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Abstract. – OBJECTIVE: To elucidate how 
microRNA-27a and FoxO1 regulate cardiac dys-
function in mice. 

MATERIALS AND METHODS: Expression lev-
els of ANP, BNP, β-MHC, α-SMA, Fn1, and Peri-
ostin in myocardial tissues of 2-month-old and 
8-month-old microRNA-27a-KO mice and age-
matched wild-type mice were determined by 
quantitative Real Time-Polymerase Chain Re-
action (qRT-PCR) and Western blot. Dual-lucif-
erase reporter gene assay was conducted in 
H9C2 cells to verify the binding condition be-
tween microRNA-27a and FoxO1. By transfec-
tion of microRNA-27a mimics or inhibitor, FoxO1 
expression in H9C2 cells was determined at 
the mRNA and protein levels. HW/BW [ratio of 
heart weight (mg) and body weight (mg)], HW/
TL [ratio of heart weight (mg) and tibial length 
(mm)], LVPWDT [left ventricular posterior wall 
diastolic thickness (mm)], LVEDD [left ventricu-
lar end-diastolic dimension (mm)], and FS (frac-
tional shortening) in mice treated with or with-
out FoxO1 inhibitor AS1842856 were accessed 
through echocardiography. 

RESULTS: MicroRNA-27a-KO mice had larg-
er LVEDD, HW/BW, and HW/TL, but lower FS 
and LVPWDT than those of age-matched wild-
type mice. Besides, higher levels of ANP, BNP, 
β-MHC, α-SMA, Fn1, and Periostin were observed 
in myocardial tissues of microRNA-27a-KO mice 
compared with those of age-matched wild-type 
mice. Dual-luciferase reporter gene assay re-
vealed lower luciferase activity in H9C2 cells 
co-transfected with microRNA-27a mimics and 
wild-type FoxO1 than that of controls. The ex-
pression level of FoxO1 was negatively regu-
lated by microRNA-27a in H9C2 cells at the mR-
NA and protein levels. After AS1842856 injec-
tion, HW/BW, HW/TL, and LVEDD in microR-
NA-27a-KO mice markedly decreased, where-
as FS and LVPWDT elevated. By comparison, 
AS1842856 injection did not influence cardiac 
development in wild-type mice.

CONCLUSIONS: MicroRNA-27a knock-
out could induce cardiac dysfunction in mice 
through upregulating FoxO1 expression.
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Introduction

Cardiovascular and cerebrovascular diseases 
(CCVD) include hypertension, coronary heart 
disease, stroke, diabetes mellitus, atrial fibril-
lation, myocardial infarction, and heart fail-
ure1,2. It is reported that the global prevalence 
of CCVD is on the rise. There are 17.3 million 
people who die from CCVD each year3. Due 
to the high disability rate and mortality rate, 
cardiovascular diseases consume large medical 
and social resources, posing a heavy burden on 
their families and countries. Therefore, actively 
searching for new biological markers is of great 
significance for the early prevention and diagno-
sis of cardiovascular diseases.

MicroRNAs are endogenous, non-coding sin-
gle-stranded small RNAs4. They are involved in 
organ growth, development, function, and stress 
response. MicroRNA-27a is closely related to cell 
apoptosis. Some studies have found that microR-
NA-27a has profibrotic effects on liver and lung5,6, 
and is also associated with cardiac hypertrophy 
and heart failure7-9. A large number of studies10,11 
have shown the important functions of microR-
NAs in the occurrence and development of car-
diovascular diseases.

Transcription factors, such as FoxO1 and 
FoxO3, have some effects on differentiation, me-
tabolism, and senescence of various types of 
cells other than cardiomyocytes. Studies12,13 have 
shown that congenital FoxO1 and FoxO3 defi-
cient mice usually present embryonic vascular 
abnormalities or subsequent cardiac hypertrophy. 
Recent researches pointed out that FoxO1 is the 
key factor to maintain normal metabolism and 
survival of cardiomyocytes. FoxO1 is capable of 
preventing against oxidative stress in cardiomyo-
cytes through the Hippo-YAP signaling pathway.

This work aims to elucidate whether microR-
NA-27a could inhibit rat cardiomyocyte fibrosis, 
thus providing new targets for preventing and 
treating myocardial fibrosis.
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Materials and Methods

Experimental Animals 
2-month-old and 8-month-old microR-

NA-27a-knockout mice (microRNA-27a-KO) and 
age-matched wild-type mice were obtained from 
Model Animal Research Center of Heilongjiang 
University. All mice were kept for 2-week habit-
uation. HW/BW [ratio of heart weight (mg) and 
body weight (mg)], HW/TL [ratio of heart weight 
(mg) and tibial length (mm)], LVPWDT [left ven-
tricular posterior wall diastolic thickness (mm)], 
LVEDD [left ventricular end-diastolic dimension 
(mm)], and FS (fractional shortening) of 2-month-
old and 8-month-old mice were recorded. FoxO1 
inhibitor AS1842856 was I.V. administered in 
mice at a dose of 10 mg/kg. This work was ap-
proved by the Daqing Longnan Hospital Animal 
Ethics Committee. 

