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Editorial on the Research Topic

Mitochondria at the Crossroads of Immunity and Inflammatory Tissue Damage

Once activated, immune cells significantly increase their energy metabolism demand through the
central metabolic pathways of glycolysis and respiration. Different immune cell subsets depend on
distinct energy metabolism pathways. In addition to energy production, upon inflammatory stimuli,
immune cells increase the biosynthesis of membranes and organelles (for phagocytosis and
motility), post-translational and epigenetic modifications (for example, supply of acetate and
lactate for histone modification), free radical production, and the increased production of effector
cytokines and chemokines. Mitochondria are the central organelles of metabolic reactions and
regulation, and the main source of ATP and pathways for biosynthesis of macromolecules. In
addition to being a central metabolism hub, they play a critical part in regulated cell death, reactive
oxygen species signaling, calcium homeostasis and cell differentiation potential. Systemic,
environmental, nutritional, microbiome-related and tissue-derived cues shape mitochondria
through fission/fusion and mitochondrial quality control, which orchestrates how mitochondria
will ultimately function and their energetic and metabolic coupling. A dysfunction in any of these
processes can trigger severe disease, including chronic inflammation and neurodegeneration. Thus,
it is relevant to understand how mitochondria regulation is connected to adaptive metabolism and
functional output in immune and tissue-resident stromal cells in a cytokine-rich inflammatory
milieu, both in physiological and pathological states. In this Research Topic, authors presented new
insights of the involvement between mitochondria, oxidative stress, immune response, neurological
and skeletal joint disease and regulation of circadian clock. Also, novel molecular mechanisms
linking mitochondria to disease, as well as mitochondria-targeted therapies are covered by
the authors.

Paul et al. assessed whether the neutrophil-to-lymphocyte ratio (NRL) is a good biomarker to
assess the immune status of astronauts. They found that astronauts had higher granulocyte-to-
lymphocyte (GLR) and in vivo and in vitro experiments performed in microgravity simulation
revealed that microgravity increased NRL in rodents, as well imbalanced the redox processes and
elevated the myeloperoxidase expression. They showed that antioxidant therapy (N-acetyl cysteine)
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ameliorated these effects. Also, mCAT (mitochondrial catalase)
transgenic mice had reduced oxidative stress response compared
to wild type. To authors, limiting ROS-drive inflammation is
thus important to keep homeostatic immunity during long-term
missions in space.

Wolff et al. explored the link between the circadian clock,
cellular metabolism and the immune metabolic function of
microglia. They reported that stimulation of microglia with
SR9011, agonist of nuclear receptor Rev-erbot (involved in
molecular clock and cell metabolism), disturbed the expression
of metabolic and clock-related genes, decreased phagocytic
activity and impaired mitochondrial respiration and ATP
production. Their study provides new insights in intrinsic
clock and immunometabolism of microglia. In line with this,
Wang et al. also investigated the relationship between circadian
clock and microglial immunometabolism. Their data revealed
dysregulated expression of inflammatory and metabolic
associated genes in the microglia cells of Bmall”~ mice. Bmall
is the core transcript factor that regulates the circadian clock.
Wang et al’s data suggest that Bmall is a key regulator of
microglial immune response and cellular metabolism.

The review of Fairley et al. summarized recent data regarding
mitochondrial regulation of the microglial immunometabolism
in Alzheimer’s disease (AD). They described the coordination of
mitochondria in the microglial innate immunity along with
nutritional, genetic and aging factors of Alzheimer’s disease.
Also, they reviewed how microglial metabolism reprogramming
with exercise, ketone body, mTOR and TSPO targeted-
therapeutics can ameliorate AD. de Oliveira et al. discussed the
importance of mitochondrial dynamics, such as mitophagy, ER-
mitochondria communication and production of reactive oxygen
species during neuroinflammation. They described the
correlation of these mitochondrial dynamics with amelioration
or worsening of central nervous system disease such as
Parkinson’s and Alzheimer’s disease.

Wu et al. investigated the role of mitochondria, NLRP3
inflammasome and mitophagy in chronic intermittent hypoxia
(CHI)-elicited neuroinflammation. Their in vitro and in vivo
data revealed a damaging relationship of NLRP3, Parkin-
dependent mitophagy and hypoxia. Authors suggest that
NRLP3 knockout or pharmacological blockade can be a
therapeutic strategy for CHI-elicited neuroinflammation, such
as obstructive sleep apnea. Bu et al. investigated if dysfunction of
mitophagy is associated with innate antiviral immunity. They
described that Parkin is a negative regulator of innate immunity
by facilitating degradation of RIG-I and MDAS5 through K48-
linked polyubiquitination of RIG-I and MDAG5. Parkin is pointed
by the authors as a potential therapeutic target for the control of
viral infection.

In line with viral infection, Seo et al. indicated that the post-
translational modification O-GlcNAcylation of the mitochondrial
antiviral signaling proteins (MAVYS) is important to regulate the
host defense against RNA viruses. They performed experiments
that revealed a heavily enriched region of O-GlcNAcylated serine
in MAVS and that this modification disrupted MAVS aggregation,
thus preventing MAVS-mediated activation and RLR signaling,

suppressing IRF3 activation and consequently the production of
type I interferon, such as IFN-f3.

Teixeira et al. performed proteomic studies on myocardium
tissue of patients with Chagas disease cardiomyopathy (CCC).
They identified a higher frequency of dysregulated proteins
involved in mitochondrial energy metabolism, cardiac
remodeling and oxidative stress in CCC patients compared to
patients with ischemic (IC) and idiopathic dilated
cardiomyopathy (IDC). This dysregulation affected important
pathways for heart function, such as fatty acid oxidation and
transmembrane potential of mitochondria. Nunes et al. showed
that in vitro stimulation of cardiomyocytes with IFN-y and
TNEF-0. caused increased oxidative and nitrosative stress,
decreased ATP production and dependency of fatty acid
oxidation, recapitulating the pathologic phenotype observed in
the myocardium tissue of CCC patients. In addition, authors
showed that agonists of the mitochondrial protective molecules
AMPK, SIRT1 and NRF2 can ameliorate mitochondrial function
of cytokine-treated cardiomyocytes. These results are relevant for
several cardiac conditions where IFN-y plays a role, like
myocardial aging, myocardial infarction and anthracycline
cancer chemotherapy-associated cardiopathy.

Silwal et al. discussed the double-edged behavior of
mitochondrial superoxide in host defense and inflammation
during infection. They pointed out that despite controlled
mtROS production being essential for an efficient immune
response, uncontrolled production can lead to mitochondrial
damage and disease. They described the host’s mechanisms that
can ameliorate mtROS generation and also how pathogens can
modulate mtROS production for their own benefit. Choudhuri
et al. reviewed how mitochondria health and dysfunction can
influence macrophages immune response. They discussed, for
example, how mitochondrial dynamics and energetics participate
in the macrophage response to pathogens, the metabolic switch
from oxidative phosphorylation to glycolysis, metabolic
regulation and apoptosis. Like previous authors, they suggest
that therapeutic strategies targeting mitochondria might be
useful to control pathogenic effects of intracellular pathogens.

Yi et al. suggested that the key glycolysis enzyme Pyruvate
kinase M2 (PKM2) can be a therapeutic target to treat sepsis and
other inflammatory diseases. They showed that a PKM2 small-
molecule agonist TEPP-46 can enhance macrophage endotoxin
tolerance, increase tolerance to LPS, lethal endotoxemia and
sepsis in mice. Also, TEPP-46 enhanced mitochondrial
biogenesis through the key regulator PGC-1o.

Early et al. reviewed the crosstalk of mitochondria and
skeletal joint diseases, such as rheumatoid arthritis and
osteoarthritis. They described the central involvement of
mitochondria in mechanical tissue damage, fluid-flow in bone
and cartilage cells and hydrostatic pressure.

Finally, Chelombitko et al. reviewed the roles of mitochondria
in the activation of mast cells through FceRI (Fc epsilon RI
receptor). They compiled data reporting that alterations in
mitochondrial membrane potential, calcium influx and reactive
oxygen species have a fundamental role in the FceRI-dependent
mast cells activation. Also, it is discussed that the PDH complex
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and activation of the transcription factors STAT3 and MITF are
direct modulators of the mitochondrial activity of mast cells.
In summary, the articles in this Research Topic provided an
outlook at the intricacies of mitochondrial and metabolic
involvement in key antimicrobial and inflammatory pathways
and diseases and paved the way for mitochondrial processes as
therapeutic targets in infectious and inflammatory diseases.
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Mitochondria are inevitable sources for the generation of mitochondrial reactive oxygen
species (MtROS) due to their fundamental roles in respiration. MtROS were reported to
be bactericidal weapons with an innate effector function during infection. However, the
controlled generation of mtROS is vital for the induction of efficient immune responses
because excessive production of mtROS with mitochondrial damage leads to sustained
inflammation, resulting in pathological outcomes such as sepsis. Here, we discuss
the beneficial and detrimental roles of mtROS in the innate immune system during
bacterial, viral, and fungal infections. Recent evidence suggests that several pathogens
have evolved multiple strategies to modulate mtROS for their own benefit. We are just
beginning to understand the mechanisms by which mtROS generation is regulated
and how mtROS affect protective and pathological responses during infection. Several
agents/small molecules that prevent the uncontrolled production of mtROS are known to
be beneficial in the maintenance of tissue homeostasis during sepsis. mtROS-targeted
approaches need to be incorporated into preventive and therapeutic strategies against
a variety of infections.

Keywords: mitochondrial ROS, infection, inflammation, immunity, host defense

INTRODUCTION

Mitochondria are essential organelles for the generation of reactive oxygen species (ROS) through
respiration and function as a crucial signaling platform for various biological responses, including
metabolism, innate immunity, and inflammation (1). Innate immune cells such as macrophages
and neutrophils produce and employ mitochondrial reactive oxygen species (mtROS) as direct
antimicrobial agents in host defense to combat pathogens (2). Accumulating evidence has revealed
more complex molecular functions of mtROS in the activation of nucleoside oligomerization
domain-, leucine-rich repeat-, and pyrin domain-containing protein 3 (NLRP3) inflammasomes
and the regulation of innate signaling pathways triggered by numerous pattern-recognition
receptor engagement (3, 4). Indeed, mtROS are critically required for innate host defense as
effectors through their toxic action against pathogens. However, uncontrolled regulation of mtROS
may lead to chronic inflammation and pathologies during infection (5, 6).
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In this review, we discuss recent advances in our
understanding of the protective role of mtROS associated with
host-defensive signaling pathways involved in actions against
pathogens during infection. We further highlight how pathogens
evade mtROS-dependent antimicrobial responses or enhance
mtROS-mediated pathological inflammation. In addition, we
review the detrimental functions of mtROS when they are
produced in excess in damaged cells and tissues during infection.
We also introduce the idea that several agents/approaches
evolved to modulate mtROS in the maintenance of tissue
homeostasis in the context of sepsis. An understanding of
the collective actions of mtROS in innate immune functions
represents a new frontier in the development of novel therapeutic
strategies against acute and chronic infections.

Protective Functions of mtROS in the

Activation of the Host Defense

mtROS in Innate Immune Signaling

A decade ago, strong evidence indicated that mtROS provide
antimicrobial responses in the context of innate immunity.
Numerous studies showed that the maximal bactericidal activity
in innate immune cells depended on mtROS generation. Toll-
like receptor (TLR; TLRs 1, 2, and 4) signaling triggers the
recruitment of mitochondria to the phagosomes and augments
mtROS generation to enhance macrophage bactericidal activity
(7). Additional studies showed that the mammalian STE20-like
protein kinase-1/2 (MST1/2) were required for ROS production
through mitochondrial trafficking to the phagosomes, and that
they promoted TLR-mediated assembly of the tumor necrosis
factor receptor-associated factor 6 (TRAF6), an evolutionarily
conserved signaling intermediate in Toll pathway (ECSIT)
complex, thus enhancing antibacterial killing and inflammatory
signaling in macrophages (7-9). Importantly, ECSIT plays a
role in the assembly and activity of respiratory complex-
I of the electron transport chain (ETC) to produce mtROS
in macrophages after TLR4 stimulation (10). In neutrophils,
mtROS mediates the functional responses such as oxidative burst,
degranulation and apoptosis (11), as well as NETosis induced
by Ca?* ionophore where mitochondrial permeability transition
pore (mPTP) is critically involved in mtROS production (12).
These studies suggest the role for mtROS in the regulation of
different aspects of innate immune responses in macrophages
and neutrophils against pathogenic stimuli.

mtROS in Antibacterial and Antiparasitic Defense

Several other studies showed the role of mtROS as the
antimicrobial components in the innate defense against bacterial
infection. Early studies showed that Thl cytokine interferon
(IFN)-y signaling activated transcriptional activation of the
mitochondrial respiratory chain machinery through the nuclear
receptor estrogen-related receptor a (ERRa; NR3B1), which
is required for mtROS generation to promote clearance of
Listeria monocytogenes (13). A more recent study revealed that
ERRa is essentially required for antimicrobial host defense
against Mycobacterium tuberculosis (Mtb) infection through
autophagy activation, although whether mtROS was implicated
in the activation of xenophagy, a selective autophagy-targeting

pathogen (14), was not clarified (15). As mtROS play key roles
in the maintenance of cellular homeostasis, such as autophagy
(16, 17), additional studies are warranted to elucidate the roles
of mtROS in the activation of xenophagy in the context of
the innate immune defense. Although relatively uncharacterized
in the function of mtROS in terms of antiparasitic defense,
mtROS contributed to upregulating the intracellular clearance of
Leishmania donovani, an intracellular parasite (18, 19).

Although there are some debates, the metabolic sensor 5’
AMP-activated protein kinase (AMPK) inhibits the generation of
mtROS, whereas hypoxia-inducible factor (HIF)-1a upregulates
mtROS production. Mutual regulation between AMPK and
HIF-1la is required to maintain mtROS at the optimal
level, thereby promoting the innate defense against several
pathogenic bacteria (20, 21). HIF-la and the mammalian
target of the rapamycin (mTOR) pathway are critical for
driving an immunometabolic signaling toward glycolysis during
infection (22, 23). The mTOR-mediated aerobic glycolysis in
human monocytes (CD14TCD167) results in the accumulation
of ROS and inflammatory signaling to activate monocyte
function (23). However, mTOR inhibition upregulates mtROS
production and NLRP3 inflammasome activation to suppress
the replication of Trypanosoma cruzi in macrophages (24).
More investigation into the paradoxical function of mTOR
signaling is required for a better understanding of its role
in the coordination of immunometabolism and mtROS-related
host defense. Metformin, a widely used antidiabetic drug,
was beneficial in the clearance of Legionella pneumophila
infection through AMPK signaling activation and mtROS
generation (25). Metformin-mediated antibacterial effects were
ameliorated by glutathione treatment, suggesting a protective
role of mtROS in improving antibacterial immunity against
L. pneumophila pneumonia (25). In addition, it should be
noted that ERRa is regulated at the downstream of AMPK to
enhance antimycobacterial immunity and plays a crucial role in
the activation of autophagy (15). Therefore, a delicate control
of immunometabolic shifting between aerobic glycolysis (HIF-
la/mTOR-mediated) and mitochondrial respiration (AMPK
mediated) may affect the innate effector functions, at least partly
through the regulation of mtROS generation.

Moreover, macrophage recognition of live bacteria led to
a transient shift in the mitochondrial respiratory system and
destabilization of the ETC complex I but increased the activity
of complex II, which was essential for the antimicrobial response
(26). During live bacterial sensing in macrophages, nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase-mediated
ROS, in cooperation with mtROS, play essential roles in
the early induction of ETC adaptations (26). In this regard,
mtROS, which are derived from several respiratory complexes
(complexes I, II, and III) (27, 28), may contribute to the different
aspects of antimicrobial and inflammatory function, and further
investigation of their specific roles depending on differential
sources and cell types is warranted.

mtROS in Antiviral Signaling
Early studies highlighted the function of mtROS in the
amplification of mitochondrial antiviral signaling (MAVYS)
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and RIG-I-like receptor (RLR)-mediated antiviral responses
(29). During infection with influenza A virus (IAV), both
mitochondrial and dual oxidase (Doux) 2-generated ROS were
essential for the antiviral host defense in normal human nasal
epithelial (NHNE) cells. Notably, the induction of the IFN-\
gene and protein expression, which was mediated through ROS,
contributed to the suppression of IAV viral titers (30). Another
study showed that mtROS generation was required for IAV-
induced signal transducer and activator of transcription (STAT)
phosphorylation and IFN-stimulated gene expression, which
promoted antiviral responses in NHNE cells (31). Scavenging
mtROS led to the attenuation of innate immune responses to IAV
and increased viral titers in nasal epithelial cells (30, 31). These
findings suggest that mtROS play a crucial role in the induction
of antiviral immune defense against IAV infection.

A recent study identified tetrachlorodibenzo-p-dioxin
(TCDD)-inducible poly(ADP ribose) polymerase (TIPARP),
a zinc finger antiviral protein (ZAP), as a pattern-recognition
receptor for the RNA of Sindbis virus (32), a positive-sense
single-stranded RNA virus belonging to the genus Alphavirus
in the family Togaviridae (33). TIPARP was found to protect
mice against lethal Sindbis virus infection through promotion
of antiviral responses. It was noted that TIPARP redistribution
from the nucleus to the cytoplasm during infection is mediated
through mtROS-dependent oxidization of the nuclear pore and
mitochondrial damage (32). This cytoplasmic accumulation
of TIPARP, which is triggered by mtROS, seems to favor the
persistence of TIPARP localization in the cytosol to mediate
antiviral response in the host cells (32). In addition to TIPARP,
there are several zinc finger domain-containing protein family
members that participate in the inhibition of viral replication,
particularly in HIV-1 and flavivirus infections (34, 35). The
role of mtROS in most zinc finger domain-containing family
members should be characterized in a future study.

mtROS also cooperate with several innate effectors/pathways
in macrophages and/or other immune cells during infection.
mtROS participate in the activation of the NLRP3 inflammasome,
which plays a crucial function in the innate immune defense
against numerous pathogens (3, 4). Indeed, mtROS activation
serves as an important second signal to trigger NLRP3
inflammasome activation, which leads not only to the host
defense against diverse bacterial, viral, and fungal infections
but also to pathophysiological responses when uncontrolled
or dysregulated (3). Elucidating the potential mechanisms of
the coordinated mtROS generation could help develop further
knowledge on host defense through appropriate activation
of NLRP3 inflammasome complex during infections by
various pathogens.

Autophagy, an intracellular homeostatic process during stress
conditions (14), contributes to regulating the production of
mtROS during viral infection. Previous studies showed that
mtROS generation, accompanied by dysfunctional mitochondria,
was upregulated to promote RLR-mediated mitochondrial
antiviral signaling protein (MAVS/IPS-1) signaling and resistance
to vesicular stomatitis virus infection in ATG5-deficient primary
mouse embryonic fibroblasts (MEF) cells and macrophages (29).
During Sendai virus infection, mitochondrial COX5B, the ETS

component of the cytochrome ¢ oxidase complex subunit, can
interact with MAVS and ATG5 and contributes to the balance
in MAVS-mediated antiviral signaling (36). Mechanistically,
MAVS activation results in the expression of COX5B, which, in
turn, downregulates MAVS-mediated antiviral signaling through
the inhibition of mtROS. These data suggest a link between
the mitochondrial ETS system and MAVS-mediated antiviral
signaling through the modulation of ROS (36). A recent study
also showed that Parkin, a key player in mitophagy, plays an
inhibitory role in antiviral immunity through controlling the
mtROS-NLRP3 inflammasome during viral infection. Parkin
deficiency amplifies antiviral inflammation by enhancing mtROS
to activate the NLRP3 inflammasome, thereby enhancing viral
clearance in macrophages and dendritic cells (37). Taken
together, these studies highlight the role of mtROS in the
balanced regulation of the autophagy-inflammasome axis, which
is crucial for the innate host defense. The protective roles of
mtROS in antimicrobial innate immune defense are summarized
in Figure 1A.

Pathogens Modulate mtROS to Promote

Pathogenesis and Virulence

Bacteria, Fungi, and Parasites Regulate Host mtROS
for Their Own Benefits

Several studies showed that pathogens and their components
are able to evade host immune system or augment pathological
inflammation through modulation of mitochondrial oxidative
stresses for their own benefits. A recent study showed that
the outer membrane protein 34 (Omp34) of Acinetobacter
baumannii, a Gram-negative opportunistic pathogen, triggers
mtROS generation, leading to the hyper-activation of NLRP3
inflammasome and pyroptosis during infection (38). In addition,
Escherichia coli O157:H7 can induce severe inflammation
through damage of mitochondria and mtROS, which triggered
NLRP3 inflammasome activation; this was ameliorated by
quercetin via prevention of ROS and autophagy activation (39).
Moreover, Aspergillus protease stimulation of lung epithelial cells
(A549 cells) upregulated mRNAs of a variety of inflammatory
cytokines and intercellular adhesion molecule ICAM)-1 through
mtROS (40), suggesting the role of mtROS as a therapeutic target
for fungal inflammation.

In Pseudomonas aeruginosa infection, pyocyanin is an
important virulence factor through which mtROS mediate
cell apoptosis through the induction of mitochondrial acid
sphingomyelinase in neutrophils (41). In addition, pyocyanin can
trigger natural killer (NK) cell apoptosis through mitochondrial
damage and intracellular calcium release (42). Although the exact
role for mtROS was not described in this study, intracellular
ROS, generated by the NADPH oxidase, was not involved in NK
cell death (42). As mitochondrial damage results in the excessive
mtROS production in numerous pathological conditions (43),
future studies will clarify the role for mtROS in immune cell death
during P. aeruginosa infection.

Early studies showed that the intracellular parasite Leishmania
donovani targets and stabilizes host transcriptional factor
SREBP2 to regulate macrophage cholesterol and inhibit
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FIGURE 1 | Protective and detrimental roles of mitochondrial reactive oxygen species (mtROS) during infection. (A) Majority of mtROS are generated by oxidative
phosphorylation (OXPHOS) complexes | and Il in macrophages activated through TLR signaling, interferon (IFN)-y, and microbial infection. Both Mst1 and Mst2
promoted Toll-like receptor (TLR)-mediated assembly of the tumor necrosis factor receptor-associated factor 6-evolutionarily conserved signaling intermediate in Toll
pathway (TRAF6-ECSIT) complex, to enhance antibacterial killing effects through mtROS. IFN-y signaling activates estrogen-related receptor a (ERRa) to enhance
antimicrobial clearance through mtROS generation. mtROS are closely related to the pathways of autophagy and inflammasome, both essential in the maintenance
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FIGURE 1 | of cellular homeostasis and activation of innate host defense. 5" AMP-activated protein kinase (AMPK) inhibits, but hypoxia-inducible factor (HIF)-1a
enhances, the generation of mtROS, thereby influencing innate defense against several pathogenic bacteria. HIF-1a/mTOR signaling drives aerobic glycolysis and
reactive oxygen species (ROS) generation; mTOR inhibition leads to the enhancement of mtROS to promote host defense against Trypanosoma cruzi infection. AMPK
activation by metformin is beneficial in the clearance of intracellular bacterial infection through phosphorylation of AMPK and mtROS generation. In addition, AMPK is
the upstream kinase for ERRa-mediated antimicrobial responses during Mycobacterium tuberculosis (Mtb) infection. During oxidative stress, NRF2 translocates to the
nucleus after dissociation from Keap1 to induce the expression of protective antioxidant genes. Mitochondrial antiviral signaling (MAVS) activation results in the
expression of COX5B, which inhibit the mtROS to block the MAVS-mediated antiviral signaling. mtROS involvement in antiviral responses is described in the text in
details. (B) Uncontrolled mtROS production leads to excessive inflammatory responses, tissue damage, and necrosis, thus detrimental to host defense. Dysregulated
activation of NLRP3 inflammasome results in tissue damage and pathological inflammation through mitochondrial dysfunction and mtROS generation. Several host
factors [sirtuin 3 (SIRT3), miR-23a, and peroxisome proliferator-activated receptor gamma (PPARYy)] are negative regulators for controlling excessive mtROS
generation, thereby coordinating antimicrobial host defense. Excessive ROS production blocks the nuclear translocation and activity of NRF2. The accumulation of
mtROS, which is also mediated by sustained endoplasmic reticulum (ER) stress, is detrimental to host defense.

microbicidal mtROS production, thereby favoring parasite
persistence (18). In another study, L. donovani infection
induced the upregulation of uncoupling protein 2 (UCP2) to
inhibit mtROS generation, thereby attenuating host Th1-biased
immune response and parasitic clearance (19). These data
support the idea that several pathogens may alter the host gene
program and/or immune metabolism to up- or downregulate
mtROS production, thereby inhibiting host cell death and/or
facilitating parasite survival.

Bacterial pathogens can also inhibit potentially harmful
oxidative radicals for their own survival. In human gingival
epithelial cells, Porphyromonas gingivalis can circumvent
the hypochlorous acid (HOCI)-mediated antimicrobial
clearance system through the activation of host glutathione
synthesis pathways (44). Porphyromonas gingivalis nucleoside-
diphosphate kinase (Ndk) was found to act as an effector,
inhibiting antimicrobial signaling activities by extracellular
adenosine triphosphate-induced ROS production, thus leading
to pathogen persistence in gingival epithelial cells (45).
Overall, the data suggest that several microbial pathogens
evade or inhibit the host-defensive mtROS pathway and
bactericidal free radicals (Table 1). Future experimental data are
needed to elucidate the mechanisms by which each pathogen
modulates the components/pathways of the host mtROS
production system.

Viruses Manipulate Host mtROS for Pathogenesis

Numerous viruses co-opt host mitochondrial functions and
mtROS to favor their pathogenesis and virulence (Table 1). A
recent study showed that respiratory syncytial virus infection
resulted in the impairment of mitochondrial respiration,
loss of mitochondrial membrane potential, and increased
mtROS, which promoted and favored viral replication in
the cells (47). In addition, human immunodeficiency virus
(HIV) can suppress or enhance mtROS generation in both
productive and non-productive stages for its own benefit.
Productive HIV infection in human astrocytes led to the
attenuation of mtROS production and dissipation of matrix
metalloproteinases, thereby making the virus resistant to
cell death, whereas non-productive HIV infection induced
mitochondrial damage and inflammasome-induced cell death
(48). Mechanistically, productive HIV infection increased the
mitophagy to resist cell death, whereas non-productive HIV

infection enhanced the pyroptosis of astrocytes through NLRP3-
mediated gasdermin D pathway activation (48). Thus, HIV co-
opts mtROS and mitochondrial damage in both productive
and non-productive infection to drive viral pathogenesis in
HIV-associated neurodegenerative diseases (48). In addition,
IAV can also circumvent antiviral responses and favor viral
replication through NADPH oxidase 2-mediated endogenous
ROS generation (50-52). Additional studies are warranted to
reveal how a variety of viruses manipulate mtROS in relation
to pathological inflammation, thereby enhancing their virulence
and pathogenesis.

Detrimental Roles of mtROS During

Infection and Sepsis
mtROS in the Amplification of Pathological
Responses During Infection
Uncontrolled ROS production is thought to lead to necrosis,
thereby resulting in hyper-inflammation and tissue damage (53).
Tumor necrosis factor (TNF) is an essential cytokine for the
maintenance of host defense during human tuberculosis (TB), as
patients with rheumatoid arthritis often develop TB reactivation
during anti-TNF therapy (54). In the pathogenesis of TB, mtROS
production due to hyper-TNF responses plays a detrimental role,
inducing host cell-programmed necrosis and the propagation
of mycobacteria into the extracellular milieu (54). In a recent
study, sirtuin 3 was shown to be critically involved in the host
defense against Mtb infection through the control of exaggerated
proinflammatory responses and neutrophil infiltration (55).
These protective effects were mediated through the sirtuin 3-
dependent inhibition of mitochondrial dysfunction and excessive
mtROS generation in macrophages during Mtb infection (55).
During infection with E. coli O157:H7, a pathogen that causes
serious gastrointestinal infection, mitochondrial dysfunction and
oxidative stress were associated with excessive inflammation and
host damage (39). In addition, exaggerated production of mtROS
results in fungus-mediated pathological inflammation in airway
epithelial cells (40) and T. cruzi-mediated cardiomyopathy
in Chagas disease (46). Also, mtROS inhibition suppressed
respiratory syncytial virus replication and virus-mediated lung
inflammation (47). These data suggest the pathogenic role of
mtROS during infections of various pathogens.

As mtROS affect the number of phagocytes during infection,
blockade of mtROS or superoxide dismutase functions in
beneficial roles through the prevention of cell death in several
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TABLE 1 | Pathogen-mediated modulation of mtROS.

