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Recent studies have shown that myocardial ischemia/reperfu-
sion (I/R)-induced necrosis can be controlled by multiple genes.
In this study, we observed that both strands (5p and 3p) of miR-
223 were remarkably dysregulated in mouse hearts upon I/R.
Precursor miR-223 (pre-miR-223) transgenic mouse hearts
exhibited better recovery of contractile performance over rep-
erfusion period and lesser degree of myocardial necrosis than
wild type hearts upon ex vivo and in vivo myocardial ischemia.
Conversely, pre-miR-223 knock-out (KO) mouse hearts dis-
played opposite effects. Furthermore, we found that the RIP1/
RIP3/MLKL necroptotic pathway and inflammatory response
were suppressed in transgenic hearts, whereas they were acti-
vated in pre-miR-223 KO hearts upon I/R compared with wild
type controls. Accordingly, treatment of pre-miR-223 KO mice
with necrostatin-1s, a potent necroptosis inhibitor, significantly
decreased I/R-triggered cardiac necroptosis, infarction size, and
dysfunction. Mechanistically, we identified two critical cell
death receptors, TNFR1 and DR6, as direct targets of miR-223-
5p, whereas miR-223-3p directly suppressed the expression of
NLRP3 and IkB kinase &, two important mediators known to be
involved in I/R-induced inflammation and cell necroptosis. Our
findings indicate that miR-223-5p/-3p duplex works together and
cooperatively inhibits I/R-induced cardiac necroptosis at multiple
layers. Thus, pre-miR-223 may constitute a new therapeutic agent
for the treatment of ischemic heart disease.

Reperfusion of ischemic hearts by percutaneous coronary
intervention, cardiac surgery, or thrombolytic therapy is com-
monly used in patients with myocardial infarction (1). How-
ever, it is well recognized that reperfusion could induce exces-
sive oxidative stress and inflammation, leading to myocyte
death (apoptosis and necrosis) (2). Over the past decades, tre-
mendous efforts have been made to dissect mechanisms under-
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lying the gene-regulated apoptosis in ischemia/reperfusion
(I/R)1%-induced cardiac injury, whereas gene-controlled necro-
sis has received less attention. In recent years, it has become
clear that I/R-triggered cardiac necrosis can be regulated by
multiple genes/mediators, such as cyclophilin D (CypD),
NLRP3, receptor-interacting protein kinase 3 (RIP3) and its
partners RIP1, mixed lineage kinase-like (MLKL), and Ca**-
calmodulin-dependent protein kinase (CaMKII) (3-7). Cur-
rently, the best characterized form of regulated necrosis (also
referred to as necroptosis) is mediated by tumor necrosis fac-
tor-a (TNF-a)/TNFR1-induced protein complex RIP1-RIP3
(necrosome) (8). Importantly, several recent studies have dem-
onstrated that inhibition of necroptosis by necrostatin-1, a
small molecule capable of suppressing RIP1 kinase activity, alle-
viated reperfusion injury following acute myocardial infarction
in mice, rats, and pigs (9 —12). Nevertheless, given that I/R acti-
vates multiple necrosis-associated signals (5, 7, 13), making sev-
eral necrotic pathways highly intertwined, blocking only one
road to cell death may be unlikely to yield the desired outcome
in a clinical setting. Therefore, it would be very significant to
explore novel strategies aiming to target multiple cell death
pathways in I/R hearts.

MicroRNAs (miRs; miRNAs), a highly conserved group of
small non-protein-coding RNAs, possess the capacity to fine-
tune expression of hundreds of genes (14). Our previous work
and that of others have revealed that miRNAs are dysregulated
in I/R hearts and actively involved in the modulation of cardiac
cell death during I/R (14—19). Nonetheless, how such miRNAs
regulate cell necrosis in I/R hearts remains poorly understood.
Along this line, miR-223 has garnered special attention (20).
Previously, only the 3’-arm of precursor miR-223 (pre-miR-
223) (designated as miR-223 or the guide strand) was consid-
ered to maturate and become functional, whereas the comple-
mentary 5'-arm (referred as miR-223* or passenger strand) was
destined to be degraded (20). However, we recently discovered
that both arms of pre-miR-223 were co-expressed differently in

3 The abbreviations used are: I/R, ischemia/reperfusion; IKK, IxB kinase; RIP,
receptor-interacting protein kinase; MLKL, mixed lineage kinase-like;
TNFR, TNF receptor; miR/miRNA, microRNA; TG, transgenic; LVDP, left ven-
tricular developed pressure; LVEDP, left ventricular end diastolic pressure;
Pl, propidium iodide; LDH, lactate dehydrogenase; Nec-1s, necrostatin-1
stable variant; LV, left ventricle; Nec-1, necrostatin-1; AAR, area at risk; IS,
infarct size; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium.
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septic mouse hearts and cooperatively modulated inflamma-
tory response (21). (Note: to avoid confusion, miRNA/miRNA*
nomenclature is now replaced by miRNA-3p and -5p, respec-
tively) (22). Intriguingly, we and others have reported that the
expression of miR-223-3p was up-regulated in mouse I/R
hearts (14). Whether miR-223-5p is also dysregulated in mouse
hearts upon I/R remains unclear. In addition, most targets of
miR-223-3p validated so far are related to proinflammation (i.e.
NLRP3, IKKe, interleukin (IL)-1f, IL-6, Roquin, and Pknox1)
(20). Furthermore, miR-223-5p is predicted to directly interact
with 3-untranslated regions (UTRs) of multiple death signal
receptors (i.e. TNFR1, DR6, and TNFsf4) (mIRBase and
miRDB). Hence, given that those targets of miR-223-5p/-3p are
associated with cell necrosis/necroptosis, it would be signifi-
cant to examine whether altered levels of miR-223-5p/-3p
duplex impact the I/R-induced cardiac remodeling.

In this study, we utilized pre-miR-223 transgenic (TG) and
knock-out (KO) mouse models that underwent I/R ex vivo and
in vivo. Our results showed that pre-miR-223 TG hearts were
resistant, whereas pre-miR-223-null hearts were sensitive, to
I/R-triggered injury. Moreover, we observed that the RIP1/
RIP3/MLKL necroptotic pathway and the NLRP3 inflam-
masome were suppressed in pre-miR-223 TG hearts, whereas
they were activated in pre-miR-223 KO hearts upon I/R in vivo
and ex vivo. Accordingly, inhibition of the necroptotic signaling
in pre-miR-223 KO mice largely rescued I/R-triggered cardiac
necrosis, infarction size, and dysfunction. Mechanistically, we
identified that miR-223-5p/-3p worked together to inhibit mul-
tiple necrotic pathways and thereby protected hearts against
I/R-induced damage.

