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Abstract: Curcumin is known to improve cardiac function by balancing degradation and
synthesis of collagens after myocardial infarction. This study tested the hypothesis that inhibition
of myocardial fibrosis by curcumin is associated with modulating expression of angiotensin 11
(Ang II) receptors and angiotensin-converting enzyme 2 (ACE2). Male Sprague Dawley rats
were subjected to Ang Il infusion (500 ng/kg/min) using osmotic minipumps for 2 and 4 weeks,
respectively, and curcumin (150 mg/kg/day) was fed by gastric gavage during Ang Il infusion.
Compared to the animals with Ang II infusion, curcumin significantly decreased the mean arterial
blood pressure during the course of the observation. The protein level of the Ang Il type 1 (AT1)
receptor was reduced, and the Ang II type 2 (AT2) receptor was up-regulated, evidenced by an
increased ratio of the AT2 receptor over the AT1 receptor in the curcumin group (1.2+0.02%)
vs in the Ang II group (0.7+0.03%, P<<0.05). These changes were coincident with less locally
expressed AT1 receptor and enhanced AT2 receptor in the intracardiac vessels and intermyo-
cardium. Along with these modulations, curcumin significantly decreased the populations of
macrophages and alpha smooth muscle actin-expressing myofibroblasts, which were accompa-
nied by reduced expression of transforming growth factor beta 1 and phosphorylated-Smad?2/3.
Collagen I synthesis was inhibited, and tissue fibrosis was attenuated, as demonstrated by less
extensive collagen-rich fibrosis. Furthermore, curcumin increased protein level of ACE2 and
enhanced its expression in the intermyocardium relative to the Ang II group. These results
suggest that curcumin could be considered as an add-on therapeutic agent in the treatment of
fibrosis-derived heart failure patient who is intolerant of ACE inhibitor therapy.

Keywords: angiotensin II receptors, angiotensin-converting enzyme 2, curcumin, collagen,
myocardial fibrosis

Introduction
Myocardial fibrosis can occur as a result of hypertension, ischemic injury, or valvular
heart disease, and is a major cause of left ventricular diastolic dysfunction that accounts
for 40% to 50% of heart failure patients.! Pathologically, fibrosis is characterized by
the accumulation of fibrillar collagens, and myocardia fibrosis develops from the peri-
vascular area to the intermyocardium with a diffuse distribution pattern. The lack of
resolution of this excessive collagen deposition in tissue is associated with reduction
of cardiac muscle compliance, filling impairment, and ultimately heart failure.>*
Pharmacological interventions, aimed at inhibiting conversion of angiotensin
(Ang) I to Ang II with angiotensin-converting enzyme (ACE) inhibitors or a blockade
of Ang II type 1 (AT1) receptor by AT1 receptor antagonists, have defined the role
of systemic and locally generated Ang II within myocardium in the development of
fibrosis-derived heart failure. In response to Ang II stimulation, activation of the AT1
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receptor induces inflammatory response, vascular constriction,
interstitial collagen deposition, and tissue fibrosis. However,
up-regulation of the Ang II type 2 (AT2) receptor may evoke
cardioprotective effects by countervailing over-all deleterious
effects derived by stimulating the AT1 receptor.*

Angiotensin-converting enzyme 2 (ACE2) is a homo-
logue of ACE, sharing 42% sequence identity and 61%
sequence similarity with the catalytic domain of ACE, but
is not inhibited by ACE inhibitors. An increase in ACE2
activity is associated with a decrease in tissue level of Ang I1
through degradation of Ang Il to Ang-(1-7), hence function-
ing effectively as a negative regulator of Ang II-mediated
vasoconstriction, proliferation, and fibrosis.’ Attenuation of
ACE2 activity is deleterious to the heart, because it leads to
cardiac hypertrophy and cardiac dysfunction, due in part to
increased Ang II stimulation of the AT1 receptor. In ACE2-
deficient hearts, blockade of the AT1 receptor has been
shown to reduce the susceptibility to Ang II-potentiated heart
failure, suggesting that down-regulation of ACE2 expression
is mediated via AT1 receptor activation.®

Currently, the ACE inhibitor or the ATI receptor
antagonist has become one of the most successful thera-
peutic approaches in patients with hypertension and heart
failure. However, data from clinical observations have also
revealed that the use of ACE inhibitors is associated with a
higher rate of dry cough and angioedema, while hypotensive
symptoms are often identified with the use of AT1 receptor
antagonists.” Therefore, adjunctive therapies to avoid these
unfavorable effects and to reduce morbidity and mortality
of cardiovascular diseases by inhibiting Ang II activation,
remain an active area of investigation.