Pathogens Study model mtROS Consequences Mechanism of action References
Bacteria
A. baumannii RAW264.7 cells 4 Induction of pyroptosis and  Activation of NLRP3 inflammasome (38)
apoptosis
E. coli O157:H7 Human colonic epithelial 1 Induction of severe Excessive ROS production from damaged mitochondria (39)
Caco-2 cells inflamsmation leading to NLRP3 inflammasome activation, which is
inhibited by quercetin
P, aeruginosa Primary murine neutrophils, 1 Neutrophil death Pyocyanin-induced activation of neutrophil death (41)
HL-60 cells through mitochondrial acid sphingomyelinase
P, gingivalis Human primary gingival 1 Increased bacterial survival  Inhibition of eATP/NOX2-ROS-antibacterial pathway (44)
epithelial cells and persistence
Human primary gingival 1 Increased bacterial survival  Upregulation of the antioxidant glutathione responses to (45)
epithelial cells and persistence inhibit eATP-induced cytosolic and mtROS
Parasite
L. donovani Murine peritoneal N Facilitation of parasite entry  SREBP2-dependent upregulation of UCP2, a (18)
macrophages, in vivo and survival mitochondrial inner membrane protein, suppresses
mtROS generation
RAW264.7 cells, murine 1 Establishment of infection;  Upregulation of UCP2 suppresses mtROS; Inactivation (19
splenic macrophages, in anti-inflammatory immune  of MAPK to ameliorate a Th1-biased immune responses
vivo responses
T. cruzi C2C12 cell line, human 4 Heart failure in chagasic Excessive ROS-dependent inhibition in the nuclear (46)
cardiac myocytes, Hela, in cardiomyopathy (CCM) translocation and activity of NFE2L.2 (Nrf2) and induction
vivo of fibrotic gene expression
Virus
RSV A549 cells, vero cells, 4 Facilitation of viral infection RSV induces mitochondrial redistribution, impairs (47)
BCi-NS1 cells, pBECs mitochondrial respiration, loss of mitochondrial
membrane potential
HIV Human astrocytes Pl |; NPI, 1+ PI, astrocyte survival; NPI, Pl, increased autophagic flux and activation of (48)
Pyroptosis mitophagy; NPI, NLRP3-caspase-1-GSDMD pathway
activation
1AV In vivo; murine alveolar 4 Exacerbation of viral The mechanisms of IAV-mediated induction of mitoROS (49)
macrophages and pathogenesis are not described; mitoTEMPO alleviates lung
neutrophils inflammation and attenuates the death of neutrophils and
macrophages.
NHNE cells 0 Restriction of IAV replication Production of IFN-) via mitochondrial and (30)
Duox2-grenerated ROS
NHNE cells 4 Inhibition of 1AV viral titer STAT phosphorylation and induction of IFN-stimulated 31)

genes

eATF, extracellular adenosine triphosphate; P2X7, purinergic receptor; NADPH, nicotinamide adenine dinucleotide phosphate; NOX2, NADPH oxidase 2; NLRP3, NLR family Pyrin
domain-containing 3; SREBP2, sterol regulatory element binding protein 2; UCP2, uncoupling protein 2; MAPK, mitogen-activated protein kinase; NFE2L2 (Nrf2), nuclear factor erythroid
2-related factor 2; RSV, respiratory syncytial virus; pBEC, primary human bronchial epithelial cells; HIV, human immunodeficiency virus; Pl, productively infected; NPI, nonproductively
infected;, GSDMD, gasdermin D; IAV, influenza A virus; NHNE, normal human nasal epithelial cells; IFN, interferon; Duox2, dual oxidase 2; STAT, signal transducer and activator of

transcription; 4, increase; |, decrease.

severe infections. Previous studies showed that either Sod2
deficiency or MitoTEMPO, a scavenger of mtROS, treatment
increased neutrophil numbers and reduced the bacterial burden
during P. aeruginosa infection in zebrafish models (56).
Moreover, recent studies showed that IAV-mediated exacerbation
of viral pathogenesis is ameliorated by scavenging mitoROS
(49). During IAV infection, the local delivery of MitoTEMPO
significantly inhibited viral titers and mortality in mice infected
with IAV (Hkx31, H3N2) and attenuated apoptotic and necrotic
neutrophils/macrophages in lung tissues during infection (49).
These data suggest the pathological effects of mtROS that
promote harmful inflammation and cell death during severe

pathogenic infection and support the potential use of mtROS
scavengers as host-directed adjuvant therapies.

Host Factors and Mechanisms That Ameliorate
mtROS Generation During Infection

There are several reports suggesting the mechanisms by which
mtROS generation is controlled in the host cells during infection.
Previous studies have shown that microRNA-23a is essential
for the maintenance of mitochondrial integrity and restriction
of mtROS through the targeting of PPIF, the gatekeeper of
mitochondria permeability transition pores, thereby blocking
excessive necrosis and liver damage in L. monocytogenes infection
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(53). In rotavirus infection, the accumulation of mtROS is
mediated by sustained endoplasmic reticulum (ER) stress and
the release of calcium from the ER to the mitochondria, which
further contributes to viral inflammation (57). Furthermore,
the inhibition of mtROS, at least partly through peroxisome
proliferator-activated receptor gamma (PPARy) activation,
played a beneficial role in the reduction of rotavirus infection
(58). These data encourage us to target mtROS as a therapeutic
strategy for viral infections by alleviation of virus-mediated ER
stress and inflammatory responses (57, 58).

There is emerging interest in the role of nuclear factor
erythroid 2-related factor 2 (NFE2L2)/Nrf2, a master regulator
of antioxidant and anti-apoptosis system (59, 60), in the
regulation of mitochondrial homeostatic functions in a variety
of physiological and pathological conditions including infection
(60, 61). During P. aeruginosa infection, the non-histone
nuclear protein HMGN2 contributes to the cell-autonomous
immune defense through the clearance of pyocyanin-mediated
intracellular oxidative stress via elevation of the Nrf2-mediated
antioxidant gene (62). In T. cruzi infection, mtROS production
was increased in vivo and in vitro, resulting in the inhibition of
nuclear translocation of Nrf2 and antioxidant gene expression
(46). Preserving Nrf2 activity was beneficial for maintenance of
cardiac function in heart failure of infectious etiologies (46).
Together, these findings highlight the mechanisms by which
mtROS accumulation and mitochondrial damage are mediated,
although a large body of mechanism has not been well-defined,
in a variety of infections. The actions of known host factors
to regulate mtROS in the context of infection are illustrated
in Figure 1.

Detrimental Roles of mtROS During Sepsis

Relatively well-characterized functions of mtROS generation
have been shown in the human and animal model of sepsis.
In patients with sepsis, mitochondrial function and antioxidant
defenses appear to have important roles in the protection
against multi-organ failure through the control of harmful
excessive ROS production (63, 64). In sepsis-induced acute
kidney injury, mitochondrial alteration and ROS production
contributed to pathology, which was ameliorated by SIRT3, a
NAD(+)-dependent deacetylase (65). In a study, mesenchymal
stromal cells showed beneficial effects on experimental sepsis
through the inhibition of macrophage NLRP3 inflammasome
activation via suppression of mtROS (66). A recent genetic study
showed that a specific mtDNA mutation (T6459C) might be
associated with genetic susceptibility to sepsis, as the mutation
group showed increased ROS levels and apoptosis (67). GABA
type A receptor-associated protein (GABARAP) deficiency led
to increased susceptibility to sepsis through the enhancement
of mtROS and proinflammatory cytokine expression with
NLRP3 inflammasome activation (68). Furthermore, blockade
of the NOTCH pathway inhibited mtROS generation through
the suppression of glucose oxidation, thereby attenuating
hepatic macrophage M1 shifting, which reduced the lethality
of endotoxin-mediated fulminant hepatitis (69). These data
suggest that understanding the molecular mechanisms by which
host factors target mtROS generation can contribute to the
development of potential therapeutic strategies against sepsis.

Given the role of mtROS in the pathogenesis of sepsis,
targeted delivery of antioxidants to mitochondria has been
suggested as a potential therapeutic strategy against sepsis
(63). Glucocorticoids, which are widely used anti-inflammatory
drugs, control endotoxin-mediated inflammation and sepsis
by inhibiting mitochondrial calcium homeostasis and the
production of mtROS (70). Stefin B, an endogenous cysteine
cathepsin inhibitor, was found to be essential for the control of
LPS-induced sepsis through the stabilization of mitochondrial
membrane potential and amelioration of mtROS generation
(71). In a cecal ligation and puncture mouse model of sepsis,
synthetic antioxidant lignan secoisolariciresinol diglucoside
(SDG; LGM2605) alleviated septic cardiac dysfunction.
Mechanistically, LGM2605 improved cardiac function by
protecting cardiac mitochondrial function and inhibiting ROS
accumulation (72). Furthermore, maresin 1, a metabolite of the
omega-3 fatty acid, had significant inhibitory effects on mtROS
generation but increased ATP content and the mtDNA copy
number, thereby showing a protective role against sepsis (73).
Taken together, these data suggest that the agents and small
molecules involved in the control of mitochondrial dysfunction
could attenuate pathological responses during sepsis through the
amelioration of mtROS. Future studies for the pharmacological
approaches targeting mtROS may develop potentially promising
strategies to increase survival and treatment efficacy of sepsis.

CONCLUSION

The past several years have provided us with increasing
evidence of the means by which the mtROS signaling pathway
affects innate immunity during infection. mtROS generation
via pathogen infection may bring together the intracellular
autophagy, immune, and metabolic pathways to guide and shape
the effector response. mtROS-mediated antiviral signaling is
linked partially to MAVS and STAT signaling, leading to the
antiviral host defense. In addition, mtROS is a crucial signal
for bactericidal responses and NLRP3 inflammasome activation
to enhance antibacterial responses. Nevertheless, our current
knowledge is limited on how mtROS activates antibacterial
or antiviral responses, and how mtROS are implicated in the
inflammatory signaling pathways under different pathogenic
stimuli. Further studies to understand molecular mechanisms
will shed new light on the impacts of the mtROS signaling
network on distinct innate effector functions and/or for driving
pathological inflammatory responses during infection.
Moreover, a variety of pathogens modulate, escape, or
enhance mtROS production for their own benefit, although our
understanding of the underlying mechanisms remains limited.
In the future, elucidating how pathogens interact with host-
defensive machineries of mtROS system should help to assess
the pathogenesis and/or defensive pathways in the context
of infection. As mtROS generation is interconnected with
the immunometabolic status in macrophages, it would be
extremely interesting to investigate how mtROS crosstalk with
the AMPK-mTOR pathway during infection. Further exploiting
the host-defensive mechanisms for repressing pathological
mtROS production and function is a crucial next step in
developing therapeutic application. Although accumulating
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data have provided extensive evidence that mtROS contribute
to inflammation-induced pathology during sepsis, therapeutic
outcomes have been limited in the use of mtROS modulators in
clinical settings.

Many of the yin-and-yang aspects of mtROS signaling
remain unknown in terms of infection. Answers to the above
questions will provide exciting new opportunities for therapeutic
approaches to many diverse infections.
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Innate immunity is the first-line defense against antiviral or antimicrobial infection. RIG-
and MDA5, which mediate the recognition of pathogen-derived nucleic acids, are
essential for production of type | interferons (IFN). Here, we identified mitochondrion
depolarization inducer carbonyl cyanide 3-chlorophenylhydrazone (CCCP) inhibited the
response and antiviral activity of type | IFN during viral infection. Furthermore, we
found that the PTEN-induced putative kinase 1 (PINK1) and the E3 ubiquitin-protein
ligase Parkin mediated mitophagy, thus negatively regulating the activation of RIG-I and
MDAS. Parkin directly interacted with and catalyzed the K48-linked polyubiquitination and
subsequent degradation of RIG-I and MDAS. Thus, we demonstrate that Parkin limits
RLR-triggered innate immunity activation, suggesting Parkin as a potential therapeutic
target for the control of viral infection.

Keywords: parkin, mitophagy, polyubiquitination, RIG-1, MDA5, innate immunity

INTRODUCTION

The self- vs. non-self-recognition by the innate immune system has been first reported by Charles
Alderson Janeway in 1989 (1). Janeway proposed that the so-called pathogen-associated molecular
patterns (PAMPs), which are conserved structures in microorganisms, were recognized as non-self
by a germline-encoded pattern-recognition receptor (PRR) system (1). Recent evidences indicate
that PRRs are also responsible for recognizing the damage-associated molecular patterns (DAMPs)
released from damaged cells. Till now, different classes of PRRs have been reported, including Toll-
like receptors (TLRs), nucleotide oligomerization domain (NOD)-like receptors (NLRs), C-type
lectin receptors (CLRs), and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) (2-6).
The RLR family comprises three members: RIG-I, MDA5, and laboratory of genetics
and physiology 2 (LGP2). MDA5 and RIG-I both bind to dsRNA (7). They all have a
DExD/H box RNA helicase domain that can detect viral RNA and a C-terminal RNA binding
domain (CTD). Both RIG-I and MDA5 contain two caspase activation and recruitment
domains (CARDs) in N-terminal region, whereas LGP2 lacks the CARD domains. When
the RIG-I or MDAS5 recognizes the viral dsRNA, it exposes the N-terminal CARD domains,
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which interact with the CARD domain of the mitochondrial
antiviral signaling protein (MAVS) (8). And then MAVS activates
the IKKe and TBKI, which promote the activation of IFN-
regulatory factors (IRFs) and nuclear factor-kB (NF-kB) (9). NF-
kB and IRFs translocate into the nucleus, where they activate
the innate immunity and promote the expression of pro-
inflammatory cytokines and type I IFNs (10).

Mitophagy is a special type of mitochondrial autophagy,
which can remove damaged or depolarized mitochondria
(11, 12). Cells maintain energy balance and resist oxidative
stress by regulating the movement, distribution, and clearance
of mitochondria (13). Parkinson’s disease (PD) is one of
the most common neurodegenerative diseases. Although the
pathogenesis of PD is still unclear, more and more evidences
show that mitochondrial dysfunction is one of the molecular
pathogenesis of PD (11, 14). Familial PD can be induced by
the mutations of the PTEN-induced putative kinase 1 (PINKI)
and E3 ubiquitin-protein ligase Parkin, both of which maintain
mitochondrial health by regulating mitochondrial dynamics
and quality control (15-17). In normal mitochondria, PINK1
contains a mitochondrial targeting sequence and is transferred
from the outer mitochondrial membrane (OMM) to the inner
mitochondrial membrane (IMM), where it is cleaved by the
protease presenilin-associated rhomboid-like protein (PARL)
and degraded by the proteasome 26S subsequently (18, 19).
When mitochondria get damaged and depolarized, PINK1
cannot be processed by PARL and stabilized on the OMM.
Then, PINKI can phosphorylate itself and enhance its own
activation (20). Furthermore, PINK1 phosphorylates ubiquitin
on Ser65, and then Ub-pSer65 binds to Parkin (21). Then Parkin
can be phosphorylated by PINK1 on its Ser65, leading to its
full activation (22). Once activated, Parkin conjugates ubiquitin
chains on OMM proteins and recruits several substrates in
mitochondria, such as mitofusin 2 (Mfn2), voltage-dependent
anion-selective channel protein (VDAC), and dynamin-1-like
protein (DRP1) (23-26). Mitophagy receptors containing a
LIR (LC3 interacting region) motif can be recruited by OMM
proteins to interact with the LC3 anchored in the membrane
of autophagosome. These ubiquitin chains bind to autophagic
cargo receptors such as optineurin (OPTN) and sequestosome
1 (SQSTM1, also known as p62), which act in concert with the
general autophagy mechanism to capture damaged mitochondria
in the autophagosomal double-membrane (27, 28). The fusion
with lysosomes facilitates the degradation of mitochondria by
lysosomal hydrolases (29). The degradation of mitochondria
by this process is referred to as PINKI1/Parkin-dependent
mitophagy. Mitochondria plays the pivotal role in the innate
immune signaling pathway, and mitophagy is a key regulatory
mechanism to limit excessive inflammation and maintain tissue
homeostasis (30).

In this study, we demonstrated that mitochondria
depolarization inducer carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) inhibited the antiviral

responses and the activity of type I IFN during viral infection.
Moreover, we identified that a mitophagy associated protein,
the E3 ubiquitin ligase Parkin, was a negative regulator of
innate immunity. PINK1 and Parkin mediated mitophagy,

which negatively regulated the response of type I IFN.
Overall, Parkin interacted with and promoted the K48-linked
polyubiquitination of RIG-I and MDAS5. Thus Parkin-mediated
K48-linked polyubiquitination facilitates the degradation of
RIG-T and MDAS5.

RESULTS

Mitochondrial Uncoupler CCCP Inhibits

Type | IFN Responses

In order to study the possible regulatory effects of mitophagy
on innate immunity, we first tested the effect of the carbonyl
cyanide 3-chlorophenylhydrazone (CCCP) on mitochondria
depolarization. The results showed that Parkin expressed
diffusely in the cytoplasm in CCCP untreated cells, while
in CCCP treated cells, it was recruited to puncta that co-
localized with mitochondria, as monitored by GFP-mito (a
mitochondrion-targeted green fluorescent protein) (Figure 1A).
In order to reveal, the roles of mitophagy in innate immunity
and antiviral responses, we first observed whether mitochondrial
uncoupler CCCP inhibited type I IFN responses during viral
infection. Luciferase assays showed that CCCP inhibited
the SeV-induced activation of IFNBI promoter reporter
and interferon-stimulating regulatory element (ISRE) promoter
reporter containing IRF3-responsive positive regulatory domains
(PRD) III and I, but did not inhibit the activation of NF-kB
promoter reporter (Figure 1B). These results showed that CCCP
inhibited the activation of IFN-B luciferase through IRF3 instead
of NF-kB. To confirm the function of CCCP in IFN-f signaling,
we detected the expression of IFNBI and the transcription of
IRF3-dependent genes such as ISG15 and IFITI mRNA. We
observed CCCP decreased the expression of these genes in a
dose- and time-dependent manner in HEK293 and Raw264.7
cells  (Figures 1C,D and Supplementary Figures 1A,B).
Furthermore, CCCP could decrease the expression of the
interferon-regulating genes such as Ifnbl, Isgl5, and Ifitl in
BMDCs (Supplementary Figure 1C). Then we investigated
which step of activation of IFN-f can be influenced by CCCP,
the results of which indicated that CCCP inhibited the IFNBI
promoter reporter induced by upstream activators, including
RIG-I-N, MDAS5-N, MAVS, and TBK1 (Figure 1E). Similarly,
CCCP decreased the expression of SeV-induced RIG-I, MDAS5,
MAVS, and the phosphorylation of TBK1 and IRF3 (Figure 1F).
All together, these data demonstrate that CCCP can inhibit
SeV-induced interferon responses.

E3 Ubiquitin Ligase Parkin Negatively
Regulates the Responses and Antiviral
Immunity of Type | IFN

CCCP can promote the recruitment of Parkin to mitochondria,
which eventually leads to mitophagy mediated by PINK1/Parkin.
As PINK1 has been identified as a positive regulator for RLR
signaling (31), we investigated the effects of Parkin in RLR-
induced IFN-B signaling. Parkin was transfected into HEK293
cells, and the results suggested that Parkin could reduce SeV-
induced activation of IFNBI promoter reporter and ISRE
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FIGURE 1 | Mitochondrial uncoupler CCCP inhibits type | IFN responses. (A) 293T cells were transfected with RFP-Parkin alone or together with GFP-Mito, 24 h
post-transfection, the cells were untreated or treated with CCCP (10 wM) for 6 h and subjected to IF analysis. Scale bar is 10 um. (B) HEK293 cells were transfected
with a luciferase reporter of the IFN-p promoter, ISRE promoter, and NF-kB promoter. 24 h post-transfection, the cells were untreated or treated with CCCP (10 uM)
for 2 h, then left unstimulated or stimulated with SeV for 10 h, and luciferase assays were performed. (C) HEK293 cells were untreated or treated with CCCP (10 uM)
for different times, unstimulated or stimulated with SeV for 10 h. Then quantitative RT-PCR analysis of IFNB17, ISG15, and IFITT mRNA. (D) HEK293 cells were
untreated or treated with different concentrations of CCCP for 2 h, then unstimulated or stimulated with SeV for 10 h, and subjected to quantitative RT-PCR analysis.
(E) HEK293 cells were co-transfected with IFN-B luciferase reporter and RIG-I-N, MDA5-N, MAVS, TBK1, IKKe, IRF3, or IRF3-5D for 24 h, then untreated or treated
with CCCP (10 wM) for 12 h, and subjected to luciferase assays. (F) HEK293 cells were untreated or treated with CCCP (10 M) for 2 h, then unstimulated or
stimulated with SeV for different times, and the whole cell extracts were subjected to IB analysis. The data represent the average of three independent experiments
and were analyzed by unpaired t-test. All data represent the mean + S.D. *p < 0.05, **p < 0.01, and ***p < 0.001.

promoter reporter, instead of the NF-kB-responsive promoter  upon infection with SeV (Figure 2B). Consistently, knockdown
reporter (Figure 2A). The expression of IFNB1, ISG15, and IFIT1 of Parkin could increase the expression of IFNBI, ISGIS5,
mRNA were decreased in HEK293 cells transfected with Parkin ~ and IFITI mRNA in THP1, A549, and THP1 differentiated

Frontiers in Immunology | www.frontiersin.org 20 September 2020 | Volume 11 | Article 1926


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Buetal

Parkin Inhibits Innate Immunity

macrophages (Figure2C and Supplementary Figures 2A,B).
We then investigated which step of activation of IFN-f can
be influenced by Parkin, and the results indicated that Parkin
inhibited the activity of IFNBI promoter reporter induced
by upstream activators, including RIG-I-N, MDA5-N, MAVS,
and TBK1 (Figure2D). Similarly, overexpression of Parkin
decreased the expression of SeV-induced RIG-I, MDAS5, MAVS,
and the phosphorylation of TBK1 and IRF3 (Figure 2E).
Additionally, knockdown of Parkin increased the expression of
SeV-induced RIG-I, MDA5, MAVS, and the phosphorylation
of TBK1 and IRF3 in HEK293 and A549 cells (Figure 2F and
Supplementary Figure 2C). Moreover, overexpression of Parkin
increased the level of VSV-GFP and VSV titers in HEK293
cells while knockdown of Parkin decreased the level of VSV-
GFP and VSV titers (Figures 2G,H). In summary, our results
conclude that E3 ubiquitin ligase Parkin negatively regulates
RLR-mediated IFN-f signaling.

Parkin Promotes the Inhibition of CCCP on

Innate Immunity

The above results have shown that CCCP and Parkin could
inhibit the response of type I IFN. To confirm whether CCCP can
inhibit the innate immunity-associated mitophagy mediated by
PINK1/Parkin, we carried out a series of experiments. Luciferase
assays revealed that Parkin could promote the inhibition
of CCCP on SeV-induced activation of an IFNBI promoter
reporter and ISRE promoter reporter (Figure 3A). Likewise,
Parkin could increase the inhibitory effect of CCCP on the
expression of IFNBI, ISGI5, and IFITI mRNA in HEK293
cells (Figure 3B). As a mitochondrial antiviral signaling protein,
MAVS functions as a critical adaptor of the RLR signaling
pathway. It has been reported that human parainfluenza virus
type 3 (HPIV3)-mediated mitophagy inhibits the type I IFN
response through MAVS (32). Parkin can also interact with
MAVS and accumulate unanchored linear polyubiquitin chains
on MAVS (33). In our study, we found that overexpression
or knockdown of Parkin could change the expression of
endogenous RIG-I and MDAS5 but could not affect the protein
level of endogenous MAVS (Figures 2E,F). Furthermore, CCCP
did not affect the localization of MAVS on mitochondria
(Supplementary Figure 3A). Therefore, our data indicate that
Parkin affects innate immunity mainly through RIG-I and
MDAS5. CCCP and Parkin could both reduce the expression of
exogenous RIG-I and MDAS5. Notably, Parkin could increase
the inhibitory effect of CCCP on the expression of exogenous
RIG-I and MDA5 (Figure 3C). Nevertheless, siRNA-mediated
knockdown of Parkin decreased the inhibition of CCCP on
SeV-induced activation of an IFNBI promoter reporter and
ISRE promoter reporter in HEK293 cells (Figure 3D). Similarly,
knockdown of Parkin could decrease the inhibition of CCCP on
the expression of IFNBI, ISG15, and IFIT1 mRNA in HEK293
cells (Figure 3E). Also, knockdown of Parkin could decrease the
inhibitory effect of CCCP on the expression of exogenous RIG-
I and MDAS (Figure 3F). These data suggest that the inhibitory
effect of CCCP on innate immunity can be enhanced by Parkin.

Mitophagy Mediated by PINK1/Parkin
Negatively Regulates the Responses and
Antiviral Immunity of Type | IFN

To assess the relevance of mitophagy in innate immunity,
we expressed PINK1 and Parkin alone or together, and
evaluated the effect of mitophagy mediated by PINK1/Parkin
on innate immunity. The results indicated that the single
expression of PINK1 or Parkin expressed diffusely in the cells,
and co-expression of PINK1 and Parkin could be recruited
and co-localized with GFP-Mito (a mitochondrial marker)
and accumulated in distinct puncta adjacent to damaged
and incomplete mitochondria, an indicator of mitophagy
(Figure 4A). Luciferase assays showed that PINK1 and Parkin
could inhibit SeV-induced activation of an IFNBI promoter
reporter and ISRE promoter reporter (Figure 4B). In addition,
PINK1 and Parkin could reduce the expression of IFNBI,
ISG15, and IFITI mRNA in HEK293 cells (Figure 4C). We also
observed that PINK1 and Parkin could reduce the expression
of exogenous RIG-I and MDAS5, and degrade the mitochondrial
outer membrane protein TOM20 and the mitochondrial matrix
protein HSPD1, an indication of mitophagy (Figure4D).
The proteasome inhibitor MG-132 and autophagy inhibitor
bafilomycin Al (BafAl) could reduce the inhibition of PINK1
and Parkin on RIG-I and MDAS5 (Figure 4E). Furthermore,
autophagy inhibitor BafA1 could reduce the inhibition of PINK1
and Parkin on the expression of IFNBI, ISG15, and IFITI mRNA
in HEK293 cells (Figure 4F). Moreover, overexpression of PINK1
and Parkin increased the level of VSV-GFP and VSV titers in
HEK293 cells (Figures 4G,H). Collectively, these data suggest
that mitophagy mediated by PINK1/Parkin can suppress the
antiviral immune responses.

Parkin Interacts With RIG-l1 and MDA5

Next, we sought to determine the molecular mechanisms
of mitophagy mediated by PINKI1/Parkin decreasing type I
interferon signaling. The co-immunoprecipitation assays showed
that Parkin could interacted with RIG-I, and CCCP could
promote the interaction (Figure5A). We also found the
interaction between Parkin and MDA5, and CCCP could
also promote the interaction (Figure5B). In addition, we
did not observe the interaction between PINK1 and RIG-
I or MDA5 in 293T cells treated with CCCP (Figure 5C).
Furthermore, we found that endogenous interaction between
Parkin and RIG-T or MDA5 in HEK293 cells stimulated with SeV
(Figure 5D). Under a microscope, we observed the colocalization
of Parkin and RIG-I or MDAS5, and CCCP could promote
their colocalization on mitochondria (Figures 5E,F). Moreover,
PINKI could promote the colocalization of Parkin and RIG-I or
MDAS5 (Figure 5G). These results indicate that Parkin interacts
with RIG-I and MDAS5, and the interaction can be enhanced
by CCCP.

