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Background and Purpose: Hypoxia during pregnancy is associated with increased

uterine vascular resistance and elevated blood pressure both in women and female

sheep. A previous study demonstrated a causal role of microRNA-210 (miR-210) in

gestational hypoxia-induced suppression of Ca2+ sparks/spontaneous transient out-

ward currents (STOCs) in ovine uterine arteries, but the underlying mechanisms

remain undetermined. We tested the hypothesis that miR-210 perturbs mitochon-

drial metabolism and increases mitochondrial reactive oxygen species (mtROS) that

confer hypoxia-induced suppression of STOCs in uterine arteries.

Experimental Approach: Resistance-sized uterine arteries were isolated from near-

term pregnant sheep and were treated ex vivo in normoxia and hypoxia (10.5% O2)

for 48 h.

Key Results: Hypoxia increased mtROS and suppressed mitochondrial respiration in

uterine arteries, which were also produced by miR-210 mimic to normoxic arteries

and blocked by antagomir miR-210-LNA in hypoxic arteries. Hypoxia or miR-210

mimic inhibited Ca2+ sparks/STOCs and increased uterine arterial myogenic tone,

which were inhibited by the mitochondria-targeted antioxidant MitoQ. Hypoxia and

miR-210 down-regulated iron–sulfur cluster scaffold protein (ISCU) in uterine arteries

and knockdown of ISCU via siRNAs suppressed mitochondrial respiration, increased

mtROS, and inhibited STOCs. In addition, blockade of mitochondrial electron trans-

port chain with antimycin and rotenone inhibited large-conductance Ca2+-activated

K+ channels, decreased STOCs and increased uterine arterial myogenic tone.

Conclusion and Implications: This study demonstrates a novel mechanistic role for

the miR-210-ISCU-mtROS axis in inhibiting Ca2+ sparks/STOCs in the maladaptation

of uterine arteries and provides new insights into the understanding of mitochondrial

perturbations in the pathogenesis of pregnancy complications resulted from hypoxia.

Abbreviations: ISCU, iron–sulfur cluster scaffold protein; miR-210, microRNA-210; MitoQ, mitoquinone mesylate; mtROS, mitochondrial reactive oxygen species; OCR, oxygen consumption

rate; STOCs, spontaneous transient outward currents.
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1 | INTRODUCTION

Hypoxia during pregnancy is an important contributor to the

pathogenesis of maternal hypertension and intrauterine growth

restriction. Human and animal studies have revealed a causative

role of gestational hypoxia in increased uterine vascular resistance

and placental hypoxia in pre-eclampsia (Ducsay et al., 2018). Previ-

ous studies showed that pregnant sheep are similar to pregnant

women in that they both have an increase in uterine vascular resis-

tance and an elevation in maternal systemic blood pressure in

response to high altitude hypoxia (Hu et al., 2017; Zamudio

et al., 2007). Our recent studies revealed repression of spontaneous

transient outward currents (STOCs) to be characteristic of

uterine vascular maladaptation to gestational hypoxia and

provided evidence of a causal role of microRNA-210 (miR-210) in

hypoxia-mediated impairment of Ca2+ sparks/STOCs coupling in

uterine arteries during gestation in an animal model of

pregnant ewes acclimatized to high-altitude hypoxia (Hu

et al., 2021, 2019, 2020). Yet, the underlying mechanisms of miR-

210-mediated inhibition of Ca2+ sparks/STOCs in uterine arteries

remain elusive.

The mitochondrion is a major target of miR-210 in the cellular

hypoxic response and perturbations of mitochondrial function lead

to excessive generation of reactive oxygen species (ROS) and con-

tribute to the pathogenesis of pre-eclampsia (Colleoni et al., 2013;

Hu & Zhang, 2021a; Muralimanoharan et al., 2012; Vaka

et al., 2019). Among other targets, miR-210 down-regulates a highly

conserved protein in mitochondria, the iron–sulfur cluster scaffold

protein (ISCU). Down-regulation of ISCU inhibits mitochondrial com-

plex I and III activity and disrupts mitochondrial electron transport.

This leads to a switch of energy metabolism from oxidative phos-

phorylation to glycolysis and an increase in mitochondrial ROS

(mtROS) flux (Chan et al., 2009; Chouchani et al., 2014; Colleoni

et al., 2013; Favaro et al., 2010; Muralimanoharan et al., 2012;

White et al., 2015). However, the mechanisms by which miR-

210-mediated mitochondrial perturbations result in suppression of

STOCs in uterine arterial maladaptation to gestational hypoxia

remain undetermined and are likely to be context and tissue depen-

dent. In the present study, we demonstrate a novel mechanistic link

of miR-210-mediated mitochondrial perturbations and mtROS pro-

duction in hypoxia-induced repression of Ca2+ sparks/STOCs cou-

pling in near-term pregnant sheep uterine arteries. We also provide

new insights into the understanding of fundamental mechanisms of

mitochondrial dysfunction and vascular maladaptation caused by

gestational hypoxia and the subsequent maternal complications dur-

ing pregnancy.

