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Platelets are the smallest enucleated cells circulating in blood.1 Their 
primary function is to stop bleeding at the site of vascular injury in 
a process called hemostasis. Platelets are therefore considered to 
be acute-phase reactants that are rapidly mobilized in response to 
injury. However, platelets have also been increasingly recognized 
for their participation in processes beyond bleeding arrest, such 
as inflammation, immune response, angiogenesis, and wound heal-
ing.2–5 These diverse activities require not only adhesion receptors 
on platelets, but also molecules released from platelet storage gran-
ules and extracellular vesicles (EVs) shed from activated platelets. 
Wound healing exemplifies synergistic actions among these platelet 
activities, from initiating hemostasis and inflammatory and immune 
reaction at the site of injury during the acute phase to promot-
ing angiogenesis and tissue regeneration during the repair phase. 
Growth factors and angiogenic molecules released from activated 
platelets are most commonly studied for roles of platelets in tissue 
repairs. For example, these factors have been studied in the context 
of platelet-mediated improvement of the viability of mesenchymal 
stem cells (MSCs).6

In the February issue of Cell Metabolism, Levoux et al.7 reported 
that platelets can also promote wound healing by donating metabol-
ically competent mitochondria to MSCs to enhance their angiogenic 
activity and thus promote tissue repair. In mouse models, the authors 
showed that activated platelets release mitochondria that are taken 
up by MSCs through dynamin-dependent, clathrin-mediated endo-
cytosis. These platelet-derived respiratory-competent mitochondria 
change the metabolic dynamics of recipient MSCs to increase de 

novo fatty acid synthesis. It has been previously shown that de novo 
fatty acid synthesis stimulates proliferation and angiogenesis of en-
dothelial cells and cancer stem cells. The study by Levoux et al. now 
documents that de novo fatty acid synthesis in MSCs is enhanced 
by metabolically competent mitochondria released from activated 
platelets to fuel the pro-angiogenic activity of these stem cells. 
While platelets have been extensively shown to promote wound 
healing, especially in the form of platelet-rich plasma (PRP), this 
study demonstrates a novel mechanism by which platelets modulate 
MSCs to enhance their capability of promoting wound healing. This 
study is important in several respects.

First, the authors reported that platelets activated by calcium 
overload release respiratory-competent mitochondria into the ex-
tracellular space.7 These extracellular mitochondria are released 
as either free organelles or embedded in the plasma membrane, 
consistent with a previous report.8 The authors did not provide 
details regarding how mitochondria are released from activated 
platelets, raising several important questions: (1) Do platelets re-
lease mitochondria through exocytosis or by self-disruption? The 
former is a regulated process that requires fusion between mito-
chondria and the plasma membrane of host cells. If this is the case, 
it will be interesting to study the underlying pathway of mitochon-
drial exocytosis of platelets as well as other cells. The latter is a 
passive process that occurs during tissue injury or after apoptosis. 
We have shown that traumatically injured brain cells release met-
abolically competent mitochondria into circulation,9 likely through 
this passive process. Platelet activation has been considered by 
some as the process of apoptosis,10,11 but it is less likely in this 
case because platelets release functional mitochondria, instead 

© 2021 International Society on Thrombosis and Haemostasis

Manuscript handled by: Ton Lisman 

Final decision: Ton Lisman, 10 March 2021  

www.wileyonlinelibrary.com/journal/jth
mailto:﻿
https://orcid.org/0000-0001-6379-4133
mailto:jfdong@BloodWorksNW.org


1604  |    ZHAO et al.

