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Myocardial fibrosis is characterized by excessive deposition of myocardial interstitial collagen, abnormal distribution, and
excessive proliferation of fibroblasts. According to the researches in recent years, myocardial fibrosis, as the pathological basis of
various cardiovascular diseases, has been proven to be a core determinant in ventricular remodeling. Pressure load is one of the
causes of myocardial fibrosis. In experimental models of pressure-overload-induced myocardial fibrosis, significant increase in left
ventricular parameters such as interventricular septal thickness and left ventricular posterior wall thickness and the decrease of
ejection fraction are some of the manifestations of cardiac damage. These morphological and functional changes have a serious
impact on the maintenance of physiological functions. Therefore, establishing a suitable myocardial fibrosis model is the basis of
its pathogenesis research. This paper will discuss the methods of establishing myocardial fibrosis model and compare the ad-

vantages and disadvantages of the models in order to provide a strong basis for establishing a myocardial fibrosis model.

1. Introduction

Myocardial fibrosis is a pathological process characterized
by cardiomyocyte injury, alterations of the cardiac extra-
cellular matrix, and dysregulated collagen turnover [1]. As a
pathological basis for a variety of heart diseases, it is a
potential cause of sudden cardiac death [2]. It usually in-
volves various mechanisms, such as oxidative stress, the
renin-angiotensin-aldosterone system (RASS), inflamma-
tory factors, cytokines, vasoactive substances, and signal
transduction pathways. More importantly, pressure over-
load, as a common predisposing factor of cardiac remod-
eling, plays a critical role in the pathogenesis of fibrotic
cardiomyopathy [3]. Therefore, selection of a suitable
pressure-load-induced myocardial fibrosis model is the
primary condition for studying its pathological features,
pathogenesis, and treatment. In this paper, the excellent

modeling methods are summarized, with the hope of pro-
viding a reference for researchers.

2. Determination of Myocardial Fibrosis
Animal Models

Primates, as the closest relatives to humans, seem to be a
suitable choice for animal models establishment, but these
models are expensive and technically complex; therefore
they are rarely used in experimental research. Much of our
understanding of the complex mechanisms of myocardial
fibrosis has come from experimental studies in other kinds
of animals, such as dogs, pig, sheep, and rodents [1]. The
reproductive cost of rodents is much lower than that of large
animals, which increases the number of animals in the study
and improves the statistical ability [4]. So rodents tend to be
the mainstream of experimental animals. These animal
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models can be produced via different techniques, mainly
surgery, pharmacology, and gene manipulation.

3. Methods and Evaluation of Establishing
Animal Models

3.1. Spontaneous Hypertension Model. Spontaneously hy-
pertensive rat (SHR) is a well model of hereditary hyper-
tension and hypertensive cardiomyopathy [5]. The most
commonly used experimental animal is a Wistar inbred rat
cultivated by Okamoto in 1963. The spontaneous hyper-
tension in this model is high, which is closely related to the
activation of renin-angiotensin-aldosterone system (RASS)
[6].

Generally 4 weeks after birth in rats, blood pressure will
be significantly increased and left ventricular hypertrophy
will occur, which was characterized by an increased left
ventricular mass/weight body [7]. At 10 weeks, myocardial
collagen content increased significantly [8]. Over time, the
rat’s heart contraction function gradually decreased, and
diastolic dysfunction occurred 3 months later [7]. With the
increase of cardiomyocyte hypertrophy and myocardial fi-
brosis, cardiomyocyte changes from stable hypertrophy to
decompensation [5, 9, 10]. At about 18 months of age, SHR
begin to show signs of heart failure, and by 24 months of age,
more than 50% of rats have developed heart failure [9].

SHR model develops into hypertension and myocardial
fibrosis under natural conditions without any artificial in-
tervention and its progression of cardiac remodeling to heart
failure is similar to that of humans [11]. Thus, they are more
inclined to study genetic determinants and pathophysio-
logical changes in disease progression [12]. However, the
utility of the SHR in studying human hypertensive heart
disease has been questioned because a genetic locus in SHR
affects LV mass independent of blood pressure [13].

3.2. Aortic Stenosis Model

3.2.1. Transverse Aortic Constriction Model (TAC).
Transverse aortic constriction model mainly elevates the
afterload by ligating the aortic arch, then resulting in left
ventricular hypertrophy and tissue remodeling, which is
characterized by increased diameter of myocardial myocytes,
accumulation of intercellular collagen, and left ventricular
function impairment, ultimately leading to heart failure and
death [14]. At the molecular level, the increase of blood
pressure is related to Ang II AT, receptor activation [15].
At present, there are different opinions about the es-
tablishment of this model. Some researchers confirmed the
development of myocardial fibrosis in rats could be achieved
by ligating the transverse aorta with 18-gauge needle and 4-0
silk suture for 8 weeks [15]. Its mortality rate and the success
rate of the model were 7.14% and 85.71%, respectively [15].
Also myocardial fibrosis can be achieved with 17-gauge
needle and 6-0 silk suture at the same observation time [16].
Other studies have shown that cardiac hypertrophy, fibrosis,
and dysfunction could also be observed 4 weeks after ligating
the rat aortic arch with 27-gauge needle and 7-0 silk suture
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ligature, presenting as an increase in heart weight index
(HW/BW), cross-sectional area of left ventricular myocytes,
and interstitial collagen content and a decrease in left
ventricular eject fraction [17-19]. On the contrary, some
studies used needle and silk sutures of the same gauge to
observe significant hypertrophy and fibrosis on day 7 after
TAC [20, 21]. Suture-based TAC using a 27-G needle results
in varying mortality rates, that is, <25% [22-25], 25-50%
[26-28], and 50-75% [29-31], and about 28% of TAC mice
develop HF, accompanied by more myocardial fibrosis [32].
The same result can also be obtained with 20-gauge needle
and 3-0 silk suture for 6 weeks, and in the 14-week ex-
periment, the mortality in the TAC/Sham group was about
85% [33]. Zhao et al. used 22-gauge needle and 4-0 silk
suture to ligate the aortic arch for 2 months and also ob-
tained the pathological results of myocardial fibrosis [34].
After ligating the artery with 18-gauge needle and 5-0 nylon
suture for 8 weeks, collagen deposition appeared in LV apex,
accompanied by changes in fibrotic and extracellular
remodeling markers [35]. From the 33 rats that underwent
TAC surgery, 14 of the rats developed heart failure and 11
developed left ventricular hypertrophy, and the model
success rate was 75.76% [35]. Nowadays, more and more
people use titanium clips to ligate the transverse aorta to
build the model. The titanium clamp was placed on the
aortic arch to contract the internal diameter to 0.45 mm, and
left ventricular hypertrophy occurred 3 weeks later, ac-
companied by mild fibrotic remodeling [36]. Echocardi-
ography showed that all the surgical animals showed the
required pressure gradient at the stenosis during the in-
duction of the model, with a mortality rate of 20% [36]. With
rat transverse aorta ligated with titanium clip with a di-
ameter calibrated to 26-G needle, an acute myocardial small-
fibre fibrosis was increased after 3 days, the network of small
collagen fibres was enlarged after 2 weeks, and obvious
myocardial fibrosis was observed after 4 weeks [37]. Besides,
cardiac systolic dysfunction and myocardial fibrosis could
also be observed after 4 weeks of transverse aortic ligation
with a 30-G titanium clip [38, 39]. Research shows that the
damage of the heart depends on the degree of constriction of
the aortic arch [29, 40], and younger mice may take longer to
develop dilated cardiomyopathy than older mice after TAC
surgery [41].

Quantifying the pressure gradient across the aortic
stenosis and then stratifying the left ventricular hypertrophy
are the greatest advantages of this model [4], but the early
mortality rate of rats is high (about 30%), which is believed
to be related to acute cardiac insufficiency [42].

3.2.2. Ascending Aorta Constriction Model. The ascending
aortic banding is one of the common models for creating
pressure overload left ventricular hypertrophy and heart
failure [43]. After the increase of cardiac afterload, a variety
of molecular and cellular pathways are activated, leading to
cardiac remodeling through structural and functional al-
terations [44, 45].

The modeling method of the model is similar to the
coarctation of thoracic aorta, mainly through sutures or
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application of metallic clips to narrow the ascending aorta.
Six weeks after the ascending aorta was sutured with a
0.8 mm blunt steel wire and a 3-0 silk suture, signs of left
ventricular hypertrophy with a concentric configuration and
myocardial fibrosis appeared [46]. In this modeling method,
mortality during model induction was approximately 7.7%,
and the success rate of the model is about 82.82% [46].
Myocardial fibrosis could also be produced by surgery with a
7-0 silk suture and a 27-gauge needle for 8 weeks, and the
survival rate was 30% in the untreated surgery group [47].
Similarly, a titanium clip was used to shrink the ascending
aorta to 50%-60% of its original diameter, left ventricular
hypertrophy and elevated pressure gradient were observed
throughout echo studies in rats after 8 weeks [43], and
myocardial fibrosis was observed at 21 months [48]. The
mortality rate of the animals in this operation was only 20%,
and there were no postoperative complications [43]. Re-
cently, a new method of constricting the ascending aorta in
mice with a fixed-diameter O-ring was studied. Using
O-rings with an ID of 0.61mm or 0.66mm, fibrosis
remodeling was present at 2 weeks or 4 weeks after surgery
[49]. The postoperative survival rate of ORAB was 98.7%,
and only 2 of 152 cases died in the first 2 weeks after surgery
[49].

Each modeling method has its own advantages; inserting
the clip around the aorta makes the surgical procedures less
complicated and less time-consuming than using sutures
[43]. The main advantages of ORAB are high intra- and
intersurgeon reproducibility, low postoperative mortality,
and reproducible HF phenotypes [49].

3.2.3. Abdominal Aortic Coarctation Model (AAC).
Abdominal aortic coarctation leads to changes in hemo-
dynamics and continuous increase in cardiac afterload, and,
over time, compensatory myocardial hypertrophy gradually
develops into pathological hypertrophy characterized by
myocardial fibrosis [50]. The pathological process of myo-
cardial fibrosis in this model is related to the activation of
RAAS system and expression of NF-«B/TGF-f/Smad, sig-
naling pathway [51].

