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Abstract

Aims: Peripheral artery disease is caused by the restriction or occlusion of arteries supplying the leg. Better
understanding of the molecular mechanisms underpinning tissue response to ischemia is urgently needed to
improve therapeutic options. The aim of this study is to investigate hypoxia-induced miR-210 regulation and its
role in a mouse model of hindlimb ischemia. Results: miR-210 expression was induced by femoral artery
dissection. To study the role of miR-210, its function was inhibited by the systemic administration of a miR-210
complementary locked nucleic acid (LNA)-oligonucleotide (anti-miR-210). In the ischemic skeletal muscle, anti-
miR-210 caused a marked decrease of miR-210 compared with LNA-scramble control, while miR-210 target
expression increased accordingly. Histological evaluation of acute tissue damage showed that miR-210 inhibi-
tion increased both apoptosis at 1 day and necrosis at 3 days. Capillary density decrease caused by ischemia was
significantly more pronounced in anti-miR-210-treated mice; residual limb perfusion decreased accordingly. To
investigate the molecular mechanisms underpinning the increased damage triggered by miR-210 blockade, we
tested the impact of anti-miR-210 treatment on the transcriptome. Gene expression analysis highlighted the
deregulation of mitochondrial function and redox balance. Accordingly, oxidative damage was more severe in
the ischemic limb of anti-miR-210-treated mice and miR-210 inhibition increased oxidative metabolism. Further,
oxidative-stress resistant p66Shc-null mice displayed decreased tissue damage following ischemia. Innovation:
This study identifies miR-210 as a crucial element in the adaptive mechanisms to acute peripheral ischemia.
Conclusions: The physiopathological significance of miR-210 is context dependent. In the ischemic skeletal
muscle it seems to be cytoprotective, regulating oxidative metabolism and oxidative stress. Antioxid. Redox
Signal. 21, 1177–1188.

Introduction

Peripheral artery disease is a frequent condition, af-
fecting almost 6% of the U.S. population aged ‡ 40 (36),

which is mostly caused by stenosis, embolism, or thrombosis
involving the arteries supplying the leg (37). Abrupt arterial
occlusion leads to acute ischemia, while restriction of blood
flow due to arterial stenosis most commonly causes chronic
ischemia. According to several parameters such as the

affected vessel, the degree of occlusion, and the presence of
collaterals, peripheral artery disease can cause mild claudi-
cation to major tissue loss and may require revascularization
surgery (37, 43). Unfortunately, delayed treatment of acute
patients can result in morbidity, amputation, and/or death
(27). Moreover, chronic patients who benefit from successful
revascularization often suffer from high rate of recurrent
symptoms or revision surgery and many still require pro-
gressive amputations (42). Patients affected by chronic critical
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limb ischemia, the most severe form of the disease, are par-
ticularly at risk. Within 1 year of diagnosis, 40%–50% will
experience an amputation and 20%–25% will die (42).

Recent evidence shows that ischemia induces profound
changes in the expression of microRNAs (miRNAs), small
non-protein-coding RNAs that act as negative regulators of
gene expression (14). Hypoxia is a crucial component of both
acute and chronic ischemia and one specific miRNA, miR-210,
is robustly upregulated by both hypoxia and ischemia (5, 7,
12, 26). Between the articulate program of cellular adaptive
mechanisms aimed at relieving tissue hypoxia and removing
irreversibly damaged cells, miR-210 can be considered a
master miRNA of hypoxic response, since it was found up-
regulated by hypoxia in virtually all the cells and tissues
tested to date (7, 12). Mechanistically, miR-210 is a target of
the hypoxia-inducible factor 1-alpha (HIF1alpha), which
binds to its promoter and activates transcription, upon low
oxygen exposure (12). The instrumental role of miR-210 in the
regulation of cell response to hypoxia is confirmed by pre-
clinical and clinical evidences (21). Indeed, miR-210 has been
found to be upregulated upon brain transient focal ischemia
in rats, in mouse ischemic wounds, after human myocardial
infarction and was proposed as a blood biomarker in acute
cerebral ischemia (3, 4, 28, 49). miR-210 was also found up-
regulated in most solid tumors and its expression correlates
with an adverse clinical outcome and with metastatic poten-
tial (12, 26). In keeping with these data, miR-210 has been
proposed as a novel tumor hypoxia marker (18).

Evidence accumulated in numerous culture systems shows
reduced survival of cells devoid of miR-210 in hypoxia, but
also in normoxia, in certain cell types (13, 17, 22, 39, 41, 45).
Further, miR-210 has a crucial cytoprotective role in mesen-
chymal stem cells exposed to anoxia after ischemia/reox-
ygenation preconditioning, supporting their survival after
transplantation in the infarcted heart (30). Although the mo-
lecular mechanisms supporting these events are complex,
miR-210 directly represses the apoptotic component CAS-
P8AP2 (30) and other apoptosis-related genes such as DAPK1
and, at least in humans, AIFM3 (24, 35, 45). However, miR-210
function is complex and context-dependent, since miR-210
overexpression in normoxia induces apoptosis in certain
cancer cell cultures (17, 39).

miR-210 also influences mitochondrial metabolism: tar-
geting the iron–sulfur cluster scaffold protein ISCU1/2, miR-
210 inhibits the mitochondrial electron transport chain,

prompting the shift from mitochondrial respiration to gly-
colysis observed in hypoxia (6, 8, 15, 17, 46). Accordingly,
miR-210 can also modulate the mitochondrial generation of
reactive oxygen species (ROS) (6, 8, 17).