Parkin Increases K48-Linked
Polyubiquitination of RIG-1 and MDA5

To investigate whether Parkin regulates the polyubiquitination
of RIG-I and MDAS5 through its E3 ligase activity, we designed
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FIGURE 2 | E3 ubiquitin-protein ligase Parkin inhibits type | IFN responses. (A) HEK293 cells were co-transfected with vector or Parkin and IFN-B, ISRE, or NF-kB
luciferase reporter for 24 h, then unstimulated or stimulated with SeV for 10 h, and subjected to luciferase assays. (B) HEK293 cells were transfected with vector or
different quality of Parkin for 24 h, then unstimulated or stimulated with SeV for 10h, and subjected to quantitative RT-PCR analysis. (C) PMA-differentiated THP1 cells
were transfected with si-control or si-Parkin for 48 h, then unstimulated or stimulated with SeV for 10h, and subjected to quantitative RT-PCR analysis. (D) Vector or
Parkin were co-transfected with IFN-B luciferase reporter and RIG-I-N, MDA5-N, MAVS, TBK1, IKKe, IRF3, or IRF3-5D for 24 h in HEK293 cells, then subjected to
luciferase assays. (E) HEK293 cells were transfected with vector or Flag-Parkin for 24 h, then unstimulated or stimulated with SeV for different times, and the whole
cell extracts were subjected to IB analysis. (F) HEK293 cells were transfected with si-control or si-Parkin for 48 h, then unstimulated or stimulated with SeV for
different times, and the whole cell extracts were subjected to IB analysis. (G) HEK293 cells were transfected with vector or Parkin for 24 h, or transfected with
si-control or si-Parkin for 48 h, then cells were infected with or without VSV-GFP (MOI = 0.01), and then cells were subjected to flow cytometer assays. (H) HEK293
cells were transfected with vector or Parkin for 24 h, or transfected with si-control or si-Parkin for 48 h, then cells were infected with VSV-GFP (MOI = 0.01), and the
supernatants were subjected to VSV plaque assays. The data represent the average of three independent experiments and were analyzed by unpaired t-test. All data
represent the mean + S.D. *p < 0.05, **p < 0.01, and **p < 0.001.

a series of experiments. We found that Parkin and CCCP could
both increase the polyubiquitination of RIG-I or MDAS5, and
Parkin could increase the CCCP-mediated polyubiquitination
of RIG-I or MDA5 in the presence of MG-132 and BafAl

(Figure 6A). Ké63-linked polyubiquitination is required for
the activation of RIG-I and MDAS5 upon viral infection and
K48-linked polyubiquitination is indicated for the degradation
of RIG-I and MDAS5. To further investigate the type of
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FIGURE 3 | Parkin promotes the inhibition of CCCP on innate immunity. (A) HEK293 cells were co-transfected with vector or Parkin and IFN- or ISRE luciferase
reporter for 24 h, untreated or treated with CCCP (10 wM) for 2 h, then stimulated with SeV for 10 h, and subjected to luciferase assays. (B) HEK293 cells were
transfected with vector or Parkin for 24 h, untreated or treated with CCCP (10 uM) for 2 h, then stimulated with SeV for 10 h, and subjected to quantitative RT-PCR
analysis. (C) 293T cells were co-transfected with Flag-RIG-I or Flag-MDA5 and vector or Myc-Parkin for 24 h, untreated or treated with CCCP (10 wM) for 12 h, and
the whole cell extracts were subjected to IB analysis. (D) HEK293 cells were co-transfected with si-control or si-Parkin and IFN- or ISRE luciferase reporter for 48 h,
untreated, or treated with CCCP (10 M) for 2 h, then stimulated with SeV for 10 h, and subjected to luciferase assays. (E) HEK293 cells were si-control or si-Parkin
for 48 h, untreated or treated with CCCP (10 uM) for 2 h, then stimulated with SeV for 10 h, and subjected to quantitative RT-PCR analysis. (F) 293T cells were
co-transfected with Flag-RIG-I or Flag-MDA5 and si-control or si-Parkin for 48 h, untreated or treated with CCCP (10 wM) for 12 h, and the whole cell extracts were
subjected to IB analysis. The data represent the average of three independent experiments and were analyzed by unpaired t-test. All data represent the mean + S.D.
*0 < 0.05, **p < 0.01, and **p < 0.001.
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FIGURE 4 | Mitophagy mediated by PINK1/Parkin negatively regulates the type | IFN responses. (A) 293T cells were transfected with PINK1, Parkin, and GFP-Mito
alone or together for 24 h, and then subjected to IF assays. Scale bar is 10 um. (B) HEK293 cells were transfected with PINK1 or Parkin alone or together with IFN-B
or ISRE luciferase reporter, 24 h post-transfection, stimulated with SeV for 10 h, and subjected to luciferase assays. (C) HEK293 cells were transfected with PINK1 or
Parkin alone or together, 24 h post-transfection, stimulated with SeV for 10h, and subjected to quantitative RT-PCR analysis. (D) Flag-RIG-I or Flag-MDAS were
co-transfected with HA-PINK1 or Myc-Parkin in 293T cells for 24 h, and the whole cell extracts were subjected to IB analysis. (E) Flag-RIG-I or Flag-MDA5 were
co-transfected with vector or HA-PINK1 and Myc-Parkin in 293T cells for 24 h, and untreated or treated with MG-132 (10 uM) or BafA1 (200 nM) for 8 h. The whole cell
extracts were subjected to IB analysis. (F) HEK293 cells were transfected with vector or PINK1 and Parkin, 24 h post-transfection, stimulated with SeV for 10h in the
absence or presence of BafA1 (200 nM), and subjected to quantitative RT-PCR analysis. (G) HEK293 cells were transfected with PINK1 and Parkin alone or together
for 24 h, then cells were infected with VSV-GFP (MOI = 0.01), and then cells were subjected to flow cytometer assays. (H) HEK293 cells were transfected with PINK1
and Parkin alone or together for 24 h, then cells were infected with VSV-GFP (MOl = 0.01), and the supernatants were subjected to VSV plaque assays. The data
represent the average of three independent experiments and were analyzed by unpaired t-test. All data represent the mean + S.D. *p < 0.05, and **p < 0.01.

Parkin-mediated polyubiquitination of RIG-I or MDA5, we
used vectors expressing HA-Ubiquitin-K48, which contain
arginine to replace all lysine residues except lysine at position

48. It was revealed by immunoprecipitation experiments
that Parkin and CCCP could both increase the K48-linked
polyubiquitination of RIG-I or MDAS5, and Parkin could
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FIGURE 5 | CCCP promotes the interaction between Parkin and RIG-I or MDAS5 on mitochondria. (A) 293T cells were co-transfected with Myc-Parkin and vector or
Flag-RIG-I, or co-transfected with HA-RIG-I and vector or Flag-Parkin. 24 h post-transfection, untreated or treated with CCCP (10 uM) for 12 h, and then subjected to
IP and IB analysis. (B) 293T cells were co-transfected with Myc-Parkin and vector or Flag-MDAS5, or co-transfected with HA-MDAS and vector or Flag-Parkin. 24 h
post-transfection, untreated, or treated with CCCP (10 wM) for 12 h, and then subjected to IP and IB analysis. (C) 293T cells were co-transfected with Myc-PINK1 and
vector, Flag-RIG-I, or Flag-MDAB. 24 h post-transfection, untreated or treated with CCCP (10 uM) for 12 h, and then subjected to IP and IB analysis. (D) HEK293 cells
were stimulated with SeV for 10 h, and then whole cell lysates were collected, immunoprecipitated with indicated antibodies and subjected to IB analysis. (E) 293T
cells were co-transfected with GFP-Parkin and RFP-RIG-I, or RFP-MDAS. 24 h post-transfection, untreated, or treated with CCCP (10 M) for 6 h, and then subjected
to IF analysis. Scale bar is 10 wm. (F) Parkin and GFP-Mito were co-transfected with RFP-RIG-I or RFP-MDAS for 24 h in 293T cell, treated with CCCP (10 wM) for 6 h,
and then subjected to IF analysis. Scale bar is 10 um. (G) GFP-PINK1 and RFP-Parkin were co-transfected with RIG-I or MDA5 for 24 h in 293T cells, then subjected
to IF analysis. Scale bar is 10 wm.

increase CCCP-mediated K48-Ubiquitination of RIG-I or
MDAS in the presence of MG-132 and BafAl (Figure 6B). In
addition, siRNA-mediated knockdown of Parkin substantially
attenuated RIG-I or MDAS5 polyubiquitination in 293T
cells transfected with HA-Ubiquitin or HA-Ubiquitin-K48

in the presence of MG-132 and BafAl (Figures 6C,D). In
summary, our results depict the molecular mechanism that
Parkin and CCCP promote K48-linked polyubiquitination
of RIG-I and MDAS5, and Parkin could increase the effect
of CCCP.
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FIGURE 6 | Parkin catalyzes the K48-linked polyubiquitination of RIG-I and MDA5.
Myc-Parkin in 293T cells. 24 h post-transfection, untreated or treated with CCCP (10 uM) for 12 h in the presence of MG-132 (10 wM) and BafA1 (200 nM) at the last
8h, and then subjected to denature-IP and IB analysis. (B) HA-Ubiquitin-K48 and Flag-RIG-I or Flag-MDA5 were co-transfected with vector or Myc-Parkin in 293T
cells. 24 h post-transfection, untreated or treated with CCCP (10 uM) for 12 h in the presence of MG-132 (10 M) and BafA1 (200 nM) at the last 8 h, and then
subjected to denature-IP and IB analysis. (C) HA-Ubiquitin and Flag-RIG-I or Flag-MDA5 were co-transfected with si-control or si-Parkin in 293T cells. 48h
post-transfection, untreated or treated with CCCP (10 wM) for 12 h in the presence of MG-132 (10 uM) and BafA1 (200 nM) at the last 8 h, and then subjected to
denature-IP and IB analysis. (D) HA-Ubiquitin-K48 and Flag-RIG-I or Flag-MDA5 were co-transfected with si-control or si-Parkin in 293T cells. 48 h post-transfection,
untreated or treated with CCCP (10 wM) for 12 h in the presence of MG-132 (10 wM) and BafA1 (200 nM) at the last 8 h, and then subjected to denature-IP and 1B

MG-132 + BafA1
CCCP

+

MG-132 + BafA1
CCCP

+ 0+ o+ o+ + o+ o+

Flag-RIG-I
Myc-Parkin -
HA-Ub-K48 +

Flag-MDA5 +
Myc-Parkin -
HA-Ub-K48 +

+ -+ + -+

+ o+

+ +

+ o+

Denature-
IP: o-Flag

HA Denature-
IP: o-Flag

[E— oo

[ oo
I vyc
NN cAPDH

MG-132 + BafA1
CCCP

+

Input Input

MG-132 + BafA1
CCCP

+ o+ o+ o+ + o+ o+

Flag-RIG-I
si-Parkin -
HA-Ub-K48 +

Flag-MDA5 +
si-Parkin -
HA-Ub-K48 +

+ -+ + -+

+ o+

+ +

+ o+

Denature-
IP: a-Flag

HA Denature-
IP: a-Flag

[ - -

[== = = =—=IFiag
[ Parkin  Input
S| oAPoH

HA

[ 2

] g
[ Porin
[E——] Ao

(A) HA-Ubiquitin and Flag-RIG-I or Flag-MDAS were co-transfected with vector or

Input

DISCUSSION

Evidence accumulated during the last few years has convincingly
revealed that the immune system is excessively activated in the
brains of patients with Parkinson’s disease (34). Moreover, the
latest researches show that Parkinson’s disease may be related
to the overactivation of patients autoimmune response (35).
There are a set of pro-inflammatory cytokines including IL-6,
TNE IL-1B, and IFN-y in the serum of patients with Parkinson’s
disease (36). What’s more, familial Parkinson’s disease can be
induced by the mutations of PINK1 and Parkin, which leads
to mitophagy dysfunction. The dysfunction of mitophagy may
excessively activate the immune system of Parkinson’s disease
(37). Here, we provided several lines of evidence to demonstrate

that mitophagy induced by CCCP negatively regulates the innate
antiviral immunity.

As a special autophagy pathway, mitophagy mediates the
clearance of damaged mitochondria by lysosomes, which plays
an important role in mitochondrial quality control (38). In
addition, mitochondrial stress can lead to the release of
damage-associated molecular patterns (DAMPs), which can
activate innate immunity. Furthermore, mitochondrial DNA
(mtDNA) can be recognized by the cGAS/STING-dependent
DNA sensing pathway, which initiates the innate immunity (39).
Mitochondrial double-stranded RNA engages an MDA5-driven
antiviral signaling pathway that triggers the response of type I
interferon (40). Mitochondrial apoptosis is mediated by BAK
and BAX, which triggers the release of mitochondrial DNA, and
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apoptotic caspases suppresses the production of type I interferon
(41-43). Mitophagy is a form of selective autophagy, PINK1 and
Parkin are the two key molecules in the regulation of mitophagy
(28, 44). These studies suggest that PINK1 and Parkin mediated
mitophagy can mitigate inflammation and autoimmune disease
(36, 45, 46). When neurodegenerative diseases occur in the
central nervous system, mitochondrial DNA can activate the
innate immunity and cause neuroinflammation (47). Type I IEN
contribute to the inflammatory response during normal aging
and in age-related neurodegenerative disorders (48-51). In our
study, we found that PINK1 and Parkin mediated mitophagy
can inhibit the response and antiviral immunity of type I IFN,
and these results may suggest that loss of functional PINK1 and
Parkin may increase IFN production and drive the pathology
of neurodegeneration.

Recognition of the RNA by endosomal and cytosolic sensors is
a central element in the detection of virus by the innate immune
system. The RNA sensors RIG-I and MDAS5 recognize the
dsRNA and activate the innate antiviral immunity subsequently
(52). According to recent reports, polyubiquitination regulates
the activation of RIG-I and MDA5 so as to avoid their
sustained activation. It has been identified that several E3
ligases promote K48-linked ubiquitination of RIG-I and MDAS5,
including RNF125, Siglec-G, TRIM40, and STUB1 (53-56). Here,
we demonstrate that Parkin served as a specific regulator of
RIG-I-mediated and MDA5-mediated innate antiviral immunity
through direct conjugation of K48-linked polyubiquitin chains
to RIG-I and MDA5. Therefore, Parkin may inhibit the innate
immunity by enhancing the degradation of RIG-I and MDAS5.

In summary, we have identified an E3 ubiquitin ligase,
Parkin, as a negative regulator of RIG-I and MDA5. Parkin
interacted with RIG-I and MDAS5, and then catalyzed the K48-
linked polyubiquitination of RIG-I and MDA5, which facilitated
the degradation of RIG-I and MDAS5 and prevented excessive
activation of innate antiviral immunity.

MATERIALS AND METHODS

Cell Culture and Viruses

293T, HEK293, Raw264.7, A549, and VERO cells were
maintained in DMEM medium (Hyclone) supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Gibco) and
cultured at 37°C in a 5% CO; incubator. BMDCs were isolated
from mouse tibia and femur as described previously (57). THP-1
cells were maintained in 1640 medium (Hyclone) supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Gibco) and
cultured at 37°C in a 5% CO, incubator. THP-1 cells were
differentiated to macrophages for 48 h with 50 ng/ml phorbol
myristate acetate (PMA). Sendai virus (SeV) and vesicular
stomatitis virus (VSV) carrying a GFP reporter gene (VSV-GFP)
were kindly provided by Dr Hong-Bing Shu.

Reagents and Antibodies

The chemical reagents used in this study were listed as
follows: CCCP (C2759), MG-132 (M8699), PMA (P1585), and
bafilomycin Al (B1793) were purchased from Sigma. Anti-
Parkin antibody (4211), anti-RIG-I (3743) antibody, anti-MDA5

(5321) antibody, anti-MAVS (24930) antibody, anti-pTBK1-
Serl72 (5483) antibody, anti-TBK1 (38066) antibody, anti-
pIRF3-Ser396 (29047) antibody, anti-IRF3 (11904) antibody,
anti-TOM20 (42406) antibody, anti-HSPD1 (12165) antibody,
and anti-GAPDH (5174) were purchased from Cell Signaling
Technology. Mouse anti-HA antibody (H3663), rabbit anti-HA
antibody (H6908), mouse anti-Myc antibody (SAB2702192),
rabbit anti-Myc antibody (C3956), mouse anti-Flag antibody
(F3165), and rabbit anti-Flag antibody (F7425) were purchased
from Sigma. Anti-Flag M2 Affinity Gel (A2220) were purchased
from Millipore. Goat anti-rabbit Alexa Fluor Plus 647 (A32733)
were purchased from Invitrogen.

Plasmids

pEF-Flag-RIG-1, pEF-Flag-MDA5, pEF-Flag-MAVS, pEF-Flag-
MDAS5-N, pEF-Flag-RIG-I-N, pEF-Flag-TBK1, pEF-Flag-IKKe,
pEF-Flag-IRF3, pEF-Flag-IRF3-5D, pRK-HA-RIG-I, and pRK-
HA-MDAS have described previously (58). pRK5-HA-Parkin
(#17613) and pCMVTNT-PINKI-N-myc (#13313)
purchased from Addgene. pEF-Flag-Parkin, pEF-Myc-Parkin,
pEF-Myc-PINK1, pRK-HA-PINK1, pEGFP-Parkin, pDs-Red-
Parkin, pEGFP-PINK1, pDs-Red-MAVS, pDs-Red-RIG-1, and
pDs-Red-MDAS5 are constructed according to the manufacturer’s
standard procedures. GFP-Mito plasmid was purchased from
Invitrogen (catalog number: V822-20). HA-Ub, HA-Ub-K48
have described previously (57).

were

RNA Interference Assay

Human Parkin-specific siRNA and control siRNA were obtained
from Ribobio, the siRNA sequence used in this study are
as following: si-Parkin 5'-GGAGUGCAGUGCCGUAUUU-3'.
These siRNA duplexes were transfected into cells using RNAi
MAX (Invitrogen) according to the manufacturer’s protocol.

Quantitative Real-Time PCR

Total RNA was isolated from HEK293 or Raw264.7 cells using
TRIzol reagent (Invitrogen) and then was reverse transcribed
into cDNA using PrimeScript RT reagent kit with gDNA Eraser
(Takara) according to the manufacturer’s instructions. An ABI
7300 Detection System (Applied Biosystems) and a SYBR RT-
PCR kit (Takara) were used to amplify the reverse-transcription
products of different samples for quantitative RT-PCR analysis.
The RT-PCR primer of Parkin is given as following: Parkin
forward, 5-GTGTTTGTCAGGTTCAACTCCA-3' and Parkin
reverse, 5’-GAAAATCACACGCAACTGGTC-3'. Other primer
sequences were as reported in our previous work (58).

Luciferase Assay

HEK293 cells (2 x 10°) were seeded on 24-well-plates and
transfected with a mixture of renilla luciferase plasmid and
IFN-B, ISRE, or NF-kB luciferase reporter plasmid together
with indicated expression plasmids or empty control plasmid.
After 24-36h of transfection, luciferase activity was measured
with a dual-luciferase reporter assay system according to the
manufacturer’s instructions (Promega). By calculating the ratio
of firefly luciferase activity to renilla luciferase activity, data were
normalized for transfection efficiency.
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Flow Cytometry

HEK293 cells were seeded and transfected with plasmids or
siRNA for 48 h, then infected with VSV-GFP for 2 h. Then cells
were washed three times with PBS and added fresh medium for
24, cells were immediately analyzed by the flow cytometer (BD
FACSAria ITI, BD).

VSV Plaque Assay

HEK293 cells were seeded and transfected with plasmids or
siRNA for 48 h, then infected with VSV-GFP for 2 h. Then cells
were washed three times with PBS and added fresh medium for
24h, collected supernatants, and diluted to infect VERO cells
seeded on 24-well-plates. Two hours later, supernatants were
removed, and methylcellulose was added. Three days later, cells
were stained with crystal violet (0.2%) overnight. The results were
averaged and multiplied by the dilution factor to calculate the
viral titer as PFU/ml.

Immunofluorescence (IF) Assay

293T cells (3 x 10%) were seeded in chamber slides and
transfected with plasmids for 24 h. Then the cells were fixed
with 4% formaldehyde for 10min and permeabilized with
0.1% Triton X-100 for 10min. Then cells were blocked
with 5% BSA for 30min. The samples were incubated
with primary antibodies overnight at 4°C. Next, cells were
incubated with appropriate second antibodies for 1h at 37°C,
then conducted with 4,6-diamidino-2-phenylindole (DAPI)
for 5min. The confocal images were captured using Zeiss
LSM780 microscope.

Immunoprecipitation (IP) and

Immunoblotting (IB) Analysis

For immunoprecipitation experiments, 293T cells (5 x 10°) were
seeded on 10-cm dishes, then transfected with a total of 12
\g appropriate plasmids. After 24 h, cells were lysed with lysis
buffer (50 mM Tris-HCI (pH 7.6), 150 mM NaCl, 10 mM NaF,
2mM EGTA, 2mM DTT, 1 mM Na3zVOy, and 0.5% Triton-
X-100 and 1x Cocktail). Then immunoprecipitated with 30
wL anti-Flag agarose (Millipore) at 4°C overnight. Beads were
washed four times with RIPA buffer, and immunoprecipitates
were eluted with 2x SDS loading buffer by boiling for 5min
and subjected to IB analysis. For immunoblotting experiments,
cells were washed and lysed in RIPA buffer, cell extracts
were centrifugated at 12,000 rpm for 10 min, then mixed with
5x SDS loading buffer and boiled for 5min. Samples were
resolved on 10% SDS-PAGE gels and subjected to western
blotting that was performed according to the instructions
as indicated.
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Microglia are the immune cells of the brain. Hyperactivation of microglia contributes to
the pathology of metabolic and neuroinflammatory diseases. Evidence has emerged
that links the circadian clock, cellular metabolism, and immune activity in microglia.
Rev-erb nuclear receptors are known for their regulatory role in both the molecular
clock and cell metabolism, and have recently been found to play an important role
in neuroinflammation. The Rev-erba agonist SR9011 disrupts circadian rhythm by
altering intracellular clock machinery. However, the exact role of Rev-erba in microglial
immunometabolism remains to be elucidated. In the current study, we explored whether
SR9011 also had such a detrimental impact on microglial immunometabolic functions.
Primary microglia were isolated from 1-3 days old Sprague-Dawley rat pups. The
expression of clock genes, cytokines and metabolic genes was evaluated using RT-
PCR and rhythmic expression was analyzed. Phagocytic activity was determined by
the uptake capacity of fluorescent microspheres. Mitochondria function was evaluated
by measuring oxygen consumption rate and extracellular acidification rate. We found
that key cytokines and metabolic genes are rhythmically expressed in microglia.
SR9011 disturbed rhythmic expression of clock genes in microglia. Pro-inflammatory
cytokine expression was attenuated by SR9011 during an immune challenge by TNFa,
while expression of the anti-inflammatory cytokine /70 was stimulated. Moreover,
SR9011 decreased phagocytic activity, mitochondrial respiration, ATP production,
and metabolic gene expression. Our study highlights the link between the intrinsic
clock and immunometabolism of microglia. We show that Rev-erba is implicated in
both metabolic homeostasis and the inflammatory responses in microglia, which has
important implications for the treatment of metabolic and neuroinflammatory diseases.

Keywords: clock genes, Innate immunity, microglia, immunometabolism, neuroinflammation, cytokines,
phagocytosis
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Clock Machinery and Microglial Immunometabolism

INTRODUCTION

The circadian brain clock orchestrates physiological and
metabolic processes to prepare the body for environmental
changes and to optimize energy metabolism (1). Cells in
peripheral tissues, including metabolic tissues such as liver,
pancreas, and kidney, also display rhythms in activity that are
regulated by an intrinsic clock machinery. Since metabolic events
are tightly regulated by the circadian clock, disruptions of the
circadian timing system can result in metabolic dysfunctions
and contribute to obesity and type 2 diabetes (2-10). Thus, the
intracellular clock system is tightly involved in the control of
metabolic rhythms that are essential for metabolic homeostasis.

The nuclear receptor reverse viral erythroblastosis oncogene
product alpha (Rev-erba) plays a crucial role in both the
molecular clock of the circadian timing system and the
regulation of metabolism. Rev-erba stabilizes circadian rhythms
by inhibiting the expression of the core clock genes brain
and muscle ARNT-Like 1 (Bmall) and circadian locomotor
output cycles kaput (Clock) (11-13). The known endogenous
ligand of Rev-erba is heme, which plays an important
role in mitochondrial respiration, and is required for the
repressive activity of Rev-erboa/p on target genes (14-17).
Additionally, nuclear receptors are sensors for dietary lipids
and lipid-soluble hormones, thus rhythmic expression of Rev-
erba/B is also involved in regulating metabolic processes in
a circadian manner (18, 19). Intriguingly, a recent Rev-erba
knock-out study proposed an important role for Rev-erba
in regulating neuroinflammation (20). In previous research,
Rev-erba agonists (GSK4112 and SR9011), and antagonists
(SR8278) have provided us with insights about the function
of Rev-erba (21-24). For example, systemic administration of
the Rev-erba agonist SR9011 altered clock genes expression
and disrupted the circadian behavior of mice leading to
loss of locomotor activity during the active phase (dark
phase), while vehicle administration caused no disruption
(23). These results show that Rev-erb nuclear receptors
have profound effects on circadian rhythm, metabolism and
neuroinflammation, and possibly are eligible targets for treating
metabolic diseases.

Recent research has demonstrated that a high fat, high
sugar diet is associated with chronic activation of microglia,
also known as microgliosis, which contributes to disturbed
energy homeostasis and diet-induced obesity (DIO) (25-29).
Additionally, our group recently reported that microglia activity
shows a clear day/night rhythm when animals are fed a regular
diet, but this rhythm is disrupted in DIO (30, 31). These
findings suggest that the daily microglial rhythm is important
for its normal activity and disturbance may result in metabolic
diseases. However, little is known about the mechanism behind
the intrinsic clock and the function of microglia. There is also
a complex interplay between metabolic processes and immune
responses, known as immunometabolism, in which metabolic
reprogramming underlies the inflammatory state of microglia
(32, 33). Therefore, considering the important role of Rev-
erba in the molecular clock machinery, neuroinflammation,
and metabolism, in the current study we used the Rev-erba

agonist SR9011 to investigate the role of Rev-erba in microglial
immunometabolism.

MATERIALS AND METHODS

Primary Microglia Culture

Primary microglia cultures were prepared from brains of
newborn, male Sprague Dawley rat pups (1-3 days old; Nanjing
Medical University, China). After removal of the meninges,
the brains were dissected and homogenized. Tissue lysates
were centrifuged and suspended in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, United States; C11885500BT)
containing 1 g/L D-Glucose, L-Glutamine, 110 mg/L sodium
pyruvate, and supplemented with 10% Fetal Bovine Serum (FBS;
Gibco, United States; 10099141) and 1% Penicillin/Streptomycin
(Gibco, United States; 15140122). Mixed glia cells were plated
at a density of one brain per T75 flask or three brains per T175
flask, and incubated at 37°C in a humid atmosphere with 5%
CO2. Culture medium was refreshed every 3 days. After the
astrocyte layer reached confluency (8-14 days), the microglial
cells were collected by shaking the flasks 150 rpm/min for 1 h at
37°C. Cells were seeded in 96-well plates (30k-50k cells/well) for
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, 12-well plates
(250k-300k cells/well) for qPCR experiments, or coverslipped
in a 24-well plate (100k-150k cells/well) for phagocytosis
experiments, or the Seahorse XF96 Cell Culture Microplate
(Agilent, United States; 50k cells/well) for Seahorse experiments.
For palmitic acid study, the palmitic - BSA solution was
prepared 5:1 molar ratio palmitate: BSA in Krebs ringer buffer.
All plates were coated with poly-L-lysine hydrobromide (MDBio,
China). Dexamethasone (Sigma-Aldrich, United States; D4902),
SR9011 (Sigma-Aldrich, United States; SML2067), DMSO
(MDBio, China; D015), Fatty acids free BSA (Sigma A7030),
Sodium Palmitate (Sigma-Aldrich, United States; P9767), TNFa
(Peprotech, United States; 315-01A), and 0.1% BSA (Beyotime,
China; ST023) were used to treat the cells during the experiments.

Cell Viability Assay

Cell viability was determined with the CellTiter 96 Aqueous
assay (Promega, United States; G3582). Cells were treated with
dexamethasone for 2 h, followed by a 24-h treatment with 5 uM
SR9011 (or DMSO for control). Afterward, MTS solution was
added followed by incubation for 3 h at 37°C, and the absorbance
at 490 nm was measured on a SpectraMax M2 microplate reader
(Molecular Devices).

Real-Time PCR

For gene expression analysis, total RNA was extracted from
primary microglia using the RNAeasy™ kit (Beyotime,
China; R0026) according to the manufacturer’s protocol.
RNA concentration was measured with the NanoDrop Onec
Spectrophotometer (Thermo Scientific, United States) and
reverse transcribed into cDNA using the HiScript II qRT
Supermix (Vazyme Biotech; R222-01). Gene expression levels
of Bmall, Clock, Nrldl (Rev-erba), Per2, Cryl, 111p, 14 Il6,
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1110, Tnfo, Ccl2, Gm-csf, TgfB, CD36, CD68, Cptl, Pdkl, Hk2,
Fasn, Glut5, and Hprt (housekeeping gene; see Supplementary
Table 1 for primer sequences) were measured using real-time
quantitative PCR on a QuantStudio 5 (Applied Biosystems
Thermo Scientific), using the AceQ qPCR SYBR Green Master
Mix (Vazyme Biotech; Q131-02). Gene expression levels were
normalized to the housekeeping gene. Primers were designed
using the Basic Local Alignment Search Tool (BLAST) from
the National Center for Biotechnology Information (NCBI) and
purchased from GeneRay Biotech.

Phagocytosis Assay

After treatment with SR9011 or DMSO for 12 h, microglia were
incubated with 0.05% fluorescent latex microspheres (Sigma,
United States; L1030-1 ml) in DMEM containing 0.25% FBS for
1 h. Subsequently, the cells were fixed with 4% paraformaldehyde
for 30 min and a fluorescence staining of microglia was
performed with Rabbit Anti-Ibal (Wako, Japan; 019-19741)
and the nuclei were counterstained with 4,6-diamidino-2-
phenylindole (DAPI; Bioprox, France). Images were captured
with an Olympus BX53F microscope equipped with an Olympus
U-HGLGPS light source, and analyzed with Image] software
(version 1.48). The relative fluorescent intensity of the beads was
determined by dividing the total fluorescent intensity of the beads
by the number of DAPI-stained nuclei.

Cellular Bioenergetics

Microglia were treated with 5 pM SR9011 or DMSO for
4 h prior to placement in the Seahorse XFe96 Analyzer
(Agilent, United States). During the run, oxygen consumption
rate (OCR), and extracellular acidification rate (ECAR) were
measured and the wells were injected with modulators from the
Agilent Seahorse XF Mito Stress Kit to determine parameters
of mitochondrial function. After measuring basal levels of OCR
and ECAR, oligomycin was injected to block ATP synthase,
which decreases mitochondrial respiration. The second injection
was carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone
(FCCP), which disrupts the mitochondrial membrane potential
and maximizes oxygen consumption. The third injection
was a mixture of rotenone and antimycin A, which block
complex I and III (respectively) and shut down mitochondrial
respiration. Lastly, 2-deoxy-D-glucose (2-DG) was added to
inhibit glycolysis, leading to a decrease in ECAR. Cellular
respiration, mitochondrial respiration, cellular acidification,
maximum substrate utilization, and maximum glycolytic capacity
were calculated as previously described (34). ATP production
was calculated from mitochondrial respiration by using a
phosphate/oxygen ratio of 2.3 (35). After the measurements, cells
were fixed with 4% paraformaldehyde and attached cells were
quantified using a crystal violet assay by measuring absorbance
at 590 nm with a SpectraMax M2 microplate reader (Molecular
Devices). Data obtained from the Seahorse XF96 Analyzer was
normalized to cell quantity per well.

