MEDIC.
SCIEN (R

L

MONITOR

Received: 2018.12.30
Accepted: 2019.04.18
Published: 2019.09.03

Authors’ Contribution: B1
Study Design A F2
Data Collection B
Statistical Analysis C G 2
Data Interpretation D cDh 2
Manuscript Preparation E CDE 2
Literature Search F
ACE 2

Funds Collection G

Corresponding Authors:
Source of support:

ANIMAL STUDY

e-ISSN 1643-3750
© Med Sci Monit, 2019; 25: 6605-6614
DOI: 10.12659/MSM.914877

Dysregulation of the Renin-Angiotensin System
and Cardiometabolic Status in Mice Fed a Long-
Term High-Fat Diet

Nana Jin 1 Key Laboratory of Neuroregeneration of Jiangsu and Ministry of Education of
China, Co-Innovation Center of Neuroregeneration, Nantong University, Nantong,

Yu Wang
Lin Li Jiangsu, P.R. China

in Liu 2 Department of Cardiology, The First Affiliated Hospital of Soochow University,
Feng Xue Suzhou, P.R. China
Ting-bo Jiang*
Ming-zhu Xu*

* Ting-bo Jiang and Ming-zhu Xu contributed equally
Ting-bo Jiang, e-mail: thjiangsz@126.com, Ming-zhu Xu, e-mail: lilac83@163.com
This study was supported by the Cadre Healthcare Ward of Jiangsu Province (BJ15010)

Background:

Material/Methods:

Results:

Conclusions:

MeSH Keywords:

Full-text PDF:

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

This study aimed to investigate the renin-angiotensin system (RAS) and cardiometabolic status in mice fed
a long-term high-fat diet (HFD).

C57BL/6) mice were randomly assigned to the control group on a normal diet (ND) (n=15) and the HFD group
(n=15). Serum biomarkers were measured, including total cholesterol (TC), triglyceride (TG), insulin, glycated
hemoglobin (HbA1c), brain natriuretic peptide (BNP), renin, angiotensin-converting enzyme (ACE), angiotensin |l
(Ang-11), Ang-Il type 1 receptor (AT R), and aldosterone. Cardiac histology was measured by the cross-sectional
area (CSA) of cardiomyocytes and collagen deposition. Levels of myocardial intercalated disc (ICD) proteins and
mRNA were analyzed by Western blot and real-time quantitative polymerase chain reaction (RT-qPCR), respec-
tively. The localization of ICD proteins was evaluated by immunohistochemistry (IHC).

Compared with ND, HFD resulted in increased blood glucose, body weight, TC, TG, HbA1c, insulin, and BNP and
levels of serum ACE, Ang-Il, aldosterone, AT R, cardiomyocyte CSA, and interstitial collagen in the myocardium
compared. Also, HFD significantly down-regulated connexin-43, and upregulated B-catenin, N-cadherin, and
plakoglobin in the hearts of HFD mice compared with ND mice. However, the deposition of ICD proteins was
not changed in the hearts of HFD mice compared with ND mice.

Long-term HFD in mice resulted in left ventricular hypertrophy, interstitial fibrosis, dysregulation of RAS, and
abnormal expression of ICD proteins compared with ND mice, but did not affect the distribution of cardiomyo-
cyte ICD proteins. Long-term HFD resulted in cardiac remodeling and altered expression of ICD proteins through
RAS activation.
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Background

A high-fat diet (HFD) can lead to abdominal obesity, hypergly-
cemia, insulin resistance, and dyslipidemia and is associated
with an increased risk of diabetes mellitus. Chronic HFD is as-
sociated with an increased risk of cardiovascular disease and
stroke [1,2]. Obesity can also lead to an alteration in cardiac
morphology known as cardiac remodeling, including left ven-
tricular hypertrophy and fibrosis[3]. These cardiac changes re-
duce cardiac reserve and make the heart more susceptible to
injury from pressure overload and volume overload and are as-
sociated with an increased risk of myocardial ischemia, myo-
cardial infarction, and cardiac failure leading to patient mor-
bidity and mortality.

