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Mitochondrial transplantation attenuates hypoxic pulmonary 
vasoconstriction
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ABSTRACT
Hypoxia triggers pulmonary vasoconstriction, however induces relaxation of 

systemic arteries such as femoral arteries. Mitochondria are functionally and structurally 
heterogeneous between different cell types. The aim of this study was to reveal 
whether mitochondrial heterogeneity controls the distinct responses of pulmonary 
versus systemic artery smooth muscle cells to hypoxia. Intact mitochondria were 
transplanted into Sprague-Dawley rat pulmonary artery smooth muscle cells in culture 
and pulmonary arteries in vitro. Mitochondria retained functional after transplantation. 
The cross transplantation of mitochondria between pulmonary and femoral artery 
smooth muscle cells reversed acute hypoxia-induced alterations in cell membrane 
potential, [Ca2+]i signaling in smooth muscle cells and constriction or relaxation of 
arteries. Furthermore, the high or low amount of reactive oxygen species generation 
from mitochondria and their divergent (dis-)abilities in activating extracellular Ca2+-
sensing receptor in smooth muscle cells were found to cause cell membrane potential 
depolarization, [Ca2+]i elevation and constriction of pulmonary arteries versus cell 
membrane potential hyperpolarization, [Ca2+]i decline and relaxation of femoral arteries 
in response to hypoxia, respectively. Our findings suggest that mitochondria necessarily 
determine the behaviors of vascular smooth muscle cells in response to hypoxia.

INTRODUCTION

Mitochondria are critical in the initiation of hypoxia-
induced pulmonary vasoconstriction (HPV) [1, 2, 3, 4, 5]. 
HPV maintains physiological ratio of lung respiration and 
blood perfusion and contributes to the pathophysiologic 
development of pulmonary hypertension and pulmonary 