The study showed that the left ventricular hypertrophy
occurred after the abdominal aorta was ligated together with
a 22-gauge needle and a 2-0 silk suture for 3 weeks, and
myocardial fibrosis was observed at 12 weeks [52]. In ad-
dition, a recent study showed that, with abdominal aorta
ligated with a 4-0 line and a 24-G needle, rats developed
compensatory central hypertrophy at 4 weeks and decom-
pensated at 12 weeks, which was characterized by the de-
struction of myofibrils and disorganized arrays of
sarcomeres [53]. What is more, with the 2-0 line and 24-G
probe ligating the abdominal aorta between the branches of
the coeliac and anterior mesenteric arteries for 3 weeks, rats
developed significant interstitial and perivascular fibrosis
with a lower acute mortality rate (8%) [54]. The time point of
development of myocardial fibrosis in rats seems to be re-
lated to the size of the needle. Using the 4-0 line, rats with a
7-G needle to narrow the abdominal aorta developed
myocardial fibrosis at 4 weeks with a mortality rate of 18.8%

[55], while those using a 21-G needle took only 2 weeks
(mortality unknown) [56].

Abdominal aortic coarctation model is mainly used to
study cardiovascular damage in hypertension [57]. In this
model, the blood pressure gradually increases and the
fluctuation range is small [52].

3.3. Renovascular Model. After renal ischemia, the renin-
angiotensin system is activated, and Ang II through stim-
ulation of AT1 receptor causes vasoconstriction, endothelial
dysfunction, thrombosis, inflammation, and fibrosis [58].

3.31. Two-Kidney One-Clip Model (2KI1C). Research
showed that after the right renal artery was bluntly separated
and a polytetrafluoroethylene tubing (0.2mm internal
space) was placed on the renal artery to create partial oc-
clusion, myocardial remodeling, characterized by myocar-
dial fibrosis, was evident at day 3 following surgery, and
overall mortality and renal atrophy rate for the wild type
with surgery were 1.2% and 73.3+15.4% [59]. In another
study that used a stainless steel wire (diameter: 0.3 mm), the
occurrence time of fibres was at 21 days, and underperfusion
of the right kidney was successful in all animals [60]. Placing
a silver clip (0.2 mm internal space) on the renal artery to
create partial occlusion, the blood pressure in the rats in-
creased significantly 7 days after surgery [61]. At 4 weeks,
obvious myocardial fibrosis was observed, which was con-
sistent with the increased markers of fibrosis (collagen high I
and collagen high IIT and fibronectin) [61]. In 3 other studies
that used needles and thread of the same specification, the
occurrence time of myocardial fibrosis was different at 15
days [62], 6 weeks [63], and 17 weeks [64].

In the 2K1C model, hypertension is maintained by the
activated renin-angiotensin system, and the model is used to
demonstrate the pathophysiology of a variety of transgenic
lines; also researchers should pay attention to renal in-
farction caused by clips [65].

3.3.2. Two-Kidney Two-Clip Model (2K2C). The method of
establishing two-kidney two-clip model is similar to that of
two-kidney one-clip model. One silver clip with an internal
diameter of 0.30 mm was placed around the left and right
renal artery, respectively, for partial occlusion, blood pres-
sure was increased at 4 weeks after the operation, and cardiac
hypertrophy occurred at 10 weeks, which was characterized
by increased left ventricular weight index and diffuse in-
terstitial and perivascular fibrosis [66, 67]. Besides, Li et al.
observed cardiac fibrosis by Masson’s trichrome staining 4
weeks after surgery [68]. In addition to the occurrence of
myocardial fibrosis, all experiments triggered cardiac
dysfunction.

The hypertension induced by the two-kidney two-clip
model was stable and sustained [67]. In comparison with the
two-kidney one-clip model, the experimental animals with
the two-kidney two-clip model are more prone to stroke and
have a higher mortality rate [69].



3.3.3. One-Kidney One-Clip Model (IKI1C). Unilateral ne-
phrectomy was performed on the experimental animals and
the renal artery was subsequently clipped with a sliver clip
(0.15mm internal gap); hypertension with cardiac hyper-
trophy and myocardial fibrosis was detected 4 weeks after
the operation [70, 71].

1K1C model is often used in the study of hypertension,
and the blood pressure in 1K1C model increased faster and
was higher than that in 2K1C model [65]. In addition, the
1K1C model appears to be relevant for evaluating the effects
of sympathoinhibitory drugs on hypertensive heart disease
[72].

3.4. Unilateral Nephrectomy Model. Kidney disease was
associated with high incidence of cardiovascular compli-
cations [73]. Nephrectomy causes water and sodium ex-
cretion disorders, resulting in increased blood volume,
extracellular fluid volume, ventricular pressure, and volume
overload; this ultimately leads to cardiac disease. Activation
of RASS system [74] and parasympathetic disorder [75] are
considered to be the pathogenic factors of nephropathy and
its cardiovascular complications.

The 5/6 nephrectomy model is considered a classic
model for studying cardiovascular complications of kidney
disease. Recent studies have shown that cardiac hypertrophy,
impaired cardiac function, and increased myocardial fibrosis
occurred 8 weeks after nephrectomy in mice [73, 76]. In
experimental CKD mice, myocardial fibrosis occurred 4
weeks after nephrectomy with lower mortality rate (about
20%) [77]. However, in other experiments, myocardial fi-
brosis on histology was first detected at 5 weeks (mortality
unknown) [78]. Similarly, myocardial fibrosis can also be
induced after 10 days of right nephrectomy, which is con-
sistent with an increase in collagen content [74]. But Chang
et al. observed only impaired cardiac relaxation without
myocardial fibrosis 8 weeks after left nephrectomy [79].

Renal function impairment model is an excellent model
for evaluating the effects of renal failure on the heart and is
characterized by renal dysfunction and heart damage [80]. It
is worth noting that damaged ureter and infection will in-
crease the risk of death in experimental animals [77].

3.5. Pulmonary Hypertension Model. Pulmonary hyperten-
sion is characterized by increased pulmonary vascular re-
sistance, resulting in increased right ventricular load, which
eventually leads to right ventricular hypertrophy, or even
heart failure and death [81]. Several mechanisms about the
mechanism of induced ventricular remodeling have been
put forward, including the activation of humoral factors,
oxidative stress, metabolic, autophagy, apoptosis, and mi-
tochondrial dysfunction [82]. The main models are pul-
monary artery banding model, monocrotaline model, and
SuHx model.

3.5.1. Pulmonary Artery Banding Model. Pulmonary artery
banding (PAB) is usually performed by placing a suture or
clip around the pulmonary trunk proximally to the RV.
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Research shows that a surgical hemoclip placed around the
pulmonary artery left it constricted to a diameter of
0.35 mm; three weeks later, rats developed progressive RV
hypertrophy accompanied by fibrosis [83]. However, Luitel
et al, using the titanium clip to contract the pulmonary
artery to the same extent, observed that the mRNA ex-
pression levels of hypertrophic and profibrotic markers were
significantly increased in RV tissues 3 days after PAB, with
obvious myocardial fibrosis observed after 7 days [84].
Another research confirmed that a 7-0 prolene suture and an
18-gauge needle were placed around the pulmonary artery,
leaving it constricted to the diameter of the needle; four
weeks later, rats developed progressive RV hypertrophy
accompanied by fibrosis with the mortality rate of 35.71%
after surgery [85]. Besides, Eva Amalie Nielsen et al. used
adjustable vascular cuff (5mm width) to contract the pul-
monary artery, and extensive RV and LV fibrosis were
observed 3 weeks after PAB; during the experiment, only one
experimental animal was sacrificed due to wound infection
(mortality rate: 3.8%) [86]. An experiment has shown that
the production of myocardial fibrosis is related to the degree
of pulmonary artery contraction and the magnitude of the
pressure load. A 7-0 prolene suture was used to bypass the
PA and it was tied together with a 16-G or 18-G needle; 21
days later, animals with a 18-gauge needle showed de-
compensation of right ventricular hypertrophy, manifested
as systolic-diastolic dysfunction, right heart hypertrophy,
and interstitial fibrosis, while mild pulmonary retraction
only resulted in compensatory hypertrophy and preserved
tunction [87]. Using a semiclosed clip with an inner size
almost equal to outer size of 18-G needle to clamp the
pulmonary artery, at 4 weeks, the percentage of fibrosis in
rats was significantly increased in the experimental group,
and the mortality was 46.43% between weeks 4 and 8 after
surgery [85].

Numerous studies have shown severe heart damage
caused by PAB. However, it may have some important
shortcomings such as high operative mortality due to
bleeding, cardiac arrest, or pulmonary thrombosis [85].

3.5.2. Monocrotaline Model. Monocrotaline (MCT) is a
pyrrolizidine alkaloid extracted from the seeds of the le-
guminous plant [88]. Its pulmonary toxicity usually leads to
pulmonary vascular disease [89]. Because the hepatic
metabolism and animal response to MCT are different, rats
became the mainstream choice for experimental animals
with MCT-induced PH [90].

Now, MCT is widely used to induce pulmonary hy-
pertension in rodents. The standard dose for establishing the
model is 60 mg/kg body weight [91-94]. With MCT (60 mg/
kg) application for 14 days, rats developed right ventricular
hypertrophy, pulmonary dysfunction, and remodeling,
expressed as increased weight ratio of right ventricle to left
ventricle, cross-sectional area of cardiomyocytes, and PA
hyperplasia [94]. Another study showed that animals de-
veloped RV hypertrophy and pulmonary dysfunction at 2
weeks after MCT administration, and significant fibrotic
deposition was observed at 3 weeks [93]. Similarly, after
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feeding the experimental animals with MCT (60 mg/kg) for
4 weeks, the regional myocardial dysfunction and fibrosis
increased, and 31.58% [86] or 37.5% [95] of PAH rats died
during the 4-week experimental period. Cardiac hypertro-
phy and fibrosis also could be detected at 35 days and the
survival rate of experimental animals was reduced by 55%
[96]. Bruce et al.’s experiments showed that animals also
presented right ventricular remodeling and myocardial fi-
brosis after 50 mg/kg of MCT treatment for 2 weeks [97].
This may be related to different animal species. However, the
high doses of MCT may not necessarily induce myocardial
fibrosis, and the severity of RV dysfunction is closely related
to the initial dose. After 4 weeks of low-dose (30 mg/kg) and
high-dose (80 mg/kg) MCT, heart failure was only observed
in the high-dose group, but under microscopic observation,
no interstitial fibrosis or replacement fibrosis was found in
MCT group, nor were there any differences in perivascular
fibrosis [90].