2 | METHODS

2.1 | Animal procedures and tissue preparation

All procedures and protocols were approved by the Institutional Animal

Care and Use Committee of Loma Linda University and followed the

guidelines by the National Institutes of Health Guide for the Care and

Use of Laboratory Animals. Time-dated, near-term (�142–145 days of

gestation) pregnant sheep (Ovis aries) were obtained from Nebeker

Ranch (Lancaster, CA, USA). The animals aged 1 year or older with a

body weight ranging from 60 to 75 kg. Upon arrival at the LLU animal

care facility, the animals were individually caged. Chow Lab Diet Rumi-

lab Maintenance 5510 and Southwest Farms Hay replacer (supplied by

NEWCO, Rancho Cucamonga, CA, USA), Alfalfa hay (supplied by All

Seasons Hay Feed & Ranch Supply, Calimesa, CA, USA), and water

were made available ad libitum. Female near-term pregnant sheep were

anaesthetized with intravenous injection of propofol (2 mg�kg�1) fol-

lowed by intubation and anaesthesia was maintained on 1.5–3.0% iso-

flurane balanced in O2 throughout the surgery. An incision was made in

What is already known

• Gestational hypoxia and increased miR-210 inhibit Ca2+

sparks and STOCs in uterine arteries.

What does this study add

• MiR-210 mediates hypoxia-induced mitochondrial per-

turbations and mtROS production in near-term sheep

uterine arteries.

• Increased mtROS underlies hypoxia/miR-210-induced

suppression of STOCs and increase in myogenic tone in

uterine arteries.

What is the clinical significance

• mtROS has key role in uterine vascular homeostasis and

in gestational hypoxia pathogenesis complications.

• The present preclinical evidence indicates a therapeutic

potential of MitoQ in pre-eclampsia.
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the abdomen and the uterus was exposed. Resistance-sized uterine

arteries (�150–200 μm in diameter) were isolated without stretching

and used in the experiments. After tissue collection, animals were killed

via intravenous injection of 15-ml Euthasol® (pentobarbital sodium

and phenytoin sodium), according to American Veterinary Medical

Association guidelines. Animal studies are reported in compliance with

the ARRIVE guidelines (Percie du Sert et al., 2020) and with the recom-

mendations made by the British Journal of Pharmacology (Lilley

et al., 2020).

2.2 | Seahorse assay

Mitochondrial oxygen consumption rate (OCR) was measured in uter-

ine arterial smooth muscle cells using Seahorse XFe24 Analyser

(Agilent, Santa Clara, CA) following the manufacturer's protocol.

Smooth muscle cells were enzymatically dissociated from uterine

arteries, as previously described (Hu et al., 2019). Isolated cells were

placed into primary culture in Dulbecco's modified Eagle's medium

(DMEM) at 37�C in humidified atmosphere of 5% CO2 and 95% air,

and passages 2–3 were used in the study. Following basal OCR read-

ings, OCR was measured by sequentially treating cells with oligomycin

(1.5 μM), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone

(FCCP, 2 μmol�L�1) and rotenone/antimycin A (0.5 μM) using Cell

Mito Stress Test Kit (Agilent). ATP-linked OCR was determined by the

difference in OCR before and after the application of the ATP

synthase inhibitor oligomycin. The subsequent application of the

mitochondrial uncoupler FCCP provided the reading of maximal OCR.

In addition, OCR was measured after inhibition of complexes I and III

with rotenone and antimycin A to assess nonmitochondrial respira-

tion. Proton leak-linked OCR was determined from the difference

between OCR measured following oligomycin and OCR measured

after addition of antimycin and rotenone. The results were normalized

to total cellular protein concentrations.

2.3 | Measurement of mitochondrial ROS

Mitochondrial ROS (mtROS) were measured in cultured primary uter-

ine arterial smooth muscle cells (passages 2–3) using Mitochondrial

ROS Detection Assay Kit (Cayman Chemical Company, Ann Arbor,

MI) according to the manufacturer's protocol. The chemiluminescence

was detected using a Spark 20M multimode microplate reader (Tecan

Group Ltd., Männedorf, Switzerland) and the signal was normalized to

total cellular protein concentrations.

2.4 | Measurement of Ca2+ sparks

Ca2+ sparks were measured in endothelium-denuded uterine arteries

loaded with the Ca2+ sensitive dye Fluo-4 AM with a Zeiss LSM

710 NLO laser scanning confocal imaging workstation, as previously

described (Hu et al., 2019). The arterial segments were pinned to

Sylgard blocks and placed in an open bath imaging chamber mounted

on the confocal imaging stage. Cells were illuminated at 488 nm and

line scans were imaged at 529 frames s�1 with the emission signal

recorded at 493–622 nm. Line scan recordings were analysed for the

percent of cells with Ca2+ sparks, their frequency, amplitude and other

spatiotemporal characteristics via SparkLab 4.3.1 (Hu et al., 2019).

2.5 | Measurement of STOCs

STOCs were recorded in freshly isolated uterine arterial smooth mus-

cle cells in the whole-cell configuration of the perforated patch-clamp

technique using an EPC 10 patch-clamp amplifier with Patchmaster

software (HEKA, Lambrecht/Pfalz, Germany) at room temperature, as

previously described (Hu et al., 2019). Only relaxed and spindle-

shaped myocytes were used for recording. Membrane currents were

recorded while the cells were held at steady membrane potentials

between �50 and 10 mV in 10-mV increments. STOCs were analysed

with Mini Analysis program (Synaptosoft, Leonia, NJ) with a threshold

for detection setting at 10 pA. The currents were normalized to cell

capacitance and expressed as picoampere per picofarad (pA�pF�1).

