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Histopathological significance of microRNA-210 expression in acute 
peripheral ischemia in a murine femoral artery ligation model
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Abstract: Under hypoxic conditions, microRNA-210 is upregulated and plays multiple physiological roles including in cell growth ar-
rest, stem cell survival, repression of mitochondrial respiration, angiogenesis, and arrest of DNA repair. In this study, we investigated 
the histopathological expression of microRNA-210 under hypoxic conditions using a femoral artery ligation model established in 
C57BL/6J mice to determine the pathological significance of microRNA-210. Following femoral artery ligation, ischemia was repre-
sented by decreased blood flow compared to the control, in which a sham operation was performed. On histopathology, degeneration/
necrosis of the muscle fibers, inflammatory cell infiltration, and regeneration of the muscle fibers were sequentially observed from 3 h 
to 3 d after ligation of the artery. The degree of these effects was more severe in the area in which type I muscular fibers are dominant. 
The histological expression of hypoxia-inducible factor 1α, a well-known biomarker of hypoxia, and microRNA-210 was observed in 
a few necrotic muscle fibers, macrophages, and myoblasts, a distribution consistent with the histopathological lesions, and their signal 
increased over time. The expression of microRNA-210 in macrophages and myoblasts under ischemia might be indicative of a signifi-
cant role in the recovery from ischemic lesions. In addition, the in situ hybridization of microRNA-210 could potentially be used for the 
detection of hypoxia as a histological marker in addition to the immunohistochemistry of hypoxia-inducible factor 1α. (DOI: 10.1293/
tox.2020-0023; J Toxicol Pathol 2020; 33: 211–217)
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Introduction

The expression of hypoxia inducible factors (HIFs) is 
upregulated under hypoxic conditions, and HIF-1α is well 
known as an immunohistochemical biomarker for the de-
tection of hypoxia1, 2. HIF-1α is synthesized continuously 
but is rapidly degraded by the ubiquitin-proteasome system 
under normal oxygen partial pressure. Under hypoxic con-
ditions, however, the degradation is slowed and HIF-1α acts 
as a transcriptional factor after transferring to the nucleus 
and shaping heterodimers with HIF-1β3. HIFs control the 
cellular response to hypoxia by regulating genes that are 
involved in metabolism, angiogenesis, erythropoiesis, cell 
proliferation, differentiation, and apoptosis1. However, HIF-
1α is expressed immunohistochemically in various organs 
even under normal oxygen partial pressure2, which may 

make it difficult to detect hypoxia using its immunohisto-
chemistry (IHC).

Through the expression of HIF, several microRNAs 
(miRs) are upregulated, and miR-210 is one of the major hy-
poxia-inducible miRs1. miR-210 is reported to be highly ex-
pressed under hypoxic conditions such as those found in the 
cardiovascular system4, brain5, skin6, 7, and tumor tissue1, 
and plays several physiological roles including cell growth 
arrest, stem cell survival, repression of mitochondrial res-
piration, angiogenesis, and arrest of DNA repair1. However, 
there is no detailed description of the histopathological dis-
tribution of miR-210 under hypoxic conditions in reported 
in the literature.

In this study, we conducted in situ hybridization (ISH) 
of miR-210 in the skeletal muscle under ischemia using a 
femoral artery ligation model, and evaluated its pathologi-
cal significance and usefulness as a novel histological bio-
marker for the detection of hypoxia.

Materials and Methods

Seventeen-week-old male C57BL/6J mice purchased 
from CLEA Japan (Tokyo, Japan) were used in this study. 
Nine animals were maintained on a laboratory chow diet 
(CE-2, CLEA Japan) and allowed free access to water and 
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food before and during the experiments. The care and use of 
the animals and the experimental protocols used in this re-
search were approved by the Institutional Animal Care and 
Use Committee of Takeda Pharmaceutical Co., Ltd. (Ap-
proval code: 00006136).

Surgical procedures and blood flow measurement
All surgical procedures were performed under isoflu-

rane anesthesia (1–5%) and buprenorphine analgesia (0.5–1 
mg/kg, s.c.), and all efforts were made to minimize suffer-
ing. After skin incision, the proximal and distal ends of the 
femoral artery of the left leg were ligated. The intervening 
segments were excised, and the dissected sites were sutured 
with sterile threads. As a sham operation for the right leg, 
the same surgical procedure was performed except for the 
ligation and excision of the artery. Blood flow was measured 
for both lower plantar surfaces using a MoorLDI2-2λsim la-
ser Doppler imaging system (Moor Instruments, Axminster, 
UK) at 3 h, 1 d, and 3 d after the surgery (3 mice each) under 
anesthesia by inhalation of isoflurane. As the index of blood 
flow, the perfusion unit, which was calculated by multiply-
ing the number and velocity of red blood cells, was used.