Results

Alterations of MiR-223-5p and -3p Levels in Murine Hearts
upon I/R in Vivo and ex Vivo—Previous work has shown that
miR-223 is up-regulated in murine I/R hearts (14). However,
the miR-223 examined in these studies was processed from the
3’-arm of pre-miR-223, which was named as the guide strand.
Whether the 5'-arm of pre-miR-223 as a passenger strand is
matured and dysregulated in mouse hearts upon I/R remains
unknown. In this regard, we measured both arms of pre-miR-
223 by a specific stem-loop real time polymerase chain reaction
(PCR) in mouse hearts upon in vivo and ex vivo I/R (Fig. 1,
A-D). We observed that, compared with a sham group, levels of
miR-223-3p were significantly increased in mouse hearts dur-
ing in vivo I/R and peaked in 4-h reperfused hearts (Fig. 1A).
Importantly, mature miR-223-5p was detectable in mouse
hearts rather than being degraded. Of interest, the miR-223-5p
levels were remarkably increased in 30-min artery-occluded
hearts and 1- and 4-h reperfused hearts but were greatly
reduced by 33% in mouse hearts after 24-h reperfusion (Fig.
1B). In ex vivo 45-min ischemic hearts, miR-223-3p levels were
elevated by 2-fold and further increased by 2.4-fold after 2-h
reperfusion compared with sham samples (Fig. 1C). By con-
trast, the 5'-arm of pre-miR-223 was up-regulated by 2.2-fold in
mouse hearts after 45-min ischemia, but such an elevation was
attenuated at 2 h post-I/R ex vivo (Fig. 1D). These observations
indicate that alterations of miR-223-5p/-3p are dynamic and
dependent on the pathological conditions. Our results suggest
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FIGURE 1. Expression levels of miR-223-3p and -5p were dynamically reg-
ulated in mouse ischemic/reperfused hearts. A and B, alteration of miR-
223-3p and -5p levels in heart subjected in vivo to 30-min ischemia followed
by reperfusion. Cand D, both strands of pre-miR-223 were up-regulated in ex
vivo hearts subjected to 45-min ischemia followed by 2-h reperfusion (error
bars represent mean =+ S.D.; n = 6 for in vivo sham and ischemic groups; n =
4 for in vivo 1-h, 4-h and n = 5 for 24-h reperfusion groups; n = 4 for ex vivo
45-min ischemia and 2-h reperfusion groups; *, p < 0.01 versus sham
controls).

that both arms of pre-miR-223 are processed to maturation,
and both may play roles in I/R-induced cardiac injury.
Overexpression of Pre-miR-223 Improves the Postischemic
Recovery of Cardiac Function—Recently, we reported that a
miR-223 TG mouse model in which a precursor miR-223 was
driven by a cardiac-specific promoter, a-myosin heavy chain
promoter (Fig. 24), displayed physiological cardiac hypertro-
phy with no fibrosis (23). Notably, such miR-223 TG mouse
model showed similar litter size and life expectancy as wild-
type mice. In the present work, we focused on examining
whether miR-223 plays any roles in I/R-induced cardiac injury
and its underlying mechanisms. Hence, we first subjected miR-
223 TG mice to 45 min of ex vivo global no-flow ischemia fol-
lowed by 1 h of reperfusion using the Langendorff retrograde
heart perfusion system. Stem-loop RT-PCR analysis confirmed
that both miR-223-5p and -3p were markedly overexpressed in
TG hearts compared with WTs (Fig. 2, B-D). Upon I/R, TG
hearts exhibited significantly better functional recovery than
wild-type (WT) hearts (Fig. 2, E-H) as measured by the rates of
contraction (Fig. 2E), relaxation (Fig. 2F), and left ventricular
developed pressure (LVDP) (Fig. 2G). In addition, the left ven-
tricular end diastolic pressure (LVEDP) was significantly
depressed in miR-223 hearts during reperfusion compared with
WT controls (Fig. 2H). Together, these data reveal that eleva-
tion of miR-223-5p/-3p duplex is associated with improved car-
diac function recovery during ex vivo ischemia/reperfusion.
Overexpression of MiR-223-5p/-3p Duplex Dampens I/R-in-
duced Cardiac Necroptosis but Not Apoptosis—It is well recog-
nized that maintaining adequate numbers of living cardiomyo-
cytes is critical to the overall preservation of cardiac function
during I/R (24). Given the markedly improved recovery of myo-
cardial function in miR-223 TG hearts, we then determined the
effects of miR-223 on postischemic cellular damage. The extent
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FIGURE 2. Overexpression of pre-miR-223 significantly improved cardiac
function recovery during ex vivo I/R. A, diagram of pre-miR-223 TG vector.
B-D, overexpression of miR-223-3p/-5p was determined in TG hearts by
quantitative RT-PCR and 3% agarose gel electrophoresis. U6 was used as an
internal control (¥, p < 0.001; n = 3 for each group). E-H, pre-miR-223 TG
hearts showed better functional recovery than WT hearts after 45-min global
ischemia followed by 1-h reperfusion (n = 8 for WT; n = 7 for pre-miR-223 TG
group; *, p < 0.005 versus WT). Error bars represent mean * S.D. a-MHCp,
a-myosin heavy chain promoter. hGHpA, human growth hormone poly A.

of necrotic and apoptotic cell death was examined in mouse
hearts upon ex vivo ischemia for 45 min followed by 1 h of
reperfusion. Using fluorescent staining with propidium iodide
(PI), a red dye that binds to necrotic cell nuclei (25), we
observed that the number of PI-positive nuclei was reduced in
pre-miR-223 TG hearts by ~47% compared with WTs upon ex
vivo I/R (Fig. 3, A and B). Consistently, during ex vivo I/R, car-
diac release of lactate dehydrogenase (LDH), a biochemical
marker for necrotic cell death, was significantly suppressed by
~45% in TG hearts compared with WT samples (Fig. 3C). More
intriguingly, ex vivo I/R-induced cardiac apoptosis, measured
by TUNEL staining and Caspase-3 activity, did not differ
between TGs and WT controls (Fig. 3, D-F). These results
suggest that overexpression of miR-223-5p/-3p duplex sup-
presses I/R-initiated cellular necrosis but not apoptosis in
the myocardium.

