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Abstract

Endothelial progenitor cells (EPCs) have been pursued as a potential cellular therapy for stroke 

and central nervous system injury. However, their underlying mechanisms remain to be fully 

defined. Recent experimental studies suggest that mitochondria may be released and transferred 

between cells. In this proof-of-concept study, we asked whether beneficial effects of EPCs may 

partly involve a mitochondrial phenomenon as well. First, EPC-derived conditioned medium was 

collected and divided into supernatant and particle fractions after centrifugation. Electron 

microscopy, western blots and flow cytometry showed that EPCs were able to release 

mitochondria. ATP and oxygen consumption assays suggested that these extracellular 

mitochondria may still be functionally viable. Confocal microscopy confirmed that EPC-derived 

extracellular mitochondria can be incorporated into normal brain endothelial cells. Adding EPC 

particles to brain endothelial cells promoted angiogenesis and decreased trans-cellular 

permeability of brain endothelial cells. Next, we asked whether EPC-derived mitochondria may be 

protective. As expected, oxygen-glucose deprivation increased trans-cellular endothelial 

permeability. Adding EPC-derived mitochondria particles to the damaged brain endothelium 

increased levels of mitochondrial protein TOM40, mtDNA copy number, and intracellular ATP. 

Along with these indirect markers of mitochondrial transfer, endothelial tightness was also 

restored after oxygen-glucose deprivation. Taken together, these findings suggest that EPCs may 

support brain endothelial energetics, barrier integrity and angiogenic function partly through 

extracellular mitochondrial transfer.
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Graphical abstract

Endothelial progenitor cell (EPC)-derived mitochondria particles to damaged brain endothelium 

after oxygen-glucose deprivation increased levels of mitochondrial protein TOM40, mtDNA copy 

number, and intracellular ATP along with restoring endothelial tightness after OGD. These 

findings suggest that EPCs may support brain endothelial energetics, barrier integrity and 

angiogenic function partly through extracellular mitochondrial transfer.
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Introduction

Endothelial progenitor cells (EPCs) represent a subset of immature endothelial cells 

circulating in the bloodstream [1]. EPCs are highly migratory and can home to target areas 

to regulate angiogenesis and vasculogenesis for tissue homeostasis or repair. In the context 

of central nervous system (CNS) injury and disease, EPCs may contribute to neurovascular 

recovery after stroke [2-4]. However, the underlying mechanisms remain to be fully 

elucidated.

Beneficial effects of any type of cellular therapy should include both direct cell 

differentiation and replacement as well as indirect pathways via secretion of trophic factors 

and exchange of help-me signals [5]. Recently, it has been suggested that stem cells may 

release extracellular mitochondria as part of their potentially beneficial secretome [6]. For 

example, mesenchymal stromal cells may transfer mitochondria to rescue aerobic respiration 

in mitochondria-depleted cells [7]. In vivo, bone-marrow-derived mesenchymal stem cells 

can transfer mitochondria into alveolar epithelium to protect against endotoxin-induced lung 

injury [8]. The beneficial relevance of mitochondrial transfer in the brain was then supported 

by a recent study demonstrating that xenogenic transplantation of mitochondria restored 
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respiratory activity and improved long-term outcome in a rat model of focal cerebral 

ischemia [9]. In this proof-of-concept study, we asked whether human EPCs can produce 

functional extracellular mitochondria and whether these can be transferred into brain 

endothelial cells to support their function in both physiological and pathological conditions.

Materials and Methods

Details in Supplementary Material.

Results

Human EPCs were identified by representative markers including vWF, lectin-UEA1, CD34, 

and Flk1 (Figure 1A). EPC-conditioned medium was collected and after centrifugation, 

supernatant and particle fractions were analyzed (Figure 1B). Western blots demonstrated 

that the mitochondrial membrane protein TOM40 was enriched in particle fractions (Figure 

1C), along with higher ATP levels (Figure 1D). Flow cytometry with MitoTracker Red was 

consistent with the presence of extracellular mitochondria particles (Figure 1E). 

Measurements of oxygen consumption suggested that these extracellular mitochondria may 

still be functional (Figure 1F). Finally, electron microscopy confirmed the presence of 

extracellular mitochondria particles in EPC-conditioned media (Figure 1G).