Curcumin, the yellow pigment extracted from the rhizomes
of the plant Curcuma longa, exhibits diverse pharmacologic
properties, such as anti-oxidant, anti-inflammation, and anti-
fibrosis properties.®’ We have previously demonstrated that
dietary administration of curcumin reduces infarct size and
improves cardiac function in the rat model of infarction-
elicited heart failure.'® However, we do not know whether
curcumin has a direct effect on Ang II-induced myocardial
fibrosis. In the present study, we tested the hypothesis that
curcumin inhibits the myocardial fibrotic process through
altering expression of Ang II AT1/AT2 receptors and
ACE2. Our results revealed ATI receptor antagonism,
activation of the AT2 receptor, and ACE2 up-regulation
by curcumin. Moreover, these curcumin-dependent actions
inhibited myocardial fibrosis by attenuating accumulation of
macrophages/myofibroblasts and by activating transforming
growth factor beta 1 (TGFB1)/Smads signaling pathways.

Materials and methods
Ethical approval

All animals received human care in compliance with The
Guide for the Care of Use of Laboratory Animals, published
by the US National Institutes of Health (NIH; 8th edition
revised, 2011)."° The procedures in this study were approved
by the Institutional Animal Care and Use Committee, Mercer
University School of Medicine, Savannah, GA, USA.

In vivo rat model of angiotensin Il

infusion with an osmotic minipump

Male Sprague Dawley rats weighing 200+10 g (Harlan
Laboratories, Indianapolis, IN, USA) were used in the present
study. An intraperitoneal injection of a ketamine (90 mg/kg)
and xylazine (10 mg/kg) mixture was selected to anesthe-
tize the rats on the day before a minipump implantation.
The skin was swabbed with povidone-iodine and alcohol
after shaving. An incision between the scapulae was made,
and a small pocket was produced using a hemostat to spread
the subcutaneous connective tissue. An osmotic minipump
was inserted into the pocket and the incision was closed with
sutures. The osmotic minipumps (models 2002 and 2004;
DURECT Corp, Cupertino, CA, USA) were used to perfuse
Ang II (purchased from Sigma-Aldrich Co, St Louis, MO,
USA). These pumps were pre-incubated in the tubes with
0.9% sterile saline only or saline containing Ang II at 37°C
overnight prior to implantation.

Blood pressure measurement and study
groups

A non-invasive blood pressure (NIBP) measuring system
was selected to detect the NIBP change from all animals
using a pulse transducer (PowerLab ML 125 NIBP Controller,
ADInstruments, Colorado Springs, CO, USA). This system
operates by occluding blood flow to the tail with a specialized
cuff. The transducer intermittently measures blood pressure
based on the periodic occlusion of blood flow in the tail.
The measurement of NIBP was considered valid only when
three consecutive readings did not differ by more than
10 mmHg.

Two observational points (ie, 2 and 4 weeks of Ang 11
infusion) were selected for all experimental groups.
Animals were randomized into one of three groups (n=6/
each observational period): 1) the control group, in
which rats were received Ang II infusion only at a rate
of 500 ng/kg/min; 2) the Ang II plus curcumin group, in
which curcumin (Sigma-Aldrich Co) was administered by
gastric gavage at a dose of 150 mg/kg/day during Ang II
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infusion;'? and 3) the sham plus curcumin (normal) group,
in which rats were infused with a saline pump and curcumin
was given by gastric gavage at the same dose as in the
curcumin group.

Tissue preparation for histological

examination

At the end of the experimental period in each group, the rat
was euthanized, and the heart was removed. Transversal
myocardial slices were fixed in 10% phosphate-buffered
formalin solution for 24 hours, and were then embedded in
paraffin wax for histological analysis, as we have reported
previously.'® Tissue sections (6 um thick) were made using
a microtome (Leica RM2135, Meyer Instruments, Inc,
Houston, TX, USA). For Western blotting analysis, small
pieces of transmural tissue sections from the left ventricle
were frozen immediately in tubes using liquid nitrogen and
kept at —80°C until use.

