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The transverse aortic constriction (TAC) model surgery is a widely used disease model

to study pressure overload–induced cardiac hypertrophy and heart failure in mice. The

severity of adverse cardiac remodeling of the TAC model is largely dependent on the

degree of constriction around the aorta, and the phenotypes of TAC are also different

in different mouse strains. Few studies focus on directly comparing phenotypes of

the TAC model with different degrees of constriction around the aorta, and no study

compares the difference in C57BL/6N mice. In the present study, C57BL/6N mice aged

10 weeks were subjected to sham, 25G TAC, 26G TAC, and 27G TAC surgery for 4

weeks. We then analyzed the different phenotypes induced by 25G TAC, 26G TAC, and

27G TAC in c57BL/6N mice in terms of pressure gradient, cardiac hypertrophy, cardiac

function, heart failure situation, survival condition, and cardiac fibrosis. All C57BL/6N

mice subjected to TAC surgery developed significantly hypertrophy. Mice subjected

to 27G TAC had severe cardiac dysfunction, severe cardiac fibrosis, and exhibited

characteristics of heart failure at 4 weeks post-TAC. Compared with 27G TAC mice,

26G TAC mice showed a much milder response in cardiac dysfunction and cardiac

fibrosis compared to 27G TAC, and a very small fraction of the 26G TAC group

exhibited characteristics of heart failure. There was no obvious cardiac dysfunction,

cardiac fibrosis, and characteristics of heart failure observed in 25G TAC mice. Based

on our results, we conclude that the 25G TAC, 26G TAC, and 27G TAC induced distinct

phenotypes in C57BL/6N mice.

Keywords: cardiac hypertrophy, transverse aortic constriction, C57BL/6N mice, cardiac fibrosis, heart failure

INTRODUCTION

Heart failure (HF) is still one of the leading causes of mortality worldwide, and the
prevalence of HF continues to rise over time. Just between the years 2013 and 2016,
there were about 6.2 million adults diagnosed with HF in America (1), which is a great
loss to people’s health and the economy. As a result, it is more important to better
understand the development of HF and find new therapeutic targets. The development
of HF is characterized by a process of adverse cardiac remodeling (2), and there
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are three major patterns of cardiac remodeling: pressure
overload–induced concentric hypertrophy, volume overload–
induced eccentric hypertrophy, and mixed load–induced post-
myocardial-infarct remodeling (3). Heart disease animal models
play an important role in studying these remodeling processes as
well as in preclinical studies. The validity and accuracy of animal
models are necessary for the mechanism study of HF and for new
drug development as well (4, 5).

Hypertension is one of the most important risk factors in
the development of HF. To learn the mechanisms of pressure
overload–induced cardiac hypertrophy, the transverse aortic
constriction (TAC) model was first built by Rockman et al.
(6). Over decades of development, several improved TAC
models with minimal invasiveness and low mortality have been
developed by other research groups (7–9), and this made the
TAC model more effective and accurate. Animals subjected to
TAC go through cardiac hypertrophy, cardiac fibrosis, a limited
amount of inflammation, and eventually develop to cardiac
dilation and HF. The severity of adverse cardiac remodeling
induced by TAC largely relies on the degree of constriction of
the aorta and the duration of aortic constriction correlated to
the degree of adverse remodeling (10). The most common needle
size for constriction in TAC is 27 gauge (27G, outer diameter
0.41mm) (4, 5, 10) although there are limited studies using 25-
gauge (25G, outer diameter 0.51mm) (11) and 26-gauge (26G,
outer diameter 0.46mm) needles (12). Compared with bigger size
needles, smaller needles can create a narrower constriction loop,
which induces severe adverse remodeling and higher mortality
(13). Besides the severity of constriction, the species of animals
and genetic background are also responsible for the variability of
TAC response. Therefore, a better understanding of the accurate
response of specific animal strains and specific constriction to
TAC is very important for the research on HF. However, very
few studies focus on the direct comparison of phenotypes of the
TAC model induced by different needle sizes in great detail (13).
Also, the phenotype comparison of TAC response induced by
different needle sizes in C57BL/6N mice has not been reported
to date. The potentially different adverse cardiac remodeling
induced by varying degrees of pressure overload in C57BL/6N
mice remains unknown.

In the present study, we compare the different response to
TAC induced by 25G, 26G, and 27G needles in C57BL/6N
mice, and we analyze cardiac hypertrophy, cardiac function,
and cardiac fibrosis changes in response to varying constriction
degrees. Our study may provide deep insight for a pressure
overload–induced heart failure study in C57BL/N mice.

METHODS

Animals
The male C57BL/6N mice used in this study were obtained
from Shanghai Laboratory Animal Center (Chinese Academy
of Sciences, Shanghai, China). All the animal experiments were
conducted in compliance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of
Health (the 8th edition, NRC 2011). All the in vivo experiments

were approved by the Animal Care and Use Committee of
Fudan University.