To further determine the consequence of increased miR-
223-5p/-3p expression under in vivo conditions, we subjected
WT and TG hearts to 30-min in vivo myocardial ischemia via
coronary artery occlusion followed by 24-h reperfusion. We
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observed that the ratio of infarct-to-risk region was 18 = 2.3%
in TG hearts (n = 10) compared with 43 = 3.7% in WT hearts
(n = 8; p <0.001) (Fig. 3, G and H), whereas the region at risk
was not significantly different between the two groups (Fig. 31).
These results are consistent with our ex vivo findings that miR-
223 duplex elicits cardioprotective effects on I/R-induced
injury.

Knock-out of Pre-miR-223 Aggravates 1/R-triggered Cardiac
Dysfunction and Necrosis—Next, we examined the effects of
pre-miR-223 deficiency on cardiac function recovery during ex
vivo I/R using a global pre-miR-223 KO mouse model. Results
of stem-loop RT-PCR analysis confirmed that both mature
miR-223-5p and -3p were not expressed (Fig. 4A4). Such pre-
miR-223-null hearts were mounted onto the Langendorff appa-
ratus and stabilized for 10 min with perfusion buffer followed
by 30-min no-flow ischemia and 1-h reperfusion. During rep-
erfusion, KO hearts (n = 8) exhibited significantly depressed
functional recovery compared with WTs (n = 9) as evidenced
by the decreased rates of contraction (+dP/d¢) and relaxation
(—dP/dt) in miR-223 KO hearts relative to WT hearts (Fig. 4, B
and C). Similarly, the LVDP was recovered to 55 * 4.7% of
preischemic values after 1-h reperfusion in miR-223 KO hearts,
whereas it was 67 = 3.2% in WT hearts (p < 0.05) (Fig. 4D).

We further assessed the degree of necrosis in these I/R
hearts. Using PI staining, we observed that the number of PI-
positive nuclei (red) in KO hearts was significantly increased by
1.7-fold compared with WTs (Fig. 4, E and F). Accordingly, the
levels of LDH released from ischemic/reperfused KO hearts
(n = 8) was 2.7-fold higher than that from ischemic/reperfused
WTs (n = 9) (Fig. 4G). It is notable here that the degree of
I/R-induced cardiac apoptosis, determined by three assays
(TUNEL staining, DNA fragmentation, and Caspase-3 activity),
was similar between the two groups (supplemental Fig. S1).
Taken together, these results demonstrate that miR-223-
5p/-3p deficiency promotes cellular necrosis in mouse hearts
under ex vivo I/R conditions.

To elucidate the in vivo effects of pre-miR-223 ablation upon
I/R, we subjected these KO mice to 30-min in vivo myocardial
ischemia via coronary artery occlusion followed by 24-h reper-
fusion. We observed that the infarction size (ratio of infarct-to-
risk region) was remarkably increased in KO hearts (59.2 *
4.6%; n = 7) compared with WT hearts (41.1 * 3.8%; n = 11;
p < 0.05) (Fig. 4, H and ).

MiR-223 Negatively Regulates the RIP1/RIP3/MLKL Signal-
ing Cascades and the Inflammatory Response in I/R Hearts—
Currently, the complex RIP1-RIP3 and subsequently phosphor-
ylated MLKL are well established to play an essential role in the
regulation of necroptosis in various types of cells (8). Further-
more, recent studies have revealed that I/R injury significantly
promoted RIP1 and RIP3 expression in animal hearts (6, 7).
Given the remarkable reduction of cardiac necrosis in pre-miR-
223 TG hearts upon I/R, we therefore examined whether over-
expression of miR-223-5p/-3p altered the RIP1/RIP3/MLKL
signaling pathway in mouse hearts in response to in vivo I/R (30
min/24 h). Results of Western blotting analysis showed that
under pre-I/R conditions TG hearts displayed down-regulated
effects of miR-223-5p/-3p on RIP1 and RIP3, but not MLKL,
relative to WT controls (Fig. 5, A and B). Consistent with pre-
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FIGURE 3. Overexpression of miR-223-3p/-5p duplex attenuated I/R-induced myocardial necrosis and infarction size. A, Pl was perfused into the mouse
heart to label necrotic cells at the end of ex vivo I/R (45 min/1 h). Red, Pl-positive nuclei; blue, 4’ ,6-diamidino-2-phenylindole-stained nuclei. Scale bars, 100 um.
B, quantitative analysis of myocardial necrotic cells in ex vivo I/R hearts (n = 8 for WT; n = 7 for TG group; *, p < 0.05 versus WTs). C, total LDH was measured in
coronary effluent collected during the first 10 min of reperfusion (n = 8 for WT; n = 7 for TG group; *, p < 0.05 versus WTs). D and E, representative images (D)
and quantitative results (E) of the TUNEL staining assay in WT and TG hearts after ex vivo I/R (45 min/1 h). Green, TUNEL-positive nuclei; red, a-actin; blue, DAPI.
Scale bars, 100 um. F, Caspase-3 activity was similar between TG hearts and WT hearts subjected to ex vivo I/R. p > 0.05 versus WTs (n = 6 hearts per group; p <
0.05 versus WTs). G-I, overexpression of miR-223-3p/-5p duplex greatly reduced in vivo myocardial infarct size after 30 min of left anterior descending artery
occlusion followed by 24 h of reperfusion. The mouse hearts were stained by Evans Blue and triphenyltetrazolium chloride after in vivo I/R. White/gray, infarct

size; red, area at risk; and blue, non-ischemic LV (n = 8 for WT; n = 10 for TG group; *, p < 0.01 versus WTs). Error bars represent mean = S.D.

vious observations (4, 6, 7), after ischemia/reperfusion, protein
levels of RIP1, RIP3, and MLKL were increased in WT hearts by
3.1-, 1.5-, and 1.7-fold, respectively, compared with pre-I/R
WTs (Fig. 5, A and B). However, such I/R-induced elevations of
the RIP1/RIP3/MLKL signaling cascades in WT hearts were
significantly attenuated in pre-miR-223 TG hearts (Fig. 5, A and
B). Conversely, ablation of pre-miR-223 caused up-regulation
of RIP1 and RIP3 in mouse hearts under basal conditions and
further aggravated the I/R-induced elevations of RIP1, RIP3,
and MLKL protein levels compared with WT controls (1 = 6;
p < 0.05) (Fig. 5, C and D). Put together, these results indicate
that miR-223-5p/-3p duplex could negatively modulate the
RIP1/RIP3/MLKL axis in animal hearts upon I/R stress.

