac fibroblasts is shown in h (untreated cells) and in i (treated cells).
(n=3 different animals).
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Figure 4.
XNT increases Ang-(1–7) expression in cardiac fibroblasts of SHR. Immunohistochemical
analysis was used to detect the expression of Ang-(1–7) in paraffin-embedded sections of
left ventricles and in isolated cardiac fibroblasts of SHR. XNT increased the expression of
Ang-(1–7) in interstitial (b) and perivascular (d) fibroblasts (arrows) when compared with
untreated animals (a; control interstitial area and c; control perivascular area). (e) Negative
control. (*); wall vessels. XNT treatment also increased the Ang-(1–7) expression in isolated
cardiac fibroblasts (g) (d; untreated fibroblasts). Higher magnification of cardiac fibroblasts
is shown in h (untreated cells) and in i (treated cells). (n=3 different animals).
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Figure 5.
XNT reverses the activated state of ERKs (p44 and p42) in hearts of SHR. The
phosphorylation of ERKs was determined by western blotting in left ventricle samples of
WKY rats, control SHR and XNT-treated SHR. A) Representative gel of western blotting.
B) Quantification of the western blotting data. The data were normalized using total ERKs.
*p<0.05 vs. vehicle-treated SHR (One-way ANOVA). Each column represents the mean ±
SEM (n=3 to 6). C) AT1 receptor expression was unaffected by XNT treatment when
evaluated by western blotting. The data were normalized using GAPDH. Each column
represents the mean ± SEM (One-way ANOVA; n=3 to 6).
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