TAC Surgery
Thirty male C57BL/6N mice aged 10 weeks were randomly
divided into four groups: Sham (n = 6), 25G TAC (n = 8),
26G TAC (n = 8), and 27G TAC (n = 8). All TAC group mice
were subjected to minimally invasive TAC surgery as described
elsewhere (14). Mice were anesthetized with 1% pentobarbital
sodium (50 mg/kg) through intraperitoneal injection. The hair
on the neck and chest were removed using a depilatory agent, and
then the surgery area was disinfected with betadine and alcohol.
A 0.5–1.0 cm longitudinal skin incision was made at the level of
the suprasternal notch, and then a 2–3mm longitudinal sternum
cut was made to locate the thymus and aorta. The aorta between
the origin of the right innominate and left common carotid
arteries was tied with a bent 25G, 26G, or 27G needle with a
6-0 silk suture, and then the needle was quickly removed after
ligation. The shammouse surgery was under the same procedures
except that the artery was not ligated. After surgery, the mice
were allowed to fully recover on a warming pad and housed in
standard housing condition.

Echocardiography
Echocardiography analysis was performed using the Vevo 2100
imaging system (VisualSonics, Canada) as described in a previous
study (15). Briefly, the mice were anesthetized with isoflurane
(0.5–4%), and parasternal long- and short-axis views in B- and
M-Mode were recorded when the heart rate of the mice was
maintained at 450–550 bpm. To access the peak pressure gradient
induced by TAC, pulsed-wave Doppler was applied to the aortic
arch as described elsewhere (16). The pulsed-wave Doppler was
used tomeasure blood velocities in either TAC or shammice. The
peak pressure gradient was calculated with the pulsed-wave peaks
by using the modified Bernoulli equation (Pressure gradient =
4∗velocity2) (16). All measurements were averaged with three
measurements per variable animal.

Tissue Collection
Mice were anesthetized with 5% isoflurane. After being fully
anesthetized, the heart was quickly excised and washed with ice-
cold PBS. After being weighed, the heart was cut into three parts.
The middle part was put into 4% polyformaldehyde solution for
histological analysis, and the top and bottom parts were quickly
put into liquid nitrogen and transferred to a −80◦ freezer later.
The lungs and tibia length were also weighed and measured.

Histological Staining
Cardiomyocyte size and extent of LV fibrosis were
measured using hematoxylin and eosin (H&E) and Masson’s
trichrome staining, respectively. After being fixed with 4%
polyformaldehyde, the heart was finally embedded into paraffin.
The heart-embedded paraffin blocks were cut into 5-µm
sections. Then, the sections were stained with H&E andMasson’s
trichrome. At least five sections of each heart were examined,
and at least five random images were captured at each section.
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The images were analyzed by using the Image-Pro Plus 5.0 image
analysis system (Media Cybernetics, Rockville, MD).

Real-Time Polymerase Chain Reaction
(RT-PCR)
The gene expression level of col-1, col-3, and TGF-β were
measured using RT-PCR. Total RNA was extracted from
frozen heart tissue by using the TRIzol reagent (Invitrogen,
Carlsbad, CA), and 1 µg total RNA was used for reverse
transcription to synthesize cDNA by using TOYOBO RT-PCR
kit (TOYOBO, Japan). SYBR Premix Ex Taq kit (Cat#: RR420A,
TaKaRa, Japan) was used in the RT-PCR reaction for relative
quantification of RNA. The primers we used were synthesized
by Sangon Biotech (Shanghai, China), and the sequences of
the primers are as follows: col-1 (Forward: CAACCTCAAG
AAGTCCCTGC, Reverse: AGGTGAATCGACTGTTGCCT),
col-3 (Forward: CACCCCTCTCTTATTTTGGCAC, Reverse:
AGACTCATAGGACTGACCAAGGTAGTT), TGF-β (Forward:
GGCGGTGCTCGCTTTGTA, Reverse: GCGGGTGACTT
CTTTGGC), ANP (Forward: CTGCTTCGGGGGTAGGATTG,
Reverse: GCTCAAGCAGAATCGACTGC), BNP (Forward:
GAGGTCACTCCATCCTCTGG, Reverse: GCCATTTCCTC
CGACTTTTCTC), GAPDH (Forward: AACAAGCAACT
GTCCCTGAGC, Reverse: GTAGACAGAAGGTGGCACAGA).
GAPDH was used as a reference gene.

Western Blot
Total proteins were extracted from heart tissues and quantified
by using the bicinchoninic acid protein assay. According to the
molecular weight of the target proteins, the protein samples
were separated in 10% SDS-PAGE and then transferred to
Immobilon-P polyvinylidene fluoride (PVDF) membranes. After
being blocked with Western blocking buffer, the membranes
were incubated overnight at 4◦C with primary antibodies:
TGF-β (1:1,000), COL1A1 (1:1,000), phosphorylated ERK
(1:5,000), and ERK (1:5,000) (Cell Signaling Technology,
Danvers, MA, USA) and then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (1:1,000) for
1 h at room temperature. After interaction with a Pro-Light
chemiluminescent detection kit (Tiangen Biotech Inc., Beijing,
China), the proteins of the membranes were detected using
the LAS-3000 imaging system (FUJIFILM Inc., Tokyo, Japan),
and the results were analyzed with ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

Statistical Analysis
All the data in the present study are expressed as mean ±

standard error. All the data statistics analyses were performed by
GraphPad Prism 8.0 (GraphPad Prism Software, CA, USA). For
comparison of more than two groups, one-way ANOVA followed
by Tukey’s post-test was used. For two-factor design experiments,
two-way ANOVA followed by Tukey’s multiple comparisons test
was performed. Statistical significance was presented by repeat
symbols: a single symbol means p ≤ 0.05; double symbols mean
p ≤ 0.01; triple symbols mean p ≤ 0.001.

