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Abstract: Transverse aortic constriction (TAC) has been widely used to study cardiac hypertrophy, fibrosis, diastolic 
dysfunction, and heart failure in rodents. Few studies have been reported in preclinical animal models. The similar 
physiology and anatomy between non-human primates (NHPs) and humans make NHPs valuable models for 
disease modeling and testing of drugs and devices. In the current study, we aimed to establish a TAC model in 
NHPs and characterize the structural and functional profiles of the heart after TAC. A non-absorbable suture was 
placed around the aorta between the brachiocephalic artery and left common carotid artery to create TAC. NHPs 
were divided into 2 groups according to pressure gradient (PG): the Mild Group (PG=31.01 ± 12.40 mmHg, n=3) 
and the Moderate Group (PG=53.00 ± 9.37 mmHg, n=4). At 4 weeks after TAC, animals in both TAC groups 
developed cardiac hypertrophy: enlarged myocytes and increased wall thickness of the left ventricular (LV) anterior 
wall. Although both TAC groups had normal systolic function that was similar to a Sham Group, the Moderate Group 
showed diastolic dysfunction that was associated with more severe cardiac fibrosis, as evidenced by a reduced A 
wave velocity, large E wave velocity/A wave velocity ratio, and short isovolumic relaxation time corrected by heart 
rate. Furthermore, no LV arrhythmia was observed in either animal group after TAC. A diastolic dysfunction model 
with cardiac hypertrophy and fibrosis was successfully developed in NHPs.
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Introduction

The prevalence of heart failure (HF) is rising and will 
continue to do so with the growing global trend toward 
aging populations. According to NHANES data, ap-
proximately 6.2 million American adults experienced 
HF between 2013 and 2016 compared with 5.7 million 
between 2009 and 2012 [1]. Currently, HF is classified 
into three phenotypes based on the measured value for 
the left ventricle (LV) ejection fraction (EF): heart fail-
ure with reduced ejection fraction (HFrEF), LVEF <40%; 

heart failure with mid-range ejection fraction, LVEF 
40–49%; and heart failure with preserved ejection frac-
tion (HFpEF), LVEF ≥50% [2]. Left ventricular dia-
stolic dysfunction (LVDD) is recognized as one of the 
important mechanisms responsible for symptoms in 
patients with HFpEF. It is caused by impaired LV relax-
ation, which results in increased LV stiffness with re-
duced cardiac output and/or elevated intracardiac pres-
sures at rest or during stress [3]. Its phenotype is 
associated with increased interstitial fibrosis with depo-
sition of collagen and modified extracellular matrix 
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proteins that frequently, but not necessarily always, re-
sult in LV concentric remodeling/hypertrophy and atrial 
enlargement [4].

Numerous animal studies have used a transverse aor-
tic constriction (TAC) model to study cardiac hypertro-
phy, fibrosis, diastolic dysfunction, and HFpEF [5–7]. 
Most of these studies were performed on rodents, as they 
are widely available transgenic models with short life 
cycles and larger sample sizes [8, 9]. However, a very 
important drawback of a rodent model is the anatomical 
and physiological differences between them and humans, 
including faster heart rates, different metabolism, and 
small size of the organs in rodents, which make direct 
translation of interventional and surgical procedures into 
clinical practice impossible at times. Therefore, extrap-
olating data and replicating results from small animal 
models to large mammals and humans are often difficult.

Thus, large animal models, such as the non-human 
primates (NHPs), are essential for translational cardio-
vascular research, as their anatomy, physiology, function, 
and metabolism more closely resemble those of humans 
[10, 11]. They have been studied for decades as models 
to understand the pathogenesis and progression of car-
diovascular diseases [10, 12] and kidney disability [13]. 
Therefore, in the current study, we developed TAC mod-
els in NHPs and characterized cardiac functional and 
structural changes.