This model is widely used and has been proven to be
efficient and reproducible [98, 99]. MCT model continues to
influence preclinical PAH studies and is used to test new
drugs [100]. But a study has shown that the myocardial
toxicity of MCT is the leading cause of right heart failure, not
pulmonary hypertension [101].

3.5.3. SU5416 Model. As an inhibitor of vascular endothelial
growth factor (VEGF) receptor, SU5416, together with
hypoxia, can lead to the occurrence of PAH in rats [102].
Taraseviciene-Stewart et al. demonstrated for the first time
that SU5416 combined with chronic hypoxia could result in
severe pulmonary hypertension and pulmonary vascular
remodeling [103]. Most researchers reported changes in
pulmonary blood vessels and myocardium at 3 weeks of
SU5416 injection (20 mg/kg) and 10% O, exposure [104-
107]. One study showed that early fibrosis was first detected
at 5 weeks (exposure to hypoxic state for 3 weeks and
normoxic state for 2 weeks) in SU5416 rats, and, at the
cellular level, the signs of cardiomyocyte degeneration
appeared, along with various degrees of collagen deposition
[105]. Throughout this study, one of the eight rats died at 5
weeks after the SU5416 administration [105]. In another
experiment, almost 25% of rats died during the first 5 weeks
of SU5416 injection by using the same experimental method
[108]. Other studies have shown that the same results can be
seen at 8 and 9 weeks after hypoxia treatment [106, 107].

This model can be used to investigate endogenous
mechanisms of the repair/reversal of pulmonary arteries and
right ventricular remodeling, as well as the development of
new therapeutic drugs [109].

3.6. Exogenous Induction Model

3.6.1. NaCl. By activating the RASS system, high salt intake
enhances the expression of angiotensin II receptor, increases
the cardiac afterload, and accelerates cardiac interstitial fi-
brosis and perivascular fibrosis in the early stage of hy-
pertension [110].

Salt-sensitive rats are commonly used to build such
models, by which the time nodes of myocardial fibrosis
observed are different. Feeding rats with 8% NaCl for 5
weeks could result in hypertension and compensatory left
ventricular hypertrophy [111], and rats developed myo-
cardial fibrosis along with increased collagen at 13 weeks
with mortality of 68% [112]. In addition, other experiments
have shown that the pathological manifestations of myo-
cardial fibrosis could be observed at 4 weeks [113], 6 weeks
[114], 8 weeks [115], 14 weeks (mortality rate: 67.0% [116] or
25% [117]), and 18 weeks (mortality rate: 25.0%) [118] after
rats were fed with the same 8% NaCl.

Salt-sensitive rats are commonly used to study salt-
sensitive hypertension and renal end-organ and cardiac
damage [116]. But one study showed that salt-induced
cardiac hypertrophy and fibrosis were not associated with
blood pressure [119].

3.6.2. Angiotensin II. Angiotensin II (Ang II), a central
active component of RASS, mainly promotes the prolifer-
ation and differentiation of cardiac fibroblasts (CFBs) by
activating TGF-f and MAPKs pathways and increases the
synthesis of extracellular matrix (ECM) to form myocardial
fibrosis [120].

At present, angiotensin is widely used to construct
myocardial fibrosis model, but the dosage and time point
have not reached a unified standard. Research showed that
myocardial fibrosis could be induced by continuous infusion
of angiotensin at different rates of 0.2 or 2.0 yg/kg/min (no
mice died during the 4 weeks of Ang II infusion) [121],
200 ng/kg/min [122], 1.5pug/day [123] and 0.83 ug/kg/min
[124], 400 ng/kg/min [125], and 0.7 mg/kg/d [126] via an
osmotic minipump for 4 weeks. In addition, myocardial
fibrosis could also be induced by continuous infusion of
angiotensin at the rates of 1.5 mg/kg/day [127], 1000 ng/kg/
min [128], 1.1 mg/kg/day [129],and 800 ng/min/kg [130] via
an osmotic minipump for 2 weeks. These differences may be
related to different types of animals and equipment used in
experiments.

In existing mouse models of hypertension, the infusion
of Ang II is widely used because it improves BP in a reliable
way [131]. Because of the human relevance of the renin-
angiotensin system, this model is often used to study the
mechanism of angiotensin-induced hypertension on ter-
minal organ damage [132, 133].

3.6.3. Aldosterone. It is well known that excessive secretion
of aldosterone (ALD) causes water and sodium retention,
increases blood volume, and may ultimately contribute to
cardiac hypertrophy and fibrosis. The binding of aldosterone
with related receptors increases the level of reactive oxygen
species in cardiac fibroblasts, induces type I and type III
collagen expression and fibroblast proliferation, and pro-
motes the formation of myocardial fibrosis [134]. Cardiac
fibrosis models induced by aldosterone can be divided into
two types: aldosterone alone and aldosterone plus unilateral
nephrectomy.



(1) Aldosterone Alone. Hypertension and cardiac damage
were caused by the combination of excess aldosterone and
salt. Most researchers added 1% NaCl to mouse drinking
water, the solvent-soluble ALD osmotic micropump was
implanted subcutaneously in rats and infused at the rate of
0.2 mg/kg/day for 4 weeks, myocardial cell cross-sectional
area increased by 35%, and BNP, a marker of myocardial
hypertrophy, increased significantly and myocardial fibrosis
appeared [135]. Another study showed that infusing aldo-
sterone continuously at 200 mg/kg/day by subcutaneously
implanted osmotic minipumps for 4 weeks also induced
myocardial fibrosis [136].

(2) Aldosterone plus Unilateral Nephrectomy. Studies have
confirmed that after mice underwent unilateral nephrec-
tomy and continued infusion of aldosterone (0.15 ug/h) via
an osmotic minipump together with 1% NaCl in drinking
water for 4 weeks, myocardial fibrosis could be observed,
and the survival rate was 100% in the mice [137-139].
Another research showed that after unilateral nephrectomy
rats received high dose of aldosterone (0.75ug/h) via
implanted minipump for 4 weeks, perivascular fibrosis was
first detected in the experimental group [140]. However,
Matsubara et al. observed perivascular fibrosis in the sixth
week by using the same method [141]. This time point
difference may be related to the different species of exper-
imental animals.

It is worth noting that aldosterone-induced myocardial
fibrosis occurs only when sodium intake is increased; al-
dosterone alone did not significantly induce fibrosis [142].
This model can be used to study the mechanism of target
organ damage caused by aldosterone [143].

3.6.4. L-NAME. Apart from aldosterone and angiotensin,
scientists have considered that the NOS inhibitor, L-NAME,
could be an important conception to induce myocardial
fibrosis [144]. L-NAME causes vascular dysfunction by at-
tenuating the vasodilating effects of nitric oxide, activates the
RAAS system, and ultimately mediates elevated blood
pressure [145]. Following L-NAME treatment, morpho-
logical changes in the rat heart mainly include ventricular
hypertrophy, fibrosis, and necrosis [146].

Study has shown that, after 8 weeks of treatment with
L-NAME (20 mg/d), 80% of the animals showed several
areas of repairing fibrosis, and 33% of the rats died in the
L-NAME group [147]. After feeding or gavage with
L-NAME at 40 mg/kg/d for 4 weeks, the heart weight in-
creased, cardiac collagen accumulation and interstitial fi-
brosis increased, and aortic section showed significant
vascular fibrosis [148]. Another study showed that, after
L-NAME (60 mg/kg/day) gavage to rats for 6, 12, and 16
weeks, interstitial and perivascular fibrosis was increased in a
time-dependent way, and the mortality in rats treated with
L-NAME was 10% at 16 weeks [149]. Research demonstrated
that fibrosis around the coronary microvasculature in-
creased after 6 weeks of treatment with L-NAME (3 mg/mL)
in rats [150]. Low doses of L-NAME, 0.1g/L through
drinking water, applied for 14 days, also increased the blood
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pressure, cardiomyocyte cross-sectional area, and myocar-
dial interstitial fibrosis [151]. What is more, Pechdnovi et al.
confirmed that myocardial fibrosis was more pronounced at
higher doses of L-NAME [152].

The model is characterized by the stable increase of blood
pressure and simple replication method [153]. A recent
study has shown that elevated blood pressure caused by
L-NAME may be affected by diet [154].

3.7. Genetic Model. Genetic models may be obtained via
gene deletion, overexpression, or mutation. A research
showed that the cardiac function of Ufll (ubiquitin-fold
modifier 1) knockout mice began to deteriorate at 2 months
and significant cardiac chamber dilation with interstitial
fibrosis appeared at 6 months [155]. Another research
confirmed that the EC-specific Raf1“®*V expression mice
had myocardial hypertrophy and myocardial fibrosis 4 days
after birth [156].

This model is used to study gene expression and protein
transcription during myocardial fibrosis, so that the potential
biomarkers and therapeutic targets could be discovered [157].
The technique of targeting vector of genomic DNA fragment
plays an important role in model construction [155, 156].

3.8. Others. There are some other methods to induce myo-
cardial fibrosis, such as aortocaval fistula [158] and percuta-
neous artificial aortic stenosis [159]. Both of these methods can
induce myocardial fibrosis, and both are used for disease
mechanism research.

4. Discussion

A large number of studies in recent years have shown that
myocardial fibrosis is closely related to many heart diseases.
As a common pathological result of various heart diseases,
its development mechanism has received extensive atten-
tion. However, myocardial fibrosis of humans character-
ized by disordered collagen arrangement cannot be
completely simulated by any existing model because of its
complex multifactorial pathogenesis. Now, there are both
advantages and disadvantages in different animal models;
hence, there is no uniform standard for the establishment
of animal models of myocardial fibrosis (Table 1). When
selecting animal models, researchers should consider not
only their advantages and disadvantages but also the
purpose and method of the experiment. For example, if you
tend to study the genetic determinants of hypertension
progression and pathophysiological changes, the SHR
model is a good choice. Aortic constriction model is often
selected to research myocardial fibrosis from the per-
spective of increased circulation resistance. Renal vascular
model is suitable for demonstrating the mechanism of
renin and sympathetic nerve system on target organ injury
in hypertension. Pulmonary hypertension model applies to
investigating the endogenous mechanism of right ven-
tricular remodeling caused by pulmonary artery injury.
Moreover, exogenous induction model is associated with
ventricular remodeling caused by activation of the renin-
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TABLE 1: Methods to establish an animal model.

