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A B S T R A C T

Necroptosis has been discovered as a new paradigm of cell death and may play a key role in heart disease and
selenium (Se) deficiency. Hence, we detected the specific microRNA (miRNA) in response to Se-deficient heart
using microRNAome analysis. For high-throughput sequencing using Se-deficient chicken cardiac tissue, we
selected miR-200a-5p and its target gene ring finger protein 11 (RNF11) based on differential expression in
cardiac tissue and confirmed the relationship between miR-200a-5p and RNF11 by dual luciferase reporter assay
and real-time quantitative PCR (qRT-PCR) in cardiomyocytes. We further explored the function of miR-200a-5p
and observed that overexpression of miR-200a-5p spark the receptor interacting serine/threonine kinase 3
(RIP3)-dependent necroptosis in vivo and in vitro. To understand whether miR-200a-5p and RNF11 are involved
in the RIP3-dependent necroptosis pathway, we presumed that oxidative stress, inflammation response and the
mitogen-activated protein kinase (MAPK) pathway might trigger necroptosis. Interestingly, necroptosis trigger,
z-VAD-fmk, failed to induce necroptosis but enhanced cell survival against necrosis in cardiomyocytes with
knockdown of miR-200a-5p. Our present study provides a new insight that the modulation of miR-200a-5p and
its target gene might block necroptosis in the heart, revealing a novel myocardial necrosis regulation model in
heart disease.

1. Introduction

Selenium (Se) is an essential trace element for the internal en-
vironment in the body during homeostasis and pathogenesis [1]. The
current issue of Se deficiency in the environment is attracting in-
creasing attention globally, as this deficiency may lead to many dis-
eases, including heart disease, cancer and diabetes. Se deficiency in
humans and animals can cause severe myocardial injury, such as
Chagas disease in humans [2], Keshan disease [3], mulberry heart of
swine [4], chronic heart failure in rats, myocardial hemorrhage and
necrosis [5], accompanied by myocardial fiber sarcoplasmic edema and
vacuolization of mitochondria in avian species. Research during the last
decade of myocardial injury has mainly focused on apoptosis and in-
flammation. The related literature confirmed that heart disease induced
by Se deficiency is mainly due to cardiomyocyte injury caused by oxi-
dative stress and inflammation [6]. Cellular responses to Se deficiency
often lead to the induction of inflammation and oxidative overload
involving multiple signaling pathways. Jie Y et al. reported that an Se-

deficient diet increased the apoptosis of chicken heart in vitro and in
vivo, and other researchers have shown that Se deficiency enhances the
main pro-apoptotic factors (Bax and p53) in a mouse model [7,8].

Comprehensive heart disease is intricately connected to myocardial
cell death, and the main form of myocardial cell death induced by Se
deficiency is necrosis [9]. Necroptosis is a type of non-apoptosis pro-
grammed cell death, which is emerging as a new target in inflammation
disease and heart disease [10]. Accumulating evidence has revealed
that necroptosis is carried out by complex execution pathways and
activators, such as TNF-α. Most of our knowledge of necroptosis comes
from studies of receptor interacting serine/ threonine kinase 3 (RIP3)-
dependent necroptosis, which is mediated by the activation of TNF-α
and suppression of Caspase 8 involving receptor interacting serine/
threonine kinase 1 (RIP1) and RIP3 complex with the recruitment and
phosphorylation of mixed lineage kinase domain-like (MLKL) [11].
MicroRNAs (miRNAs), as non-coding RNAs, can post-translationally
modify mRNA by binding to its target sequence to block mRNA trans-
lation and protein production, followed by the regulation of different
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biological reactions, such as cell survival and cell death [12]. Recent
studies have shown that miRNA can control necroptosis by modulating
related genes [13]. miR-155 can target RIP1 to activate the Akt survival
pathway and prevent the occurrence of programmed necrosis of human
cardiac progenitor cells after transplantation [14]. In addition, miR-874
plays a key role in cardiomyocyte necrosis and myocardial infarction.
miR-874 can mediate necroptosis by targeting Caspase 8 and disable
the ability of Caspase 8 to repress the necrotic program [15].

Oxidative stress and cell death occur in the imbalance of reactive
oxygen species (ROS) generation, and the high level of ROS production
may damage the organelle and DNA and induce necroptosis [16].
Oxidative stress and inflammation have been considered a driving force
for RIP3-dependent necroptosis [17]. A related study demonstrated that
many ROS produced in mitochondria can activate RIP1 serine residue
161 (S161) autophosphorylation, and this specific process modifies
RIP1 to recruit RIP3 to form the necrosome, a key controller of TNF-
induced necroptosis [18]. In addition, the importance of excessive in-
flammation in inducing necroptosis has also been confirmed in vivo in
children with inflammatory bowel disease [19]. The ubiquitin-editing
enzyme A20 prevents apoptosis induced by the TNF-α pathway as an
anti-inflammatory protein. Onizawa et al. reported that A20 restricted
necroptosis by limiting the ubiquitination of RIP3 in mouse T cells [20].
As an essential component of the A20 ubiquitin-editing protein, ring
finger protein 11 (RNF11) has been implicated in inflammation induced
by TNF-α signaling [21]. A specific PPXY motif of RNF11 could bind to
the Itch WW domain to facilitate Itch ubiquitination of target proteins,
such as RIP1.