Protein levels of Ang Il receptors,
ACE2, TGFB-1, Smads, and collagens

The freshly frozen transmural tissue samples were homoge-
nized in lysis buffer, and protein concentration was measured
by the Bio-Rad detergent compatible protein assay (Bio-Rad
Laboratories Inc., Hercules, CA, USA), as we have previ-
ously reported.'” Briefly, the protein was boiled and loaded
onto gradient sodium dodecyl sulfate (SDS)-polyacrylamide
gel using Mini-Protean® II Dual Stab Cell (Bio-Rad).
Electrophoretically separated proteins were transferred
from polyacrylamide to nitrocellulose membranes, and
were subsequently probed with the following antibodies:
1) rabbit anti-AT1 and AT2 receptor polyclonal antibod-
ies; 2) a rabbit anti-ACE2 polyclonal antibody (Santa Cruz
Biotechnology Inc, Dallas, TX, USA); 3) a mouse anti-
TGFB1 monoclonal antibody (Abcam plc, Cambridge, MA,
USA); 4) mouse anti-collagen type I and III monoclonal
antibodies (Sigma-Aldrich Co); and 5) rabbit anti-phospho-
Smad2/3 monoclonal antibodies (Cell Signaling Technology,
Danvers, MA, USA). Bound antibody was detected with the
species-appropriate horseradish peroxidase-conjugated
anti-immunoglobulin G (IgG). The membrane was then
incubated with chemiluminescence detection reagents, and
binding was detected by X-ray film exposure. Actin was
used as a protein-loading standard control to normalize the
bands. The scanned images were imported into the ImageJ
software (NIH, Bethesda, MD, USA). The final results were
calculated as a ratio of intensity from each band divided
by actin.

Detection of AT I/AT?2 receptors,ACE2,
macrophages, and alpha smooth muscle

actin-expressing myofibroblasts
Immunohistochemical staining was performed, as we have
previously reported.'® Briefly, paraffin sections were stained
using rabbit anti-AT1/AT2 receptor polyclonal antibodies,
and a rabbit polyclonal anti-ACE2 antibody (Santa Cruz
Biotechnology), a rabbit monoclonal antibody against
macrophages (CD68; EMD Millipore, Billerica, MA, USA),
and a monoclonal antibody used against alpha smooth
muscle actin (a-SMA; Sigma-Aldrich Co). The slides were
incubated with a biotinylated horse anti-rabbit IgG or an
anti-mouse IgG (Vector Laboratories, Inc, Burlingame, CA,
USA), stained using the ABC peroxidase kit or ABC-AR
kit (alkaline phosphatase; Vector Laboratories, Inc), and
substrated with a 3,3’-diaminobenzidine tetrahydrochloride
or alkaline phosphatase substrate kit (Sigma-Aldrich Co).
Quality of immunohistochemistry assay was controlled by
either elimination of the primary antibody or incubation of
the tissue with a non-immune IgG. The intensity in expression
of AT1/AT2 receptors and ACE2, as well as accumulation of
macrophages and o-SMA-expressing myofibroblasts among
groups, were compared using computer-assisted morphom-
etry (ImagelJ software). The final results were averaged from
the eight randomized high-powered fields.

Evaluation of collagen deposition and

tissue fibrosis

Collagen deposition and fibrosis formation in the myocardium
were evaluated using Masson’s trichrome staining. Briefly,
the paraffin sections were deparaffinized, hydrated with
distilled water, and stained with Masson’s trichrome method.
It is an accurate technique for evaluating collagen deposi-
tion within muscle as we have reported previously.!” The
staining protocol produces collagen blue, nuclei black, and
viable muscle fiber red. Eight randomized high-powered
fields per tissue section were examined for positively stained
deposition (ie, blue staining in the peri-vascular area and in
the myocardium) using a digital image analyzer (Imagel
software).

Statistical analysis

All data were reported as the mean * standard error.
A one-way analysis of variance (ANOVA) followed by the
Student-Newman—Keuls post hoc test was used to analyze
group differences in the intensity of AT1/AT2 receptors and
ACE2, populations of macrophages and myofibroblasts, and
the expression of TGFB1, collagens, and phospho-Smads.
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Blood pressure data were analyzed by one-way repeated
measures ANOVA followed by post hoc analysis with the
Student—Newman—Keuls test for multiple comparisons at
different time points using SigmaPlot (Systat Software Inc,
San Jose, CA, USA). Statistical significance was set at a
value of P<<0.05.