Increased activity of the renin-angiotensin system (RAS) is as-
sociated with the development of left ventricular hypertrophy
and cardiac fibrosis [4-6]. Particularly, angiotensin-Il (Ang-Il)
acts on the Ang-Il type 1 receptor (AT,R), has been shown to
lead to progressive cardiac decompensation, cardiac remod-
eling, and cardiac failure [4-6]. Also, myocardial intercalated
disc (ICD) proteins are important structures that are unique
to the myocardium and are involved in the electromechani-
cal transmission, physical structural support, and intercellular
communication between cardiomyocytes to maintain structural
integrity and to synchronize myocardial contractility [7]. Gap
junctions, adherens junctions, and desmosomes are key cell
junctional complexes residing at the ICDs in the myocardium.

Connexin 43 (Cx43) is a primary connexin in the ventricular
myocardium, which is reduced or redistributed in the cases
of cardiac ischemia and hypertrophy and heart failure [8-10].
Also, B-catenin, plakoglobin, and N-cadherin are major com-
ponents of adherens junctions, and B-catenin has an impor-
tant role in cell-cell adhesion in the myocardium and acts as
a transcriptional activator [7]. Plakoglobin (y-catenin), a mem-
ber of desmosomes and adherens junctions, and contributes
to the maintenance of normal myocardial structure and func-
tion as it localizes to adjacent cardiomyocytes and partici-
pates in regulating intercellular adhesion [7,11]. N-cadherin
has a role in mediating mechanical and electrical coupling be-
tween adjacent cardiomyocytes in the myocardium and is also
required for maintaining cell adhesion [12]. Therefore, alter-
ation in the expression and distribution of gap junction and
adherens junction proteins can influence the development of
cardiac hypertrophy, cardiac arrhythmia, and cardiac dysfunc-
tion in response to external factors [7-10,13,14].

However, few studies have been undertaken to investigate
the expression of gap junction proteins and adherens junc-
tion proteins at the ICDs in cardiac tissue in mice on a long-
term HFD. Therefore, this study aimed to investigate whether
dysregulation of the RAS activity and ICDs were involved in
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the development of myocardial remodeling in C57BL/6) mice
after long-term exposure to HFD and to correlate the cardiac
changes with changes in metabolic factors.

Material and Methods

Animal model of a high-fat diet (HFD) in C57BL/6) mice

Female C57BL/6) mice that were 8-10 weeks old were obtained
from Shanghai SLAC Laboratory Animal Co. Ltd (Shanghai,
China). Mice were housed in a controlled environment of 25+2°C
and 50+5% humidity, with a 12-hour light and dark cycle. Mice
were given free access to food and water. All laboratory animals
were housed and cared for in accordance with the guidelines
for the Care and Use of Laboratory Animals, published by the
US National Institutes of Health (8th edition, revised, 2011).
Ethical approval for the animal experiments was given by the
Local Ethics Committee of Nantong University (Approval No.
20150305-015). Mice were randomly divided into two groups
that included a control group fed a diet of standard rodent chow
with 11% fat (ND) (n=15) and a high-fat diet group (HFD) (n=15)
fed with a rodent diet containing 60% fat (Cat. No: D12492)
(Research Diets Inc., New Brunswick, NJ, USA). The mice in the
two study groups were maintained on their diets for 36 weeks.

Biomarker evaluation

Fasting blood samples were analyzed for glucose levels, and
mouse body weights were assessed at different time inter-
vals. Fasting whole blood samples were collected before the
mice were euthanized at the end of the study and analyzed
using enzyme-linked immunosorbent assay (ELISA) kits. Levels
of total cholesterol (TC), triglyceride (TG), insulin, glycated he-
moglobin Alc (HbA1c), brain natriuretic peptide (BNP), renin,
angiotensin-converting enzyme (ACE), angiotensin Il (Ang-Il),
Ang-ll type 1 receptor (AT,R), and aldosterone were measured.