In this study, we investigated the regulation and the role of
miR-210 in a rodent model of acute hindlimb ischemia. We
found that miR-210 blockade increased apoptosis and necro-
sis in addition to oxidative damage associated to ischemia.

Results

Hindlimb ischemia induces miR-210 expression

To evaluate whether miR-210 was modulated following
acute ischemia, the femoral artery of 2-month-old CD1 male
mice was removed to induce unilateral hindlimb ischemia.
Gastrocnemius muscles were harvested at 0 (nonischemic) 1,
3, 7, and 14 days after surgery, total RNA was extracted, and
miR-210 levels were measured by quantitative real-time PCR
(qPCR). Following hindlimb ischemia, miR-210 expression
progressively increased up to day 7 and then declined at day
14 (Fig. 1).

Functional miR-210 blockade by anti-miR-210

To investigate the role played by miR-210 in the tissue
damage induced by ischemia, we focused our attention to the
first 3 days after femoral artery dissection, when the peak of
tissue degeneration is reached and vascular and muscular
regeneration had not started yet (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/ars) (47). To this aim, we blocked miR-210 function by
systemic administration of a 15mer complementary locked
nucleic acid (LNA) oligonucleotide (anti-miR-210) in ischemic
mice. Twelve mg/kg of anti-miR-210 or scrambled (SCR)
LNA sequences were injected in the tail vein 2 days before
surgery and mice were sacrificed 3 days after femoral artery
removal (i.e., 5 days after LNA-oligonucleotide injection). As
shown in Figure 2A, anti-miR-210 treatment efficiently

FIG. 1. Hindlimb ischemia induces miR-210 expression.
Gastrocnemius muscles were harvested from non ischemic or
ischemic mice 1, 3, 7, and 14 days after femoral artery dis-
section. The bar graph shows miR-210 level measured by
qPCR and expressed as fold induction versus non ischemic
muscles (n = 3; *p < 0.05; **p < 0.01). qPCR, quantitative real-
time PCR.

Innovation

We investigated the role of hypoxia-induced miR-210
in ischemia response. To this aim, we used a mouse model
of acute hindlimb ischemia and the systemic adminis-
tration of a miR-210 complementary locked nucleic
acid-oligonucleotide as inhibitory agent. We found that
miR-210 has cytoprotective effects in the skeletal muscle,
regulating oxidative metabolism and oxidative stress.
Thus, miR-210 is a crucial element of the adaptive mech-
anisms to acute peripheral ischemia. miR-210 is considered
a master miRNA of hypoxic response, since it was found
upregulated by hypoxia in virtually all the cells and tissues
tested to date. Thus, with all due limitations, our findings
may not be restricted to peripheral ischemic disease.
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inhibited miR-210 expression, both in ischemic and in non-
ischemic controlateral muscles. Indeed, upon anti-miR-210
treatment, miR-210 levels in the ischemic muscles were lower
than those observed in untreated nonischemic muscles.
Conversely, SCR treatment did not affect miR-210 induction
upon femoral artery removal, confirming the specificity of
anti-miR-210 action. In keeping with these observations, miR-
210 levels were similarly decreased in the liver of anti-miR-
210-treated mice (not shown).

To evaluate whether the observed miR-210 decrease in
anti-miR-210-treated mice was functionally effective, a sub-
set of well-established miR-210 targets was measured in the
ischemic gastrocnemius muscle. We found that, to a different
extent, most miR-210 targets were de-repressed in anti-miR-
210 compared with SCR-treated ischemic muscles, with the
only exception of Mnt, that was decreased, albeit nonsig-
nificantly (Fig. 2B, C). It has been reported that miR-210 and
miR-147b have similar functional activities (2). When miR-
147b levels were measured, we found that miR-147b was
undetectable by qPCR in non ischemic muscles. Following
ischemia, miR-147b levels passed detection threshold (Sup-
plementary Fig. S2), indicating that miR-147b and miR-210
are both induced by ischemia. However, miR-210 blockade
by anti-miR-210 in ischemic muscles did not affect miR-147b
levels compared to ischemic SCR control (1.1 – 0.3-fold
change, not significant). These data further confirm the
specificity of the treatment and indicate no compensatory
super-induction of miR-147b in the adopted experimental
conditions.

Anti-miR-210 increases apoptosis induced by ischemia

Hindlimb ischemia has been shown to induce cell death by
both apoptosis and necrosis (47). Given the anti-apoptotic role
of miR-210 (12), we investigated whether miR-210 inhibition
affected skeletal muscle apoptotic response upon ischemia. To
this aim, femoral artery was removed and ischemic mice were

FIG. 2. miR-210 blockade by anti-miR-210 treatment. Anti-miR-210 or SCR oligonucleotides were injected in the tail vein 2
days before surgery. Mice were sacrificed 3 days after femoral artery dissection and total RNA was extracted from ischemic
and controlateral gastrocnemius. (A) The bar graph shows miR-210 levels measured by qPCR and expressed as fold change
versus untreated nonischemic muscles. Anti-miR-210 treatment efficiently inhibited miR-210 expression induced by ischemia
and the SCR sequence did not affect this induction (n = 6–8; ***p < 0.001). (B) The level of the indicated miR-210 targets was
measured in the gastrocnemius muscles by qPCR, 3 days after ischemia induction (n = 6–8). The heat map shows average
expression levels where green and red colors indicate down- or upregulation, respectively. Most miR-210 targets were de-
repressed in anti-miR-210 compared to SCR-treated ischemic muscles. (C) Representative western blotting analysis of P4hb,
Rod1, and a-tubulin (loading control) protein levels in ischemic gastrocnemius muscles (n = 3). The protein expression of both
miR-210 targets increased in anti-miR-210-treated mice compared with SCR. SCR, scrambled.