2.6 | Measurement of pressure-dependent
myogenic tone

Pressure-dependent myogenic tone of uterine arteries was measured

as described previously (Hu et al., 2011). Briefly, arterial segments

were mounted and pressurized in an organ chamber (Living Systems

Instruments, Burlington, VT). The intraluminal pressure was controlled

by a servo-system to set transmural pressures and arterial diameter

was recorded using the SoftEdge Acquisition Subsystem (IonOptix

LLC, Milton, MA). After the equilibration period, the intraluminal pres-

sure was increased in a stepwise manner from 10 to 100 mmHg in

10-mmHg increments and each pressure was maintained for 5 min to

allow vessel diameter to stabilize before the measurement. Ca2+-free

physiological saline solution (PSS) contains zero Ca2+ and 3-mM

EGTA. PSS was allowed to pass through the lumen of the pressurized

vessels before detection of myogenic tone and myogenic tone was

measured under the static flow. The passive pressure–diameter rela-

tionship was conducted in Ca2+-free PSS to determine the maximum

passive diameter. The following formula was used to calculate the

percentage of pressure-dependent tone at each pressure step: %

tone = (D1 – D2)/D1 � 100, where D1 is the passive diameter in

Ca2+-free PSS and D2 is the active diameter with normal PSS in the

presence of extracellular Ca2+.

2.7 | RNA-induced silencing complex-
immunoprecipitation assay

RNA-induced silencing complex-immunoprecipitation assay was per-

formed as previously described (Hu et al., 2021). Cultured primary
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uterine arterial smooth muscle cells (passages 2–3) were transfected

with 100 nmol�L�1 miR-210 mimic or the negative scrambled control

(Qiagen) by using HiPerfect transfection reagent (Qiagen) according

to the manufacturer's instructions. Cells were harvested 24 h after

transfection and washed in ice-cold PBS followed by complete lysis

buffer (Active Motif) at 4�C for 10 min. RNA-induced silencing

complex-immunoprecipitation of the lysate was conducted using the

miRNA Target IP Kit (Active Motif) according to the manufacturer's

instructions. The RNA was extracted with phenol/chloroform/isoamyl

alcohol (25:24:1) once, chloroform once and precipitated and resus-

pended in RNase-free water. The precipitated RNA was subjected to

RT-qPCR using primers specific for the sheep ISCU 30-UTR. β-actin

was used as an internal control. The relative abundance of ISCU tran-

script pulled down by Ago1/2/3 antibody was calculated by the

2�ΔΔCT method and is presented as the fold induction relative to the

control. Primers used were:- 50-GTTTCCTGCAGCTCACTTGC (for-

ward) and 50-CCCAAACCTGAGACTTCGCT (reverse) for ISCU, and 50-

GCAGGTCATCACCATCGGCAAT (forward) and 50-ACCGTGTTGGCG

TAGAGGTCCT (reverse) for β-actin.

2.8 | Western immunoblotting

The immuno-related procedures conform the guidelines of the Brit-

ish Journal of Pharmacology (Alexander et al., 2018). Protein abun-

dance of ISCU was measured by western immunoblotting, as

described previously (Hu et al., 2021). Briefly, tissues were homoge-

nized in a lysis buffer followed by centrifugation at 4�C for 10 min

at 10,000g and the supernatants were collected. Samples with equal

proteins were loaded onto 4–20% polyacrylamide gel (BioRad, Her-

cules, CA) and were separated by electrophoresis at 180 V for

45 min. Proteins were then transferred onto nitrocellulose mem-

branes. After blocking nonspecific binding sites by dry milk, mem-

branes were incubated with primary antibodies (1:500 dilution)

against ISCU1/2 (sc-28860 or sc-373694, Santa Cruz, Dallas, TX).

After washing, membranes were incubated with secondary horserad-

ish peroxidase–conjugated antibodies. Proteins were visualized with

enhanced chemiluminescence reagents and blots were exposed to

Hyperfilm. Results were quantified with the Kodak electrophoresis

documentation and analysis system and Kodak ID image analysis

software (Kodak, Rochester, NY).

2.9 | Materials

Euthasol® (pentobarbital sodium and phenytoin sodium) was

obtained from (Virbac Corporation, Westlake, TX, USA). The mito-

chondrial ROS Detection Assay Kit and mitoquinone mesylate

(MitoQ) were obtained from Cayman Chemical Company (Ann

Arbor, MI, USA). Oligomycin, carbonyl cyanide-4(trifluoromethoxy)

phenylhydrazone (FCCP) and rotenone/antimycin A were obtained

from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's modified

Eagle's medium (DMEM), Fluo-4 AM, phenol, chloroform and

isoamyl alcohol were obtained from Fisher Scientific (Waltham, MA,

USA). Antibodies sc-28860 and sc-373694 were obtained from

Santa Cruz (Dallas, TX, USA). miR-210 mimic, AllStarsNegative Con-

trol siRNA, and HiPerfect transfection reagent were obtained from

Qiagen (Germantown, MD, USA).

2.10 | Statistical analysis

Data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and anal-

ysis (Curtis et al., 2018). Studies were designed to generate groups

of equal size, using randomisation and blinded analysis. Data were

expressed as means ± SEM obtained from the number of experi-

mental animals. Statistical analyses, undertaken only for studies

where each group size was at least n = 5, were performed using

GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). Differ-

ences were evaluated for statistical significance (P < 0.05) by one-

way, two-way and repeated measures ANOVA with the post hoc

Bonferroni test or t test where appropriate unless specified other-

wise. The post hoc test was applied only when F in ANOVA

achieved P < 0.05. F test was performed to check whether the vari-

ances of the individual groups were homogeneous. If not, Mann–

Whitney U-test was used.

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org and are permanently archived

in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander

et al., 2021).

3 | RESULTS

3.1 | MiR-210 mediates hypoxia-induced
mitochondrial perturbations and mtROS generation

The effect of hypoxia and miR-210 on mitochondrial respiration

(oxygen consumption rate, OCR) in primary cultured ovine uterine

arterial smooth muscle cells derived from near-term pregnant sheep

were determined using Seahorse XFe24 analyser. Culture under

hypoxia (10.5% O2) had no significant effect on gross morphology

of the isolated smooth muscle cells (Figure S1). The real-time traces

and average data of OCR measurements are shown in Figure 1a,b.