Histology of the left ventricle of C57BL/6) mice

The mouse hearts were fixed in 4% formaldehyde. Transverse
sections from each heart were taken from the left ventricle at
the level of the papillary muscles and embedded in paraffin
wayx, and tissue sections were cut. Tissue sections were rou-
tinely stained with hematoxylin and eosin (H&E), and cardio-
myocyte morphology were assessed with the cardiomyocyte
cross-sectional area (CSA) of the left ventricle, at a magnifica-
tion of x400. Masson’s trichrome (MT) histochemical staining
was used to evaluate the degree of cardiac fibrosis, at a magni-
fication of x 200. Light microscopy was performed with a Leica
DM2000 light microscope with a digital camera attachment
(Leica, Wetzlar, Germany).
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Quantification of cardiac and cardiomyocyte morphology
by light microscopy was performed using Image J software
(National Institutes of Health, Bethesda, MD, USA). The cardio-
myocyte cross-sectional area (CSA) was measured in 30 cells
from 10 random fields in each tissue section. The quantitative
analysis of myocardial collagen deposition was evaluated us-
ing AxioVision software (Zeiss GmbH, Oberkochen, Germany)
on the ventricular tissue sections stained with Masson’s tri-
chrome. The degree of interstitial fibrosis and perivascular fi-
brosis was assessed as the percentage are of myocardial inter-
stitial collagen (area of collagen [%]), which was calculated by
the blue Masson’s trichrome stained area divided by the sum
of the total myocardial area in ten randomly selected fields in
each tissue section.

Tissue protein extraction and Western blot

Left ventricular tissue and liver tissue samples from each mouse
were homogenized on ice in a tissue homogenizer supple-
mented with a RIPA buffer (P0013) (Beyotime, Shanghai, China)
with phosphatase and protease inhibitors (1: 100). The sam-
ples of tissue homogenate were incubated on ice for 10 min-
utes and were vortexed with every two minutes. Samples were
centrifuged at 13,000 rpm for 10 minutes at 4°C. The super-
natant was diluted and heated at 95°C for 10 minutes before
the samples were stored at -80°C.

Quantitative analysis of total protein was determined us-
ing the Pierce 660 nm Protein Assay (#22660) (Thermofisher
Scientific, Waltham, MA, USA). The protein samples were re-
solved in 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and then transferred onto polyvinyl-
idene difluoride (PVDF) membranes (Millipore, Bedford, MA,
USA). The blotted membranes were incubated in blocking buf-
fer containing 5% dried skimmed milk powder in Tris-buffered
saline (TBS) for 30 minutes at room temperature. The mem-
branes were incubated with primary antibodies diluted at
1: 1000 in 5% dried skimmed milk powder in TBS containing
0.1% Tween-20 for 8-12 hours at room temperature. The pri-
mary antibodies were anti-GAPDH (sc-25778) (Santa Cruz
Biotechnology Inc., Dallas, TX, USA), anti-connexin 43 (Cx43)
(#3512) (Cell Signaling Technology, Danvers, MA, USA), anti-
B-catenin (#8480) (Cell Signaling Technology, Danvers, MA,
USA), anti-N-cadherin (sc-59987) (Santa Cruz Biotechnology
Inc., Dallas, TX, USA), anti-plakoglobin (#2309) (Cell Signaling
Technology, Danvers, MA, USA), anti-Akt (#9272) (Cell Signaling
Technology, Danvers, MA, USA), and anti-phospho-Akt (serine
473, #9271) (Cell Signaling Technology, Danvers, MA, USA).
The blotted membranes were washed and incubated with
goat anti-rabbit secondary antibody with horseradish per-
oxidase (HRP)-conjugated IgG diluted 1: 10000 in 5% dried
skimmed milk powder in TBS for 2 hours at room tempera-
ture. The target blot bands expressing protein-antibody were
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visualized using Pierce ECL Western blotting substrate (#32106)
(Thermofisher Scientific, Waltham, MA, USA) and quantified
using Multi Gauge software version 3.0 (Fujifilm, Tokyo, Japan)
with adequate exposure duration.