FIG. 3. Ischemia-induced apoptosis is increased by miR-210
inhibition. (A) Representative sections of gastrocnemius mus-
cles obtained from both SCR and anti-miR-210-treated mice, at
8 h of ischemia. TUNEL-positive nuclei are stained in green and
nuclei are counter-stained by Hoechst 33342 (blue fluorescence).
Magnification 400 · ; calibration bar 25 lm. (B) The bar graph
shows the percentage of TUNEL-positive nuclei (n = 7; #p < 0.02).
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analyzed 8 h after surgery, when necrosis was not present yet.
As expected, terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick-endlabeling (TUNEL)-positive nuclei
were easily detectable in gastrocnemius muscle sections of
SCR-treated mice and greatly increased when miR-210 was
blocked (Fig. 3A). As shown in the bar graph (Fig. 3B), the
percentage of apoptotic nuclei was more than threefold higher
in anti-miR-210 than in SCR-treated mice, indicating that miR-
210 inhibition enhanced apoptosis following acute hindlimb
ischemia.

Anti-miR-210 increases ischemic damage

Ischemia leads to myofiber degeneration, necrosis, and
decreased capillary density (47). Thus, we tested whether the
higher apoptosis levels induced by miR-210 inhibition were
followed by more tissue damage. To this aim, mice were in-
jected with anti-miR-210 or SCR and gastrocnemius muscles
were analyzed 1 and 3 days after femoral artery dissection.

Morphometric analysis of non ischemic muscles did not
show any overt difference between SCR and anti-miR-210-
treated mice (Fig. 4A). As expected, upon femoral artery
dissection, areas of necrotic myofibers were present at both
timepoints (Fig. 4A). Necrotic areas were evaluated by mor-
phological criteria, differential eosin staining, and presence of
infiltrating cells both into and near the degenerating myofi-
bers. Quantification showed that the percentage of necrotic
areas was significantly higher in anti-miR-210-treated mus-
cles both at 1 and 3 days of ischemia (Fig. 4B). These results
were confirmed by in vivo systemic administration of Evans
Blue Dye (EBD), which can permeate and stain only damaged
myofibers (23). Indeed, myofibers devoid of an intact cell
membrane allow EBD penetration and emit red fluorescence
in fluorescent microscopy while healthy myofibers remain
dark (Fig. 5A). Figure 5B shows that the percentage of
EBD-positive areas was significantly higher in anti-miR-210-
treated muscles compared with SCR, confirming more ex-
tensive damage. To further strengthen this notion, we mea-
sured capillary density in ischemic muscles. As expected,
capillary density decreased in ischemic respect to non ische-
mic gastrocnemius muscles, in both groups. However, this
decrease was significantly more pronounced in anti-miR-210-
treated mice (Fig. 6A, B). This difference in capillary density is
likely functionally relevant, since it was mirrored by a small
but significant decrease of residual perfusion (Fig. 6C). Con-
versely, differences in arteriolar length density did not reach
statistical significance (not shown).

No difference in Hif pathway activation upon miR-210
inhibition in ischemic mice

It has been shown in certain cell culture systems that miR-
210 inhibition leads to decreased HIF1alpha (official symbol
for mouse: Hif1a) stabilization following ischemia, decreasing
HIF1alpha-dependent response (29, 39). To test whether the
increased sensitivity to ischemic damage upon miR-210 in-
activation was due to decreased HIF1alpha pathway activa-
tion, the expression of several HIF1alpha target genes was
measured. qPCR analysis shows that HIF1alpha pathway was
similarly activated by ischemia in both SCR and anti-miR-
210 mice (Supplementary Fig. S3A). Accordingly, similar
HIF1alpha and HIF2alpha protein levels were observed after
miR-210 blocking in ischemic muscles compared with

controls (Supplementary Fig. S3B), indicating that miR-210
acted with different mechanisms in the context of peripheral
acute ischemia.

miR-210 blockade increases oxidative stress

To investigate the molecular mechanisms underpinning
the increased apoptosis and tissue damage triggered by miR-
210 blockade, we tested the impact of miR-210 inhibition on

FIG. 4. Ischemic muscle damage is increased by miR-210
inhibition. (A) Representative hematoxilin/eosin-stained
sections of gastrocnemius muscles obtained from both SCR
and anti-miR-210-treated mice, 1 and 3 days after femoral
artery dissection. Magnification 200 · . Calibration bar
100 lm. (B) More necrosis in anti-miR-210 ischemic gastroc-
nemius muscles. The bar graph shows the percentage of
necrotic areas respect to whole section area (**p < 0.01;
***p < 0.0001, n = 5–6). To see this illustration in color, the
reader is referred to the web version of this article at www
.liebertpub.com/ars
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the transcriptome. To this aim, we measured gene expression
profiles of gastrocnemius muscles derived from SCR and anti-
miR-210-treated mice, in the presence or absence of hindlimb
ischemia for 3 days. Unsupervised hierarchical clustering
analysis segregated the profiles of SCR and anti-miR-210
samples, confirming the biological relevance of miR-210 ac-
tivity (Supplementary Fig. S4A). Class comparison analysis
of SCR versus anti-miR-210 muscles was performed and
qPCR validated (Supplementary Fig. S4B, C), identifying 338
transcripts differentially expressed in nonischemic tissues
and 420 transcripts differentially expressed in the ischemic
ones. As expected, the comparison between ischemic versus
nonischemic SCR-treated muscles identified a much higher
number (2340) of differentially expressed transcripts.

