
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
Doxorubicin is one of the most powerful and widely 
used anti-cancer anthracycline agents, but its specific 
cardiotoxicity severely hampered its clinical application 
[1]. Doxorubicin-induced cardiotoxicity often results in 
early or late onset irreversible degenerative 
cardiomyopathy and congestive heart failure, which is 
associated with high morbidity and mortality [2]. 
Cardinale et al. described a 9% incidence of 
cardiotoxicity among 2625 anthracycline treated 
patients [3]. With the increasing cancer survival rate, 
the attentions on doxorubicin-induced cardiotoxicity are 
rising. For decades, a plenty of studies have being tried 
to reveal the mechanisms of  its cardiac  adverse  effects,  
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and several hypotheses have been proposed, for 
example oxidative stress and topoisomerase enzyme 
inhibition[4]. However, the pertinent interventions have 
not successfully improved the cardiac complications in 
patients treated with doxorubicin [4].  
 
Vascular homeostasis is a balanced state, in which 
endothelial cells, vascular smooth muscle cells and 
fibroblasts in the vascular wall integrate, transmit 
signals and produce bioactive molecules to maintain a 
proper blood perfusion of tissue[5]. Vascular 
homeostasis is maintained by diverse vasoactive 
substances such as nitric oxide (NO) and vascular 
endothelial growth factor (VEGF), and their 
downstream intracellular signaling pathways [6]. The 
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Abstract: Background: Vascular homeostasis abnormalities may involve in doxorubicin induced cardiotoxicity.   
Methods: Enhanced cardiac miR‐320a expression, reduced cardiac microvessel density and impaired cardiac function were
observed  in mice  treated by anthracycline doxorubicin. To  further explore  the  role of miR‐320a  in doxorubicin  induced
cardiotoxicity, microRNA mimics/inhibitor in vitro and rAAV administration in vivo were employed in mice. 
Results:  Knockdown  of  miR‐320a  not  only  resulted  in  enhanced  proliferation  and  inhibited  apoptosis  in  cultured
endothelial cells, but also attenuated cardiac abnormalities  induced by doxorubicin. On  the contrary, overexpression of
miR‐320a enhanced apoptosis in vitro, and aggravated vessel abnormalities in heart and subsequent cardiac dysfunction in
mice. Furthermore, Western blot assays showed that VEGF‐A was a potential target of miR‐320a, which was verified by
anti‐Ago2 co‐immunoprecipitation. Moreover, as same as miR‐320a, siRNA against VEGF‐A reinforced doxorubicin induced
endothelial  cells  injury.  Finally,  the  negative  effects  of miR‐320a  on  vascular  homeostasis  and  cardiac  function were
alleviated by VEGF‐A re‐expression in doxorubicin treated mice. 
Conclusion: Our observations demonstrate  that miR‐320a play  important  roles  in doxorubicin  induced cardiotoxicity via
vessel  homeostasis  in  heart  and  thus,  inhibition  of miR‐320a may  be  applied  to  the  treatment  of  cardiac  dysfunction
induced by anthracycline. 
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endothelium is a cell monolayer lining the luminal 
surface of blood vessels, acting as a gatekeeper of 
vascular homeostasis via sensing and responding to 
stimuli and activating various vasoactive systems via 
secreting cytokines. Endothelial injury appears to be 
crucial element in disturbance of vascular homeostasis 
[7]. Disturbance of vascular homeostasis may results in 
multiple cardiovascular diseases, such as hypertension, 
atherosclerosis, and heart failure [7]. Emerging 
evidences suggest that the disturbance of vascular 
homeostasis in heart may involve in the development of 
doxorubicin-induced cardiotoxicity [8-10]. However, 
whether and how doxorubicin disturbs cardiac vascular 
homeostasis remains unclear. 
 
VEGF family consists of five subtypes: VEGF-A, 
VEGF-B, VEGF-C, VEGF-D and placental growth 
factor (PlGF). VEGF-A is encoded by a single gene, 
and five isoforms of VEGF-A have been identified due 
to alternative mRNA splicing[11]. Five isoforms of 
VEGF-A are VEGF-A121, VEGF-A145, VEGF-A165 (the 
predominant isoform), VEGF-A189, and VEGF-A206 
[11]. VEGF-A plays crucial roles in vascular 
homeostasis via regulating new vessel formation 
(including angiogenesis, arteriogenesis, and 
vasculogenesis), stabilization of newly formed vessels, 
vasodilatation, increased vascular permeability, 
neuromodulation, recruitment and homing of stem cells 
and so on [11]. In heart, VEGF-A is secreted from 
various types of cells, including endothelial cells and 
mature cardiomyocytes. Cardiomyocyte-specific 
knockout of VEGF-A results in fewer coronary 
microvessels, thinned ventricular walls, depressed basal 
contractile function, and an abnormal response to β-
adrenergic stimulation [12]. However, the use of VEGF 
inhibitors in the clinical treatments of cancer has a 
potential to cause cardiac toxicity and decompensated 
heart failure. The recombinant human monoclonal 
antibody bevacizumab is a novel antineoplastic agent 
that binds human VEGF, and approximately 2%-4% of 
patients treated with bevacizumab will develop CHF 
[13]. Moreover, combination of doxorubicin and 
bevacizumab resulted in an unacceptably higher 
exacerbation of cardiotoxicity [14]. These prompted a 
hypothesis that doxorubicin may cause cardiac 
dysfunction by destroying vascular homeostasis via 
VEGF signal pathway.  
 