Results
Effect of treatment with dietary curcumin
on Ang Il infusion-induced change in

arterial blood pressure

There was no group difference detected in systolic and dia-
stolic pressures at baseline before osmotic pump implanta-
tions. As shown in Figure 1, in the sham (normal) group,
arterial blood pressure calculated as a mean arterial pressure
(MAP) remained at normal levels throughout the 28-day
time course. However, subcutaneous infusion of Ang II
significantly increased MAP compared to the baseline values
during the observational periods, wherein MAP rose from
83.4+6.4 mmHg at baseline to 155.3£8.3 mmHg on day 7,
and achieved its maximum value of 212.0£9.1 mmHg on
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day 21 (all P<<0.05). MAP remained at an elevated level
throughout the experimental period in the control group.
Treatment with dietary curcumin reduced MAP in com-
parison with the control animals. MAP was found to be
significantly lower in the curcumin group (ie, Aug II and
curcumin) when compared to the control group at each time
point during Ang II infusion.

Down-regulation of AT | receptor and

up-regulation of AT2 receptor expression

AT1 and AT2 receptor proteins in the myocardial proteomes
were analyzed by Western blotting, and their expression
was assessed with immunohistochemistry. As shown in
Figure 2A, AT1 receptor expression was detected in the myo-
cardium of the sham group. Ang Il infusion caused a signifi-
cant increase in protein level of the AT1 receptor at week 4
relative to the sham group. Consistent with Ang II-induced
up-regulation of AT1 receptor protein level, expression of
the AT1 receptor in the myocardium was also enhanced to a
significant level in the control group, as revealed by immuno-
histochemical staining. As shown in Figure 2B, no positive
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Figure | Representative tracing of pulse signals by inflating the tail cuff with simultaneous monitoring of the cuff pressure. The arrows indicate systolic blood pressure (SBP)
and diastolic blood pressure (DBP). Difference in blood pressure among groups can be identified by a distance between cuff inflation from baseline (Base) and the beginning
of SBP tracing. Treatment with dietary curcumin reduced blood pressure, as calculated from a mean arterial pressure (MAP) during Ang Il infusion.

Notes: Values are mean £ SEM; n=6 for each group. *P<<0.05 Ang Il infusion (Con) vs sham (Nor); #P<<0.05 curcumin (Cur) vs Con.

Abbreviations: Ang Il, angiotensin Il; Con, control Ang Il infusion treatment group; Nor, normal sham curcumin treatment group; Cur, curcumin plus Ang Il treatment

group; n, number of rats; SEM, standard error of the mean.
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Figure 2 Detection of the AT| receptor during Ang Il infusion.

Notes: These are representatives of tissue AT| receptor protein level by Western blotting (A) and AT| receptor expression by immunohistochemical staining (original
magnification x400; scale bars =100 um) in the myocardium (B) and intracardiac vessels (Inset images in B), which were significantly attentuated by curcumin. All bands at
week 2 and 4 were normalized by actin as a loading control. Values are mean * SEM; n=6 for each group. *P<<0.05 Ang Il infusion (Con) vs sham (Nor); #P<0.05 curcumin

(Cur) vs Con.

Abbreviations: Ang Il, angiotensin II; Con, control Ang Il infusion treatment group; Nor, normal sham curcumin treatment group; Cur, curcumin plus Ang Il treatment

group; n, number of rats; SEM, standard error of the mean; AT |, Ang Il type | receptor.

immunostaining for AT1 receptor in the myocardium was
found during the course of the experiment in the sham group.
However, the immunostaining intensity of the AT 1 receptor
was markedly enhanced in the peri-vascular area and myo-
cardium at week 4 following Ang II infusion. Treatment
with dietary curcumin over the period of the experiment
abrogated the up-regulation of AT1 receptors. The expression
of AT1 in the proteome in the intracardiac vessels and in the
myocardium was significantly reduced when compared with
control animals at week 4.

Analyses of tissue AT2 protein levels and expression of
the AT2 receptor were also conducted using Western blotting
and immunohistochemistry. As shown in Figure 3A, the AT2
receptor protein was constitutively presented and expressed
in the peri-vascular area and myocardium in the sham group
(Figure 3B). However, protein level and expression of the
AT2 receptor in the control group were significantly reduced
during 2 and 4 weeks of Ang II infusion, respectively, rela-
tive to those in the sham group. Along with an inhibition in
expression of the AT1 receptor with dietary curcumin, the
down-regulated AT2 receptor in the intracardiac vessels and
myocardium was significantly increased when compared

with the control. These results suggested that curcumin has
dual effects on Ang II-modulated AT1 and AT2 receptors.
This was further supported by an increased ratio of the AT2
receptor over the AT1 receptor after 4 weeks of Ang II infu-
sion in the curcumin group (1.2+0.02%) vs in the control
(0.7£0.03%, P<<0.05).