The hypoxia (10.5% O2) treatment for 48 h significantly decreased

basal and maximal mitochondrial OCR as compared with the con-

trol (21% O2), which was recovered by inhibition of miR-210 with

antagomir miR-210-LNA (Figure 1a,c). In addition, the miR-210

mimic treatment simulated the effect of hypoxia and resulted in a

significant decrease in basal and maximal mitochondrial respiration
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(Figure 1b,c). In accordance, ATP-linked OCR was reduced by hyp-

oxia and miR-210-LNA partially blocked the hypoxic effect

(Figure 1a,d). In a way similar to hypoxia, miR-210 mimic

substantially decreased ATP-linked OCR (Figure 1b,d). Mitochon-

drial respiration, non-mitochondrial respiration, spare capacity and

proton leak-linked OCR were not significantly altered by hypoxia,

F IGURE 1 Effect of hypoxia and miR-210 on mitochondrial respiration and mitochondrial reactive oxygen species (mtROS) production in
uterine arteries. Uterine arteries were isolated from near-term pregnant sheep and mitochondrial oxygen consumption rate (OCR) was
determined by Seahorse XFe24 Analyser in cultured primary smooth muscle cells treated under 21.0% and 10.5% O2 in the presence of miR-
210-LNA (100 nM) or negative control (Neg Ctr) for 48 h (a) and under 21.0% O2 in the presence of miR-210 mimic (100 nM) or negative control
(Neg Ctr) for 48 h (b). Effects of miR-210-LNA and miR-210 on mitochondrial respiration (c) and ATP production (d) under 10.5% O2 and 21.0%
O2, respectively. Data are means ± SEM. n = 5 measurements in cells pooled from five animals. *P < 0.05, versus 21.0% O2;

#P < 0.05, versus
Neg Ctr. Mitochondria-derived ROS (mtROS) was measured with Mitochondrial ROS Detection Assay Kit in uterine arterial smooth muscle cells
treated under 21.0% O2 and 10.5% O2 in the absence or presence of miR-210-LNA (100 nM) for 48 h (e) and under 21.0% O2 in the absence or
presence of miR-210 mimic (100 nM) or miR-210 plus mitoquinone mesylate (MitoQ; 1 μM) for 48 h (f). Data are means ± SEM. n = 5
measurements in cells pooled from five animals. *P < 0.05, 10.5% O2 versus 21.0% O2;

#P < 0.05, 10.5% O2 + miR-210-LNA versus 10.5% O2. (e)
*P < 0.05, miR-210 versus Neg Ctr; #P < 0.05 miR-210 + MitoQ versus miR-210 (f). FCCP: carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone
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miR-210-LNA and miR-210 mimic (Table S1). As mitochondria are

the main source of ROS, we next examined a mechanistic link of

miR-210 in the regulation of mtROS production in response to

hypoxia. As shown in Figure 1e, hypoxia significantly increased

mtROS production in uterine arterial smooth muscle cells, which

was abolished by inhibition of miR-210 with miR-210-LNA. In addi-

tion, the approach of gain-of-function showed that miR-210 mimic

increased mtROS in cultured uterine arterial smooth muscle cells,

which was reversed by the presence of mitochondria-specific anti-

oxidant, MitoQ (Figure 1f). In contrast, MitoQ had no effect on

mtROS production in cultured uterine arterial smooth muscle cells

under normoxia (Figure S2).

3.2 | mtROS mediate hypoxia-induced suppression
of STOCs

Our previous study showed that gestational hypoxia inhibited STOCs

in ovine uterine arteries from near-term (�142-145 days of gestation)

pregnant sheep (Hu et al., 2020). We reasoned that hypoxia-induced

increases in mtROS might contribute to the suppression of STOCs. To

this end, near-term pregnant sheep uterine arteries were treated with

hypoxia (10.5% O2) in the absence or presence of MitoQ for 48 h and

STOCs in freshly isolated smooth muscle cells were subsequently

measured. Figure 2a illustrates STOCs recorded at 10 mV in myocytes

under normoxia (21.0% O2) and hypoxia (10.5% O2) in the presence

of 1-μM MitoQ. Consistent with the previous findings (Hu

et al., 2020), the hypoxia treatment significantly reduced both STOC

frequency and amplitude (Figure 2b,c). Of importance, MitoQ

blocked the effect of hypoxia-induced repression of STOCs in uterine

arteries (Figure 2b,c). In contrast, MitoQ had no effect on both STOC

frequency and amplitude in uterine arteries under 21.0% O2

(Figure S3A,B).

3.3 | MitoQ blocks the effect of miR-210 on Ca2+

sparks/STOCs and myogenic tone

Hypoxia increased miR-210 in ovine uterine arteries from near-term

(�142-145 days of gestation) pregnant sheep (Hu et al., 2017), which

conferred hypoxia-induced suppression of Ca2+ sparks and STOCs, as

well as increase in pressure-dependent myogenic tone in uterine

arteries (Hu et al., 2021, 2017). We subsequently explored the role of

mtROS in miR-210-mediated suppression of Ca2+ sparks and STOCs

as well as increase in uterine arterial myogenic tone. Consistent with

the previous findings, miR-210 significantly decreased both Ca2+

F IGURE 2 Effect of mitoquinone mesylate (MitoQ) on hypoxia-induced suppression of spontaneous transient outward currents (STOCs) in
uterine arteries. Uterine arteries were isolated from near-term pregnant sheep and treated under 21.0% O2 and 10.5% O2 in the absence or
presence of MitoQ (1 μM) for 48 h. (a) Representative STOC tracings recorded at 10 mV in freshly isolated smooth muscle cells. (b and c)
Summary data of STOC frequency (b) and amplitude (c). Data are means ± SEM. N = 5 animals in each group, and all data points from one single
animal were pooled to a common data point. *P < 0.05, 10.5% O2 versus 21.0% O2
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spark-firing myocytes and Ca2+ spark frequency in uterine arterial