Statistical Analyses
All results are expressed as mean £ SEM. Statistical analysis
was performed using Graph-Pad PRISM (version 7.00), Image]

software (version 1.48), and JTK_Cycle software (36). Two-
way ANOVA and Bonferroni’s post hoc test was used to
assess the SR9011 effects on clock genes within 24 h after
synchronization. Unpaired t-tests were used to evaluate the
differences between DMSO and SR9011 groups in the rest of the
study. Image] software was used for the analysis of phagocytosis
assays. JTK_Cycle software (36) was used to identify rhythmic
components in circadian PCR data.

RESULTS

Rhythmic Expression of Cytokines and

Metabolic Genes in Microglia

The intrinsic clock machinery is present in microglia with
clock genes being rhythmically expressed (30, 37). It has been
well documented that cytokines and metabolic genes exhibit
rhythmic expression (23, 38). To confirm whether cytokines
and metabolic genes were also temporally regulated in primary
microglia, we investigated the expression of three key pro-
inflammatory cytokines - interleukin-1 beta (I/1p), interleukin-6
(Il6), and tumor necrosis factor-alpha (Tnfa), as well as three
important metabolic genes - carnitine palmitoyltransferase 1
(Cpt1), hexokinase 2 (Hk2), and pyruvate dehydrogenase kinase
1 (Pdkl). Primary microglia were synchronized by 10 nM
dexamethasone for 2 h as reported before (39) and cultured for 0,
6, 12, 18, or 24 h before being harvested. Gene expression of the
cytokines and metabolic genes was determined over these time
points [time post-synchronization, from now on referred to as
“Time (T)” in hours] and rhythmicity was analyzed by JTK_Cycle
software (Figure 1). Tnfa, Il6, Pdkl, and Cptl showed a clear
rhythmic expression, while I/1p and Hk2 were not rhythmically
expressed (Figure 1). The acrophase of the curves was estimated
at T6, for 116, PdkI and Cptl, and T12 for Tnfa. These data show
that Il6, Tnfa, Pdkl, and Cptl expression are likely orchestrated
by the circadian timing system in primary microglia.

SR9011 Disrupts Clock Gene

Rhythmicity in Microglia

We first determined whether SR9011 enhances Rev-erba activity
and disrupts the clock machinery in primary microglia. For
this, we performed a dose-response study with 1, 5, 10, and
50 wM SR9011 (data not shown) and decided to use 5 uM for
this study. To test the efficiency of SR9011, we first analyzed
the effects of SR9011 on Rev-erb targets Serpinel, Cyp7al,
and Srebf] and found significant reductions in their expression
compared to control, which confirms that SR9011 acts through
Rev-erb (Supplementary Figure 1). When using SR9011 as a
pretreatment before synchronization with dexamethasone, we
found that the effect of SR9011 pretreatment did not persist after
removing SR9011 from the culture (Supplementary Figure 2 and
Supplementary Table 2), contrary to the result from Nakazato
et al. (39). Therefore, the following design was used in this
study: primary rat microglia were exposed to dexamethasone
for 2 h to synchronize the cells, followed by treatment with
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SEM and statistical significance was determined using JTK_Cycle software.
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FIGURE 1 | Major cytokines and metabolic genes are rhythmically expressed in microglia. Relative gene expression of major cytokines and metabolic genes was
measured in primary microglia. After synchronization by dexamethasone for 2 h, cells were cultured and harvested at the indicated post-synchronization time points
(T; n = 6 per group, per time point). Rhythmic expression is signified by a p-value of less than 0.05 and can be found for Tnf (A), /6 (B), Pdk1 (E), and Cpt1 (F). The
expression of /I1 (C) and Hk2 (D) was not rhythmic. The acrophase of the curve is not relevant (N.R.) if data does not fit a curve. Data are presented as means =+

5 pm SR9011 or DMSO for 0, 6, 12, 18, or 24 h. Rhythmic
expression of Bmall, Clock, period 2 (Per2), cryptochrome
1 (Cryl), period 1 (Perl) and nuclear receptor subfamily 1
group d member 1 (Nr1dl or Rev-erba) was found in primary
microglia treated with DMSO, as evaluated with Two-way
ANOVA (Table 1) and JTK Cycle Software (Figure 2 and
Table 2). SR9011 exerted an inhibitory effect on Bmall and
Per2 expression, as analyzed by Two way ANOVA (Table 1). An
interactive effect of SR9011 and Time was found on Bmall, Clock,
and Nrl1dI (=Rev-erba, see Table 1). The impact of SR9011 at each
time point was analyzed by multiple comparison (Figures 2A-
F). Notably, SR9011 disrupted the rhythmic expression of

TABLE 1 | Two-way ANOVA assessment of effect of Time, SR9011, and
Interaction in clock genes in primary microglia with SR9011.

Bmall and Clock, and caused a shift in the acrophase of
Per2 rhythm, as analyzed by JTK_Cycle (Table 2). SR9011 in
combination with dexamethasone had no impact on cell viability
(Figure 2G), indicating that a decrease in gene expression could
not be attributed to cell death. These results show that SR9011
disrupted the rhythm of clock gene expression, pertaining to both
amplitude and phase depending on the clock gene, which means
that rhythmic expression of clock gene expression became non-
rhythmic after adding SR9011. SR9011 had the strongest impact
on Bmall and Clock, while the effect on Per2 and Cryl was less
potent. This is probably due to the direct inhibitory effect of
Rev-erba on the BMALL and CLOCK complex, which indirectly
influences Per2 and Cryl expression.

SR9011 Alters Cytokine Expression in
Microglia
Cytokine secretion constitutes an essential part of microglial

Genes Two-way ANOVA analysis
immune function. Rev-erba has very recently been reported to
p-value regulate neuroinflammation (20). To evaluate the role of Rev-
erba in regulating cytokine expression, we stimulated the cells
Interaction Time SRO011  \yith TNFa to resemble an immune challenge and analyzed the
Bmal1 0.0195 <0.0001 0.0370 effect of SR9011. Primary microglia were exposed to 5 uM
Clock 0.0251 <0.0001 0.0659 SR9011 (or DMSO for control) for 12 h, followed by 100 ng/ml
Cry1 0.1234 <0.0001 00907 TNFa treatment (or BSA for control) for 12 h in combination
Pert 0.5030 <0.0001 0.3939 with SR9011 or DMSO. TNFa significantly increased the
Per2 0.0648 <0.0001 0.0489 expression of the pro-inflammatory cytokines tumor necrosis
Nr1d1 0.0003 <0.0001 0.4462  factor-alpha (Tnfa), interleukin-6 (I16), interleukin-1 beta (I118),

SR90171, Time and Interaction effects were evaluated in primary microglia for clock
genes after treated with DMSO or SR9011. SR9011 has significant impact on
Bmal1 and Per2, and has interaction effect with time on Bmal1, Clock, and Nr1d1.

and C-C Motif Chemokine Ligand (Ccl2; Figures 3A-E). TNFa
also significantly increased the regulatory cytokine granulocyte-
macrophage colony-stimulating factor (Gm-csf; Figure 3F). In all
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FIGURE 2 | SR9011 disrupts clock gene expression in microglia. Rhythmic and relative gene expression of clock genes in primary microglia. Cells were treated with
dexamethasone for 2 h followed by SR9011 or DMSO and were harvested at the indicated time points (n = 4 per group, per time point). (A-F) Clock gene expression
is altered by SR9011 treatment compared to DMSO (control). SR9011 disrupted the rhythmic expression of Bmal1 and Clock, and caused a shift in the acrophase of
Per2 rhythm, as analyzed by JTK_Cycle. (G) Cell viability of primary microglia was not affected by the 24-h SR9011 treatment with dexamethasone. Data are
presented as means + SEM. p < 0.05* vs. DMSO group was determined using Two-way ANOVA followed by Bonferroni’s post hoc test and multiple comparison.

cases, the increase in gene expression by TNFa treatment was
attenuated after treatment with SR9011. Different results were
found for anti-inflammatory cytokines. TNFa had no effect
on the regulatory cytokine transforming growth factor-beta
(TgfP) expression, however, SR9011 treatment decreased Tgfp
expression (Figure 3G). No changes were found in interleukin-
4 (I14) expression (Figure 3H). Interestingly, while TNFa had
no effect on the expression of anti-inflammatory cytokine
interleukin-10 (1/10), SR9011 stimulated the expression of II10
(Figure 3I). These results suggest that SR9011 attenuates the pro-
inflammatory response in primary microglia in the context of
an immune challenge, while stimulating the expression of the
anti-inflammatory cytokine I/10.

SR9011 Attenuated Palmitic Acid

Induced Inflammatory Response in
Microglia

To further test whether SR9011 has a potential therapeutic effect
for overnutrition-induced neuroinflammation, we stimulated the
microglia with palmitic acid (PA) to resemble a pro-inflammatory
stimulus on high-fat diet feeding. Primary microglia were
exposed to 5 pM SR9011 (or DMSO for control) for 12 h,
followed by 50 M palmitic acid (or BSA for control) for 12 h in
combination with SR9011 or DMSO. Palmitic acid significantly
increased the expression of pro-inflammatory cytokines II6 and
I11P. which were attenuated by SR9011 (Figures 4A,B). Palmitic
acid also significantly stimulated Gm-csf expression, while
SR9011 had a profound inhibitory effect on Gm-csf expression
(Figure 4C). Tnfa and Ccl2 expression was not enhanced by
palmitic acid treatment (Figures 4D,E), which is a slightly
different outcome compared to the TNFa stimulus. In addition,
palmitic acid treatment exerted impacts on the expression of core

clock genes Nr1dI and Perl after 12h incubation (Supplementary
Figure 3), which indicates palmitic acid treatment might also
influence circadian rhythms. This is consistent with our previous
observation that circadian rhythms of microglia are disrupted
in DIO animals (30). Thus, these data suggest that SR9011
attenuates the pro-inflammatory response in primary microglia
upon palmitic acid treatment, which may be beneficial for DIO-
induced neuroinflammation.

SR9011 Decreases Phagocytosis in
Microglia

One of the main neuroprotective functions of microglia is
phagocytosis, so we evaluated the effect of SR9011 on phagocytic
activity. Primary microglia were treated with 5 uM SR9011 (or
DMSO) for 12 h and subsequently exposed to 0.05% fluorescent

TABLE 2 | JTK_Cycle analysis of clock genes in primary microglia with SR9011.

Gene DMSO SR9011
P-value Acrophase P-value Acrophase

Bmal1 0.0053 9 0.0980 N.R.
Clock 0.0293 9 1 N.R.
Cry1 <0.0001 6 0.0006 6

Per1 <0.0001 0 0.0293 0
Per2 <0.0001 3 <0.0001 0
Nrid1 0.0364 21 <0.0001 21

Clock genes rhythmicity in microglia treated with SR9011 are analyzed by
JTK_Cycle software. All the clock genes were rhythmically expressed in primary
microglia treated with DMSQO, signified by a p-value of less than 0.05. SR9011
disrupted the rhythmic expression of Bmal1 and Clock. The acrophase of the curve
is not relevant (N.R.) when data does not fit a curve.
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FIGURE 3 | The effect of SR9011 on cytokine expression in microglia. Relative gene expression of cytokines in primary microglia treated with SR9011 or DMSO for
12 h followed by TNFa or BSA treatment for 12 h (n = 6 per group). This figure shows the effect of TNFa and SR9011 on pro-inflammatory cytokine expression
(A-E), regulatory cytokine expression (F), and anti-inflammatory cytokine expression (G-=H). TNFa increases the gene expression of Tnfa, /16, II1B, Ccl2, and Gm-csf.
SR9011 attenuates the expression of Tnfa, II6, II18, Ccl2, and Gm-csf compared to treatment with TNFa alone. Conversely, SR9011 increases //70 expression after
TNFa stimulation. Data are presented as means + SEM and statistical significance was determined using Unpaired t-test in all experiments. p < 0.05* vs
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beads for 1 h. A fluorescence staining was performed for IBA1
(microglia marker) and DAPI, after which the intensity of
fluorescent beads per cell was determined (Figure 5A). The
uptake of fluorescent beads was decreased in primary microglia
treated with SR9011 (Figure 5B). Additionally, the expression
of cluster of differentiation 68 (CD68), a phagocytic marker,
was decreased in primary microglia that were starved for 6 h
(0% FBS) and subsequently treated with 5 uM SR9011 for 12 h
(Figure 5C). The purity of the cultures was tested by staining
primary microglia with IBA1 and DAPI and a microglia purity of
98.81% was determined (data not shown). These results indicate
that SR9011 decreases phagocytic activity, meaning that Rev-erba
plays an inhibitory role in regulating phagocytosis.

SR9011 Inhibits Mitochondrial

Respiration and Metabolic Gene
Expression in Microglia

Major metabolic genes are expressed in a rhythmic manner in

microglia, as shown in Figure 1. We evaluated metabolism after
disrupting the intrinsic microglial clock with SR9011. Primary

microglia were treated with 5 puM SR9011 (or DMSO) for
12 h after which cellular respiration and ECAR were measured
using the Seahorse XFe96 Analyzer to evaluate mitochondrial
respiration and glycolysis. The raw data of OCR and ECAR are
shown in Figures 6A,B. Cellular respiration was significantly
decreased by SR9011, which was mainly attributed to less
ATP-linked mitochondrial respiration, while the HT proton
leak remained unchanged (Figures 6C,D). Consequently, ATP
production was greatly reduced (Figure 6E). Furthermore,
maximum substrate oxidation was decreased after SR9011
treatment (Figure 6F). No changes were found in cellular
acidification (glycolysis) and maximum glycolytic capacity
(Figures 6G,H). These results indicate that SR9011 decreases
ATP production by inhibiting oxidative phosphorylation. This
mitochondrial dysfunction is not compensated with glycolysis.
Furthermore, SR9011 inhibits the expression of Hk2, Pdkl,
and Cptl (Figures 6I-K), which are key enzymes involved in
substrate utilization by the citric acid cycle. Taken together, these
results suggest an overall decrease in cellular metabolism caused
by activation of Rev-erba by SR9011. Thus, Rev-erba is a potent
inhibitor of cell metabolism in primary microglia.
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FIGURE 4 | The effect of SR9011 on palmitic acid induced inflammatory responses in microglia. Relative gene expression of cytokines in primary microglia treated
with SR9011 or DMSO for 12 h followed by 50 wM palmitic acid or BSA treatment for 12 h (n = 4 per group). Palmitic acid treatment increases /6 (A), //18 (B), and
Gm-csf (C), which are inhibited by SR9011. Palmitic acid treatment has no profound effect on the expression of Tnfa (D) and Ccl2 (E), while SR9011 decreased
Ccl2 expression with and without palmitic acid treatment (E). p < 0.05* vs DMSO + BSA and p < 0.05" vs DMSO + PA.
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FIGURE 5 | SR9011 decreased phagocytic activity in primary microglia.

(A) The uptake of fluorescent beads by primary microglia treated with DMSO
or SR9011. (B) Primary microglia treated with SR9011 exhibit decreased
phagocytic activity (n = 15). (C) The expression of phagocytic marker CD68 is
decreased in primary microglia treated with SR9011 for 12 h (n = 6). Data are
presented as means + SEM and statistical significance was determined using
Unpaired t-test in all experiments. p < 0.05* and p < 0.001*** vs. DMSO.

DISCUSSION

The aim of the current study was to determine the role of
Rev-erba in microglial immunometabolism. We show that key
cytokine and metabolic genes are rhythmically expressed in
primary microglia. Activation of Rev-erba with SR9011 disrupted
the intrinsic microglial clock and attenuated the phagocytosis
and the pro-inflammatory response. SR9011 also decreased
mitochondrial respiration and metabolic gene expression in
microglia. These findings shed new light on the link between
the circadian clock, cell metabolism and immune function
in microglia and identify Rev-erba as a possible important
therapeutic target for treatment of neuroinflammatory diseases.
The rhythmic expression of major cytokines and metabolic
genes in primary microglia observed in the current study
supports our previous idea that in vivo the intrinsic clock
is coupled with cellular metabolism (30). Such rhythmicity
of cytokines may have physiological relevance in vivo - we
reported before that microglia activity displays a day and night
difference and is accompanied by a change in TNFa expression
in the medial basal hypothalamus, which in turn affected the
mitochondria function of nearby neurons (31). A growing body
of literature reports that an obesogenic diet is associated with
constant activation of microglia, leading to chronic hypothalamic
inflammation, which contributes to the pathology observed
(26, 27, 31, 40). We also reported that microglial circadian
rhythmicity is disrupted in DIO animals (27). In this study,
we found that SR9011 prevents the microglia pro-inflammatory
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FIGURE 6 | The effect of SR9011 on cellular metabolism in primary microglia. Cellular bioenergetics and metabolic gene expression in primary microglia after
SR9011 treatment (n = 4 per group). (A, B) Overview of OCR (A) and ECAR (B) of primary microglia treated with DMSO or SR9011 for 12 h. Indicated are the times
on which oligomycin, FCCP, rotenone/antimycin A (R/A) and 2DG were administered. (C-H) SR9011 decreased cellular respiration (C), which was caused by a
decline in ATP-linked mitochondrial respiration (D). Consequently, ATP production was significantly decreased in response to SR9011 (E). SR9011 also caused a
decrease in maximum substrate oxidation (F). No changes were found in cellular acidification (G) and maximum glycolytic capacity (H). (I-K) SR9011 decreased the
expression of metabolic genes Hk2 (I), Pdk1 (J), and Cpt1 (K) in primary microglia treated by dexamethasone for 2 h and SR9011 for 6 h. Data are presented as
means + SEM and statistical significance was determined using Unpaired t-test in all experiments. p < 0.05*.
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responses usually observed during an inflammatory challenge
and an obesogenic metabolic challenge. The mechanism behind
the metabolic improvements observed in DIO mice can partially
be explained by the mitigating effect of SR9011 on hyperactive
microglia, thereby attenuating inflammation. This finding can
have major implications for reducing microgliosis caused
by obesity or neuroinflaimmatory diseases. A better ex vivo
experimental setting to mimic the in vivo situation under a
chronic high-fat diet challenge would be helpful to further
elucidate these mechanisms.

The current study examined the immune function of
microglia upon SR9011-associated Rev-erba activation. Similar
topics have been discussed before. In studies on knock-out mice
or mice pharmacologically administered with SR9011, microglia
activation and Il6 expression was downregulated upon LPS
exposure (39, 41). In another Rev-erba deletion study, mice
displayed microgliosis, increased CD68, and neuroinflammation
in the hippocampus (20). Consistent with these results, we
enhanced Rev-erba activity with SR9011 and found a decreased
pro-inflammatory response and phagocytosis. A recent study
describes a regulatory role of Bmall in macrophage motility
and phagocytosis (42), which may indicate a possible interplay
between Rev-erb and Bmall in the regulation of phagocytosis
in microglia - an interesting topic for future research.
Additionally, SR9011 stimulated the expression of the anti-
inflammatory cytokine I/10. This suggests Rev-erba not only
inhibits pro-inflammatory cytokines, but also promotes the anti-
inflammatory response. Moreover, to more accurately mimic
microglias immune response, we used TNFoa as an innate
immune challenge, which is more physiologically relevant
compared to lipopolysaccharide (LPS) used in the studies
mentioned above. These findings suggest that the molecular
clock components Bmall and Rev-erba are closely related to
the microglial immune response, and that Rev-erba activity can
regulate the inflammatory state in microglia under physiological
and pathological conditions.

Rev-erba nuclear receptors were reported to regulate
metabolic homeostasis in cancer cells, hepatic cells and
hepatoma cells (17, 18, 43). The findings of the current study
show that Rev-erba nuclear receptors regulate cell metabolism
in primary microglia, the innate immune cells, as evidenced by
the decrease in mitochondrial respiration and ATP production,
as well as the decreased expression of rate-limiting enzymes
such as Cptl, Pdkl, and Hk2 in response to SR9011. Our study
dissected how the Rev-erba-associated clock machinery interacts
with immunometabolism in microglia. It is generally assumed
that immune function is tightly linked to cell metabolism due to
the metabolic demand of an inflammatory response (44). One
explanation for the decline in energy metabolism is that it is a
consequential phenomenon caused by less energy demand due to
the attenuated pro-inflammatory response. Another possibility
is a direct effect of Rev-erba on cellular metabolism. Rev-erba
nuclear receptors, when bound to their ligand, repress the
transcription of not only clock genes like Bmall, but also repress
metabolic genes and are involved in mitochondrial respiration
(14, 15, 45, 46). The inflammatory response of microglia
also involves metabolic reprogramming, which also might
explain the attenuation of pro-inflammatory cytokines (32, 33).

Another speculation would be that the intrinsic molecular clock
orchestrates both microglial metabolism and immune response,
and that it can also change the activation state of microglia.
The latter would mean that SR9011-induced enhanced Rev-
erba activity is associated with disturbed microglial circadian
rhythms, which consequently changed the cellular metabolism
and immune response. Indeed, the in vivo situation might be far
more complicated, because it is unknown what occurs first in
the development of metabolic disorders: the disrupted circadian
rhythmicity, the alterations in intracellular metabolism, the
changes in immune response, or any other unknown factors. In
our opinion, the disrupted circadian rhythmicity is very likely to
be the driving force of the other two. In addition, the appropriate
immune response of microglia is required to defend the CNS
under normal conditions, so attenuated pro-inflammatory
responses might not be always beneficial for the body. Further
research is needed to elucidate the causal relation among the
intracellular clock, cellular metabolism and immune response
in microglia under physiological condition and metabolic
challenges. It is interesting to note that SR9009, a REV-ERB
agonist similar to SR9011, has been reported to exert Rev-erba
independent side-effects on cell proliferation and metabolism
(47). Whether SR9011 has the same side-effects is currently
unknown, and requires further research.

Future research should also investigate the significance of
the microglial intrinsic clock in vivo. It is likely that the exact
consequences of disturbing the microglial clock depend on the
brain regions involved. Microgliosis in the hypothalamus is
associated with metabolic disorders, while microglia in other
brain regions will have other functions, depending on the micro-
environment. On the other hand, the role of Rev-erba should
also be investigated in other immune cells and their related
immune-diseases.

CONCLUSION

Our study demonstrates that disturbing circadian rhythmicity
by SR9011-induced Rev-erba activation attenuates pro-
inflammatory cytokine expression and reduces cellular
metabolism in microglia. In addition, expression of the
anti-inflammatory cytokine I/10 is stimulated, emphasizing
the mitigating effect of Rev-erba activation on the pro-
inflammatory response. The findings of this study identify an
interconnected role of Rev-erba in the circadian rhythmicity,
cell metabolism and inflammatory response of microglia and
may have important implications for the employment of
Rev-erba as a potential therapeutic target for the treatment
of neuroinflammatory diseases, however, further studies are
required to achieve this goal.
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Mast cells play a key role in the regulation of innate and adaptive immunity and are
involved in pathogenesis of many inflammatory and allergic diseases. The most studied
mechanism of mast cell activation is mediated by the interaction of antigens with
immunoglobulin E (IgE) and a subsequent binding with the high-affinity receptor Fc
epsilon RI (FceRl). Increasing evidences indicated that mitochondria are actively involved
in the FceRI-dependent activation of this type of cells. Here, we discuss changes in
energy metabolism and mitochondrial dynamics during IgE-antigen stimulation of mast
cells. We reviewed the recent data with regards to the role played by mitochondrial
membrane potential, mitochondrial calcium ions (Ca?t) influx and reactive oxygen
species (ROS) in mast cell FceRI-dependent activation. Additionally, in the present
review we have discussed the crucial role played by the pyruvate dehydrogenase
(PDH) complex, transcription factors signal transducer and activator of transcription 3
(STAT3) and microphthalmia-associated transcription factor (MITF) in the development
and function of mast cells. These two transcription factors besides their nuclear
localization were also found to translocate in to the mitochondria and functions as direct
modulators of mitochondrial activity. Studying the role played by mast cell mitochondria
following their activation is essential for expanding our basic knowledge about mast cell
physiological functions and would help to design mitochondria-targeted anti-allergic and
anti-inflammatory drugs.

Keywords: mast cell, mitochondria, FceRI-dependent activation, IgE, allergy

INTRODUCTION

Mitochondria are semi-autonomous double-membrane-bound organelles of an endosymbiotic
origin with various compartments for operating the metabolic reactions including the citric acid
cycle, oxidative phosphorylation (OXPHOS) and fatty acid p-oxidation. These reactions lead to
the increase in the synthesis of ATP and also certain metabolites being generated. Furthermore,
mitochondria produce ROS, accumulate Ca?*, and contribute to the programmed cell death and
cell signaling regulation (1).
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Increasing evidences suggests a strong correlation between
cellular metabolism and mitochondrial morphology. For
example, elongated mitochondria has contributed to a high level
of OXPHOS activity and attenuated when the mitochondria
was fragmented showing the impact of morphology (2, 3).
It is well-known that when immune cells are activated their
metabolism shifts from anabolism to catabolism and different
immune cells employ different mechanisms of metabolic
reprogramming enabling the optimized coordination between
energetic and biosynthetic processes (3-6). Effector T cells and
pro-inflammatory M1-macrophages predominantly employ
anaerobic glycolysis which takes place in the cytoplasm, whereas
regulatory T cell and anti-inflammatory M2-macrophages
employ OXPHOS and fatty acid p-oxidation through
mitochondria. This kind of alternative mechanism signifies
the regulatory function of the mitochondrial morphology in
these cells, where the mitochondria in effector T cells and
M1-macrophages are fragmented while they were elongated
in regulatory T cells and M2-macrophages (4, 5, 7). Moreover,
immune cell activation is equally linked to the mitochondrial
dynamics with in the cell. For example, antigen-induced
activation of T cells is accompanied by fragmentation of
mitochondria and their translocation to the immune synapse
area (4, 5, 7). Mitochondrial fragmentation and translocation
to the cell leading edge is necessary for migration of T cells

Abbreviations: ANT, adenine nucleotide translocase; Ap4A, diadenosine
tetraphosphate; ATP, adenosine triphosphate; BMMCs, bone marrow-derived
mast cells; Ca?*, calcium ions; CaMK, calmodulin-dependent protein kinase;
CRAC, channels; DAG, diacylglycerol; DNP,
2,4-dinitrophenol; Doc2a, double C2; Drpl, dynamin related protein 1;
Erk1/2, extracellular signal-regulated kinase; ITAM, (Ig) o immunoreceptor
tyrosine-based activation; ETC, electron transport chain; FAD, flavin
adenine dinucleotide; FADH, FAD dihydogen; FCCP, carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone; FceRI, high-affinity IgE receptor; Gab2,
Grb2-associeted binder 1; HINTI, histidine triad nucleotide-binding protein 1;
IgE, immunoglobulin E; IKK, IkB kinase; IL-6, Interlukin 6; IL-8, Interlukin 8;
IP3, inositol trisphosphate; IP3R, inositol trisphosphate receptor; IkB, inhibitor of
nuclear factor kappa B; JNK, c-Jun N-terminal kinases; LAD2, laboratory of allergic
diseases 2; LAT, linker for activation of T cells; LysRS, lysyl-tRNA synthetase;
M2PK, M2 pyruvate kinase; MAPK, mitogen-activated protein kinase; MCU,
mitochondrial calcium uniporter; mDivi-1, mitochondrial division inhibitor
1; Mfnl, mitofusinl; Mfn2, mitofusin2; MITE, microphthalmia associated
transcription factor; MLCK, myosin light chain kinase; mPTP, mitochondrial
permeability transition pore; NAD, nicotinamide adenine dinucleotide; NADH,
NAD hydrogen; NEMO, NF-kB essential modulator; NFAT, nuclear factors of
activated T cell; NF-kB, nuclear factor- kappaB; NOX4, NADH oxidase; NTAL,
non-T cell activation linker; OPAI, dynamin-like 120 kDa; Orail, calcium
release-activated calcium channel protein 1; OXPHOS, oxidative phosphorylation;
p66shc, proteins having Src homology 2; PDC, pyruvate dehydrogenase complex;
PDH, pyruvate dehydrogenase; PDH Ela, pyruvate dehydrogenase Ela subunit;
PGC-1 a, peroxisome proliferator-activated receptor y coactivator 1 o; PINKI,
phosphatase and tensin homolog induced kinase 1; PIP,, phosphatidylinositol
4,5-bisphosphate; PKC, protein kinase C; PLCy, phospholipase Cy; RBL-2H3, rat
basophilic leukemia; ROS, reactive oxygen species; SERCA, sarco/endoplasmic
reticulum Ca®*-ATPase; siRNA, small interfering ribonucleic acid (RNA); SNARE,
soluble NSF attachment protein receptor; STAT3, signal transducer and activator
of transcription 3; STIM1, stromal interaction molecule 1; Syk, spleen tyrosine
kinase; TFEB, transcription factor EB; Th2, T-helper type 2; TNFa, tumor necrosis
factor alpha; TRPC, Ca®* transporters transient receptor potential canonical;
TRPMLI, mucolipin 1 TRP or MCOLNT1 channel; UCP2, uncoupling protein 2;
Uqerfsl, ubiquinol-cytochrome C reductase, Rieske iron-sulfur polypeptide 1;
VDAG, voltage-dependent anion channels.

calcium release-activated

(4, 8) and neutrophils (9). Efferocytosis of apoptotic cells by
macrophages requires mitochondrial fragmentation as well (4).

