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Improving Mitochondrial Function in Viral Infection:
Targeting Cellular Metabolism

Host-mediated immunopathology is a common feature of respiratory
viral pathogens, including influenza and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). For this reason, targeting of
immune dysregulation that mediates lung injury is an attractive
proposition that could be leveraged to generate therapeutics for broad
classes of lung pathogens. In recent years, an increasing focus on
structural and immune cell metabolism has revealed interesting
findings regarding the balance between glycolysis and oxidative
phosphorylation (OXPHOS) as the primary mechanism for ATP
generation. Several studies, initially in macrophages, have implicated
the transcription factor hypoxia-inducible factor (HIF)-1a in
mediating the shift toward glycolysis during infection (1). This
phenomenon, originally described in cancer cells and often referred
to as the “Warburg effect,” describes the shift to glycolysis as the
source of ATP in cells under stress.

Recent studies have shown that infection of macrophages or
lung epithelial cells with influenza, SARS-CoV-2, or respiratory
syncytial virus results in increased glycolysis and stabilization of HIF-
1a, which forms a reinforcing feedback loop (2–6). Recruited and
resident lung macrophages differ with respect to the extent of HIF-1a
effects, with infiltrating macrophages exhibiting greater glycolysis and
inflammatory cytokine production after influenza infection (7).
Interestingly, in lung epithelial cells, inhibiting HIF-1a was shown
in vitro to limit viral replication (4, 5, 8). Conversely, lung
epithelium–specific deletion of HIF-1a resulted in an increase viral
burden, inflammation, and mortality in the influenza model (9).
These studies are complemented by work done by Nolan and
colleagues (10). They demonstrated that inhibiting glycolysis with 2-
deoxy-D-glucose in mice infected with influenza worsened hypoxia
and inflammation (10). These changes were seen in the absence of an
effect on viral load, suggesting that alterations in cellular metabolism
significantly impact disease outcome independently of antiviral
immunity.

Alveolar type II cells are critical to the production of surfactant
in the lung and are highly metabolically active. Woods and colleagues
showed that influenza infection decreases the production of the major
components of lung surfactant, including phosphatidylcholine and its
precursor cytidine 59-diphosphocholine (CDP-choline) (11). This
finding implicated changes in lipid biosynthesis within alveolar type
II cells in the pathogenesis of influenza infection. They later
demonstrated that treatment of influenza-infected mice with CDP-
choline resulted in decreased airway resistance and inflammation and
increased oxygenation (12). A single dose 5 days after influenza
infection was shown to have efficacy in mitigating reductions in lung
function. These findings revealed the exciting potential for targeting
alveolar type II cell metabolism and raised further questions
regarding lipid biosynthesis and cell metabolism in the context of
influenza infection.

In this issue of the Journal, Doolittle and colleagues
(pp. 682–693) report on their exploration of the impact of
CDP-choline treatment on mitochondrial function within alveolar
type II cells using the influenza mouse model (13). Functional
mitochondria are required for normal OXPHOS. CDP-choline serves
as a precursor for phosphatidylcholine synthesis, a major component
of the mitochondrial phospholipid bilayer and an acyl donor for
cardiolipin, another mitochondrial phospholipid that is essential for
cristae formation and maintenance of normal OXPHOS (14).
Doolittle and colleagues show that glucose uptake was significantly
increased in the lungs of influenza-infected mice. However, glucose
uptake was not affected by CDP-choline treatment, suggesting that
CDP-choline does not alter lung-specific increased rates of glycolysis.
Next, they determined if OXPHOS is impaired in mitochondria
isolated from infected alveolar type II cells. They found that influenza
infection decreased basal oxygen consumption rate, which coincided
with reduced ATP synthesis. Daily CDP-choline treatment restored
basal oxygen consumption rate and ATP synthesis in alveolar type II
cells from influenza-infected mice, indicating that CDP-choline
treatment corrected impaired OXPHOS. Lactate is an acidic
by-product of glycolysis, and its accumulation can be used as a proxy
for glycolytic rate. Influenza infection caused an increase in the
extracellular acidification rate, which coincided with increased lactate
concentrations in the BAL fluid, regardless of CDP-choline
treatment.