smooth muscle cells (Figure 3a,b). Of importance, MitoQ blocked the

effect of miR-210 and recovered Ca2+ sparks (Figure 3a,b). Accord-

ingly, miR-210 suppressed both STOC frequency and amplitude, and

MitoQ abolished miR-210-mediated inhibition of STOCs (Figure 3c,d).

Furthermore, MitoQ significantly decreased miR-210-induced myo-

genic tone of uterine arteries (Figure 3e). In contrast, MitoQ had no

effect on Ca2+ sparks (Figure S4) and myogenic tone (Figure S5) in the

control groups.

3.4 | Knockdown of iron–sulfur cluster scaffold
protein (ISCU) independent of miR-210 in the uterine
artery increases mtROS and inhibits STOCs

ISCU is of critical importance in mitochondrial complex I and III activ-

ity, and down-regulation of ISCU impairs mitochondrial electron trans-

port and increases mitochondrial ROS flux. As shown in Figure 4a, the

hypoxia treatment of near term uterine arteries significantly

decreased ISCU protein abundance. ISCU is a conserved target of

F IGURE 3 Effect of mitoquinone mesylate (MitoQ) on miR-210-induced suppression of Ca2+ sparks and spontaneous transient outward
currents (STOCs) in uterine arteries. Uterine arteries were isolated from near-term pregnant sheep and treated with miR-210 (100 nM) or
negative control (Neg Ctr) under 21.0% O2 in the absence or presence of MitoQ (1 μM) for 48 h. Percentage of myocytes with Ca2+ sparks

(a, Neg Ctr: 67.2 ± 5.1) and Ca2+ spark frequency (b, Neg Ctr: 0.0085 ± 0.0012 sparks μm�1 s�1), STOC frequency (c) and amplitude (d), and
pressure-dependent myogenic tone (e) were measured. Data are means ± SEM. n = 5 animals in each group. For Ca2+ sparks and STOCs
measurements, all data points from one single animal were pooled to a common data point. *P < 0.05, miR-210 versus Neg Ctr; #P < 0.05,
miR-210 + MitoQ versus miR-210
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F IGURE 4 Effect of hypoxia and miR-210 on iron–sulfur cluster scaffold protein (ISCU) protein expression in uterine arteries. (a) Uterine
arteries were isolated from near-term pregnant sheep and treated under 21.0% O2 and 10.5% O2 for 48 h. ISCU protein abundance was
determined by western blots using the monoclonal antibody against ISCU1/2 (D-6, sc-373694). Data are means ± SEM of five animals in each
group. *P < 0.05, 10.5% O2 versus 21.0% O2. (b) Schematic representation of alignment of miR-210 binding site to ovine ISCU 30-untranslated
region (30UTR) is shown. RNA-induced silencing complex-immunoprecipitation (RISC-IP) analysis of abundance of ISCU 30UTR pulled down by
Ago1/2/3 antibody in cultured primary uterine arterial smooth muscle cells transfected with miR-210 (100 nM) or negative control (Neg Ctr) for
24 h. F test showed that the variances of the individual groups were not homogeneous. The data are presented as medians and interquartile
ranges (IQRs) and analysed using Mann–Whitney U-test. n = 5 measurements in cells pooled from five animals. *P < 0.05, miR-210 versus Neg
Ctr. (c) Uterine arteries were treated with miR-210 (100 nM) or negative control (Neg Ctr) under 21.0% O2 for 48 h. ISCU protein abundance was
determined by western blots using the monoclonal antibody against ISCU1/2 (D-6, sc-373694). Data are means ± SEM of five animals in each
group. *P < 0.05, miR-210 versus Neg Ctr
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miR-210 and ovine ISCU transcript 30-untranslated region contains

miR-210 complementary binding sites (Figure 4b). Our previous study

demonstrated the binding of miR-210 to the 30-untranslated region of

ISCU (Ma et al., 2019). miRNAs exert their regulatory effects primarily

through base-pairing with their target mRNAs in a complex with

RISC (RNA-induced silencing complex) and RNA-induced silencing

complex-immunoprecipitation assay has been widely used to identify

the binding of miRNAs to the 30-untranslated region of target mRNAs

(Ding & Wang, 2011). We thus determined whether ovine ISCU is a

genuine target of miR-210. RNA-induced silencing complex-

immunoprecipitation assay revealed that ISCU 30-untranslated region

binding to miR-210 was increased by �2-fold in miR-210-treated

uterine arterial smooth muscle cells, compared with negative control-

treated cells (Figure 4b). Moreover, the miR-210 treatment signifi-

cantly decreased ISCU protein abundance in uterine arteries

(Figure 4c), indicating that ovine ISCU is a target of miR-210.