Materials and Methods

Creating a monkey heart model of TAC
The animal experimental protocol was approved by 

the Institutional Animal Care and Use Committee of the 
Singapore Health Services Pte Ltd., Singapore. All ani-
mal experimental procedures were performed in accor-
dance with the ARRIVE guidelines and conformed to 
the guidelines from Directive 2010/63/EU of the Euro-
pean Parliament on the protection of animals used for 
scientific purposes or the current NIH guidelines.

Experimental TAC was induced in 9 adult NHP (Ma-
caca fascicularis). The monkeys were sedated with a 
mixture of ketamine (10 mg/kg)/medetomidine (0.1 mg/
kg). After intubation, anesthesia was maintained using 
2–2.5% isoflurane. After disinfecting the chest, an inci-
sion was performed between ribs 2 and 3 to expose the 
aortic arch. A non-absorbable suture was placed around 
the aorta between the brachiocephalic artery and left 
common carotid artery. A 23G or 25G blunt needle was 
placed between the suture and aortic arch and was re-
moved after the suture was tied to create TAC (Fig. 1A). 
Then, the chest was closed in layers using absorbable 
sutures. Surviving NHPs were divided into 2 groups 

according to pressure gradient (PG): Mild Group (15 
mmHg < PG < 40 mmHg, n=3) and Moderate Group (40 
mmHg < PG < 70 mmHg, n=4). Two monkeys died im-
mediately after TAC surgery due to acute heart failure. 
Monkeys that were matched for age and body weight 
(n=3) and only underwent open-chest surgery served as 
the Sham Group (control).

Real-time electrocardiogram monitoring
Implantable loop recorders (Reveal, Medtronic, Min-

neapolis, MN, USA) were subcutaneously placed in the 
left paraspinal area inferior to the angle of the scapula 
in the NHPs after surgery. The recorded electrocardio-
gram data from the loop recorders were transmitted to a 
server once every two days. The incidences of ventricu-
lar arrhythmia were analyzed.

Left ventricular function assessment by 
echocardiography

All monkeys were sedated by mixture of ketamine (10 
mg/kg)/medetomidine (0.1 mg/kg), and anesthesia was 
maintained using 2–2.5% isoflurane. Transthoracic echo-
cardiography was performed at baseline (before surgery) 
and 4 weeks after surgery on all monkeys using a Vivid 
E93 echocardiographic system and a 6S-D phased array 
transducer with a frequency spectrum of 2.4–8.0 MHz 
(GE Venged Ultrasound AS, Horten, Norway). The mon-
keys were placed in the supine position with their chest 
shaved and a layer of acoustic coupling gel applied to 
the thorax. An average of 10 cardiac cycles of 2 dimen-
sional images at all standard echocardiographic views 
(parasternal long and short axis, 4, 2 and 3 chambers) 
were acquired and stored for subsequent offline analysis. 
Two-dimensional guided m-mode of the parasternal short 
axis at the mid-papillary muscle level was used to obtain 
measurements, including the interventricular septal 
thickness, LV internal diameters during diastole (LVIDd) 
and systole (LVIDs), and left ventricular posterior wall 
thicknesses at systole and diastole. Based on these mea-
surements, the left ventricular EF, fractional shortening 
(FS), and left ventricular mass were obtained and calcu-
lated by the American Society of Echocardiography-
corrected cube formula [14].

Mitral inflow and aortic outflow profiles were acquired 
using pulsed Doppler in the apical four-chamber view, 
with the sample volume placed at the mitral tip level at 
baseline (before surgery) and 4 weeks after surgery. The 
LV index was calculated as the LV mass normalized to 
body weight. Transmitral flow of the early (E) and late 
(A) diastolic filling velocities and the E/A ratio were 
measured as previously described [15]. Isovolumic re-
laxation time (IVRT), isovolumic contraction time 
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(IVCT), and aortic ejection time were also measured, 
and IVRT was corrected (IVRTc) for heart rate according 
to the formula (IVRTc=IVRT/√RR%). Subsequently, the 
transducer was placed at the suprasternal notch to visu-
alize the transverse aortic arch. Guided by color flow 
Doppler, the peak velocity (V) distal to the constriction 
was measured with continuous wave Doppler to calculate 
the peak pressure gradient using the modified Bernoulli 
equation: ΔP=4 × V2 [16]. All measurements were aver-
aged for 3 cardiac cycles by a blinded operator.