Immunohistochemical staining of the cardiac tissue in
C57BL/6) mice

To investigate proteins in the mouse ventricle, sections were
deparaffinized in xylene, rehydrated in ethanol, and the en-
dogenous peroxidase activity was blocked by incubation in
0.3% hydrogen peroxide. Antigen retrieval was performed us-
ing 10 mmol/L citrate buffer. After blocking the tissue sections
in normal goat serum, the sections were incubated in primary
antibodies, including anti-Cx43, anti-p-catenin, anti-N-cad-
herin, and anti-plakoglobin, which were diluted at 1: 100, and
incubated the mouse tissue sections of the left ventricle for 2
hours at 37°C. Then, each tissue section was washed and in-
cubated in the secondary antibody for 30 min at 37°C, and de-
veloped with 3,3’-diaminobenzidine (DAB) and counterstained
with hematoxylin. Light microscopy images were captured at
x400 using a Leica DM2000 microscope with a digital camera
attachment (Leica, Wetzlar, Germany).

RNA extraction and real-time quantitative polymerase
chain reaction (RT-qPCR) of cardiac tissue from C57BL/6)
mice

Total RNA of the mouse left ventricle tissue samples was ex-
tracted using an E.Z.N.A.® Total RNA Kit (R6834) (Omega Bio-
tek Inc., Norcross GA, USA), according to the manufacturer’s
instructions. The cDNA was obtained by reverse transcription
using a SuperScript First-Strand cDNA Synthesis kit (BU-304-01)
(Biouniquer Technology, Beijing, China). RT-qPCR was performed
using SYBR Green | PCR Master Mix with the LightCycle® 96
Instrument (Roche, Basel, Switzerland). The relative mRNA ex-
pression level was normalized by the level of glyceraldehyde
phosphate dehydrogenase (GAPDH) transcripts and was cal-
culated by the 26240 method. All primer sequences used for
RT-gPCR were synthesized by Shenggong Biotech (Shanghai,
China) and were shown in Table 1.

Statistical analysis

Statistical analysis was performed using SPSS version 17.0
(IBM, Chicago, IL, USA) and GraphPad Prism version 5.01 soft-
ware (GraphPad Software, La Jolla, CA, USA). The unpaired in-
dependent samples t-test and Spearman’s correlation test
were used. The data were presented as the mean + standard
deviation (SD) for continuous variables based on the results
of normality tests. Statistical tests were two-sided and statis-
tical significance was defined as P<0.05.
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Table 1. Primer sequences used for real-time quantitative polymerase chain reaction (RT-qPCR).

Forward primer (5’-3’) Reverse primer (3’-5’)

CX43 TGCTTACTTCAATGGCTGCTCCTC TCGCTGGCTTGCTTGTTGTAATTG
"""" Bcatenin  AGGAATGAAGGCGTGGCAACATAC ~ GGCACCAATGTCCAGTCCAAGATC
"""" Plakoglobin ~ GCTGTCCTGTICCGCATCTCTG ~ GAGGCACATCGCTGGAGTACATG
"""" N-cadherin  AGGCGTCTGTGGAGGCTTCTG  TGCCGTCCTCGTCCACCTTG
"""" GAPDH  AGGTCGGTGTGAACGGATTTG ~ TGTAGACCATGTAGTTGAGGTCA

Table 2. Body mass and levels of blood glucose of C57BL/6) mice fed a normal diet (ND) and a high-fat diet (HFD).

Body mass (gm)

8 weeks 24 weeks

36 weeks

Blood glucose (mm

0 weeks 8 weeks 24 weeks 36 weeks

ND 21.09+£1.11  23.25£0.99  24.35+3.37

HFD 21.70+1.78  28.57+3.72* 48.57+6.39*

25.93+3.89

56.03+6.22*

5.75+£0.69 7.41+1.24 6.41+1.20 5.19+1.05

6.00+0.68 9.08+0.50*  8.86+0.65*  8.36+0.91*

* P<0.001 vs. the normal diet (ND) group.

Table 3. Levels of total cholesterol (TC), triglyceride (TG), glycated hemoglobin (HbA1c), and insulin of C57BL/6) mice C57BL/6) mice

fed a normal diet (ND) and a high-fat diet (HFD).