To facilitate the interpretation of the complex gene ex-
pression changes observed in SCR and anti-miR-210-treated
groups, we used Ingenuity Pathway Analysis software
(IPA), exploring for enriched biological functions and path-
ways. We applied a low-stringency approach, prioritizing
sensitivity to maximize the identification of the potentially
involved categories. Among the top scoring functions, we
identified mitochondrial dysfunction, glutathione depletion,
oxidative stress, and NRF2-mediated oxidative stress re-
sponse and apoptosis, all indicating that miR-210 inhibition
may lead to increased oxidative tissue damage. To experi-
mentally validate these findings, we assayed protein ni-
trosylation, an oxidative damage marker. Figure 7A shows
that nitrotyrosine staining was more pronounced and diffuse
in anti-miR-210-treated mice after 1 day of ischemia. A
similar pattern was observed at 3 days, but higher back-
ground was present, possibly due to the dominant presence
of necrotic tissue (not shown).

To validate this finding, we tested whether it was also true
in isolated cells. In particular, given the implication of miR-
210 in oxidative metabolism (5, 12), mitochondrial ROS were
measured. To this aim, miR-210 was inhibited in hypoxic
cultured myotubes and mitochondrial oxidants were assayed
by MitoSOX fluorogenic dye staining. C2C12 murine myo-
blasts were transfected with anti-miR-210 or SCR LNA. After
48 h of differentiation, myotubes were cultured in hypoxic
conditions for 24 h and then stained with MitoSOX fluorescent
dye. In keeping with in vivo data, MitoSOX-associated
fluorescence was increased when miR-210 was inhibited

(Supplementary Fig. S5). We conclude that miR-210 inhibition
is associated to increased oxidative stress that may, in turn,
increase ischemia-induced muscle damage.

p66Shc null mice are resistant to increased tissue
damage upon miR-210 blockade

p66Shc is a lifespan-regulating protein contributing to mi-
tochondrial ROS metabolism and regulating the mitochon-
drial apoptosis pathway (19). Indeed, p66Shc null mice are
resistant to several ROS-mediated injuries (19). In particular,
we previously demonstrated that 129 SvEv p66Shc null mice
(p66Shc - / - ) are resistant to ischemia-induced oxidative
damage in skeletal muscles and vascular structures (47). To
clarify whether mitochondrial ROS played a causal role in the
increased tissue damage induced by miR-210 blockade, we
tested the effect of miR-210 blocking in the presence or ab-
sence of p66Shc. To this aim, both p66Shc - / - and p66Shc wt
mice were injected with SCR or anti-miR-210 LNA, 2 days
before femoral artery dissection. Next, mice were sacrificed 3
days after surgery for histological evaluation. When p66Shc wt
gastrocnemius muscles were analyzed, a dramatic damage
increase was observed in anti-miR-210 muscles compared to
SCR (Fig. 7B). These data are in agreement with those ob-
tained from CD1 wt mice (Fig. 4), albeit the difference be-
tween anti-miR-210 and SCR-treated mice was even more
dramatic, possibly due to mouse strain specificities. Con-
versely, p66Shc - / - muscles showed minimal tissue damage
not only in SCR-treated mice, but also upon miR-210 blockade
(Fig. 7B). Similar results were obtained when capillary density
was evaluated. As previously published (47), capillary den-
sity of normoperfused gastrocnemius muscles was signifi-
cantly lower in p66Shc - / - than in p66Shc wt mice (Fig. 7C). In
ischemic p66Shc wt mice, capillary density was further de-
creased by anti-miR-210 treatment. Conversely, p66Shc - / -

mice were resistant to the capillary density decrease induced
by ischemia, and only minimal capillary rarefaction was ob-
served following miR-210 blocking (Fig. 7C). In conclusion,
these data indicate that miR-210 blockade is virtually inef-
fective in p66Shc - / - mice, indicating that oxidative stress of
mitochondrial origin is a crucial player in the increased
muscle damage observed upon miR-210 blockade in ische-
mic mice.

FIG. 5. Anti-miR-210 treatment
increases ischemic muscle damage
measured by EBD. (A) Re-
presentative EBD stained sections of
gastrocnemius muscles 3 days after
ischemia. EBD was administered in-
traperitoneally, 16 h before sacrifice.
Red fluorescence indicates damaged
myofibers, permeable to EBD; con-
versely healthy myofibers are dark.
Nuclei were highlighted by Hoechst
33342 staining (blue fluorescence).
Magnification 200 · , Calibration bar
100 lm. (B) Bar graph showing the
percentage of EBD-positive areas
with respect to whole area of the
section (�p < 0.04; n = 7).
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Anti-miR-210 treatment induces a shift from glycolytic
to oxidative metabolism in normoxic muscles