The role played by mast cells in the development of
inflammatory and allergic diseases is well-known (10, 11).
Mast cell functions are mediated through a wide spectrum of
biologically active compounds being secreted and regulated by
various mechanisms. The most studied mechanism of mast
cell activation is mediated by the interaction of antigens with
immunoglobulin E (IgE) and a subsequent binding with the
high-affinity receptor FceRI. This event triggers FceRI-dependent
signaling which makes the mast cells secreting mediators such
as histamine, proteoglycans, neutral proteases, and various
cytokines. First, the preformed mediators are released from
secretory granules via a degranulation process afterwards newly
synthesized mediators such as cytokines and eicosanoids are
being released to the extracellular environment for inducing
inflammation (12, 13).

Mitochondria are actively involved in the FceRI-dependent
mast cell activation. Antigen-mediated mast cell stimulation
is accompanied by mitochondrial fragmentation and their
translocation to the site of exocytosis of secretory granules via
secretion of mitochondrial components (14, 15). The OXPHOS
process serves as an important step for mast cell degranulation
and cytokine synthesis. The uncoupling of OXPHOS inhibits the
FceRI-dependent mast cell activation, however, the mechanisms
that mediate this process is not fully understood (16-19).
Mitochondria play an important role in regulating the cytosolic
Ca%" level which is critical for mast cell activation as they
are able to accumulate Ca®T (20-23). Mitochondrial ROS are
also involved in activating mast cell (24, 25). Special attention
should be given to the transcription factors STAT3 and MITF
which play an important role in the development and function
of mast cells. A small pool of these transcription factors reside
in the mitochondria and modulate the mitochondrial activity
independently as proteins other than regulating the expression
of nuclear target genes (26-29).

Further investigation of the functions of mitochondria in mast
cell activation is essential as it would expand our basic knowledge
about mast cell physiology and could help in designing new
anti-allergic and anti-inflammatory drugs.

THE FCe<RI-DEPENDENT MAST CELL
ACTIVATION

Mast cells represent an important cell population of the
connective tissue that maintains its homeostasis and is involved
in innate as well as adaptive immunity responses (12). The role
played by these type of immune cells in the pathogenesis of
various inflammatory and allergic diseases is well-documented
(10). The strongest association of excessive mast cell activation
and the severity of symptom manifestation were observed
during arthritis, bronchial asthma, allergic rhinitis, and atopic
dermatitis (11). Mast cell functions are mediated through the
secretion of a wide spectrum of biologically active compounds.
Mediators could be divided into two categories: the preformed
mediators and the newly synthesized mediators. Mast cells
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secretory granules contain lysosomal proteins such as p-
hexosaminidase mediators (such as histamine and serotonin),
glycosaminoglycans (such as heparin and chondroitin sulfates)
and enzymes (such as tryptase and chymase). The second group
of mediators include metabolites of arachidonic acid, cytokines,
chemokines, and growth factors are synthesized only upon mast
cell stimulation (12, 13, 30, 31). There are two subpopulations
of mast cells—mucosal mast cells, which are characterized by
the presence of tryptase without chymase and mast cells of the
connective tissue that contain both enzymes. Mucosal mast cells
contain low levels of histamine, but produce many cysteinyl
leukotrienes (LTC4, LTD4, LTE4, LTF4). Granules in these type
of mast cells are characterized by their presence of chondroitin
sulfate. In turn, connective tissue mast cells are characterized
by higher content of histamine and secretes high levels of
prostaglandin D2 while their granules contain heparin instead of
chondroitin sulfate (32, 33). However, mast cells from different
tissues are highly heterogeneous in the expression of both
granules and enzymes needed for their secretion according to the
studies on transcriptome analysis of bone marrow-derived mast
cells (BMMCs) (34).

The mechanism of FceRI-dependent mast cell activation
is well-documented in number of reviews (12, 20, 35, 36).
Interaction of the antigen-IgE complex with the FceRI receptors
induces their aggregation and phosphorylation of tyrosine
residues in the (Ig) @ immunoreceptor tyrosine-based activation
motif (ITAM) regions of B- and y-chains by the Lyn kinase.
These regions bind to the spleen tyrosine kinase (Syk) which
phosphorylates the transmembrane adaptor molecule linker
for activation of T cells (LAT). LAT phosphorylation activates
phospholipase Cy (PLCy) that catalyzes the hydrolysis of
phosphatidylinositol (4,5)-bisphosphate (PIP;) in the plasma
membrane. Inositol trisphosphate (IP3) and diacylglycerol
(DAG) generated during hydrolysis of PIP, will induce the
release of Ca’* from intracellular stores into the cytosol
and activation of the protein kinase C (PKC) thus causing
the degranulation of mast cell. Also, LAT activates the small
GTPase RAS which in turn stimulates mitogen-activated protein
kinase (MAPK) signaling leading to cytokine production
and activates phospholipase A2 (PLA2) which regulates
the synthesis of eicosanoids (12, 20, 35). Crosslinking of
FceRI receptors also activates Src-family kinase Fyn which is
essential for mast cell degranulation along with cytokine and
leukotriene production. Fyn kinase initiates complementary
signals required for IgE-dependent mast cell degranulation and
when there is a Fyn deficiency, an impaired FceRI-dependent
gene expression with a defective eicosanoid and cytokine
production was resulted in mast cells. With the help of the
adapter protein non-T cell activation linker (NTAL) Fyn
phosphorylates Grb2-associeted binder 1 (Gab2) thus activating
phosphatidylinositol 3 kinase (PI3K) (36, 37). Activated
PI3K phosphorylates PIP, and produces phosphatidylinositol
(3,4,5)-trisphosphate  (PIP3) which subsequently activates
the 3-phosphoinositide-dependent protein kinase-1 (PDK1),
RAC-alpha serine/threonine-protein kinase (Akt) and Bruton’s
tyrosine kinase (Btk) kinases (37, 38).

THE ROLE PLAYED BY MITOCHONDRIA IN
THE FC<RI-DEPENDENT MAST CELL
ACTIVATION

The Energy Metabolism

For quite a long time, mitochondria were thought to exert
only the bioenergetic function by uptaking the substrate
from cytosol and their catabolic conversion using fatty acid
oxidation or the citric acid cycle (Krebs cycle) thus causing
the reduction of nicotinamide adenine dinucleotide (NAD) and
flavin adenine dinucleotide (FAD). Further oxidation of NAD
hydrogen (NADH) and FAD dihydogen (FADH;) by the electron
transport chain (ETC) is linked to a proton electrochemical
potential generation across the inner mitochondrial membrane.
The energy of this electrochemical potential is harnessed by the
ATP-synthase to produce ATP. In addition to ATP production,
mitochondria are involved in the biosynthesis of pyrimidines,
certain fatty acids, heme, ROS production and maintenance of
Ca®t homeostasis (1).

Adequate ATP levels in mast cells have been shown to be
essential for FceRI-dependent activation of mast cells. ATP
production and oxygen consumption was increased during
antigen-induced activation (26). Apparently, both glycolysis and
OXPHOS could be the source of ATP in mast cells (6). FceRI-
dependent stimulation of the rat basophilic leukemia RBL-2H3
mast cells was shown to induce phosphorylation and inactivation
of the M2 pyruvate kinase (M2PK) which is involved in the
terminal reaction of glycolysis and pyruvate production (39).

Using a Seahorse cell metabolism analyzer, the antigen-
induced stimulation of mast cells derived from the murine bone
marrow has been shown to rapidly stimulate the glycolysis (40).
Glycolysis suppression by dichloroacetate that inhibits the kinase
of pyruvate dehydrogenase and ETC complex I inhibition by
rotenone abated both degranulation and cytokine production.
The competitive inhibitor of glycolysis 2-deoxyglucose also
diminished both degranulation and production of cytokines
upon antigen-dependent mast cell activation. However, the
suppressing fatty acid oxidation by etomoxir which inhibits
carnitine palmitoyltransferase-1 had no effects (40). It should
be noted that mast cell sensitization only with IgE prior to
antigen-induced stimulation elevates the glycolytic capacity (40).
Our own data demonstrated that inhibition of glycolysis doesn’t
affect FceRI-dependent degranulation of RBL-2H3 and bone
marrow-derived mast cells. This indicated that the major part
of the energy for degranulation is derived from mitochondrial
ATP (26).

The PDH complex serves as a gatekeeper in the metabolism
of pyruvate in order to maintain glucose homeostasis during
the fed and fasting states. Important mast cell functions such as
degranulation and cytokine secretion were found to be regulated
by mitochondrial PDH. This is based on our findings that
in IgE-antigen activated RBL-2H3 cells and BMMCS, serine
293 dephosphorylated PDH levels were significantly reduced,
indicating the active state of this complex. Furthermore, CPI-
613, a small molecule selective inhibitor of PDH, which is
now in phase 2 of clinical studies for cancer treatment has
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severely impaired mitochondrial ATP production. This inhibitor
treatment led to a 50% decrease in mast cell degranulation
and completely abolished the tumor necrosis factor alpha
(TNFa) secretion in RBL-2H3 cells. This effect was not a
result of apoptosis as no cleaved caspase 3 was observed and
was due to PDH inactivation where a significant increase
in PDH phosphorylation levels indicates a decrease in the
complex’s activity. Moreover, the knockdown of PDH using
small interfering ribonucleic acid (RNA) (siRNA) has also
replicated the degranulation results. PDH depletion has greatly
effected interleukin 6 (IL-6) and TNF-a levels than degranulation
values which indicates a strong correlation between the loss
of mitochondrial ATP and cytokine secretion during mast cell
exocytosis. These findings were extended to human cord blood-
derived mast cells also where both degranulation and IL-6
secretion were abolished by CPI-613, providing a future potential
target for allergic diseases research (28).

The antigen-dependent stimulation of mast cell was shown
to effect the extracellular signal-regulated kinase (Erk1/2)
dependent phosphorylation of mitochondrial STAT3 thus
causing an increase in OXPHOS activity. Inhibition of STAT3
activity has attenuated both degranulation and cytokine secretion
in mast cells (26, 29). Thus, FceRI-dependent mast cell
stimulation requires both activities of glycolysis and OXPHOS.

The Mitochondrial Membrane Potential

The mitochondrial membrane potential (§Wm) plays an
important role in the regulation of FceRI-mediated mast cell
degranulation. AWm is generated by ETC proton pumps
(complexes I, ITI, and IV). Along with the proton gradient, AUm
forms the proton electrochemical transmembrane potential
(or the proton-motive force) used for ATP synthesis (41, 42).
AWm is a driving force for the transporting various substrates
in mitochondria and for Ca?>* accumulation. High A¥m can
induce NAD reduction (so-called reverse electron transport)
that is the key contributor to mitochondrial ROS production
(41-43). Membrane potential plays an important role in
signal transduction and regulates the mitochondrial structural
dynamics. Decreased AWm is accompanied by fragmentation
of the elongated mitochondria (41, 42). A significant decline
of mitochondrial potential is associated with mitochondrial
dysfunction. It activates the mitochondrial quality control
systems including the phosphatase and tensin homolog induced
kinase 1(PINK1)-parkin pathway which induces selective
autophagy of defective mitochondria (mitophagy). At high
AWm PINK1 undergoes degradation, while AWm is reduced,
PINK1 accumulates on the outer surface of the mitochondria
and recruits parkin ubiquitin ligase that ubiquitinylates PINK1
leading to mitophagy induction (41-43). AWm decrease due
to OXPHOS uncoupling attenuates mast cell activation. The
uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
inhibits the antigen-induced secretion of P-hexosaminidase
in rat mast cell line RBL-2H3 (16). Mitochondrial respiration
inhibitors such as ETC complex I inhibitor rotenone, complex
III inhibitor antimycin A, and the uncoupler carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone (FCCP) suppress
IgE-mediated degranulation of murine bone marrow mast

cells and RBL-2H3 cells. This suggests that this process may
depend on a high ATP level. However, antimycin A and FCCP
(but not rotenone) promoted degranulation in the absence of
extracellular Ca?* via a rapid decrease of AWm. Mitochondrial
depolarization enhanced IgE-mediated Ca?* release from
mitochondria and intracellular stores. This can imply that
uncouplers affect mast cell degranulation both via a decreased
ATP level and an increased release of mitochondrial Ca2t (17).

Many natural and synthetic compounds possess an
uncoupling activity along with the uncouplers widely used
in experimental work. The antibacterial and antifungal agent
triclosan has an uncoupling activity. Triclosan brings about
a decline in A¥m and ATP production and promotes
mitochondrial fragmentation and ROS generation
unstimulated RBL-2H3 cells. Upon mast cell stimulation,
triclosan inhibits microtubule polymerization and mitochondrial
translocation to the plasma membrane and suppresses the
entry of extracellular Ca*™ through the plasma membrane.
The inhibited mitochondrial translocation might prevent the
activation of calcium release-activated channels (CRAC) which
plays a crucial role in Ca?* from the extracellular environment
indicates thattriclosan attenuates FceRI-dependent mast cell
degranulation (18, 19).

It is worth noting that some uncouplers can act as mast cell
activators. In our recent study, we have shown that degranulation
of RBL-2H3 mast cells is stimulated by usnic acid which is a
secondary messenger in lichens and has an uncoupling activity.
Usnic acid appears to act not only as a protonophore uncoupler
but also as a calcium ionophore. Similar to calcium ionophore
A23187, usnic acid elevated the intracellular Ca>* level in RBL-
2H3 cells acting as a trigger for degranulation (44). Thus, AWm
plays an important role in mast cell function, most likely due to
its role in Ca?* transport across the mitochondrial membrane.

in

Calcium Signaling

All stages of FceRI-dependent mast cell activation including their
degranulation, biosynthesis of eicosanoids and cytokine
production are Ca?"-dependent (20-23, 45). Antigen-
induced mast cell stimulation activates phosphoinositide
phospholipase C (PLCy) which catalyzes phosphatidylinositol
4,5-bisphosphate (PIP;) hydrolysis in the plasma membrane.
Inositol trisphosphate (IP3) induces Ca?t release from the
endoplasmic reticulum through inositol trisphosphate receptor
(IP3R) channels into the cytosol (20-23, 45). Mitochondria
and endoplasmic reticulum can strongly interact with each
other via special contacts called mitochondria-associated
membranes (MAMs) (22) with their membranes that are spaced
10-50 nm apart. Ca?* released from endoplasmic reticulum
penetrates into mitochondria through the potential-dependent
porin voltage-dependent anion channels (VDAC) localized at
the outer mitochondrial membrane following mitochondrial
calcium uniporter (MCU) at the inner mitochondrial membrane
(22, 45). ATP-dependent Ca?™ pumps sarco/endoplasmic
reticulum Ca2+-ATPase (SERCA) restore the Ca’t pool in
endoplasmic reticulum (22). The downregulation of the MCU
transporter has been shown to impair FceRI-dependent mast
cell degranulation (21). An increased level of mitochondrial
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Ca’>* enhances OXPHOS and promotes ATP production and
ROS generation. Importantly, Ca?* release from mitochondria,
mediated by Nat/Ca?"-exchanger and to a lesser extent by
H*/Ca?*-exchanger, is important for maintaining of Ca**™
oscillations in the cytosol and preventing the mitochondrial
Ca®t overload (20-23, 45). Excessive accumulation of Ca?*
in mitochondria promotes the opening of the non-selective
mitochondrial permeability transition pore (mPTP) which is
essential for a rapid Ca®>* release from mitochondria. The mPTP
complex most likely comprises ATP-synthase (FOF1), adenine
nucleotide translocase (ANT) and cyclophilin D from the
mitochondrial matrix (46). Both decreased AWm and oxidative
stress significantly increases the probability of mPTP opening
which plays an important role in mast cell activation. This is
supported by the fact that atractyloside and bongkrekic acid
(the agonist and antagonist of mPTP, respectively) enhanced
and suppressed FceRI-mediated intracellular Ca’* release in
mast cells, respectively. Bongkrekic acid abolished the elevated
antigen-induced mast cell degranulation which was observed in
the absence of intracellular Ca>* upon treatment with antimycin
A or FCCP (17).

It is known that mPTP opening can be reversible and facilitate
the long-term Ca?* oscillations in the cytoplasm. Meanwhile,
prolonged mPTP opening results in reduced ATP production and
increased ROS generation, mitochondrial swelling, disruption of
the outer mitochondrial membrane, and release of proapoptotic
factors from the mitochondrial intermembrane space into the
cytoplasm (47).

Transient Ca?* oscillations triggered by Ca?* release from
the intracellular stores are incapable of maintaining the
degranulation of antigen-stimulated mast cells in the absence of
the extracellular Ca?* influx. Mast cell activation requires Ca>*
influx by store-operated entry (SOCE). SOCE is activated by
Ca”*t depletion in the endoplasmic reticulum and subsequent
influx of extracellular Ca**. The loss of Ca?* binding to EF-
hand motifs in a luminal domain of Ca?* sensor stromal
interaction molecule 1 (STIM1) results in its oligomerization and
redistribution to regions of the endoplasmic reticulum proximal
to the plasma membrane where it interacts with pore-forming
subunits of calcium release-activated channel (Orail/CRACM1)
forming an active CRAC (20, 48). Besides CRAC some transient
receptor potential canonical (TRPC) TRPCs can participate
in Ca?" influx in FceRI-dependent mast cell activation. For
example, mast cell Fyn kinase regulates expression of TRPC1. Fyn
null mast cells demonstrate a decreased expression of TRPCI,
impaired Ca?* influx and cortical F-actin depolymerization (a
key step for granule-plasma membrane fusion) has resulted
in a decreased degranulation (49). TRPC5 in RBL-2H3 cells
associates with STIM1 and Orail, enhances entry of Ca®"
and degranulation (50). The results obtained on the studies
of non-mast cells suggest that interaction between STIM1 and
Orail can be mediated by microtubule-directed reorganization
of endoplasmic reticulum and establishment of contacts between
the endoplasmic reticulum and the plasma membrane (51-53).

Mitochondria appears to play an important role in SOCE.
Trafficking of STIM1 to endoplasmic reticulum-plasma
membrane junctions and subsequent activation of CRAC in

rat basophilic leukemia cells RBL-1 and HEK293 cells was
impaired following the mitochondrial depolarization (54). The
mitochondrial Ca?t current was shown to be necessary for
STIM1 oligomerization and activation in HeLa cells (55). Two
steps elevation in mitochondrial Ca®* concentration was shown
in antigen-activated RBL-2H3 mast cells. The first is Ca?"
entry to mitochondria derived from the Ca®" release from the
endoplasmic reticulum. The second step is Ca?t influx mediated
by STIMI1-Orail. Inhibition of mitochondrial ETC complex I
and III by rotenone and antimycin A, respectively, diminished
mitochondrial Ca*" uptake and inhibited antigen-induced
degranulation (56). Mitochondrial Ca?t uptake can maintain an
active state of CRAC channels along with activation of OXPHOS
and STIM1. Studies on T-lymphocytes have demonstrated that
increased Ca’* levels will lead to CRAC inactivation and the
mitochondrial Ca?* uptake in the vicinity of CRAC prevents
their inactivation (8). Another mechanism that maintains
the extracellular Ca?" influx was demonstrated on HEK293T
and RBL-2H3 cells, where the activity of mitochondrial
Na*/Ca’"-exchanger has interfered the ROS-dependent Orail
inactivation (57).

When intracellular Ca** in mast cells is elevated, it activates
Ca’*-binding protein calmodulin which in turn stimulates
calmodulin-dependent protein kinase (CaMK), myosin light
chain kinase (MLCK), and phosphatase calcineurin (47). The
importance of CaMK and MLCK activation for secretory
granule exocytosis was demonstrated in the RBL-2H3 mast
cells (58). Calcineurin promotes mitochondrial fragmentation
and induces nuclear translocation of the transcription factors
such as transcription factor EB (TFEB), nuclear factors of
activated T cell (NFAT) and nuclear factor- kappaB (NF-kB)
which are involved in autophagy and mitochondrial biogenesis
as well as secretion of pro-inflammatory cytokines (59, 60).
The activation of transcription factor NFAT, which regulates
the expression of pro-inflammatory cytokines associated with
the Th2-dependent immune response, strongly depends on
calcineurin. The inhibited calcineurin activity reduces the
secretion of both preformed and synthesized mediators. It should
be noted that calcineurin inhibitors are used for therapy of
atopic dermatitis and some other allergic diseases. NFAT has been
shown to regulate mast cell degranulation affecting the activity of
kinases protein kinase C (PKC), p38, and Erk (59, 60).

The soluble NSF attachment proteins receptor (SNARE)
protein complex plays a crucial role in fusing the secretory
granules with each other and with the plasma membrane. Some
proteins required for its proper function are Ca?*-sensitive. Such
proteins include Muncl3-4, synaptotagmin II, and double C2
(Doc2a) (61-63).

Mitochondrial ROS

We have already discussed the role played by ROS in mast cell
activation (25) and the present review focuses on the possible role
of the mitochondrial ROS in mast cell activation.

Most mitochondrial ROS arise from ETC function (by
complexes I and III, NADH dehydrogenase and cytochrome
bcl complex, respectively). Mitochondrial ROS generation
depends on many factors: oxygen level, respiration rates,
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Ca?" levels, and AWm. For example, high AWm may boost
ROS production. Mitochondrial ROS can be generated as
byproducts of dehydrogenase activity in the mitochondrial
matrix, the proteins having Src homology 2 (p66shc) in
the intermembrane space, monoamine oxidase at the outer
mitochondrial membrane, and NADH oxidase (NOX4) at
the inner mitochondrial membrane. Mitochondria have an
efficient antioxidant system. It includes thiol-containing peptide
glutathione, thioredoxins and glutaredoxins, glutathione
reductases, thioredoxin peroxidases (peroxiredoxins), and
superoxide reductases (64-66).

Histamine production and mast cell degranulation were
shown to be attenuated by uncoupling protein 2 (UCP2), the
protein of the inner mitochondrial membrane that regulates ROS
generation (24). Our previous data indicated that mitochondria-
targeted antioxidant SkQ1 abrogates the antigen-dependent
degranulation of RBL-2H3 mast cells (67), which implies that
mitochondrial ROS contribute to mast cell activation. As it
will be discussed below in the part “Mitochondrial dynamics,”
mast cell degranulation is accompanied by the mitochondrial
fragmentation and its translocation to the plasma membrane.
Preventing mitochondrial fragmentation suppresses mast cell
degranulation (14). Mitochondrial ROS seem to be a vital
regulator of mitochondrial fragmentation. The mitochondria-
targeted antioxidants MitoQ (68-70) and SkQ1 (71) can inhibit
mitochondrial fragmentation induced by uncoupling agents and
oxidative stress in many cell cultures. The protective effect of
the mitochondria-targeted antioxidants appears to be mediated
by modulation of the activity or localization of dynamin-like
proteins Drpl and OPA1 (66, 69), as well as by regulation of
the expression of genes that control mitochondrial dynamics
(70, 72).

Probably, mitochondrial ROS can regulate exocytosis of mast
cells by acting on Ca?>* channels in secretory granules. The main
lysosomal Ca?t channel mucolipin-1 (MCOLNI1/TRPML1)
is localized in the secretory lysosomes of NK cells related
to secretory granules (73) and can be directly activated by
mitochondrial ROS (61, 74, 75). Ca®t release via TRPML1
leads to lysosomal fission (76) and calcineurin-dependent
translocation of the nuclear transcription factor TFEB which
stimulates lysosome exocytosis, autophagy, and lysosome
biogenesis (61, 74, 75). The key role of mucolipin-1 in
the regulation of granule exocytosis was demonstrated in
experiments in which the pharmacological inhibition of
phosphoinositide kinase PIKfyve, which stimulates the opening
of the mucolipin-1 channel, inhibited exocytosis in mouse
bone marrow-derived mast cells during FceRI-dependent
activation (77).

The results obtained from the studies of various cell
types suggest that mitochondrial ROS can also affect antigen-
dependent mast cell activation by modifying activities of
MAPK and transcription factors NF-kB and NFAT. Stimulating
the mitochondrial ROS production by antimycin A induces
Erk1/2 phosphorylation and interleukin 8 (IL-8) secretion by
polymorphonuclear leukocytes from human peripheral blood
(78). There is evidence indicating that mitochondrial ROS
are involved in activating P38 MAPK (79, 80) and c-Jun N-
terminal kinases (JNK) (81). Mitochondria-targeted antioxidants

can inhibit the phosphorylation of all three mentioned
kinases (81-83).

Mitochondrial ROS can stimulate NF-kB signaling by
activating the kinase (IKK) of the inhibitor of NF-kB (IkB),
which promotes its proteasome degradation and induces nuclear
translocation of NF-kB (81, 84). Mitochondrial ROS-dependent
activation of IKK can be mediated by several mechanisms,
including the formation of intermolecular disulfide bonds in
NF-kB essential modulator (NEMO), a component of the IKK
complex (85).

The activity of another important transcription factor, NFAT,
also depends on mitochondrial ROS. It has been shown that
NFAT nuclear translocation is abolished in T cells deficient in
the mitochondrial ubiquinol-cytochrome C reductase subunit,
the Riske iron-sulfur protein (Uqcrfsl), which is involved in the
generation of ROS (86).

Figure1 shows
mitochondrial ~ ROS
cell stimulation.

of
mast

schematically possible function
in the antigen-dependent

The Mitochondrial Dynamics
The research evidences indicates that mitochondrial reticulum is
a highly dynamic structure. Depending on the cell requirements,
mitochondria can both alter their localization using the
cytoskeleton and modulates their morphology by fusion
and fragmentation. Mitochondrial fusion is regulated by
the GTPases mitofusinl (Mfnl) and mitofusin2 (Mfn2) at
the outer mitochondrial membrane and by OPAIl at the
inner mitochondrial membrane. Mitochondrial fragmentation is
mediated mainly by the GTPase Drpl which is localized in the
cytosol is being inactive (2, 3).

Inhibiting Drp1 activity by mitochondrial division inhibitor
1 (mDivi-1) or downregulation of Drpl expression using siRNA
suppresses mitochondrial fragmentation and translocation,
attenuates mast cell degranulation but does not affect de novo
biosynthesis of mediators. The translocation of mitochondria to
the plasma membrane was observed in the mast cells isolated
from the skin of atopic dermatitis patients. Furthermore, Drpl
and calcineurin were upregulated in the skin of those patients
(14). The number of cristae in mitochondria of RBL-2H3 mast
cells was found to increase upon the antigen-induced stimulation
(87). Generally, the number of cristae increases as OXPHOS
activity enhances (7). Furthermore, IgE-dependent stimulation
of laboratory of allergic diseases 2 (LAD2) mast cells was shown
to be accompanied by secretion of mitochondrial particles,
mitochondrial DNA, and ATP in the absence of cell death (15).

Drpl activity depends on its phosphorylation on Ser616
and Ser637. Dephosphorylation of Drpl on Ser637 by Ca’*-
dependent phosphatase calcineurin promotes the recruitment
of Drpl to the mitochondrial surface. Drpl activation requires
phosphorylation on Ser616 which is executed by various MAPK
kinases including Erkl1/2 (2). Calcineurin activation occurs
in response to an increased intracellular Ca?*. Apart from
Drpl activation, calcineurin triggers nuclear translocation of
transcription factors TFEB, NFAT, and NF-kB involved in
the biogenesis of mitochondria and lysosomes, autophagy,
and secretion of pro-inflammatory cytokines. Activation of
the NFAT transcription factor that regulates the expression
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FIGURE 1 | Mitochondrial ROS (mtROS) can be involved in the activation of mast cells by various mechanisms: () participating in the fragmentation of mitochondria;
(iiy regulating degranulation by stimulation of Ca®*-channels TRPML1 localized to secretory lysosomes; (i) affecting the activity of MAP kinases and transcription
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of the pro-inflammatory cytokines involved in T helper type
2 (Th2) dependent immune response strongly depends on
calcineurin (60).

The role of the Drpl-dependent reorganization of
mitochondrial reticulum in T cell activation is well-
studied. Mitochondrial fragmentation that occurs during
the differentiation of effector T cells is accompanied by a
disassembly of ETC complexes and reducing OXPHOS activity
(7). Upon T cell activation, mitochondria are translocated to the
area of the immunological synapse. Mitochondrial Ca** uptake
interferes with Ca>*-dependent inactivation of CRAC channels
and thus facilitates the increased and stabilized extracellular
Ca?* influx (88). The Erkl/2-dependent phosphorylation of
Drpl and the subsequent mitochondrial fragmentation were
shown to be necessary for the T cell migration as it requires local
ATP production at the cell leading edge and activation of the
motor protein myosin (89, 90).