Cell Culture and Transfection
Rat cardiomyocytes H9C2 were obtained from 

the Cell Culture Center, Institute of Basic Medical 
Sciences Chinese Academy of Medical Sciences 
(Beijing, China). H9C2 cells were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM; 
Gibco, Rockville, MD, USA) containing 10% 
fetal bovine serum (FBS; Gibco, Rockville, MD, 
USA) and maintained at 37°C, 5% CO2. MicroR-
NA-27a mimic or microRNA-27a inhibitor was 
transfected in H9C2 cells until 50-80% of con-
fluence using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA). 

Western Blot
Myocardial tissues or H9C2 cells were lysed 

for extracting total protein. The protein con-
centration was calculated by bicinchoninic ac-
id (BCA) protein assay kit (Pierce, Rockford, 
IL, USA). The extracted proteins were sepa-
rated on a 10% SDS-PAGE (sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis) and 
subsequently transferred to a polyvinylidene di-
fluoride (PVDF) membrane (Millipore, Billerica, 
MA, USA). Western blot analysis was performed 
according to standard procedures. Images were 
analyzed with the Image J software. 

RNA Extraction and Quantitative 
Real Time-Polymerase Chain 
Reaction (qRT-PCR)

TRIzol kit (Invitrogen, Carlsbad, CA, USA) was 
used to extract the total RNA, which was then 
reversely transcribed into complementary Deoxy-

ribose Nucleic Acid (cDNA). After the cDNA was 
amplified, qRT-PCR was performed to detect the 
expressions of related genes with 95°C for 5 min, 
followed by 40 cycles of 95°C for 15 s, 58°C for 
30 s, and 74°C for 30 s. Primers used in this study 
were as follows: FOXO1: F: TCGTCATAATCT-
GTCCCTACACA; R: CGGCTTCGGCTCTTAG-
CAAA; ANP: F: TGATAACTGGAGTACATTTC-
GCC; R: CGGTCATAATGGGTGAGAGTCT; 
BNP: F: GATGTGCATTCTATGGTGTACC; R: 
TTTCGGGATTGCTTATCTCAGAC; α-MHC: 
F: ATTCCACTAGGACCAGACTGCACC; R: 
GCTGGTGGTACTTATATTGTCCAC; β-MHC: 
F: TCAAGAGGCGAACACACAAC; R: GG-
CCTTTTCATTGTTTTCCA; α-SMA: F: ACCCAG-
CATGACATAACAGTG; R: GGATCCTTCTTC-
GTTCACAGTTT; Fn1: F: CAGTGCCTCGGAGAT-
GGTG; R: GGTTAGGTTCGCAGAAGTTGG; 
Periostin: F: GAAGTGCCAAGGGGATCATA; R: 
TGGCACTTGCTTCACAGAAC; MicroRNA-27a: 
F: ACACTCCAGCTGGGTTCACAGTGGCTA-
AG; R: CTCAACTGGTGTCGTGGAGTCCGG-
CAATTCAGTTGAGGCGGAACT.

Echocardiography
Mice were inhaled anesthetized with 1.5% iso-

flurane for 3 min and placed on a 37°C thermostat 
heating plate. The heart rate of mice was main-
tained at 45-55 beats/min. The chest area was 
depilated, and the appropriate amount of ultra-
sonic glue was applied. The ultrasonic probe was 
placed toward the mouse head. By rotation at 30°-
45° counterclockwise, the M echocardiographic 
image was taken at the papillary muscle level of 
mitral valve cords. LVEDD, FS, and LVPWDT 
of mice were recorded. Heart rate (HR) was cal-
culated for the average level based on at least 10 
more cycles. Other indexes were recorded as the 
average level based on 5 HRs by two researchers 
independently. 

Statistical Analysis
Data were analyzed by Statistical Product and 

Service Solutions (SPSS) 19.0 statistical software 
(IBM, Armonk, NY, USA). GraphPad Prism 
(Version X; La Jolla, CA, USA) was introduced 
for image processing and analyses. The quantita-
tive data were represented as mean ± standard de-
viation (x̅±s). The continuous variables were an-
alyzed by the t-test between two different groups 
or one-way ANOVA among different groups, 
followed by the Post-Hoc Test (Least Significant 
Difference). p<0.05 was considered statistically 
significant.
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Results

MicroRNA-27a Knockout Caused Cardiac 
Remodeling and Dysfunction

We first analyzed the general characteristics of 
2-month-old and 8-month-old microRNA-27a-KO 
mice and age-matched wild-type mice. It is found 
that 8-month-old wild-type mice present lower 
body weight, HW/BW, and HW/TL than those 
8-month-old microRNA-27a-KO mice (Figure 
1A-1C). Through echocardiography determina-
tion, microRNA-27a-KO mice had larger LVEDD 
compared with those of age-matched controls 
(Figure 1E). However, wild-type mice had higher 
FS and LVPWDT than microRNA-27a-KO mice 
(Figure 1D and 1F). These data demonstrated 
that microRNA-27a is closely related to cardiac 
development and function. 