In this setting, the present experiment was designed to investigate
whether miRNA can regulate myocardial necrosis induced by Se defi-
ciency. In the proteomics and miRNA genomics detection, miR-200a-5p
was identified to be up-regulated under Se-deficient stimulation, and its
target gene RNF11 was found by regulating the expression of miR-200a-
5p in vitro. We elaborated that the specific Se-deficient-responsive
miRNAs likely modulate the target gene RNF11 involved in necroptosis.
Thus, through the inhibition of necroptosis and induction, we can
suppress necroptosis with knockdown of miR-200a-5p in cardiomyo-
cytes. Our results reveal a novel myocardial necrosis induced by an Se-
deficient model composed of miR-200a-5p and RNF11 and new insights
for the understanding of heart syndrome treatment.

2. Results

2.1. Se deficiency induces necrotic cell death in the heart

We observed myocardial tissues stained by hematoxylin and eosin

(H&E) in the control group and Se-deficient group. The histopatholo-
gical changes in myocardial tissues are shown in Fig. 1. The myocardial
tissues in the control group displayed normal morphologies. However,
many typical myocardial necrosis features appeared in the tissues of the
Se-deficient group, including myocardial fiber fracture disintegration,
myofilament implication and muscle fiber bundles accompanied by
inflammatory cell infiltration. All these observations confirmed that Se
deficiency induces necrosis in the heart. We reproduced the necrotic
model.

2.2. miR-200a-5p is involved in Se deficiency-induced cardiac necrosis in
the chick through targeting RNF11

Se deficiency is well known as an important factor inducing ne-
crosis. To determine the effect of Se deficiency on the miRNA expres-
sion levels, we performed high-throughput sequencing with Se-deficient
chicken cardiac tissue in the miRNA genomics group. Based on miRNA
genomics group analysis, we selected the in Se-specific miRNA-miR-
200a-5p, which is up-regulated in the Se-deficient cardiac group com-
pared with that in the control group (Fig. 2A, Table. S1). To confirm the
genomics group result, we carried out quantitative reverse transcrip-
tion-polymerase chain reaction (qRT-PCR) to verify the miRNA levels in
vivo. Consistent with the predicted results, miR-200a-5p was sub-
stantially elevated 3 times in the Se-deficient cardiac compared with
the control cardiac (Fig. 2B).

To discovered how miR-200a elicits its effect on cardiac necrosis
triggered by Se deficiency, we selected downstream target genes of
miR-200a-5p. Using the website-based miRNA target prediction data-
bases, we defined several targets of miR-200a-5p. Some of the predicted
targets are implicated in the modulation of inflammation and cell
death. We defined target genes through running qRT-PCT in vivo and in
vitro (Fig. 2C, Fig. 2D, Fig. 2E). The mRNA expression of RNF11 was
reduced by ~ 50% in Se-deficient cardiomyocytes compared with
control cardiomyocytes. Additionally, the expression of RNF11 was
reduced in response to the increasing level of miR-200a-5p and elevated
in response to the decreasing level of miR-200a-5p in cardiomyocytes
cultured in vitro. Using the 3’UTR-mediated luciferase activity assay, we
found that the miR-200a-5p mimic markedly modulated the luciferase
activities driven by RNF11 mRNA 3′UTR plasmids. However, the miR-
200a-5p mimic failed to inhibit the luciferase activities driven by the
3′UTR plasmids whose miRNA target sequences were mutated (Fig. 2F,
Fig. 2G). These results suggest that RNF11 is a specific downstream
target gene of miR-200a-5p and may be involved in cardiac necrosis
triggered by Se deficiency.

Fig. 1. HE staining for myocardial tissues in the control group and Se-deficient group. Histopathological analysis of the heart in the control group and Se-deficient group.
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2.3. miR-200a-5p-mediated modulation of the TNF-α pathway

RNF11 is an essential component of the A20 ubiquitin-editing
complex and can negatively regulate TNF-α signaling in several cell
lines. We have demonstrated that low-grade RNF11 was expressed in
Se-deficient heart compared with normal heart in chicken. However,
the function of RNF11 whose transcription is inhibited by miR-200a-5p
in Se-deficient-triggered cardiac necrosis remains to be determined.
Based on the characterization of RNF11, we detected the expression of

related genes in the TNF-α pathway by qRT-PCR to explore the role of
RNF11 in regulating inflammation and cardiac necrosis. In vitro cul-
tured cardiomyocytes demonstrated reduced abdominal B (TAB) and
RNF11 expression, and increased TNF-α, TGF-beta activated kinase 1
(TAK1) and nuclear factor kappa B (NF-κB) expression, resulting in
persistent TNF-α signaling in cardiomyocytes over-expressing miR-
200a-5p. Opposite results were observed in cardiomyocytes with
knockdown of miR-200a-5p. Similar results were validated in an animal
model; the levels of TAB and RNF11 were decreased and those of TNF-