RESULTS

Pressure Gradient
To evaluate the outcomes of different needle sizes on TAC-
induced pressure overload conditions, we measured the pressure
gradient across the construction site in each group using pulse
wave Doppler. The pressure gradient was measured 1 week after
TAC surgery. Compared with sham mice (3.8 ± 0.4 mmHg), the
pressure gradient was significantly increased by TAC surgery in
25G TAC (44.5 ± 1.8 mmHg), 26G TAC (55.7 ± 3.7 mmHg),
and 27G TAC (75.2 ± 6.1 mmHg) (p < 0.001; Figures 1A,B).
Moreover, the pressure gradient was significantly higher in 27G
TAC compared with 25G TAC (p < 0.001) and 26G TAC (p <

0.01). Although there was no statistically significant difference
between 25 and 26G TAC, the pressure gradient in 26G TACwas
much higher than that in 25G TAC. These results show that the
different needle sizes have successfully induced different degrees
of pressure overload conditions in C57BL/6N mice.

Cardiac Hypertrophy
Compared with sham mice, all mice subjected to TAC surgery
successfully developed cardiac hypertrophy (Figure 2). The
echocardiography results showed that the left ventricular anterior
wall (LVAW) thickness in 25, 26, and 27G TAC increased 25.2,
29.2, and 36.8%, respectively, compared with sham mice after 4
weeks of TAC (Figure 2A). Importantly, the LVAW thickness in
27G TAC was much thicker than that in 26 (p < 0.05) and 25G
TAC (p < 0.001). Although there was no statistically significant
difference in LVAWwall thickness between 25 and 26G TAC, the
LVAW thickness in 26G TAC was increased by 3.8% compared
with 25G TAC. Further post-hoc analysis showed a significant
increase of LVAW thickness between all three TAC and sham
mice after just 1 week of TAC surgery; however, there was no
significant difference among the three TAC groups, whereas
the significant difference between 25 and 27G TAC emerged 2
and 3 weeks after TAC surgery, but this significant difference
disappeared at 4 weeks after TAC surgery. Similar results about
the left ventricular posterior wall (LVPW) thickness (Figure 2B)
have been observed. LV mass normalized to body weight is one
of the very important parameters of cardiac hypertrophy. Our
results showed that LV mass increased 21.7, 29.3, and 49.2% in
25, 26, and 27G TAC, respectively, compared with sham mice
after 4 weeks of TAC surgery (Figure 2C). The mice subjected
to 27G TAC had more significant LV mass than 26G TAC (p
< 0.001), and 26G TAC had more than that in 25G TAC but
with no statistical significance. Further post-hoc analysis showed
that LV mass of the 27G TAC mice significantly increased just 1
week after TAC surgery compared with sham mice; however, this
significant difference appeared 2 weeks after TAC surgery in 26G
TAC and emerged 3 weeks after TAC in 25G TAC mice.

In accordance with the echocardiographic data, the heart size
was increased in 25, 26, and 27G TAC compared with shammice,
and the heart size in 27G TAC was bigger than that in 26G TAC
and the 26G TAC bigger than that in 25G TAC (Figure 2D).
Similarly, the heart weight normalized to tibia length (HW/TL)
and atrial weight normalized to tibia length (AW/TL) were all
significantly increased in 25 (p < 0.01), 26 (p < 0.001), and 27G
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FIGURE 1 | Aortic pressure gradients following 1 week of TAC. (A) Representative pulsed wave Doppler images for sham, 25, 26, and 27G TAC mice after 1 week.

(B) Peak pressure gradients calculated from Doppler velocities after 1 week of TAC. ***P < 0.001 vs. sham, ###P < 0.001 vs. 25G TAC, ††P < 0.01 vs. 26G TAC

by one-way ANOVA with Tukey’s post-test.

TACmice (p < 0.001) compared with shammice (Figures 2E,F).
Among the TACmice, the HW/TL in 27G TAC was significantly
higher than that in 26 (p < 0.05) and 25G TAC (p < 0.001);
however, there was no significant difference between 25 and
26G TAC. Accordingly, the cardiomyocyte area was significantly
increased in 27 (P < 0.001) and 26G TAC (P < 0.05) compared
with sham mice, but the significant difference was absent in 25G
mice compared with sham mice (Figures 2G,H). What’s more,
the cardiomyocyte area in 27G TACmice was significantly larger
than that in 25 (p < 0.001) and 26G TAC mice (p < 0.05).

We also examined the expression of hypertrophic genes. Our
results show that atrial natriuretic peptide (ANP) and B-type

natriuretic peptides (BNP) gene expression was significantly
increased in 25, 26, and 27G TAC mice compared with sham
mice, and the ANP and BNP gene expression in 27G TAC was
significantly higher than that in 26 and 25G TAC; however,
there was no significant difference between 25 and 26G TAC
(Figures 2I,J).

Taken together, these results show that 25, 26, and 27G TAC
successfully induced different degrees of cardiac hypertrophy.

