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Aging, chronic inflammation, and platelet hyperactivity
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Platelets are small anucleate cells in blood, which play key
roles in hemostasis and thrombosis (1). After red blood
cells, platelets are the most abundant cells in circulation.
Although the prevailing view is that platelets are produced
from the megakaryocytes in the bone marrow, a recent
study has shown that they can also be produced from
megakaryocytes in the lungs (2). Megakaryopoiesis and
platelet generation involve a series of well-orchestrated
cellular processes including commitment of hematopoietic
stem cells, differentiation and proliferation of
megakaryocytic progenitors, and maturation and shedding
of megakaryocytes to produce functional platelets (3).
Several cytokines and growth factors in the bone marrow
such as thrombopoietin, interleukin-1 (IL-1), IL-6, and
IL-11 have been reported to contribute to these processes,
which can be further regulated by the fluctuations of
cytokines and growth factors during aging or pathological
states (1,3). Interestingly, although platelets lack a nucleus,
they are prepackaged with the residual RNA, organelles
and transcriptional machinery that make them capable of
de novo synthesis in response to environmental stimuli (4,5).
In addition to their roles in hemostasis and thrombosis,
mounting evidence reveals that platelets are versatile cells
and are significantly involved in numerous physiological and
pathological pathways, such as inflammation and immune
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responses, angiogenesis, atherosclerosis, lymphatic vessel
development, liver regeneration, and tumor metastasis (1).
Platelet disorders are therefore associated with many human
diseases, such as cardiovascular diseases, cancer, renal
diseases, and microorganism infections (6-8).
In the article published in Blood (9), Davizon-Castillo
et al. elegantly demonstrated that age-related proinflammatory cytokine tumor necrosis factor alpha (TNF-α)
drives megakaryocyte metabolic reprogramming, platelet
mitochondrial dysfunction and platelet hyperreactivity.
There is a long-standing link between aging, chronic
inflammation and platelet activity. However, no causal
evidence exists to directly link age-related TNF-α
upregulation to platelet hyperreactivity. DavizonCastillo et al. showed that washed platelets from old mice
exhibited increased activation of platelet integrin αIIbβ3,
phosphatidylserine exposure, platelet aggregation and
enhanced thrombus formation under flow conditions.
Remarkably, exogenous administration of TNF-α to young
mice recapitulated the aged megakaryocyte and platelet
phenotype. TNF-α blockade with a monoclonal anti-TNF-α
antibody in older mice reversed platelet hyperreactivity,
thrombosis, and mitochondrial changes. Additionally, they
used TNFΔARE mice, which have chronically elevated levels
of TNF-α, and mice lacking functional TNF receptors (p55/
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p75 KO mice) to further demonstrate their observations.
These results establish the causative link between increased
systemic levels of TNF-α and platelet hyperreactivity in old
mice. The discovery is further supported by the observation
of increased mitochondrial mass in human patients with
myeloproliferative neoplasms, which is associated with
higher TNF-α levels and platelet hyperreactivity. The
authors observed an alteration of inflammatory signaling
pathways, including TNF-α, IL-1ß and IL-6, in aged mice
determined by single cell RNA-sequencing of primary bone
megakaryocytes. Interestingly, exogenous administration of
IL-1ß did not promote platelet hyperreactivity. As previous
evidence has shown that IL-6 can regulate megakaryocyte
formation, platelet generation, platelet function, and IL-6
and TNF-α overlap in downstream transcriptional response,
it is worthwhile to further characterize the role of IL-6 in
this process (10). In addition, as both TNF-α and IFN-γ
are cytokines in Th-1 like immune response, it would be
also interesting to examine whether IFN-γ blockage has the
similar effect as the anti-TNF-α antibody.
Platelet activation is an energy-dependent process, but
the type and integrated use of metabolic fuels required
to participate are still poorly understood. Previously,
it has been reported that activated platelets shift to a
predominantly glycolytic phenotype coupled with a
minor rise in mitochondria oxygen consumption (11).
Other groups have further found that platelets switch to
aerobic glycolysis and accelerate flux through the pentosephosphate pathway (PPP) during activation (12). In this
paper, Davizon-Castillo et al. used liquid chromatography
mass spectrometry-based metabolomics to study the
systemic metabolic profiles in platelets from young and old
mice. Interestingly, they found that platelets from old mice
had depressed late-stage glycolytic metabolites pyruvate and
lactate. Meanwhile they also revealed that platelets from
old mice have a higher ATP-linked respiration capacity
after activation, and elevated PPP intermediaries 6PGL,
6PG and E4P. However, this distinctive metabolic profile
has only been observed in aged mice; the same experiment