Inhibition of macrophages accumulation

and myofibroblast proliferation

Monocyte-derived macrophages are known to be involved
in proliferation and differentiation of fibroblasts to myo-
fibroblasts.!” In the present study, we selected immu-
nohistochemical staining to identify accumulation of
macrophages and proliferation of myofibroblasts. As
shown in Figure 4, no macrophages were detected in the
myocardium in the sham group. Ang II infusion caused
a significant increase in the number of macrophages in
the myocardium at week 2. This accumulation was main-
tained at a constant level until week 4. The proliferation
of fibroblasts was identified as accumulation of the
o-SMA-expressing myofibroblasts. As shown in Figure 5A,
a few of a-SMA-expressing myofibroblasts were only present
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Notes: These images are representatives of tissue AT2 receptor protein levels by Western blotting (A) and AT2 receptor expression by immunohistochemical staining
(original magnification x400; scale bars =100 um) in the myocardium (B) and intracardiac vessels (Inset images in B), which were significantly attentuated by curcumin. All
bands at week 2 and 4 were normalized by actin as a loading control. Values are mean + SEM; n=6 for each group. *P<0.05 Ang Il infusion (Con) vs sham (Nor); #P<0.05

curcumin (Cur) vs Con.

Abbreviations: Ang ll, angiotensin Il; Con, control Ang Il infusion treatment group; Nor, normal sham curcumin treatment group; Cur, curcumin plus Ang Il treatment

group; n, number of rats; SEM, standard error of the mean.

in the vascular smooth muscle, but not in the myocardium in
the sham group. However, the number of o.-SMA-expressing
myofibroblasts was significantly increased at weeks 2
and 4 during Ang II infusion relative to the sham group.
The majority of myofibroblasts were aligned with the host
myocardial fibers. Treatment with dietary curcumin over
4 weeks significantly reduced the numbers of accumulated
macrophages and proliferated myofibroblasts at weeks 2 and
4 compared to their respective controls (Figures 4 and 5A).

Attenuated expression of TGFB | and

phosphorylation of Smad2/3

Activation of TGFB1/Smads signaling pathways has been
associated with proliferation of myofibroblasts.'® In the
present study, we selected Western blotting assay to detect
expression of TGFf1/Smads. As shown in Figure 5B,
TGFp1 was significantly up-regulated with Ang II infusion
at week 2, and its expression was maintained at a high level
at week 4, which was consistent with increased number of
the proliferated myofibroblasts. Smad2, but not Smad3,
was barely phosphorylated in the sham group (Figure 6).

Ang II infusion did not alter the level of phosphorylated
Smad3, but significantly up-regulated phosphorylation
of Smad2 at week 2. At week 4, both Smad2 and Smad3
were phosphorylated following Ang II infusion. Treatment
with dietary curcumin during the 28 days of Ang II infu-
sion comparatively abrogated expression of TGFB1 and
the phosphorylation of the Smad2/Smad3 relative to their
respective control.

Reduced synthesis of collagen | and

formation of fibrotic tissue

Excessive collagen deposition has been linked to myocardial
stiffness, and diastolic and systolic dysfunction.!® In the
present study, we selected Western blotting assay to detect
expression of fibrillar collagen type I, which is synthesized
in the fibroblasts.’ As shown in Figure 7A, no collagen I was
detected in the sham group during the 4 weeks of observation.
Ang Il infusion significantly increased the level of collagen I
at week 2 and further enhanced its expression at week 4.
To confirm the results demonstrated by Western blotting
assay, we selected Masson’s trichrome staining to locate
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Figure 4 Macrophage accumulation during Ang Il infusion. Accumulation of macrophages was detected using immunohistochemical staining. Ang Il caused a significant
increase in the number of positively stained macrophages during 2 and 4 weeks of Ang Il infusion, which was significantly inhibited by curcumin.
Notes: Analysis was calculated by the numbers in each high-powered field (HPF; magnification x400; scale bars =100 pm). Values are mean * SEM; n=6 for each group.

*P<0.05 Ang Il infusion (Con) vs sham (Nor); #P<0.05 curcumin (Cur) vs Con.

Abbreviations: Ang Il, angiotensin Il; Con, control Ang Il infusion treatment group; Nor, normal sham curcumin treatment group; Cur, curcumin plus Ang Il treatment

group; n, number of rats; SEM, standard error of the mean; HPF, high-powered field.

fibrotic tissue in the myocardium. As shown in Figure 7B,
collagen was only detected in the intracardiac vessels, but
not in the myocardium, at the end of sham group observation.
However, consistent with increased collagen I expression,
deposition of fibrotic tissue within the peri-vascular region
and myocardium was markedly enhanced at week 4 in the
control group. Treatment with dietary curcumin over 4 weeks
of Ang II infusion significantly reduced the level of the
collagen I and the extent of the fibrosis in the intracardiac
vessels and myocardium, as evidenced by more organized
and circumscribed fibers.