Cardiac Function
To test the cardiac function change induced by different degrees
of constriction in the TAC surgery, LV structure and systolic

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 April 2021 | Volume 8 | Article 641272

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Deng et al. Distinct TAC Phenotypes in C57BL6/N

FIGURE 2 | 25, 26, and 27G TAC induced different degrees of cardiac hypertrophy in C57BL/6N mice. The echocardiography-derived results of (A) the LVAW

thickness, (B) LVPW thickness, and (C) LV mass normalized to body weight. (D) Representative heart pictures for sham, 25, 26, and 27G TAC mice after 4 weeks of

TAC and representative images of H&E staining of cross-heart sections; scale bars 500 um. (E) HW/TL and (F) AW/TL in sham, 25, 26, and 27G TAC mice after 4

weeks of TAC. (G) Representative LV sections stained with H&E and DAPI (blue) for assessment of cardiomyocyte area. Scale bar= 50µm. (H) Quantification of

cardiomyocyte area. (I,J) RT-PCR analysis of ANP and BNP mRNA. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. sham, #P < 0.05, ##p < 0.01, ###p < 0.001 vs.

25G, †P < 0.05, ††P < 0.01, and †††P < 0.001 vs. 26G TAC, TAC by two- (A–C) or one-way ANOVA (E,F,H) with Tukey’s post-test. Colored symbols (A–C) indicate

*P < 0.05, **P < 0.01, and ***P < 0.001 vs. sham, #P < 0.05, ##p < 0.01, ###p < 0.001 vs. 25G, †P < 0.05, ††P < 0.01 vs. 26G TAC at the time point indicated.
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function were analyzed presurgery and at 1, 2, 3, and 4 weeks
after TAC surgery by using echocardiography. M-Mode analysis
in the parasternal long axis detected a progressive decline in
systolic function for mice subjected to 27 and 26G TAC surgery
from 2 to 4 weeks after TAC. There was a mild increasing trend
at 1 week after TAC; however, there was no significant change
in systolic function for mice subjected to 25G TAC compared
with sham mice (Figures 3A–C). The ejection fraction (EF) in
27G TAC mice was significantly decreased at 3 weeks after TAC
compared with sham mice, whereas this significant difference
emerged in 26G TAC mice at 4 weeks after TAC (Figure 3B).
Importantly, the EF in 27G TAC mice was much lower than
that in 26G TAC mice (p < 0.01) and in 25G TAC mice (p <

0.001). Similar results were observed for the fractional shortening
(FS) (Figure 3C). We also detected the end-diastolic LV diameter
and volume, which are important parameters for LV dilation and
cardiac dysfunction.

The end-diastolic LV diameter in mice subjected 27G TAC
was significantly decreased at 1 week after TAC surgery compared
with sham mice and then progressively increased from 2 to
4 weeks after TAC and emerged with a significant difference
at 4 weeks (p < 0.05) after TAC compared with sham mice
(Figure 3D). Although the end-diastolic LV diameter in mice
subjected to 26G TAC had an increasing trend from 2 to 4
weeks after TAC, there was no statistically significant difference
compared with sham mice. However, compared with 25G TAC
mice, the end-diastolic LV diameter in 27G TAC mice was
significantly higher at 3 weeks (p < 0.01) and 4 weeks (p <

0.01) after TAC.We observed similar results for the end-diastolic
LV volume (Figure 3E). We also did the survival analysis after
TAC surgery (Figure 3F). The mice subjected to 25G TAC had
100% survival within 4 weeks after TAC, whereas one of eight
mice (12.5%) subjected to 26G TAC and two of eight mice (25%)
subjected to 27G TAC died 3–4 weeks after TAC. Moreover,
we also analyzed the LW/TL to evaluate HF at 4 weeks after
TAC (Figure 3G). The LW/TL was significantly increased in the
mice subjected to 27G TAC compared with sham mice (p <

0.001), 25G TAC mice (p < 0.001), and 26G TAC mice (p <

0.001). Although there was no statistically significant difference
in LW/TL for 25 and 26G TAC compared with sham, the
LW/TL slightly increased 4.3 and 9.7% in 25 and 26G TAC mice
compared with sham mice, respectively.

Cardiac Fibrosis
To test the cardiac fibrosis induced by different degrees of
constriction in TAC surgery in mice, Masson’s trichrome staining
was applied to heart tissue paraffin sections. Compared with
sham mice, mice subjected to 25 (p < 0.01), 26 (p < 0.001),
and 27G TAC (p < 0.001) developed significant cardiac fibrosis
(Figures 4A,B). Importantly, mice subjected to 27G TAC had
much severer cardiac fibrosis than in 25 (p < 0.001) and 26G
TAC mice (p < 0.001). Accordingly, we observed similar results
from the analysis of heart tissue fibrosis gene expression. The
col-1, col-3, and TGF-β gene expression in 27G TAC mice was
significantly increased compared with sham mice, and the col-
1 and TGF-β gene expression in 26G mice were significantly
increased compared with sham mice (Figures 4C–E). The col-1

and TGF-β gene expression in 27G TAC mice was significantly
higher than that in 25 and 26G TAC mice. We got similar
results from analysis of col-1 and TGF-β protein expression
(Figures 4F–H); the protein expression of col-1 and TGF-β in
27G TAC mice was significantly higher than in 25 and 26G TAC
mice. Although not all data showed a significantly difference, the
fibrosis gene expression showed a gradually increasing trend in
the order of shammice, 25G TACmice, 26G TACmice, and 27G
TAC mice.