Model Modeling method Molding time Mortality Success rate
SHR — 18m [5, 9, 10] — >50% [9]
Aortic Stenosis Model
i i w 7.14% 5.7
18-G needl[eISa]nd 4-0 silk 3 149% 85.71
17-G needle and 6-0 silk Sw . B
(16]
<25% [22-25] 25%-50%
27-G needle and 7-0 silk % [%‘12?]] Iw [26-28] 50%-75% 28% [32]
’ [29-31]
20-G need%;a]nd 3-0 silk 6w 85% -
TAC Ligation of the aortic arch 292G needle and 4-0 silk
2w — —
[34]
18-G needlf[:3a5r3d 5-0 nylon 3w . 75.76%
The titanium clamp
(internal diameter: 3w 20% —
0.45mm) [36]
26 G clip [37], 30 G clip
(38, 39] 4w - -
0.8 mm blunt steel wire o 0
and 3-0 silk [46] 6w 7.7% 82.82%
27-G needle and 7-0 silk Sw 70% -
Ascending aorta Ligation of the ascending [47] ’
constriction model aorta A titanium clip (50%-60% N o
of original diameter) [43] 21 m [48] 20% [43] 100% [48]
O-rings (ID of 0.61 mm or o
0.66 mm) [49] 4wor 6w 1.3% —
22-G needle and 2-0 silk
[52] and 22-G needle and 12w — —
4-0 silk [53]
. . 24-G needle and 2-0 silk o
AAC Ligation ot;i :)Illrfaabdommal [54] 3w 8% —
7-G needlfsz;r]ld 4-0 silk dw 18.8% 100%
21-G needle and 4-0 silk 2w . -
[56]
Renovascular model
A polytetrafluoroethylene
tubing (0.2 mm internal 3d 1.2% 73.3+15.4%
space) [59]
Ligation of unilateral Stainless steel wire o
2K1C renal artery (diameter: 0.3 mm) [60] 3w - 100%
. . 4W [61], 15d
asedp 03 Gl :
P [64]
Ligation of bilateral renal Two silver clips (0.3mm 10w [66, 67], 4w
2K2C . . — —
arteries internal space) [68]
Ligation of unilateral A silver dclip (0.15 mm
1K1C renal artery after . P {5 4w [70, 71] — —
internal gap)
nephrectomy
8w [73,76], 5w o -
Unilateral Five-sixth nephrectomy [78]
nephrectomy model 4w [77] 20% —
Right nephrectomy 10d [74] — —
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TaBLE 1: Continued.

Model Modeling method Molding time Mortality Success rate

Pulmonary
hypertension model
A surgical clip (internal
diameter of 0.35 mm)
18-G needle and 7-0

3w [83], 7d [84] — —

0, J—
prolene suture [85] 4w 35.71%
Ligation of the pulmonary ~ Vascular cuff (5 mm o
PAB artery width) [86] 3w 3.8% -
16-G or 18-G and 7-0 21d o -
prolene suture [87]
Semiclosed clip (outer 0
size: 18-G needle) [85] 4w 46.43% o
2w [94], 3w [93] - —
31.58% [86] or 37.5%
MCT Injection 60 mg/Kg 4w [95] -
35d [96] 55% —
50 mg/Kg 2w [97] — —
5w 12.5% [105] or 25% [108] —
SU5416 Injection 20 mg/kg, 10% O, 8w [106], 9w - .
[107]
Exogenous induction
model
13w [112] 68% —
6w [114] — —
. 8w [115] — _
0y
NaCl Feeding 8% NaCl 4w [113] B .
14w 67% [116] or 25% [117] —
18w [118] 25% —

200 ng/kg/min [122],
1.5 ug/g/day [123],
0.83 ug/kg/min [124], 4w — —
400 ng/kg/min [125],
0.7 mg/kg/d [126]
Angiotensin II Osmotic minipump 0.2 or 2.0 ug/kg/min [121] 4w 100% —
1.5 mg/kg/day [130],
1000 ng/kg/min [128],

1.1 mg/kg/day [129], 2w . -
800 ng/min/kg [127]
0.2 mg/kg/day [135], dw o -
Aldosterone alone Osmotic minipump 200 mg/kg/day [136]
0.15 ug/h [137-139] 4w 100% —
Aldosterone plus
unilateral Osmotic minipump 0.75 ug/h [140] 4w [lé(jl]l]() row — —
nephrectomy
20 mg/d [147] 8w 33% 80%
40 mg/kg [148] 4w — —
L-NAME Feeding or gavage 60 mg/kg/day [149] 16w 10% —
3m/ml [150] 6w — —
01g/L [151] 2w — —
Genetic model
Ufll knockout mice 6m [155] — —
RaflL613V expression mice 4d [156] — —

angiotensin-aldosterone system. Gene models are more  indicator of the model; regretfully, it is less mentioned in
suitable for detecting changes in genes and proteins during  the experiments. If this indicator can be supplemented, the
myocardial fibrosis. Of course, the ultimate choice of the  experimental data will be more complete. With the ad-
model needs to be considered comprehensively. The pro-  vancement of technology, the method of establishing the
portion of success/failure cases is an important evaluation =~ model needs further improvement.
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Ang II: Angiotensin II

ALD:  Aldosterone.

Conflicts of Interest

All authors declare no conflicts of interest.

Acknowledgments

The authors acknowledge the timely help given by Yuan
Wang, Qiujin Jia, Xiaoling Wang, and Yanmin Lu in col-
lection of the literature. The authors also thank Shichao Lv
and Junping Zhang for their help in revising this article, as
well as Ao Zhang for the language help. The support of the
National Natural Science Foundation of China (No.
81603559) and Young Elite Scientists Sponsorship Program
by CAST (No. CACM-2018-QNRC2-B04) is also
acknowledged.

References

[1] M. Gyongyosi, J. Winkler, I. Ramos et al., “Myocardial fi-
brosis: biomedical research from bench to bedside,” Euro-
pean Journal of Heart Failure, vol. 19, no. 2, pp. 177-191,
2017.

[2] M. Shenasa and H. Shenasa, “Hypertension, left ventricular
hypertrophy, and sudden cardiac death,” International
Journal of Cardiology, vol. 237, pp. 60-63, 2017.

[3] P. Kong, P. Christia, and N. G. Frangogiannis, “The path-
ogenesis of cardiac fibrosis,” Cellular and Molecular Life
Sciences, vol. 71, no. 4, pp. 549-574, 2014.

[4] R.D. Patten and M. R. Hall-Porter, “Small animal models of
heart failure,” Circulation: Heart Failure, vol. 2, no. 2,
pp. 138-144, 2009.

[5] R. L. Damatto, P. F. Martinez, A. R. R. Lima et al., “Heart
failure-induced skeletal myopathy in spontaneously hyper-
tensive rats,” International Journal of Cardiology, vol. 167,
no. 3, pp. 698-703, 2013.

[6] W. Shi, L. Guo, G. Liu et al., “Protective effect of calcitriol on
podocytes in spontaneously hypertensive rat,” Journal of the
Chinese Medical Association, vol. 81, no. 8, pp. 691-698, 2018.

[7] M. Kokubo, A. Uemura, T. Matsubara, and T. Murohara,
“Noninvasive evaluation of the time course of change in
cardiac function in spontaneously hypertensive rats by
echocardiography,” Hypertension Research, vol. 28, no. 7,
pp. 601-609, 2005.

[8] D. Mukherjee and S. Sen, “Collagen phenotypes during
development and regression of myocardial hypertrophy in
spontaneously hypertensive rats,” Circulation Research,
vol. 67, no. 6, pp. 1474-1480, 1990.

[9] O. Bing, W. Brooks, K. Robinson et al., “The spontaneously
hypertensive rat as a model of the transition from com-
pensated left ventricular hypertrophy to failure,” Journal of
Molecular and Cellular Cardiology, vol. 27, no. 1, pp. 383-
396, 1995.

[10] L.U.Pagan, R. L. Damatto, M. D. M. Cezar et al., “Long-term
low intensity physical exercise attenuates heart failure de-
velopment in aging spontaneously hypertensive rats,” Cel-
lular Physiology and Biochemistry, vol. 36, no. 1, pp. 61-74,
2015.

[11] S. Doggrell and L. Brown, “Rat models of hypertension,
cardiac hypertrophy and failure,” Cardiovascular Research,
vol. 39, no. 1, pp. 89-105, 1998.

[12] N. C. Trippodo and E. D. Frohlich, “Similarities of genetic
(spontaneous) hypertension. Man and rat,” Circulation
Research, vol. 48, no. 3, pp. 309-319, 1981.

[13] B. A. Innes, M. G. McLaughlin, M. K. Kapuscinski,
H. J. Jacob, and S. B. Harrap, “Independent genetic sus-
ceptibility to cardiac hypertrophy in inherited hypertension,”
Hypertension, vol. 31, no. 3, pp. 741-746, 1998.

[14] G. Marino, F. Pietrocola, Y. Kong et al., “Dimethyl a--
ketoglutarate inhibits maladaptive autophagy in pressure
overload-induced cardiomyopathy,” Autophagy, vol. 10,
no. 5, pp. 930-932, 2014.

[15] W. W. Zhang, F. Bai, ]. Wang et al., “Edaravone inhibits
pressure overload-induced cardiac fibrosis and dysfunction
by reducing expression of angiotensin IT AT1 receptor,” Drug
Design, Development and Therapy, vol. 11, pp. 3019-3033,
2017.

[16] K. Yoshioka, H. Otani, T. Shimazu, M. Fujita, T. Iwasaka,
and I. Shiojima, “Sepiapterin prevents left ventricular hy-
pertrophy and dilatory remodeling induced by pressure
overload in rats,” American Journal of Physiology-Heart and
Circulatory Physiology, vol. 309, no. 10, pp. H1782-H1791,
2015.

[17] M. Zhai, Z. Liu, B. Zhang et al., “Melatonin protects against
the pathological cardiac hypertrophy induced by transverse
aortic constriction through activating PGC-1: in vivo and in
vitro studies,” Journal of Pineal Research, vol. 63, no. 3, 2017.

[18] L.-Q. Weng, W.-B. Zhang, Y. Ye et al., “Aliskiren ameliorates
pressure overload-induced heart hypertrophy and fibrosis in
mice,” Acta Pharmacologica Sinica, vol. 35, no. 8,
pp. 1005-1014, 2014.