Fig. 2. Different miRNA and mRNA expression profiles and qRT-PCR detection in vivo and in vitro and luciferase activity assay. (A) Heat map with intuitive reflection of the
features of expression profiles changes in the control group and Se-deficient group. (B) Myocardial tissue miRNA levels of miR-200a-5p in the control group and Se-deficient group. Bars
represent the mean± SD of 30 individuals. Bars represent the mean± SD of triplicate cell cultures. *p< 0.05 by Student's t-test. (C) To investigate the most appropriate transfection
concentration in cardiomyocytes model with transfecting different concentrations of miR-200a-5p-mimic, miR-200a-5p-inhibitor, mimic negative control and inhibitor negative control
for 24 h. miRNA levels of miR-200a-5p was determined by RT-PCR. The optimum concentration of miR-200a-5p-mimic and miR-200a-5p-inhibitor used in this paper were always 100 nM
and 50 nM, respectively. Bars that do not share the same letters are significantly different (p<0.05) from each other. The data were expressed as the mean± SD of triplicate cell cultures.
(D) The mRNA levels of RNF11 in the cardiomyocytes transfected with mimic, inhibitor and control cardiomyocytes. Bars that do not share the same letters are significantly different
(p< 0.05) from each other. The data were expressed as the mean±SD of triplicate cell cultures. (E) The mRNA and protein levels of RNF11 in the control myocardial tissue and Se-
deficient myocardial tissue. Bars represent the mean±SD of 30 individuals. Bars represent the mean± SD of triplicate cell cultures. *p< 0.05 by Student's t-test. (F–G) Correlation
between RNF11 and miR-200a-5p in luciferase reporter gene assay results. pMIR-RNF11-WT plasmids was mutated in the miRNA target sites, and designated as pMIR-RNF11-Mut. miR-
200a-5p-mimic inhibits RNF11-WT expression but not mutant RNF11-MUT expression. Bars that do not share the same letters are significantly different (p<0.05) from each other. The
data were expressed as the mean±SD of triplicate cell cultures.
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α, TAK1and NF-κB were increased in the Se-deficient heart compared
with the control heart, since the level of miR-200a-5p was elevated over
3 times (Fig. 3).

2.4. miR-200a-5p-mediated modulation of RIP3-mediated necroptosis

We next determined the type of cardiac necrosis caused by Se de-
ficiency. RIP3 is a key determinant of necroptosis in vivo and in vitro,
including cardiomyocytes. We first detected the mRNA levels of RIP1,
RIP3, Caspase 8 and MLKL in an animal model. As shown in Fig. 4, Se
deficiency increased the release of RIP1, RIP3 and MLKL and inhibited
the release of Caspase 8, reflecting necroptosis in the heart. A similar
significant effect was observed on the protein expression of RIP1, RIP3,
Caspase 8 and MLKL in vivo (Fig. 4B, Fig. 5).

To understand the pathophysiological role of miR-200a-5p and its
target gene RNF11 in the heart, we detected whether miR-200a-5p was
involved in necroptosis in cardiomyocytes as shown in Fig. 4. AO/EB
staining was used to assess necrosis in cardiomyocytes modulated by
the level of miR-200a-5p. Knockdown of miR-200a-5p by miR-200a-5p-
inhibitor, and overexpress of miR-200a-5p by miR-200a-5p-mimic.
Fig. 4D shows that overexpression of miR-200a-5p significantly de-
creased the number of green cells and increased the number of red cells,
and the opposite result was shown in the cardiomyocytes with knock-
down of miR-200a-5p and the control cardiomyocytes. Consistent with
the results observed by electron microscopy, overpression of the miR-
200a-5p cells emerged with membrane rupture and mitochondrial
swelling (Fig. 4A). We carried out qRT-PCR to verify the level of RIP1,
RIP3, Caspase8 and MLKL to confirm necroptosis. The levels of RIP1,

RIP3 and MLKL were elevated and the level of Caspase 8 was reduced
by overexpression of miR-200a-5p but not in the cardiomyocytes with
knockdown of miR-200a-5p (Fig. 4C). Based on our results, we con-
clude that miR-200a-5p may have a function role in myocardial ne-
croptosis, since Se-deficient induced cardiac necrosis.

To evaluate the functional relevance of miR-200a-5p and RNF11 in
myocardial necroptosis, we used Nec-1, a specific inhibitor of RIP1, to
inhibit necroptosis triggered by the miR-200a-mimic. Alternately, z-
VAD-fmk was used to prevent necroptosis through the inhibition of
miR-200a in vitro. Flow cytometric analysis confirmed these expected
observations, exhibiting a 32.3% increase in viability of cells in which
miR-200a-5p was inhibited following treatment with z-VAD-fmk,
compared with the control cells with z-VAD-fmk treatment (Fig. 4E). No
significant difference in the number of surviving cells was observed
when comparing cells treated with the miR-200a-5p inhibitor, with or
without z-VAD-fmk treatment. Interestingly, cell survival was not sig-
nificantly improved, but necrosis diminished to a similar extent as
control cells, rather apoptosis increased in cardiomyocytes over-ex-
pressing miR-200a-5p with necrostatin-1 (Nec-1) treatment. Ad-
ditionally, the protein levels of RNF11, RIP1, RIP3, Caspase8 and MLKL
were examined following stimulation by Nec-1 or z-VAD-fmk in cardi-
omyocytes (Fig. 5). It was observed that expression of RNF11, Caspase8
and RIP3 did not change significantly following Nec-1 treatment. The
only change observed in cells where miR-200a-5p was inhibited with z-
VAD-fmk treatment was a decrease in Caspase 8 expression. Therefore,
the knockdown of miR-200a-5p may block necroptosis in cardiomyo-
cytes.

2.5. miR-200a-5p-mediated modulation of MAPK activation

Previously studies have suggested that Se deficiency results in in-
creased oxidative stress in multiple organs associated with high levels
of ROS generation, and that mitochondrial ROS are involved in ne-
croptosis in several cell lines. Butylated hydroxyanisole (BHA) is related
to various lipophilic compounds that function as antioxidants to sca-
venge ROS. Here, BHA was used to assay the involvement of ROS in cell
death. The inhibitor was used to verify that the regulation of ROS in
necroptosis was triggered by the miR-200a-mimic or z-VAD-fmk. Flow
cytometric analysis confirmed this observation, as the proportions of
necrotic cells decreased by 12.6% in miR-200a-5p-mimic cells with
BHA treatment, compared with miR-200a-5p-mimic cells (Fig. 4E).