For context, we also examined media derived from human astrocytes, endothelial cells, and 

pericytes because they are known to release extracellular particles and support vascular 

function [10-12]. Flow cytometry was performed to examine extracellular particles (Figure 

2A, Supplemental Figure 1). Assessment of CD63-positive versus mitochondria-positive 

subpopulations suggested that EPC-derived extracellular particles may contain comparable 

fractions of mitochondria as those found in astrocytes, endothelial cells and pericytes 

(Figure 2B-C). Semi-quantitative flow cytometry data confirmed the ability of EPCs to 

produce high levels extracellular mitochondria that retained high membrane potentials 

(Figures 2D-E). Taken together, these findings suggest that cell for cell, human EPCs can be 

a prolific source of active extracellular mitochondria.

Next, we tested the effects of EPC-conditioned media on assays of endothelial function. 

Confocal microscopy demonstrated that normal brain endothelial cells were capable of 

incorporating EPC-derived extracellular mitochondria (Figure 3A). In a matrigel tube 

formation assay, both supernatant and particle fractions increased angiogenesis in human 

brain endothelial cells (Figure 3B, Supplemental Figure 2A). No increase in tube formation 

was observed when ATP-loaded liposome controls were added to brain endothelium (Figure 

3C).

Besides angiogenesis, barrier function is a key aspect of brain endothelium. VE-cadherin 

and occludin were examined as representative adherens junction and tight junction proteins 

respectively. Western blots did not show any difference in protein expression (Figure 3D, 

Supplemental Figure 2A). However, immunocytochemistry suggested that the particle 

fraction of EPC media enhanced VE-cadherin membrane localization (Figure 3E, 

Supplemental Figure 2A), and decreased trans-endothelial permeability (Figure 3F-G, 

Supplemental Figure 2A). ATP-loaded liposome controls had no effects (Figure 3H).

Hayakawa et al. Page 3

Stem Cells. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Finally, we asked whether EPC-derived mitochondria might also protect against injury. 

Brain endothelial cells were subjected to oxygen-glucose deprivation for 3 hours, then 

treated with EPC-derived particles or equivalent levels of empty media transfer (Figure 4A). 

Western blots confirmed that mitochondrial protein TOM40 was increased in the damaged 

endothelium after treatment with EPC particles (Figure 4B, Supplemental Figure 2B). 

Intracellular mtDNA and ATP levels were also partially restored (Figure 4C-D, 

Supplemental Figure 2B). These indirect markers of mitochondria transfer were 

accompanied by an improvement in endothelial tightness after oxygen-glucose deprivation 

(Figure 4E, Supplemental Figure 2B). To further support this idea, we used a different 

method to isolate extracellular mitochondria from EPCs. Extracellular mitochondria were 

isolated from EPC conditioned media by FACS and then key endpoints were re-assessed. 

Following nucleotide staining by PicoGreen, we confirmed that mtDNA was sufficiently 

labeled as previously described [13] (Figure 4F-G). Thereafter, treatment with purified 

extracellular mitochondria (5×105 per well) restored trans-endothelial permeability and 

improved cell viability in brain endothelial cultures following OGD (Figure 4H, 

Supplemental Figure 2C).

Discussion

Interactions between brain and circulating blood cells profoundly influence mechanisms of 

injury and repair in the CNS [14]. Peripheral administration of CD34+ cells promoted 

angiogenesis and enhanced endogenous neurogenesis after focal cerebral ischemia [15]. In 

humans, circulating EPC levels track the temporal profile of stroke recovery [16]. However, 

the underlying mechanisms of EPC-brain interactions are complex and remain poorly 

understood. In this study, we showed that (i) human EPCs can produce extracellular 

functional mitochondria, and (ii) transfer of EPC-derived mitochondria into brain 

endothelial cells promote angiogenesis, support barrier function and ameliorate injury after 

oxygen-glucose deprivation.

Mitochondria function is critical to maintain neurovascular function under the physiological 

and pathophysiological condition in the CNS [17, 18]. Recently, intercellular mitochondrial 

transfer has been proposed as a new paradigm for cell-cell signaling [19, 20]. Mesenchymal 

stem cells can transfer mitochondria to rescue metabolism in target cells and protect against 

tissue injury [8]. In the heart, mitochondrial transplantation can protect myocytes against 

ischemia-reperfusion injury [21]. In the CNS, astrocytes and microglia may exchange 

mitochondria with adjacent neurons for neuroprotection [22, 23]. Our findings suggest that 

EPCs may also utilize mitochondria transfer for protecting brain endothelium. Furthermore, 

although the majority of data on the protective vascular effects of EPCs have been collected 

in experimental animal models [24], our data suggest that EPC-mediated mitochondrial 

transfer and endothelial protection may also occur in human cells.