MicroRNAs (miRNAs) are a class of small non-coding 
RNAs which regulate gene expression at the post-
transcriptional level by binding to their mRNA targets. 
Mounting evidences demonstrated that miRNAs play 
key roles in diverse physiological/pathological 
processes. It was speculated that a single miRNA can 
modulate a variety of processes by regulating multiple 

targets [15]. Some miRNAs are tissue enriched or even 
tissue restricted, which can control gene expression in 
certain organs or tissues [16]. More importantly, 
miRNAs may be promising therapeutic targets for 
diseases. However, the reports about the roles of 
miRNAs in doxorubicin induced cardiotoxicity are 
numbered. Up to now, only miR-532-3p, miR-216b, 
miR-34c and miR-146a were identified as potential 
regulators of cardiac complications of doxorubicin [17]. 
Our previous publication demonstrate that miR-320a 
contributes to atherogenesis by augmenting multiple 
risk factors and down-regulating SRF [18]. 
Interestingly, we found that the circulating miR-320a 
was decreased in patients treated with anthracycline 
combined chemotherapy. In the current study, we 
observed that miR-320a involved in doxorubicin 
induced cardiotoxicity through regulating vascular 
homeostasis via VEGF-A.    
 
RESULTS 
 
Doxorubicin increased miR-320a level and decreased 
cardiac microvessel density in vivo and in vitro 
 
To explore the role of miR-320a in doxorubicin-induced 
cardiotoxicity, the level of miR-320a was detected by 
real-time PCR. Significantly increased level of miR-
320a was found in heart in doxorubicin treated mice 
(Figure 1A). Furthermore, miR-320a was enriched in 
heart (Figure 1B). Circulating miR-320a was decreased 
in patients treated with anthracycline combined 
chemotherapy (Supplemental Figure 1). On the other 
hand, the expression of CD31 and CD34, indicators of 
tissue microvessel density, was markedly decreased in 
heart from mice treated with doxorubicin, suggesting 
that the vascular homeostasis was disturbed (Figure 
1C).  
 
In vitro study showed that doxorubicin exposure 
increased markedly expression of miR-320a in HUVEC 
compared with H9c2 (11.70 ± 2.52 vs 4.4 ± 0.48) 
(Figure 1D and 1E). Thus, HUVEC was chosen for 
further in vitro study. Results showed that miR-320a 
may play critical roles in doxorubicin induced cardiac 
injury via the disturbance of vascular homeostasis in 
heart. 
 
Inhibition of miR-320a attenuated cardiac 
dysfunction and cardiac microvessel injury induced 
by doxorubicin 
 
For in vivo study, rAAV-miR-320a and rAAV-miR-
320a TuDs were used to manipulate the expression of 
mature miR-320a in mice. Firstly, real-time PCR 
verified that rAAV-miR-320a treatment  increased  miR- 
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320a expression; while rAAV-miR-320a TuDs decreased 
the expression of miR-320a in heart (Figure 2A). 
Echocardiographic and hemodynamic analyses were 
performed to examine the effects of rAAV treatments on 
cardiac function. Doxorubicin induced cardiotoxicity in 
mouse model was recognized by reduced fractional 
shortening (FS), decreased LV ejection fraction (EF) and 
impaired ±dp/dt (Figure 2B and 2C). Interestingly, 
rAAV–miR-320a TuDs alleviated doxorubicin induced 
cardiac dysfunction by downregulating miR-320a; while 
miR-320a overexpression by rAAV-miR-320a 
exacerbated their cardiac dysfunction (Figure 2B and 
2C). Consistently, rAAV-miR-320a TuDs reduced BNP 
mRNA overexpression, an indicator of cardiac 
dysfunction, induced by doxorubicin (Figure 2D). 
Moreover, miR-320a TuDs markedly decreased the 
number of TUNEL-positive cells  in  the  hearts  of  mice  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
exposed to doxorubicin (Figure 2E). To further 
investigate effects of miR-320a on vascular density in 
heart, protein levels of CD31 and CD34 were detected. 
Results showed that doxorubicin treatment decreased 
expression of CD31 and CD34 in heart. As expected, 
rAAV-miR-320a TuDs treatment reserved these declines; 
while overexpression of miR-320a aggravated 
doxorubicin-induced downregulation of these proteins 
(Figure 2F). As well, doxorubicin induced reduction of 
eNOS expression and miR-320a inhibition reversed the 
effect (Figure 2F). Doxorubicin exposure caused mice 
dead. However, there is no significant difference in 
survival rate among doxorubicin challenged mice 
(Supplemental Figure 2). These data suggest that 
inhibition of miR-320a reverses the reduction in 
microvessel density and endothelial injury, as well as 
cardiac dysfunction induced by doxorubicin.   

Figure 1. Increased miR‐320a and decreased cardiac microvessel density were induced by doxorubicin in
vivo and in vitro. (A) Relative cardiac miR‐320a expression level measured by real‐time PCR. (B) Relative expression 
of miR‐320a  among  different  organs measured by  real‐time  PCR.  (C)  Expression  level  of  CD31  and  CD34  in  heart 
detected by  immunohistochemical  staining. Scale bar, 200μm.  (D) Relative miR‐320a expression  level  in H9c2 cells 
measured by real‐time PCR. (E) Relative miR‐320a expression  level  in HUVEC cells measured by real‐time PCR. Data 
are representative of three experiments, n≥4. Data are expressed as mean ± SEM, *P<0.05 versus control.  
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Figure  2.  Inhibition  of  miR‐320a  improved  cardiac  dysfunction  and  cardiac  microvessel  injury
induced by doxorubicin. (A) Cardiac expression of miR‐320a detected by real‐time PCR. (B) Echocardiographic
detection  of mice with  different  treatments.  (C)  Hemodynamic  analysis measured  by Millar  cardiac  catheter
system  of mice with  different  treatment.  (D)  Relative  BNP  expression  level  in  heart  from mice with  different
treatments measured by real‐time PCR. (E) TUNEL staining of heart sections from mice with different treatments.
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Inhibition of miR-320a alleviated doxorubicin 
induced endothelial cells impairment in vitro 
 