Given that 1) myocardial I/R could activate inflammatory
response in vivo (26) and 2) necrotic cells also stimulate tissue
inflammation (8), we therefore measured the expression levels
of TNF-a and IL-1, two prominent mediators for I/R-trig-
gered inflammation, in miR-223 TG and KO hearts upon in vivo
I/R. Results of RT-PCR analysis showed that, although the lev-
els of TNF-a and IL-18 were too low to distinguish between
groups under basal conditions, in vivo I/R (30 min/4 h) did
dramatically stimulate the expression of TNF-a and IL-1f in
WT hearts (Fig. 5E). However, such up-regulations of TNF-«
and IL-183 were significantly reduced in ischemic/reperfused
miR-223-overexpressing hearts compared with WT controls
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(n = 6; p <0.05) (Fig. 5E). By contrast, ablation of pre-miR-223
remarkably aggravated the I/R-induced elevation of TNF-a and
IL-1p relative to ischemic/reperfused WTs (n = 6; p < 0.05)
(Fig. 5F). Collectively, these data indicate that up-regulation of
miR-223-5p/-3p duplex could attenuate myocardial I/R-trig-
gered inflammation.

Blocking RIP1 Signaling by Necrostatin-1s Counteracts Pre-
miR-223-null-induced Detrimental Effects on Cardiac I/R
Injury—Given that ablation of pre-miR-223 up-regulated the
RIP1 necroptotic signaling (Fig. 5, C and D), we then asked
whether blockade of the RIP1 signaling could rescue miR-223
KO-caused detrimental effects on cardiac I/R injury. To clarify
this issue, we pretreated KO mice with necrostatin-1 (Nec-1)
stable variant (Nec-1s), a newly developed specific inhibitor of
RIP1 kinase (27), or the same volume of DMSO-PBS control
buffer. 30 min later, hearts were isolated and mounted onto the
Langendorff system to undergo ex vivo I/R (30 min/1 h). Con-
sistent with previous reports using Nec-1 (6,9, 11, 12), pretreat-
ment of WT mice with Nec-1s significantly improved contract-
ile functional recovery as evidenced by higher levels of left
ventricle (LV) dP/d¢ (maximum/minimum) and LVDP and
lower levels of LVEDP during reperfusion relative to buffer
controls (n = 6; p < 0.05) (Fig. 6, A-D). Remarkably, Nec-1s
rescued cardiac function recovery in the reperfused miR-223-
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3 for each group). B-D, pre-miR-223 KO mice showed worse functional recov-
ery than WTs during 1-h reperfusion. We performed 30-min ischemia for pre-
miR-223 KO mice because KO mice could not bear 45-min ischemia (n = 8 for
WT group; n = 9 for KO group; *, p < 0.005 versus WTs). E and F, pre-miR-223
KO hearts displayed a greater degree of myocardial necrosis than WTs as
determined by Pl staining (E) and quantitative analysis (F) (n = 8 for WT group;
n = 9 for KO group; *, p < 0.05 versus WTs). G, total LDH in coronary effluent
collected during the first 10 min of reperfusion was significantly increased in
KO hearts compared with WTs (n = 8 for WT group; n = 9 for KO group; *, p <
0.05 versus WTs). Hand /, pre-miR-223-null hearts exhibited a larger infarction
size after 30 min of left anterior descending artery occlusion followed by 24 h
of reperfusion. (n = 9 for WT group; n = 8 for KO group; *, p < 0.01 versus WTs).
Error bars represent mean = S.D.

null hearts (n = 6) to a greater degree than buffer-treated sam-
ples (n = 5; p < 0.05) (Fig. 6, A-D).

In addition, we observed that Nec-1s-treated WT hearts
exhibited significant reduction of necrotic nuclei as stained
with the red PI dye (Fig. 7, A and B) and suppressed LDH release
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MLKL necroptotic signaling cascades and the expression of inflamma-
tory cytokines in I/R hearts. A and B, representative Western blots (A) and
quantitative results (B) of RIP1, RIP3, and MLKL protein expression in WT
hearts and pre-miR-223 TG hearts under in vivo pre-I/R and post-I/R (30
min/24 h) conditions (n = 6 hearts per experimental group; *, p < 0.05 versus
pre-I/R WTs; #, p < 0.05 versus post-I/R WTs). Cand D, representative Western
blots (C) and quantitative results (D) of RIP1, RIP3, and MLKL protein expres-
sionin WT hearts and pre-miR-223 KO hearts under in vivo pre-I/R and post-I/R
(30 min/24 h) conditions (n = 6 hearts per experimental group; *, p < 0.05
versus pre-l/R WTs; #, p < 0.05 versus post-I/R WTs). (Note: for the RIPT immu-
noblotting, we initially used a rabbit anti-RIP1 antibody from Santa Cruz Bio-
technology (in A), and the upper band was the real band of RIP1 (74 kDa); later
on, we tried a rabbit anti-RIP1 from Cell Signaling Technology (in C)). Eand F,
the expression levels of IL-18 and TNF-a were analyzed by qRT-PCR in pre-
miR-223 TG mouse hearts and WTs (E) and pre-miR-223 KO mouse hearts and
WTs (F) subjected in vivo to 30-min ischemia followed by 4-h reperfusion.
GAPDH mRNA was used as an internal control (n = 6; *, p < 0.05 versus pre-I/R
WTs; #, p < 0.05 versus post-I/R WTs). Error bars represent mean = S.D.