edema. By contrast, hypoxia triggers relaxation of 
systemic vessels [2, 6, 7]. Mitochondria in pulmonary 
artery smooth muscle cells (PASMCs) appear structurally 
and functionally distinct from systemic artery SMCs 
[1, 2]. Whether the difference between mitochondria 
represents the mechanism underlying distinct responses 
to hypoxia between pulmonary and systemic arteries is 
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Figure 1: Transplantation of exogenous mitochondria into PASMCs in culture. a. Live cell confocal imagings of PASMCs after 
incubation with DsRed-labeled mitochondria (prepared from PASMC, upper), DsRed (middle) or vehicle (lower, n=3). b. Indirect immunofluorescent-
stainings of the fixed PASMCs after incubation with GFP-labeled mitochondria (prepared from PASMC, upper and lower), GFP (middle) with (upper 
and middle) or without antibody against GFP (lower, n=3). c-e. Electron micrographs (EM) showing long spindle mitochondria with clear cristae 
in control PASMCs and PASMCs incubated with PASMC-derived mitochondria (PASMC-mito) (black arrows, left, c), round mitochondria with 
swelling, unclear cristae in Wilson’s rat liver cells (white arrows, middle, c), mixture of mitochondria with distinct morphology in PASMCs after 
incubation with the liver mitochondria (liver-mito) (black and white arrows, right, c) and quantitative comparisons of two shapes of mitochondria 
(* # p < 0.05 vs. mito with/without cristae in PASMCs respectively, d). as well as the ratio of width to length of mitochondria (*p < 0.05 vs. PASMCs, 
#p < 0.05 vs. liver, e). Quantitation obtained from 58, 124, 232 and 73 mitochondria of 12, 11, 20 and 11 cells for control PASMCs, PASMCs 
incubated with PASMC-mito, liver cells and PASMCs incubated with liver-mito, respectively. f. The representative images showing apparent EM 
contrast only in the mitochondrial matrix, not the intermembrane space in PASMCs after transplantation of APEX-labeled mitochondria (white 
arrows, upper), no EM contrast in mitochondria in PASMCs with incubation of APEX (black arrows, left, lower) or in control PASMCs without 
transplantation of APEX-labeled mitochondria (black arrows, middle, lower), and the mixture/fusion of exogenous mitochondria with EM contrast 
and endogenous counterpart without EM contrast in the PASMCs after transplantation of APEX-labeled mitochondria (white and black arrows, right, 
lower) (n=3 for each). g-j. Continuous confocal scannings of DsRed-labeled mitochondria transplanted into PASMC with GFP-labeled endogenous 
mitochondria (g, the distance away from cell surface shown on the left of each panel), quantitative distributions of DsRed-mitochondria by the 
distance to cell membrane (h), Pearson’s coefficient showing co-localizations of DsRed- and GFP-mitochondria by the distance to cell membrane 
(i) and distribution of GFP-labeled endogenous mitochondria by the distance to cell membrane in PASMCs with transplantation of DsRed-labeled 
exogenous mitochondria versus those in PASMCs without transplantation of exogenous mitochondria (j) (n=6 for g-j).
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Figure 2: Dynamics of transplantation of exogenous mitochondria into PASMCs in culture. a-f. Calibration curve between 
the numbers of isolated mitochondria (mito) and GFP fluorescent intensities (a), dependence of intracellular GFP-mitochondrial quantity 
(b) and efficiency of GFP-mitochondria-transplanted cells (c) on exogenous mitochondrial concentrations after 24-hour incubation, relative 
distributions of intracellular GFP-mitochondrial quantity after 24-hour incubation of 2.25×108/ml mitochondria (d), time-dependence of 
intracellular GFP-mitochondrial quantity (# p < 0.05 vs. 6 h, *p < 0.05 vs. 12 or 18 h, e) and efficiency of GFP-mitochondria-transplanted 
cells (* p < 0.05 vs. 6 h, f) after incubating with 2.25×108/ml mitochondria (n=3 for a-f). g-k. The representative flow cytometry for the 
separation of DsRed-labeled exogenous mitochondria (Q1), GFP-labeled endogenous mitochondria (Q4) as well as GFP and DsRed-merged 
mitochondria (Q2) from PASMCs at (g) and after (h, i, and j) the accomplishment of a 24 hours incubation with exogenous mitochondria, 
respectively and statistical summary of the change of mitochondrial number over time (k). * p < 0.05 vs 24 hour, n=3 for each.
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period (Figure 2e-2f). After transplantation, the number of 
exogenous mitochondria remained relatively constant for up 
to 24 hours as determined by GFP and DsRed fluorescence 
sorting on flow cytomerty (Figure 2g-2k). A small portion 
of GFP and DsRed-merged mitochondria, probably the 
fused ones, increased at 24 hours after the accomplishment 
of transplantation (Figure 2g-2k).

To address the mechanisms underlying how 
mitochondria can be internalized by the recipient cells, 
we explored several pathways or factors involved in 
pinocytosis. Chlorpromazine, the inhibitor of clathrin 
did not suppress the internalization of DsRed-labeled 
exogenous mitochondria (Supplementary Figure S2). By 
contrast, the inhibitor of sodium–hydrogen exchanger, 
ethylisopropylamiloride (EIPA); the inhibitor of 
microtubule polymerization, nocodazole; and the inhibitor 
of actin polymerization, cytochalasin D, significantly 
inhibited the internalization of DsRed-labeled exogenous 
mitochondria, respectively (Supplementary Figure 
S2). The above results suggest that the internalization 
of exogenous mitochondria in PASMCs involves 
macropinocytosis, but does not depend on clathrin.

Mitochondrial transplantation on acute hypoxia-
altered [Ca2+]i and cell membrane potential