in TNF-α treated mice has not been performed, making it
unclear whether the metabolic reprogramming is caused
by TNF-α, other age-related factors, or both. Moreover,
the authors interpreted the elevation of the PPP as a
compensatory response to oxidative stress or accelerated
cellular proliferation. In most cells, the PPP is the major
source of NADPH production, which is essential for
scavenging reactive oxygen species (ROS). In immune cells,
NADPH from the PPP is used as a substrate for the enzyme
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NADPH oxidase (NOX) to generate ROS. Platelets,
which are now emerging in recognition as immune cells,
have also been reported to express NOX (13). NOXgenerated ROS has been shown to regulate αIIbβ3-integrin
activation (14) and contributes to platelet activation in
aging (15). Based on the observed elevation of PPP and the
contradicting role of PPP-NADPH-ROS axis in platelets
compared to other cells, it is worthwhile to check levels of
NADPH and ROS in aged and TNF-α treated mice, and
explore the possibility of ROS serving as a missing link
between metabolism reprogramming and hyperreactivity.
In addition to serving as an energy and metabolite provider,
mitochondria contribute to platelet activation by other
functions such as mitochondrial permeability transition,
collapse of mitochondrial membrane potential (1Ψ m), Ca2+
homeostasis and apoptosis (16). Whether these functions
are affected during aging remains to be further elucidated.
Platelet hyperreactivity has been associated with many
diseases such as cardiovascular diseases, cancer, sickle cell
disease, inflammatory bowel disease, sepsis, rheumatoid
arthritis, myeloproliferative disease, Alzheimer’s disease and
diabetes (1,7,17-19), however, the exact mechanisms are
still not very clear. Whether the same pathway discovered
by Davizon-Castillo et al. contributes to these disease
processes requires further study. Deemed inflammatory
cells decades ago, platelets store and release a substantial
repertoire of inflammatory mediators upon activation that
attract key immune cells, enhancing inflammation (20).
Thus, platelets are a pivotal player in the pathogenesis of
multiple inflammatory diseases. As chronic inflammation
induces platelet hyperreactivity, platelets may in turn
accelerate inflammation, making platelets a promising
target to manipulate the inflammatory response in
diseases. Notably, COVID-19, an infectious disease
caused by severe acute respiratory syndrome coronavirus
2 (SARS-COV-2) that has spread to all 7 continents
with over 200 countries and territories, is also associated
with a high inflammatory burden and cytokine storm.
Researchers found that TNF-α, IL-6, IL-10 and IL2R are closely related to severity of COVID-19 (21).
Disseminated intravascular coagulation (DIC) as well
as micro-thrombosis were also common in COVID-19
related deaths (22). As reported, old age is one of the
predisposing conditions for COVID-19 pneumonia (21).
It is possible that platelet hyperreactivity contributes to
DIC and higher COVID-19 incidence/severity in senior
patients.
Platelet transfusion is a common therapy for bleeding
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in hematology/oncology patients, post-cardiac surgery
patients, trauma patients with acute hemorrhages and
patients with thrombocytopenia and/or functionally
abnormal platelets. Platelets have a short shelf life of up to
5–7 days. Over time in storage biochemical and functional
changes occur in the platelets and therefore their storage
medium (23). These changes, well-characterized as platelet
storage lesions (PSL), include acidification of the storage
medium and platelet activation among others (24). A recent
study found that platelets from young donors exhibited
better storage performances than those from older donors.
Mitochondria functions were also found to be associated
with PSL and post transfusion performances (25).
Therefore, the discovery by Davizon-Castillo et al. that
platelets from older individuals had increased mitochondria
mass and metabolic reprogramming may partially help to
explain the donor-to-donor variations in platelet transfusion
efficacy and safety. As the authors have mentioned, the
hyperreactive platelets with increased mitochondria mass
have the potential of exacerbating inflammatory response
by releasing higher amounts of mitochondrial DNA and
other inflammatory mitochondrial components. Whether
this will aggravate transfusion-related adverse events such
as transfusion-associated sepsis and organ failure in patients
who already have severe systemic inflammatory response;
and on the other side, whether these hyperreactive platelets
have higher efficacy in controlling bleeding, particularly for
treatment of polytraumatic patients and those with massive
bleeding, are worth further studies.
Acknowledgments
Funding: This work was supported in part by a grant-in-aid
from the Heart and Stroke Foundation of Canada (Ontario);
Canadian Institutes of Health Research (CIHR: MOP
119540, MOP 97918, MOP 68986 and MOP 119551),
Canadian Institutes of Health Research Foundation grant
(389035) and CIHR-Canadian Blood Services Partnership.
ZYC and DK are recipients of the Fellowship from
Department of Laboratory Medicine and Pathobiology, the
University of Toronto.