during reperfusion (Fig. 7C) relative to buffer-treated WTs.
Similarly, I/R-caused aggravation of cardiac necrotic nuclei in
miR-223 KO hearts was remarkably attenuated by pretreat-
ment with Nec-1s compared with buffer-injected controls (Fig.
7, A and B). Accordingly, miR-223-null-induced elevation of
LDH release was dramatically inhibited by Nec-1s treatment
relative to buffer controls (Fig. 7C). Furthermore, the beneficial
effects of Nec-1s on the in vivo myocardial I/R (30 min/24 h)
was also validated in WT mice as evidenced by a smaller infarc-
tion size in Nec-1s-treated hearts (17 = 1.9%; n = 9) than buffer
samples (39 = 4%; n = 10; p < 0.001) (Fig. 7, D and E), whereas
the region at risk was not different between both groups (Fig.
7F). Likewise, pretreatment of miR-223 KO mice with Nec-1s
resulted in a significant reduction of myocardial infarction size
(29 = 3.1%; n = 9) compared with the buffer-injected group
(62 £ 5.7%; n = 8 p < 0.001) (Fig. 7, D and E). Collectively,
these in vitro and in vivo data consistently demonstrate that
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inhibition of the RIP1-associated necroptotic pathway not only
protects wild-type mice against I/R-induced cardiac damage
but also largely offsets miR-223-null-mediated detrimental
effects on myocardial I/R injury.

MIR-223 Protects Cardiomyocytes Against H,O.,-induced
Necrosis—Because 1) genetic mouse models (TG and KO) may
have in vivo compensatory effects, 2) cardiac tissue contains
other cell types (e.g. immune cells, fibroblasts, and endothelial
cells) besides cardiomyocytes, and 3) miR-223 is ubiquitously
expressed (20) and these may all influence the outcome of miR-
223 TG/KO in the ischemic myocardium, we performed fur-
ther studies using ex vivo cultured adult cardiomyocytes, a well
controlled experimental setting. Cardiomyocytes were isolated
from adult rats and cultured in laminin-precoated dishes. Sub-
sequently, cardiomyocytes were infected with Ad.miR-223 and
Ad.B-gal (Fig. 84). Following infection for 36 h, we observed a
close to 100% infection efficiency (Fig. 8B). Real time PCR
revealed that both strands of miR-223 were overexpressed in
Ad.miR-223-infected cardiomyocytes (Fig. 8C). We next treated
these myocytes with H,O, at a dose of 200 um for 1 h. Cell
viability analysis showed that ectopic expression of miR-223
increased cell survival by 2.6-fold relative to B-gal cells (Fig. 8,
D and E). Accordingly, dead myocyte-released LDH was
decreased by 38% in miR-223-cells compared with 3-gal cells
upon exposure to H,O, (Fig. 8E). Furthermore, Western blot-
ting analysis revealed that H,O, could activate the RIP1/RIP3/
MLKL necrotic pathway in B-gal myocytes; yet this pathway
was attenuated in miR-223 myocytes (Fig. 8, F and G). Taken
together, these data implicate miR-223 as a negative regulator
of necrosis in cardiomyocytes.
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MiR-223-5p and -3p, Respectively, Target Death Receptors
and the NLRP3 Inflammasome—To elucidate the potential
mechanism(s) of miR-223-5p/-3p duplex-mediated inhibition
of cardiac necroptosis during I/R, we dissected the possible tar-
gets of miR-223-5p/-3p and further examined their expression
levels in TG and KO hearts. Currently, miR-223-3p targets,
most of which are related to inflammation (e.g. IKKe, IL-1f,
IL-6, Stat3, Roquin, Pknox1, CXCL2, CCL3, and NLRP3), have
been well validated in variety of cell types (20). However, miR-
223-5p targets have not been well identified thus far. According
to the predictions by miRDB, most targets of miR-223-5p
are associated with cell membrane receptors (e.g Sema3a,
TNFRsfla (TNFR1), TNFrsf21 (DR6), and TNFsf4). Given the
involvement of miR-223 in I/R-induced cardiac necroptosis, we
then selected DR6 and TNFR1 for target validation of miR-223-
5p. Based on the seed sequence pairing rule, 3-UTRs of DR6
and TNFR1 are assumed to contain a miR-223-5p-interacting
region and are highly conserved among the species of human,
mouse, and rat (Fig. 9, A and B). Using the luciferase reporter
assay, we validated that miR-223-5p directly recognized both
3-UTRs of DR6 and TNFR1 in both HEK293 cells and rat car-
diac H9¢2 cells (Fig. 9, C and F). Co-transfection of miR-223-5p
strongly inhibited luciferase activity from the reporter con-
struct harboring a 3'-UTR segment of DR6 or TNFR1, whereas
no effect was observed when a control miRNA was co-trans-
fected with either reporter construct (Fig. 9, C-F).

Remarkably, Ad.miR-223-infected cardiomyocytes displayed
significant down-regulations of DR6 and TNFR1 compared
with controls (Fig. 10A). Likewise, protein levels of DR6 and
TNEFR1 were significantly reduced by 28 and 42%, respectively,
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FIGURE 7.A and B, representative images (A) and quantitative results (B) of the Pl staining assay in KO and WT hearts after ex vivo I/R (30 min/1 h). Red, Pl-positive
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occlusion followed by 24 h of reperfusion. Representative images (D) and quantitative analysis (E) of the ratio of infarct to risk region are shown (n = 8 for KO
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in miR-223-overexpressing hearts (Fig. 10B). By contrast, miR-
223 KO hearts exhibited higher protein levels of DR6 and
TNFR1 than WT hearts (Fig. 10C). Collectively, these data indi-
cate that DR6 and TNFR1 represent two bona fide targets of
miR-223-5p in the myocardium.

IKKa and NLRP3, two mediators known to participate in
myocardial I/R injury (5, 28, 29), have been previously validated
as genuine targets of miR-223-3p in macrophages (30, 31), but
whether they are regulated by miR-223-3p in hearts remains
unknown. We therefore examined protein levels of IKK« and
NLRP3 in miR-223-overexpressing cardiomyocytes and miR-
223 TG and KO hearts. Results of Western blotting analysis
revealed that their protein levels negatively correlated with
miR-223-3p levels as evidenced by reduced levels of IKK« and
NLRP3 in miR-223-overexpressing myocytes and transgenic
hearts (Fig. 10, D and E) but elevated levels in miR-223-null
hearts (Fig. 10F) compared with WTs, respectively (n = 3; p <
0.05). Taken together, these results confirm that miR-223-3p
negatively regulates the expression of IKKa and NLRP3 in ani-
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mal hearts. Currently, it is well established that DR6/TNFR1
are upstream regulators of RIP1-dependent necroptotic signal-
ing (32-34) and that the activation of NLRP3 inflammasome
also promotes cell necroptosis (35, 36). In this regard, our data
presented here suggest that miR-223-5p/-3p duplex may,
respectively, modulate protein levels of death receptors (i.e.
DR6 and TNFR1) and the NLRP3 inflammasome signaling cas-
cades, thereby working in concert to inhibit myocardial I/R-
induced necroptosis (Fig. 11).