MicroRNA-27a Knockout Induced 
Myocardial Fibrosis 

To further evaluate the potential mechanism 
of microRNA-27a in regulating cardiac func-
tion, mouse cardiac tissues were harvested for 
detecting relative gene expressions by qRT-PCR. 
The data showed higher mRNA levels of ANP, 
BNP, and β-MHC in cardiac tissues of microR-
NA-27a-KO mice compared with those of age-
matched controls, whereas α-MHC level was 
lower (Figure 2A). In particular, protein expres-
sion of ANP was consistently higher in microR-
NA-27a-KO mice (Figure 2B). Subsequently, both 
mRNA and protein levels of α-SMA, Fn1, and 
Periostin were markedly higher in cardiac tissues 
of microRNA-27a-KO mice compared with those 
of age-matched controls (Figure 2C and 2D). 
The above results revealed that microRNA-27a 
knockout is involved in the process of myocardial 
fibrosis.

FoxO1 Was Predicted to be the Target 
Gene of MicroRNA-27a

Through bioinformatics prediction, FoxO1 was 
found to be the target gene of microRNA-27a, 
which contained the potential binding site with 
microRNA-27a (Figure 3A). Subsequently, the 
dual-luciferase reporter gene assay was conduct-
ed in H9C2 cardiomyocytes to elucidate the 
binding condition between microRNA-27a and 
FoxO1. The data elucidated the lower luciferase 
activity in H9C2 cells co-transfected with mi-
croRNA-27a mimics and wild-type FoxO1 than 
that of controls. However, no significant differ-
ence in luciferase activity was found in H9C2 

cells co-transfected with microRNA-27a mimics 
and mutant-type FoxO1 (Figure 3B). Hence, we 
verified that FoxO1 could directly bind to mi-
croRNA-27a. Both qRT-PCR and Western blot 
results showed that the expression level of FoxO1 
is negatively regulated by microRNA-27a (Figure 
3C and 3D). 

FoxO1 Inhibitor AS1842856 Reversed 
the Cardiac Dysfunction Induced by 
MicroRNA-27a Knockout

Finally, we verified the in vivo regulatory 
effect of microRNA-27a on FoxO1 through the 
administration of FoxO1 inhibitor AS1842856 in 
mice. The data demonstrated that HW/BW, HW/
TL, and LVEDD in microRNA-27a-KO mice 
markedly decreased than those of age-matched 
controls after AS1842856 administration (Fig-
ure 4A, 4B and 4D). Meanwhile, FS and LVP-
WDT in microRNA-27a-KO mice injected with 
AS1842856 significantly elevated (Figure 4C and 
4E). By comparison, we did not observe changes 
in cardiac development in wild-type mice after 
AS1842856 injection. These in vivo results fur-
ther confirmed that microRNA-27a participates in 
cardiac development through regulating FoxO1. 

Discussion 

Some studies have found a variety of mi-
croRNAs expressed in the heart, including miR-
133a/b, miR-23, miR-29a/b, miR-27a/b, etc.14. 
These microRNAs are associated with many 
heart diseases such as arrhythmias, myocardial 
infarction, heart failure, and cardiac hypertro-
phy. Meanwhile, the significant functions of mi-
croRNAs in cardiac development have been well 
concerned15-19. The establishment of cardiomyo-
cyte-specific microRNA transgenic mice pro-
vides strong technical support for studying the 
function and mechanism of microRNAs in heart 
diseases. MicroRNA-27a, as a well-studied mi-
croRNA in heart diseases, exerts an important 
role in the regulation of cardiomyocytes, vascu-
lar cell differentiation, and cardiovascular sys-
tem. Nishi et al20 pointed out that microRNA-27a 
affects the differentiation and proliferation of 
cardiomyocytes by regulating the expression of 
β-myosin heavy chain (β-MHC). Thyroid hor-
mone receptor β1 (TRβ1) is a negative thyroid 
hormone response element that is present on the 
β-MHC promoter and negatively regulates the 
β-MHC transcription. MicroRNA-27a upregu-
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Figure 1. MicroRNA-27a knockout caused cardiac remodeling and dysfunction Body weight (A), HW/BW (B), HW/TL 
(C), LVEDD (D), LVPWDT (E), and FS (F) in 2-month-old and 8-month-old microRNA-27a-KO mice and age-matched 
wild-type mice.
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lates the β-MHC expression by downregulating 
the TRβ1 expression. The overexpression of 
microRNA-27a during stem cell differentiation 
exerts a crucial role in cardiac development in 
mice through regulating β-MHC.