To assess the relationship between oxidative stress, necroptosis, and
miR-200a-5p, the production of ROS, the levels of H2O2, and the ac-
tivities of GSH, SOD and T-AOC were measured in cardiomyocytes
treated with either Nec-1, BHA or z-VAD-fmk. As is presented in Fig. 6,
ROS generation and H2O2 was elevated by miR-200a-5p with or
without z-VAD-fmk treatment in a dose responsive manner, compared
with untreated control cells. In comparison to control cells, GSH, SOD
and T-AOC levels decreased when miR-200a-5p was overexpressed in
cells and treated with z-VAD-fmk. Interestingly, there was no significant
change with BHA treatment and with or without z-VAD-fmk in cardi-
omyocytes in which expression of miR-200a-5p was knocked down.
However, treatment with Nec-1 reduced ROS production in cardio-
myocytes overexpressing miR-200a-5p. These results are reflective of
the redox states in cardiomyocytes treated with Nec-1, BHA or z-VAD-
fmk.

Activation of MAPKs are the key downstream pathways associated
with the generation of ROS, and play a significant role in cellular sur-
vival. Because miR-200a-5p was demonstrated to induce oxidative
stress, we subsequently tested the expression of key kinases in the
MAPK pathway. The expression of both the mRNA and phosphorylated
proteins of c-jun N-terminal kinase (JNK), p38 and extracellular regu-
lated MAP kinase (ERK) were elevated in miR-200a-5p-mimic treated
cells, and was decreased in miR-200a-5p-inhibitor treated cells. This
suggests that increasing levels of miR-200a-5p activates the MAPK
pathway, and the decreasing of miR-200a-5p inhibits the MAPK

Fig. 3. Different mRNA expression of TNF-α-related genes in vivo and in vitro. (A)
The mRNA expression of TAB, TAK1, RIP2, TNF-α, NF-κb and RNF11 in the control
myocardial tissue and Se-deficient myocardial tissue. Bars represent the mean± SD of 30
individuals. *p< 0.05 by Student's t-test. (B) The mRNA levels of TAB, TAK1, RIP2, TNF-
α, NF-κb and RNF11 in cardiomyocytes transfected with mimic and inhibitor and control
cardiomyocytes. Bars represent the mean± SD of triplicate cell cultures. Bars that do not
share the same letters are significantly different (p<0.05) from each other.
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pathway (Fig. 7). A reduction in the expression levels of JNK, p38 and
ERK were also observed in miR-200a-5p-inhibitor treated cells in the
presence of z-VAD-fmk and BHA.

Next, the levels of H2O2 and the activities of GSH, SOD and T-AOC
were determined in vivo (Fig. 6B). Activation of MAPKs was also de-
tected in vivo (Fig. 7). ROS generation and H2O2 was significantly in-
creased in the Se-deficient heart tissues (p< 0.05). GSH, SOD and T-
AOC content in the Se-deficient group was significantly lower than was
observed in the control group (p< 0.05). According to mRNA and
protein expression, MAPKs were activated in the Se-deficient group
relative to the control group. Taken together, the above results indicate
that MAPKs play a critical role in oxidative stress induced by ne-
croptosis in vivo and in vitro.

3. Discussion

Necrosis is the primary form of myocardial injury induced by Se
deficiency. However, current research concerning the Se-deficient heart
has mainly concentrated on myocardial apoptosis and autophagy in-
stead of necrosis. It is essential to elucidate the pathogenesis and mo-
lecular mechanism of myocardial necrosis in heart disease caused by Se
deficiency. Our experiments identified the differentially significant

miRNA and its target proteins in the Se-deficient animal model. Our
present work demonstrated the mechanisms underlying the regulation
of miR-200a-5p and its target protein RNF11 on necrosis.

As short chain non-coding RNAs, miRNAs have been shown to play
an important role in heart disease in recent years [22]. Pathological
over-expression of miR-25 leads to impaired calcium transport and
cardiac contractility during severe heart failure, thereby declining
cardiac function [23]. Recent works has identified a key gene, FXN,
using high-throughput microarray screening in congenital heart dis-
ease, that is regulated by miR-145 and that could regulate apoptosis
and mitochondrial function and affect the development of congenital
heart disease [24]. Ikeda et al. inferred that miRNAs play an important
role in different heart diseases by filtering 87 miRNAs that show sig-
nificant expression levels in heart failure diseases using miRNAome
analysis [25]. In this study, we detected a key miRNA in an Se-deficient
animal model by miRNAome analysis and confirmed that RNF11 is the
downstream target gene of miR-200a-5p in vivo and in vitro. This result
may provide a new clue for the study of the miRNA-controlled cellular
process in myocardial necrosis.