Discussion

It is well recognized that a significant amount of myocyte
death (apoptosis and necrosis) occurs during the onset of myo-
cardial I/R (24). Given that apoptosis was thought to be the only
regulated form of cell death for many years, genetic and phar-
macological approaches targeting I/R-induced necrotic myo-
cyte death are rarely studied. In this study, using gain- and
loss-of-function approaches, we discovered that elevation of
miR-223 could prevent I/R-caused myocyte necroptosis and
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consequently improved cardiac function recovery during rep-
erfusion. By contrast, ablation of miR-223 aggravated I/R-trig-
gered cardiac injury, and in particular, such detrimental effects
could be rescued by necrostatin-1s-mediated inhibition of RIP1
kinase activity. Mechanistically, we identified for the first time
that both 5'- and 3'-arms of pre-miR-223 could be processed to
become mature miRNA, and they work together to suppress
the RIP1-dependent necroptotic pathway at multiple layers in
I/R hearts (Fig. 11).

Over the last decade, it has become clear that TNF-« can
stimulate cells to form at least four distinctive protein com-
plexes, including complex I, Ila, IIb, and IIc (37). Complex I
usually controls NF-kB-associated cell survival signaling, com-
plex IIa mediates Caspase-8/FADD (fas-associated protein with
death domain)-related apoptosis, complex IIb favors RIP1-de-
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pendent apoptosis, and complex Ilc (necrosome) induces cell
necroptosis (37). As for which complex is formed in cells upon
TNF-« activation, it depends on stress/disease conditions and
cell types. In ischemic/reperfused hearts, previous studies have
shown that the expression of TNF-q, together with its receptor
TNEFR1, was up-regulated in cardiomyocytes and consequently
activated the NF-«B signaling pathway, resulting in myocardial
inflammation and cell death (38, 39). Moreover, recent studies
have indicated that myocardial I/R could promote the expres-
sion and formation of RIP1-RIP3 necrosome (complex Ilc) in
cardiomyocytes, leading to myocyte necroptosis and I/R injury
(6,7, 12). Actually, the RIP1-RIP3 necrosome is able to recruit
MLKL, which creates a pore-forming complex at the plasma
membrane and executes cell death (40). Importantly, sufficient
expression of RIP3 and MLKL has been utilized as the only
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definite criterion for necroptosis to distinguish between differ-
ent types of necrotic cell death as their levels correlate well with
sensitivity to necroptosis (40—42). In the present study, we
observed that miR-223-5p/-3p duplex negatively regulated the
expression of RIP1 and RIP3, but not MLKL, in mouse hearts
under pre-I/R condition. Furthermore, upon I/R, miR-223 TG
hearts exhibited lower levels of RIP1, RIP3, and MLKL than
those in WTs, suggesting that I/R-caused myocardial necrop-
tosis is attenuated by miR-223. Consistently, myocardial infarc-
tion size was reduced in miR-223 TG mice compared with
WTs. By contrast, miR-223 KO hearts exhibited opposite
effects. Furthermore, miR-223-null-caused aggravation of car-
diac necroptosis could be largely rescued by administration of
necrostatin-1s, a newly developed specific inhibitor of necrop-

SASBMB

SEPTEMBER 16, 2016 +VOLUME 291 -NUMBER 38

MiR-223 Regulates Cardiac Necroptosis

tosis. Thus, these data presented in this study demonstrate that
miR-223-5p/-3p duplex could inhibit I/R-triggered cardiac
necroptosis via targeting the RIP1-associated necrotic pathway.

The miR-223-mediated inhibition of cardiac necroptosis
could be interpreted by several possible mechanisms (Fig. 11).
First, we identified that miR-223-5p directly interacted with
3-UTRs of TNFR1 and DR6 and thereby negatively regulated
their protein levels. TNFR1 is well established to bind with the
RIP1-RIP3 complex (42, 43), and DR6 has been identified to
bind with TRADD (tumor necrosis factor receptor type 1-asso-
ciated death domain protein), an adaptor of the RIP1-RIP3
complex (32—34). Therefore, it is plausible that reduced levels
of TNFR1 and DR6 in miR-223-overexpressing hearts may
result in the destabilization of the RIP1-RIP3 complex, leading
to their degradation and, as a consequence, attenuation of
necroptosis in I/R hearts. Second, although necroptosis is
believed to be a potent inducer of inflammasomes, Cullen et al.
(36) recently showed that all activators of the NLRP3 inflam-
masome promoted necroptosis in macrophages. In this study,
we showed that the expression of NLRP3 could be directly
down-regulated by miR-223-3p in the myocardium. In addi-
tion, I/R-triggered activation of the TNFR1-IKKa/B-NF-kB
signaling cascades is well known to boost the NLRP3 inflam-
masome (42, 43). Thus, miR-223-5p-mediated inhibition of
TNFR1 and miR-223-3p-caused reduction of IKKa would work
in concert to indirectly suppress the NLRP3 inflammasome in
I/R hearts (Fig. 11). Altogether, I/R-triggered elevation of the
NLRP3 inflammasome could be dampened by the overexpres-
sion of miR-223-5p/-3p duplex, which may contribute to the
reduction of cardiac necroptosis as presented in Fig. 3. Lastly,
we observed that the expression of TNF-a and IL-18 was
remarkably decreased in miR-223 TG hearts upon in vivo I/R
compared with WT controls. Given that inflammatory cytokine
(TNF-aand IFNa/B)-induced autocrine loops have been impli-
cated as positive regulators of necroptosis in immune cells (43),
reduced expression of TNF-a and IL-18 may also contribute to
miR-223-mediated inhibition of cardiac necroptosis during I/R
(Fig. 11).