of condensed and damaged mitochondria found during apoptosis. 
Detailed knowledge of how mitochondria are released from acti-
vated platelets is critical to understanding one of the fundamental 
processes of cell--cell communications, even though it may not be 
relevant for studying the efficacy of PRP in improving wound heal-
ing. (2) Is PRP more efficacious for promoting wound healing when 
a platelet agonist is added, as shown in this study? Alternatively, 
platelets may be rapidly activated upon being applied to a wound 
by extracellular matrix proteins (e.g., collagen) exposed at the site 
of injury. (3) Do the mitochondria released from activated platelets 
differ structurally from those inside platelets? The mitochondria 
released from injured brains maintain their metabolic activity, but 
also express the anionic phospholipid cardiolipin on their surface.9 
Cardiolipin is located exclusively in the inner membrane of intra-
cellular mitochondria during homeostasis,12 suggesting structural 
changes of the mitochondrial membrane. A similar structural 
change may also occur to some or all platelet-derived mitochon-
dria. Cardiolipin exposed on these extracellular mitochondria 
could trigger local coagulation to generate fibrin,13 which is also 
known to promote wound healing.

Second, the authors showed that mitochondria are transferred 
to MSCs through dynamin-dependent, clathrin-mediated endocyto-
sis, which is blocked by dynasore.7 Dynamin is a GTPase that belongs 
to a large dynamin superfamily. It dimerizes to regulate the process 
of membrane budding and fission.14 Dynasore inhibits the GTPase 
activity of dynamin to prevent endocytosis.15 Interesting ques-
tions related to this pathway include: (1) whether the mitochondrial 
dynamin-like GTPase (e.g., OPA1) is also involved in the process and 
(2) if there is a loading limitation regarding how many mitochondria 
each MSC can take. In this study, the authors show that MSCs ex-
posed to platelets have more and hyper-fused mitochondria defined 
by transmission electron microscopy,7 suggesting potential integra-
tion or fusion between donor and host mitochondria.

Third, the authors showed that platelet-derived mitochondria 
endocytosed by MSCs remain metabolically active in the host en-
vironment and promote the angiogenic activity of MSCs without 
enhancing the rates of proliferation and differentiation of these 
cells.7 The authors showed that MSCs have an enhanced rate of 
respiration measured by oxygen concentration when they are in-
cubated with respiratory-competent platelets, but not when they 
are incubated with respiratory-suppressed platelets (i.e., rotenone 
and antimycin A treated). Respiratory-competent platelets increase 
citrate-dependent fatty acid synthesis (i.e., the tricarboxylic acid 
cycle). Exogenous citrate restores the pro-angiogenic activity of 
MSCs incubated with respiration-suppressed platelets. In contrast, 
respiratory-suppressed platelets enhance glycolysis, which converts 
glucose to pyruvate enzymatically. Both processes are energy de-
pendent, but they appear to be differentially regulated by platelets 
or platelet-derived mitochondria. These findings should lead to fur-
ther investigation into their underlying mechanisms because fatty 
acids are synthesized from acetyl coenzyme A, which comes from 
carbohydrates via the glycolytic pathway. Nevertheless, this study 
demonstrates that MSCs with adopted mitochondria change their 

rates of fatty acid and sugar metabolism differently. It reveals a new 
link between fatty acid synthesis and angiogenesis, but the molec-
ular mechanism of this link is not discussed. Questions also remain 
regarding: (1) whether MSCs with adopted mitochondria synthesize 
and release more pro-angiogenic factors to promote angiogenic ac-
tivity and (2) how long adopted mitochondria survive in MSCs and 
how these mitochondria avoid the intracellular degradation machin-
eries such as autophagy.