DISCUSSION

In the present study, we directly compared the different
cardiac remodeling phenotypes induced by different degrees
of LV pressure overload in C57BL/6N mice. Specifically, we
analyzed the different phenotypes induced by 25, 26, and
27G TAC in c57BL/6N mice in terms of pressure gradient,
cardiac hypertrophy, cardiac function, HF situation, survival
condition, and cardiac fibrosis. All C57BL/6N mice subjected
to TAC surgery developed significant hypertrophy. Mice
subjected to 27G TAC experienced a compensatory period to
decompensatory period over 4 weeks after TAC, and 27G TAC
mice had severe cardiac dysfunction, severe cardiac fibrosis, and
exhibited characteristics of heart failure at 4 weeks post-TAC.
Whereas, mice subjected to 26G TAC showed a much milder
response in cardiac dysfunction, cardiac fibrosis compared
to 27G TAC, and a very small fraction of 26G TAC mice
exhibited characteristics of HF, which means 26G TAC caused
the transition from the LV hypertrophy to an early phase
of cardiac dysfunction and HF in C57BL/6N mice. However,
except for significant cardiac hypertrophy, there was no obvious
cardiac dysfunction, cardiac fibrosis, and characteristics of HF
observed in 25G TAC mice. Based on our results, we conclude
that the 25, 26, and 27G TAC induced distinct phenotypes in
C57BL/6N mice.

TAC surgery is one of the most popular pressure overload
models for studying cardiac hypertrophy and cardiac
remodeling, and it has been widely used and modified to
be less invasive since it was first reported in 1991 (4, 6–9, 17, 18).
There are many factors that affect the phenotype of TAC-induced
cardiac remodeling, among which the constriction degree is the
most important one. Besides this, species of animals, age, sex,
and genetic background also affect the phenotype variability
of TAC-induced cardiac remodeling. The widely phenotypic
difference reported with this model has raised the question of
how we can choose the proper condition of TAC surgery in
a specific study. Unfortunately, very few studies focus on the
direct comparison of different cardiac remodeling phenotypes
induced by 25, 26, and 27G TAC, and no one has compared this
difference in C57BL/6N mice. C57BL/6N and C57BL/6J mice
are two of the most commonly used C57BL/6 substrains, and
they have been widely used as genetic background transgenic
and gene knockout mice. Michelle and colleagues conducted a
comparative phenotypic and genomic analysis of C57BL/6J and
C57BL/6N mouse strains, and annotated 34 SNPs and two indels
that distinguish C57BL/6J and C57BL/6N coding sequences (19).
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FIGURE 3 | 25, 26, and 27G TAC induced different degrees of reduction of cardiac function in C57BL/6N mice. The echocardiography-derived results of (A)

representative images of M-Mode images after 4 weeks of TAC show systolic dysfunction, (B) EF, (C) FS, (D) the end-diastolic LV diameter, and (E) the end-diastolic

LV volume. (F) Kaplan–Meier survival curves. (G) LW/TL. ***P < 0.001 vs. sham, ###p < 0.001 vs. 25G, †††P < 0.001 vs. 26G TAC by two- (B–E) or one-way

ANOVA (G) with Tukey’s post-test. Colored symbols (A–C) indicate *P < 0.05, **P < 0.01, and ***P < 0.001 vs. sham, #P < 0.05, ##p < 0.01, ###p < 0.001 vs.

25G, ††P < 0.01 vs. 26G TAC at the time point indicated.

Besides this, it is reported that there are phenotypic differences
between C57BL/6J and C57BL/6N in many disease models,
such as the diet-induced type 2 diabetes model (20), the non-
alcoholic steatohepatitis model (21), influenza a virus induced
inflammation-associated disease (22), and postnatal hypoxic-
ischemic brain injury mouse model (23) as well as pressure
overload–induced cardiac hypertrophy (24). Lorena and
colleagues found that cardiac response to pressure overload is
distinct between C57BL/6J and C57BL/6N mice, and the survival
and cardiac function are significantly lower in C57BL/6N mice
compared with C57BL/6J (24). However, to our knowledge, a

direct comparison of pressure gradient, cardiac hypertrophy,
cardiac function, and cardiac fibrosis phenotype changes among
the 25, 26, and 27 TAC-induced cardiac remodeling have not
been reported.

Cardiac hypertrophy is the consequence of the heart’s
response to a variety of extrinsic and intrinsic stimuli, which
impose increased biomechanical stress (25). Initially, the
development of hypertrophy is a compensatory mechanism,
and contractile function is maintained. However, when the
heart is subjected to excessive and/or persistent stress, cardiac
function becomes maladaptive and decompensatory, eventually
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FIGURE 4 | 25, 26, and 27G TAC induced different degrees of cardiac fibrosis in C57BL/6N mice. (A) Representative images for cardiac fibrosis. (B) Quantification of

cardiac fibrosis. Apical left ventricular gene expression of (C) col-1, (D) col-3, (E) TGF-β. (F–H) Western blot analysis of col-1 and TGF-β. *P < 0.05, **P < 0.01, and

***P < 0.001 vs. sham, #P < 0.05, ##p < 0.01, ###p < 0.001 vs. 25G, †P < 0.05, †††P < 0.001 vs. 26G TAC by one-way ANOVA with Tukey’s post-test.