Notably, that Drpl can exert functions distinct from the
regulation of mitochondrial fragmentation. Drp1 has been shown
to be involved in postsynaptic endocytosis in neurons (91).
Drpl was also shown to be involved in the pore formation for
exocytosis of thrombocyte granules (92).

These data suggest that Drpl-mediated mitochondrial
fragmentation upon antigen-induced mast cell stimulation can
regulate degranulation by maintaining Ca** homeostasis and
the local ATP production. At the same time, the effects of Drpl
on mast cell degranulation may be associated not only with the
influence of Drpl on mitochondrial fragmentation but also with
its direct role in the exocytosis.

The Mitochondrial STAT3 and MITF

It's important to discuss the issue of two transcription factors,
STAT3 and MITE which have a small pool localized in mast
cell mitochondria. The transcriptional switch induced by these

proteins allows the cells to shift their metabolism rapidly in
response to altered conditions.

FceRI-dependent mast cell activation is accompanied by
Erk1/2-dependent phosphorylation of STAT3 on Ser727 and its
translocation to mitochondria. This affects the ETC complex III
activity and elevates ATP production, but the influence on the
activity of complexes I and II cannot be ruled out. The selective
small-molecule inhibitor of STAT?3 Stattic and the mitochondria-
targeted inhibitors Mitocur-1 and Mitocur-3 (the curcumin
conjugated with the triphenylphosphonium lipophilic cations)
suppress both degranulation and cytokine production by mast
cells in vitro and in vivo (26, 29).

Mitochondrial STAT3 can modulate mast cell activation
affecting ETC activity, ROS production, Ca** homeostasis,
and mitophagy. Rotenone-induced mitochondrial ROS mediate
phosphorylation of STAT3 on Ser727 and its subsequent
translocation to mitochondria. In its turn, mitochondrial STAT3
facilitates ATP production affecting predominantly the activity
of ETC complexes I and II and decreases ROS generation.
Therefore, STAT3 senses and regulates ROS levels (27, 93).
Mitochondrial STAT has been also shown to bind to the mPTP
component cyclophilin D and prevent its opening which can
be one of the crucial mechanisms of ROS generation inhibition
(94). Furthermore, mitochondrial STAT3 was shown to increase
the mitochondrial and intracellular levels of Ca?** (27). There
is also evidence indicating that mitochondrial STAT3 inhibits
mitophagy (95).

Pyruvate dehydrogenase complex (PDC) is the main regulator
of Krebs cycle and its a complex made up of 3 subunits
including pyruvate dehydrogenase PDH (2 subunits Ela, f),
dihydrolipoamide acetyltransferase (E2) and dihydrolipoamide
dehydrogenase (E3). For the conversion of pyruvate to acetyl-
CoA, an activated dephosphorylated PDC catalyzes the oxidative
decarboxylation step, thus regulating the citric acid cycle
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inside mitochondria. For the mast cell function during FceRI-  (PGC-1 «) an important coactivator for regulating OXPHOS
dependent activation an increase in OXPHOS activity and ATP  genes for maintaining the mitochondrial biogenesis was found
production was observed (26). MITF whose major function is  to be regulated by MITF (100) in melanoma cells. Most
to regulate the differentiation of melanocytes and osteoclasts  recently MITF as a protein was found to be partially localized
(96) was also found in mast cells (97). The studies on lysyl-  in the mitochondria and found to interact with pyruvate
tRNA synthetase (LysRS), diadenosine tetraphosphate (Ap4A),  dehydrogenase Ela subunit (PDH Ela) in mast cells. Allergic
histidine triad nucleotide-binding protein 1 (HINT1) in FceRI-  stimulation has activated the PDH thus causing its detachment
dependent stimulated mast cells highlights the transcriptional ~ from MITF in IgE-DNP treated RBL-2H3 cells and bone
activity of MITF in mast cells and describes the LysRS-  marrow-derived mast cell. Also an impaired degranulation, ATP
Ap4A-HINT-MITF signaling pathway (98, 99). Interestingly,  production, oxygen consumption and the reduction of TNFa
peroxisome proliferator-activated receptor y coactivator 1 a  and IL-6 cytokines with CPI-613 (PDC inhibitor) treatment
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FIGURE 2 | The role played by mitochondria in the antigen-dependent mast cell stimulation. Binding of the antigen complex to IgE (Ag-IgE) causes aggregation of
FceRI receptors and recruits the Lyn kinase which phosphorylates (P) ITAM regions of FceRI with subsequent recruitment of the Syk kinase. This kinase activates the
adapter molecule LAT that further stimulates phospholipase PLCy and small GTPase RAS. PLCy hydrolyzes PIP, with the production of IPs and DAG. IP3 causes
Ca?* release from endoplasmic reticulum (ER) through IPgR channels. Mitochondria interact with ER and uptake the released Ca?* via the potential-dependent
transporter system VDAC-MCU. In mitochondria, Ca?* enhances OXPHOS and ROS and ATP production. Local Ca2* oscillations occur due to the activity of the
mitochondrial Na*/Ca?*-exchanger (NCX) and SERCA pumps localized in ER. Ca®* release from ER causes activation and oligomerization of the calcium sensor
STIM1. After the microtubule-dependent ER translocation to the plasma membrane, STIM1 binds to the pore-forming subunits of CRAC Orai1. This maintains the
current of the intracellular Ca®*. The activated GTPase RAS stimulates phospholipase PLA2 and activates MAPK signaling cascade leading to the biosynthesis of
eicosanoids and cytokine production. Furthermore, MAPK kinase Erk1/2 induces phosphorylation of the transcription factor STAT3 and its translocation to
mitochondria. There it enhances OXPHOS and ATP production but prevents excessive ROS generation and mitophagy. A pyruvate dehydrogenase complex (PDC)
regulating mitochondrial MITF along with STAT3 could also play a potential role in regulating the antigen-induced stimulation of mast cells. An elevated level of
intracellular Ca* activates calmodulin (CaM) followed by stimulation of the phosphatase calcineurin (CaN) which together with MAPK kinases induces
Drp1-dependent mitochondrial fragmentation along. Fragmented mitochondria are translocated to the plasma membrane. Suppression of fragmentation or
translocation of mitochondria attenuates the antigen-dependent mast cell degranulation. The main function of mitochondria seems to be as following: they maintain
intracellular Ca?* current preventing of Ca®*- and ROS-dependent inactivation of the CRAC channels. The accumulation of the intracellular Ca?* is also important for
activating certain proteins that play an important role in SNARE complex function which is necessary for fusion of the secretory lysosomes with each other and with
the plasma membrane.
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in cord blood-derived mast cell explains the importance
of PDH complex during mast cells function. A decreased
PDH activity with MITF overexpression in bone marrow-
derived mast cell and RBL-2H3 cells indicates the importance
of protein interactions in mitochondria. Also, MITF was
found to associate with phosphorylated PDH after CPI-613
treatment clearly emphasizes the regulatory role of MITF for
maintaining the PDH activity during allergic stimulus (28).
However, the mitochondrial MITF localization and function
other than regulating the PDC activity during allergic activation
remains unclear.

CONCLUSION AND FUTURE DIRECTIONS

Mast cells play an important role in the pathogenesis of various
inflammatory and allergic diseases. Mitochondria are actively
involved in many stages of FceRI-dependent mast cell activation.
Based on literature data summarized in this review we try to
present scheme of the function of mitochondria in the antigen-
dependent mast cell stimulation (Figure 2).

Investigation of the functions of mitochondria in mast cell
activation is essential as it would expand the basic knowledge
about mast cell physiology and would help to design new anti-
allergic and anti-inflammatory drugs targeted to mitochondria.
The data summarized in the review indicate the promising
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A Corrigendum on

The Role Played by Mitochondria in FceRI-Dependent Mast Cell Activation
By Chelombitko MA, Chernyak BV, Fedorov AV, Zinovkin RA, Razin E and Paruchuru LB (2020).
Front. Immunol. 11:584210. doi: 10.3389/fimmu.2020.584210

In the original article, there was an error. The statement that mitochondrial ROS inhibit the activity
of NEMO is wrong. Mitochondrial ROS are crucial for the activation of the IKK-NEMO complex.

A correction has been made to the section The Role Played by Mitochondria in the FceRI-
Dependent Mast Cell Activation, subsection Mitochondrial ROS, paragraph 6. The correct
paragraph appears below.

Mitochondrial ROS can stimulate NF-xB signaling by activating the kinase (IKK) of the inhibitor
of NF-xB (IxB), which promotes its proteasome degradation and induces nuclear translocation of
NF-xB (81, 84). Mitochondrial ROS-dependent activation of IKK can be mediated by several
mechanisms, including the formation of intermolecular disulfide bonds in NF-kB essential
modulator (NEMO), a component of the IKK complex (85).

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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A comprehensive understanding of spaceflight factors involved in immune dysfunction and
the evaluation of biomarkers to assess in-flight astronaut health are essential goals for
NASA. An elevated neutrophil-to-lymphocyte ratio (NLR) is a potential biomarker
candidate, as leukocyte differentials are altered during spaceflight. In the reduced gravity
environment of space, rodents and astronauts displayed elevated NLR and granulocyte-to-
lymphocyte ratios (GLR), respectively. To simulate microgravity using two well-established
ground-based models, we cultured human whole blood-leukocytes in high-aspect rotating
wall vessels (HARV-RWV) and used hindlimb unloaded (HU) mice. Both HARV-RWV
simulation of leukocytes and HU-exposed mice showed elevated NLR profiles
comparable to spaceflight exposed samples. To assess mechanisms involved, we found
the simulated microgravity HARV-RWV model resulted in an imbalance of redox processes
and activation of myeloperoxidase-producing inflammatory neutrophils, while antioxidant
treatment reversed these effects. In the simulated microgravity HU model, mitochondrial
catalase-transgenic mice that have reduced oxidative stress responses showed reduced
neutrophil counts, NLR, and a dampened release of selective inflammatory cytokines
compared to wildtype HU mice, suggesting simulated microgravity induced oxidative
stress responses that triggered inflammation. In brief, both spaceflight and simulated
microgravity models caused elevated NLR, indicating this as a potential biomarker for
future in-flight immune health monitoring.

Keywords: neutrophils, spaceflight, simulated microgravity, NLR, inflammation, oxidative stress response

INTRODUCTION

Spaceflight can pose novel challenges to the health of astronauts. For instance, physiological aging
occurs significantly faster as a result of spaceflight, when measured by muscle wasting, loss of bone
density, and immune dysfunction (1, 2). Processes regulated by redox imbalance may contribute to
these adverse outcomes (3-9). Redox imbalance results from a disproportionate increase in reactive
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oxygen species (ROS) produced by the mitochondria (10)
compared to antioxidants in the cell. Elevated ROS is also a
product of the oxidative burst response of neutrophils (11). In
response to stimuli, terminally differentiated neutrophils in
circulation become activated and engage the oxidative burst
response, producing inflammatory mediators (11). If left
unchecked, elevated ROS can cause cellular damage that
potentiates inflammation both on Earth and during spaceflight
(4, 12). Therefore, it is necessary to maintain tight regulation of
the oxidative burst response to limit inflammation (13) and
regulate immunity during prolonged spaceflight.

Neutrophils are granulocytes that constitute approximately
50-70% of the total leukocyte population in humans.
Neutrophils are the first responders to infection or injury and
are typically short-lived in blood circulation under homeostatic
conditions (14, 15). Lymphocytes are an important group of
white blood cells involved in both innate and adaptive immunity.
They constitute 20-50% of total leukocytes in circulation and
consist of natural killer, natural killer T cells, innate lymphoid
cells, T cells, and B cells (16, 17). On Earth, elevated neutrophil-
to-lymphocyte ratio (NLR) is a useful biomarker to measure
subclinical inflammation in humans (18). Chronic, persistent
inflammation can be a major pre-existing cause of disease
development (19, 20) and can be monitored by the expression
of blood-based biomarkers. For example, elevated NLR predicts
poor prognosis in some cancers (21-24), positively correlates
with age (25), and reflects chronic stress in mice (26). Although,
elevated human NLR (>3.53) (27) has been implicated in
clinical settings to identify heightened inflammation (18), this
biomarker has not yet been recognized for spaceflight-induced
inflammation. Spaceflight raises circulating white blood cell
(WBC) counts, primarily granulocytes, may reduce lymphocyte
counts (12, 28, 29), and impairs immune cell functions (6, 12, 30,
31). Although, the spaceflight environment elevates circulating
blood granulocytes counts in astronauts (29), the underlying
molecular mechanisms remain elusive. Currently, there are no
well-established biomarkers for astronauts on long-duration,
deep space missions, where medical intervention will be
limited. Thus, identifying biomarkers to monitor in-flight
astronaut health and developing countermeasures that reverse
these adverse outcomes are necessary for successful future
missions to the lunar surface and Mars. Therefore, we propose
that an elevated NLR may be a useful prognostic indicator or
diagnostic biomarker to assess astronaut immune status during
long-duration missions.

To test this, we analyzed both spaceflight-treated, and
ground-based simulated microgravity-treated, samples to
determine if NLR was elevated. Analyses of complete blood
count (CBC) leukocyte differentials revealed spaceflight caused
a progressive increase of granulocyte-to-lymphocyte (GLR) in
astronauts and NLR in rodents. To simulate microgravity using
established methods, human leukocytes were cultured in high-
aspect rotating wall vessels (HARV-RWYV) in vitro and mice
were hindlimb unloaded (HU) in vivo (32, 33). HARV-RWV is a
bioreactor allowing 3D-spatial freedom for cells and can model
microgravity. It has two unique aspects similar to the spaceflight-

associated microgravity environment, (1) a state of constant
suspension, and (2) a quiescent surrounding without any shear
or turbulent forces. Previous studies have determined leukocyte
responses utilizing HARV-RWV produce similar responses as
leukocytes cultured post-landing or ex vivo in flight (34-42).
Hindlimb unloading (HU) is a ground-based model mimicking
spaceflight-associated microgravity in rodents. The hindlimbs of
rodents are elevated to produce 30-40 degree head-down tilt,
inducing a cephalad fluid shift and preventing weightbearing
of hindlimbs (43). The HU model can lead to immune, bone,
and musculoskeletal alterations, some of which have also
been observed in International Space Station (ISS) crew (44,
45). In our study, functional outputs of neutrophils in response
to simulated microgravity (spug) revealed elevated ROS
and proinflammatory myeloperoxidase (MPO) expression in
activated neutrophils. Interestingly, this effect could be
mitigated with antioxidant treatment. Furthermore, spg HU
wildtype (Wt) mice displayed elevated neutrophils, NLR and
marginal inflammation, which was dampened in mitochondrial
catalase (mCAT) transgenic mice, known to show reduced
oxidative stress responses. Our findings demonstrated that,
albeit distinct mechanisms, both sug models (in vitro HARV-
RWYV and in vivo HU), displayed elevated oxidative stress and
NLR, that could be mitigated by antioxidants. Therefore,
modifying mechanisms involved in ROS-driven inflammation
(46) may provide a promising avenue to limit chronic
inflammation and maintain homeostatic immunity during
long-duration missions.

MATERIALS AND METHODS

Mouse and Human Ethics

Deidentified, human buffy coat samples from healthy donors
were obtained from Blood Centers of America, Oklahoma Blood
Institute, and isolated on-site at NASA Ames. The use of human
samples was approved by NASA Ames Institutional Review
Board (IRB, 201791646CT0O-02, HR-357, and HR-358) with
informed consent from each blood donor. Astronaut and
rodent CBC data sets were approved for use by the electronic
(e)IRB/Life Sciences Data Archive (LSDA) advisory board
(#11028), sourced from previous publications (29, 47, 48). All
mice were purchased from Jackson Laboratories and were
housed in the Animal Care Facility at Ames Research Center.
Hindlimb unloading and subsequent blood isolation procedures
were performed following NASA Ames Research Center
Institutional Animal Care and Use Committee protocol
(TACUC, NAS-17-001-Y2).

Cell Culture

Human whole blood samples were separated using centrifuge
gradient Ficoll-paque Plus (Thermo Fisher Scientific) and the
lymphocyte/monocyte layer and granulocyte/top red blood cell
(RBC) layers were collected. Cells were RBC-lysed with 1XRBC
lysis buffer (Thermo Fisher Scientific) and resuspended (5 x 10°
cells/ml) in RPMI containing 10% fetal bovine serum (FBS) and
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1% Penicillin/Streptomycin (Pen/Strep, Thermo Fisher
Scientific) for subsequent assays.

In Vitro Simulated Microgravity of
Leukocytes Using HARV-RWV

3D high-aspect rotating wall vessels (HARV-RWYV, Synthecon) were
used to simulate microgravity with low-shear, hydrodynamic fluid
flow and omni-directional gravitational force on suspended cells in
rotating free-fall (34, 49-51). To optimize the measurement of
oxidative stress from granulocytes in human leukocytes, suspended
cells were cultured at 5 x 10° cells/ml in 10 ml and rotated at 20
revolutions per minute (RPM) in a parallel-to-ground axis to
simulate microgravity (spg, omnidirectional g-force) for 20 h and
controls were plated in upright T-25 flasks (1 g, unidirectional g
force). Following incubation, 1 ml of sample was collected, SYTOX
live/dead dye-Red (Thermo Fisher Scientific) was added to the
sample and cells were immediately acquired on a BD
FACSMelody ™. Stained cells were considered dead, and cells that
did not stain were considered live and were reported. For neutrophil
differential experiments with antioxidant treatment, N-acetyl cysteine
(NAC, 1 mM) was added to WBC (5 x 10° cells/ml) and cultured in
HARV-RWYV for 20 h, followed by flow cytometric analyses.

Mouse Blood Collections

Blood was collected from the vena cava on the day of euthanasia
and RBC were lysed using 1XRBC lysis bufter (Thermo Fisher
Scientific). Remaining WBC were fixed (2% PFA), washed in
PBS, labeled with leukocyte subset markers, and analyzed by flow
cytometric analyses.

Flow Cytometry Staining and Methods
Mouse and human blood samples were isolated, as described
above, and single-cell suspensions were generated for flow
cytometry acquisition. Debris was gated off and forward scatter
(FSC-A) and side scatter (SSC-A) profiled granulocyte,
monocyte, and lymphocyte populations were measured. Mouse
antibodies, including anti-CD45, anti-Ly6g, and anti-CD11b,
and human antibodies, including anti-CD66b, anti-CD16, anti-
MPO, CellROX "™, SYTOX "™ live/dead stain, and active Caspase
3/7 were used to label multiple leukocyte subsets, and measure
ROS formation and cellular viability. All antibodies and dyes
were purchased from Thermo Fisher Scientific. Unstained and
single-color compensation controls were used for all flow
cytometric experiments, with a minimum of 30,000 events
collected/sample. All acquisitions were performed using a S3
Cell Sorter (Bio-Rad) or a BD FACSMelody' " (BD biosciences),
and FlowJo (version 10.5.3) was used for data analysis.

Quantitative PCR (qPCR)

Total RNA was extracted from cells using Trizol reagent
(Thermo Fisher Scientific) and converted to ¢cDNA using
iSCRIPT c¢DNA synthesis kit (Bio-Rad). All assays were
performed using iQ SYBR Green Supermix (Bio-Rad). An ABI
7500 Real-Time PCR (Applied Biosystems) was used and
threshold cycle values that were 235 cycles were excluded from
the results. Primers were designed using BLAST and purchased
from IDT with the following sequences: mouse -Actin forward

5-AGAGGGAAATCGTGCGTGAC-3 and reverse 5-CAATA
GTGATGATGACCTGGCCGT-3’, Myeloperoxidase (Mpo)
forward 5-ACCTACCCCAGTACCGATCC-3’ and reverse 5-
AACTCTCCAGCTGGCAAAAA-3’, NADPH oxidase (Nox-2,
gp91"*%, Cybb) forward 5-ACTCCTTGGAGCACTGG-3" and
reverse 5-GTTCCTGTCCAGTTGTCTTCG-3’, and II-18
forward 5-CCAAAGAAGAAGATGGAAAAGCG-3’ and
reverse 5-GGTGCTGATGTACCAGTTGGG-3.

Mice and Hindlimb Unloading

All mice handling and experiments were performed according to
the pre-approved NASA Ames Institutional Animal Care and
Use Committee (IACUC). Mice were generated for experiments
by breeding male, hemizyogous mCAT mice [male B6.Cg-Tg
(CAG-OTC/CAT) 4033Prab/] strain] (52, 53) with female
wildtype (Wt) mice (C57BL/6N]) (Jackson Laboratories, Bar
Harbor, ME). C57BL/6N] Wt mice were used as controls. DNA
was purified from tail snips using RedExtract-N-Amp (Sigma, St.
Louis, MO) followed by genotyping using forward 5’-
CTGAGGATCCTGTTAAACAATGC-3" and reverse 5’-
CTATCTGTTCAACCTCAGCAAAG-3" (54) primers for the
mCAT gene. For HU experiments, female mice were
acclimated to their assigned cages three days prior to the onset
of HU. Animals were 16-weeks of age at the beginning of HU.
For the 14-day HU study, C57BL/6N] Wt female mice were
assigned to one of two treatments: normally loaded (NL)
controls, singly housed in standard vivarium cages or HU. For
the 30-day HU experiment, mice were assigned to one of four
groups: Wt/NL, Wt/HU, mCAT/NL, or mCAT/HU. In both 14-
and 30-day HU studies, mice were housed under 12 h light and
12 h dark cycle conditions and provided cotton nestlets (Ancare,
NES3600) as enrichment. Nestlets were refreshed daily. Ambient
temperature ranged from 23.3 to 25.6°C. Body weights were
monitored every 2-3 days throughout the experiment. Blood
draws were performed at euthanasia on days 14 or 30 (32).

Statistical Analyses

Data were compared with either paired or unpaired,
nonparametric or parametric analyses, or with one- or two-
way ANOVA using GraphPad Prism software (version 6.0). A
p < 0.05 was considered statistically significant. All statistical
analyses were supported by a trained statistician.

RESULTS
Spaceflight Elevates NLR and GLR

Peripheral WBC data from previously space-flown rodent and
astronaut experiments were re-analyzed to determine the
contribution of spaceflight to NLR and GLR immune profile
shifts. In rodents (47, 48), spaceflight increased NLR after 14
days in-flight and immediately post-landing (Figure 1A). Later
post-flight (2-8 days after landing, R+2 to R+8), NLR decreased
relative to flight (F14) and landing (R+0) values, suggesting a re-
adaptation response to Earth’s 1 gravity (1 g) (Figure 1A).
Retrospective GLR data were not recorded for this spaceflight
mission. Human WBC data (29) were re-analyzed and GLR was

Frontiers in Immunology | www.frontiersin.org

58

November 2020 | Volume 11 | Article 564950


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Paul et al.

Spaceflight Elevates NLR

A B
.4 5
) %41 o Ground * 2
> 1)
8 -0~ Flight ] *
.g 0.3 9 <4
2 £
£ >
= 02 =3
= g .
g g
g o4 22
0.0 O 4
L-3 L-2 F6 F7 F9 F10 F14 R+0 R+2R+4R+6 R+8 L-180 L-45 EAR MID LATE R+0 R+30
Pre-flight Flight Post-flight Pre-flight Flight Post-flight
Days

FIGURE 1 | Spaceflight elevates NLR and GLR. (A) Rodent NLR from Space Life Sciences (SLS)-2 mission (47, 48) (n = 5-15). (B) Human GLR from published
data (29) (n = 23). L, launch; F, flight; R, return on Earth denoted in days. “Ear’ly, day 14 in-flight; “mid,” days 60-120 in-flight; and “late,” day 180. A non-parametric,
unpaired Mann-Whitney test compared ground controls with in-flight samples at each timepoint in rodent data set and a parametric, paired Student’s t-test
compared to L-180 days was performed in human data set, a * indicates p < 0.05. Error bars denote standard error of mean.

elevated after 180 days on-orbit (late) and in samples collected
within 2-3 hours post-landing (R+0) (Figure 1B). Later post-
flight (30-day, R+30), GLR recovered to pre-flight baseline levels
(L-180). Retrospective NLR data were not recorded for this
mission. Thus, a progressive increase in NLR and GLR
occurred in-flight and immediately post-landing in rodents
and humans, suggesting NLR may be a useful biomarker to
monitor astronaut immune status.

HARV-RWYV sug Elevates NLR in Human
Leukocytes In Vitro

Due to the constraints of conducting spaceflight experiments, we
further confirmed these results using an in vitro spug model. For this,
human WBC were cultured in HARV-RWV sug for 20 h. Flow
cytometry showed spg increased granulocyte percentage (%) and
absolute counts, reduced lymphocyte and monocyte %, and
although not statistically significant, a reduced trend in absolute
counts (forward scatter area, FSC-A versus side scatter area, SSC-A)
(Figures 2A, B, and Figure S1A), and increased GLR (Figure 2C).
To determine if altered GLR was due to elevated survival of
granulocytes or increased death of lymphocytes, active Caspase 3/
7 staining was performed, which indicated elevated lymphocyte
apoptosis in spg (Figures 2D, E). To characterize human neutrophil
populations within the WBC pool following sug, cell surface
markers CD66b" and CD16" were used (55-58), which displayed
elevated neutrophils (Figure 2F) and elevated NLR (Figure 2G).
Collectively, these findings confirm the utility of NLR as a
biomarker to monitor astronaut immune status.

HARV-RWV sug Elevates ROS and
Activates Neutrophils, While the
Antioxidant N-Acetyl Cysteine

Ameliorates This Effect

Elevated percentage and absolute count of granulocytes within
WBC (Figures 2A, B, and Figure S1A) were observed in sug,
with no difference in apoptosis (Figures 2D, E). Elevated percentage
of neutrophils within WBC (Figure 2F) were also observed in sug.

Since mature granulocytes, including neutrophils, in blood are non-
proliferating, terminally differentiated cells, elevated percentages
may be due to differential light scatter properties, indicative of
cellular activation. CD66b not only serves as a marker for human
neutrophils, but its cell surface expression level per cell is also
elevated in activated neutrophils (58, 59). Therefore, we sought to
determine if sug can activate neutrophils. We found spg resulted in
elevated cell surface receptor median fluorescence intensity (MFI)
expression of CD66b per granulocyte, with no difference in CD16
MFI (Figures 3A, B), suggesting neutrophil activation during spg.
We further confirmed neutrophil activation by uncovering elevated
cell surface receptor CD11b median fluorescence intensity (MFI)
within CD16'CD66b" granulocytes (Figures S1B, C). Activated
neutrophils also express elevated reactive oxygen species (ROS) and
myeloperoxidase (MPO) during the oxidative burst response (11,
60-62). Furthermore, spaceflight and analog models on Earth (4-9,
63) can promote redox imbalance, triggering cellular damage and
persistent inflammation (12). We found ROS (via mean
fluorescence intensity, or MFI) per granulocyte and MPO (mean
fluorescence intensity, MFI) per neutrophil, were both elevated in
spg, collectively suggesting sug caused neutrophil activation
(Figures 3C, E).

N-acetyl cysteine (NAC) is an antioxidant that scavenges free
radicals, promotes glutathione biosynthesis, and decreases
mitochondrial membrane depolarization (64). To assess the effects
of NAC on neutrophil activation we cultured WBCs in the presence
or absence of NAC (1 mM) under spg for 20 h. The results showed
reduced expression of MPO in the presence of NAC (Figures 3D, E),
suggesting antioxidant treatment ameliorates sug induced neutrophil
activation, thus serving as a promising countermeasure to suppress
spaceflight-induced inflammation.

Hindlimb Unloading (14-day) sug Increases
Circulating Blood Neutrophils and Elevates
NLR In Vivo

To test the effects of sug on immunity in an in vivo model (32),
blood was collected from wildtype HU (Wt/HU) mice following
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within WBC post-20 h incubation at 1 g and sug (n = 28). (G) Total NLR (n = 28). All experiments were repeated at least twice. A non-parametric, Wilcoxon matched
pairs signed rank test compared to 1 g was performed for spg leukocyte differential analyses and GLR/NLR determination. A * indicates p < 0.05 and error bars
denote standard error of mean.
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responses (66). HU also induces redox imbalance (8). Therefore,
we compared the effects of prolonged HU (30-day) in Wt mice
with transgenic mice expressing human mitochondrial catalase
(mCAT) (54). Catalase is an antioxidant enzyme that converts
reactive hydrogen peroxide into non-reactive water and oxygen,
a cellular antioxidant mechanism that restores redox balance.
Comparable to 14-day HU, 30-day HU in Wt mice resulted in
elevated neutrophils, no significant difference in lymphocytes,
and an elevated NLR, while these results were mitigated in
mCAT/HU mice (Figures 5A-C and Figure S3). Oxidative
stress and inflammatory gene expression in Wt and mCAT
mice were assessed by qPCR. Compared to W#/NL controls,
Mpo (p = 0.0240*) was increased in Wt/HU (Figure 5D), while a
non-significant elevation in NADPH oxidase-2 (Nox-2, p =
0.6411) and II-1f3 (p = 0.1349) were also observed (Figures 5E,
F). On the other hand, mCAT/HU mice partially mitigated some
of these effects (Figures 5D-F). Collectively, prolonged HU (30-
days) induced persistent NLR, oxidative stress and marginal
inflammation, while catalase overexpression mitigated some of
these outcomes.