If EPCs can indeed transfer mitochondria into brain endothelium, what intracellular signals 

link upstream mitochondrial incorporation to downstream regulation of endothelial 

function? mtDNA can increase components of the respiratory chain and ATP synthase, so it 

is possible that protective effects are mediated via a general rescue of metabolic integrity. 

Additionally, mtDNA may upregulate Fgf2 [25], and FGF-2 is known to protect endothelium 
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[26]. In our model system, a preliminary assessment was performed using a vascular 

proteome array. Brain endothelial cells were deprived of oxygen and glucose for 3 hours, 

then EPC-derived extracellular particles containing Mitotracker-labeled mitochondria were 

added, and flow cytometry was used to collect brain endothelium that contained EPC-

derived mitochondria (Supplemental Figure 3A). Overall, many angiogenesis and blood-

brain barrier-related proteins were upregulated, including bFGF (FGF-2), FGF-4, 

plasminogen, and serpin E1 (Supplemental Figure 3B-C). Future studies are required to map 

the effects of EPC-derived mitochondria on endothelial genes and proteins.

The present proof-of-concept findings are observational, and there are several caveats. First, 

the molecular mechanisms of EPC mitochondrial release-uptake remain unknown. In terms 

of mitochondrial uptake, our experiments are based on media transfer, and so 

macropinocytosis [27] and integrin-mediated endocytosis [22] may potentially be involved 

in internalization of mitochondria. But other modes such as tunneling nanotubes [28] may 

also play a role. Second, the EPC secretome is complex. In general, stem cells release a 

complex mix of exosomes and microvesicles. How mitochondria are distributed within this 

spectrum of extracellular particles require careful study. For example, EPC-derived 

microvesicles containing mRNA and miRNA may induce angiogenesis [29, 30]. How 

extracellular mitochondria may interact with other EPC signals should be further examined. 

Finally, other CNS cells will be involved. For example, pericytes are a rich source of pro-

angiogenic exosomes [31], and astrocytes produce extracellular mitochondria and exosomes 

carrying mtDNA [22, 32]. Further studies are warranted to explore whether and how 

extracellular mitochondria from the neurovascular unit may contribute to EPC-endothelium 

interactions.

EPCs may serve as adult stem cells for endothelial repair and tissue vascularization. Here, 

we provided proof-of-concept that human EPCs secrete mitochondrial particles that may 

support and protect brain endothelial function. It is important to emphasize that these 

findings do not mean that mitochondrial transfer is the most important “mode of action” for 

EPCs. The EPC secretome comprises a rich complex repertoire of soluble factors and 

extracellular particles/vesicles that contain other material such as miRNA, mRNA, peptides 

and proteins. The present study suggests that mitochondrial exchange between EPCs and 

brain endothelium may be another relevant “mode of action”, and so this phenomenon 

should be further explored as part of an overall cellular strategy for therapies against CNS 

injury and disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Human endothelial progenitor cells (EPC) produced extracellular mitochondria
(A) Human EPC were identified by representative markers including vWF, lectin UEA, 

CD34 and Flk1. Scale: 50 μm. (B) Experimental design to separate fractions from EPC-

derived conditioned medium. First centrifuge; 2,000 rpm for 10 min, second centrifuge; 

12,000 rpm for 15 min. (C) Western blot confirmed mitochondrial proteins in EPC-derived 

extracellular fractions. TOM40; mitochondrial outer membrane protein, ANT1; 

mitochondrial inner membrane protein. (D) ATP measurement showed higher ATP content 

in pellet compared to supernatant (n=5). **P<0.01. (E) Flow cytometry analysis 

demonstrated that pellet highly contained MitoTracker positive particles compared to 

supernatant. (F) Oxygen consumption analysis in EPC-derived pellet and supernatant. EPC-

derived pellet had higher oxygen consumption compared to supernatant (n=3). (G) Electron 

microscopy revealed that EPC-derived pellet contained mitochondria. Scale: 500 nm.
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Figure 2. Comparison of extracellular mitochondria among human cells
(A) Experimental design for flow cytometry analysis using conditioned media collected 

from multiple human cell types such as astrocyte, brain endothelium, pericyte, and EPC. 