Augmented expression of ACE2 in the
myocardium

Proteomic and cellular expression of ACE2 was examined
using Western blotting and immunohistochemistry, respec-
tively. As shown in Figure 8A, ACE2 was constitutively
expressed in the sham group and hypertensive rats in the

control group. It was clearly shown that the presence of
hypertension did not significantly alter the expression of
ACE2 in the proteome relative to the sham control at week
2. Serial sections of immunohistochemistry in the sham and
control animals also showed a similar pattern in expression
of ACE2 in the myocardium (Figure 8B). However, at week
4, Ang Il infusion significantly reduced ACE2’s expression,
which was reversed with 4 weeks of dietary curcumin treat-
ment (Figure 8).

Discussion

Myocardial fibrosis-induced diastolic dysfunction is one
of the most common cardiac abnormalities in heart failure
patients. Ang II converted from Ang I by ACE is a peptide
hormone that increases blood pressure to create its systemic
hemodynamic effect by constricting blood vessels. Ang II
also elicits myocardial fibrosis directly through fibroblast-
activated TGFPB1/Smads signaling pathways. Our current
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Figure 5 Proliferation of fibroblasts and expression of TGFB | during Ang Il infusion. Myofibroblast proliferation was detected using immunohistochemical staining, (A) and
TGFB 1 was analyzed using Western blotting (B). Ang Il caused a significant increase in the number of proliferated fibroblasts, shown as 0-SMA-expressing myofibroblasts
and up-regulation of TGFB I at weeks 2 and 4, which was significantly inhibited by curcumin.

Notes: Analysis was calculated by the numbers in each high-powered field (HPF; magnification x400; scale bars =100 pm). Values are mean + SEM; n=6 for each group.
*P<0.05 Ang Il infusion (Con) vs sham (Nor); #P<<0.05 curcumin (Cur) vs Con.

Abbreviations: TGF 1, transforming growth factor beta |; Ang ll, angiotensin Il; 0-SMA, alpha smooth muscle actin; Con, control Ang Il infusion treatment group; Nor,
normal sham curcumin treatment group; Cur, curcumin plus Ang Il treatment group; n, number of rats; SEM, standard error of the mean; HPF, high-powered field.

study revealed a novel paradigm for explaining the protective
mechanisms of action by curcumin. We found that, during
Ang Il infusion, dietary administration of curcumin decreases
protein level of the AT1 receptor and enhances expression of
the AT2 receptor/ACE2. In accordance with these findings,

the accumulation of macrophages/myofibroblasts and the
formation of fibrotic tissue were attenuated. These results
were consistent with previous reports showing antifibrotic
effects of curcumin on other organ systems such as lung,!!
liver,'? and kidney."” Furthermore, curcumin, when given
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Notes: Ang Il increased collagen type | levels at week 4, as normalized by actin for each band (A). Representative photomicrographs of fibrosis were taken from the tissue
sections stained with Masson’s trichrome staining (B). Ang Il markedly enhanced collagen deposition in the intracardiac vessels and in the intermyocardium. Treatment with
curcumin reduced the collagen type | level and the scope of fibrotic tissue at week 4. (Ba) Magnification X200; scale bars =200 um; (Bb) and (Bc), magnification x400; scale
bars =100 um at week 4. Values are mean + SEM; n=6 for each group. *P<<0.05 Ang Il infusion (Con) vs sham (Nor); #P<0.05 curcumin (Cur) vs Con.

Abbreviations: Ang I, angiotensin II; Con, control Ang Il infusion treatment group; Nor, normal sham curcumin treatment group; Cur, curcumin plus Ang Il treatment
group; n, number of rats; SEM, standard error of the mean.
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Cur, curcumin plus Ang Il treatment group; n, number of rats; SEM, standard error of the mean; HPF, high-powered field.
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alone in the sham group in the current study, had no effect
on blood pressure, but significantly reduced blood pressure
in the presence of Ang II, suggesting that curcumin is
capable of lowering blood pressure, potentially through its
direct dilatory effect on blood vessels, by modulating Ang 11
receptors.