Xue et al21 established a sepsis model in mice 
by intraperitoneal injection of lipopolysaccha-
ride. They found that microRNA-27a knock-
down protects the myocardium from sepsis in-

jury by upregulating Nrf2 expression. Alvarez 
et al22 found that microRNA-27a can reduce 
the level of low-density lipoprotein cholesterol 
receptor (LDLR), a significant factor that reg-
ulates blood lipid homeostasis thereby reduc-
ing the incidence of atherosclerosis. Hence, it 
is believed that the development of coronary 
atherosclerotic heart disease can be prevented 
by regulating the expression level of microR-

Figure 2. MicroRNA-27a knockout induced myocardial fibrosis. At the 8-week old, cardiac tissues of microRNA-27a-KO 
mice and age-matched wild-type mice were harvested. A, The mRNA levels of ANP, BNP, MHC-α, and β-MHC detected by 
qRT-PCR. B, Protein level of ANP detected by Western blot. C, The mRNA levels of α-SMA, Fn1, and Periostin detected by 
qRT-PCR. D, Protein levels of α-SMA, Fn1, and Periostin detected by Western blot.
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NA-27a. Kang et al23 found that the expression 
of microRNA-27a in lung tissues of C57BL/6 
mice undergoing hypoxia (10%) exposure for 
3 weeks greatly increased. Besides, the ex-
pression of microRNA-27a target gene PPARγ 
decreased, resulting in upregulated ET-1 level. 
These mice presented pulmonary vascular pro-
liferation and pulmonary vascular resistance, 
which in turn caused pulmonary hypertension 
and ultimately affected cardiac function. It is 
suggested that microRNA-27a may exert an 
important therapeutic role in certain heart dis-
eases, thus serving as a new drug target.

Scholars24,25 have found that the FoxOs fami-
ly has important regulatory effects on oxidative 
free radical damage. FoxO is a major factor in 
protecting cell damage from antioxidant free 
radicals. FoxO1 is one of the major members 
of the transcription factor FoxO subfamily and 
is called the forkhead box transcription factor. 
The human FoxO1 gene is located on chromo-
some 13 and encodes five amino acids. FoxO1 
is widely distributed in various tissues and 
organs of adults, such as the heart, small intes-
tine, colon, and peripheral blood leukocytes. 
Studies have shown that congenital FoxO1-de-

Figure 3. FoxO1 was predicted to be the target gene of microRNA-27a. A, The binding condition between FoxO1 and 
microRNA-27a predicted by bioinformatics. B, Binding condition between FoxO1 and microRNA-27a in H9C2 cells verified by 
dual-luciferase reporter gene assay. C, Overexpression of microRNA-27a downregulated mRNA level of FoxO1 in H9C2 cells, 
and knockdown of microRNA-27a upregulated mRNA level of FoxO1. D, Overexpression of microRNA-27a downregulated 
protein level of FoxO1 in H9C2 cells, and knockdown of microRNA-27a upregulated protein level of FoxO1.
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ficient mice usually present fetal vascular ab-
normalities or cardiac hypertrophy. Recently 
it has been found that that FoxO1 is the key to 
maintain the normal metabolism and survival 
of muscle cells mainly through the Hippo-YAP 
pathway.

In this work, we compared HW/BW, HW/TL, 
LVEDD, FS, and LVPWDT between microR-
NA-27a-KO mice and wild-type mice. MicroR-
NA-27-KO mice showed higher HW/BW, HW/
TL, and LVEDD, but lower FS and LVPWDT 
than those of age-matched wild-type mice. 
Moreover, microRNA-27a knockdown mark-
edly upregulated levels of myocardial fibro-
sis-related genes. By bioinformatics prediction, 
FoxO1 was screened out to be the target gene 

of microRNA-27a, which was further verified 
by qRT-PCR results. Furthermore, treatment of 
FoxO1 inhibitor (AS1842856) rescued cardiac 
dysfunction in mice caused by microRNA-27a 
knockout.

Conclusions

We found that the microRNA-27a knockout 
could induce cardiac dysfunction in mice through 
upregulating FoxO1 expression. 

Conflict of Interest
The Authors declare that they have no conflict of interests.

Figure 4. FoxO1 inhibitor AS1842856 reversed the cardiac dysfunction induced by microRNA-27a knockout. HW/BW (A), 
HW/TL (B), LVEDD (C), LVPWDT (D), and FS (E) in cardiac tissues of microRNA-27a-KO mice and age-matched wild-type 
mice after AS1842856 injection. Data were expressed as percentages.
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