Centrifuge; 2,000 rpm for 10 min. (B) Each cell type conditioned medium was incubated 

with CD63-FITC (1 μg/mL), Mitotracker Deep Red (100 nM), or JC1 (0.5 μM) for 30 min at 

37°C, then flow cytometry was performed. EPC-derived extracellular particles may contain 

comparable profiles of mitochondria as those found in astrocytes, endothelial cells and 

pericytes. CD63 is used to identify a subset of extracellular particles/vesicles. CD63+/Mito

+: sub-population of CD63-positive extracellular particles/vesicles that contain 

mitochondria, CD63-/Mito+: “naked” mitochondria. (C) Venn diagram schematic to 

summarize the conceptual distribution of extracellular components in EPC-CM. (D) 

Normalized quantification of flow cytometry showed that EPCs secreted a high amount of 

CD63 positive particles and mitochondria per 104 cells compared to other cell types (n=9). 

*P<0.05, **P<0.01. (E) JC1 analysis by flow cytometry demonstrated that extracellular 

mitochondria from EPCs had higher membrane potential compared to other cell types (n=6). 

*P<0.05.
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Figure 3. EPC-derived particles positively regulate angiogenesis and endothelial tightness
(A) EPCs were pre-labeled by MitoTracker Red CMXRos and EPC-derived particles 

(fraction of pellet) were isolated after centrifugation. Then, the pellet was added to normal 

brain endothelial cells. Confocal microscopy confirmed incorporating MitoTracker positive 

particles in brain endothelial cells. Rab5a-GFP was used to indicate intracellular space. 

Scale: 20 μm. (B) Both supernatant and pellet isolated from EPC-conditioned media 

increased the number of rings in in vitro tube formation assay (n=4). Scale: 100 μm. 

*P<0.05, **P<0.01 vs. control. (C) Liposomal ATP did not increase the number of rings 

(n=3). Scale: 100 μm. (D) Western blot analysis showed that there were statistically no 

difference in VE-cadherin and occludin among groups. (E) Immunocytochemistry 

demonstrated that membrane localization of VE-cadherin was recovered by treatment with 

the pellet. Scale: 50 μm. (F) Scheme for our dextran permeability assay. (G) Compared to 

EBM-2 (basal medium), EPC-derived pellet significantly improved endothelial tightness in 

the dextran permeability assay during serum starvation (n=4). *P<0.05 vs. EBM-2. (H) 

Liposomal ATP did not improve endothelial permeability during serum starvation (n=3). 

Note: Centrifugation cannot perfectly separate these mixed and overlapping populations of 

EPC components. Please see Suppl Fig 2A for Venn diagram schematic that summarizes the 

conceptual distribution of EPC-CM components isolated in this experiment.
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Figure 4. EPC-derived particles restored brain endothelial energetics and integrity after oxygen-
glucose deprivation (OGD)
(A) Scheme of the experimental design. Human brain endothelial cells subjected to OGD for 

3 hours were co-incubated with EPC-derived particles for 18 hours. (B) Western blot 

confirmed that particles increased mitochondrial protein TOM40 in brain endothelial cells. 

(C) MtDNA content was analyzed by Real-time PCR. MtDNA in brain endothelial cells was 

significantly decreased after OGD, but EPC-derived particles restored mtDNA content 

(n=3). **P<0.01 vs. control mtDNA. (D) Intracellular ATP was also restored by the 

treatment with EPC-derived particles (n=3). *P<0.05. (E) Endothelial permeability assay 

demonstrated that EPC-derived particles restored endothelial tightness after OGD (n=4). 

**P<0.01. (F) PicoGreen staining (3 μL/mL) successfully labeled mtDNA in EPCs. Scale: 

10 μm. (G) FACS was performed to isolate PicoGreen-positive extracellular mitochondria in 

pellets collected from EPC-CM. (H) Particles (5×105 per well) restored endothelial tightness 

and cell viability after OGD/reoxygenation (n=4). *P<0.05, **P<0.01. Note: Please see 

Suppl Fig 2B-C for Venn diagram schematic that summarizes the conceptual distribution of 

EPC-CM components isolated in this experiment.
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