Ang Il mediates the majority of its deleterious effects via
the AT1 receptor, whereas activation of the AT2 receptor
counter-regulates actions of the AT1 receptor.'*!* In the cur-
rent study, we selected a rat model of Ang Il infusion, wherein
we provided a constant supply of Ang II in tissue with an
osmotic pump. Augmented plasma and tissue levels of Ang II
with an osmotic pump infusion have been accomplished
previously.'® The model used in the present study allowed us
to demonstrate direct effect of Ang I on myocardial fibrosis,
without considering the role of ACE in Ang II production.
Obviously, there was a reciprocal expression between the
AT1 receptor and the AT2 receptor in response to Ang II
infusion in the present study, with up-regulated AT1 recep-
tors and down-regulated AT2 receptors evident. They were
inversely correlated, as demonstrated by the densitometry
results from Western blotting analysis. Because Ang II
binds to the AT1 receptor and the AT2 receptor subtypes
with similar affinities, the deleterious effects of Ang II are
highly dependent upon the relative expression levels of both
receptors.’® Histological analysis by immunohistochemistry
confirmed that positive immunoreactivity of the AT and
AT?2 receptors exists in both the peri-vascular area and the
intermyocardium. Along with down-regulated expression and
localization of the AT1 receptor by curcumin, expression of
the AT2 receptor over 4 weeks of Ang II infusion was signifi-
cantly up-regulated, further suggesting that there is cross-talk
between these two receptors. These results were consistent
with a previous study showing that down-regulation of the
ATI receptor up-regulates AT2 receptor expression.’> To
more fully understand and to clinically utilize this regulatory
circuit, future studies that evaluate the effects of curcumin
on Ang Il-targeted binding kinetics on AT1/AT2 receptors
are warranted.

It has been reported previously that histological features of
Ang II-induced tissue remodeling to adapt to pressure overload
include myocyte hypertrophy and myocardial fibrosis, which
develop from the peri-vascular space into the intermuscular
interstitium.? At 4 weeks of Ang II infusion, we found that col-
lagen deposition, as revealed by Masson’s trichrome staining,
was detected in both peri-vascular and intermuscular regions,
suggesting a development of reactive fibrosis. In response
to Ang II stimulation, myocardial fibrosis can be induced

through pressure-dependent or -independent mechanisms.
These mechanisms include many interacting factors such as
mechanical stretch of myocytes, coronary perfusion with high
blood pressure, and inflammation-triggered accumulation of
macrophages/myofibroblasts. Accordingly, attenuation of
blood pressure or inhibition of inflammation have been shown
to reduce reactive myocardial fibrosis.'®'“!” In the present
study, curcumin at the dose of 150 mg/kg/day significantly
reduced blood pressure. This action was potentially mediated
by attenuated blood vessel contraction through modula-
tion of AT1/AT2 receptor expression. It is noteworthy that
treatment with dietary curcumin inhibits oxidative stress and
inflammation, as we have reported previously.!® Moreover,
curcumin attenuates fibroblast proliferation and TGFB1/
Smads expression, as noted in the present study; this action
may concomitantly attenuate reactive myocardial fibrosis via
a pressure-dependent or -independent pathway.

Previous studies have shown that ACE2 is presented in
the vascular endothelium, smooth muscle cells of coronary
vessels, and cardiomyocytes.>® In the present study, ACE2
expression was examined from transmural tissue blocks
using Western blotting and immunohistochemical staining.
Although we could not differentiate the locations responsible
for ACE2 expression, we found that Ang II infusion over
4 weeks caused significant suppression of ACE2 expression,
as shown in Figure 8. Consistent with action of AT1 recep-
tor antagonism by dietary curcumin, Ang II-reduced ACE2
expression was also abolished with curcumin, indicating that
Ang II signaling pathway via AT1 receptor activation may, in
part, be responsible for down-regulation of ACE2 expression.
These results were consistent with a previous study show-
ing that ACE2 expression is up-regulated using the Ang II
ATI receptor antagonist.'® Given the key roles of ACE2 in
the degradation of Ang II into the vasodilator, and its anti-
hypertrophic and anti-inflammation actions on the heart,*!8
we predicted that maintaining myocardial ACE2 level by cur-
cumin would negate the detrimental effects of Ang II. These
results were also consistent with previous reports, wherein
similar pharmacological interventions aimed at modulating
ACE2 and the AT2 receptor reduced cardiac fibrosis.'*?!
Taken together, the actions that enhance ACE2 expression
and that alter AT1/AT2 receptors may further enhance inhibi-
tory effects of curcumin on myocardial fibrosis.