Pathological examination
The animals were euthanized after each blood flow 

measurement by exsanguination under isoflurane anesthe-
sia. After the necropsy, the gastrocnemius and soleus mus-
cles were removed, trimmed and fixed in 10% (v/v) neutral 
buffered formalin (NBF). Portions of the gastrocnemius and 
soleus muscles were also immersed in RNAlater (Ambion, 
Inc., Austin, USA) for 24 h in a refrigerator (soleus: im-
mersed in RNAlater after 1 h formalin fixation for better 
histopathological evaluation) and preserved at −80°C until 
quantitative polymerase chain reaction (qPCR) analysis was 
performed. After approximately 7 h of fixation in NBF, so-
leus and gastrocnemius muscles were embedded in paraf-
fin, sectioned transversely, and stained with hematoxylin 
and eosin (H&E). With sequential sections of H&E, IHC for 
slow troponin I, sarcoplasmic/endoplasmic reticulum cal-
cium ATPase 2 (SERCA2), and HIF-1α, and ISH for miR-
210, were conducted for the characterization of muscular 
lesions. Details of the staining conditions for each primary 
antibody are summarized in Table 1. ISH was conducted 
according to the instruction manual v3.0 of the miRCURY 
LNATM microRNA ISH Optimization Kit (FFPE), devel-
oped by Exiqon (Vedbaek, Denmark), with minor modifi-

cations. We used digoxigenin (DIG)-labeled locked nucleic 
acid (LNA)-modified probes for miR-210 (hsa-miR-210 
Product. No. 18103-15; target sequence: CUGUGCGU-
GUGACAGCGGCUGA, probe sequence: CAGCCGCT-
GTCACACGCACA), positive control (U6 snRNA, Product. 
No. 90010), and negative control (scrambled microRNA, 
Product No. 90010) from Exiqon (Vedbaek, Denmark). Fol-
lowing the deparaffinization process, proteinase-K (Exiqon: 
Product No. 90010, miRCURY LNA; microRNA Detection, 
control probes, buffer and ProtK) at 2 μg/ml was treated at 
37°C for 10 min. After a PBS wash, the sections were de-
hydrated through increasing gradients of ethanol and air-
dried. The LNA-probes were denatured by heating to 90°C 
for 4 min. Hybridization of the LNA-probes miR-210 (200 
nM), scramble-miR (40 nM), and U6 (1 nM) was carried 
out at 60°C for 60 min. After immersion in 5× SSC buffer 
at room temperature, specimens were washed in pre-heated 
SSC buffers (55°C), 1× 5 min in 5× SSC, 2× 5 min in 1× 
SSC, 2× 5 min in 0.2 × SSC, and finally 1× 5 min 0.2 × SSC 
at room temperature and then immersed in PBS. Sections 
were blocked against unspecific binding in blocking solu-
tion composed of 2% (v/v) sheep serum and 1% (v/v) BSA 
in PBS-T for 15 min at room temperature. Alkaline phos-
phatase (AP)-conjugated anti-DIG (Product No. 1093274. 
Roche, Mannheim, Germany) 1:800 was incubated for 60 
min at room temperature for immunologic detection. After 
a PBS-T wash, the substrate enzyme reaction was carried 
out with NBT/BCIP (Product No. 1697471, Roche) at 30°C 
for 120 min. The reaction was stopped with a 2× 5 min wash 
in KTBT buffer (50 mM Tris–HCl, 150 mM NaCl, 10 mM 
KCl). Sections were counter-stained with Nuclear Fast Red 
at room temperature for 1 min and then rinsed in tap water. 
After dehydration by increasing gradients of ethanol solu-
tions, specimens were mounted with Permount (Fisher Sci-
entific Inc., Pittsburgh, PA, USA).

miRNA quantification
For relative quantification of miR-210, qPCR was 

conducted after extraction of total miRNA and reverse 
transcription to cDNA. Using cryopreserved muscle sam-
ples, total miRNA was extracted using miRNeasy Mini 
Kit (Product No. 217004, QIAGEN, Hilden, Germany) for 
the gastrocnemius and miRNeasy FFPE Kit (Product No. 
217504, QIAGEN) for the soleus according to the kit proto-
col, with the exception that a tissue homogenization process 
was used instead of deparaffinization for the soleus. Reverse 