Tissues
After the final echo study, the monkeys’ hearts were 

arrested under anesthesia (2–2.5% isoflurane) by inject-
ing 100 mg/ml/kg potassium chloride, explanted, and 
weighed. Cardiac tissue was either embedded into paraf-
fin for immunohistochemistry studies or subjected to 
RNA or protein extraction for quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR) and col-
lagen quantification.

Fig. 1.	 Establishing a monkey heart model of transaortic constriction (TAC). (A) A schematic presentation of TAC 
surgery on the monkey aortic arch. (B) Representative 2D color Doppler for visualization of the TAC site. 
(C) Representative continuous-wave Doppler for measurement of the peak velocity distal to the constriction, 
which was used to calculate pressure gradient. (D) Peak velocity distal to the constriction. (E) Pressure 
gradient was calculated using the modified Bernoulli equation (PG=4*Velocity2) after TAC or sham surgery. 
Data are presented as the mean ± SD, and they were analyzed by one-way ANOVA among the 3 groups.



NHP MODEL OF TAC

501|Exp. Anim. 2021; 70(4): 498–507

Cardiac fibrosis assessment
Histochemical assessment: A Sirius Red/Fast Green 

Collagen (Chondrex, Woodinville, WA, USA) staining 
kit was used to visualize fibrotic tissue in the monkey 
LV. Paraffin sections with a thickness of 7 µm were de-
waxed and stained as per the supplier’s instruction 
[16–18].

qRT-PCR: RNA isolation and cDNA synthesis were 
performed as described previously [19], and PCR ther-
mal cycling was conducted with the following primers: 
GACGGATTCCAGTTCGAGTATG, forward, and 
TTCTTGCAGTGGTAGGTGATG, reverse, for collagen 
type I alpha 1 (COL1A1) and GCTCTGCTTCATCCCAC-
TATTA, forward, and CTGGCTTCCAGACATCTC-
TATC, reverse, for collagen type III alpha 1 (COL3A1).

Thermal cycling was performed 40 times, and each 
cycle consisted of enzyme activation at 95°C for 15 min, 
denaturation at 95°C for 30 s, annealing at 60°C for 30 
s and extension at 72°C for 30 s. Endogenous GAPDH 
(GGGTGTGAACCATGAGAAGTAT, forward, and 
GAGTCCTTCCACGATACCAAAG, reverse) levels 
were used as an internal control for normalization [19]. 
COL1A1 and COL3A1 gene expression levels were nor-
malized to GAPDH and presented as fold change relative 
to the Sham Group, the levels of which was set as 1.

Quantification of total collagen: Collagen from the LV 
anterior wall tissue was quantified using a Total Collagen 
Assay kit (QuickZyme Biosciences, Leiden, Nether-
lands) as described previously [16]. Briefly, the tissues 
were loaded into 6 M HCl and incubated for 20 h at 95°C 
in a thermo-block. Tissues were then vortexed and the 

total lysates were centrifuged for 10 min at 13,000 g to 
collect the supernatants for analysis as per the instruc-
tions.

Assessment of monkey cardiomyocyte hypertrophy
To determine myocyte hypertrophy, paraffin sections 

were stained with mouse IgM anti-α-sarcomere actin 
(α-SA). Images of monkey cardiac tissue were taken at 
anterior and posterior walls for analyzing cardiomyo-
cytes (CM) size using an Olympus microscope (Olym-
pus, Sapporo, Japan). CM diameter and nucleus area 
were measured using the ImageJ software [20]. Measure-
ments were made for the anterior and posterior wall 
sections of the left ventricle.