As previously noticed, histological analysis of nonischemic
skeletal muscles derived from SCR and anti-miR-210-treated
mice did not display any overt alteration (Figs. 4 and 5) and no
decrease in capillary density was observed (Fig. 6). However
previous observations in cell culture showed that normoxic
levels of miR-210 were functionally relevant (9, 13, 25). In
keeping with these observations, we found that upon miR-210
inhibition, miR-210 targets were de-repressed in normo-
perfused nonischemic muscles as well (Supplementary Fig.
S6). Thus, we investigated whether more subtle metabolic
alterations were occurring. To this aim, the extensor digitor-
um longus (EDL) muscle, a fast-twitch muscle composed
mainly by type IIB (glycolitic) and type IIA (intermediate
glycolitic/oxidative) fibers (31) was analyzed using the
NADH-TR-diaphorase staining (Fig. 8A). The intensity of the
staining, that identifies mitochondria and sarcoplasmic retic-
ulum, is related to the metabolism: a light staining indicates
type IIB fibers with glycolytic metabolism, while a darker
staining indicates a more oxidative metabolism (type IIA fi-
bers) (50). As shown in Figure 8B, miR-210 down modulation
increased NADH-TR-diaphorase staining both at 2 and 5 days
of anti-miR-210 treatment. Analysis of the individual fibers
showed that anti-miR-210 increased the fibers with a type IIA-
pattern, while more glycolytic type IIB-like fibers remained
prevalent in the SCR-treated muscles (Fig. 8C). However, anti-
miR-210 treatment, at least in the adopted conditions, did not
alter myofiber specification. Indeed, the abundance of fiber-
type specific isoforms of myosin (MyH1, 4 and 7) and tro-
ponin (Tnn1 and 2) was unchanged (not shown). In keeping
with these observation, Aconitase activity was significantly
increased in anti-miR-210 EDL muscle extracts (Fig. 9A). In
addition, Complex I activity, measured in crude mitochon-
drial preparation of gastrocnemius muscles, showed a sig-
nificant increase when miR-210 was blocked (Fig. 9B).

In conclusion, these data indicated a shift toward a more
oxidative metabolism, confirming the relevance of miR-210
also in normoperfused skeletal muscles.

Discussion

In this study, we identified an anti-apoptotic, pro-survival
role of miR-210 in skeletal muscles exposed acute ischemia.
Specifically, acute pharmacological inhibition of miR-210 in-
creased the levels of apoptosis and necrosis in a mouse model
of hindlimb ischemia. Our findings are in keeping with nu-
merous observations indicating that miR-210 inhibition in-
creases apoptosis and cell death in a variety of cell culture
systems (7, 12, 26). We and others found that miR-210
blockade induces endothelial cell apoptosis and increases cell
death in hypoxia (6, 13). Moreover, when miR-210 is blocked,
cell death is significantly more pronounced in differentiated
myoblast cultures upon mitochondrial damage and oxidative
stress (9). Our observations are also in agreement with a
previous in vivo study that used a reciprocal gain of function
approach: It was found that miR-210 overexpression can in-
hibit apoptosis, increase angiogenesis, and improve cardiac
function in a murine model of myocardial infarction (24).

Here, miR-210 was expressed at physiological levels and its
function was inhibited by a specific LNA-antisense sequence.
The effectiveness of this approach was demonstrated not only

FIG. 6. miR-210 blockade increases capillaries damage.
(A) Hematoxilin/eosin representative stainings of both non
ischemic (upper panels) and ischemic (lower panels) gastroc-
nemius muscles 3 days after ischemia. Magnification 1000 · .
Calibration bar 50 lm. Black arrows indicate capillaries. Yellow
arrows indicate capillaries with a trapped erythrocyte. (B)
Quantification of capillaries/mm2 (#p < 0.04; n = 8). (C) Bar
graph showing laser Doppler perfusion imaging measure-
ment 3 days after femoral artery dissection. Percentage of
residual perfusion is expressed as ischemic/non ischemic
ratio (*p < 0.02, n = 18).
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by the decreased miR-210 levels but, more importantly, by the
de-repression of many experimentally validated miR-210
target mRNAs. It is however worth noting that not all targets
were de-repressed and de-repression levels were highly var-
iable. While different explanations are possible, one should
keep into consideration that certain targets may be mostly
affected at the translational level and that tissue specificity in
miR-210 targeting efficiency may be present (1).

It is worth noting that, while miR-210 was robustly induced
by ischemia 3 days after femoral artery dissection, its levels
further increased at 7 days and remained high at 14 days.
Later, high levels of miR-210 may be due to the compound
effect of the still unresolved ischemia with myogenic regen-
eration, which in the adopted experimental setting, is absent
at day 3, starts at day 7, and peaks at day 14 (G.Z. and F.M.,
unpublished). Indeed, we have previously shown that miR-
210 is induced during myogenic differentiation and its levels
were elevated in regenerating skeletal muscles following
cardiotoxin damage (9).

In a recent article, Bertero et al. showed that miR-210 and
miR-147b share a ‘‘minimal’’ 6-nucleotides seed sequence and
have similar functional activities in A549 adenocarcinoma cell
line (2). We found that miR-147b is induced by ischemia, in-
creasing the number of overlapping features between miR-
147b and miR-210. However, we did not find evidence of any
compensatory mechanism of miR-147b overexpression trig-
gered by miR-210 acute inhibition. Further investigation is

needed to ascertain whether the same is true upon congenital
or chronic miR-210 loss of function.

We also investigated the molecular mechanisms under-
pinning miR-210 action in peripheral acute ischemia. A hyp-
oxia-induced positive feedback loop promoting HIF1alpha
stability through miR-210 has been observed, providing a
possible explanation for the increased apoptosis and tissue
damage observed following miR-210 inhibition in ischemic
muscles (29, 39). However, we did not find any significant
difference in the activation of HIF1alpha-pathway, possibly
due to differences in the experimental systems. Indeed, the
studies of Puissegur et al. (39) and of Kelly et al. (29) were
performed in cancer cell cultures exposed to hypoxia, while,
in our case, nontransformed tissues were exposed to ischemia.