There are several limitations in this work that should be
acknowledged. First, although we determined the acute effects
of miR-223 TG/KO on in vivo myocardial I/R injury, the long
term consequence of miR-223 overexpression or deficiency in
the ischemic/reperfused heart (e.g. the extent of fibrosis and
cardiac function at different time points after I/R) was not char-
acterized. Second, although the present work focused on miR-
223-mediated effects in cardiac necroptosis, our study does not
provide a detailed analysis of cardiac apoptosis in I/R hearts. In
addition, two well known apoptotic markers (TUNEL staining
and Caspase-3 activity) may also be positive for necrotic tissue.
Hence, we cannot exclude the possible role of miR-223 in car-
diac apoptosis and its contribution to I/R-induced cardiac dam-
age. Finally, we utilized only one necrosis inhibitor (Nec-1s) in
this study. Nec-1s is a newly developed analogue of Nec-1. Both
Nec-1s and Nec-1 have been shown to inhibit RIP1 kinase;
however, the original Nec-1 was recently found to inhibit two
kinases other than RIP1 (27). Compared with necrostatin-1,
this new compound showed a robust improvement in meta-
bolic stability and displayed >1000-fold more selectivity
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toward inhibition of RIP1 than any other kinases (27). Thus,
we selected only Nec-1s for the present study.

In summary, we have demonstrated that miR-223-5p and -3p
both can be expressed in the myocardium and cooperatively
dampen the I/R-induced cardiac necroptosis via targeting
death receptors (i.e. TNFR1 and DR6) and inflammasome sig-
naling (i.e. NLRP3 and IKK) at multiple layers (Fig. 11). These
findings uncover a novel role of miR-223-5p/-3p duplex in the
regulation of cell necroptosis and may provide new and
urgently needed therapeutic opportunities for myocardial
ischemia/reperfusion injury.

Experimental Procedures

Mouse Models with Overexpression or Deletion of Pre-
miR-223—A transgenic mouse model (FVB/N background)
with cardiac-specific overexpression of pre-miR-223 was gen-
erated as described previously (23). Routine genotyping was
performed by PCR. The endogenous mouse Oct2 (organic cat-
ion transporter, member 2) gene was used as an internal con-
trol. Expression levels of miR-223-5p/-3p in TG hearts were
detected by stem-loop quantitative RT-PCR as described pre-
viously (16). U6 was used as a loading control to normalize the
expression level. All primers used in this study are included in
the supplemental material.
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Pre-miR-223 knock-out mice (B6.Cg-Ptprc* MiR223™!F<2m)
and wild-type mice (C57BL/6 background) were purchased
from The Jackson Laboratory (Bar Harbor, ME). Mice were
maintained and bred in the Division of Laboratory Animal
Resources at the University of Cincinnati Medical Center. All
animal protocols conformed to the Guidelines for the Care and
Use of Laboratory Animals prepared by the National Academy
of Sciences and published by the National Institutes of Health
and were approved by the University of Cincinnati Animal Care
and Use Committee.

Myocardial Regional Ischemia/Reperfusion in Vivo—Male
adult mice (10-12 weeks old) were anesthetized by intraperi-
toneal injection of a mixture of ketamine (100 mg/kg) and xyla-
zine (5 mg/kg). Subsequently, these mice underwent occlusion
of the left anterior descending coronary artery by tightening
and tying the suture for 30 min followed by reperfusion (loos-
ening the suture) as described previously (15). For measure-
ment of miR-223-5p/-3p levels, heart samples were collected at
the end of ischemia and 1, 4, and 24 h postreperfusion. For
measurement of myocardial infarction size, we retied the
occluder to reocclude the left anterior descending coronary
artery and injected Evans Blue (0.5 ml of a 2% solution; Sigma-
Aldrich) to the aorta to demarcate the non-ischemic myocar-
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dium 24 h after ischemia/reperfusion injury. The heart was rap-
idly excised and sliced into five slices. The heart slices were
incubated in 1% 2,3,5-triphenyltetrazolium chloride (Sigma-
Aldrich) for 15 min at 37 °C for demarcation of the viable and
nonviable myocardium within the area at risk (AAR). The stain-
ing was stopped by ice-cold sterile saline, and the slices were
fixed in 10% neutral buffered formaldehyde and individually
weighed. Both sides of each slice were photographed. Each of
the myocardial slices was weighed and the infarct size (IS),
AAR, and non-ischemic LV were assessed with image analysis
software. The AAR/LV, IS/AAR, and IS/LV ratios were calcu-
lated. Infarct sizes were determined and expressed as a percent-
age of the region at risk.

Myocardial Global No-flow Ischemia/Reperfusion ex Vivo—
Isolation and perfusion of mouse hearts by the Langendorff
method were carried out as described previously (15). In brief,
hearts were retrogradely perfused with a phosphate-free Krebs-
Henseleit buffer equilibrated at 37 °C with 5% CO,, 95% O,, pH
7.4. After a 10-min equilibration period, pre-miR-223 TG
mouse hearts and WT controls underwent no-flow global
ischemia for 45 min followed by 60-min reperfusion. Pre-
miR-223 KO mice and controls were subjected to 30-min
global ischemia followed by 60-min reperfusion. During the
I/R, the parameters LVEDP, LVDP, maximum rate of con-
traction (+dP/dt), and minimum rate of relaxation (—dP/dt)
were recorded with a DigiMed Heart Performance Analyzer
(Micro-Med).

Pharmaceutical Inhibition of Necroptosis in I/R Mice—7-Cl-
O-Nec-1is a newly developed small molecule inhibitor of RIP1
kinase (27). Compared with necrostatin-1, a previously used
RIP1 inhibitor, this new compound showed a robust improve-
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ment in metabolic stability and displayed exclusive selectivity
toward inhibition of RIP1 (27). Accordingly, 7-Cl-O-Nec-1 is
named as Nec-1s or RIP1 inhibitor II. In this study, pre-miR-
223 KO mice and WT mice were administered with Nec-1s
(Calbiochem, 502497) via intraperitoneal injection (1.65 ug/g)
30 min prior to in vivo or ex vivo myocardial ischemia/reperfu-
sion. The control groups received the same volume (200 ul) of
0.002% DMSO, PBS solution.