[19] X. Liu, X. Shan, H. Chen et al., “Stachydrine ameliorates
cardiac fibrosis through inhibition of angiotensin II/trans-
formation growth factor 1 fibrogenic axis,” Frontiers in
Pharmacology, vol. 10, p. 538, 2019.

[20] A. Seno, Y. Takeda, M. Matsui et al., “Suppressed production
of soluble fms-like tyrosine kinase-1 contributes to myo-
cardial remodeling and heart failure,” Hypertension, vol. 68,
no. 3, pp. 678-687, 2016.

[21] T. Moore-Morris, N. Guimaraes-Camboa, I. Banerjee et al.,
“Resident fibroblast lineages mediate pressure overload-in-
duced cardiac fibrosis,” Journal of Clinical Investigation,
vol. 124, no. 7, pp. 2921-2934, 2014.

[22] C.J. Barrick, M. Rojas, R. Schoonhoven, S. S. Smyth, and
D. W. Threadgill, “Cardiac response to pressure overload in
129S1/SvIm] and C57BL/6] mice: temporal- and back-
ground-dependent development of concentric left ventric-
ular hypertrophy,” American Journal of Physiology. Heart
and Circulatory Physiology, vol. 292, no. 5, pp. 2119-2130,
2007.

[23] B. A. Rothermel, K. Berenji, P. Tannous et al., “Differential
activation of stress-response signaling in load-induced



10

(25]

(26]

(27

(28]

(31]

(34]

cardiac hypertrophy and failure,” Physiological Genomics,
vol. 23, no. 1, pp. 18-27, 2005.

V. Divakaran, J. Adrogue, M. Ishiyama et al., “Adaptive and
maladptive effects of SMAD3 signaling in the adult heart
after hemodynamic pressure overloading,” Circulation:
Heart Failure, vol. 2, no. 6, pp. 633-642, 2009.

J. A. Lucas, Y. Zhang, P. Li et al., “Inhibition of transforming
growth factor-beta signaling induces left ventricular dilation
and dysfunction in the pressure-overloaded heart,” Ameri-
can Journal of Physiology. Heart and Circulatory Physiology,
vol. 298, no. 2, pp. 424-432, 2010.

D. A. Richards, W. Bao, M. V. Rambo, M. Burgert,
B. M. Jucker, and S. C. Lenhard, “Examining the relationship
between exercise tolerance and isoproterenol-based cardiac
reserve in murine models of heart failure,” Journal of Applied
Physiology, vol. 114, no. 9, pp. 1202-1210, 1985.

R. Gogiraju, X. Xu, M. L. Bochenek et al., “Endothelial p53
deletion improves angiogenesis and prevents cardiac fibrosis
and heart failure induced by pressure overload in mice,”
Journal of Applied Physiology, vol. 4, no. 2, Article ID
e001770, 2015.

K. Okayama, J. Azuma, N. Dosaka et al., “Hepatocyte growth
factor reduces cardiac fibrosis by inhibiting endothelial-
mesenchymal transition,” Hypertension, vol. 59, no. 5,
pp. 958-965, 2012.

G. Suryakumar, H. Kasiganesan, S. Balasubramanian, and
D. Kuppuswamy, “Lack of 83 integrin signaling contributes
to calpain-mediated myocardial cell loss in pressure-over-
loaded myocardium,” Journal of Cardiovascular Pharma-
cology, vol. 55, no. 6, pp. 567-573, 2010.

R. K. Johnston, S. Balasubramanian, H. Kasiganesan,
C. F. Baicu, M. R. Zile, and D. Kuppuswamy, “B3Integrin-
mediated ubiquitination activates survival signaling during
myocardial hypertrophy,” The FASEB Journal, vol. 23, no. 8,
pp. 2759-2771, 2009.

C. F. Baicu, Y. Zhang, A. O. Van Laer, L. Renaud, M. R. Zile,
and A. D. Bradshaw, “Effects of the absence of procollagen
C-endopeptidase enhancer-2 on myocardial collagen accu-
mulation in chronic pressure overload,” American Journal of
Physiology. Heart and Circulatory Physiology, vol. 303, no. 2,
pp. 234-240, 2012.

S. F. Mohammed, J. R. Storlie, E. A. Oechler et al., “Variable
phenotype in murine transverse aortic constriction,” Car-
diovascular Pathology, vol. 21, no. 3, pp. 188-198, 2012.

Z. Z. Li, H. Jiang, D. Chen et al., “Renal sympathetic de-
nervation improves cardiac dysfunction in rats with chronic
pressure overload,” Physiological Research, vol. 64, no. 5,
pp. 653-662, 2015.

L. Zhao, Y. Mi, H. Guan, Y. Xu, and Y. Mei, “Velvet antler
peptide prevents pressure overload-induced cardiac fibrosis
via transforming growth factor (TGF)-f1 pathway inhibi-
tion,” European Journal of Pharmacology, vol. 783, pp. 33-46,
2016.

M. Batlle, N. Castillo, A. Alcarraz et al., “Axl expression is
increased in early stages of left ventricular remodeling in an
animal model with pressure-overload,” PloS One, vol. 14,
no. 6, Article ID 0217926, 2019.

A. Schaefer, Y. Schneeberger, S. Schulz et al., “Analysis of
fibrosis in control or pressure overloaded rat hearts after
mechanical unloading by heterotopic heart transplantation,”
Scientific Reports, vol. 9, no. 1, p. 5710, 2019.

K. Dadson, S. Turdi, S. Boo, B. Hinz, and G. Sweeney,
“Temporal and molecular analyses of cardiac extracellular
matrix remodeling following pressure overload in

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

International Journal of Hypertension

adiponectin deficient mice,” PLoS One, vol. 10, no. 4, Article
ID 0121049, 2015.

R. O. Pereira, A. R. Wende, A. Crum et al., “Maintaining
PGC-la expression following pressure overload-induced
cardiac hypertrophy preserves angiogenesis but not con-
tractile or mitochondrial function,” The FASEB Journal,
vol. 28, no. 8, pp. 3691-3702, 2014.

R. O. Pereira, A. R. Wende, C. Olsen et al., “GLUTI defi-
ciency in cardiomyocytes does not accelerate the transition
from compensated hypertrophy to heart failure,” Journal of
Molecular and Cellular Cardiology, vol. 72, pp. 95-103, 2014.
C. Koentges, M. E. Pepin, C. Miisse et al., “Gene expression
analysis to identify mechanisms underlying heart failure
susceptibility in mice and humans,” Basic Research in Car-
diology, vol. 113, no. 1, 2017.

Y.-H. Li, A. K. Reddy, L. N. Ochoa et al., “Effect of age on
peripheral vascular response to transverse aortic banding in
mice,” The Journals of Gerontology Series A: Biological Sci-
ences and Medical Sciences, vol. 58, no. 10, pp. B895-B899,
2003.

E. J. Molina, D. Gupta, J. Palma et al., “Novel experimental
model of pressure overload hypertrophy in rats,” Journal of
Surgical Research, vol. 153, no. 2, pp. 287-294, 2009.

A. K. Gs, B. Raj, K. S. Santhosh, G. Sanjay, and C. C Kartha,
“Ascending aortic constriction in rats for creation of pressure
overload cardiac hypertrophy model,” Journal of Visualized
Experiments, no. 88, Article ID 50983, 2014.

M. Taylor, T. R. Wallhaus, T. R. Degrado et al.,, “An eval-
uation of myocardial fatty acid and glucose uptake using PET
with [18F] fluoro-6-thia-heptadecanoic acid and [18F] FDG
in Patients with Congestive Heart Failure,” Journal of Nu-
clear Medicine, vol. 42, no. 1, pp. 55-62, 2001.

M. E. Young, F. A. Laws, G. W. Goodwin, and
H. Taegtmeyer, “Reactivation of peroxisome proliferator-
activated receptor a is associated with contractile dysfunc-
tion in hypertrophied rat heart,” Journal of Biological
Chemistry, vol. 276, no. 48, pp. 44390-44395, 2001.

M. Turcani and H. Rupp, “Heart failure development in rats
with ascending aortic constriction and angiotensin-con-
verting enzyme inhibition,” British Journal of Pharmacology,
vol. 130, no. 7, pp. 1671-1677, 2000.

T.-A. S. Duhaney, L. Cui, M. K. Rude et al., “Peroxisome
proliferator-activated receptor a-independent actions of
fenofibrate exacerbates left ventricular dilation and fibrosis
in chronic pressure overload,” Hypertension, vol. 49, no. 5,
pp. 1084-1094, 2007.

V. Kumar, K. A. Aneesh, K. Kshemada et al., “Amalaki
rasayana, a traditional Indian drug enhances cardiac mito-
chondrial and contractile functions and improves cardiac
function in rats with hypertrophy,” Scientific Reports, vol. 7,
no. 1, p. 8588, 2017.

A. O. Melleby, A. Romaine, J. M. Aronsen et al., “A novel
method for high precision aortic constriction that allows for
generation of specific cardiac phenotypes in mice,” Car-
diovascular Research, vol. 114, no. 12, pp. 1680-1690, 2018.
A. Oldh, B. T. Németh, C. Matyds et al., “Physiological and
pathological left ventricular hypertrophy of comparable
degree is associated with characteristic differences of in vivo
hemodynamics,” American Journal of Physiology-Heart and
Circulatory Physiology, vol. 310, no. 5, pp. H587-H597, 2016.
Y. Ma, Y. Chen, Y. Yang et al., “Proteasome inhibition at-
tenuates heart failure during the late stages of pressure
overload through alterations in collagen expression,” Bio-
chemical Pharmacology, vol. 85, no. 2, pp. 223-233, 2013.



International Journal of Hypertension

[52] M. Ruppert, S. Korkmaz-Icoz, S. Li et al., “Reverse electrical

remodeling following pressure unloading in a rat model of
hypertension-induced left ventricular myocardial hyper-
trophy,” Hypertension Research, vol. 40, no. 7, pp. 637-645,
2017.

[53] Q.Dong, Z. Wu, X. Li et al., “Resveratrol ameliorates cardiac

dysfunction induced by pressure overload in rats via
structural protection and modulation of Ca** cycling pro-
teins,” Journal of Translational Medicine, vol. 12, no. 1, p. 323,
2014.

W. Dai, Q. Dong, M. Chen et al., “Changes in cardiac
structure and function in a modified rat model of myocardial
hypertrophy,” Cardiovascular Journal of Africa, vol. 27, no. 3,
pp. 134-142, 2016.