To determine whether mitochondria are the 
determinants for the distinct [Ca2+]i responses of pulmonary 
and systemic arterial SMCs to hypoxia, mitochondria 
prepared from PASMCs and FASMCs were transplanted 
from each other into mitochondria-depleted SMCs 
preparations [5]. Hypoxia stimulated a quick [Ca2+]i 
elevation in native, control PASMCs (Figure 3a and 3f) with 
a latency of ~ 7.9 s and similarly in PASMCs incubated 
with pyruvate (Py) and uridine (Ur) (Figure 3b and 3f). By 
contrast, hypoxia did not stimulate any [Ca2+]i elevation 
in mitochondria-depleted PASMCs by ethidium bromide 
(EB) incubation together with Py and Ur [5] (Figure 3c 
and 3f). The transplantation of mitochondria prepared from 
PASMCs into mitochondria-depleted PASMCs restored the 
[Ca2+]i elevations in response to hypoxia (Figure 3d and 3f). 
However, the transplantation of mitochondria prepared from 
FASMCs into mitochondria-depleted PASMCs rendered 
the [Ca2+]i decline in response to hypoxia (Figure 3e-3f). 
In native PASMCs transplanted with mitochondria derived 
from PASMCs, hypoxia stimulated [Ca2+]i elevations 
(Figure 4b and 4f). In native PASMCs transplanted with 
mitochondria derived from FASMCs, however, hypoxia 
failed to trigger [Ca2+]i signaling in 25 out of 32 cells 
examined (Figure 4c), induced a single [Ca2+]i transient in 
another 2 (Figure 4d) and [Ca2+]i elevations with a plateau in 
the remaining 5 cells (Figure 4e). Similarly, mitochondrial 
transplantation effectively changed hypoxia-induced [Ca2+]i 
decline in FASMCs (Figure 3g-3l and 4g-4j).

Hypoxia-induced cell membrane potential 
depolarization in PASMCs was slightly augmented by 
intracellular transplantation of mitochondria derived from 
PASMCs (Figure 4k-4l). However, hypoxia stimulated 
cell membrane potential hyperpolarization in PASMCs 
transplanted with mitochondria derived from FASMCs 
(Figure 4k-4l). Hypoxia induced cell membrane potential 
hyperpolarization in native FASMCs and FASMCs 
transplanted with mitochondria derived from FASMCs 
(Figure 4m-4n). In FAMSCs transplanted with mitochondria 
derived from PASMCs, hypoxia stimulated cell membrane 
potential depolarization instead (Figure 4m-4n).

These experiments provide the cause-effect evidence 
for the determinative role of mitochondria in governing 
the divergent alterations of [Ca2+]i and cell membrane 
potential in pulmonary and systemic arterial SMCs in 
response to hypoxia.

Mitochondrial transplantation on acute hypoxia-
induced vascular responses in vitro

The immunohistochemical stainings employing 
antibody against DsRed or SMC specific α-actin showed 
the overlapping of DsRed with α-actin in PAs strips 
incubated with DsRed-labeled mitochondria, not in 
PAs strips incubated with 0.76 µg/ml DsRed, indicating 
distribution of DsdRed-labeled mitochondria within 
PASMCs (Figure 5a).

Consistent with those in PASMCs in culture 
(Figure 1c, right), mitochondria in PASMCs in PAs strips 
incubated with the Wilson’s disease liver mitochondria 
were also a mixture of morphological characteristics or 
shapes (Figure 5b, right and Figure 5c-5d).

Endothelium-removed PAs rings constricted while each 
hypoxic challenge was applied to control preparations (Figure 
5e and 5h). The hypoxia-induced vasoconstriction was slightly 
augmented in PAs rings transplanted with mitochondria from 
PASMCs (Figure 5f and 5h), whereas significantly attenuated 
in those transplanted with mitochondria from FASMCs 
(Figure 5g-5h). The endothelium-removed rings of femoral 
arteries (FAs) relaxed in response to each hypoxic challenge 
(Figure 5i and 5l). Instead, hypoxia induced constriction in 
FAs rings transplanted with mitochondria from PASMC 
(Figure 5j and 5l).

Respiratory Functional evaluation, measurements of 
ROS generation and mitochondrial membrane potential in 
isolated mitochondria sorted and recovered from PAs by flow 
cytometry after transplantation of exogenous mitochondria 
indicated that exogenous mitochondria retained their 
heterogeneous properties (Supplementary Figure S3).

These results indicate the pivotal role of 
mitochondria in determining vascular responses to hypoxia 
and the potential application of exogenous mitochondria in 
attenuating HPV.