Table 1.	 Primary Antibodies and Reaction Conditions for Immunohistochemistry
Antibody Host Clonality Supplier Dilution Antigen retrieval Detection system 

Slow Troponin -I Mouse mono Kanto ×100 AC, 121°C, 15 min Histofine®  
MOUSESTAIN KIT(01869-96)

SERCA2 Rabbit poly Abcam ×2,000 Trypsin 37°C, 30 min Envision+ HRP, Rabbit
(ab3625)

HIF-1α Mouse mono: H1α67 Calbiochem ×500 AC, 121°C, 10 min Histofine®  
MOUSESTAIN KIT(400080)

AC: autoclave, immersed in citric buffer (pH6); mono: monoclonal; poly: polyclonal; SERCA2: sarcoplasmic/endoplasmic reticulum cal-
cium ATPase 2; HIF-1α: hypoxia inducible factor-1α.
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transcription to cDNA was conducted with the Universal 
cDNA Synthesis Kit II (Product No. 203301, Exiqon, Ved-
baek, Denmark). Thereafter, miR-210 levels (hsa-miR-210, 
Product No. 204333; target sequence: CUGUGCGUGUGA-
CAGCGGCUGA, Exiqon) relative to miR-191-5p, as an 
endogenous control (has-miR-191-5p, Product No. 204306, 
Exiqon), were analyzed using ExiLENT SYBR Green mas-
ter mix (Product No. 203402, Exiqon) with the 7900 HT 
Fast Real Time PCR System (Applied Biosystems, Foster 
City, CA, USA).

Statistical analysis
Blood flow and qPCR data were tested using the F-

test for homogeneity of variance between ischemic and 
non-ischemic hindlimbs. When the variances were homo-
geneous, the Student’s t-test was used, and when the vari-
ances were heterogeneous, the Aspin & Welch t-test was 
performed to compare the mean of the control group with 
that of the dosage group8. The F-test was conducted at the 
significance level of 0.20, and the other tests were conducted 
at the two-tailed significance levels of 0.05 and 0.01. All sta-
tistical analysis was performed using SAS version 9.3 (SAS 
Institute Inc., Cary, NC, USA).

Results

Blood flow measurement
To characterize the degree of ischemia following femo-

ral artery ligation, blood flow at the plantar surface of both 
hindlimbs was measured by laser Doppler perfusion imag-
ing. Compared with the non-ischemic hindlimb, a reduction 
in blood flow was noted at 3 h, 1 d, and 3 d after the ischemic 
surgery with blood flow ratios (ischemia/sham) of 9%, 10%, 
and 15%, respectively (Table 2), which confirmed the con-
tinuous ischemic condition through the experiment period.

Histopathology
In the soleus, necrosis/degeneration of muscle fibers 

was noted in more than half of the area in the ischemic 
hindlimb from 3 h. Infiltration of neutrophils and macro-
phages were observed in the interstitial tissue consistent 
with the necrotic area from 1 d after ligation, and regen-
eration of the muscle fiber with the sporadic appearance of 
myoblasts was observed at 3 d after ligation (Fig. 1). Similar 
lesions were also noted in the gastrocnemius, although to a 
lesser severity than those in the soleus.

IHC and ISH
SERCA2 and slow troponin I: In the non-ischemic 

hindlimb, one third of muscle fibers in the soleus and only 
a few fibers in the gastrocnemius showed positive for SER-
CA2 and slow troponin I, the histological marker of type 
I muscle fiber (Fig. 2). This distribution in the ischemic 
hindlimbs was comparable to the non-ischemic hindlimbs 
(sham) (Fig. 2) from 3 h to 3 d after the artery ligation, and 
positive fibers in the gastrocnemius were mainly noted in 
the necrotic/degenerative area.

HIF-1α and miR-210: Positive HIF-1α and miR-210 sig-
nals were not noted in the non-ischemic muscle tissue. In 
the ischemic hindlimbs, a few necrotic muscle fibers and 
infiltrative cells showed positive for HIF-1α and miR-210 
at 3 h and 1 d after the artery ligation. No positive results 
were observed in the intact muscle fibers in the ischemic 
hindlimb. The magnitude of the positive signal was promi-
nent in macrophages and regenerative myoblasts at 3 d, con-
sistent with the distribution of the ischemic histopathology. 
The positive signals of HIF-1α and miR-210 were mainly 
located in the cytoplasm, and that of HIF-1α was also noted 
in a few nuclei in the myoblasts. Histological distributions 
were comparable between HIF-1α and miR-210 in the isch-
emic lesion (Fig. 3 and 4).