TC (mmol/L)
ND 11.19+£2.81
33.20+11.68*

TG (mmol/L)
7.15+1.30

16.71+£5.30*

Insulin (ng/L)

4.55+1.42 0.47+0.31

7.24+1.77* 1.14+0.73*

TC — total cholesterol; TG — triglyceride; HbAlc — glycated hemoglobin. * P<0.001 vs. the normal diet (ND) group.

Results

Body weight, levels of blood glucose, and levels of
biomarkers in C57BL/6) mice fed a long-term high-fat diet
(HFD)

C57BL/6) mice that were randomly assigned to the control group
on a normal diet (ND) (n=15) and the high-fat diet (HFD) group
(n=15) showed no significance in body weight and blood glucose
at the beginning of the study (Table 2). The C57BL/6) HFD mice
had a significant increase in body weight and blood glucose af-
ter 8 weeks, 24 weeks, and 36 weeks of feeding compared with
C57BL/6) mice in the ND group (Table 2). Also, the mice fed a HFD
had significantly increased levels of TC, TG, insulin, and HbAlc
than the mice in the ND group (Table 3), indicating the devel-
opment of metabolic disorders associated with a chronic HFD.

Activated renin-angiotensin system (RAS) and increased
insulin resistance in C57BL/6) mice fed a long-term HFD

To determine the activity of RAS of mice in the HFD group,
we analyzed the levels of renin, aldosterone, Ang-Il, and AT R.
In the HFD group, there were significantly increased levels of

ACE, Ang-Il, and aldosterone, as well as circulating AT R com-
pared with the ND group. The levels of renin were signifi-
cantly reduced in C57BL/6) mice in the HFD group compared
with mice in the ND group (Figure 1A-1E). These results indi-
cated that a chronic HFD resulted in an activated RAS in mice.

At the end of the experiment, we randomly selected 4 or 5
mice per group that were injected with 3 [U/kg of insulin by
intraperitoneal injection before being euthanized. Liver tissue
was homogenized and total proteins extracted for Western
blot. After insulin injection, phosphorylation of AKT at residue
Ser*3, normalized by total AKT, was significantly increased in
both the HFD and ND groups, with a significantly lower level
of phosphorylation in the HFD group than in the ND group,
shown by quantitative densitometry analysis of Western blots
(Figure 1F, 1G), indicating peripheral insulin resistance in the
HFD group. Therefore, we found a long-term exposure to
a HFD resulted in significant increases in blood glucose and
body weight and resulted in hyperlipidemia, hyperinsulinemia,
peripheral insulin resistance, and increased RAS activity.
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Figure 1. Effects of a high-fat diet (HFD) on the renin-angiotensin system (RAS) and peripheral insulin resistance in C57BL/6J mice.
(A-E) A high-fat diet (HFD) upregulated the activity of the RAS and the level of angiotensin Il (Ang-II) type 1 receptors (AT R)
measured by enzyme-linked immunosorbent assay (ELISA). (F, G) HFD inhibited increased phosphorylation of AKT at Ser*3
induced by insulin after quantitative densitometry of representative Western blots of the mouse liver. Results are presented
as the mean #SD. * P<0.05, ** P<0.01, *** P<0.001 vs. the normal diet (ND) group. ¥ P<0.05, # P<0.01, ## P<0.001.

Cardiac remodeling and dysfunction in C57BL/6) mice fed
a long-term HFD

Light microscopy with routine H&E staining and MT staining
for myocardial fibrosis showed a significant increase in car-
diomyocyte CSA, and the percentage area of collagen in the
myocardial interstitium and the perivascular regions of the
myocardium in the HFD group when compared with the ND
group. These results suggested that mice fed a HFD had sig-
nificant myocyte hypertrophy and increased myocardial col-
lagen associated with the pathologic changes in the hearts in
HFD mouse group (Figure 2A-2F).