C. Zhang, F. Wang, Y. Zhang et al., “Celecoxib prevents
pressure overload-induced cardiac hypertrophy and dys-
function by inhibiting inflammation, apoptosis and oxidative
stress,” Journal of Cellular and Molecular Medicine, vol. 20,
no. 1, pp. 116-127, 2016.

B.Li, Y. Sun, J.-P. Wang et al., “Antioxidant N-acetylcysteine
inhibits maladaptive myocyte autophagy in pressure over-
load induced cardiac remodeling in rats,” European Journal
of Pharmacology, vol. 839, pp. 47-56, 2018.

P. Y. Courand, H. Pereira, C. Giudice, P. Lantelme,
M. Sapoval, and M. Azizi, “Abdominal aortic calcifications
influences the systemic and renal hemodynamic response to
renal denervation in the DENERHTN trial,” Journal of the
American Heart Association, vol. 10, no. 1, p. 106, 2018.

A. C. Simoes e Silva and J. T. Flynn, “The renin-angiotensin-
aldosterone system in 2011: role in hypertension and chronic
kidney disease,” Pediatric Nephrology, vol. 27, no. 10,
pp. 1835-1845, 2012.

S. Kashyap, G. Warner, Z. Hu et al,, “Cardiovascular phe-
notype in Smad3 deficient mice with renovascular hyper-
tension,” PLoS One, vol. 12, no. 10, Article ID e0187062, 2017.
T. Saam, H. Ehmke, C. Haas, E. Ritz, and K. Amann, “Effect
of endothelin blockade on early cardiovascular remodeling
in the one-clip-two-kidney hypertension of the rat,” Kidney
and Blood Pressure Research, vol. 26, no. 5-6, pp. 325-332,
2003.

X. Zhu, Z. Zhou, Q. Zhang et al., “Vaccarin administration
ameliorates hypertension and cardiovascular remodeling in
renovascular hypertensive rats,” Journal of Cellular Bio-
chemistry, vol. 119, no. 1, pp. 926-937, 2018.

E. Rizzi, C. S. Ceron, D. A. Guimaraes et al., “Temporal
changes in cardiac matrix metalloproteinase activity, oxi-
dative stress, and TGF-f in renovascular hypertension-in-
duced cardiac hypertrophy,” Experimental and Molecular
Pathology, vol. 94, no. 1, pp. 1-9, 2013.

H. M. Natalin, A. F. E. Garcia, L. N. Z. Ramalho, and
C. B. A. Restini, “Resveratrol improves vasoprotective effects
of captopril on aortic remodeling and fibrosis triggered by
renovascular hypertension,” Cardiovascular ~Pathology,
vol. 25, no. 2, pp. 116-119, 2016.

H. Pang, B. Han, T. Yu, and Z. Zong, “Effect of apelin on the
cardiac hemodynamics in hypertensive rats with heart
failure,” International Journal of Molecular Medicine, vol. 34,
no. 3, pp. 756-764, 2014.

P. Wiesel, L. Mazzolai, J. Nussberger, and T. Pedrazzini,
“Two-kidney, one clip and one-kidney, one clip hypertension
in mice,” Hypertension, vol. 29, no. 4, pp. 1025-1030, 1997.

[66] J. Fang, S.-W. Xu, P. Wang et al., “Tanshinone II-A atten-

uates cardiac fibrosis and modulates collagen metabolism in

11

rats with renovascular hypertension,” Phytomedicine, vol. 18,
no. 1, pp. 58-64, 2010.

[67] P. Wang, F. Tang, R. Li et al., “Contribution of different Nox
homologues to cardiac remodeling in two-kidney two-clip
renovascular hypertensive rats: effect of valsartan,” Phar-
macological Research, vol. 55, no. 5, pp. 408-417, 2007.

[68] R. F. Li, S. S. Cao, W. J. Fang et al., “Roles of HDAC2 and
HDACS in cardiac remodeling in renovascular hypertensive
rats and the effects of valproic acid sodium,” Pharmacology,
vol. 99, no. 1-2, pp. 27-39, 2017.

[69] M. Wang, Y.-B. Tang, M.-M. Ma et al., “TRPC3 channel
confers cerebrovascular remodelling during hypertension via
transactivation of EGF receptor signalling,” Cardiovascular
Research, vol. 109, no. 1, pp. 34-43, 2016.

[70] G. R. Borges, H. C. Salgado, C. A. A. Silva, M. A. Rossi,
C. M. Prado, and R. Fazan, “Changes in hemodynamic and
neurohumoral control cause cardiac damage in one-kidney,
one-clip hypertensive mice,” American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, vol. 295,
no. 6, pp. R1904-R1913, 2008.

[71] D. H. Lau, L. Mackenzie, A. Rajendram et al., “Character-
ization of cardiac remodeling in a large animal “one-kidney,
one-clip” hypertensive model,” Blood Pressure, vol. 19, no. 2,
pp. 119-125, 2010.

[72] L. Thomas, B. Gasser, P. Bousquet, and L. Monassier,
“Hemodynamic and cardiac anti-hypertrophic actions of
clonidine in goldblatt one-kidney, one-clip rats,” Journal of
Cardiovascular Pharmacology, vol. 41, no. 2, pp. 203-209,
2003.

[73] A. Yoshida, H. Kanamori, G. Naruse et al., “(Pro)renin
receptor blockade ameliorates heart failure caused by
chronic kidney disease,” Journal of Cardiac Failure, vol. 25,
no. 4, pp. 286-300, 2019.

[74] L. M. Burrell, D. Gayed, K. Griggs, S. K. Patel, and
E. Velkoska, “Adverse cardiac effects of exogenous angio-
tensin 1-7 in rats with subtotal nephrectomy are prevented
by ACE inhibition,” PLoS One, vol. 12, no. 2, Article ID
e0171975, 2017.

[75] J. Kuncova, J. Sviglerova, W. Kummer et al., “Parasympa-
thetic regulation of heart rate in rats after 5/6 nephrectomy is
impaired despite functionally intact cardiac vagal innerva-
tion,” Nephrology Dialysis Transplantation, vol. 24, no. 8,
pp. 2362-2370, 2009.

[76] P. D. Winterberg, R. Jiang, J. T. Maxwell, B. Wang, and
M. B. Wagner, “Myocardial dysfunction occurs prior to
changes in ventricular geometry in mice with chronic kidney
disease (CKD),” Physiological Reports, vol. 4, no. 5, 2016.

[77] X. Wang, M. A. Chaudhry, Y. Nie, Z. Xie, J. I. Shapiro, and
J. Liu, “A mouse 5/6th nephrectomy model that induces
experimental uremic cardiomyopathy,” Journal of Visualized
Experiments: JoVE, vol. 129, p- 55825, 2017.

[78] G. S. Di Marco, S. Reuter, D. Kentrup et al., “Treatment of
established left ventricular hypertrophy with fibroblast
growth factor receptor blockade in an animal model of
CKD,” Nephrology Dialysis Transplantation, vol. 29, no. 11,
pp. 2028-2035, 2014.

[79] K.-C. Chang, A.-S. Lee, W.-Y. Chen et al,, “Increased LDL
electronegativity in chronic kidney disease disrupts calcium
homeostasis resulting in cardiac dysfunction,” Journal of
Molecular and Cellular Cardiology, vol. 84, pp. 36-44, 2015.

[80] F. L. Martin, P. M. McKie, A. Cataliotti et al., “Experimental
mild renal insufficiency mediates early cardiac apoptosis,
fibrosis, and diastolic dysfunction: a kidney-heart connec-
tion,” American Journal of Physiology-Regulatory, Integrative



12

(81]

(82]

(83]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

and Comparative Physiology, vol. 302, no. 2, pp. R292-R299,
2012.

V. V. McLaughlin, S. J. Shah, R. Souza, and M. Humbert,
“Management of pulmonary arterial hypertension,” Journal
of the American College of Cardiology, vol. 65, no. 18,
pp. 1976-1997, 2015.

J. S. Burchfield, M. Xie, and J. A. Hill, “Pathological ven-
tricular remodeling,” Circulation, vol. 128, no. 4, pp. 388-
400, 2013.

W. Janssen, Y. Schymura, T. Novoyatleva et al., “5-HT2B
receptor antagonists inhibit fibrosis and protect from RV
heart failure,” BioMed Research International, vol. 2015,
Article ID 438403, 8 pages, 2015.

H. Luitel, A. Sydykov, Y. Schymura et al., “Pressure overload
leads to an increased accumulation and activity of mast cells
in the right ventricle,” Physiological Reports, vol. 5, no. 6,
2017.

M. Hirata, D. Ousaka, S. Arai et al., “Novel model of pul-
monary artery banding leading to right heart failure in rats,”
BioMed Research International, vol. 2015, Article ID 753210,
10 pages, 2015.

E. A. Nielsen, K. Okumura, M. Sun, V. E. Hjortdal,
A. N. Redington, and M. K. Friedberg, “Regional septal
hinge-point injury contributes to adverse biventricular in-
teractions in pulmonary hypertension,” Physiological Re-
ports, vol. 5, no. 14, Article ID e13332, 2017.

P. Mendes-Ferreira, D. Santos-Ribeiro, R. Adao et al.,
“Distinct right ventricle remodeling in response to pressure
overload in the rat,” American Journal of Physiology-Heart
and Circulatory Physiology, vol. 311, no. 1, pp. H85-H95,
2016.

J. M. Kay, P. M. Keane, K. L. Suyama, and D. Gauthier,
“Angiotensin converting enzyme activity and evolution of
pulmonary vascular disease in rats with monocrotaline
pulmonary hypertension,” Thorax, vol. 37, no. 2, pp. 88-96,
1982.

D. W. Wilson, H. J. Segall, L. C. Pan, M. W. Lamé, J. E. Estep,
and D. Morin, “Mechanisms and pathology of monocrota-
line pulmonary toxicity,” Critical Reviews in Toxicology,
vol. 22, no. 5-6, pp. 307-325, 1992.

M. H. M. Hessel, P. Steendijk, B. den Adel, C. I. Schutte, and
A. van der Laarse, “Characterization of right ventricular
function after monocrotaline-induced pulmonary hyper-
tension in the intact rat,” American Journal of Physiology-
Heart and Circulatory Physiology, vol. 291, no. 5,
pp. H2424-H2430, 2006.

A. Lu, C. Zuo, Y. He et al., “EP3 receptor deficiency at-
tenuates pulmonary hypertension through suppression of
Rho/TGF-f1 signaling,” Journal of Clinical Investigation,
vol. 125, no. 3, pp. 1228-1242, 2015.