Page 3 of 4

from Canadian Institutes of Health Research, grants from
Canadian Institutes of Health Research Foundation grant,
grants from CIHR-Canadian Blood Services Partnership,
other from University of Toronto, during the conduct
of the study; WM reports grants from Heart and Stroke
Foundation of Canada, grants from Canadian Institutes
of Health Research (CIHR), grants from Canadian
Blood Services Centre for Innovation, other from CCOA
Therapeutics Inc., during the conduct of the study; grants
and personal fees from CCOA Therapeutics Inc., outside
the submitted work; HN reports grants from Heart and
Stroke Foundation of Canada, grants from Canadian
Institutes of Health Research (CIHR), grants from
Canadian Blood Services Centre for Innovation, other from
CCOA Therapeutics Inc., during the conduct of the study;
grants and personal fees from CCOA Therapeutics Inc.,
outside the submitted work; In addition, HN has a patent
Anti-platelet integrin GPIIbIIIa monoclonal antibodies
issued to CCOA Therapeutics Inc., and a patent Antiplatelet GPIbalpha monoclonal antibodies issued to CCOA
Therapeutics Inc.. HN serves as an unpaid editorial board
member of The Annals of Blood from June 2018 to June 2020.
Ethical Statement: The authors are accountable for all
aspects of the work in ensuring that questions related
to the accuracy or integrity of any part of the work are
appropriately investigated and resolved.
Open Access Statement: This is an Open Access article
distributed in accordance with the Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International
License (CC BY-NC-ND 4.0), which permits the noncommercial replication and distribution of the article with
the strict proviso that no changes or edits are made and the
original work is properly cited (including links to both the
formal publication through the relevant DOI and the license).
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.
References
1.

Footnote
Conflicts of Interest: All authors have completed the ICMJE
uniform disclosure form (available at http://dx.doi.
org/10.21037/aob-20-32). ZYC and DK report grants
from Heart and Stroke Foundation of Canada, grants

© Annals of Blood. All rights reserved.

2.

3.

Xu XR, Zhang D, Oswald BE, et al. Platelets are versatile
cells: New discoveries in hemostasis, thrombosis, immune
responses, tumor metastasis and beyond. Crit Rev Clin
Lab Sci 2016;53:409-30.
Lefrançais E, Ortiz-Munoz G, Caudrillier A, et al. The
lung is a site of platelet biogenesis and a reservoir for
haematopoietic progenitors. Nature 2017;544:105-9.
Couldwell G, Machlus KR. Modulation of