leading to HF (26). Constriction degree is an important factor
that affects the development process of pressure overload–
induced cardiac remodeling. In the present study, we directly
compared the phenotypes of cardiac remodeling induced by 25,
26, and 27G TAC in C57BL/6N mice. We found that mice
subjected to 27G TAC surgery had a short increasing trend of
cardiac function at 1 week after TAC, then the cardiac function
continuously decreased from 2 weeks after TAC surgery, and
eventually developed HF characterized by significantly decreased
cardiac function, significantly increased lung mass and atrial
weight, and more mortality at 4 weeks after TAC. This data
indicated that mice subjected to 27G TAC surgery experienced
both compensatory-phase and decompensatory-phase cardiac
hypertrophy, which suggests 27G TAC surgery in C57BL/6N
mice is extremely useful in both mechanistic and drug studies
aiming to improve or reverse the cardiac dysfunction in a
pressure overload–induced heart failure model. Compared with
27G TAC mice, mice subjected to 26G TAC surgery had less
cardiac dysfunction and only a very small fraction ofmice showed

signs of HF at 4 weeks after TAC surgery, which indicated that
26G TACmice were at the transition stage between compensated
and decompensated heart failure. In this situation, adverse
cardiac remodeling was still observed, but the mortality can
be maintained at a low level, which probably makes 26G TAC
surgery more useful on the mice with more susceptibility to
mortality, such as genetically modified mice. In contrast, mice
subjected to 25G TAC surgery were still at the compensatory
cardiac hypertrophy stage without cardiac dysfunction and HF.
Therefore, the 25G TAC model could be very useful for studying
hypertensive heart disease in mice.

Cardiac fibrosis is defined as the deposition of extracellular
matrix proteins in the cardiac interstitium, and interstitial fibrosis
plays an important role in the development and progression of
HF via causing adverse electrical and mechanical disturbances
in diseased hearts (27). Pressure overload–induced cardiac
hypertrophy is invariably accompanied by the formation of
cardiac fibrosis (28), and this cardiac fibrosis alters myocardial
stiffness and consequently affects myocardial function, which
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plays a major role in the progressive decompensation of the
cardiac dysfunction (29, 30). Here, we also analyzed the cardiac
fibrosis difference in C57BL/6N mice subjected to 25, 26, and
27G TAC surgery.Mice subjected to 27G TAC had severe cardiac
fibrosis confirmed by the analysis of Masson’s trichrome staining
and fibrosis-related gene expression. Compared with 27G TAC
mice, the cardiac fibrosis in 26G TAC mice was much milder.
Although there was slight cardiac fibrosis in 25GTACmice, there
was not much difference compared with sham mice. The cardiac
fibrosis is consistent with the cardiac function changes in 25, 26,
and 27G TACmice, respectively, which confirms the importance
of cardiac fibrosis in the development and progression of HF.

The present study provides a comprehensive analysis of
distinct phenotypes induced by 25, 26, and 27G TAC surgery
in C57BL/6N mice. However, there are still some limitations
in the current study. First, all mice used in the present study
were male C57BL/6N mice aged 10 weeks although the cardiac
remodeling phenotypes induced by TAC surgery are affected by
the sex and age of animals; therefore, the results in the present
study may not apply to female or different age mice. Given the
consideration of most previously published papers, we chose to
focus our study within 4 weeks after TAC surgery although we
got distinct phenotypes from 25, 26, and 27G TAC mice at this
time point in terms of cardiac hypertrophy, cardiac function,
and cardiac fibrosis; however, we did not analyze the phenotype
changes among the different degree TAC over 4 weeks after
TAC, so whether these distinct phenotypes among the three
different degrees of TAC group are magnified or blunted more
than 4 weeks after TAC is still unknown. In addition, the mice
subjected to 25G TAC surgery in current study were still at
the compensatory cardiac hypertrophy stage, so we have no
idea about the specific timeline for the development of pressure
overload–induced heart failure in 25G TAC mice, and this
question should be addressed in the future study.

In summary, in the present study, we directly compared the
different phenotypes induced by 25, 26, and 27G TAC surgery
in the aspects of pressure gradient, cardiac hypertrophy, cardiac
function, andHF and cardiac fibrosis. Importantly, this is the first
time to conduct such a study in C57BL/6N mice, and our results
will provide important reference value especially for researchers

who conduct pressure overload–induced cardiac hypertrophy
studies using C57BL/6N mice or genetically modified mice with
a C57BL/6N background.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care
and Use Committee of Fudan University.

AUTHOR CONTRIBUTIONS

HD and L-LM performed the experiments and analyzed the data.
HD wrote the manuscript. F-JK and ZQ designed and supervised
the study and revised the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by Science and Technology
Commission of Shanghai Municipality (19JC1415704),
the Medical Research Project of Shanghai Xuhui District
(SHXH201836), Clinical research project of health industry of
Shanghai Municipal Health Commission (20194Y0181), and
National Natural Science Foundation of China (81870290).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.641272/full#supplementary-material

Supplementary Figure 1 | Western blot analysis of p-Erk. (A) Representative

images for p-Erk, t-Erk, and GAPDH. (B) Quantification of p-Erk/t-Erk. ∗P < 0.05,
∗∗∗P < 0.001 vs. sham, ##P < 0.01, ###p < 0.001 vs. 25G, ††P < 0.01 vs.

26G TAC by one-way ANOVA with Tukey’s post-test.