There was also a significant increase in heart weight in the
C57BL/6) mice in the HFD group and a significantly reduced ra-
tio of heart weight to body weight in the HFD group compared
with the ND group (Figure 2G, 2H). BNP, mainly generated by
the heart in response to myocardial stress, is an indicator of
the severity of heart disease and is a clinical prognostic indi-
cator in heart failure [15]. When compared with the ND group,
the BNP level was significantly increased in the HFD group, as
measured by ELISA (Figure 2I). Also, the BNP level was signif-
icantly correlated with the level of TC and TG, using linear re-
gression analysis (Figure 2J, 2K). These findings suggest that
in the mouse model, HFD induced metabolic cardiomyopathy
and cardiac dysfunction.

Altered expression of junction proteins and mRNA
associated with intercalated discs (ICDs) in C57BL/6) mice
fed a long-term HFD

The possible mechanisms for ventricular remodeling and
whether the HFD modulated the expression levels of interca-
lated disc (ICD) proteins in C57BL/6) mice were studied. The re-
sults showed significantly increased expression of B-catenin,
plakoglobin, and N-cadherin in the left ventricles of mice in
HFD group when compared with the ND group, identified by
Western blot (Figure 3A-3D). Analysis of mRNA levels by real-
time quantitative polymerase chain reaction (RT-qPCR) showed
that the HFD induced an increase in mRNA levels of B-catenin,
plakoglobin, and N-cadherin (Figure 3F-3H). There was also
a significantly reduced expression of level of Cx43 protein and
its mRNA level in mice in the HFD group compared with the
ND group (Figures 3A, 3E, and 3I). The altered expression level
of gap junction Cx43 and adherens junction protein suggested
that a chronic HFD in the mouse model could affect cardiac
remodeling, which may be the basis for cardiac dysfunction.

The distribution of ICD proteins in cardiac tissue of
C57BL/6) mice fed a long-term HFD was unaltered

Immunohistochemistry was used to investigate the localization
of ICD proteins in mice heart sections and showed that p-catenin,
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Figure 2. A high-fat diet (HFD) increased cardiac hypertrophy and myocardial fibrosis in C57BL/6) mice. (A) Representative
photomicrographs of the light microscopy show the cross-sectional area (CSA) in cardiomyocytes. Hematoxylin and eosin
(H&E). Magnification x400. (B, C) Representative photomicrographs of the light microscopy show myocardial fibrosis in
the left ventricles. Masson’s trichrome. Magnification x 200. (D-F) Quantitative analysis of cardiomyocyte CSA, and the
percentage area of collagen in the cardiac interstitium and around myocardial vessels in the left ventricle. (G, H) HFD is
associated with a significant increase in heart weight and levels of brain natriuretic peptide (BNP). (I, J, K) BNP is positively
correlated with serum lipid levels in mice (analyzed by Spearman correlation). Results are presented as the mean +SD.
* P<0.05, ** P<0.01, *** P<0.001 vs. ND group.
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Figure 3. Abnormal expression of intercalated discs proteins and mRNA in the myocardium of mice in response to a high-fat diet
(HFD). (A) Representative Western blots show the expression levels of B-catenin, plakoglobin, N cadherin, and connexin-43
(Cx43) in mouse heart tissue. (B—E) Densitometry analysis of B-catenin, plakoglobin, N-cadherin, and Cx43 expression from
the Western blots. (F-I) Real-time quantitative polymerase chain reaction (RT-qPCR) results show the relative mRNA levels of
B-catenin, plakoglobin, N-cadherin, and Cx43 in the mouse myocardium. Results are presented as the mean +SD. * P<0.05,

** P<0.01, *** P<0.001 vs. the normal diet (ND) group.

plakoglobin, and N-cadherin were expressed on the surface of car-
diomyocytes and appeared to be in regions of cardiomyocyte cell-
cell adhesion in the ND group and HFD group. Finally, the distribu-
tion of Cx43 proteins was evaluated (Figure 4A-4C). Accumulation
of Cx43 was particular in the ICDs in the left ventricles in C57BL/6)

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

mice in both the HFD and ND groups (Figure 4D). Although the
ICD protein levels were significantly altered in the HFD mouse
group, the distribution of ICDs was detected at cell-cell junctions
and was unaltered after exposure to a chronic HFD when com-
pared with the ND group of C57BL/6J mice.
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Figure 4. Distribution of the intercalated disc proteins in the myocardium of the high-fat diet (HFD) mouse model. Representative
photomicrographs of the immunohistochemistry for expression of B-catenin (A), plakoglobin (B), N-cadherin (C), and
connexin 43 (Cx43) protein (D) in heart tissue of the two study groups of mice fed a high-fat diet (HFD) and a normal diet

(ND). Magnification x400.