Myocardial fibrosis during Ang Il infusion is characterized
by abundant collagen deposition without significant forma-
tion of myocardial necrosis and scar tissue. Induction
of myocardial fibrosis by Ang II has been associated
with macrophage-triggered differentiation of fibroblasts
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into myofibroblasts through TGFB1/Smads-dependent
signaling.?>?* Through activating the AT1 receptor on
macrophages, Ang II stimulates macrophages to release
soluble substances, such as TGFB1, responsible for induced
collagens via Smad-mediated signaling pathways by prolif-
erated myofibroblasts. In correspondence with a reduction
in accumulation of macrophages by curcumin, we found
that proliferation of fibroblasts to myofibroblasts was also
inhibited, indicating that macrophages function as a master
regulator of myofibroblast activation. Stimulated myofi-
broblasts caused phosphorylation of Smad2/3 to form a
heterotrimeric complex with Smad4, and subsequently were
bound to TGFB1-targeted collagen genes in the nucleus for
production of collagens. During 4 weeks of Ang II infusion,
we found that Smad2 and Smad3 were phosphorylated and
that tissue-level expression of collagen type I was increased,
consistent with enhanced TGFB1 expression. Treatment
with curcumin inhibited the up-regulation of both TGFp1
and Smad2/3, and therefore, reduced synthesis of collagen
I, as evidenced by less formation of collagen-rich fibrotic
tissue in the peri-vascular space and intermyocardium. In
this regard, data from our lab and others have previously
shown that treatment with curcumin on a daily basis balances
the synthesis and degradation of existing collagen matrix
through inhibiting matrix metalloproteinases and myofi-
broblast/TGB1/Smads signaling pathways after myocardial
infarction.!® 3 Extensive preclinical studies have established
a solid basis for the application of curcumin against a wide
range of cardiovascular diseases.?*?¢ Clinical trials have
also addressed the pharmacokinetics, safety, efficacy, and
therapeutic potential of curcumin in normal volunteers and
in treating various human diseases including cancers, inflam-
mation, diabetes, arterial stiffness, etc, in patients.?® Our
current data provide further evidence that dietary curcumin
could potentially be selected as a safe and effective treatment
in fibrosis-derived heart failure.

Study limitations

The current study has several limitations. First, although
it has been shown that myocardial ACE2 level in response
to Ang II stimulation is associated with an up-regulated
AT1 receptor via inflammatory response enhancement,’
our current study provides evidence showing an inhibition
of the AT1 receptor and an augmentation of the ACE2
expression by curcumin. In view of these findings, it is the
question of whether down-regulation of the AT1 receptor
or up-regulation of the AT2 receptor by curcumin is due
to decreased synthesis or increased degradation requires

further exploration; methodology for future exploration
may include measuring functional plasma membrane
receptor numbers and Ang II receptor transcription lev-
els. Second, myocardial fibrosis can be induced through
a blood pressure-dependent or -independent manner, and
our results showed that curcumin reduces blood pressure
and inhibits fibrotic pathways. However, we do not know
whether they are correlated. Using a model of transverse
aorta constriction might allow us to differentiate these
effects of curcumin on myocardial fibrosis. Third, it has
previously been reported that encapsulated curcumin in dif-
ferent materials could increase its water solubility, plasma
half-life, and tissue distribution.?”-*® However, we do not
know whether modified curcumin could exert a more potent
effect on Ang Il-induced myocardial fibrosis. Finally, we
do not know whether inhibition of Ang II-induced cardiac
fibrosis by curcumin could improve cardiac diastolic or
systolic cardiac function. Therefore, more functional stud-
ies are necessary to demonstrate the final cardiac outcomes
effected by curcumin, and these studies may require a
complete hemodynamic assessment.

Conclusion

In the present study, we found that dietary treatment with cur-
cumin reduced expression of the AT1 receptor and enhanced
expression of both the AT2 receptor and ACE2. These results
suggest that curcumin modulates not only Ang II/AT1/AT2
receptor-dependent signaling pathways, but also activates
an ACE2-mediated mechanism that modulates myocardial
fibrosis. Given the fact that 1) it is still questionable whether
cardiac function could be improved additively by treatment
with both ACE inhibitor and AT1 receptor antagonists in
patients,?**° and 2) cardiac function is further improved when
animals are treated with curcumin and enalapril,* therefore
curcumin might be selected to combine with other existing
therapeutic agents such as ACE inhibitor, AT 1 antagonist, or
beta receptor blocker to improve the final outcome in patients
with myocardial fibrosis-derived heart failure.
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