Endothelial cells injury is the key event of vascular 
dyshomeostasis. To study the role of miR-320a in 
cultured endothelial cells, gain/loss-of-function analysis 
was conducted by transfection of miRNA mimics or 
inhibitor. BrdU incorporation assay indicated that 
knocking down endogenous miR-320a by miRNA 
inhibitor enhanced cell proliferation, while miR-320a 
mimics resulted in opposite effect (Figure 3A). 
Meanwhile, Annexin V/PI staining assay showed that 
miR-320a inhibitor reduced apoptosis (Figure 3B). 
More importantly,  miR-320a  inhibitor  relieved  doxo- 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
rubicin-induced proliferation inhibition and apoptosis 
promotion, while miR-320a aggravated these effects 
(Figure 3A and 3B). Further, NO release detection, tube 
formation assay and transwell experiment were 
employed to determine functions of endothelial cells. 
As expected, doxorubicin dramatically injured or 
destroyed release of NO, tube formation and migration 
of HUVEC (Figure 3C-E). Similarly, HUVEC with 
miR-320a transfection exhibited impaired NO release, 
tube formation and cell migration (Figure 3C-E). 
Overexpression of miR-320a in cells exposed to 
doxorubicin enhanced the damages, while 
downregulation of miR-320a alleviated these effects 
(Figure 3C-E). 
 

Figure 2. Inhibition of miR‐320a improved cardiac dysfunction and cardiac microvessel injury induced
by doxorubicin. (F) Expression level of CD31, CD34 and eNOS in heart detected by immunohistochemical staining.
Scale bar, 200μm. Data are expressed as mean ± SEM, n≥4, *P<0.05 versus control, #P<0.05 versus Doxo. 
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Figure 3. Inhibition of miR‐320a improved doxorubicin induced endothelial cells impairment in vitro.
(A) Proliferation detected by BrdU incorporation assays. (B) Apoptosis measured by Annexin V/PI flow cytometric
analysis. (C) NO release detected by Nitric oxide colorimetric assays. (D) Tube formation determined on Matrigel.
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VEGF-A is a target of miR-320a  
 
Using target prediction programs we found that VEGF-
A is one of putative miR-320a targets and it possesses a 
highly conserved binding site to miR-320a (Figure 4A). 
To validate the putative target, anti-Ago2 co-IP was 
performed. After miR-320a treatment, the mRNA level 
of VEGF-A remained steady in total RNA from 
HUVEC cell lysates, but enriched in Ago2 co-
immunoprecipitated RNA (Figure 4B). Further, 
Western blots showed that miR-320a mimic, as well as 
VEGF-A siRNA, significantly reduced VEGF-A level, 
while miR-320a inhibitor increased its level in HUVEC 
(Figure 4C). Moreover, VEGF-A protein level in heart 
was reduced by doxorubicin treatment, and more 
severely reduced in doxorubicin plus rAAV-miR-320a 
treated animals. In contrast, rAAV-miR-320a TuDs 
treatment reversed these effects  (Figure 4D).  However,  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
doxorubin failed to alter the circulating VEGF-A level 
(Supplemental Figure 3). 
 
Down-regulation of VEGF-A aggravated 
doxorubicin induced impairment in HUVEC 
 
To verify the function of VEGF-A in doxorubicin 
induced impairment in cultured endothelial cells, siRNA 
against VEGF-A was transfected into HUVEC. The 
knockdown efficiency of the siRNA was almost 50% at 
the protein level (Figure 4C). Knockdown of VEGF-A 
not only resulted in decreased proliferation and increased 
apoptosis, but also exaggerated doxorubicin-induced 
damages (Figure 5A and 5B). Similarly, knockdown of 
VEGF-A aggravated doxorubicin induced endothelial 
dysfunction, proved by impaired NO release (Figure 5C), 
reduced tube formation (Figure 5D) and damaged 
migration (Figure 5E). 
 

Figure 3. Inhibition of miR‐320a improved doxorubicin induced endothelial cells impairment in
vitro. (E) Migration evaluated by transwell experiment. Scale bar, 200μm. Data are representative of three
experiments.  Data  are  expressed  as mean  ±  SEM,  n≥3,  *P<0.05  versus  control,  #P<0.05  versus  Doxo  + 
negative con, $P<0.05 versus negative control. 
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Restored VEGF-A eliminated the miR-320a induced 
cardiac dysfunction in doxorubicin treated mice 
 
Further, in order to verify the role of miR-320a/VEGF-
A pathway in doxorubicin induced cardiotoxicity, we 
re-expressed VEGF-A in rAAV-miR-320a treated mice 
using rAAV-VEGF-A. Western blots showed that 
rAAV-VEGF-A restored VEGF-A expression in 
doxorubicin plus rAAV-miR-320a treated mice (Figure 
6A). Echocardiographic and hemodynamic analyses 
showed that restored VEGF-A expression markedly 
improved cardiac function in doxorubicin exposed mice 
treated with rAAV-miR-320a (Figure 6B and 6C), and 
reduced BNP mRNA level (Figure 6D), as well, 
restored VEGF-A alleviated rAAV-miR-320a induced 
cardiomyocyte apoptosis in doxorubicin treated mice 
(Figure 6E). With regard to doxorubicin induced 
vascular dyshomeostasis in heart, enforced VEGF-A 
expression counteracted the deterioration effects of 
rAAV-miR-320a, featured by restoring expression of 
CD31, CD34 and eNOS in heart (Figure 6F).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
 
In the present study, we showed that doxorubicin 
disturbed the vascular homeostasis in heart by regulating 
miR-320a-VEGF-A signal pathway (Supplemental 
Figure 4). Upregulation of miR-320a accompanied with 
reduction in microvessel density were observed in heart 
with doxorubicin treatment for the first time. 
Furthermore, overexpression of miR-320a aggravated 
cardiac abnormalities and endothelial cell injury. Most 
importantly, knockdown of miR-320a attenuated the 
reduction in microvessel density in heart, endothelial cell 
damage and subsequent cardiac dysfunction in vivo and 
in vitro induced by doxorubicin. VEGF-A was predicted 
and verified as a direct target of miR-320a. Results by 
modulating VEGF-A expression further support that 
miR-320a involves doxorubicin induced cardiotoxicity 
via directly targeting VEGF-A expression in heart.  Our 
data lend a impression that inhibition of miR-320a may 
be applied to the treatment of cardiac dysfunction 
induced by anthracycline.  