Discussion

Patients with obesity are at much higher risk for ischemic
heart disease and cardiac failure, including diastolic cardiac
insufficiency. This study aimed to investigate the RAS activity
and cardiometabolic status in C57BL/6) mice fed a long-term
high-fat diet (HFD), and to determine whether long-term HFD
would induce cardiac remodeling and further reduce cardiac
function. The findings showed that in mice in the HFD group,
there was increased activity of RAS and abnormal expression
of myocardial intercalated disc (ICD) proteins and mRNA in the
left ventricular tissue. These findings require further study as
they may indicate the underlying mechanism of obesity-as-
sociated cardiac morphological changes and cardiovascular
functional injury.

The findings of the present study showed that in the mouse
model a chronic high fat diet could lead to obesity, hypergly-
cemia, hyperlipidemia, peripheral insulin resistance, as well as
an increase in heart weight, indicating that HFD might cause
heart hypertrophy. The heart weight normalized to body weight
was lower in the HFD group compared with the controls with
a normal diet (ND), which was likely due to the relative in-
crease in visceral fat and adipose tissue in HFD mice. In this
mouse model, a chronic high fat diet resulted in the pathologi-
cal changes of cardiomyocyte hypertrophy and cardiac fibrosis,

identified by histological staining. Cardiac hypertrophy is an
adaptation of the heart for increased workload, which may
ultimately lead to heart failure. The transition from compen-
sated hypertrophy to cardiac failure involves a complex series
of events that include cardiomyocyte hypertrophy and disar-
ray, alterations in the myocardial interstitium, the expression
of ICD proteins, and re-expression of fetal genes. The adap-
tive changes found in the obese mice in the present study in-
cluded myocyte hypertrophy, interstitial fibrosis, phenotypic
myocyte changes, and fetal gene re-expression.

Patients with obesity can develop heart failure with preserved
ejection fraction [16], with myocyte hypertrophy and fibrosis.
In this study, we found that chronic HFD caused a significant
increase in the brain natriuretic peptide (BNP) levels in mice
compared with the control ND mice, and the BNP level was
correlated with lipid levels. It is possible that mice fed a HFD
could be more likely to develop heart failure when exposed to
myocardial stressors, such as inflammation, infection, and fe-
ver. The definitive mechanisms of myocardial hypertrophy and
fibrosis in mice fed a HFD remain to be determined. The ef-
fect of HFD on cardiac hypertrophy and fibrosis might partly
contribute to loss in NAD-dependent deacetylase sirtuin-3 or
SIRT3 [17]. A previous study showed that HFD led to the inhibi-
tion of glycogen synthase kinase 3 beta (GSK3p), and indicated
that the GSK3[-B-catenin-YAP pathway mediated the process
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of myocardial remodeling [18]. Also, disorders in the nervous
system and endocrine system are associated with myocardial
remodeling and cardiac failure [4-6,19]. However, it remains
unclear whether obesity can block the recovery of homeosta-
sis of internal RAS due to an inadequate diet. In the current
study, mice fed a chronic HFD showed increased expression of
Ang-ll, ACE, and aldosterone, indicating increased activity of
RAS. An abnormally high level of Ang-Il reflects the activation
of the RAS and can cause cardiac inflammation, influence the
process of cardiac hypertrophy and fibrosis, and deteriorate
cardiac function [4-6,19]. The upregulated expression of the
RAS, in turn, acts on AT,R, which was also over-expressed in
the HFD group, and led to an increase in aldosterone, which
have key roles in vasoconstriction, cardiomyocytes hypertro-
phy, and cardiac fibrosis in HFD-fed mice. It is likely that RAS
influenced the process of cardiac hypertrophy and fibrosis in
mice fed a HFD.