RNF11 is essential to control inflammatory responses in a negative
feedback loop and has strong expression in the heart [26]. Recent
studies have established that RNF11 can participate in multiple cellular

Fig. 4. miR-200a-mediated modulation of RIP3-mediated necroptosis. (A) The ultrastructural changes of cardiomyocytes transfected with mimic, inhibitor and control cardio-
myocytes. (B) The mRNA expression of TNF-α, MLKL, RIP1, RIP3, Caspase8 and FADD in the control myocardial tissue and Se-deficient myocardial tissue. Bars represent the mean± SD
of 30 individuals. *p< 0.05 by Student's t-test. (C) The mRNA levels of TNF-α, MLKL, RIP1, RIP3, Caspase8 and FADD in cardiomyocytes transfected with mimic and inhibitor and control
cardiomyocytes. Bars represent the mean±SD of triplicate cell cultures. Bars that do not share the same letters are significantly different (p<0.05) from each other. (D) Detection results
of staining with the AO/EB of cardiomyocytes. The normal cells are stained green. The early apoptotic cells are stained bright green, and later apoptotic cells are stained orange. The
necrotic cells are stained red. (E) Cardiomyocytes were transfected with mimic and inhibitor for 24 h. Cell viabilities and necrosis rate were measured by the fluorescence intensity of
Annexin V-FITC and PI to identify healthy (double negative), early apoptotic (Annexin V positive), and necrosis (double-positive) cell populations after treatment of z-VAD-fmk (added
TNF-α) with/without BHA or Nec-1.

Fig. 5. Protein levels of necroptosis-related in vivo and in vitro. The protein levels of RNF11, MLKL, RIP1, RIP3 and Caspase8 were detected in vivo and in vitro. Cardiomyocytes were
treated with z-VAD-fmk (added TNF-α) with/without Nec-1 after transfected with mimic and inhibitor. Bars represent the mean± SD. Bars that do not share the same letters are
significantly different (p< 0.05) from each other. *p< 0.05 by Student's t-test.
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activities, such as the cell cycle, cell death and cell survival [27]. Dalal
et al. confirmed that RNF11 is protective against LPS-induced cell cy-
totoxicity by negative regulating the NF-κB signaling pathway [28].
RNF11 is the critical component of the ubiquitin-editing protein A20
and limits the duration of the NF-κB pathway and TNF-α pathway [29].
In a paper published in this issue, it was demonstrated that miR-19b
expression is inversely related to the RNF11 mRNA levels, indicating a
key role for RNF11 in the effect of miR-19b on NF-κB activation [30]. In
human LHP-1 monocytes, the depletion of RNF11 prolongs TNF-in-
duced NF-κB and JNK activation and increases RIP1 polyubiquitination
[31]. Consistent with our results in vivo and in vitro, overexpression of
miR-200a-5p inhibited the expression of RNF11 following the activa-
tion of TNF-induced NF-κB and JNK and up regulation of TAK1, TAB,
RIP2 and RIP1. RNF11 can bind to the Itch WW domain with its PPXY
motif to facilitate Itch ubiquitination of RIP1, which is a key factor in
RIPK3-dependent necroptosis [32]. This may be an important link be-
tween necroptosis and RNF11 with the involvement of RIP1 in the
present study. Moreover, A20, the key building protein of RNF11, can
protect cells against necroptosis by restricting the ubiquitination of
RIP3 [20]. Taken together, our findings indicate that the depletion of
RNF11 might partly induce necroptosis by stimulating inflammation
and interacting with RIP1 and A20.

Necroptosis is a necrotic-like cell death that is executed by the
ubiquitination of RIP1 and RIP3 during Caspase8 inhibition by re-
cruiting the downstream mediator MLKL [33]. The research confirmed
that miRNA can regulate cellular necroptosis by targeting key media-
tors of the necroptosis pathway, including CLYD, the target gene of
miR-19 and miR-181b-1 [34,35], RIP1, the target gene of miR-155 [14]
and Caspase8, the target gene of miR-874 [15]. In addition, It was
shown that the regulation of non-necroptosis genes modulates the oc-
currence of necroptosis. For example, A20 can restrict necroptosis in
multiple cell lines [20], and Gpx4 can prevent the occurrence of ne-
croptosis in mouse erythroid precursor cells [36]. These findings in-
directly support the results of the present study that Se-deficient diet
might cause RIP3-dependent necroptosis in the heart accompanied by

enhancement of the level of miR-200a-5p and inhibition of the level of
RNF11. In multiple cell types, constitutive and ligand induced ne-
croptosis, such as Caspase8 inhibitor, z-VAD-fmk, enhanced TNF-to
induce necroptosis [37]. However, TNF-induced necroptosis can be
inhibited by the RIP1 inhibitor, Nec-1, or MLKL inhibitor, NSA [38,39].
The present study confirmed that Nec-1 can effectively block RIP3-de-
pendent necroptosis induced by miR-200a-5p, and z-VAD-fmk triggers
necroptosis with TNF-α treatment in cardiomyocytes. Interestingly, we
observed that the depletion of miR-200a-5p prevented myocardial ne-
croptosis induced by z-VAD-fmk/TNF-α treatment, suggesting the in-
hibition of miR-200a-5p may promote cell survival.

Se-specific induction of miRNA-miR-200a-5p post-transcriptionally
modifies RNF11 mRNA, resulting in a modulation of RIP3-dependent
necroptosis. The main function of RNF11 is to negatively alter in-
flammatory pathways, regulating the development of the inflammatory
response [26]. In the present study, decreased expression of RNF11
resulting in increased ROS generation, suggesting that RNF11 may be
involved in the regulation of ROS and the occurrence of oxidative
stress. We previously reported that Se deficiency induced ROS genera-
tion increasing and reduced the activity of antioxidant enzymes, re-
sulting in severe oxidative stress in liver, muscle, spleen and vascu-
lature [40–42]. Excessive production of ROS or an inadequate
antioxidant system results in the dysregulation of homeostasis between
oxidants and antioxidants in vivo, leading to lipid peroxidation in cel-
lular and mitochondrial membranes and cellular necrosis [43]. ROS
include superoxide anion (-O2-), hydroxyl free radical s (-OH) and hy-
drogen peroxide (H2O2) as well as others. There are 2 categories of
antioxidant defense systems in the body, one is the enzyme antioxidant
system, the other is the anion-enzyme antioxidant system. The enzyme
antioxidant system prevents oxidative stress by the elimination of ROS.
For instance, antioxidant enzymes, specifically SOD, capture O2- and
convert it into H2O2. This process is believed to be the first line of
defense against oxidative stress [44]. GSH is a non-enzymatic anti-
oxidant that participates in the body's redox processes, binding to
peroxides and free radicals, to protect tissues against damage caused by