Finally, the results from this study add to a growing body of evi-
dence that mitochondria can be released into the extracellular space 
and transferred between cells,9,16–18 suggesting a common pathway 
of cell-to-cell communication through live mitochondria. This com-
munication can regulate both the physiology and pathophysiology 
of cells, depending on the types of cells and the environment. For 
example, astrocyte-derived mitochondria are transferred to dam-
aged neurons to upregulate pro-survival and anti-apoptotic signals 
through the calcium-dependent CD38 pathway in a mouse model 
of stroke.19 Mitochondria derived from the bone-marrow--derived 
stromal cells are transferred to pulmonary alveoli to alleviate acute 
lung injury.20 In addition to these protective activities, extracellu-
lar mitochondria have also been shown to have detrimental effects. 
For example, brain-derived mitochondria express the anionic phos-
pholipid cardiolipin, which contributes to acute consumptive coag-
ulopathy induced by traumatic brain injury.13 Furthermore, these 
metabolically competent mitochondria are released into the circula-
tion, where they become a major source of oxidative stress. Reactive 
oxygen species produced from mitochondria inside a cell are rapidly 
neutralized in the highly reducing environment of the cytoplasm, but 
those produced from mitochondria circulating in blood may persist 
for a prolonged period of time because blood is only mildly reduc-
ing.21–24 Moreover, cell-free mitochondria bind to cells (platelets, leu-
kocytes, and endothelial cells) to concentrate oxidative stress locally 
or evade the intrinsic antioxidants in blood. We have shown that cell-
free mitochondria bind platelets through the lipid receptor CD36 to 
activate platelets in an oxidative stress-dependent fashion.25 These 
cell-free mitochondria can also serve as the endogenous substrate 
for secreted phospholipase A2 IIA (sPLA2-IIA) to promote inflam-
mation,8 which is a key aspect of wound healing. Platelet-derived 
mitochondria have been reported to serve as endogenous antigens 
that contribute to the pathophysiology of systemic lupus erythema-
tosus.26 In addition, the transfer between cells can serve as a means 
to scavenge mitochondria, as it has been reported that mitochon-
dria released from retinal neurons are endocytosed by astrocytes 
for disposal and recycling.27 Macrophages take up dysfunctional mi-
tochondria ejected from cardiomyocytes during homeostasis of the 
heart.28 These dysfunctional mitochondria are then dismantled and 
recycled through autophagy in macrophages.

1  |  FUTURE PERSPEC TIVES

The findings reported by Levoux et al. offer future perspectives for 
both therapeutics and fundamental cell biology. For therapeutics, 
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platelet products in various forms (e.g., PRP, platelet-fibrin-rich 
plasma) have been extensively demonstrated to improve wound 
healing. Their therapeutic potential is consistent with their bio-
logical activities involving every aspect of tissue injury and repair. 
While studies in the past have been focused mostly on soluble fac-
tors released from platelets, this study shows that mitochondria as 
organelles can promote wound healing by enhancing MSC functions, 
potentially leading to a new path for cell-based therapies with far 
more applications. This mitochondria-based therapy will require 
further investigations to answer fundamental questions. For in-
stance, are platelet-derived mitochondria specifically active in pro-
moting wound healing? If not, can platelets, each of which contains 
four to five mitochondria,8 be replaced by mitochondria-rich cells 
(e.g., leukocytes in the buffy coat) as better donors? Can extracel-
lular mitochondria be produced and stored as adjuvant stem cell--
based treatment for injury and tissue regeneration? If mitochondria 
improve MSCs by enhancing citrate-based fatty acid synthesis, can 
agents directly regulating this pathway be equally effective in en-
hancing MSC function?

The findings described in this report also offer new aspects of 
mitochondrial biology that differ from mitochondrial (dys)function 
within a cell and from molecules released from fragmented mito-
chondria (e.g., mitochondrial damage-associated molecular patterns 
[mDAMPs]). In this regard, there is sufficient evidence to suggest 
that mitochondrial transfer between cells can alter the biological 
activities of both donor and recipient cells. More importantly, re-
sults from this study suggest that mitochondria do not increase the 
energy production of host cells simply by adding more mitochon-
dria, but rather by differentially regulating pathways of fatty acid 
synthesis and carbohydrate metabolism in a respiration-dependent 
manner. It will be important to learn how these pathways are regu-
lated by respiration-competent mitochondria. Another question is 
whether adopted mitochondria are active transiently and degraded 
rapidly or become an integral part of host cells. If the latter is true, 
studying mitochondrial transfer could potentially lead to paradigm-
shifting discoveries.
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