Statistical analysis
Data were calculated and expressed as the mean ± SD. 

Comparisons among groups were analyzed for signifi-
cance by one-way analysis of variance (ANOVA) with 
Tukey correction. The statistical analyses were per-
formed with the IBM SPSS statistical software (version 
20). A P<0.05 was considered significant.

Results

Profile of heart function change
All animals were found to have similar body weights, 

heart rates (HRs), and LV masses at baseline (Table 1).
Systolic function: Doppler echocardiography was 

performed to confirm the effectiveness of aortic constric-
tion (Fig. 1b). After TAC, the blood flow velocity was 

Table 1.	 Left ventricular systolic function

Sham 
PG ≤ 5 mmHg 

n=3

Mild 
15 mmHg ≤ PG ≤ 40 mmHg 

n=3

Moderate 
PG ≥ 40 mmHg 

n=4

Baseline 4 Weeks Baseline 4 Weeks Baseline 4 Weeks

Sex F=1 and M=2 F=1 and M=2 F=2 and M=2
Body weight (kg) 2.46 ± 0.48 2.62 ± 0.74 2.85 ± 0.28 2.67 ± 0.4 2.35 ± 0.05 2.38 ± 0.22
Antd (cm) 0.4 ± 0.08 0.38 ± 0.04 0.43 ± 0.08 0.57 ± 0.09* 0.42 ± 0.09 0.65 ± 0.06**
Ants (cm) 0.56 ± 0.11 0.58 ± 0.17 0.54 ± 0.09 0.74 ± 0.18 0.58 ± 0.08 0.83 ± 0.14
PLVWd (cm) 0.41 ± 0.06 0.4 ± 0.06 0.46 ± 0.1 0.49 ± 0.12 0.4 ± 0.09 0.47 ± 0.07
PLVWs (cm) 0.48 ± 0.06 0.5 ± 0.1 0.57 ± 0.06 0.71 ± 0.09 0.57 ± 0.12 0.63 ± 0.08
LVIDd (cm) 1.42 ± 0.36 1.55 ± 0.27 1.38 ± 0.1 1.35 ± 0.26 1.39 ± 0.11 1.23 ± 0.11
LVIDs (cm) 0.88 ± 0.36 0.97 ± 0.32 0.91 ± 0.13 0.77 ± 0.31 0.81 ± 0.14 0.69 ± 0.09
LV mass (g) 7.8 ± 2.35 8.07 ± 1.68 8.23 ± 1.6 10.05 ± 2.7 7.61 ± 2.09 10 ± 2.74
LV index (g/kg) 3.14 ± 0.54 3.13 ± 0.41 2.89 ± 0.48 3.38 ± 0.26 3.22 ± 0.83 4.17 ± 0.91
EF (%) 62.72 ± 10.67 60.46 ± 14.98 56.36 ± 9.1 68.07 ± 14.31 64.4 ± 11.37 67.84 ± 8.26
FS (%) 39.45 ± 8.55 38.03 ± 12.85 34.2 ± 7.15 44.44 ± 12.17 41.07 ± 0.27 43.73 ± 7.38
Hear rate (/min) 145.67 ± 3.05 128.33 ± 19.35 114.67 ± 16.8 108.33 ± 17.39 138.25 ± 15.84 112.75 ± 17.5

F, Female; M, Male; Antd, anterior wall thickness at end diastole; Ants, anterior wall thickness at end systole; PLVWd, posterior 
wall thickness at end diastole; PLVWs, posterior wall thickness at end systole; LVIDd, left ventricle internal diameter at end dias-
tole; LVIDs, left ventricle internal diameter at end systole; LV, left ventricle; EF, ejection fraction; FS, fractional shortening; HR, 
heart rate. Data are presented as the mean ± SD. *P<0.05 and **P≤0.01 as compared with the Sham group at 4 weeks after surgery 
using one-way ANOVA.
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significantly increased in the Mild and Moderate Groups, 
increasing to 2.74 ± 0.6 m/s and 3.63 ± 0.33 m/s, respec-
tively, as compared with the Sham Group (0.82 ± 0.12 
m/s) (Figs. 1C and D). The corresponding PGs were 
31.01 ± 12.40 mmHg and 53.00 ± 9.37 mmHg in the 
Mild and Moderate Groups, respectively (Fig. 1E). No-
tably, the velocity and PG of the Moderate Group were 
significantly high as compared with the Mild Group.