To demonstrate a causal role of ISCU in the actions of miR-210

and hypoxia in the regulation of mitochondrial respiration and mtROS

production, we assessed the consequences of repressing ISCU with

siRNAs in uterine arteries independent of hypoxia or miR-210

manipulation. Compared with control siRNA-treated tissues, uterine

arteries that were treated with siRNAs targeting ovine ISCU

exhibited a �50% decrease in ISCU protein abundance (Figure 5a), a

consequent decrease in basal mitochondrial OCR and ATP-linked

OCR (Figure 5b,c), and an increase in mtROS (Figure 5d). Non-

mitochondrial respiration, spare capacity, and proton leak-linked OCR

were not significantly altered (Table S1). As a result, ISCU knockdown

resulted in a significant decrease in both STOC frequency and ampli-

tude in uterine arteries as compared with the control siRNA treatment

(Figure 5e,f). Thus, similar to both hypoxia and miR-210 mimic, inde-

pendent knockdown of ISCU promotes the phenotype of STOC

repression in uterine arteries, thereby confirming the direct impor-

tance of mitochondrial energy metabolism in uterine vascular homeo-

stasis in response to hypoxia.

3.5 | Pharmacological inhibition of mitochondrial
complexes I and III suppresses STOCs and increases
myogenic tone

To substantiate the importance of mitochondrial electron transport

and energy metabolism in the regulation of STOCs in uterine arteries

from near-term (142-145 days of gestation) pregnant sheep, large-

conductance Ca2+-activated K+ (BKCa) channel (BKCa, KCa1.1) activ-

ity and STOCs were measured following pharmacologically inhibiting

the electron transport chain in mitochondria. The application of com-

plex I inhibitor rotenone (10 μM) or complex III inhibitor antimycin

(10 μM) decreased BKCa channel activity in uterine arterial smooth

muscle cells (Figure 6a,b). Accordingly, STOCs were suppressed by

both antimycin and rotenone (Figure 6c,d). Moreover, antimycin or

rotenone significantly increased pressure-dependent myogenic tone

in uterine arteries and the combined use of both produced an additive

effect on myogenic tone (Figure 6e).

4 | DISCUSSION

Gestational hypoxia via increasing miR-210 has been shown to sup-

press Ca2+ sparks/ spontaneous transient outward currents (STOCs)

coupling in ovine uterine arteries from near-term pregnant sheep,

resulting in increased uterine vascular resistance. Emerging evidence

suggests that miR-210 is a major regulator of mitochondrial function

in the cellular hypoxic response. In the present study, we investigated

a mechanistic link of the miR-210-ISCU-mtROS axis to uterine

vascular malfunction in response to hypoxia. Our major findings

are:- (1) hypoxia via miR-210 stimulates mtROS production and

impairs mitochondrial respiration, resulting in suppression of Ca2+

sparks/STOCs and an increase in uterine arterial myogenic tone,

(2) hypoxia down-regulates iron–sulfur cluster scaffold protein (ISCU)

and ovine ISCU is a direct target of miR-210, (3) knockdown of ISCU

independent of hypoxia and miR-210 in the uterine artery decreases

mitochondrial energy metabolism, increases mtROS and inhibits

STOCs and (4), pharmacological inhibition of mitochondrial electron

transport chain promotes both suppression of STOCs and the increase

in uterine arterial myogenic tone.

The mitochondrion is a major target of cellular hypoxia and per-

turbations of mitochondrial energy metabolism and ROS production

play a central role in the cellular stress response (Lee et al., 2020). We

demonstrate that hypoxia reduces mitochondrial energy metabolism

and increases mtROS in uterine arteries. This is consistent with our

previous findings that gestational hypoxia promoted oxidative stress

in uterine arteries (Hu et al., 2016; Xiao et al., 2013), suggesting that

mitochondrial perturbations and mtROS production contribute to

hypoxia-induced oxidative stress. Similarly, chronic hypoxia inhibited

oxidative phosphorylation and induced mtROS generation in rodent

placentas, in human placental explants and in cultured human tropho-

blasts (Aljunaidy et al., 2018; Matheson et al., 2016; Vangrieken,

Al-Nasiry, Bast, Leermakers, Tulen, Janssen, et al., 2021a). Likewise,

chronic hypoxia also increased mtROS in cultured rat pulmonary arte-

rial smooth muscle cells (Waypa et al., 2010). Uteroplacental tissues

manifest a hypoxic phenotype and hypoxia is believed to be a primary

trigger of pre-eclampsia (Ducsay et al., 2018; Soleymanlou

et al., 2005; Tong & Giussani, 2019). As expected, pre-eclamptic

placentas displayed both impaired mitochondrial metabolism and

elevated mtROS (Hu & Zhang, 2021a; Marin et al., 2020; Vangrieken,

Al-Nasiry, Bast, Leermakers, Tulen, Schiffers, et al., 2021b; Wang &

Walsh, 1998). Similar findings were also observed in placentas from a

rat model of pre-eclampsia induced by reduced uterine perfusion

pressure (Vaka et al., 2018).

miR-210 is a target of HIF1α, and both miR-210 and HIF1α are

master regulators of the cellular hypoxic response (Chan et al., 2012;

Huang et al., 2010; Loscalzo, 2010). Mature miR-210 of 22 nt is highly

homologous across species and is identical among the human, sheep

and rodent. Of importance, an increase in miR-210 appears to be a

common mechanism in pre-eclampsia and gestational hypoxia. Ele-

vated placental expression of miR-210 and circulating miR-210 levels

have been demonstrated in both pre-eclampsia and pregnancy at high

altitude in pregnant women (Colleoni et al., 2013; Muralimanoharan
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et al., 2012; Wu et al., 2012; Zhang et al., 2012). We have demon-