REFERENCES

1. Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway CW,

Carson AP, et al. Heart disease and stroke statistics-2019 update: a

report from the American Heart Association. Circulation. (2019) 139:e56–

28. doi: 10.1161/CIR.0000000000000659

2. Frantz S, Bauersachs J, Ertl G. Post-infarct remodelling: contribution

of wound healing and inflammation. Cardiovasc Res. (2009) 81:474–

81. doi: 10.1093/cvr/cvn292

3. Opie LH, Commerford PJ, Gersh BJ, Pfeffer MA. Controversies in ventricular

remodelling. Lancet. (2006) 367:356–67. doi: 10.1016/S0140-6736(06)6

8074-4

4. Wang X, Ye Y, Gong H, Wu J, Yuan J, Wang S, et al. The effects

of different angiotensin II type 1 receptor blockers on the regulation of

the ACE-AngII-AT1 and ACE2-Ang(1-7)-Mas axes in pressure overload-

induced cardiac remodeling in male mice. J Mol Cell Cardiol. (2016) 97:180–

90. doi: 10.1016/j.yjmcc.2016.05.012

5. Yu Y, Hu Z, Li B, Wang Z, Chen S. Ivabradine improved left ventricular

function and pressure overload-induced cardiomyocyte apoptosis in a

transverse aortic constriction mouse model.Mol Cell Biochem. (2019) 450:25–

34. doi: 10.1007/s11010-018-3369-x

6. Rockman HA, Ross RS, Harris AN, Knowlton KU, Steinhelper ME,

Field LJ, et al. Segregation of atrial-specific and inducible expression

of an atrial natriuretic factor transgene in an in vivo murine model

of cardiac hypertrophy. Proc Natl Acad Sci USA. (1991) 88:8277–

81. doi: 10.1073/pnas.88.18.8277

7. Eichhorn L, Weisheit CK, Gestrich C, Peukert K, Duerr GD, Ayub MA, et al.

A closed-chest model to induce transverse aortic constriction in mice. J Vis

Exp. (2018) e57397. doi: 10.3791/57397

8. Tavakoli R, Nemska S, Jamshidi P, Gassmann M, Frossard N. Technique of

minimally invasive transverse aortic constriction in mice for induction of left

ventricular hypertrophy. J Vis Exp. (2017) 56231. doi: 10.3791/56231

9. Zaw AM, Williams CM, Law HK, Chow BK. Minimally invasive transverse

aortic constriction in mice. J Vis Exp. (2017) 55293. doi: 10.3791/55293

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 April 2021 | Volume 8 | Article 641272

https://www.frontiersin.org/articles/10.3389/fcvm.2021.641272/full#supplementary-material
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1093/cvr/cvn292
https://doi.org/10.1016/S0140-6736(06)68074-4
https://doi.org/10.1016/j.yjmcc.2016.05.012
https://doi.org/10.1007/s11010-018-3369-x
https://doi.org/10.1073/pnas.88.18.8277
https://doi.org/10.3791/57397
https://doi.org/10.3791/56231
https://doi.org/10.3791/55293
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Deng et al. Distinct TAC Phenotypes in C57BL6/N

10. Bosch L, de Haan JJ, Bastemeijer M, van der Burg J, van der Worp

E, Wesseling M, et al. The transverse aortic constriction heart failure

animal model: a systematic review and meta-analysis. Heart Fail Rev.

(2020). doi: 10.1007/s10741-020-09960-w. [Epub ahead of print].

11. Calamaras TD, Baumgartner RA, Aronovitz MJ, McLaughlin AL, Tam K,

Richards DA, et al. Mixed lineage kinase-3 prevents cardiac dysfunction and

structural remodeling with pressure overload.Am J Physiol Heart Circ Physiol.

(2019) 316:H145–59. doi: 10.1152/ajpheart.00029.2018

12. Liu Y, Chien WM, Medvedev IO, Weldy CS, Luchtel DL, Rosenfeld ME, et al.

Inhalation of diesel exhaust does not exacerbate cardiac hypertrophy or heart

failure in twomousemodels of cardiac hypertrophy. Part Fibre Toxicol. (2013)

10:49. doi: 10.1186/1743-8977-10-49

13. Furihata T, Kinugawa S, Takada S, Fukushima A, Takahashi M, Homma

T, et al. The experimental model of transition from compensated cardiac

hypertrophy to failure created by transverse aortic constriction in mice. Int

J Cardiol Heart Vasc. (2016) 11:24–8. doi: 10.1016/j.ijcha.2016.03.007

14. Hu P, Zhang D, Swenson L, Chakrabarti G, Abel ED, Litwin SE. Minimally

invasive aortic banding in mice: effects of altered cardiomyocyte insulin

signaling during pressure overload. Am J Physiol Heart Circ Physiol. (2003).

285:H1261–9. doi: 10.1152/ajpheart.00108.2003

15. Wu J, Bu L, Gong H, Jiang G, Li L, Ma H, et al. Effects of heart rate

and anesthetic timing on high-resolution echocardiographic assessment

under isoflurane anesthesia in mice. J Ultrasound Med. (2010) 29:1771–

8. doi: 10.7863/jum.2010.29.12.1771

16. Mohammed SF, Storlie JR, Oehler EA, Bowen LA, Korinek J, Lam CS,

et al. Variable phenotype in murine transverse aortic constriction. Cardiovasc

Pathol. (2012) 21:188–98. doi: 10.1016/j.carpath.2011.05.002

17. Martin TP, Robinson E, Harvey AP, MacDonald M, Grieve DJ, Paul A, et al.

Surgical optimization and characterization of a minimally invasive aortic

banding procedure to induce cardiac hypertrophy in mice. Exp Physiol. (2012)