Fig. 6. miR-200a-5p-mediated modulation of redox states. (A) ROS generation was performed by immunofluorescence using DCFH-DA (green fluorescence, 5 mM) in cells.
Cardiomyocytes were treated with z-VAD-fmk (added TNF-α) with/without Nec-1 after transfected with mimic and inhibitor. Cardiomyocytes were visualized using fluorescence
microscopy. (B) Oxidative stress markers of H2O2, GSH, SOD and T-AOC contents were measured in vivo and in vitro. Cardiomyocytes were treated with z-VAD-fmk (added TNF-α) with/
without BHA or Nec-1 after transfected with mimic and inhibitor. Bars represent the mean± SD. Bars that do not share the same letters are significantly different (p< 0.05) from each
other. *p< 0.05 by Student's t-test.
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free radicals [45]. In this experiment, it was observed that over-
expression of miR-200a-5p inhibits transcription of RNF11, resulting in
increased ROS production, elevated levels of H2O2, decreased SOD and
GSH activity, and decreased activity of T-AOC. These changes were
accompanied by inflammation and necroptosis. These changes, how-
ever, could be inhibited by treatment with antioxidants or inhibitors of
necroptosis. These results indicated that the increased expression of
miR-200a-5p induced by Se deficiency likely suppresses RNF11 ex-
pression, while the antioxidant enzyme activity and antioxidant capa-
city is reduced, and ROS production increased. This ultimately resulted
in elevated oxidative stress and the induction of myocardial ne-
croptosis.

Oxidative stress caused by the imbalance of cellular antioxidants
and reduced generation of ROS is a second messenger of this process.
Published data have suggested that TNF-induced ROS generation is
dependent on RIP3 [46], and the involvement of ROS is controlled in a
positive feedback loop to elevate necrosome formation [47]. High levels
of ROS can damage organelles and promote programmed cell death,
such as apoptosis and necroptosis [16,48]. Y. Zhang et al. suggested
that mitochondrial ROS resulted in the induction of the positive feed-
back of necroptosis [18]. This report was consistent with our data, as
we observed that the antioxidant system was strengthened and high
levels of ROS were produced when RIP3-dependent necroptosis oc-
curred. The MAPK pathway is an important downstream signaling
pathway of ROS that is comprised of ERK, p38 and JNK. Related studies
have revealed that the MAPK pathways can regulate various biological
processes, such as cell growth, cell differentiation, cell death and cell
survival, in multiple cell types [49]. A study on colon cancer found that
dimethyl fumarate induced necroptosis by depleting cellular, increasing

ROS, and activating the MAPK pathway [50]. Metastasis and the tu-
morigenic ability of cells increased in JNK-deficient progenitor cells
[51]. In knockout mouse models, the removal of MAPK p38 resulted in
resistance to apoptosis in fibroblasts, and increased cellular survival in
cardiomyocytes [52,53]. In contrast, other researchers have reported
that p38 has no effect on cell survival in mouse thymocytes [54]. To-
gether, these findings demonstrate that the MAPK pathway results in
different outcomes with respect to cellular death or survival in different
cells. In this article, we provided evidence that the knockout of miR-
200a-5p induced ROS depletion cooperates with the inhibition of the
MAPK pathway and oxidative stress to promote cardiomyocyte survival
in response to treatment with triggers of necroptosis. This result sheds
light on a possible molecular mechanism for studying the cytoprotec-
tive effects of necroptosis via the depletion miR-200a-5p.

In summary, our work identified that miR-200a-5p and its target
gene RNF11 could regulate RIP3-dependent necroptosis in cardiomyo-
cytes and animal models. We further revealed that the oxidative stress,
the inflammation response and MAPK signaling were involved in miR-
200a-5p-induced necroptosis. Accordingly, the regulation of miRNA
may provide new insight into the development and treatment of heart
disease caused by Se deficiency.

4. Materials and methods

4.1. Treatment of experimental animals

All the procedures used in our experiment were approved by the
Institutional Animal Care and Use Committee of the Northeast
Agricultural University. Sixty male broilers (1 day old; Weiwei Co. Ltd.,

Fig. 7. miR-200a-5p-mediated modulation of MAPKs activation. (A-C) The mRNA levels of ERK, JNK and p38 were detected in vivo and vitro. Cardiomyocytes were treated with z-
VAD-fmk (added TNF-α) with/without BHA or Nec-1 after transfected with mimic and inhibitor. Bars represent the mean± SD. Bars that do not share the same letters are significantly
different (p< 0.05) from each other. *p<0.05 by Student's t-test. (D-F) The protein levels of phosphorylation ERK, phosphorylation JNK, phosphorylation p38, total ERK, total JNK and
total p38 were detected in vivo and in vitro. Cardiomyocytes were treated with z-VAD-fmk (added TNF-α) with/without BHA or Nec-1 after transfected with mimic and inhibitor. Bars
represent the mean± SD. Bars that do not share the same letters are significantly different (p< 0.05) from each other. *p< 0.05 by Student's t-test.
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Harbin, China) were randomly divided into two groups (30 broilers per
group). One group was fed a commercial granulated diet (Control
group, 0.2 mg/kg Se in the diet). The other group was fed an Se-defi-
cient granulated diet (Se-deficient group, 0.008 mg/kg Se in the diet).
Food and water were provided ad libitum. Broilers were euthanized
after 20 days, and myocardial tissues were extracted for inspection.
Tissues were frozen immediately with Trizol and stored at− 80 °C until
required.