strated significant increases in HIF1α and miR-210 in uterine arteries

and plasma miR-210 levels in pregnant sheep acclimatized to high

altitude hypoxia (Hu et al., 2021, 2017). The present study provides

evidence of a mechanistic link of miR-210 in hypoxia-mediated per-

turbations of mitochondrial energy metabolism and mtROS

F IGURE 5 Effect of iron–sulfur cluster scaffold protein (ISCU) knockdown on mitochondrial dysfunction and spontaneous transient outward
currents (STOCs) suppression in uterine arteries. Cultured uterine arteries from near-term (142-145 days of gestation) pregnant sheep were treated
with ovine ISCU siRNA (100 nM) or scramble control (Ctr siRNA) for 48 h. (a) ISCU protein abundance was determined by western blots using the
polyclonal antibody against ISCU1/2 (FL-142, sc-28860). Data are means ± SEM of five animals in each group. *P < 0.05, ISCU siRNA versus Ctr
siRNA. (b, c) Mitochondrial oxygen consumption rate (OCR) was determined with Seahorse XFe24 Analyser and (d) mitochondria-derived ROS (mtROS)
was measured with Mitochondrial ROS Detection Assay Kit in cultured primary uterine arterial smooth muscle cells. Data are means ± SEM. n = 5
measurements in cells pooled from five animals. *P < 0.05, ISCU siRNA versus Ctr siRNA. (e, f) STOC frequency and amplitude. Data are means ± SEM.
N = 5 animals in each group, and all data points from one single animal were pooled to a common data point. *P < 0.05, ISCU siRNA versus Ctr siRNA
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production. This concept is supported by following findings with the

approaches of loss-of-function and gain-of-function experiments: -

(1) inhibition of endogenous miR-210 with miR-210-LNA alleviated

hypoxia-induced both suppression of mitochondrial energy metabo-

lism and increase in mtROS, and (2) exogenous miR-210 expression

promoted a hypoxic phenotype (i.e. increased mtROS and reduced

mitochondrial energy metabolism), which was blocked by the

mitochondria-targeted antioxidant MitoQ. The actions of miR-210 are

not limited to uterine arteries. Similarly, miR-210 played a key role in

disrupting mitochondrial respiration in extravillous trophoblasts and

pre-eclamptic and high-altitude placentas (Anton et al., 2019; Colleoni

et al., 2013; Muralimanoharan et al., 2012). Interestingly, pulmonary

F IGURE 6 Effect of rotenone and antimycin on spontaneous transient outward currents (STOCs), and myogenic tone in freshly isolated
uterine arteries from near-term (142-145 days of gestation) pregnant sheep. (a and b) Freshly isolated uterine arterial smooth muscle cells were
treated with antimycin (10 μM) or rotenone (10 μΜ). BKCa channel currents were measured by voltage steps from �60 mV to +80 mV by

stepwise 10-mV depolarizing pulses (350-ms duration, 10-s intervals). Data are means ± SEM. n = 5 animals in each group and all data points
from one single animal were pooled to a common data point. *P < 0.05, treatment versus Ctr. (c, d) Freshly isolated uterine arterial smooth muscle
cells were treated with a consecutive application of antimycin (3 μM) and rotenone (3 μM), and STOCs were recorded. Data are means ± SEM.
n = 5 animals in each group and all data points from one single animal were pooled to a common data point. *P < 0.05, antimycin versus Ctr;
#P < 0.05, antimycin + rotenone versus antimycin. (e) Uterine arterial myogenic tone in the absence or presence of antimycin (3 μM), rotenone
(3 μM) and antimycin + rotenone. Data are means ± SEM of five animals in each group. *P < 0.05, treatment versus Ctr; #P < 0.05,
antimycin + rotenone versus antimycin or rotenone alone
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and uteroplacental circulation share many similarities in response to

hypoxia (Hu & Zhang, 2021b). Not surprisingly, hypoxia via miR-210

also increased mtROS in primary human pulmonary arterial endothe-

lial cells, leading to the development of pulmonary hypertension

(Chan et al., 2009; White et al., 2015). In addition, hypoxia-induced

increase in miR-210 caused mitochondrial dysfunction and promoted

mtROS production in cancer cell lines and neurons (Favaro

et al., 2010; Ma et al., 2019). However, elevated miR-210 was also

shown to suppress mtROS in other cells including neonatal rat cardio-

myocytes and C2C12 skeletal muscle cells (Cicchillitti et al., 2012;

Mutharasan et al., 2011), suggesting that the effect of miR-210 is

context- and tissue-dependent.

miR-210 exerts its actions via targeting an array of genes

(Bavelloni et al., 2017). Among them, ISCU is a mitochondria-related

gene encoding the scaffold protein ISCU. Our previous (Hu

et al., 2017) and present studies revealed that the expression of miR-

210 and ISCU in uterine arteries exhibited a reciprocal pattern in

response to hypoxia, that is, increased levels of miR-210 and reduced

abundance of ISCU. In alignment with findings in other cells and/or

tissues (Anton et al., 2019; Chan et al., 2009; Colleoni et al., 2013;

Favaro et al., 2010; Ma et al., 2019; Muralimanoharan et al., 2012;

White et al., 2015), we found that ISCU is a direct target of miR-210

in ovine uterine arteries, and miR-210 evidently mediated hypoxia-

induced down-regulation of ISCU. In the mitochondrion, Fe–S clusters

are integrated into complexes I–III where they function as protein

cofactors involved in facilitating electron transport (Maio et al., 2017).