Relative quantification of miR-210
Although statistically significant changes were not ob-

served, the expression of miR-210 in ischemic hindlimbs 
tended to be higher than in non-ischemic hindlimbs at 3 d 
after ligation in the soleus, and at 1 and 3 d after ligation in 
the gastrocnemius (Table 3).

Discussion

MiR-210 is highly expressed under hypoxic condi-
tions1. It could aid in tissue repair under hypoxic conditions 
through angiogenesis and proliferation of fibroblasts9–12. 
Furthermore, miR-210 may have protective effects on skel-
etal muscle and cardiac tissue under ischemic conditions 
through the inhibition of reactive oxygen species formation 
by switching from phosphorylation to glycolysis or by regu-
lating apoptosis13, 14. However, there has been no detailed 
description of miR-210 histopathological distribution under 
hypoxic conditions in previous research. We therefore ex-
amined the histopathological distribution of miR-210 in a 
mouse model under hypoxic conditions.

Table 2.	 Blood Flow Measurement at Plantar Surface after Ischemic Surgery

Timing after 
the surgery

Perfusion unit (PU) at plantar surface: mean (SD)

Sham Ischemia I/S ratio (%)

3 h 1,000 (48) 90 (25)** 8.9 (2)
1 day 844 (175) 82 (24)* 10 (3)
3 days 803 (360) 116 (34) 15 (3)

Significantly different from the sham group; *: p<0.05, **: p<0.01 (t-test). SD: 
standard deviation, I/S: ischemia/sham.
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Fig. 1.	 Histological features of soleus in a non-ischemic hindlimb (A), and in ischemic hindlimbs 3 h (B), 1 d (C) and 3 d (D) after artery ligation. 
Necrosis/degeneration of muscle fiber was noted in more than half of the area in the ischemic hindlimb at 3 h. Infiltration of neutrophils 
and macrophages were observed in the interstitial tissue consistent with the necrotic area from 1 d after the artery ligation. Necrotic fibers 
were sporadically surrounded by myoblasts 3 d after the artery ligation, demonstrating regeneration. Scale bars = 100 μm.

Fig. 2.	 Immunohistochemistry (IHC) of sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2). In the non-ischemic hindlimb, one 
third of muscle fibers in the soleus (A) and only a few fibers in the gastrocnemius (B) showed positive. These distributions in the isch-
emic hindlimbs were comparable to the non-ischemic hindlimb (C: soleus; D: gastrocnemius). IHC for slow troponin I showed similar 
histological distribution. Scale bars = 200 μm.
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Fig. 3.	 Immunohistochemistry of hypoxia inducible factor-1α (HIF-1α) in a non-ischemic hindlimb (A), and in ischemic hindlimbs 3 h (B), 1 d 
(C) and 3 d (D) after artery ligation. No positive reaction was observed in the non-ischemic hindlimb. In the ischemic hindlimbs, a few 
necrotic muscle fibers and infiltrative cells showed a positive signal following artery ligation. The magnitude of the positive signal was 
prominent in macrophages and regenerative myoblasts 3 d after the artery ligation. The positive signals were mainly observed in the 
cytoplasm, and partly in the nuclei of myoblasts. Scale bars = 100 μm.

Fig. 4.	 In situ hybridization of microRNA (miR)-210 in a non-ischemic hindlimb (A), and in ischemic hindlimbs 3 h (B), 1 d (C) and 3 d (D) 
after artery ligation. No positive signal was observed in the non-ischemic hindlimb. In the ischemic hindlimbs, a few necrotic muscle 
fibers and infiltrative cells showed positive signals after the artery ligation. The magnitude of the positive signals was prominent in 
macrophages and regenerative myoblasts 3 d after the artery ligation. The positive signal was mainly observed in the cytoplasm. The 
histological distribution of miR-210 was similar to that of hypoxia inducible factor-1α (HIF-1α) in Fig. 3. Scale bars = 100 μm.
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To induce ischemia, we used the femoral artery ligation 
model, and ischemia was continuously monitored until 3 d 
after the surgery by measuring the blood flow at the plantar 
surface using laser Doppler imaging. In the histopathology, 
necrosis/degeneration of muscle fiber was noted from 3 h, 
accompanied by infiltration of neutrophils/macrophages 
and muscular regeneration at 1 d and 3 d after the surgery, 
respectively. These histopathological effects were more se-
vere in sites where type I muscle fibers are predominantly 
located, such as the soleus, which are susceptible to hypoxia 
due to their high oxygen requirements15. In addition, his-
topathological findings in gastrocnemius were also mainly 
distributed where type I muscles are located.