97:822–32. doi: 10.1113/expphysiol.2012.065573

18. Schnelle M, Catibog N, Zhang M, Nabeebaccus AA, Anderson G,

Richards DA, et al. Echocardiographic evaluation of diastolic function

in mouse models of heart disease. J Mol Cell Cardiol. (2018) 114:20–

8. doi: 10.1016/j.yjmcc.2017.10.006

19. Simon MM, Greenaway S, White JK, Fuchs H, Gailus-Durner V, Wells S,

et al. A comparative phenotypic and genomic analysis of C57BL/6J and

C57BL/6Nmouse strains.Genome Biol. (2013) 14:R82. doi: 10.1186/gb-2013-1

4-7-r82

20. Rendina-Ruedy E, Hembree KD, Sasaki A, Davis MR, Lightfoot SA,

Clarke SL, et al. A comparative study of the metabolic and skeletal

response of C57BL/6J and C57BL/6N mice in a diet-induced model of

type 2 diabetes. J Nutr Metab. (2015) 2015:758080. doi: 10.1155/2015/

758080

21. Kawashita E, Ishihara K, Nomoto M, Taniguchi M, Akiba S. A comparative

analysis of hepatic pathological phenotypes in C57BL/6J and C57BL/6N

mouse strains in non-alcoholic steatohepatitis models. Sci Rep. (2019)

9:204. doi: 10.1038/s41598-018-36862-7

22. Eisfeld AJ, Gasper DJ, Suresh M, Kawaoka Y. C57BL/6J and

C57BL/6NJ mice are differentially susceptible to inflammation-

associated disease caused by influenza A virus. Front Microbiol. (2018)

9:3307. doi: 10.3389/fmicb.2018.03307

23. Wolf S, Hainz N, Beckmann A,Maack C,MengerMD, Tschernig T, et al. Brain

damage resulting from postnatal hypoxic-ischemic brain injury is reduced in

C57BL/6J mice as compared to C57BL/6N mice. Brain Res. (2016) 1650:224–

31. doi: 10.1016/j.brainres.2016.09.013

24. Garcia-Menendez L, Karamanlidis G, Kolwicz S, Tian R. Substrain specific

response to cardiac pressure overload in C57BL/6 mice. Am J Physiol Heart

Circ Physiol. (2013) 305:H397–402. doi: 10.1152/ajpheart.00088.2013

25. Frey N, Olson EN. Cardiac hypertrophy: the good, the bad, and the ugly.Annu

Rev Physiol. (2003) 65:45–79. doi: 10.1146/annurev.physiol.65.092101.142243

26. Osterholt M, Nguyen TD, Schwarzer M, Doenst T. Alterations in

mitochondrial function in cardiac hypertrophy and heart failure. Heart Fail

Rev. (2013) 18:645–56. doi: 10.1007/s10741-012-9346-7

27. Schelbert EB, Fonarow GC, Bonow RO, Butler J, Gheorghiade M. Therapeutic

targets in heart failure: refocusing on the myocardial interstitium. J Am Coll

Cardiol. (2014) 63:2188–98. doi: 10.1016/j.jacc.2014.01.068

28. Houser SR, Piacentino V III, Weisser J. Abnormalities of calcium cycling

in the hypertrophied and failing heart. J Mol Cell Cardiol. (2000) 32:1595–

607. doi: 10.1006/jmcc.2000.1206

29. Weber KT, Brilla CG. Pathological hypertrophy and cardiac interstitium.

Fibrosis and renin-angiotensin-aldosterone system. Circulation. (1991)

83:1849–65. doi: 10.1161/01.CIR.83.6.1849

30. Weber KT, Janicki JS, Shroff SG, Pick R, Chen RM, Bashey RI. Collagen

remodeling of the pressure-overloaded, hypertrophied nonhuman primate

myocardium. Circ Res. (1988) 62:757–65. doi: 10.1161/01.RES.62.4.757

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Deng, Ma, Kong and Qiao. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 April 2021 | Volume 8 | Article 641272

https://doi.org/10.1007/s10741-020-09960-w
https://doi.org/10.1152/ajpheart.00029.2018
https://doi.org/10.1186/1743-8977-10-49
https://doi.org/10.1016/j.ijcha.2016.03.007
https://doi.org/10.1152/ajpheart.00108.2003
https://doi.org/10.7863/jum.2010.29.12.1771
https://doi.org/10.1016/j.carpath.2011.05.002
https://doi.org/10.1113/expphysiol.2012.065573
https://doi.org/10.1016/j.yjmcc.2017.10.006
https://doi.org/10.1186/gb-2013-14-7-r82
https://doi.org/10.1155/2015/758080
https://doi.org/10.1038/s41598-018-36862-7
https://doi.org/10.3389/fmicb.2018.03307
https://doi.org/10.1016/j.brainres.2016.09.013
https://doi.org/10.1152/ajpheart.00088.2013
https://doi.org/10.1146/annurev.physiol.65.092101.142243
https://doi.org/10.1007/s10741-012-9346-7
https://doi.org/10.1016/j.jacc.2014.01.068
https://doi.org/10.1006/jmcc.2000.1206
https://doi.org/10.1161/01.CIR.83.6.1849
https://doi.org/10.1161/01.RES.62.4.757~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Distinct Phenotypes Induced by Different Degrees of Transverse Aortic Constriction in C57BL/6N Mice
	Introduction
	Methods
	Animals
	TAC Surgery
	Echocardiography
	Tissue Collection
	Histological Staining
	Real-Time Polymerase Chain Reaction (RT-PCR)
	Western Blot
	Statistical Analysis

	Results
	Pressure Gradient
	Cardiac Hypertrophy
	Cardiac Function
	Cardiac Fibrosis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