4.2. Cardiomyocyte culture and treatment

Cardiomyocytes were isolated from 12-day-old chicken embryos as
described previously by Yablonka and Sato. Briefly, after the dissected
hearts were washed, minced, and digested with 0.12% collagenase type
II (Invitrogen, Carlsbad, CA, USA), the tissues were triturated by gentle
pipetting and filtered to release single cells. Next, cells were subjected
to centrifugation and then were suspended in F12 (GIBCO, Grand
Island, NY, USA) and were seeded in 6-well plates (Jet, China) coated at
a density of 2 × 105cells/cm2 at 37 °C in humidified 95% air and 5%
CO2. Necrostatin-1 (Nec-1, Sigma-Aldrich, USA) was dissolved in 10%
dimethyl sulfoxide (DMSO, Sigma, USA). Cardiomyocytes were pre-
incubated with 200 nM Nec-1 for 24 h or 100 μM Butylated hydro-
xyanisole (BHA) (Sigma, MO, USA) for 30 min or 30 nM z-VAD-fmk
(Calbiochem, San Diego, CA, USA) for 24 h before the addition of TNF-
α (R&D, Abingdon, United Kingdom) after transfection for 24 h.

4.3. MicroRNAome analysis

Total RNA was extracted from the myocardial tissues of the control
and Se-deficient groups and was processed according to the manufac-
turer's instructions (Novogene Bioinformatics Technology Co., Ltd.).
After quantification and qualification of the total RNA, the RNA was
used as input material for the synthesis of microRNA libraries. The
sequencing libraries used the NEBNext® Multiplex Small RNA Library
Prep Set for Illumina® (NEB, USA) following the manufacturer's re-
commendations. Bioinformatics analysis of the differential data from
the control and Se-deficient groups were performed using the DESeq R
package.

4.4. Sections for electron microscopy

For the tissue ultrastructural examination, the myocardial tissues
(size, 1.0 × 1.0 × 1.0 mm) were fixed in 2.5% glutaraldehyde phos-
phate-buffered saline (v/v, pH 7.2) and post fixed in 1% osmium tetr-
oxide (v/v), and then the tissues were stained with 4.8% uranyl acetate.
Next, ultra-thin sections were cut, mounted, washed, impregnated,
post-stained and incubated with lead citrate for analysis via micro-
scopy. The microphotographs were acquired using a transmission
electron microscope (GEM-1200ES, Japan).

For the cell ultrastructural examination, cardiomyocytes were col-
lected into a tube and centrifuged at 250×g for 10 min, and then the
supernatant was discarded. Cells at the bottom of the tube were mixed
with 2.5% glutaraldehyde phosphate-buffered saline (v/v, pH 7.2), post
fixed in 1% osmium tetroxide (v/v) and dehydrated in a graded series of
ethanol concentrations, followed by embedding in Embed812 resin.
Next, the ultra-thin sections were cut, mounted, washed, impregnated,
post-stained and incubated with lead citrate for analysis by microscopy.
The microphotographs were acquired using a transmission electron
microscope (GEM-1200ES, Japan).

4.5. Histopathological examination

Myocardial tissues were rapidly fixed in 10% formaldehyde for at
least 24 h and were embedded in paraffin for microscopic examination.
From the prepared paraffin blocks, sections (5-μm thick) were cut,
obtained and stained with hematoxylin and eosin (H&E) for light

microscopic observation.

4.6. Cell death assays

Acridine orange/ethidium bromide (AO/EB) was used to detect the
live and dead cells (apoptosis and necrosis). Briefly, cells were grown
on 6-well plates at a density of 3 × 105 mL−1 and were washed with
PBS and stained with AO/EB for 5 min. The cells were then photo-
graphed under a fluorescence microscope.

4.7. Transfection of the miR-200a-5p-mimic and miR-200a-5p-inhibitor

Synthetic, chemically modified short RNA oligonucleotides were
purchased from Shanghai Gene Pharma Co. Ltd. The miR-200a-5p
mimic and mimic negative control (mimic-NC) sequences are 5′-CAU
CUUACUAGACAGUGCUGGA-3′ and 5′-ACGUGACACGUUCGGA
GAATT-3′, respectively. The miR-200a-5p inhibitor and inhibitor ne-
gative control (inhibitor-NC) sequences are 5′-mUmCmCmAm
GmCmAmCmUmGmUmCmUmAmGmUmAmAmGmAmUmG-3’ (m re-
presents -Ome) and 5′- CAGUACUUUUGUGUAGUACAA-3′, respec-
tively. Cells were transfected with the miR-200a-5p-mimic, mimic-NC
and inhibitor-NC at 100 nM and with the miR-200a-5p-inhibitor at
50 nM. The transfection reactions were performed using the
Lipofectamine 2000 reagent (Invitrogen) in Opti-MEM medium ac-
cording to the manufacturer's instruction.