In the ischemic model using femoral artery ligation, 
massive muscular degeneration/necrosis was induced and 
the histological distributions of HIF-1α and miR-210 were 
sparse in the muscle fibers during the acute phase, such as at 
3 h and 1 d after the surgery. Zaccagnini et al. proposed that 
miR-210 may have protective effects on skeletal muscle un-
der a peripheral ischemic model with femoral artery remov-
al through the inhibition of reactive oxygen species forma-
tion by switching from phosphorylation to glycolysis, and 
our observation that the inhibition of miR-210 exacerbated 
the acute phase muscular necrosis in the gastrocnemius 
from 1 d after the surgery fits with this concept13. Although 
the histopathological distribution of miR-210 was not evalu-
ated by Zaccagnini et al., our study revealed no histological 
miR-210 expression in intact muscle fibers in the ischemic 
hindlimb. Therefore, our result that histological miR-210 
expression or cell infiltration was not observed in the intact 
area might imply that low miR-210 expression at the physi-
ological level in intact tissue is important for the protection 
of injury from ischemia, especially in the early phase.

In contrast, muscular regeneration was observed 3 d 
after the ischemic surgery, and the histological expression 
of both HIF-1α and miR-210 was noted in macrophages 
and myoblasts, especially in the soleus, where pathological 
changes were more severe. It has been reported that miR-
210 expression in the myoblasts increases with a HIF-1α-
dependent mechanism and has a cytoprotective function 
against mitochondrial dysfunction and oxidative stress, al-
though miR-210 is not necessary for myogenic differentia-
tion16. In addition, miR-210 in macrophages seems to have 
an anti-inflammatory effect via inhibition of NF-κB17. Zac-
cagnini et al. reported that the expression of miR-210 was 
increased from 3 d after the ischemic surgery and was high-
est at 7 d after surgery, which is considered the regenerative 

phase13. Therefore, the expression of miR-210 in myoblasts 
and macrophages seen in our results was considered to play 
an important role in outcomes such as regeneration and anti-
inflammatory effects following hypoxia-induced necrosis.

HIF-1α is widely used as an immunohistochemical 
marker for the detection of hypoxia1, 2. However, HIF-1α 
expression in the nuclei is sometimes immunohistochemi-
cally detected in various tissues, including skeletal muscle, 
even under normoxic conditions2, which may imply that we 
cannot detect hypoxia using only IHC for HIF-1α. In ad-
dition, the expression of HIF-1α in nuclei was limited, al-
though its expression in cytoplasm was relatively clear in 
our immunohistochemical procedure. Since we clearly 
identified histological miR-210 expression in the ischemic 
lesion, especially in the regenerative phase, with a tendency 
of increased tissue expression with qPCR, ISH for miR-210 
could be used as a supplemental method to HIF-1α staining 
for the detection of hypoxia. However, care must be taken 
when using these histological markers, because we could 
not clearly detect HIF-1α or miR-210 expression in the acute 
phases, because HIF-1α can be induced not only in hypoxia 
but also in other mechanisms such as oxidative or mechani-
cal stresses18, and because a negative regulation of HIF-1α 
by miR-210 exists19.

Conclusion
We demonstrated that miR-210 is expressed in myo-

blasts and macrophages in the regenerative phase rather than 
the acute phase under hypoxic conditions using a peripheral 
ischemic model, which indicates that it plays pathophysi-
ological roles in regeneration and anti-inflammatory effects. 
ISH for miR-210 has potential as a supplemental method to 
HIF-1α staining for the detection of hypoxia, with careful 
consideration of its pathological significance.
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Table 3.	 Relative Expression of miR-210 to miR-191-5p

Timing after  
the surgery

Soleus: mean (SD) Gastrocnemius: mean (SD)

Sham Ischemia I/S ratio (%) Sham Ischemia I/S ratio (%)

3 h 0.48 (0.18) 0.42 (0.18) 107 (86) 0.072 (0.020) 0.070 (0.024) 99 (39)
1 day 0.88 (0.11) 0.68 (0.03) 79 (11) 0.051 (0.009) 0.091 (0.054) 187 (123)
3 days 0.48 (0.07) 1.06 (0.67) 228 (145) 0.072 (0.044) 0.110 (0.037) 183 (81)

No significantly difference from the sham, SD: standard deviation, I/S: ischemia/sham, miR: microRNA.
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