Collectively, our findings demonstrated that, through
potentially different mechanisms, both spaceflight and multiple
spg models elevated NLR, ROS, and MPO inflammation, while

antioxidants mitigated some of these outcomes. Therefore,
elevated NLR may be a suitable prognostic biomarker to
monitor astronaut immune status and inflammation during
long-duration missions.

DISCUSSION

Spaceflight causes immune dysfunction that can lead to health
risks for astronauts. Health risks that arise from immune
dysfunction are complex and include an inability to defend
against pathogens, altered tolerance to self-antigens resulting in
potential autoimmunity development, chronic inflammation, and
immune senescence. Therefore, mitigation during spaceflight will
likely require selective targeting of specific immune cell types and/
or developmental stages. Elevated NLR may be a prospective
biomarker candidate to identify immune deviations that can
cause disease. Currently, elevated NLR is used as a clinical
biomarker to detect sub-clinical inflammation in humans and
predicts poor prognosis in cancer (18). In this study, a spike in
GLR in humans and NLR in rodents was observed at landing and
elevated GLR and NLR were observed during spaceflight
(Figure 1). In humans, GLR was elevated at 180-days in-flight,
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suggesting prolonged exposure to spaceflight caused leukocyte
differential changes. This change in immune differentials may be
in response to elevated inflammation experienced in-flight (4, 6,
12), since elevated, chronic inflammation is often coupled with
immune dysfunction and disease development (13, 19, 20, 67-70).
Therefore, monitoring distinct biomarkers, such as elevated NLR,
can determine when countermeasures can intervene to avert
immune dysfunction, promote immune recovery, and prevent
disease development.

Elevated numbers of granulocytes and neutrophils were
observed in vitro following 20 h of HARV-RWV modeled
microgravity in human peripheral blood (Figure 2 and Figure
S1). However, since mature neutrophils are terminally
differentiated in blood circulation, ie., banded or segmented
neutrophils, we estimate that this increased percentage is due to
increased scatter properties indicative of cellular activation. Indeed,
elevated cell surface expression of CD66b and CD11b per
granulocyte, which are activation markers for neutrophils (58,
59), were increased in spg (Figure 3 and Figure S1). Further
studies revealed elevated ROS and MPO expression (Figure 3),
confirming HARV-RWYV sug resulted in granulocytes, and in
particular, neutrophil activation. Physiological effects of elevated
active granulocytes or neutrophils in circulation intensifies sterile
inflammation (70-72), promotes edema, and non-specific tissue
damage (73), and can threaten astronaut health if not adequately
controlled. Interestingly, MPO gene expression (Figure 5D) was
elevated in HU, suggesting immature neutrophil entry into
blood circulation, compared to neutrophil activation observed in

vitro in the HARV-RWV. MPO gene synthesis only occurs in
bone marrow early in neutrophil development, i.e. immature
neutrophils (myeloblasts, promyelocytes, and myelocytes). MPO
gene expression ends once neutrophils differentiate into
metamyelocytes (74) and synthesized MPO protein is packaged
into granules released during neutrophil activation (75). Typically,
immature neutrophils are not released into blood circulation unless
the body is in a diseased or inflammatory state (74, 75). However,
since MPO gene expression was elevated in HU mice blood, this
suggests the potential for myelocyte/immature neutrophil
infiltration and may also serve as a biomarker for elevated
inflammation during spaceflight. To our knowledge no
measurements have been recorded for elevated immature
neutrophils in blood circulation in-flight; however, elevated
neutrophils were identified in blood from 9 of 16 astronauts at
landing (6, 76, 77). As compared to the rodent spaceflight results
(in-flight day 14), elevated neutrophils were also observed at days
14 and 30 of HU in mice (Figures 4C and 5A), suggesting the
physical effects of fluid-shifting experienced during spaceflight and
HU may stimulate the release of neutrophils into circulation;
however this requires further investigation.

Indeed, elevated MPO during spg may contribute to immune
dysfunction. MPO catalyzes hydrogen peroxide into reactive
intermediates that can damage proteins, lipids, and DNA (67).
Excess MPO impairs phagocytic function (67-69) and triggers
neutrophil degranulation, causing inflammatory tissue damage
(78) in cardiovascular disease (62, 67, 79). Pathologically this is
relevant during spaceflight, as cardiovascular disease is a
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prominent risk factor associated with returned astronauts (80).
Furthermore, elevated NLR is currently used as a predictor of
cardiovascular disease risk on Earth (81), thereby highlighting
the clinical relevance of monitoring NLR during spaceflight.
Neutrophil oxidative burst responses and elevated ROS can
induce cellular death (82), including lymphocyte apoptosis
(83), and suppression of T lymphocyte function (84). HARV-
RWYV spg induced ROS in granulocytes, indicating HARV-RWV
spg activated granulocytes and triggered the oxidative burst
response. Thus HARV-RWYV sug can serve as a valuable model
to study ROS-induced inflammation (72, 85). Indeed, redox
imbalance occurs in humans and cell cultures exposed to
spaceflight (4-6) and in vitro ground-based spug models (8, 9,
86). The cause of elevated ROS in sug may be due to: (1) cell
death factors or other unknown stimulators of the oxidative
burst response, (2) a mechanosensitive stress receptor in
phagocytes that triggers redox imbalance (87), and/or (3) a
combination of these effects. In our study, HARV-RWV sug
induced active Caspase 3/7 expression in lymphocyte
populations (Figure 2D), indicating lymphocyte apoptosis and
shifting of immune differentials to favor higher NLR and GLR.
Further analyses of our in vivo HU studies revealed no difference
in lymphocyte percent or absolute count populations (Figures 4
and 5, and Figures S2 and 3) compared to HARV-RWYV sug

studies, suggesting elevated lymphocyte recovery or unknown
ROS-quenching mechanisms that limit lymphocyte apoptosis,
both of which require further studies.

Therefore, the two spg models, HARV-RWYV and HU, displayed
different mechanisms towards generating an elevated NLR. The
HARV-RWV microgravity model appears to display robust
lymphocyte turnover, i.e. elevated lymphocyte apoptosis, and
most likely immune function that may differ from astronauts in-
flight. However, this does not rule out that lymphocyte apoptosis
does not occur in vivo HU, as turnover of lymphocytes to replace
loss most likely occurs, albeit apoptosis may occur at a slower rate
than in vitro HARV-RWYV. Furthermore, ROS concentration
within each spg model may be drastically different. For example,
ROS levels in HARV-RWYV may be much higher in the absence of in
vivo ROS quenchers compared to 14- or 30-day HU, which would
affect the rate of lymphocyte apoptosis (88, 89). Indeed,
concentration and exposure time of ROS determines cellular
responses. Homeostatic levels of ROS can promote cell survival,
while elevated ROS (oxidative stress) can induce cellular death (82).
In line with this, the timeline of measurements of lymphocyte
counts (20 h HARV-RWYV versus 14- and 30-days HU) differ
between the two models; therefore direct comparisons cannot be
assumed. Finally, the HARV-RWYV model cultured human blood
samples, which have different leukocyte percentages compared to
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mice leukocytes in the HU model; therefore the kinetics of apoptosis
across the two microgravity models would also be affected. Crucian
et al. showed there is an elevation of granulocytes in blood
circulation, while no differences are observed in lymphocyte
absolute counts, suggesting lymphocytes may not undergo
apoptosis in spaceflight; rather there may be release of more
granulocytes into blood circulation (29). Controversially however,
multiple reports have indicated lymphocytes and lymphocyte-like
cell lines undergo apoptosis during spaceflight/microgravity
conditions (36-42), albeit measurements were either reported
post-landing or from ex vivo cell cultures in flight. In fact, the role
of apoptosis in lymphocyte depression (ROALD) experiment that
was part of the BIO-4 mission and comprised of ESA, Energia, and
NASA agencies, was performed with the goal to understand how
microgravity affects lymphocyte apoptosis. The results showed after
48 h on-board the ISS ex vivo cultures of lymphocytes displayed
increased DNA fragmentation, PARP protein expression, and
elevated p53 expression, compared to ground controls (36). Due
to this, we believe the in vivo HU microgravity model, although
having its own limitations, may be a better representative ground-
based model for spaceflight. Nonetheless, additional studies are
required to better understand the degree of lymphocyte turnover
during in vivo HU that is comparable to spaceflight.

Monocytes were significantly reduced following HARV-RWV
(Figure 2B); however no differences were observed in HU mice
(Figures S2D, E), further indicating the variability between the
two simulated microgravity models. Yet, inconsistency with
these cell types in terms of population differentials have also
been noted across spaceflight literature (77, 90, 91), which may
be a factor of sampling timepoints. However, consensus suggests
phagocytic function of monocytes following spaceflight is
impaired (92, 93). Phagocytic impairment of monocytes can
directly affect clearance of neutrophils from circulation,
inflammation resolution (94), and can impact NLR. Therefore,
further research into the function and distribution of monocytes
following simulated microgravity are currently underway.

Transgenic mice expressing the human antioxidant gene
catalase reversed HU-induced elevation of NLR and dampened
inflammatory gene expression (Figure 5), suggesting redox
imbalance caused leukocyte differential changes. In line with this,
mice deficient in apolipoprotein E (ApoE), a protein with
antioxidant activity, display elevated ROS expression and
activated neutrophils (95). In our study, HARV-RWV sug of
human leukocytes induced neutrophil activation that was
reversed in the presence of the antioxidant NAC (Figure 3D),
further suggesting antioxidants can suppress inflammation. Indeed,
in vivo NAC treatment successfully ameliorated acetic acid-
induced colitis by reversing pro-inflammatory mediators TNF-q,
IL-6, and MPO in rats (96). Collectively, these results indicate
antioxidants as viable countermeasures to regulate spaceflight-
induced inflammation and immune dysfunction.

Clinically, elevated NLR (>3.53) (27) is a prognostic indicator for
cancer development, cardiovascular disease, inflammation, and
infectious conditions (18, 21-23, 25), but no NLR standard has
been established for astronaut immunity. Our results revealed
elevated GLR in astronauts at landing (GLR = 3.6, Figure 1B),

compared to clinically relevant GLR (>2.24) (97), may result in
biological significance for astronaut health. Although restoration to
normal GLR occurred at landing on Earth, landing on the lunar
surface and/or Mars, where gravity is less than Earth’s, may pose a
significant risk to astronaut immune recovery. Therefore,
monitoring and developing countermeasures to mitigate elevated
NLR, GLR, and inflammatory neutrophil phenotypes for future
long-duration and long-distance space travel are essential for
mission success.

In summary, we identified increased GLR and NLR in both
human and rodent spaceflight samples and ground simulations
of microgravity. Our results in vitro indicated that leukocytes
shift in favor of elevated activated inflammatory neutrophils,
which may amplify disease development in vivo. Further,
antioxidants may be useful countermeasures to ameliorate
these outcomes in spg, as NAC treatment inhibited activated
inflammatory human neutrophils in HARV-RWV and catalase
partially mitigated elevated NLR in HU mice. Based on these
findings, we suggest monitoring both in-flight and landing NLR
to assess astronaut immune status. We further advocate the
investigation of antioxidants as future countermeasures to
mitigate immune deviations, including elevated NLR and
inflammation, to safeguard astronaut health on future missions.
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Microglia are brain immune cells responsible for immune surveillance. Microglial activation
is, however, closely associated with neuroinflammation, neurodegeneration, and obesity.
Therefore, it is critical that microglial immune response appropriately adapts to different
stressors. The circadian clock controls the cellular process that involves the regulation of
inflammation and energy hemostasis. Here, we observed a significant circadian variation
in the expression of markers related to inflammation, nutrient utilization, and antioxidation
in microglial cells isolated from mice. Furthermore, we found that the core clock gene-
Brain and Muscle Arnt-like 1 (Bmal7) plays a role in regulating microglial immune function
in mice and microglial BV-2 cells by using quantitative RT-PCR. Bmal1 deficiency
decreased gene expression of pro-inflammatory cytokines, increased gene expression
of antioxidative and anti-inflammatory factors in microglia. These changes were also
observed in Bmal1 knock-down microglial BV-2 cells under lipopolysaccharide (LPS) and
palmitic acid stimulations. Moreover, Bmall deficiency affected the expression of
metabolic associated genes and metabolic processes, and increased phagocytic
capacity in microglia. These findings suggest that Bmal7 is a key regulator in microglial
immune response and cellular metabolism.

Keywords: inflammation, palmitic acid, cellular metabolism, oxidative stress, microglia

INTRODUCTION

Microglia serve as the brain macrophages with immune-modulating and phagocytic capabilities.
Microglial activation associated neuroinflammation has been firmly linked to the development and
progression of neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease (1). Severe systemic inflammation, such as sepsis, triggers microglial
inflammatory activation which leads to neuronal injury and cognitive impairments in both

Frontiers in Immunology | www.frontiersin.org 68

December 2020 | Volume 11 | Article 586399


https://www.frontiersin.org/articles/10.3389/fimmu.2020.586399/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.586399/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.586399/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:xiao-lan.wang@etu.unistra.fr
https://doi.org/10.3389/fimmu.2020.586399
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.586399
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.586399&domain=pdf&date_stamp=2020-12-08

Wang et al.

Microglial Bmal1 and Immunometabolism

humans (2, 3) and rodents (4). High-fat diet-induced chronic
microglial inflammation results in neuronal loss and obesity (5,
6). Our previous study shows that microglial activation follows a
circadian rhythm in rodents (7).

Circadian rhythms are involved in the regulation and
maintenance of various physiological processes, including
immune responses, energy metabolism, and memory formation
(8-10). A growing body of literature shows that endogenous
circadian clock function plays a crucial role in the control of
many cellular processes that affect overall physiology (11-17).
For example, macrophages or microglial clock gene modulates
the production of cytokines, following an immune challenge
(18-20). Besides the involvement of clock genes, it has also
been shown that the immune activity is highly dependent on
cellular metabolic processes (21-23); reduced glucose or lipid
utilization inhibits microglial activation and inflammation
(22, 24). However, it is still unclear whether the intrinsic clock
regulates microglial immune activity through modulation of
cellular metabolism.

At the molecular level, the circadian clock machinery is
based on transcriptional-translational feedback loops, which
are present in almost every mammalian cell (25). The
transcriptional factor Bmall (Brain and Muscle Arnt-like 1)/
Clock complex activates the expression of the period genes (Per1,
Per2) and cryptochrome genes (Cryl, Cry2). Per/Cry complex
suppresses its own transcription by inhibiting the activity of the
Bmall/Clock complex (25, 26). Nuclear receptor subfamily 1,
group D, member 1 (Nr1d1), and RAR-related orphan receptors
(Rors) fine-tune the transcription of Bmall. Apart from the
autoregulation, clock transcription factors also control the
expression of other genes, such as the gene-D site albumin
promoter binding protein (Dbp), by binding to their promoter
(27). In the current study, we focus on the core clock gene-
Bmall, which is highly expressed during the light phase in
microglia in mice (28).

Bmall is closely linked with energy metabolism (29-32),
redox hemostasis (13, 33), and immune responses (19).
Cellular energy metabolism and redox hemostasis regulate
immune cell function, including those of microglia (13, 24).
This suggests a possible link between circadian clock-Bmall and
the microglial immune response, as well as cellular energy
metabolism and redox hemostasis. Here, we used the global
Bmall knockout mice which show a complete loss of their
circadian rhythms (34). We found a significantly reduced
inflammatory and metabolic associated gene expression in
microglia isolated from Bmall knockout mice. The decrease of
inflammatory markers was also observed in Bmall knocked
down microglial BV-2 cells under LPS and palmitic
acid stimulations.

MATERIALS AND METHODS

Animals
Mice were housed in temperature (22 + 1°C) and humidity (55 +
5%) controlled room under a 12h/12h light/dark cycle {[lights on

at 07:00 h, zeitgeber time 0 (ZT0)]}, with free access to food and
water. B6.129-Arntl"™ /] mice (34) (Jax stock #009100) were
obtained from the Jackson Laboratory. The helix-loop-helix
domain within exon 4 and all of exon 5 were replaced to
create the mutation. B6.129-Arntl"™#™/] mice have a C57BL/
6] background. The following primers were used for genotyping:
common: 5-GCC CAC AGT CAG ATT GAA AAG-3’; wild type
reverse: 5- CCC ACA TCA GCT CAT TAA CAA-3’; mutant
reverse: 5- GCC TGA AGA ACG AGA TCA GC-3’. Mutant
band: 162 bp; wild type band: 329 bp; heterozygote band: 162 bp
and 329 bp. The mice containing only a mutant band were
regarded as Bmall knockout (Bmall KO). C57BL/6] mice served
as control (Ctrl) (Supplementary Figure 1). Bmall KO male
mice were killed at ZT6 at the age of 3 months. Experimental
protocol (NIN18.30.02) and animal care complied with the
institutional guidelines of the Netherlands (Amsterdam,
the Netherlands).

C57BL/6] male mice used for microglial isolation were sacrificed
at 8-time points from ZT0 at 10 weeks old. This study was approved
by and performed according to the guidelines of the Institutional
Animal Care and Use Committee of the Netherlands (Leiden,
the Netherlands).

Two transgenic mice lines (Cx3cr mice, Jax mice stock no:
021160; BmalI'*"'°* mice, Jax mice stock no: 007668) were used to
generate microglia-specific Bmall KO mice (Bmall lox-
homozygous and Cre-positive) and Ctrl mice (Cre-positive, but
with a Bmall wild-type sequence). Experimental protocols and
animal care were in compliance with institutional guidelines and
international laws and policies. Our project has been reviewed
and approved by the national and regional ethics committee in
Strasbourg (France). Experimental protocols and animal care were
in compliance with the institutional guidelines (council directive 87/
848, October 19, 1987, Ministére de l'agriculture et de la Forét,
Service Vetérinaire de la Santé et de la Protection Animale) and
international laws (directive 2010/63/UE, February 13, 2013,
European Community) and policies. Our project has been
reviewed and approved by the French national and regional ethics
commiittee (APAFIS#6822-2016092118336690v3).

1 CreER

Acute Isolation of Microglia From Adult
Mice Brain Tissue

Mice were decapitated, and brains were homogenized in RPMI
medium (21875-034, Gibco) with a 15 ml Dounce homogenizer
on ice until the sample is fully homogeneous, without any visible
tissue fragments. The final homogenate was filtered through a 70
pm cell strainer (431751, Corning). Following 5 min
centrifugation at 380 g at 4°C, cell pellets were resuspended
with 7 ml RPMI medium (11875093, Gibco) and mixed with
3 ml stock isotonic Percoll (SIP) solution which was made by
mixing one part 10x HBSS (14185052, Gibco) in nine parts of
Percoll plus (GE17-5445-01, Sigma-Aldrich). The cell
suspension was then layered slowly on top of 2 ml of 70%
Percoll solution which was prepared by mixing three parts of
HBSS (14170112, Gibco) with seven parts SIP in a new 15 ml
falcon and centrifuged at 500 g speed for 30 min at 18°C, with
minimal acceleration and break rate. After centrifugation, the
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fuse interphases were transferred into a new 15 ml falcon with
8 ml HBSS and centrifuged at 500 g for 7 min again. The
supernatant and cell debris were discarded and microglial cells
were collected for RNA isolation.

RNA Isolation From Microglia and
Quantitative PCR

Total RNA was isolated from acutely isolated microglia using
RNeasy Micro Kit (74004, QIAGEN) following the
manufacturer’s recommendations. We used 180 ng RNA to make
cDNA with a Transcriptor First Strand ¢cDNA Synthesis Kit
(04897030001, Roche) following the manufacturer’s
recommendations. 4.5 ng cDNA was used to perform qPCR with
SensiFAST' " SYBR® No-ROX Kit (BIO-98020, Roche Bioline).
The genes Bmall, Clock, Cryl, Cry2, Perl, Per2, Nrldl, Dbp, Il1b,
Tnfa, Il6, 1110, Nox2, Gsr, HmoxI, Glut5, Glutl, Lpl, Gls, and Pcx
were evaluated. Primer sequences are presented in Supplementary
Table 1. Data were analyzed by LC480 Conversion and LinRegPCR
software and normalized to the housekeeping gene hypoxanthine
phosphoribosyltransferase 1 (HprtI).

Microglial BV-2 Cell Culture and
Transfection

Murine microglial BV-2 cells (35) were kindly provided by Noam
Zelcer (36) and cultured in Dulbecco’s Modified Eagle’s medium
(DMEM, 41965-039, Gibco) supplemented with 10% fetal bovine
serum (FBS, Gibco) and 100 pg/ml penicillin-streptomycin at 37°C in
a humidified atmosphere containing 5% CO,. Microglial BV-2 cells
were transfected with the Bmall siRNA or scrambled siRNA
(Dharmacon) by using Viromer (VB-01LB-01, lipocalyx, Germany)
according to the manufacturer’s protocol. The medium was replaced
6 h after transfection and cells were incubated as usual. 24 h after
transfection, cells were synchronized with 100 nM of dexamethasone
(Sigma-Aldrich) for 2 h, then washed with PBS, and followed by
exposure to lipopolysaccharide (LPS, E. coli O111:B4, 100 ng/ml,
L4391, Sigma-Aldrich), palmitic acid (P0500, Sigma-Aldrich) or
vehicle, and finally harvested at the appropriate time points. The
time at which cells were washed with PBS was defined as 0.

Palmitic Acid and Bovine Serum Albumin
Conjugation Protocol

Palmitic acid was dissolved in 150 mM NaCl with robust shaking
at 70°C. Fatty acid-free BSA (A8806, Sigma-Aldrich) was
dissolved in 150 mM NaCl at 37°C to make a 3.2 mM BSA
solution. Half of the BSA solution was mixed with the same
volume of palmitic acid solution at 37°C while stirring overnight
to make palmitic acid-BSA conjugated solution (5:1 molar ratio
palmitic acid: BSA). Half of the BSA solution was added to the
same volume of 150 mM NaCl at 37°C while stirring overnight to
make a vehicle control solution. pH was adjusted to 7.4 and
solutions were filtered using a 0.22 pm syringe filter.

RNA Isolation From BV-2 Cells

Total RNA was extracted using the High Pure RNA isolation kit
(1182866500, Roche) following the manufacturer’s instructions.
Complementary DNA was obtained by reverse transcription of

400 ng of total mRNA using the Transcriptor First Strand
c¢DNA Synthesis Kit (04897030001, Roche) following the
manufacturer’s recommendations.

Primary Microglial Culture

Microglial cultures were prepared as described previously (24).
Briefly, brain tissues were harvested from microglia-specific
Bmall KO and littermate Ctrl mice at postnatal days 1-4 (P1-
P4), the meninges and blood vessels were removed, and the
parenchyma minced and triturated in DMEM/F12 (10565018,
Gibco), containing 10% FBS, 100 pg/ml penicillin-streptomycin.
Suspended cells were filtered (70 wm) and seeded on poly-L-
lysine-coated flasks. Six to 10 days later, the flasks were shaken
(200 rpm) for 1 h to specifically detach microglia. Microglial cells
were treated with 5 UM of 4-hydroxytamoxifen for 48 h to induce
Cre-LoxP recombination and excise Bmall. Cells isolated from
microglia-specific Bmall KO and Ctrl mice served as Bmall KO
and Ctrl, respectively. Next, microglia were synchronized with
100 nM dexamethasone for 2 h, washed with PBS, and then
treated with 100 ng/ml LPS for 1 h or 100 uM palmitic acid for
4 h, for final analysis.

Western Blot Analyses

Primary microglial cells were homogenized in Laemmli buffer
and sonicated for 10 s twice (ultrasonic processor, power 40%)
followed by heating at 70°C for 10 min and then 100°C for 5 min.
Lysates were centrifuged at 14,000 g for 5 min, and the
supernatant was used for Western blot analyses. Proteins were
loaded on Midi-PROTEAN TGX Stain-Free' " Precast Gels (4%-—
20%, Bio-Rad) and electrotransferred onto a nitrocellulose
membrane. Primary antibodies used for Western blots were
rabbit anti-Bmall (1:500, NB100-2288, Novus Biologicals) and
rabbit anti-Actin (1:2000, A2066, Sigma-Aldrich), followed by
horseradish peroxidase-conjugated secondary antibodies against
rabbit (1:5000, Jackson ImmunoResearch). Immunoreactive
bands were detected with ECL (Clarity, Bio-Rad) with a
ChemiDoc Touch system (Bio-Rad).

2-NBDG Glucose Uptake Assay

Microglial cells were plated in 96-well black plates with 3.5 x 10*
cells/well. After synchronization, cells were cultured in glucose-
free medium with LPS or palmitic acid stimulation. At the end of
treatment, 2-NBDG (ab235976, Abcam), a fluorescently-labeled
deoxyglucose analog, was added to a final concentration of 200
pg/ml, and fluorescent signals were recorded at 2, 5, and 10 min
by microplate reader at excitation/emission wavelengths = 480/
530 nm.

Free Fatty Acid Uptake Assay

Microglial cells were seeded in 96-well black plates with 3.5 x 10*
cells/well. After synchronization, cells were treated with LPS or
palmitic acid in 100 pl FBS free culture medium. At the end of
treatment, 100 ul fatty acid dye (TF2-Cl12)-loading solution
(ab176768, Abcam) was incubated with microglia for 1 h at 37°C.
Fluorescent signals were detected by microplate reader at 30, 45, and
60 min at excitation/emission wavelengths = 480/530 nm.
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DCFDA-Cellular Reactive Oxygen Species

Detection Assay

Microglial cells were plated in 96-well black plates with 3.5 x 10*
cells/well. After synchronization, cells were stained by 25 um
DCFDA solution (ab113851, Abcam) for 25 min at 37°C.
Fluorescent signals were detected immediately by microplate
reader at excitation/emission wavelengths = 480/530 nm.
Following the basal measurement, cells were challenged with
2% H,0,, and fluorescent signals were recorded up to 10 min.

Microsphere Uptake Assay

Microspheres (17154-10, polysciences) were coated with 10%
FBS at 37°C for 1 h, followed by centrifugation (12,000 rpm,
2 min) and resuspended in PBS. Coated microspheres were
added to the BV-2 cells (1000 microspheres per cell) at time 0,
and 1 h later, cells were washed with PBS 3 times, then fixed by
4% paraformaldehyde for 5 min, followed by PBS washing.
Mounting medium with DAPI was added for confocal imaging
(Leica TCS SP5; Leica, Heidelberg, Germany). Five-um z-stack
confocal images were acquired at 0.3-pm intervals, with 40x/1.3
oil objective at 1x zoom. Images were analyzed by Imaris
(Bitplane AG) to measure the total volume of microspheres in
every view.

Statistical Analysis

Statistical analyses were performed using two-tailed unpaired
t-test, one-way ANOVA, and two-way ANOVA with GraphPad
Prism 8 (San Diego, California, USA). Daily variation in gene
expression in microglia isolated from C57BL/6] mice was
evaluated by one-way ANOVA (Supplementary Table 2). The
daily rhythm of genes in microglia isolated from C57BL/6] mice
and BV-2 cells was assessed by cosinor analysis with SigmaPlot
14.0 software (SPSS Inc, Chicago, IL, USA). Data were fitted to the
following regression: y = A + B-cos(2n(x—C)/24); A is the mean
level; B is the amplitude and C is the acrophase of the fitted rhythm
(37). An overall p value (main p value, Pm) was considered to
indicate the rhythmicity in Supplementary Table 3. All data
are presented as mean * s.e.m and significance was considered
at P < 0.05.

RESULTS

Microglial Inflammatory Cytokine Genes
Are Higher Expressed During the Light
Phase

A previous rat study has demonstrated that microglial intrinsic
clock genes and inflammatory cytokine genes show daily
expression rhythms in the hippocampus and microglial
inflammatory cytokine genes highly expressed during the light
phase (38). It has also been shown that LPS treated rodents show
increased sickness behavior or proinflammatory response during
the light phase compared to the dark phase (38, 39). In the
current mouse study, we found that in microglial cells, the gene
expression of pro-inflammatory cytokines-interleukin 1 beta

(Il1b) and interleukin 6 (II6), but not tumor necrosis factor
(Tnfa), followed a daily expression rhythm (Figures 1A-C, and
Supplementary Tables 2 and 3). Both Il1b and Il6 showed
higher gene expression during the light phase than in the dark
phase. The peak in Tnfa expression was also found during the
light phase (Figures 1A-C, I). Moreover, the oxidation and
inflammation-related gene NADPH oxidase 2 (Nox2) also
showed rhythmic expression in microglia (Figure 1D and
Supplementary Table 3). Together these findings suggest that
microglia may have a higher innate immune activity during the
light phase in mice.