A. L. Zaiman, M. Podowski, S. Medicherla et al., “Role of the
TGF-p/alk5 signaling pathway in monocrotaline-induced
pulmonary hypertension,” American Journal of Respiratory
and Critical Care Medicine, vol. 177, no. 8, pp. 896-905, 2008.
P. Mendes-Ferreira, C. Maia-Rocha, R. Adao et al., “Neu-
regulin-1 improves right ventricular function and attenuates
experimental pulmonary arterial hypertension,” Cardiovas-
cular Research, vol. 109, no. 1, pp. 44-54, 2016.

K. Kazama, M. Okada, and H. Yamawaki, “A novel adipo-
cytokine, omentin, inhibits monocrotaline-induced pulmo-
nary arterial hypertension in rats,” Biochemical and
Biophysical Research Communications, vol. 452, no. 1,
pp. 142-146, 2014.

[95]

(96]

(97]

(98]

(99]

[100]

(101]

[102]

[103]

[104]

[105]

(106]

[107]

International Journal of Hypertension

Y.-D. Wang, Y.-D. Li, X.-Y. Ding et al., “17f-estradiol
preserves right ventricular function in rats with pulmonary
arterial hypertension: an echocardiographic and histo-
chemical study,” The International Journal of Cardiovascular
Imaging, vol. 35, no. 3, pp. 441-450, 2019.

A. Behringer, M. Trappiel, E. M. Berghausen et al., “Pio-
glitazone alleviates cardiac and vascular remodelling and
improves survival in monocrotaline induced pulmonary
arterial hypertension,” Naunyn-Schmiedeberg’s Archives of
Pharmacology, vol. 389, no. 4, pp. 369-379, 2016.

E. Bruce, V. Shenoy, A. Rathinasabapathy et al., “Selective
activation of angiotensin AT2receptors attenuates progres-
sion of pulmonary hypertension and inhibits cardiopul-
monary fibrosis,” British Journal of Pharmacology, vol. 172,
no. 9, pp. 2219-2231, 2015.

J. G. Gomez-Arroyo, L. Farkas, A. A. Alhussaini et al., “The
monocrotaline model of pulmonary hypertension in per-
spective,” Lung Cellular and Molecular Physiology, vol. 302,
no. 4, pp. 363-369, 2011.

S. Umar, A. Torga, H. Matori et al., “Estrogen rescues pre-
existing severe pulmonary hypertension in rats,” American
Journal of Respiratory and Critical Care Medicine, vol. 184,
no. 6, pp. 715-723, 2011.

K. R. Stenmark, B. Meyrick, N. Galie, W. J. Mooi, and
I. F. McMurtry, “Animal models of pulmonary arterial
hypertension: the hope for etiological discovery and phar-
macological cure,” Lung Cellular and Molecular Physiology,
vol. 297, no. 6, pp. 1013-1032, 2009.

F. Akhavein, E. J. St-Michel, E. Seifert, and C. V. Rohlicek,
“Decreased left ventricular function, myocarditis, and cor-
onary arteriolar medial thickening following monocrotaline
administration in adult rats,” Journal of Applied Physiology,
vol. 103, no. 1, pp. 287-295, 1985.

K. R. Chaudhary, Y. Deng, C. M. Suen et al., “Efficacy of
treprostinil in the SU5416-hypoxia model of severe pul-
monary arterial hypertension: haemodynamic benefits are
not associated with improvements in arterial remodelling,”
British Journal of Pharmacology, vol. 175, no. 20, pp. 3976-
3989, 2018.

L. Taraseviciene-Stewart, Y. Kasahara, L. Alger et al., “In-
hibition of the VEGF receptor 2 combined with chronic
hypoxia causes cell death-dependent pulmonary endothelial
cell proliferation and severe pulmonary hypertension,” The
FASEB Journal, vol. 15, no. 2, pp. 427-438, 2001.

E. Legchenko, P. Chouvarine, P. Borchert et al., “PPARy
agonist pioglitazone reverses pulmonary hypertension and
prevents right heart failure via fatty acid oxidation,” Science
Translational Medicine, vol. 10, no. 438, 2018.

M. Zungu-Edmondson, N. V. Shults, O. Melnyk, and
Y. J. Suzuki, “Natural reversal of pulmonary vascular
remodeling and right ventricular remodeling in SU5416/
hypoxia-treated Sprague-Dawley rats,” PLoS One, vol. 12,
no. 8, Article ID e0182551, 2017.

A. Pena, A. Kobir, D. Goncharov et al., “Pharmacological
inhibition of mTOR kinase reverses right ventricle remod-
eling and improves right ventricle structure and function in
rats,” American Journal of Respiratory Cell and Molecular
Biology, vol. 57, no. 5, pp. 615-625, 2017.

I. Goto, K. Dohi, Y. Ogihara et al., “Detrimental impact of
vasopressin V2 receptor antagonism in a SU5416/hypoxia/
normoxia-exposed rat model of pulmonary arterial hyper-
tension,” Circulation Journal, vol. 80, no. 4, pp. 989-997,
2016.



International Journal of Hypertension

[108]

[109]

[110]

[111]

[112]

[113]

(114]

[115]

[116]

[117]

[118]

(119]

[120]

(121]

[122]

M. Zungu-Edmondson, N. V. Shults, C.-M. Wong, and
Y. J. Suzuki, “Modulators of right ventricular apoptosis and
contractility in a rat model of pulmonary hypertension,”
Cardiovascular Research, vol. 110, no. 1, pp. 30-39, 2016.
Y. F. Ibrahim, C. M. Wong, L. Pavlickova et al., “Mechanism
of the susceptibility of remodeled pulmonary vessels to drug-
induced cell killing,” Journal of the American Heart Asso-
ciation, vol. 3, no. 1, Article ID 000520, 2014.

Y. Hayakawa, T. Aoyama, C. Yokoyama et al., “High salt
intake damages the heart through activation of cardiac (pro)
renin receptors even at an early stage of hypertension,” PLoS
One, vol. 10, no. 3, Article ID e0120453, 2015.

J. C. B. Ferreira, T. Koyanagi, S. S. Palaniyandi et al,
“Pharmacological inhibition of SITPKC is cardioprotective in
late-stage hypertrophy,” Journal of Molecular and Cellular
Cardiology, vol. 51, no. 6, pp. 980-987, 2011.

G. Esposito, D. Cappetta, R. Russo et al., “Sitagliptin reduces
inflammation, fibrosis and preserves diastolic function in a
rat model of heart failure with preserved ejection fraction,”
British Journal of Pharmacology, vol. 174, no. 22, pp. 4070-
4086, 2017.

B. Liang and F. H. H. Leenen, “Prevention of salt-induced
hypertension and fibrosis by AT1-receptor blockers in dahl S
rats,” Journal of Cardiovascular Pharmacology, vol. 51, no. 5,
pp. 457-466, 2008.

Y. Hara, A. Noda, S. Miyata et al., “Effects of aged garlic
extract on left ventricular diastolic function and fibrosis in a
rat hypertension model,” Experimental Animals, vol. 62,
no. 4, pp. 305-310, 2013.

H. C. M. Yu, L. M. Burrell, M. J. Black et al., “Salt induces
myocardial and renal fibrosis in normotensive and hyper-
tensive rats,” Circulation, vol. 98, no. 23, pp. 2621-2628,
1998.

S. Geschka, A. Kretschmer, Y. Sharkovska et al., “Soluble
guanylate cyclase stimulation prevents fibrotic tissue
remodeling and improves survival in salt-sensitive dahl rats,”
PLoS One, vol. 6, no. 7, Article ID 21853, 2011.

M. Kobayashi, N. Machida, M. Mitsuishi, and Y. Yamane,
“?2-blocker improves survival, left ventricular function, and
myocardial remodeling in hypertensive rats with diastolic
heart failure,” American Journal of Hypertension, vol. 17,
no. 12, pp. 1112-1119, 2004.

M. Yamamoto, T. Ishizu, Y. Seo et al., “Teneligliptin prevents
cardiomyocyte hypertrophy, fibrosis, and development of
hypertensive heart failure in dahl salt-sensitive rats,” Journal
of Cardiac Failure, vol. 24, no. 1, pp. 53-60, 2018.

D. N. Ferreira, I. A. Katayama, I. B. Oliveira et al., “Salt-
induced cardiac hypertrophy and interstitial fibrosis are due
to a blood pressure-independent mechanism in Wistar rats,”
The Journal of Nutrition, vol. 140, no. 10, pp. 1742-1751,
2010.

R. Li, J. Xiao, X. Qing et al., “Sp1 mediates a therapeutic role
of MiR-7a/b in angiotensin II-induced cardiac fibrosis via
mechanism involving the TGF-f and MAPKs pathways in
cardiac fibroblasts,” PLoS Omne, vol. 10, no. 4, Article ID
e0125513, 2015.

H. Zhang, J. Wu, H. Dong, S. A. Khan, M.-L. Chu, and
T. Tsuda, “Fibulin-2 deficiency attenuates angiotensin II-
induced cardiac hypertrophy by reducing transforming
growth factor-f signalling,” Clinical Science, vol. 126, no. 4,
pp. 275-288, 2014

Q. Wang, X. Sui, R. Chen et al., “Ghrelin ameliorates an-
giotensin II-induced myocardial fibrosis by upregulating
peroxisome proliferator-activated receptor gamma in Young

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

(133]

[134]

[135]

[136]

(137]

13

male rats,” BioMed Research International, vol. 2018, Article
ID 9897581, 14 pages, 2018.

Y. Wei, X. Yan, L. Yan et al.,, “Inhibition of microRNA-155
ameliorates cardiac fibrosis in the process of angiotensin II-
induced cardiac remodeling,” Molecular Medicine Reports,
vol. 16, no. 5, pp. 7287-7296, 2017.

L. Song, L. Wang, F. Li et al, “Bone marrow-derived
tenascin-C attenuates cardiac hypertrophy by controlling
inflammation,” Journal of the American College of Cardiol-
ogy, vol. 70, no. 13, pp. 1601-1615, 2017.

J. Song, Y. Zhu, J. Li et al, “Pellinol-mediated TGF-f1
synthesis contributes to mechanical stress induced cardiac
fibroblast activation,” Journal of Molecular and Cellular
Cardiology, vol. 79, pp. 145-156, 2015.