Figure 4. VEGF‐A is a target of miR‐320a. (A) Schematic representation of the predicted target sites of miR‐320a in the 3’ UTR of VEGF‐
A. The 3’ end of predicted binding site in human VEGF‐A is labeled with blue, the crucial seed regions in 5’ end of miR‐320a is labeled with
red. (B) Expression of VEGF‐A  in the whole RNA (left) or the RNA of the anti‐Ago co‐IP  (right) from the cell  lysates. (C) VEGF‐A protein
level  in treated HUVEC.  (D) VEGF‐A protein  level  in treated mice. Data are representative of three experiments. Data are expressed as
mean ± SEM, n≥3, *P<0.05 versus control, #P<0.05 versus Doxo + negative con or Doxo + rAAV‐miR‐320a mut, $P<0.05 versus negative con. 
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Figure  5.  Down‐regulated  expression  of  VEGF‐A aggravated  doxorubicin‐
induced  impairment  in HUVEC.  (A) Proliferation determined by BrdU  incorporation
assays. (B) Apoptosis measured by Annexin V/PI flow cytometric analysis. (C) NO release
detected by Nitric oxide colorimetric assays. (D) Tube formation determined on Matrigel.  
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Cardio-oncology is a new discipline which has evolved 
to address the cardiovascular needs of patients with 
cancer and optimize their care in a multidisciplinary 
approach, in response to the increasingly serious 
cardiovascular complications that occur as a side-effect 
of cancer therapy [19]. Since 1950s, anthracyclines 
continue to be the most widely used anti-cancer agents. 
However, severe cardiac complications of anthracycline 
have troubled people since then. In 1979, a dose-
toxicity curve was first generated, and it was realized 
that limiting the cumulative anthracycline dose could 
reduce the toxicity [20]. Then, in vivo and in vitro 
studies revealed that reactive oxygen species generation 
was increased after anthracycline treatments. However, 
to their disappointment, antioxidants failed to prevent 
anthracycline induced cardiotoxicity [21]. Recently, 
topoisomerase (Top) 2β has been identified as the key 
mediator of anthracycline cardiotoxicity. Top 2β 
expression levels was assumed as a marker of individual 
susceptibility to anthracycline, but  the  clinical  applica- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
tion remained controversial because of lacking 
specificity [22]. Dexrazoxane is the only FDA approved 
cardioprotective agent for anthracycline cardiotoxicity, 
whose healing mechanism and efficiency are still 
unclear. Therefore, the mechanism of anthracycline 
induced-cardiotoxicity is far away from being resolved. 
Recently, the endothelial injury in heart was observed 
after doxorubicin treatment, suggesting cardiac vascular 
abnormality may involve in the pathogenesis of 
doxorubicin induced cardiomyopathy [9]. Consistently, 
in the present study, our results confirmed that the 
disturbance of vascular homeostasis occurred after 
doxorubicin treatment. In vivo, we showed that 
microvessel density was reduced and endothelial 
function was damaged in heart after doxorubicin 
treatment. In vitro, we found that doxorubicin not only 
induced cultured endothelial cells proliferation 
inhibition and apoptosis promotion, but also damaged 
physiological functions of endothelial cell, including 
migration, tube formation and NO release. 

Figure  5. Down‐regulated  expression  of VEGF‐A aggravated  doxorubicin‐induced 
impairment in HUVEC. (E) Migration evaluated by transwell experiment. Scale bar, 200μm. 
Data  are  representative  of  three  experiments.  Data  are  expressed  as mean  ±  SEM,  n≥3, 
*P<0.05 versus control, #P<0.05 versus Doxo + negative con, $P<0.05 versus negative con. 
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Figure  6. Restored VEGF‐A  eliminated  the miR‐320a  induced  cardiac dysfunction  in doxorubicin  treated mice.  (A)
Cardiac expression of VEGF‐A detected by western blot analysis. (B) Echocardiographic detection of mice with different
treatments. (C) Hemodynamic analysis measured by Millar cardiac catheter system of mice with different treatments.
(D) Relative BNP expression level in heart measured by real‐time PCR. (E) TUNEL staining in heart sections.  
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The impairment of cardiac vasculature could directly 
result in myocardial hypoperfusion. Clinical 
observations showed that the microvessel density of 
diseased hearts was significantly lower than that of 
normal hearts [23]. Vascular dysfunction could also 
lead to the absence of vascular paracrine of various 
bioactive molecules, key regulators of myocardial 
survival and function. In vitro experiments showed that 
myocytes contractile function was reduced when co-
cultured with injured microvessel endothelial cells from 
heart [24]. Whereas in vivo studies demonstrated that 
vascular damage aggravated myocardial depression, 
while protection of the cardiac vasculature improved 
cardiac function [25]. Clinically, prognostic roles of 
myocardial blood flow impairment in cardiac diseases 
have been well-established [26]. Our present study 
showed that reduced microvessel density and damaged 
endothelial function were correlated with doxorubicin 
induced   cardiac   dysfunction,  while  increased  micro- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vessel density and improved endothelial function were 
associated with recovery of cardiac function. Therefore, 
doxorubicin may induce cardiac dysfunction via 
disturbing of vascular homeostasis. 
 
Our data showed that miR-320a expression was 
increased in both cardiomyocytes and endothelial cells 
after doxorubicin treatment, and VEGF-A was a target 
of miR-320a, suggesting that doxorubicin could reduce 
VEGF-A expression by upregulating miR-320a in both 
types of cells. Interestingly, cultured endothelial cells 
with VEGF-A specific siRNA showed similar damages 
as miR-320a treated cells. However, there is no 
significant difference in survival rate among 
doxorubicin challenged mice (Supplemental Figure 2). 
One possible explanation may be the various causes of 
doxorubicin induced death. Besides its specific 
cardiotoxicity, doxorubicin also produces significant 
toxic side-effects in liver, brain and kidney [27]. 