The increased PGs were associated with LV anterior 
and posterior wall thickening. Notably, the LV anterior 
wall thickness was significantly increased in both TAC 
groups as compared with the Sham Group at 4 weeks 
after surgery (Table 1). The LV internal diameter showed 
a trend toward decreasing in the TAC groups as com-
pared with the Sham Group at 4 weeks after surgery. 
This was accompanied by an insignificant increase in 
LV mass or LV index in both animal groups after TAC 
surgery. These results indicate that concentric hypertro-

phy was developed in the Mild and Moderate Groups at 
4 weeks post-TAC. Although cardiac hypertrophy was 
observed in both the Mild and Moderate Groups, LVEF 
and FS were still within normal ranges and were similar 
to those of the Sham Group at baseline and 4 weeks 
after surgery, indicating that animals in both TAC groups 
were in the compensated hypertrophy stage.

Diastolic function: Based on analysis of mitral inflow 
images (Fig. 2A), animals in the Mild Group showed a 
significantly small early mitral inflow peak velocity (E 
wave) and similar A wave velocity and E/A ratio as com-
pared with the Sham Group at 4 weeks after TAC (Figs. 
2B and C). Animals in the Moderate Group showed a 
significantly larger E wave velocity than the Mild Group 
(Fig. 2B). Although no significant change was observed 
in A wave velocity or E/A ratio in the Moderate Group, 
both showed trends toward decreasing or increasing as 
compared with the Sham or Mild Group at 4 weeks after 

Fig. 2.	 Diastolic function of the three animal groups. (A) Representative images of mitral inflow patterns in the Sham, 
Mild, and Moderate Groups. (B) E wave velocity. (C) A wave velocity. (D) E/A ratio. (E) Isovolumic relaxation 
time corrected by heart rate (IVRTc). Data are presented as the mean ± SD, and they were analyzed by one-way 
ANOVA among the 3 groups. The paired t-test was performed for comparisons within the same group.
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surgery or compared with themselves at baseline (Figs. 
2C and D). A significantly reduced IVRTc was observed 
in the Moderate Group at 4 weeks after TAC as compared 
with the Mild Group, which had a prolonged IVRTc (Fig. 
2E). These results suggested that the Moderate Group 
had more severe diastolic dysfunction as compared with 
the Mild Group at 4 weeks after TAC.

Cardiac hypertrophy after TAC surgery
M-mode echocardiogram showed that LV wall thick-

ness, especially the anterior wall thickness, was signifi-
cantly increased in both the Mild and Moderate Groups 
at 4 weeks after TAC (Figs. 3A and B; Table 1). Myocyte 
staining revealed that both TAC groups showed trends 
toward an increased myocyte size and myocyte nucleus 

Fig. 3.	 Myocardial hypertrophy in the monkey heart after TAC. M-mode echocardiogram showing the left ventricular anterior wall 
thickness at baseline (A) and 4 weeks (B) after TAC or sham surgery. (C) Representative images of myocytes stained positive 
for α-sarcomere actin (α-SA). (D) Quantification of myocyte diameter. (E) Quantification of myocyte nucleus area. Bar=50 μm. 
Yellow line, anterior wall thickness at diastole; white line, anterior wall thickness at systole. Data are presented as the mean ± 
SD, and they were analyzed by one-way ANOVA among the 3 groups.
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area as compared with the Sham Group at 4 weeks after 
TAC (Figs. 3C–E). However, no significant difference 
was observed among any of the groups.