The down-regulation of ISCU impairs the Fe–S cluster assembly and

inhibits electron transport across the electron transport chain, result-

ing in reduced mitochondrial respiration/ATP production. In addition,

the malfunction of Fe–S clusters leads to increased accumulation of

electrons and promotes mtROS generation. These concepts are dem-

onstrated by findings from knockdown of ISCU independent of hyp-

oxia and miR-210 in uterine arteries. In a way similar to hypoxia

exposure and miR-210 transfection, ISCU siRNAs suppressed mito-

chondrial respiration/ATP production and increased mtROS in uterine

arterial smooth muscle cells. Likewise, miR-210-induced ISCU down-

regulation accounted for impaired mitochondrial respiration and ele-

vated mtROS in pre-eclamptic and high-altitude placentas and

hypoxia-exposed trophoblasts (Anton et al., 2019; Colleoni

et al., 2013; Muralimanoharan et al., 2012). Together, these findings

establish a critical role of the miR-210-ISCU axis in mitochondrial per-

turbations and mtROS generation in pregnancy complications associ-

ated with hypoxia.

Of importance, the present study provides novel evidence of a

mechanistic link of miR-210-ISCU-mtROS axis in inhibiting Ca2+

sparks/STOCs in the maladaptation of uterine arteries to hypoxia.

STOCs at physiological membrane potentials of vascular smooth

muscle cells fundamentally regulate vascular myogenic tone and

blood flow in an organ, as well as arterial blood pressure. We demon-

strated in sheep that pregnancy significantly increased STOCs in

uterine arteries (Hu et al., 2019). Of importance, our recent study

revealed that high-altitude hypoxia suppressed this pregnancy-

induced up-regulation of STOCs (Hu et al., 2020) and provided

evidence of a causal role of miR-210 in hypoxia-mediated impairment

of Ca2+ spark/STOC coupling in uterine arteries (Hu et al., 2021).

Dysregulation of mtROS leads to oxidative stress and has been asso-

ciated with vascular dysfunction (Freed & Gutterman, 2013). For

instance, mtROS contributed to chronic hypoxia-induced increase in

basal pulmonary arterial tone in neonatal rats (Sheak et al., 2020). In

the present study, we showed that hypoxia increased mtROS

through miR-210-mediated down-regulation of ISCU in uterine arter-

ies. The elevated mtROS conferred hypoxia- and/or miR-

210-mediated inhibition of Ca2+ sparks and STOCs in uterine arteries

as MitoQ alleviated the inhibition. Ca2+ sparks are mediated by

ryanodine receptors, whereas STOCs are conducted by BKCa chan-

nels. Both ryanodine receptors and BKCa channels contain various

cysteine residues and are subject to redox modulation (Nikolaienko

et al., 2018; Tang et al., 2001). Prolonged exposure to H2O2 pro-

moted RyR2 inhibition (Zissimopoulos & Lai, 2006). In isolated rat

cardiac myocytes, photoactivated mtROS elicited a transient increase

in Ca2+ sparks followed by a gradual suppression of Ca2+ sparks (Yan

et al., 2008). We have shown that RyR2 is the major subtype of rya-

nodine receptors to generate Ca2+ sparks in uterine arteries (Song

et al., 2021). Furthermore, we demonstrate in the present study that

mtROS accounted for miR-210-induced suppression of both Ca2+

spark-firing myocytes and Ca2+ spark frequency in uterine arteries.

H2O2 also suppressed BKCa channel activity via oxidation of cysteine

911 of the α subunit (Tang et al., 2004). Indeed, STOCs in uterine

arteries were inhibited by mtROS induced by hypoxia/miR-210. Fur-

ther evidence of the link between mitochondrial perturbations and

mtROS in regulating STOCs is provided by the findings of pharmaco-

logical inhibition of mitochondrial complex I and III. Rotenone and

antimycin are inhibitors of complexes I and III in the ETC, respec-

tively, and stimulate ROS generation in mitochondria (Chaplin

et al., 2015; Fato et al., 2009). In a way, similar to hypoxia and miR-

210, we found that pharmacological inhibition of complexes I and III

by rotenone and antimycin suppressed STOCs and increased

pressure-dependent myogenic tone in uterine arteries. Similar find-

ings were obtained in rat cerebral arteries, showing that rotenone

suppressed both Ca2+ sparks and STOCs (Cheranov & Jaggar, 2004).

Thus, similar to both hypoxia and miR-210 mimic, independent

knockdown of ISCU or inhibition of mitochondrial electron transport

chain promoted the phenotypic repression of STOCs and increase in

myogenic tone in uterine arteries. Thereby showing the direct impor-

tance of mitochondrial metabolism and mtROS in uterine vascular

homeostasis in response to hypoxia.

5 | CONCLUSION

The present study reveals a novel mechanistic link of miR-210-ISCU-

mtROS axis in inhibiting Ca2+ sparks/STOCs in the maladaptation of

uterine arteries. It also provides new insights into the understanding

of fundamental mechanisms of mitochondrial perturbations and

mtROS in the pathogenesis of pregnancy complications associated

with gestational hypoxia. The findings also present preclinical
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evidence of a promising therapeutic approach of MitoQ in pre-

eclampsia associated with hypoxia. MitoQ has been shown to prevent

oxidative stress and to improve both mitochondrial dysfunction/stress

in placentas and foetal growth restriction induced by either chronic

hypoxia (Aljunaidy et al., 2018; Botting et al., 2020; Ganguly

et al., 2021; Nuzzo et al., 2018; Phillips et al., 2017) or by reduced

uterine perfusion pressure (Vaka et al., 2018). Of critical importance,

MitoQ has been in multiple clinical trials including that of pulmonary

artery hypertension and hypertension where it has been found to be

well-tolerated in human studies (Rossman et al., 2018; Zinovkin &

Zamyatnin, 2019). Although it is outside the scope of this study and it

warrants a separate study, in vivo evidence that knockdown of miR-

210 could alleviate pregnancy complications remains intriguing for

future investigation.
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