A possible mechanism involved in the regulation of cell
survival by miR-210 is the direct targeting of miR-210 of ap-
optotic genes such as CASP8AP2 (30) and DAPK1 (24).
Moreover, genome wide analysis of gene expression indicated
that miR-210 inhibition affected, directly or indirectly, several
genes modulating mitochondrial function and oxidative
stress. Indeed, increased levels of oxidative damage were
found in ischemic muscles when miR-210 was blocked by
anti-miR-210. These findings are in keeping with numerous
observations in culture systems. We and others found that
anti-miR-210 increased ROS levels in normoxic (9) and hyp-
oxic-differentiated myotubes and in endothelial cells (6), and
in other cell systems (17, 35). Moreover, experiments

FIG. 7. Role of oxidative stress in
increased tissue damage induced
by miR-210 inhibition. (A) In-
creased protein nitrosylation fol-
lowing miR-210 blockade in
ischemic muscles. Representative
nitrotyrosine immunostainings of
anti-miR-210 and SCR-treated is-
chemic muscles, 1 day after femoral
artery dissection (n = 6). Brown
nitrotyrosine staining was more in-
tense and diffuse in anti-miR-210-
treated mice. Nuclei are stained in
light blue by hematoxilin. Magnifi-
cation 400 · ; calibration bar 100 lm.
(B) The bar graph shows the per-
centage of necrotic areas in 3 days
ischemic mice (***p < 0.001; n = 6–7).
Ischemic p66Shc - / - mice were re-
sistant to increased tissue damage
induced by miR-210 inhibition. (C)
The bar graph represents the num-
ber of capillaries/mm2 in ischemic
and non ischemic mice (*p < 0.03;
***p < 0.00003; n = 6–7). Ischemic
p66Shc - / - mice were resistant to
capillary density decrease upon
miR-210 blockade. To see this il-
lustration in color, the reader is re-
ferred to the web version of this
article at www.liebertpub.com/ars
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performed in both primary endothelial and cancer cells show
that miR-210 is a crucial regulator of mitochondrial metabo-
lism: by downregulating the expression of ISCU1/2, NDU-
FA2, COX10, and SDH, miR-210 disrupts the mitochondrial
electron transport activity, repressing mitochondrial oxida-
tive phosphorylation (6, 8, 15, 17, 46). In support of a promi-
nent role of miR-210 in the regulation of metabolism, we
found that, even in non ischemic muscles, miR-210 blockade
induced a shift toward a more oxidative metabolism.

The p66Shc gene encodes an adaptor protein for cell sig-
naling and its ablation in mice causes life-span prolongation
without overt pathological consequence, confers resistance to
oxidative stress, and correlates with reduced levels of apo-
ptosis (19, 34). A fraction of p66Shc localizes to mitochondria
where it binds to cytochrome c and acts as oxidoreductase,
generating ROS and leading to organelle dysfunction and
cell death (20). p66Shc - / - mice are resistant to several ROS-
mediated injuries; in particular, we previously demonstrated
that p66Shc - / - mice are resistant to ischemia-induced oxida-
tive damage on skeletal muscles and vascular structures (47).
We now show that p66Shc - / - mice were also largely resistant
to the additional damage induced by miR-210 inhibition upon
hindlimb ischemia, further implicating mitochondrial dys-
function as an underpinning mechanism.

FIG. 8. Anti-miR-210 shifts metabolism of EDL from gly-
colytic to oxidative. Frozen sections of EDL muscle were
stained with NADH-TR-diaphorase and analyzed to evaluate
metabolic differences between mice treated with anti-miR-210
and SCR. (A) representative pictures of day 2 muscles are
shown. White arrows indicate type IIB fibers, while black arrows
indicate type IIA fibers. Calibration bar 50lm. (B) The bar
graph shows increased intensity of NADH-TR-diaphorase
staining expressed in arbitrary units, at the indicated time-
points (n = 8; ***p < 0.001). (C) The bar graph shows the per-
centage of type IIA fibers, indicating an increase of this fiber
type in mice treated with anti-miR-210, for 2 or 5 days (n = 8;
***p < 0.001). EDL, estensor digitorum longus.

FIG. 9. Metabolic activity assays. (A) The bar graph rep-
resents Aconitase activity fold change in EDL muscle extracts
(*p < 0.01; n = 9). (B) The bar graph shows Complex I activity
measured in crude mitochondrial preparations of gastroc-
nemius muscles (*p < 0.05; n = 5).
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Finally miR-210 may also influence the function of in-
flammatory cells that, in turn, have a great influence in tissue
response to ischemia. Indeed, miRNA-210 negatively regu-
lates the production of proinflammatory cytokines by tar-
geting NF-jB1 in murine macrophages (40).

It has been reported that miR-210 inhibits DNA damage in
hypoxic cells (11). Thus, it is likely that DNA damage repair
may be increased in ischemic limbs upon miR-210 blocking.
However, if present, this potentially positive effect seems
outweighed by all the other detrimental effects. One should
also keep in mind that miR-210 function appears to be largely
context dependent. For instance, Biswas et al. showed that
miR-210 attenuates keratinocyte proliferation and impairs
closure in a murine model of ischemic wounds (3). Thus,
while miR-210 seems to have a cytoprotective role, it might
also have a detrimental role in the ensuing regeneration. A
specific experimental setting will be necessary to further ex-
plore this issue. Another cautionary note is represented by the
fact that, in our experimental setting, we acutely blocked
miR-210 function. Different results might be obtained upon
congenital deletion of this miRNAs, where compensatory
mechanisms may be established.