Figure 6. Restored VEGF‐A eliminated the miR‐320a induced cardiac dysfunction in doxorubicin treated mice. (F) Expression
level of CD31, CD34 and eNOS in heart detected by immunohistochemical staining. Scale bar, 200μm. Data are expressed as
mean ± SEM, n≥4, *P<0.05 versus control, #P<0.05 versus Doxo + rAAV‐miR‐320a mut, $P<0.05 versus rAAV‐miR‐320a. 
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Otherwise, intraperitoneal injection of doxorubicin can 
cause bloody peritonitis. Therefore, the cause of death 
in mice treated with doxorubicin may be serious 
systemic damages, not limited to severe heart failure. In 
our study, we injected rAAV9 via the tail vein, which 
lead to the advantages of cardiac targeting rather than 
systemic effects [28]. The cardiac targeting gene 
transfer may be not effective to alter the survival rate, 
especially in a short period. Although it was reported 
that doxorubicin could reduce VEGF expression in 
heart, the literature on circulating VEGF level is rare 
[10]. Our data showed that doxorubin decreased VEGF-
A expression in heart without altering the circulating 
VEGF-A level (Supplemental Figure 3). 
 
Moreover, dysregulated miR-320a expression is 
associated with a large variety of diseases such as 
cancer, diabetes and cardiovascular diseases. A majority 
of the reported miR-320a targets are involved in 
proliferation, apoptosis, cell cycle, differentiation, 
migration and substance metabolism (Supplemental 
Table 2). And, these vital processes also involved in the 
doxorubicin-induced cardiotoxicity. Notably, some 
major molecules regulating angiogenesis are targeted by 
miR-320a, such as IGF1, IGFR and NRP1. IGF1-IGFR 
pathway has been proved to have protective effects on 
doxorubicin induced cardiotoxicity [29, 30]. NRP1 is a 
co-receptor for VEGF-A [31]. All these studies suggest 
that miR-320a plays important roles in doxorubicin 
induced cardiotoxicity. Consistently, we found that 
enhanced miR-320a expression involved in the 
doxorubicin induced cardiotoxicity through disrupting 
the cardiac vascular homeostasis. Whether other targets 
of miR-320a are involved in doxorubicin induced 
cardiotoxicity needs further study.  
 
MATERIALS AND METHODS 
 
Reagents. Chemicals and reagents were from Sigma-
Aldrich Company unless otherwise noted. Dulbecco’s 
Modified Eagle Medium (DMEM), RPMI 1640 and 
fetal bovine serum (FBS) were from GIBCO (Grand 
Island, NY). Mouse monoclonal antibody against β-
actin was from Santa Cruz Biotech (Santa Cruz, CA). 
Rabbit polyclonal antibodies against VEGF-A, CD31, 
CD34 and eNOS were from ABclonal Biotech 
(Cambridge, MA). Polyvinylidene difluoride (PVDF) 
membranes were from Bio-Rad (Hercules, CA). 
Horseradish peroxidase-conjugated secondary antibody 
and enhanced chemiluminescence reagents were from 
Pierce Biotech (Rockford, IL). miR-320a 
mimics/inhibitors, VEGF-A siRNAs, negative control 
and primers for miRNAs were from RiboBio 
(Guangzhou, China). Endotoxin-free plasmid 
purification kits were from TIANGEN (Beijing, China). 

Primers for mRNA were from BGI Tech (Shenzhen, 
China). DNA ladders, prestained protein markers were 
from Thermo Fisher Scientific (Glen Buenie, MD). 
Other reagents were from standard suppliers. 
 
Human blood samples. Human blood samples from 5 
patients who suffered from acute myelogenous 
leukemia and treated with anthracycline, and 5 normal 
donors were collected at Tongji Hospital (Wuhan, 
China). The clinical characteristics of patients are listed 
in Supplemental Table 1. The study was approved by 
the Ethics Review Board of Tongji Hospital and Tongji 
Medical College and conformed to the principles of the 
Declaration of Helsinki. All participants agreed and 
signed informed consent before participating in the 
study. 
 
Construction of plasmids and preparation of 
recombinant adeno-associated virus (rAAV). To 
manipulate the expression of miR-320a and VEGF-A in 
vivo, the rAAV system (type 9) were employed. The 
oligonucleotides and their complementary ones were 
synthesized by BGI Tech (Shenzhen, China), then 
annealed, and ligated into rAAV vectors. For the 
expression of VEGF-A, the full length sequence of its 
protein coding sequence (CDS) was amplified by PCR 
using the primers, and then ligated into rAAV vectors. 
For the expression of miR-320a and miR-320a TuDs 
[32] and miR-320a mutant, oligonucleotides were 
designed as miR-320a (5’-AGCTTTCGCCCTC 
TCAACCCAGCTTTTTTCAAGAGAAAAAGCTGGG
TTGAGAGGGCGACCGC-3’), miR-320a TuDs (5’-
GACGGCGCTAGGATCATCAACTCGCCCTCTCAA
ATCTCCCAGCTTTTCAAGTATTCTGGTCACAGA
ATACAACTCGCCCTCTCAAATCTCCCAGCTTTT
CAAGATGATCCTAGCGCCGTCTTTTTT-3’), miR-
320a  mutant  (5’-AGCTTTGCGGGAGTCAACCCAG 
CTTTTTTCAAGAGAAAAGCTGGGTTGACTCCCG
CACCGC-3’). The packaging of rAAV were performed 
and then purified as described previously [32].  
 