Doolittle and colleagues then looked more closely at the source
of ATP production in alveolar type II cells. They found that influenza
infection decreased ATP production by OXPHOS and increased ATP
production by glycolysis. CDP-choline treatment restored ATP
production by OXPHOS to mock-infected control levels, but it also
exhibited high degrees of ATP production due to glycolysis, leading
to higher total ATP concentrations. Together, these data indicate that
CDP-choline treatment was able to restore OXPHOS to preinfection
levels but did not block the glycolytic shift in alveolar type II cells.
Mitochondria must maintain membrane potential to preserve
OXPHOS capacity. Mitochondrial membrane potential was shown to
be lower in alveolar type II cells from influenza-infected mice. Daily
CDP-choline treatment prevented mitochondrial depolarization,
likely contributing to CDP-choline’s positive impact on OXPHOS.
Electron leakage from complexes 1 and 2 of the electron transport
chain can generate mitochondrial reactive oxygen species (mtROS),
and Doolittle and colleagues found higher amounts of mtROS in
alveolar type II cells from influenza-infected mice. CDP-choline
treatment did not affect mtROS generation, indicating that increases
in ROS are likely not caused by dysfunctional mitochondria. Alveolar
type II cells from influenza-infected mice had a high number of
structurally abnormal mitochondria with low surface area, which is
suggestive of fragmentation. CDP-choline treatment restored
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mitochondrial mass and partially restored mitochondrial
morphology. Together, these data suggest that CDP-choline
treatment is acting directly on alveolar type II mitochondria to restore
their structure and function back to homeostatic levels.

Finally, Doolittle and colleagues examined the effect of CDP-
choline on alveolar type II cell cardiolipin concentrations during
influenza infection. They found that cardiolipin was decreased in
alveolar type II cells from influenza-infected mice. The restoration of
OXPHOS and mitochondrial membrane potential in alveolar type II
cells in CDP-choline–treated mice was attributed to their ability to
preserve cardiolipin concentrations, which help stabilize electron
transport chain super complex assembly and cristae morphology. This
mechanism potentially explains why CDP-choline treatment restored
mitochondrial metabolism but did not affect glycolytic shift (Figure 1).

These findings bridge the gap between alveolar type II cell
metabolism and lung function during influenza infection in mice.
CDP-choline may be an attractive therapeutic that can preserve
mitochondrial function and OXPHOS without altering the glycolytic
shift during infection. This is an important aspect because inhibiting
glycolysis in vivowas shown to be detrimental in influenza infection
(9, 10). CDP-choline is a common dietary supplement available in
many countries worldwide. Neurologic effects of repeated use of
CDP-choline have been studied with unclear benefit or detriment;
however, the use of CDP-choline acutely in infectious disease therapy

is largely unstudied. Recently, CDP-choline was discussed as a
potential adjunctive therapy in coronavirus disease (COVID-19)
(15). Promising findings in the mouse model underscore the need
for additional work to define the potential for CDP-choline therapy
in advanced preclinical models of influenza and SARS-CoV-2
infection.�
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Figure 1. The effect of influenza infection on alveolar type II cell metabolism. Influenza infection causes a reduction in cytidine 59-
diphosphocholine (CDP-choline) synthesis, which is a precursor for phosphatidylcholine, a mitochondrial phosphoprotein present in both the
outer mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM), where it acts as an acyl donor for cardiolipin. Cardiolipin is
a mitochondrial phosphoprotein essential for proper cristae formation and stabilization of the electron transport chain super complexes, leading
to maintenance of mitochondrial polarization and oxidative phosphorylation (OXPHOS). Without sufficient CDP-choline synthesis, alveolar type II
cells lose the capacity to produce essential mitochondrial phosphoproteins, leading to mitochondrial depolarization and reduced OXPHOS.
Paired with influenza-induced activation of hypoxia-inducible factor (HIF)-1a, which promotes glycolysis, alveolar type II cells experience a
glycolytic shift 6 days after infection. IAV= influenza A virus.
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