Q. Zhou, S.-S. Wei, H. Wang et al., “Crucial role of ROCK2-
mediated phosphorylation and upregulation of FHOD3 in
the pathogenesis of angiotensin II-induced cardiac hyper-
trophy,” Hypertension, vol. 69, no. 6, pp. 1070-1083, 2017.
D. Fan, A. Takawale, R. Basu et al., “Differential role of
TIMP2 and TIMP3 in cardiac hypertrophy, fibrosis, and
diastolic dysfunction,” Cardiovascular Research, vol. 103,
no. 2, pp. 268-280, 2014.

M. Galén, S. Varona, A. Guadall et al., “Lysyl oxidase
overexpression accelerates cardiac remodeling and aggra-
vates angiotensin II-induced hypertrophy,” The FASEB
Journal, vol. 31, no. 9, pp. 3787-3799, 2017.

Y. Liu, L. Gao, S. Guo et al.,, “Kaempferol alleviates angio-
tensin II-induced cardiac dysfunction and interstitial fibrosis
in mice,” Cellular Physiology and Biochemistry, vol. 43, no. 6,
pp. 2253-2263, 2017.

M.-P. Wu, Y.-S. Zhang, X. Xu, Q. Zhou, J.-D. Li, and C. Yan,
“Vinpocetine attenuates pathological cardiac remodeling by
inhibiting cardiac hypertrophy and fibrosis,” Cardiovascular
Drugs and Therapy, vol. 31, no. 2, pp. 157-166, 2017.

L. Monassier, R. Combe, and L. E. Fertak, “Mouse models of
hypertension,” Drug Discovery Today: Disease Models, vol. 3,
no. 3, pp. 273-281, 2006.

T. Takayanagi, S. J. Forrester, T. Kawai et al., “Vascular
ADAM17 as a novel therapeutic target in mediating car-
diovascular hypertrophy and perivascular fibrosis induced by
angiotensin II,” Hypertension, vol. 68, no. 4, pp. 949-955,
2016.

L. Wang, Y.-L. Zhang, Q.-Y. Lin et al., “CXCL1-CXCR2 Axis
mediates angiotensin II-induced cardiac hypertrophy and
remodelling through regulation of monocyte infiltration,”
European Heart Journal, vol. 39, no. 20, pp. 1818-1831, 2018.
N. K. Somanna, M. Yariswamy, J. M. Garagliano et al,
“Aldosterone-induced cardiomyocyte growth, and fibroblast
migration and proliferation are mediated by TRAF3IP2,”
Cellular Signalling, vol. 27, no. 10, pp. 1928-1938, 2015.

S. S. V. P. Sakamuri, A. J. Valente, J. M. Siddesha et al.,
“TRAF3IP2 mediates aldosterone/salt-induced cardiac hy-
pertrophy and fibrosis,” Molecular and Cellular Endocri-
nology, vol. 429, pp. 84-92, 2016.

S. Mummidi, N. A. Das, A. J. Carpenter et al., “Metformin
inhibits aldosterone-induced cardiac fibroblast activation,
migration and proliferation in vitro, and reverses aldoster-
one + salt-induced cardiac fibrosis in vivo,” Journal of Mo-
lecular and Cellular Cardiology, vol. 98, pp. 95-102, 2016.
A. G. Garcia, R. M. Wilson, J. Heo et al,, “Interferon-y
ablation exacerbates myocardial hypertrophy in diastolic
heart failure,” American Journal of Physiology-Heart and
Circulatory Physiology, vol. 303, no. 5, pp. H587-H596, 2012.



14

[138] N. K. Lebrasseur, T.-A. S. Duhaney, D. S. De Silva et al,,
“Effects of fenofibrate on cardiac remodeling in aldosterone-
induced hypertension,” Hypertension, vol. 50, no. 3,
pp. 489-496, 2007.

[139] F. Sam, T.-A. S. Duhaney, K. Sato et al., “Adiponectin de-
ficiency, diastolic dysfunction, and diastolic heart failure,”
Endocrinology, vol. 151, no. 1, pp. 322-331, 2010.

[140] M. Thomas, A. Vidal, S. K. Bhattacharya et al., “Zinc dys-
homeostasis in rats with aldosteronism. Response to spi-
ronolactone,” American Journal of Physiology-Heart and
Circulatory Physiology, vol. 293, no. 4, pp. H2361-H2366,
2007.

[141] B.B. Matsubara, M. Franco, J. S. Janicki, and L. S. Matsubara,
“Effect of felodipine on myocardial and renal injury induced
by aldosterone-high salt hypertension in uninephrectomized
rats,” Brazilian Journal of Medical and Biological Research,
vol. 43, no. 5, pp. 506-514, 2010.

[142] C. G. Brilla and K. T. Weber, “Mineralocorticoid excess,
dietary sodium, and myocardial fibrosis,” The Journal of
Laboratory and Clinical Medicine, vol. 120, no. 6, pp. 893-
910, 1992.

[143] C. G. Brilla, L. S. Matsubara, and K. T. Weber, “Antifibrotic
effects of spironolactone in preventing myocardial fibrosis in
systemic arterial hypertension,” The American Journal of
Cardiology, vol. 71, no. 3, pp. 12A-16A, 1993.

[144] N. Kobayashi, K. Hara, S. Watanabe, T. Higashi, and
H. Matsuoka, “Effect of imidapril on myocardial remodeling
in L-NAME-induced hypertensive rats is associated with
gene expression of NOS and ACE mrna,” American Journal
of Hypertension, vol. 13, no. 2, pp. 199-207, 2000.

[145] M. D. Leo, K. Kandasamy, J. Subramani, S. K. Tandan, and
D. Kumar, “Involvement of inducible nitric oxide synthase
and dimethyl arginine dimethylaminohydrolase in Nw-Ni-
tro-L-arginine methyl ester (L-NAME)-induced hyperten-
sion,” Cardiovascular Pathology, vol. 24, no. 1, pp. 49-55,
2015.

[146] V. Gross, M. Obst, E. Kiss et al., “Cardiac hypertrophy and
fibrosis in chronic I-NAME-treated AT2 receptor-deficient
mice,” Journal of Hypertension, vol. 22, no. 5, pp. 997-1005,
2004.

[147] S. R. M. C. Pacca, A. P. de Azevedo, C. F. De Oliveira,
I. M. S. De Luca, G. De Nucci, and E. Antunes, “Attenuation
of hypertension, cardiomyocyte hypertrophy, and myocar-
dial fibrosis by f-adrenoceptor blockers in rats under long-
term blockade of nitric oxide synthesis,” Journal of Car-
diovascular Pharmacology, vol. 39, no. 2, pp. 201-207, 2002.

[148] T. Silambarasan, J. Manivannan, M. Krishna Priya,
N. Suganya, S. Chatterjee, and B. Raja, “Sinapic acid prevents
hypertension and cardiovascular remodeling in pharmaco-
logical model of nitric oxide inhibited rats,” PLoS One, vol. 9,
no. 12, Article ID e115682, 2014.

[149] S. M. Mosaad, S. A. Zaitone, A. Ibrahim, A. A. El-Baz,

D. M. Abo-Elmatty, and Y. M. Moustafa, “Celecoxib ag-

gravates cardiac apoptosis in L-NAME-induced pressure

overload model in rats: immunohistochemical determina-
tion of cardiac caspase-3, Mcl-1, Bax and Bcl-2,” Chemico-

biological Interactions, vol. 272, pp. 92-106, 2017.

M. Higuchi, O. Yasuda, H. Kawamoto et al., “Tissue inhibitor

of metalloproteinase-3 deficiency inhibits blood pressure

elevation and myocardial microvascular remodeling induced
by chronic administration of N.OMEGA.-Nitro-L-Arginine

methyl ester in mice,” Hypertension Research, vol. 30, no. 6,

pp. 563-571, 2007.

[150

[151]

(152]

[153]

(154]

[155]

[156]

(157]

[158]

[159]

International Journal of Hypertension

L. Yang, J.-Y. Gao, J. Ma et al, “Cardiac-specific over-
expression of metallothionein attenuates myocardial
remodeling and contractile dysfunction in I-NAME-induced
experimental hypertension: role of autophagy regulation,”
Toxicology Letters, vol. 237, no. 2, pp. 121-132, 2015.

O. Pechdnovd, 1. Berndtova, V. Pelouch, and P. Babal, “L-
NAME-induced protein remodeling and fibrosis in the rat
heart,” Physiological Research, vol. 48, no. 5, pp. 353-362,
1999.

F. Simko, T. Baka, M. Poglitsch et al., “Effect of ivabradine on
a hypertensive heart and the renin-angiotensin-aldosterone
system in L-NAME-induced hypertension,” International
Journal of Molecular Sciences, vol. 19, no. 10, 2018.

K. Sonoda, K. Ohtake, H. Uchida et al, “Dietary nitrite
supplementation attenuates cardiac remodeling in 1 -NAME-
induced hypertensive rats,” Nitric Oxide, vol. 67, pp. 1-9,
2017.

J. Li, G. Yue, W. Ma et al.,, “Ufm1-Specific ligase Ufll reg-
ulates endoplasmic reticulum homeostasis and protects
against heart failure,” Circulation: Heart Failure, vol. 11,
no. 10, Article ID e004917, 2018.

J. C. Yin, M. J. Platt, X. Tian et al., “Cellular interplay via
cytokine hierarchy causes pathological cardiac hypertrophy
in RAF1-mutant Noonan syndrome,” Nature Communica-
tions, vol. 8, p. 15518, 2017.

E. Martinez-Martinez, C. Brugnolaro, J. Ibarrola et al., “CT-1
(Cardiotrophin-1)-Gal-3 (Galectin-3) Axis in cardiac fibrosis
and inflammation,” Hypertension, vol. 73, no. 3, pp. 602-611,
2019.

7. Abassi, I. Goltsman, T. Karram, J. Winaver, and
A. Hoffman, “Aortocaval fistula in rat: a unique model of
volume-overload congestive heart failure and cardiac hy-
pertrophy,” Journal of Biomedicine &  Biotechnology,
vol. 2011, Article ID 729497, 19 pages, 2011.

M. Gyo6ngy®6si, N. Pavo, D. Lukovic et al., “Porcine model of
progressive cardiac hypertrophy and fibrosis with secondary
postcapillary pulmonary hypertension,” Journal of Transla-
tional Medicine, vol. 15, no. 1, p. 202, 2017.