Microglial Nutrient Utilization and the
Antioxidation Transcripts Show Daily
Rhythmicity

In physiological conditions, microglia are highly dynamic to
clean the microenvironment and maintain neuronal survival
and function (40). The previous study showed that microglial
activity is higher during the dark phase when mice are more
active as compared with the light phase when mice are mainly
resting (7). Microglial activity is also highly dependent on
cellular metabolism (24). Therefore, we evaluated gene
expression of facilitated glucose transporter member 5 (Glut5),
which is highly expressed by microglia, and lipoprotein lipase
(Lpl), which mediates lipoprotein triglyceride-derived fatty acid
uptake. Both Glut5 and Lpl exhibited an increased expression
during the dark phase (Figures 1E, F, I), which suggests an
increased nutrient utilization when microglia are more active.
Microglial activation leads to the production of more
metabolites and ROS (41, 42) that need to be eliminated to
maintain proper microglial function (43-45). Thus, we checked
the gene expression of glutathione reductase (Gsr), a key enzyme
for the production of sulthydryl form glutathione (GSH). GSH
acts as a scavenger and plays a critical role in preventing
oxidative stress in cells. We also evaluated the rhythmic gene
expression of heme oxygenase 1 (HmoxI), which has
antioxidant anti-inflammation properties via the production of
carbon monoxide (CO) (44). We observed an increased
expression of Gsr and Hmox1 during the dark phase (Figures
1G-I). The gene expression of Glut5 and Gsr showed significant
daily variation (Supplementary Table 2). These data indicate
that the expression of nutrient utilization and the antioxidation
associated genes in microglial cells follows a daily rhythm, which
is in line with their activity.

Bmal1 Knockout Microglia Show
Decreased Gene Expression of
Inflammation and Nutrient Utilization

The circadian clock system is associated with the innate immune
activity (16). Therefore, we were interested in whether the Bmall
regulates microglial immunometabolism and evaluated the
related gene expression in microglia isolated from Bmall KO
mice and controls in the middle of the light phase (ZT6).
Expression of clock genes in Bmall KO microglia was
disturbed, with a significant increase in Cryl, Cry2, and Per2,
as well as a decrease in Nrldl, and Dbp (Figure 2A). Il1b and
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Nox2 were significantly lower in Bmall KO microglia, while Tnfa
and Il6 did not differ between both groups (Figure 2B).
Moreover, Gsr and Hmox1 expression were strikingly increased
(Figure 2C). Taken together, these data suggest that Bmall KO
decreases inflammation and increases the anti-inflammation
antioxidative effect in microglia. Furthermore, microglial Glut5
and Lpl were significantly decreased in Bmall KO mice (Figure
2D). While glutaminase (GIs), which is involved in glutamate
utilization, and pyruvate carboxylase (Pcx), which participates in
gluconeogenesis and lipogenesis, did not differ between the two
groups (Figure 2D). These findings suggest reduced nutrient
utilization in Bmall KO microglia as compared to controls in
physiological conditions.

Bmal1 Deletion Disturbs the Expression of
Clock Genes in Microglial BV-2 Cells

To further study the relationships among the intrinsic clock,
immune activity, cellular metabolism, and antioxidative effect,
specifically in microglia, we performed experiments in microglial
BV-2 cells. Rhythmic expression of clock genes can be achieved
in microglial BV-2 cells after synchronization with 100 nM
dexamethasone for 2 h (19). Using this cell model, we found
that the inflammatory cytokines Il1b, Tnfa, interleukin 10 (1110),
and Il6 showed a significant rhythmic expression after
synchronization (Supplementary Figure 2 and Supplementary
Table 3). To evaluate whether the intrinsic clock regulates
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=
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FIGURE 1 | Rhythmic gene expression of inflammatory cytokines, nutrient utilization, and antioxidant anti-inflammation in microglia. (A-H) Relative expression of
inflammatory genes interleukin 1 beta (//7b) (A), tumor necrosis factor (Tnfa) (B), interleukin 6 (//6) (C), and oxidation and inflammation-related gene NADPH
oxidase 2 (Nox2) (D), and nutrient utilization genes facilitated glucose transporter member 5 (Glut5) (E), lipoprotein lipase (Lp/) (F), as well as antioxidant anti-
inflammation genes glutathione reductase (Gsr) (G), heme oxygenase 1 (Hmox1) (H), were evaluated in isolated microglia from C57BL/6J male mice brain every
3 h (n = 6-8 samples per group per time point). ZTO = lights on; ZT12 = lights off. Data of ZTO and ZT24 were from the same samples. (I) Acrophase
determined for each of the genes. Statistical significance of rhythmic expression was determined by the Cosinor analysis and one-way ANOVA. Data are
presented as means + s.e.m.

microglial function, we knocked down Bmall in BV-2 cells.
First, we checked the clock gene expression every 4 h for 28 h
after synchronization. We observed that Bmall gene expression
was significantly decreased in the Bmall knock-down group
(Bmall siRNA) compared with the control group (scrambled
siRNA) (Figure 3A). Bmall controlled genes, such as Cryl, Cry2,
and Per2, and the Bmall targeted gene Dbp showed a significant
increase in the Bmall knock-down group. While Clock was
decreased 12 h after synchronization; Perl and Nrldl
expression did not change (Figure 3A). The rhythmic
expression of Bmall was disturbed in the Bmall knock-down
group, but Clock, Cryl, Perl, Per2, Nr1dl, and Dbp still showed
rhythmic expression (Supplementary Table 3). These results
indicate that Bmall deletion disturbs the core clock machinery in
BV-2 cells.

Bmal1 Deficiency Decreases the
Expression of Inflammation and Nutrient
Utilization Associated Genes in BV-2 Cells
To assess whether Bmall deficiency also affects immune activity in
microglial BV-2 cells, we evaluated the expression of inflammatory
cytokine genes and related genes. As expected, expression of the
pro-inflammatory cytokines IlIb and Tnfa was decreased and
expression of the anti-inflammatory cytokine 1110 was increased
in the Bmall knock-down group; II6 was not different between the
two groups (Figure 3B). Gene expression of the glucose transporter
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C Antioxidant anti-inflammation

J Ctrl microglia m® Bmal1 KO microglia
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D Nutrient utilization
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FIGURE 2 | Bmal1 KO microglia show decreased inflammation and nutrient utilization in mice. (A-D) Relative expression of clock genes-Clock, cryptochrome (Cry1,
Cry2), period (Per1, Per2), Nuclear receptor subfamily 1, group D, member 1 (Nr1d1), D site albumin promoter binding protein (Dbp) (A), inflammation-related genes
II1b, Tnfa, 16, Nox2 (B), and antioxidant anti-inflammation genes Gsr, Hmox1 (C), as well as cellular metabolic-related genes Glut5, Lpl, glutaminase (Gls), and
pyruvate carboxylase (Pcx) (D), were evaluated in isolated microglia from Bmal1 KO mice and C57BL/6J mice brain at ZT6 (n = 8 samples per group). Data were
analyzed with t-tests and are presented as means + s.e.m. * P < 0.05, ** P < 0.01, and ** P < 0.001.

1 (GlutI), which is highly expressed in BV-2 cells, did not differ
between the two groups (Figure 3C). While Lpl expression was
significantly reduced and Pcx, which plays a crucial role in
gluconeogenesis and lipogenesis, was increased in the Bmall
knock-down group (Figure 3C). These findings suggest reduced
inflammation and nutrient utilization in the Bmall knock-down
group. Additionally, Gsr and HmoxI showed higher expression in
the Bmall knock-down group (Figure 3D). Inflammatory cytokines
showed rhythmic expression in both groups (Supplementary Table
3). All of these data suggest that in basal conditions, Bmall knock-
down reduces the transcription of inflammation and nutrient
utilization-related genes in BV-2 cells.

Bmal1 Deficient BV-2 Cells Show Less
Inflammatory Gene Expression Under LPS
Stimulation

To further verify the effect of Bmall on the microglial immune
response, we challenged the Bmall knock-down and control BV-
2 cells with LPS after synchronization. LPS treatment did not
change the rhythmic expression of the clock genes-Bmall, Clock,
or Perl in either group (Supplementary Figure 3 and
Supplementary Table 3). The Bmall knock-down group
showed significantly less pro-inflammatory II1b, Tnfa, and Il6
expression at 4 h and 8 h after LPS treatment, and higher anti-
inflammatory 1110 expression at 4 h than the control group
(Figure 4A). In addition to the production of inflammatory
cytokines, LPS stimulation also upregulates Nox2 expression that
contributes to oxidative stress (46). But there was no genotype

difference in Nox2 expression (Figure 4B). Lpl, which showed
less expression in Bmall deficient group in basal condition, was
no difference between the Bmall deficient group and controls
after LPS treatment (Figure 4C). Glutl, Gsr, and HmoxI
expression were similar between the two groups (Figures 4C,
D). Taken together, these data indicate that Bmall knock-down
alters inflammation and nutrient utilization transcripts in BV-2
cells after LPS treatment.

Bmal1 Knock-Down Partially Alters the
Expression of Inflammation-Related

Genes in Palmitic Acid-Treated BV-2 Cells
It has been shown that consumption of a high-fat diet, especially
of its main ingredient the saturated fatty acids, results in
hypothalamic microglial activation and inflammation (24). It
has also been demonstrated that the saturated fatty acid palmitic
acid increases inflammation and oxidative stress in cultured
microglial cells (47, 48). To test whether palmitic acid still
induces inflammation after synchronization, cells were treated
with two concentrations of palmitic acid (100 and 200 pM) for
12 h. We observed that both concentrations significantly
increased Il1b and Tnfa expression; while only 100 pM
palmitic acid stimulation increased II6 expression compared
with vehicle (Supplementary Figure 4).

Since our previous study had shown that an HED disturbs the
expression of microglial clock genes and the daily rhythmicity in
rats (49), we first studied clock genes expression in 100 puM
palmitic acid-treated BV-2 cells under control and Bmall knock-
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FIGURE 3 | Bmal1 deficiency decreases inflammation and nutrient utilization of microglial BV-2 cells. (A-D) Relative gene expression in scrambled siRNA and Bmal1
siRNA groups (n = 3-6 samples per group per time point). Clock genes Bmal1, Clock, Cry1, Cry2, Per1, Per2, Nr1d1, Dbp (A), inflammatory cytokine genes /b,
Tnfa, 16, 1110 (B), glucose and fatty acid metabolism genes Glut1, Lpl, Pcx (C), and antioxidant genes Gsr, Hmox1 (D) were evaluated every 4 h for 28 h after BV-2
cells were exposed to Dex. Data were analyzed with two-way ANOVA. Statistical significance of rhythmic expression was determined by Cosinor analysis. Data are
presented as means + s.e.m. * P < 0.05, ** P < 0.01, and ** P < 0.001.

down conditions. Here, we observed that palmitic acid abolished
the rhythmic expression of Bmall and Clock in both groups and
shifted the rhythmic expression of CryI, Cry2, Per2, Nrldl, and
Dbp (Supplementary Figure 5 and Supplementary Table 3).
After palmitic acid treatment, clock genes showed a significant
decrease at 4 h compared with 0 h. Bmall expression was still
lower in the Bmall knock-down group than in controls from 8 h
to 24 h. Cryl, Cry2, Per2, and Dbp kept an increased expression
in the Bmall knock-down group at some time points. While
Clock, Perl, and Nrldl did not differ between the two groups
(Supplementary Figure 5).

Next, we evaluated whether Bmall deficiency protects microglia
from palmitic acid-induced inflammation. Surprisingly, 1l1b was
significantly increased at 16 h after palmitic acid treatment in the

Bmall knock-down group; Il6 decreased at a later phase (20, 24 h)
and II10 was increased at 20 h in the Bmall knock-down group
(Figure 5A). Tnfa expression did not differ between the control and
Bmall knock-down groups (Figure 5A). A previous study has
shown that palmitic acid treatment induces oxidative stress through
Nox2 upregulation, which also plays an important role in
inflammation (50). Here the gene expression of Nox2, Glutl, Lpl,
and Gsr showed no differences between the two groups (Figures
5B-D). But Bmall deficiency increased HmoxI expression at 12 h
after palmitic acid stimulation (Figure 5D). Together, these data
suggest that Bmall knock-down totally disturbs the rhythmic
expression of clock genes, and only partially reduces the
expression of palmitic acid-induced inflammation and oxidative
stress associated genes in BV-2 cells.
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FIGURE 4 | Bmal1 knock-down reduces the pro-inflammatory gene expression and increases the antioxidative anti-inflammatory gene expression of BV-2 cells after
LPS stimulation. (A-D) Gene expression in scrambled siRNA and Bmal1 siRNA groups every 4 h for 20 h in the presence of LPS (n = 3-6 samples per group per
time point). Pro-inflammatory cytokine genes /l1b, Tnfa, II6 (A), anti-inflammatory cytokine gene /170 (A), oxidative stress gene Nox2 (B), glucose metabolism gene
Glut1, and lipid metabolism gene Lp/ (C), and antioxidant anti-inflammation gene Gsr, Hmox1 (D) were evaluated at 6-time points after LPS exposure. Statistical
significance was determined using two-way ANOVA. Statistical significance of the rhythmic expression was determined by Cosinor analysis. Data are presented as
means + s.e.m. * P < 0.05, ¥ P < 0.01, and ** P < 0.001.

Bmal1 Deficiency Alters Metabolic
Processes and Increases Phagocytosis of
Microglia

To affirm the Bmall effects on nutrient utilization, we
evaluated the dynamic process of glucose and free fatty acid
uptake in primary microglial cells. Bmall was significantly
decreased in Bmall KO microglia compared with Ctrls 48 h
after the 4-hydroxytamoxifen treatment (Figure 6A). At 2 min
after the treatment of 2-NBDG, we observed an increased
glucose uptake in Bmall KO microglia compared to Ctrls in
basal condition; LPS stimulation increased glucose uptake in
Ctrls, however, which was not observed in Bmall KO
microglia when compared with the basal conditions (Figure
6B). No differences were observed when extending the
incubation of 2-NBDG to 5 and 10 min (Figure 6B).
Interestingly, Bmall KO microglia treated with LPS showed
less free fatty acid uptake compared with their basal condition
at 45 and 60 min, respectively (Figure 6C). But there was no
genotype difference in free fatty acid uptake at each time point
(Figure 6C). Moreover, we saw less cellular ROS activity in
Bmall KO microglia than Ctrl microglia under H202
stimulation, while no genotype difference in basal condition
(Figure 6D). No differences were observed in glucose and
free fatty acid uptake after palmitic acid stimulation

(Supplementary Figure 6). Surprisingly, the phagocytic
capacity was significantly increased in Bmall knock-down
BV-2 cells (Figures 6E, F). These data indicate that Bmall
KO microglia shift glucose and lipid utilization, and show an
increase of phagocytosis.

DISCUSSION

Circadian rhythms are closely related to immunity and
metabolism (10, 51, 52). However, it was still unclear whether
and if so, how the endogenous circadian clock regulates microglial
immune response and metabolism. Here, we observed a significant
daily rhythmic expression of inflammation, nutrient utilization,
and antioxidation related genes in microglia isolated from mice.
We further found that deficiency of Bmall affected inflammation
and nutrient utilization associated gene expression in microglial
cells (Figure 7).

We evaluated gene expression of inflammatory cytokines in
Bmall knock-down microglia in both Bmall KO mice and BV-
2 cells. Lacking Bmall decreased pro-inflammatory gene
expression and increased anti-inflammatory gene expression
in microglial cells. It is known that Bmall expression is higher
during the light phase than the dark phase (28), which is
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FIGURE 5 | Bmal1 knock-down partially decreases the pro-inflammatory gene expression and increases the antioxidative anti-inflammatory gene expression in
palmitic acid-treated BV-2 cells. (A-D) Gene expression in scrambled siRNA and Bmal7 siRNA groups every 4 h for 24 h in the presence of palmitic acid (n = 3-6
samples per group per time point). Pro-inflammatory cytokine genes ll1b, Tnfa, II6 (A), anti-inflammatory cytokine gene //70 (A), oxidative stress gene Nox2 (B),
glucose metabolism gene Glut1, and lipid metabolism gene Lp/ (C), and antioxidant anti-inflammation gene Gsr, Hmox1 (D) were evaluated at 7-time points after
palmitic acid treatment. Statistical significance was determined using two-way ANOVA. Statistical significance of rhythmic expression was determined by Cosinor
analysis. Data are presented as means + s.e.m. * P < 0.05, ** P < 0.01, and ** P < 0.001.

consistent with pro-inflammatory cytokine gene expression in
microglia in mice under light/dark conditions. This may
explain why Bmall deficient microglia showed less
inflammation. Moreover, Bmall as a transcription factor not
only controls clock genes expression, but also regulates the
expression of other genes via specific binding regulatory
elements [E-box, D-box, and RORE (Ror/Rev-erb-binding
element)] in their promoters (53-56). It has been shown that
Bmall directly regulates Il6 transactivation in microglia;
conditional Bmall deficiency in microglial cells attenuates
the ischemic neuronal damage in mice (19). In macrophages,
Bmall regulates inflammation via controlling the gene
expression of Nrf2, which plays a critical role in the innate
immune system (13). Bmall deficiency in bone marrow-
derived macrophages leads to increased IL-1PB expression and
increases polymicrobial infection in mice (13, 57). However,
myeloid cell Bmall deletion protects against bacterial infection

in the lung (58). We noticed that in peritoneal macrophages,
Bmall is highly expressed during the dark phase, which is
different from the daily rhythm in microglia (57). In rat
monocytes, Bmall does not show a clear daily rhythm in
gene expression, while Tnfa shows a high expression during
the dark phase (49). These data suggest that Bmall regulates
the innate immune system, but that the rhythmicity of clock
genes and inflammatory cytokines is heterogeneous among
innate immune cells and depends on the specific tissue.
Furthermore, we observed that Bmall deletion affected the
expression level of other clock genes, especially Cryl, Cry2,
and Per2 were significantly increased in Bmall KO microglia.
It has been shown that overexpression of Cryl significantly
decreases inflammation in atherosclerotic mice (59), whereas
the absence of Cryl and Cry2 leads to increased pro-
inflammatory cytokine expression in macrophages (60). Per2
negatively regulates the expression of pro-inflammatory
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FIGURE 6 | Knockout of Bmal1 affects energy utilization of microglial cells. (A) Bmal1 KO efficiency in microglia (n = 4 samples per group). (B, C) 2-NBDG glucose
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Scale bar, 30 um. (F) The uptake of microspheres. Statistical significance was determined using two-way ANOVA and unpaired t-test. Data are presented as means

cytokines in zebrafish (61). Bmall deficiency-induced the
increased gene expression of Cryl, Cry2, and Per2 may also
contribute to the reduced inflammation of Bmall KO
microglial cells.

Circadian clocks are fundamental physiological regulators
in energy homeostasis and the immune system. Diurnal
oscillations in glucose and lipid metabolism are due in part
to daily changes in energy requirements (62). As the resident
brain macrophages, microglia provide continually surveillant
and scavenging functions in the brain (40). Here, we found that
microglial glucose and lipid utilization transcripts show clear
daily rhythmicity, and both are significantly higher during the

regular activity period in mice (i.e. the dark period). Bmall
deficiency decreased the expression of nutrient utilization
related genes in microglia under basal condition and shifted
the metabolic processes under LPS stimulation. Reduced
substrates utilization was observed in Bmall KO skeletal
muscle (30, 63). A recent study showed that Bmall deletion
also protects mice from insulin resistance induced by circadian
disruption (64).

Prior work has demonstrated that ROS production and
scavenging related genes exhibit a time-of-day specific
expression under diurnal and circadian conditions (65). We
found that Bmall deficiency protected microglia from
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oxidative damage and inflammation. On the other hand,
neuronal Bmall deletion causes oxidative damage and
impaired expression of the redox defense gene (33), which
suggests that the effect of Bmall on oxidative stress is different
depending on the cell type involved. Moreover, microglia can
polarize into a pro-inflammatory or an anti-inflammatory
phenotype (66, 67). Bmall KO microglia may polarize into the
anti-inflammatory state by increasing IL-10 gene expression to
facilitate phagocytosis of cell debris and antagonizing the pro-
inflammatory response.

Recently, it has been shown that the intrinsic circadian clocks,
such as REV-ERBo, REV-ERBf, and Bmall, affect microglial
amyloid-f clearance in the 5XFAD mouse model of Alzheimer’s
disease (68). Based on our findings, future work should measure
inflammatory cytokine levels in combination with mitochondrial
fuel utilization in microglia lacking Bmall. Furthermore, the
immune response in microglia-specific Bmall knockout mice
still needs to be explored. Microglia are closely related to
neuroinflammation, neurodegeneration, and obesity. Thus,
future work should evaluate Bmall knockout microglial
function and neuronal changes in mice under different
stressful conditions, such as LPS and high-fat diet, or in
combination with neurodegenerative diseases.

In conclusion, Bmall is a critical regulator in microglial
function. Bmall deficiency alters microglial inflammatory
profile, including inhibiting the gene expression of pro-
inflammatory cytokines and elevating the expression of
antioxidative anti-inflammatory factors, as well as affects
microglial nutrient utilization and phagocytosis. Our work
indicates that targeting the molecular biological clock-Bmall in

FIGURE 7 | Gene expression summary. (A) Summary of Bmal1 KO effects in microglia isolated from mice. (B) Summary of Bmal1 knock-down effects in microgial

microglia might be a new approach to treat inflammation-related
diseases in the brain.
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Pyruvate kinase M2 (PKM2) is a key glycolysis enzyme, and its effect on macrophages has
not been entirely elucidated. Here, we identified that the PKM2 small-molecule agonist
TEPP-46 mediated PKM2 activation by inducing the formation of PKM2 tetramer and
promoted macrophage endotoxin tolerance. Lipopolysaccharide (LPS)-tolerant mice had
higher expression of the PKM2 tetramer, which was associated with a reduced in vivo
immune response to LPS. Pretreatment of macrophages with TEPP-46 resulted in
tolerance to LPS stimulation, as demonstrated by a significant reduction in the
production of TNF-o and IL-6. We found that TEPP-46 induced mitochondrial
biogenesis in macrophages. Inhibition of mitochondrial biogenesis by mtTFA
knockdown effectively inhibited TEPP-46-mediated macrophage tolerance to
endotoxins. We discovered that TEPP-46 promoted the expression of PGC-1a. and
that PGC-1a was the key regulator of mitochondrial biogenesis in macrophages induced
by TEPP-46. PGC-1a. was negatively regulated by the PIBK/Akt signaling pathway.
Knockdown of PKM2 or PGC-1oa uniformly inhibited TEPP-46-mediated endotoxin
tolerance by inhibiting mitochondrial biogenesis. In addition, TEPP-46 protected mice
from lethal endotoxemia and sepsis. Collectively, these findings reveal novel mechanisms
for the metabolic control of inflammation and for the induction of endotoxin tolerance by
promoting mitochondrial biogenesis. Targeting PKM2 appears to be a new therapeutic
option for the treatment of sepsis and other inflammatory diseases.

Keywords: sepsis, mitochondrial biogenesis, endotoxin tolerance, pyruvate kinase M2, TEPP-46

INTRODUCTION

The systemic inflammatory response and multiple organ failure caused by severe sepsis and septic shock
are important causes of high mortality in clinical patients (1, 2). The molecular mechanism is mainly
related to the combination of endotoxin and Toll-like receptors (TLRs), which activates the
inflammatory pathways of immune cells and then induces the release of a large number of pro-
inflammatory factors, such as tumor necrosis factor-o. (TNF-a), interleukin 6 (IL-6), and IL-1P (2-4).
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The release of these proinflammatory cytokines not only induces
inflammation but also modulates the immune response (5).

Macrophage endotoxin tolerance or lipopolysaccharide (LPS)
tolerance is defined as a hyporesponsive state in response to a
secondary lethal dose of LPS following primary low-dose LPS
exposure (6, 7). Endotoxin tolerance provides a protective
mechanism to reduce the proinflammatory cytokine levels in
response to severe infection (8, 9). However, endotoxin tolerance
is also a double-edged sword in regulating the immune response
(10). For immunocompromised individuals, a prolonged
endotoxin-tolerant state allows for the development of secondary
infections, increasing mortality from sepsis (11-13). Therefore,
understanding the mechanisms controlling endotoxin tolerance is
important to design a good time frame for interventions to regulate
the immune responses.

Growing evidence suggests that the development of sepsis is
closely related to energy metabolism dysfunction in immune
cells (14). Activated immune cells, such as macrophages and
dendritic cells, also have the ability to switch their energy
metabolism from oxidative phosphorylation to glycolysis,
which is similar to the “Warburg effect” in tumor cells (15,
16). This switch in energy metabolism is directly involved in the
regulation of the inflammatory response (17). Mitochondria are
the main organelles of energy metabolism, and mitochondrial
dysfunction is also closely related to the development of
sepsis (18, 19). Normal mitochondrial function is the basic
premise for immune cells to resist the inflammatory response
(18). Mitophagy (selective degradation of dysfunctional
mitochondria) and mitochondrial biogenesis (generation of
new mitochondria) maintain the balance of mitochondrial
mass, which plays an important role in maintaining the
normal mitochondrial function (19-21). Mitochondrial
biogenesis can be induced by cold exposure, oxidative stress,
inflammatory cell stress, etc. Under these stimuli, expression of
peroxisome proliferator-activated receptor gamma-1 coactivator
family (PGC-1a), nuclear respiratory factor 1 (NRF1), NRF2 and
mitochondrial transcription factor A (mtTFA/MTFA), which are
closely related to mitochondrial biogenesis, was promoted (22,
23). In particular, PGC-10. has been confirmed as an important
coordinator that regulates a wide variety of anti-inflammatory
and metabolic nuclear genes (22, 24). The AMP-activated
protein kinase (AMPK)/sirtuin 1 (SIRT1) pathway regulates
mitochondrial biogenesis by inducing PGC-1a. (25). However,
in some inflammatory diseases, inhibiting the activation of the
AMPK/SIRT1 pathway does not inhibit mitochondrial
biogenesis, suggesting that there are other ways to regulate
mitochondrial biogenesis (25, 26). Overall, inflammation can
be modulated by regulating mitochondrial function, but the
specific molecular mechanism remains to be further studied.

Pyruvate kinase M2 (PKM2) is a key glycolysis enzyme (27).
The enzymatic activity of PKM2 is determined by the
configuration of the enzyme into a tetramer, dimer, or
monomer (27, 28). The PKM2 tetramer is located in the
cytoplasm and is the active form of the enzyme; the PKM2
dimer and monomer are located in the nucleus and play an
important role in regulating gene transcription (27, 28). Growing

evidence suggests that the transition from a PKM2 tetramer to a
PKM2 monomer/dimer (nuclear translocation) plays an
important role in promoting the inflammatory response and
tumor invasion and proliferation (29-31). LPS induces the
formation of the PKM2 monomer/dimer, promotes the
transcription of high mobility group box 1 (HMGB1) and NF-
KB through interaction with hypoxia-inducible factor 1o, (HIF-
1), and further promotes the release of the inflammatory factor
IL-1B, which plays an important role in the development of
sepsis (32). The small-molecule agonist DASA-58 or TEPP-46
can effectively inhibit the LPS-mediated macrophage
inflammatory response by inhibiting the formation of
the PKM2 monomer/dimer (33). In addition, TEPP-46
can improve glucose metabolism in podocytes, thus delaying
the development of diabetic nephropathy (34). However, it
is still unclear what role the PKM2 tetramer plays in
inflammatory regulation and what its mechanism is. Overall,
these studies have revealed a role for PKM2 in proinflammatory
cytokine production and suggest that it is important to regulate
PKM2 expression to modulate the inflammatory potential
of macrophages.

We report here that the formation of the PKM2 tetramer,
triggered by TEPP-46, is a novel mechanism for negatively
regulating the inflammatory response and contributes to
endotoxin tolerance. TEPP-46-induced activation of PKM2
promotes PGC-lo-mediated mitochondrial biogenesis by
inhibiting the PI3K/Akt signaling pathway and promotes
endotoxin tolerance by inhibiting the release of the
proinflammatory factors TNF-ot and IL-6 in vitro and in vivo.
These results not only uncover a novel regulatory mechanism of the
inflammatory response by PKM2 but also provide a new
therapeutic target to prevent sepsis-mediated immunosuppression.

METHODS AND MATERIALS

Cell Isolation and Culture and Reagents
The isolation methods of peritoneal macrophages (PMs) and
Kupffer cells (KCs) from C57BL/6 mice were carried out as
previously Hu YC and Li PZ et al. described (35, 36). The
RAW?264.7 macrophage cell line was purchased from American
Type Culture Collection (ATCC). These cell populations were
cultured in DMEM (Gibco Life Technologies) with 10% FBS
(PAN-Biotechnology) and 1% penicillin-streptomycin (Beyotime
Biotechnology) at 37°C, 95% humidity, and 5% CO..

We used antibodies against PKM2 (Cell Signaling, #4053,
1:1,000), PKM1 (Cell Signaling, #7067, 1:1,000), PGC-1a. (Cell
Signaling, #2178, 1:1,000), PGC-1f (Abcam, ab176328, 1:1,000),
p62 (Cell Signaling, #16177, 1:1,000), LC3 (Abcam, ab192890,
1:1,000), mtTFA (Abcam, ab252432, 1:1,000), NRF1 (Abcam,
ab221792, 1:1,000), NRF2 (Abcam, ab137550, 1:1,000), p-AMPK
(Cell Signaling, #4186, 1:500), AMPK (Cell Signaling, #4150,
1:1,000), SIRT1 (Abcam, ab189494, 1:1,000), p-Akt (Abcam,
ab38449, 1:500), Akt (Abcam, ab8805, 1:500), p-PI3K (Cell
Signaling, #17366, 1:1,000), PI3K (Cell Signaling, #4255,
1:1,000), and GAPDH (Santa Cruz, sc365062, 1:1,000). LPS
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(L9641) was purchased from Sigma. The PKM2 activator TEPP-
46, Akt activator SC79 and PI3K activator 740 Y-P were from
MedChemExpress. