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Mitochondria shape
neutrophils during hypoxia
Mariana J. Kaplan | National Institute of Arthritis and Musculoskeletal and
Skin Diseases

In this issue of Blood, Willson et al describe a new mechanism by which neu-
trophils adapt to conditions of low oxygen and prolong their lifespan. These
findings have important implications for a variety of acute and chronic inflam-
matory conditions.1

Cells require adenosine triphosphate
(ATP) synthesis to support crucial biologic
functions during homeostasis and disease.
This process becomes impaired during
hypoxia.2 Hypoxia is a major stressor
involved in various pathologic states,
including microbial infections, acute and
chronic inflammatory conditions, cancer,
trauma, and cardiovascular diseases.
Because adapting to hypoxia is key to sur-
vival, key adjustments in biologic mecha-
nisms have evolved in mammals. Indeed,
oxygen levels in tissue or in nutrient avail-
ability are important triggers of metabolic

reprogramming. Neutrophils, the first res-
ponders against infections and other
external insults, must rapidly adapt meta-
bolically to low oxygen levels in tissues to
perform their antimicrobial functions.Neu-
trophils themselves also contribute to
decreased oxygen availability at inflamed
sites through the generation of reactive
oxygen species (ROS). Conventionally,
mature neutrophils were considered to
have lower mitochondrial mass, and mito-
chondria were not thought to play major
roles in ATP generation in these cells,3

although they did regulate apoptosis3 and

neutrophil extracellular trap formation.4

The exact mechanisms by which neutro-
phils adapt to hypoxia to be able to sur-
vive and perform their host defense
mechanisms remain incompletely charac-
terized. Willson et al have identified a new
role for the mitochondria and the respira-
tory chain in neutrophil biologyby identify-
ing that mitochondrial ROS (mROS)
formation stabilizes hypoxia inducible
factor 1a (HIF-1a), a crucial transcriptional
regulator that promotes oxygen delivery
to hypoxic regions, and that this process
relies on the glycerol-3-phosphate (G-3-P)
shuttle pathway.

Glucose is a major source of ATP pro-
duction through glycolysis and the tricar-
boxylic acid (TCA) cycle. During
glycolysis, glucose is converted into pyru-
vate, and phosphates are transferred to
adenosine 59-diphosphate to generate
ATP. Pyruvate can also be converted into
acetyl-coenzyme A, which enters the
TCA cycle. The TCA cycle produces
byproducts that fuel oxidative phosphor-
ylation (OXPHOS) in the mitochondria to
produce ATP.2 In addition, the G-3-P
shuttle is a pathway that, in certain cells,
translocates electrons produced during
glycolysis across the inner membrane of
mitochondria for OXPHOS, by oxidizing
cytoplasmic reduced NAD to NAD1.5

Hypoxia is an important driver of glycoly-
sis, given the limited amount of OXPHOS
that is available with low oxygen levels.
As glucose becomes crucial in the bioen-
ergetic process during hypoxia, HIF-1
plays a fundamental role, because it
induces the expression of glycolytic
enzymes that can sustain ATP synthesis
under these stress conditions. Indeed,
HIF-1 is a crucial transcriptional regulator
of inflammatory responses, and its signal-
ing is regulated through the stability of
its a subunit. In various cell types, hyp-
oxia can increase mROS, which further
affects HIF-1a stability, making the main-
tenance of mitochondrial membrane
potential important in oxygen sensing.2

Stabilization of this molecule has been
shown to be important in myeloid func-
tion and survival in inflamed tissues
exposed to hypoxia.6 Whereas HIF-1a is
crucial in establishing proinflammatory
effects of hypoxia, dysregulation in its
expression can be linked to chronic
inflammatory conditions. HIF-1a is
expressed in neutrophils, where it may
modulate inflammatory responses and
environmental adaptation to respond to
changes in energy requirements in the
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Glucose uptake

GPD shuttle flux

mROS uptake

HIF-1 stabilization
and cell survivalHypoxic

neutrophil
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Mitochondria play important role in modulating metabolic responses of neutrophils during hypoxia. During
hypoxic conditions, neutrophils synthesize enhanced mROS formation, which stabilizes HIF-1a, a transcrip-
tional regulator that promotes oxygen delivery to hypoxic regions. This process relies on the G-3-P shuttle
pathway. Modulation of glycolysis leading to increased flux through the G-3-P shuttle promotes enhanced
mitochondrial membrane potential and mROS release during hypoxia. GPD2, the mitochondrial component
of the G-3-P shuttle, is involved in promoting mROS synthesis, HIF-1a stabilization, and neutrophil survival
during hypoxia. Professional illustration by Patrick Lane, ScEYEnce Studios.
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context of tissue damage and hypoxia.7

Furthermore, hypoxia seems to have a
dual role in neutrophils, because there is
evidence that it can be anti-inflammatory
in some chronic inflammatory condi-
tions.8 It was previously shown that
mROS release can stabilize HIF-1a in
other cell types; however, it was unclear
how this process is operational in neutro-
phils. Given that mitochondrial electron
transport complexes have limited expres-
sion in neutrophils, it has been proposed
that other pathways of mROS generation
may be functional in these cells. Previ-
ously, an operational role for the G-3-P
shuttle was described in neutrophils,9

similar to lymphocytes, where this shuttle
links glycolysis and mitochondrial ROS
synthesis.

Building on this previous work, Willson et
al tested whether neutrophils would be
able to stabilize HIF-1a through mROS
release by using the G-3-P shuttle, and
whether this pathway would link neutro-
phil glycolysis and HIF stabilization under
conditions of hypoxia. They found that
exposure of neutrophils to hypoxic in
vitro conditions led to enhanced mROS
synthesis, but not other sources of ROS.
This phenomenon was associated with
enhanced neutrophil survival through
decreased apoptosis. Using inhibitors of
mROS synthesis and of the electron
transport chain, the authors found that
these pathways were instrumental in sta-
bilizing HIF-1a expression in response to
hypoxia. Furthermore, G-3P dehydroge-
nase 2 (GPD2), the mitochondrial compo-
nent of the G-3-P shuttle, was shown to
be the molecule by which neutrophils
produce mROS, stabilize HIF-1a, and
promote neutrophil survival and other
key effector functions under conditions
of hypoxia. Furthermore, the authors
found that modulation of glycolysis

leading to increased flux through the
G-3-P shuttle promotes enhanced mito-
chondrial membrane potential and
mROS release during hypoxia.

Overall, the results from this study high-
light a pathway promoting HIF-1 stabili-
zation in neutrophils and improved cell
survival during hypoxic conditions (see
figure). This has implications for many
diseases where low oxygen levels are
prevalent, including pulmonary complica-
tions of SARS-CoV-2, where neutrophils
are prominent pathogenic players in the
lung tissue.10 Given the link between
mROS and neutrophil extracellular traps
(NETs)4 it will be interesting to evaluate
how enhancement in mROS during hyp-
oxia may modulate neutrophil functions
beyond effects on apoptosis. The study
has some limitations, including the use of
cell lines (given how difficult it is to genet-
ically manipulate primary neutrophils) and
the lack of in vivo data that can support
both the in vitro findings and the poten-
tial pharmacologic approaches that could
be considered to modulate immunome-
tabolism. Nevertheless, the results of the
study expand our knowledge on the
modulation of metabolic pathways in
myeloid cells in conditions of low oxygen
and have implications not only for acute
infections, but also in chronic inflamma-
tory conditions, such as rheumatoid arthri-
tis and inflammatory bowel disease,
where dysregulation of inflammatory and
hypoxia response pathways may play
important pathogenic roles.
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