Proposed mechanisms of miR-210 action in the specific
context of acute peripheral ischemia are summarized in
Figure 10. In hypoxic cells, mitochondrial formation of ROS is
increased and metabolism switches from oxidative phos-
phorylation to glycolysis, minimizing oxidative damage (38).
Thus, inhibition of mitochondrial respiration can be deleteri-
ous in normoxia and positive in hypoxia. miR-210 is an inte-
gral part of oxidative phosphorylation inhibition: we found
that miR-210 blockade stimulates oxidative metabolism
boosting ROS levels and this has a negative impact on ische-
mic skeletal muscles.

In conclusion, we identified a crucial role played by miR-
210 in the adaptive mechanisms to acute peripheral ischemia.
Together, our findings implicate miR-210 as a miRNA with
cytoprotective effects in the skeletal muscle, regulating oxi-
dative metabolism and oxidative stress.

Materials and Methods

Animal model and surgical procedures

Unless differently specified, 2-month-old CD1 male mice
were used. For certain experiments, 2 to 3-month-old 129 Sv-
Ev p66Shc wt and p66Shc - / - mice were used (34). Experi-
mental procedures complied with the Guidelines of the Italian

National Institutes of Health and with the Guide for the Care
and Use of Laboratory Animals (Institute of Laboratory Animal
Resources, National Academy of Sciences, Bethesda, MD) and
were approved by the institutional Animal Care and Use
Committee. Before all surgical and perfusion procedures,
mice were anesthetized with an intraperitoneal injection of
1 mg/kg Medetomidine (Domitor; VETEM) and 75 mg/kg
Ketamine (Ketavet 100; Intervet Farmaceutici). Dissection of
the left femoral artery and blood flow measurement by Laser
Doppler Perfusion Imaging (Lisca) were previously described
(10). In vivo down modulation of miR-210 was carried out
by tail vein injection of LNA oligonucleotides against miR-
210 (anti-miR-210) or SCR control sequence (In vivo LNA-
microRNA Inhibitors; Exiqon). Specifically, the following
15mers LNA-enhanced sequences with complete phos-
phothioate backbone were used: anti-miR-210, GCTGTCA
CACGCACA; SCR, CGTCTAGCCACCTAG. Twelve mg/kg
of anti-miR-210 or SCR LNA were diluted in 200 ll of saline
and injected in the tail vein of two different groups of mice.
Next, mice were divided into two subgroups, one group was
sacrificed 2 days after treatment (nonischemic mice) and the
second underwent femoral artery dissection (ischemic mice).
For RNA extraction, muscles were snap frozen in liquid ni-
trogen. For histological analysis, mice were perfused via left
ventricle with phosphate-buffered saline (PBS), followed by
10% buffered formalin, at 100 mmHg for 10 min. Therefore,
gastrocnemius muscles were harvested, fixed, and paraffin
embedded. For the evaluation of myofibers permeability, 1%
EBD (Sigma) in PBS (pH 7.5) was used. EBD solution 1%
volume relative to body mass was intraperitoneally injected
16 h before sacrifice. Thereafter, gastrocnemius muscles were
harvested and frozen in OCT embedding medium.

Histological, morphometric, and NADH-TR-diaphorase
analyses

Apoptosis mediated by DNAse I and II was identified by
TUNEL assay (ApoAlert DNA fragmentation assay kit;
Clontech) according to the manufacturer’s instructions. He-
matoxylin/eosine sections of paraffin-embedded gastrocne-
mius muscles were prepared as previously described (44).
Necrotic muscle fibers were identified by morphology, dif-
ferential eosin staining, and presence of infiltrating cells into
and near the degenerating fibers on the whole section at
400 · magnification. Capillary density was measured count-
ing the number of capillary profiles in 30–40 random fields/
section, at 1000 · magnification (48). Immunohistochemistry
for Nitrotyrosine (rabbit polyclonal antibody; Calbiochem)
was carried out according to standard procedures on 3 lm
gastrocnemius sections.

Frozen sections (10 lm) of EBD muscles were fixed in cold
acetone ( - 20�C) for 10 min, washed in PBS, and mounted
with fluorescence mounting medium.

For NADH-TR-diaphorase staining, EDL muscles were
dissected, harvested, and frozen in OCT embedding me-
dium. Eight micrometer frozen sections were fixed using 4%
paraphormaldehyde for 10 min, incubated for 30 min at 37�C
with 10 mg/5 ml NBT (N6876; Sigma) and 8 mg/5 ml NADH
(N8129; Sigma) in 1:1 ratio, and then washed thrice with
water. Unbound NBT was removed by washes with 30%,
60%, and 90% acetone solutions in increasing and then de-
creasing concentrations. Samples were rinsed several times

FIG. 10. Model of the mechanisms underpinning miR-
210 antiapoptotic, cytoprotective function. Upon miR-210
blocking, mitochondrial oxidative phosphorylation is de-
repressed, increasing ROS levels and triggering cell death.
Other sources of ROS, such as NADPH oxidase (not indi-
cated), may also contribute to determine ROS levels. ROS,
reactive oxygen species.
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with water and then mounted with aqueous mounting
medium onto a labeled glass slide. Whole sections were
analyzed.

A Zeiss Axioplan 2 fluorescence microscope with image
analyzer KS300 software was used to acquire images and to
measure areas. All histological and morphometric analyses
were carried out by two blinded readers with comparable
results.