Increased cardiac fibrosis in NHPs after TAC
Masson’s trichrome and Sirius Red/Fast Green Col-

lagen stainings showed increased myocardial fibrosis in 
both the Mild and Moderate Groups (Figs. 4A–D). qRT-
PCR showed that although gene expression levels of 
collagen types 1 and 3 were upregulated in both TAC 
groups, significance was only observed in the Moderate 
Group as compared with the Sham Group (Fig. 4E). 
Consistently, quantification of collagen showed that the 
Moderate Group had a significantly increased collagen 
content in the LV anterior myocardium than the other 
two groups (Fig. 4F).

TAC did not induce ventricular arrhythmia
All the animals in the Sham Group had normal heart 

rhythms up to 4 weeks of observation. One animal in the 
Mild Group had bigeminal premature ventricular con-
tractions (PVC; n=8) and isolated PVCs (n=17), while 
only one PVC was observed in the Moderate Group dur-
ing the 4 weeks after TAC surgery (Figs. 5A–C). Thus, 
it seems that TAC-induced cardiac hypertrophy did not 
induce ventricular arrhythmia in NHPs during the com-
pensated hypertrophy stage.

Discussion

In the present study, we showed that NHPs developed 
cardiac hypertrophy, fibrosis, and diastolic dysfunction 
with normal systolic function at 4 weeks after TAC, es-
pecially NHPs in the Moderate Group (40 mmHg < PG 
< 70 mmHg). These results indicate that a diastolic dys-
function model was successfully developed in NHPs.

Although the rodent TAC heart model has been exten-
sively used to study cardiac hypertrophy, few studies 
have been carried out in large animal models. The current 
study is the first to report the establishment of TAC in 
NHPs. NHPs more closely resemble humans in terms of 
anatomy, physiology, cognitive function, and metabolism 
as compared with rodents [10]. The establishment of 
NHP TAC models enables more comprehensive charac-
terization of structural and functional phenotypes as-
sociated with hypertrophy or diastolic dysfunction using 
advance imaging systems, such as positron emission 
tomography/computed tomography or magnetic reso-
nance imaging.

We induced TAC in NHPs and characterized their 
cardiac functional and structural profiles. We divided the 
animals into 2 groups according to PG after TAC and 

found that although both groups had normal systolic 
function and developed cardiac hypertrophy, more severe 
fibrosis and diastolic dysfunction were observed in the 
Moderate Group at 4 weeks after TAC.

Left ventricular mass and index increased by 24.5% 
and 8% in the Mild Group and 23.9% and 33.2% in the 
Moderate Group as compared with the Sham Group at 
4 weeks after TAC. This was the result of LV wall thick-
ening, especially thickening of the LV anterior wall, 
which increased by 50% and 71.5% in the Mild and 
Moderate Groups, respectively. These results were sup-
ported by cellular changes, as myocytes at the LV ante-
rior wall grew in size by 17.6% and 19.9% in the Mild 
and Moderate Groups, respectively, as compared with 
the Sham Group. This demonstrates that the PGs in both 
the Mild and Moderate Groups induced a similar level 
of cardiac hypertrophy.

Cardiac fibrosis is a typical phenotype seen in animal 
heart models of TAC [16]. Consistent with this, we found 
that collagen gene and protein expression levels were 
upregulated in TAC animals, especially in the Moderate 
Group, as a higher PG is associated with severe cardiac 
fibrosis [9]. Increased cardiac fibrosis causes myocar-
dial stiffness, which results in systolic and diastolic 
dysfunction [9, 21].