Cardiac Necrosis and Apoptosis Assays—I/R-induced cardiac
necrosis was assessed by 1) measuring LDH in the perfusion
effluent and 2) PI staining of heart tissues. Perfusion effluent
was collected every 10 min pre-ischemia and during reperfu-
sion. Total LDH released from the I/R heart was determined
using an in vitro Toxicology Assay kit (Sigma) and expressed as
units/ml of wet heart weight (units/ml/g). Pyruvate kinase/
LDH enzyme (Sigma, P-0294) was used as a standard control. PI
is membrane-impermeant red fluorescent dye and that binds to
nucleic acids (25). PI staining is generally excluded from viable
cells and commonly used for identifying dead cells (25). For in situ
detection of cardiac necrotic cells, at the end of reperfusion the I/R
heart was immediately taken off from the Langendorff apparatus
and then infused with PI solution (50 pg/ml in Krebs-Henseleit
buffer) through the aorta using a 10-ml syringe followed by fixa-
tion by infusion with 4% paraformaldehyde and placed in prela-
beled base molds filled with frozen tissue matrix. Subsequently,
these hearts were snap frozen in liquid nitrogen. Frozen sections of
7 um were cut and counterstained with 4',6-diamidino-2-phe-
nylindole (DAPI; Life Technologies). PI-positive (red) nuclei were
counted from 10 randomly chosen microscope fields (200X) of the
heart section and expressed as a percentage of total nuclei (blue
DAPI-staining nuclei) from the same field.

I/R-induced cardiac apoptosis was assessed by 1) in situ
TUNEL staining, 2) DNA fragmentation, and 3) Caspase-3
activity. The TUNEL staining was performed using the Dead-
End fluorometric TUNEL system (Promega) followed by stain-
ing with an anti-actin (a-sarcomeric) antibody (Sigma-Aldrich)
and DAPIL. TUNEL-positive (green) nuclei located in car-
diomyocytes were counted from 10 randomly chosen micro-
scope fields (200X) of the midventricular section and expressed
as a percentage of total nuclei (both blue- and green-staining
nuclei) from the same field. Two sections for each heart and five
hearts for each group were used. For more accurate quantifica-
tion of apoptosis in I/R hearts, DNA fragmentation was deter-
mined by a cell death detection ELISA kit (Roche Applied Science).
Results were normalized to the standard provided in the kit and
expressed as -fold increase over control. Caspase-3 activity was
determined in cardiac lysates (100 ug) using the Caspase-3/CPP32
Fluorometric Assay kit (BioVision).

Preparation of Adult Rat Cardiomyocytes and Survival
Assays upon H,0, Treatment—Adult rat ventricular myocytes
were isolated from Langendorff-perfused hearts of 6-week-old
male Sprague-Dawley rats (Harlan Laboratories) as described
before (15). Cardiomyocytes were then plated on laminin (10
pg/ml)-coated dishes for 1-2 h followed by infection with
recombinant adenoviruses (Ad.miR-223 or Ad.3-gal) at a mul-
tiplicity of infection of 500. Thirty-six hours later, such car-
diomyocytes were treated with H,O, (200 um) for 1 h. Sub-
sequently, cardiomyocyte survival was assessed using the
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MTS incorporation assay kit (Promega) according to the
manufacturer’s instructions. Total LDH levels in culture
supernatants were measured using an in vitro Toxicology
Assay kit as described above.

Western Blotting Analysis—Protein samples were extracted
from cultured cardiomyocytes or mouse hearts using proce-
dures described in detail elsewhere (16). Heart samples were
homogenated in Nonidet P-40 lysis buffer containing 0.1 mm
PMSF and protease inhibitor (Roche Applied Science). Protein
samples (5075 ug) were fractionated by 10-12% SDS-PAGE
and transferred to a 0.2-um nitrocellulose blotting membrane.
Binding of the primary antibody was detected by peroxidase-
conjugated secondary antibodies and enhanced chemilumines-
cence (Thermo Fisher Scientific) or by infrared fluorescence
secondary antibody and exposure on the Odyssey CLx Infrared
Imaging System (LI-COR Biosciences). The corresponding
bands were quantified by densitometry. The antibodies used in
this study were as follows: rabbit anti-RIP1 (1:1000 dilution)
(Santa Cruz Biotechnology, sc-7881 and Cell Signaling Tech-
nology, 3493), rabbit anti-RIP3 (1:1000 dilution) (Novus Bio-
logicals, NBP1-77299), mouse anti-MLKL (1:1000 dilution)
(Abcam Inc., ab194699), mouse anti-IKKa (1:500 dilution)
(Novus Biologicals, NB100-56704), mouse anti-NLRP3 (1:330
dilution) (Adipogen AG-20B-0014), rabbit anti-DR6 (1:500
dilution) (Santa Cruz Biotechnology, sc-25772), and mouse anti-
TNFR1 (1:250 dilution) (Santa Cruz Biotechnology, sc-8436).
a-Actin (1:1000 dilution) (Sigma-Aldrich, A2172) was used as
an internal control.

Luciferase Reporter Assay for MiR-223-5p Targets—For lucif-
erase reporter experiments, a TNFR1 or DR6 3'-UTR segment
of 120 bp and its respective mutant were amplified by footprint
two-step PCR (16) and inserted into the pMIR-REPORT lucif-
erase miR expression reporter vector (Ambion). HEK293 cells
or rat cardiac H9¢2 cells were co-transfected in 12-well plates
with DharmaFECT Duo transfection reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions with
0.4 pg of the 3'-UTR luciferase reporter vector and 0.08 ug of
the control vector pMIR-B-galactosidase (Ambion). For each
well, 100 nM mimic miR-223-5p or mimic miR control (Thermo
Fisher Scientific) was used. Cell lysates were prepared 48 h later,
and luciferase activity was measured with a Monolight 3010
luminometer (BD Pharmingen) and expressed as relative light
units with a luciferase assay kit (Promega). B-Galactosidase
activity was measured with a commercially available kit
(Promega). 3'-UTR activity of each construct was expressed
as the ratio of luciferase to B-galactosidase activity. All trans-
fections were performed in triplicate from three indepen-
dent experiments.

Statistical Analysis—Data are expressed as mean * S.D. Analy-
sis of variance was conducted first across all investigated groups in
measurements of myocardial function during ex vivo I/R in which
we performed the Shapiro-Wilk test for normality, and there was
no evidence of deviation from normality for all variables. Then
post hoc pairwise tests were performed with assessment of statis-
tical significance after Bonferroni correction of p values. p < 0.05
was considered statistically significant when Student’s ¢ test was
used for two-group comparisons.
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