Mice. The investigation conforms to the Guide for the 
Care and Use of Laboratory Animals published by the 
US National Institutes of Health (NIH Publication No. 
85-23, revised 1985). All animal experimental protocols 
were approved by the Institutional Animal Research 
Committee of Tongji Medical College, and in 
accordance with the ARRIVE Guidelines. Male 
C57BL/6 mice (20-25g) were from the Experimental 
Animal Center of Wuhan University (Wuhan, China). 
Mice were randomly divided into different groups (n≥6 
per group): control, rAAV-GFP, rAAV-miR-320a, 
rAAV-miR-320a TuDs, rAAV-miR-320a mut, Doxo, 
Doxo+ rAAV-GFP, Doxo+ rAAV-miR-320a, Doxo+ 
rAAV-miR-320a TuDs, Doxo+ rAAV-miR-320a mut, 
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Doxo+ rAAV-miR-320a+ rAAV-VEGF-A. Mice were 
treated with intravenous injection of corresponding 
rAAV (1×1011 virions particles), respectively. Two 
weeks after rAAV injection, mice were treated with 
doxorubicin (a single intraperitoneal injection at a dose 
of 25 mg per kg of body weight), with control 
undergoing saline. For survival study, mice (n=20 per 
group) with different treatments were observed over a 
period of 14 days following doxorubicin injection. Then 
all animals were sacrificed (euthanasia), and organs 
were collected, frozen in liquid nitrogen followed by 
storage at -80°C for further experiments or fixed with 
formalin for the histological analysis. 
 
Enzyme-linked immuno sorbent assay (ELISA). Level 
of circulating VEGF-A was performed by mouse 
VEGF-A ELISA kit according to the manufacturer’s 
protocol (RayBiotech, Norcross, GA). 
 
Echocardiography and in vivo hemodynamics. After 
anesthetization, echocardiographic analysis was 
performed as described previously [33]. Then, 
hemodynamic analyses were performed before sacrifice 
as described previously [34]. 
 
Histochemical analysis. Heart tissues fixed in formalin 
were paraffin embedded and cut into 4 μm-thick 
sections and analyzed by immunohistochemistry with 
specific antibodies. TUNEL was performed by using the 
TACS TdT In Situ Apoptosis Detection Kit - DAB 
(R&D Systems, Minneapolis, MN). Images were 
acquired by light microscope (200X).  
 
Cell culture, transfection and treatments. H9c2 and 
HUVEC were from American Type Tissue Collection, 
and were cultured in DMEM or RPMI 1640 
supplemented with 10% FBS, respectively. Cells were 
grown at 37°C with a humidified atmosphere of 5% 
CO2. Cells were transfected with miR-320a mimics 
(100nM, similarly hereinafter), miR-320a inhibitor, 
miRNA/siRNA negative control siRNA against human 
VEGF-A using Lipofectamine 2000 reagent 
(Invitrogen) following the manufacturer’s protocol. 
Twenty-four hours after transfection, cells were treated 
with 5 μM doxorubicin for next 12 hours and then 
collected. 
 
RNA isolation and detection. Total RNAs were 
extracted by TRIzol Reagent (Invitrogen). Total RNAs 
(2mg) was reverse transcribed using a reverse 
transcription kit (Thermo scientific). The miRNA 
specific primers (Ribobio) and Maxima SYBR 
Green/ROX qPCR Master Mix (Thermo scientific) were 
used for qRT-PCR to examine the relative 
quantification of miRNAs with the 7900HT Fast Real-

Time PCR system (Applied Biosystems) and U6 was 
used as endogenous control.  Each reaction was 
performed in triplicate, and analysis was performed by 
the 2-∆∆Ct method. 
 
Western blot. Western blots were performed as 
previously described [35].  
 
Co-immunoprecipitation of RNA with anti-Ago2 
antibody. HUVEC were lysed and then 
immunoprecipitated with anti-Ago2 antibody (Santa 
Cruz, CA, USA) by protein G Sepharose beads as 
previously described [36].  
 
BrdU assay of cell proliferation. HUVEC cells were 
labeled with BrdU according to the manufacturer’s 
protocol (EMD Chemicals, Darmstadt, Germany).  
 
Apoptosis. To evaluate cell apoptosis, Annexin V-
FITC/PI Apoptosis Detection Kit (Invitrogen) was 
employed. The cells were analyzed with a FACStar-
Plus flow cytometer (BD, Franklin Lakes, NJ). 
 
Tube formation. Cells were plated in a 96-well plate 
pre-coated with 100µl growth factor-reduced Matrigel-
Matrix (Corning Life Sciences, Corning, NY). After 8 
hours incubation, images were taken by inverted 
microscope (40X, Nikon).  
 
Migration. Transwell inserts with 8 μm-pore size 
membrane (Corning Life Sciences, Corning, NY) were 
used. The cells were incubated for 12 hours in the upper 
chamber and then fixed and stained with crystal violet. 
After the upper surface of transwell insert membrane 
was wiped, the migrated cells were counted in five 
random fields by microscopy (100X).  
 
Nitric oxide release detection. Nitric oxide release was 
detected by Nitric Oxide Colorimetric Assay Kit 
according to the manufacturer’s instructions (Biovision, 
Mountain View, CA). 
 
Statistics. Data were presented as mean ± SEM. The 
Wilcoxon test, the Student’s t-test, and ANOVA were 
performed among different groups. To determine 
whether the data are normally distributed, Kolmogorov–
Smirnov test were used. All statistical calculations were 
performed by SPSS 17.0 software and p<0.05 was 
considered as statistically significant. 
 
Conclusion 
 
Conclusively, we demonstrated the miR-320a 
participated in doxorubicin induced cardiotoxicity 
through disturbing the cardiac vascular homeostasis. 
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These data illustrated the specific cardiotoxicity of 
doxorubicin from a new point of view.  
 
Funding 
 
This work was supported by the National Natural 
Science Foundation of China [No. 91439203 and 
31571197]. 
 
Authors' contributions 
 
ZY carried out the in vitro and in vivo studies, and 
drafted the manuscript. YZ participated in the 
construction of rAAV and histochemical analysis. HL 
participated in the identification of miRNA target. MY 
helped with drafting the manuscript. LZ participated in 
detection of cardiac function. CC conceived of the study 
and drafted the manuscript. DWW participated in the 
design of the study and coordination and helped to draft 
the manuscript. All authors read and approved the final 
manuscript. 
 
Conflict of interest statement 
 
The authors declare that they have no competing 
interests. 
 