Surprisingly, the systolic functions of both TAC groups 
were still within the normal ranges at 4 weeks after TAC. 
This appears to indicate that a mean PG of 53 mmHg is 
well tolerated by NHPs within 4 weeks after TAC. Al-
though NHPS developed concentric hypertrophy, their 
systolic heart functions are still normal. However, we 
observed diastolic dysfunction, especially in the animals 
in the Moderate Group. As mitral inflow reflects the pres-
sure difference between the atria and the ventricle, we 
measured the changes in the velocity and shape of the 
mitral Doppler inflow signal to determine the presence 
of diastolic dysfunction and its severity. We did not use 
the deceleration time (DT) of the E wave normalized for 
cycle length, as ideally DT is used when the heart rate is 
between 100–120 bpm [22, 23]; most of the monkeys 
had heart rates>120 bpm in the current study.

It was found that in the Mild group, TAC-induced 
pressure overload in the LV decreased the amount of 
blood moving from the LA to the LV during the early 
filling phase (E wave), with the majority of filling oc-
curring during the atrial contraction phase (A wave). 
This manifests as a reduced mitral E wave velocity with 
a tall A wave velocity. It also took longer for the atrial 
pressure to reach to the level to initiate filling, which in 
turn prolonged IVRTc. On the other hand, exacerbated 
by increased cardiac fibrosis, the Moderate Group expe-
rienced even far greater pressure overload, which re-
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Fig. 4.	 Fibrosis in the monkey hearts. (A) Masson’s trichrome staining of monkey heart tissues. (B) Magnified images 
of selected areas of Masson’s trichrome staining. (C) Sirius Red/Fast Green Collagen staining of monkey heart 
tissues. (D). Magnified images of selected areas of Sirius Red/Fast Green Collagen staining. (E) Gene expres-
sion levels of alpha-1 type I collagen (COL1A1) and alpha-1 type 3 collagen (COL3A1) in the anterior wall of 
monkey myocardium at 4 weeks after surgery. (F) Total collagen content in the anterior wall of monkey myo-
cardium at 4 weeks after surgery. Bars=2,000 µm in A and C and bars = 200 µm in B and C. Data are presented 
as the mean ± SD, and they were analyzed by one-way ANOVA among the 3 groups.



N.T.G. ZHEN, ET AL.

506 | doi: 10.1538/expanim.21-0050

sulted in a tall E-wave and short A-wave. As the filling 
pressures were high, flow into the ventricle started early, 
and filling terminated quickly, which led to a shortened 
IVRTc. These results indicate severe diastolic dysfunc-
tion, grade IV, developed in the Moderate Group due to 
a higher LV filling pressure [22–24].

An examination of heart function revealed that left 
ventricular diastolic dysfunction with an EF≥50% in 
animals in the Moderate group, suggesting that an HF-
pEF-like phenotype was developed [2]. The normal EF 
levels suggested that the animals were in the compen-
sated hypertrophy stage in the Moderate group and that 
the diastolic function was due to cardiac hypertrophy 
and fibrosis. Eventually, HFrEF may have developed in 
the Moderate Group in the decompensated hypertrophy 
stage. Although LVDD has been recognized to be an 
important symptom in patients with HFpEF, the mecha-
nism is poorly understood due to limited access to human 
myocardial biopsies and the lack of animal models that 
fully mimic the human pathology. Patients with HFpEF 
are often asymptomatic, making early diagnosis difficult 
and therefore longitudinal follow-up studies nearly im-
possible [4]. Detection is usually based on clinical symp-
toms, such as fatigue and dyspnea, that may be accom-
panied by elevated jugular pressure, pulmonary crackles, 
and peripheral edema, which often occurr during the 
advanced stage of the disease [4]. Thus, this monkey 
heart model of TAC has potential to be a large animal 
model of HFpEF for screening and testing of drugs.

This study has a few limitations. The first is the small 
number of animals studied in each group. The second 
limitation of this study is that it is unknown whether 
NHPs with TAC would progress from compensated hy-
pertrophy to decompensated hypertrophy.

Conclusions
We developed a TAC model in NHPs and showed that 

the animals developed diastolic dysfunction, cardiac 
hypertrophy, and fibrosis at 4 weeks after TAC, espe-
cially those with a moderate PG.
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