4.8. Preparation of the luciferase construct of RNF11 3′UTR and luciferase
activity assay

The pMIR-REPORT plasmids for the miR-200a-5p target RNF11
3'UTR were constructed as wild-type (WT) pMIR-RNF11 containing two
tandem repeats of miR-200a-5p response elements from RNF11 3'UTR
or mutant (MUT) pMIR-RNF11. The sequences of the single-stranded
oligo pairs were used to generate the pMIR- RNF11 constructs (WT and
MUT). The oligonucleotides were then annealed and inserted into the
pMIR-REPORT vector (Thermo Fisher). The empty vector of pMIR-
REPORT was used as the negative control. Cells were co-transfected
with the plasmid constructs of pMIR-RNF11-WT or pMIR-RNF11-MUT
and miR-mimic using Lipofectamine 2000 (Invitrogen) according to the
manufacturer's protocol. Forty-eight hours after transfection, luciferase
activity was performed using the Dual-Luciferase Reporter Assay
System (Promega). The activity of Renilla luciferase was normalized to
the activity of Firefly luciferase (Renilla LUC/ Firefly LUC).

4.9. Real-time quantitative PCR analysis on mRNA and miRNA levels

For the quantification of miR-200a-5p and mRNA of target genes by
RT-PCR, total miRNA and total RNA were isolated from myocardial
tissues and cultured cardiomyocytes. Reverse transcription was per-
formed using the miRcute microRNA First-Strand cDNA Synthesis Kit
(Tiangen Biotech Co. Ltd., Beijing) according to the manufacturer's
instructions (Roche). The primers for the detection of miR-200a-5p and
target mRNA by RT-PCR are shown in Table S2. β-actin or U6 was used
as an internal reference. qRT-PCR was performed using the Light Cy-
cler®480 System (Roche, Basel, Switzerland) and Fast Universal SYBR
Green Master Mix (Roche, Basel, Switzerland). Only one peak for each
PCR product was shown in the melting curve analysis. The relative
abundance of mRNA was calculated according to the 2-ΔΔCt method,
accounting for gene-specific efficiencies and was normalized to the
mean expression of the abovementioned index.

4.10. Western blot analysis

Total protein was assessed by SDS-polyacrylamide gel electrophor-
esis under reducing conditions on 12% gels and then was transferred to
nitrocellulose membranes using a tank transfer at 80 mV in Tris-glycine
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buffer containing 20% methanol for 12 h at 4 °C. Nitrocellulose mem-
branes were blocked for 1 h with 5% bovine serum albumin (BSA) at
37 °C and were incubated for 12 h with the following antibodies:
RNF11 (1:800), RIPK1 (1:1500), RIPK3 (1:1500), Caspase8 (1:1000),
MLKL (1:1000), JNK (1:2000), ERK (1:1000), p38 (1:1000),
PhosphoPlus JNK (1:1000), PhosphoPlus ERK (1:2000) and
PhosphoPlus p38 (1:1000) at 4 °C. Next, the membranes were incubated
with horseradish peroxidase-conjugated secondary antibody against
rabbit IgG (1:1500, Santa Cruz, CA, USA) using the ECL kit
(Kangweishiji Biotechnology, Beijing, China). The GAPDH content was
analyzed as the loading control with rabbit polyclonal antibody (Sigma,
USA).

4.11. Measurement of ROS

The levels of ROS in cardiomyocytes were measured using a de-
tection kit from Beyotime Institute of Biotechnology (Nantong, China)
according to the manufacturer's instructions. Fluorescence distribution
was detected by fluorospectrophotometer analysis at 488 nm and
525 nm. ROS-associated fluorescent signals were quantified using
Image J software (Broken Symmetry Software, Albert, Cardona). The
relative intensities were reported in arbitrary units per cell.

4.12. Determination of oxidative stress markers

Cells were grown on 6-well plates at a density of 3 × 105 mL−1 and
were collected with jets of saline, centrifuged at 700×g, and the su-
pernatant was collected. Hydrogen peroxide (H2O2), glutathione (GSH),
superoxide dismutase (SOD) and total antioxidant capability (T-AOC)
contents were measured by the detection kits (Beoytime Bioengineering
Institute, Nantong, China), according to the manufacturer protocols.
SOD activity was measured at 25 C by the method of auto-oxidation of
pyrogallol in 50 mM Tris/HCl, pH 8, with 100 mM pyrogallol (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The total anti-
oxidative capacity (T-AOC) in digestive organs was determined by
Opara et al.

4.13. Flow cytometry analysis of necrosis

The Annexin V-FITC/PI apoptosis detection kit was used to treat the
transfected cardiomyocytes according to the manufacturer's instruc-
tions. Live cells were quantitated by flow cytometry of cells negative for
DAPI (4, 6-diamidino-2-phenylindole). For apoptosis and necroptosis
detection, cardiomyocytes were incubated with 5 μL of Annexin V-FITC
and 5 μL of PI in 1 mL of binding buffer for 30 min in the dark. After
incubation, apoptotic, necrotic and live cell populations were detected
by flow cytometric analysis.

4.14. Statistical analysis

Statistical analyses of all data were performed using GraphPad
Prism (version 5.0, Graph Pad Software Inc., San Diego, CA, USA). All
the data were analyzed by Student's t-test or one-way ANOVA, had a
normal distribution and passed equal variance testing. Quantitative
data are presented as the mean± SD. Samples with different super-
script letters represented statistically significant differences (P< 0.05).
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