Metabolic activity assays

Aconitase activity was measured in EDL muscle extracts
using the Aconitase Assay Kit (ab83459; Abcam) according to
manufacturer’s instructions. Gastrocnemius muscles crude
mitochondrial preparations were assayed for Complex I
activity using the Complex I Enzyme Activity Microplate
Assay Kit (ab109721; Abcam) according to manufacturer’s
instructions.

Cell culture and MitoSOX assay

Mouse C2C12 myoblast cell line (ATCC) was cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 20% fetal calf serum (growing medium)
as described previously (33). For miR-210 down modulation,
the same LNA oligonucleotides against miR-210 or a SCR
sequence used in vivo (40 nM; both from Exiqon) were trans-
fected using siRNA transfection reagent (SC29528; Santa Cruz
Biotechnology). After 16 h, cells were washed and differenti-
ation medium (DMEM supplemented with 2% horse serum)
was added. Forty-eight hours later, differentiated myotubes
cells were exposed to 1% oxygen tension in a hypoxic incu-
bator and maintained in hypoxia for 24 h. Mitochondrial ox-
idants were assayed as previously reported (9). Briefly, cells
were incubated with 5 lM MitoSOX (Molecular Probes; In-
vitrogen) for 10 min at 37�C in the hypoxic incubator. Then
cells were fixed with 4% paraformaldehyde, nuclei were
stained with Hoechst 33342 and fluorescence was revealed by
fluorescence microscopy (Olympus IX51, with image analyzer
Soft Imaging System Cell F) using the same exposure condi-
tions for each sample and quantified using Adobe Photoshop
CS2. Intensity of MitoSOX fluorescence was normalized for
the number of Hoechst 33342 positive nuclei.

Gene expression profiles

Total RNA was extracted using TRIzol (Invitrogen) and
the TissueLyser system (Qiagen). RNA was further purified
using the RNAeasy mini kit (Qiagen) following the RNA
cleanup protocol as indicated by the manufacturer. RNA
purity and integrity were assessed by spectophotometric
analysis and agarose gel electrophoresis. Illumina Mouse
WG-6 v2.0 Expression BeadChips were used for this study.
Total RNA (300 ng) was analyzed according to the manu-
facturer’s instructions. Gene expression profiles were ana-
lyzed using the class comparison between-groups function
of BRB-ArrayTools (Richard Simon and BRBArrayTools
Development Team). False discovery rate was computed per
gene using the Benjamini and Hochberg method. The com-
plete dataset of our study is available from the National
Center for Biotechnology Information Gene Expression
Omnibus database (GEO entry GSE43340). Data validation
was performed by qPCR.

Pathway analysis was performed using Ingenuity Path-
ways Knowledge Base-v8.8 (Ingenuity Systems) as reference
set and assuming direct and indirect relationships. Fisher’s
exact test p-value < 0.05 was deemed as statistically signifi-
cant.

miRNA and mRNA quantification

miRNA levels were analyzed using TaqMan qPCR assay
(1 ng per assay) and quantified with the 7900 HT Fast Real
Time PCR System (Applied Biosystems) as previously de-
scribed (32). Primers for miR-210, miR-147b, and miR-16 and
the reagents for reverse transcriptase and qPCRs were all
purchased from Applied Biosystems. miR-210 expression le-
vel in each sample was normalized to miR-16 expression as,
under the experimental conditions of the present study, miR-
16 was not modulated by ischemia or miR-210. mRNAs levels
were analyzed using the SYBR-GREEN qPCR method (5 ng
per assay; Qiagen) and quantified with 7900 HT Fast Real
Time PCR System (Applied Biosystems) as previously de-
scribed (16). mRNA expression was normalized to RPL13
levels, not modulated by ischemia or miR-210. For both
miRNAs and mRNAs, relative expression was calculated
using the comparative Ct method (2–Delta Delta Ct). Heat
maps were generated using Genesis software (version 1.7.5;
Graz University of Technology, Institute for Genomics and
Bioinformatics).

Western blotting

Frozen tissues were homogenized in ice-cold RIPA buffer
containing 1 mM PMSF (Sigma) and Protease Inhibitor
Cocktail (Thermo Scientific) (300 ll buffer/5 mg tissue) using
TissueLyser system (Qiagen). The homogenate was centri-
fuged for 20 min at 12,000 rpm at 4�C and then the superna-
tant was used for SDS-PAGE. Fifty micrograms of total
proteins after 5 min boiling in 4 · Laemmli buffer were sepa-
rated in SDS-PAGE and transferred to a nitrocellulose mem-
brane (Bio-Rad) by standard procedures. The membranes
were incubated with the following antibodies: anti-P4hb (C-2;
Santa Cruz Biotechnologies), anti-a-tubulin (B-5-1-2; Sigma),
anti-Rod1 (F-30; Santa Cruz Biotechnologies), anti-Hif-1a
(h1alpha67; Novus Biologicals), and anti-Hif-2a (Novus Bio-
logicals). Horseradish peroxidase-linked secondary anti-
bodies were diluted 1/2000 and SuperSignal West Dura
Extended Duration Substrate was used for chemilumines-
cence development. Expression levels were scanned by
Molecular Imager ChemiDoc XRS System using the Quantity
One software (Bio-Rad).

Statistical analysis

Unless differently stated, variables were analyzed by Stu-
dent’s t-test and ANOVA. A value of p < 0.05 was deemed
statistically significant. Results are reported as mean – SEM
values.
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