Ann Blood 2020;5:18 | http://dx.doi.org/10.21037/aob-20-32

Page 4 of 4

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

megakaryopoiesis and platelet production during
inflammation. Thromb Res 2019;179:114-20.
Rondina MT, Weyrich AS. Regulation of the genetic
code in megakaryocytes and platelets. J Thromb Haemost
2015;13 Suppl 1:S26-32.
Yang H, Lang S, Zhai Z, et al. Fibrinogen is required
for maintenance of platelet intracellular and cell-surface
P-selectin expression. Blood 2009;114:425-36.
Chen ZY, Oswald BE, Sullivan JA, et al. Platelet
physiology and immunology: pathogenesis and treatment
of classical and non-classical fetal and neonatal alloimmune
thrombocytopenia. Annals of Blood 2019;4:29.
Xu XR, Yousef GM, Ni H. Cancer and platelet crosstalk:
opportunities and challenges for aspirin and other
antiplatelet agents. Blood 2018;131:1777-89.
Koupenova M, Corkrey HA, Vitseva O, et al. The role
of platelets in mediating a response to human influenza
infection. Nat Commun 2019;10:1780.
Davizon-Castillo P, McMahon B, Aguila S, et al. TNFalpha-driven inflammation and mitochondrial dysfunction
define the platelet hyperreactivity of aging. Blood
2019;134:727-40.
Williams N, Bertoncello I, Jackson H, et al. The role of
interleukin 6 in megakaryocyte formation, megakaryocyte
development and platelet production. Ciba Found Symp
1992;167:160-70; discussion 170-3.
Aibibula M, Naseem KM, Sturmey RG. Glucose
metabolism and metabolic flexibility in blood platelets. J
Thromb Haemost 2018;16:2300-14.
Kulkarni PP, Tiwari A, Singh N, et al. Aerobic glycolysis
fuels platelet activation: small-molecule modulators
of platelet metabolism as anti-thrombotic agents.
Haematologica 2019;104:806-18.
Seno T, Inoue N, Gao D, et al. Involvement of NADH/
NADPH oxidase in human platelet ROS production.
Thromb Res 2001;103:399-409.
Begonja AJ, Gambaryan S, Geiger J, et al. Platelet
NAD(P)H-oxidase-generated ROS production regulates
alphaIIbbeta3-integrin activation independent of the NO/

Annals of Blood, 2020

cGMP pathway. Blood 2005;106:2757-60.
15. Fuentes E, Palomo I. Role of oxidative stress on platelet
hyperreactivity during aging. Life Sci 2016;148:17-23.
16. Jobe SM, Wilson KM, Leo L, et al. Critical role for
the mitochondrial permeability transition pore and
cyclophilin D in platelet activation and thrombosis. Blood
2008;111:1257-65.
17. Casoli T, Di Stefano G, Balietti M, et al. Peripheral
inflammatory biomarkers of Alzheimer's disease: the role
of platelets. Biogerontology 2010;11:627-33.
18. Cameron-Vendrig A, Reheman A, Siraj MA, et al.
Glucagon-Like Peptide 1 Receptor Activation Attenuates
Platelet Aggregation and Thrombosis. Diabetes
2016;65:1714-23.
19. Murphy AJ, Bijl N, Yvan-Charvet L, et al. Cholesterol
efflux in megakaryocyte progenitors suppresses platelet
production and thrombocytosis. Nat Med 2013;19:586-94.
20. Wagner DD, Burger PC. Platelets in inflammation
and thrombosis. Arterioscler Thromb Vasc Biol
2003;23:2131-7.
21. Gong J, Dong H, Xia SQ, et al. Correlation Analysis
Between Disease Severity and Inflammation-related
Parameters in Patients with COVID-19 Pneumonia.
medRxiv 2020:2020.02.25.20025643.
22. Tang N, Li D, Wang X, et al. Abnormal coagulation
parameters are associated with poor prognosis in patients
with novel coronavirus pneumonia. J Thromb Haemost
2020. Available online: https://doi.org/10.1111/jth.14768
23. Stack G, Snyder EL. Cytokine generation in stored
platelet concentrates. Transfusion 1994;34:20-5.
24. Thon JN, Schubert P, Devine DV. Platelet storage lesion: a
new understanding from a proteomic perspective. Transfus
Med Rev 2008;22:268-79.
25. Bontekoe IJ, van der Meer PF, Verhoeven AJ, et al.
Platelet storage properties are associated with donor
age: in vitro quality of platelets from young donors and
older donors with and without Type 2 diabetes. Vox Sang
2019;114:129-36.

doi: 10.21037/aob-20-32
Cite this article as: Ma W, Karakas D, Chen ZY, Ni H. Aging,
chronic inflammation, and platelet hyperactivity. Ann Blood
2020;5:18.

© Annals of Blood. All rights reserved.

Ann Blood 2020;5:18 | http://dx.doi.org/10.21037/aob-20-32