REFERENCES 
 
1. Carvalho FS, Burgeiro A, Garcia R, Moreno AJ, Carvalho RA and 
Oliveira  PJ.  Doxorubicin‐induced  cardiotoxicity:  from 
bioenergetic failure and cell death to cardiomyopathy. Med Res 
Rev. 2014; 34:106‐135. 
2.  Yeh  ET  and  Bickford  CL.  Cardiovascular  complications  of 
cancer  therapy:  incidence,  pathogenesis,  diagnosis,  and 
management.  Journal  of  the  American  College  of  Cardiology. 
2009; 53:2231‐2247. 
3. Cardinale D, Colombo A, Bacchiani G, Tedeschi  I, Meroni CA, 
Veglia  F,  Civelli  M,  Lamantia  G,  Colombo  N,  Curigliano  G, 
Fiorentini  C  and  Cipolla  CM.  Early  detection  of  anthracycline 
cardiotoxicity  and  improvement  with  heart  failure  therapy. 
Circulation. 2015; 131:1981‐1988. 
4. Vejpongsa P and Yeh ET. Prevention of anthracycline‐induced 
cardiotoxicity:  challenges  and  opportunities.  Journal  of  the 
American College of Cardiology. 2014; 64:938‐945. 
5. Flood EC and Hajjar KA. The annexin A2 system and vascular 
homeostasis. Vascul Pharmacol. 2011; 54:59‐67. 
6. Liu S, Premont RT and Rockey DC. G‐protein‐coupled receptor 
kinase  interactor‐1  (GIT1)  is  a  new  endothelial  nitric‐oxide 
synthase  (eNOS)  interactor with  functional  effects  on  vascular 
homeostasis. J Biol Chem. 2012; 287:12309‐12320. 
7. Moyes AJ, Khambata RS, Villar I, Bubb KJ, Baliga RS, Lumsden 
NG, Xiao F, Gane PJ, Rebstock AS, Worthington RJ, Simone MI, 
Mota  F,  Rivilla  F,  et  al.  Endothelial  C‐type  natriuretic  peptide 
maintains  vascular  homeostasis.  J  Clin  Invest.  2014;  124:4039‐
4051. 
8. Tanaka T, Yamaguchi J, Shoji K and Nangaku M. Anthracycline 
inhibits  recruitment  of  hypoxia‐inducible  transcription  factors 

and  suppresses  tumor  cell  migration  and  cardiac  angiogenic 
response in the host. J Biol Chem. 2012; 287:34866‐34882. 
9. Wu S, Ko YS, Teng MS, Ko YL, Hsu LA, Hsueh C, Chou YY, Liew 
CC  and  Lee  YS.  Adriamycin‐induced  cardiomyocyte  and 
endothelial cell apoptosis: in vitro and in vivo studies. Journal of 
molecular and cellular cardiology. 2002; 34:1595‐1607. 
10. Tarasenko N,  Cutts  SM,  Phillips DR,  Inbal  A, Nudelman  A, 
Kessler‐Icekson  G  and  Rephaeli  A.  Disparate  impact  of 
butyroyloxymethyl  diethylphosphate  (AN‐7),  a  histone 
deacetylase  inhibitor,  and  doxorubicin  in  mice  bearing  a 
mammary tumor. PloS one. 2012; 7:e31393. 
11. Taimeh  Z,  Loughran  J,  Birks  EJ  and  Bolli  R.  Vascular 
endothelial growth factor in heart failure. Nat Rev Cardiol. 2013; 
10:519‐530. 
12. Giordano FJ, Gerber HP, Williams SP, VanBruggen N, Bunting 
S, Ruiz‐Lozano P, Gu Y, Nath AK, Huang Y, Hickey R, Dalton N, 
Peterson  KL,  Ross  J,  Jr.,  et  al.  A  cardiac  myocyte  vascular 
endothelial  growth  factor  paracrine  pathway  is  required  to 
maintain  cardiac  function.  Proc  Natl  Acad  Sci  U  S  A.  2001; 
98:5780‐5785. 
13. Economopoulou P, Kotsakis A, Kapiris I and Kentepozidis N. 
Cancer  therapy and  cardiovascular  risk:  focus on bevacizumab. 
Cancer management and research. 2015; 7:133‐143. 
14. D'Adamo DR, Anderson SE, Albritton K, Yamada J, Riedel E, 
Scheu K,  Schwartz GK, Chen H  and Maki RG. Phase  II  study of 
doxorubicin and bevacizumab  for patients with metastatic soft‐
tissue sarcomas. J Clin Oncol. 2005; 23:7135‐7142. 
15. Pasquinelli  AE.  MicroRNAs  and  their  targets:  recognition, 
regulation  and  an  emerging  reciprocal  relationship.  Nat  Rev 
Genet. 2012; 13:271‐282. 
16. van Rooij  E,  Sutherland  LB, Qi X, Richardson  JA, Hill  J  and 
Olson EN. Control of stress‐dependent cardiac growth and gene 
expression by a microRNA. Science. 2007; 316:575‐579. 
17. Wang JX, Zhang XJ, Feng C, Sun T, Wang K, Wang Y, Zhou LY 
and  Li  PF.  MicroRNA‐532‐3p  regulates  mitochondrial  fission 
through targeting apoptosis repressor with caspase recruitment 
domain  in  doxorubicin  cardiotoxicity.  Cell  Death  Dis.  2015; 
6:e1677. 
18. Chen C, Wang Y, Yang S, Li H, Zhao G, Wang F, Yang L and 
Wang  DW.  MiR‐320a  contributes  to  atherogenesis  by 
augmenting  multiple  risk  factors  and  down‐regulating  SRF. 
Journal of cellular and molecular medicine. 2015; 19:970‐985. 
19. Herrmann  J, Lerman A, Sandhu NP, Villarraga HR, Mulvagh 
SL  and  Kohli M.  Evaluation  and management  of  patients with 
heart  disease  and  cancer:  cardio‐oncology.  Mayo  Clin  Proc. 
2014; 89:1287‐1306. 
20. Von Hoff DD, Layard MW, Basa P, Davis HL, Jr., Von Hoff AL, 
Rozencweig  M  and  Muggia  FM.  Risk  factors  for  doxorubicin‐
induced congestive heart  failure. Ann  Intern Med. 1979; 91:710‐
717. 
21. Octavia Y, Tocchetti CG, Gabrielson KL, Janssens S, Crijns HJ 
and  Moens  AL.  Doxorubicin‐induced  cardiomyopathy:  from 
molecular  mechanisms  to  therapeutic  strategies.  Journal  of 
molecular and cellular cardiology. 2012; 52:1213‐1225. 
22. Zhang S, Liu X, Bawa‐Khalfe T, Lu LS, Lyu YL, Liu LF and Yeh 
ET.  Identification of  the molecular basis of doxorubicin‐induced 
cardiotoxicity. Nat Med. 2012; 18:1639‐1642. 
23.  Roura  S,  Planas  F,  Prat‐Vidal  C,  Leta  R,  Soler‐Botija  C, 
Carreras F, Llach A, Hove‐Madsen L, Pons Llado G, Farre J, Cinca J 
and  Bayes‐Genis  A.  Idiopathic  dilated  cardiomyopathy  exhibits 