ICD proteins impact cardiac electromechanical coupling and
chemical communications to maintain structural support among
adjacent cardiomyocytes to achieve the regular contraction
which is essential for cardiac function [7,20,21]. Changes in
the expression of Cx43 was associated with cardiac remodel-
ing in the present study, which was in accordance with pre-
vious findings [8-10,22]. Our results indicated that Cx43 ex-
pression was significantly down-regulated and accompanied
by left ventricular hypertrophy and increased collagen deposi-
tion in mouse hearts in the HFD group. Abnormal expression of
Cx43 and an increase in interstitial fibrosis may decrease the
conduction velocity and impair or destroy synchronous con-
traction [22], as Cx43 is the main connexin protein responsi-
ble for synchronous contraction by forming the myocyte-to-
myocyte pathways and spreading a regular electrical excitation
wave [20,22]. Therefore, the degree of change in Cx43 might
contribute to the pathologic changes in mice fed a HFD. We
further explored the impact of HFD on the expression of other
ICDs in cardiac hypertrophy and cardiac fibrosis. It has previ-
ously been shown that B-catenin, plakoglobin, and N-cadherin
are main adhesion factors in the heart, associated with myo-
cyte-to-myocyte adhesion that contribute to maintaining nor-
mal cardiac structure and function [7,11,12,14]. Abnormal ex-
pression and distribution of adhesion proteins in the heart
were previously shown to be associated with cardiomyopa-
thy and impaired cardiac function [7,11,13,14,23]. In support
of these previous findings, we found a significant increase in
[-catenin, plakoglobin, N-cadherin protein and related mRNA
levels in the HFD mice, but there was no difference in the dis-
tribution of these proteins between the hypertrophic hearts of

ANIMAL STUDY

the HFD mice and the ND mice. Upregulation of B-catenin may
regulate the downstream signal transduction and transcrip-
tional activity of several target genes, which are known to be
involved in the remodeling of cardiomyocytes [7,23]. However,
the increased expression levels of plakoglobin and N-cadherin
protein may be requires to maintain the normal structure of
the ICDs and the intercellular adhesion between cardiomyo-
cytes [11,13]. Based on observations, it may be hypothesized
that upregulation of B-catenin, plakoglobin, and N-cadherin
proteins contribute to a compensatory mechanism for the loss
of Cx43, to preserve cardiac phenotype, function, and mechan-
ical and electrical activity in hearts of obese mice fed a HFD.

However, in the present study, it was not possible to iden-
tify the underlying mechanisms for the abnormal expression
of ICD proteins or the increased susceptibility to cardiac in-
jury due to the HFD. There have been several previous studies
that may provide information regarding the possible mecha-
nisms involved. A previous study has shown that overexpres-
sion of cardiac-specific angiotensin-converting enzyme (ACE)
was associated with the activation of RAS and down-regulated
ventricular Cx43 expression by affecting transcriptional and
post-transcriptional regulation of connexins [24]. In the pres-
ent study, decreased expression of ventricular Cx43 might be
due to the upregulated activity of circulating RAS following
exposure to a HFD in mice. RAS has previously been shown
to be associated with the activation of kinases and phospha-
tases, which may modulate the degradation of cardiac con-
nexin and gap junctions [25].

Conclusions

This study aimed to investigate the renin-angiotensin system
(RAS) and cardiometabolic status in C57BL/6) mice fed a long-
term high-fat diet (HFD). The findings were that long-term HFD
in mice resulted in left ventricular hypertrophy, interstitial fi-
brosis, dysregulation of RAS, and abnormal expression of ICD
proteins compared with ND mice, but did not affect the dis-
tribution of cardiomyocyte ICD proteins. Altered expression of
ICDs may augment RAS activity associated with a HFD, and car-
diometabolic changes may mediate the development of cardiac
hypertrophy, fibrosis, and heart failure. These findings raise
the possibility that angiotensin-converting enzyme (ACE) in-
hibitors or angiotensin receptor blockers might be better ther-
apeutic options to mitigate the adverse effect of HFD-induced
cardiac remodeling and cardiac dysfunction.
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