  
www.impactaging.com                    206                                     AGING, January 2016, Vol. 8 No.1



defective vascularization and vessel  formation. Eur  J Heart Fail. 
2007; 9:995‐1002. 
24. Ungureanu‐Longrois D, Balligand JL, Okada I, Simmons WW, 
Kobzik L, Lowenstein CJ, Kunkel SL, Michel T, Kelly RA and Smith 
TW.  Contractile  responsiveness  of  ventricular  myocytes  to 
isoproterenol  is  regulated by  induction of nitric oxide  synthase 
activity  in cardiac microvascular endothelial cells  in heterotypic 
primary culture. Circulation research. 1995; 77:486‐493. 
25. Qi XL, Stewart DJ, Gosselin H, Azad A, Picard P, Andries L, Sys 
SU,  Brutsaert DL  and  Rouleau  JL.  Improvement  of  endocardial 
and vascular endothelial function on myocardial performance by 
captopril  treatment  in postinfarct  rat hearts. Circulation. 1999; 
100:1338‐1345. 
26. Neglia D, Michelassi C, Trivieri MG, Sambuceti G, Giorgetti A, 
Pratali  L,  Gallopin  M,  Salvadori  P,  Sorace  O,  Carpeggiani  C, 
Poddighe  R,  L'Abbate  A  and  Parodi  O.  Prognostic  role  of 
myocardial blood  flow  impairment  in  idiopathic  left ventricular 
dysfunction. Circulation. 2002; 105:186‐193. 
27.  Carvalho  C,  Santos  RX,  Cardoso  S,  Correia  S,  Oliveira  PJ, 
Santos MS and Moreira PI. Doxorubicin:  the good,  the bad and 
the  ugly  effect.  Current  medicinal  chemistry.  2009;  16:3267‐
3285. 
28.  Suckau  L,  Fechner  H,  Chemaly  E,  Krohn  S,  Hadri  L, 
Kockskamper J, Westermann D, Bisping E, Ly H, Wang X, Kawase 
Y,  Chen  J,  Liang  L,  et  al.  Long‐term  cardiac‐targeted  RNA 
interference  for  the  treatment of heart  failure  restores  cardiac 
function  and  reduces  pathological  hypertrophy.  Circulation. 
2009; 119:1241‐1252. 
29. Ambler GR, Johnston BM, Maxwell L, Gavin JB and Gluckman 
PD. Improvement of doxorubicin induced cardiomyopathy in rats 
treated with insulin‐like growth factor I. Cardiovascular research. 
1993; 27:1368‐1373. 
30.  Wang  L,  Ma  W,  Markovich  R,  Chen  JW  and  Wang  PH. 
Regulation  of  cardiomyocyte  apoptotic  signaling  by  insulin‐like 
growth factor I. Circulation research. 1998; 83:516‐522. 
31. Plein A,  Fantin A  and Ruhrberg C. Neuropilin  regulation of 
angiogenesis,  arteriogenesis,  and  vascular  permeability. 
Microcirculation. 2014; 21:315‐323. 
32. Xie J, Ameres SL, Friedline R, Hung JH, Zhang Y, Xie Q, Zhong 
L,  Su  Q,  He  R,  Li M,  Li  H, Mu  X,  Zhang  H,  et  al.  Long‐term, 
efficient  inhibition  of  microRNA  function  in  mice  using  rAAV 
vectors. Nature methods. 2012; 9:403‐409. 
33. Wu J, Bu L, Gong H, Jiang G, Li L, Ma H, Zhou N, Lin L, Chen Z, 
Ye Y, Niu Y, Sun A, Ge J, 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‐
1778. 
34.  Cingolani  OH,  Yang  XP,  Cavasin  MA  and  Carretero  OA. 
Increased  systolic  performance  with  diastolic  dysfunction  in 
adult  spontaneously  hypertensive  rats.  Hypertension.  2003; 
41:249‐254. 
35. Wang H, Lin L,  Jiang  J, Wang Y, Lu ZY, Bradbury  JA, Lih FB, 
Wang  DW  and  Zeldin  DC.  Up‐regulation  of  endothelial  nitric‐
oxide  synthase  by  endothelium‐derived  hyperpolarizing  factor 
involves mitogen‐activated protein kinase and protein kinase C 
signaling pathways. J Pharmacol Exp Ther. 2003; 307:753‐764. 
36. Wang WX, Wilfred BR, Hu  Y,  Stromberg AJ and Nelson PT. 
Anti‐Argonaute  RIP‐Chip  shows  that miRNA  transfections  alter 
global patterns of mRNA recruitment to microribonucleoprotein 
complexes. Rna. 2010; 16:394‐404. 

SUPPLEMENTAL DATA  
 
Please browse the Full text version of this 
manuscript to see Supplemental Tables and Figures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
www.impactaging.com                    207                                     AGING, January 2016, Vol. 8 No.1


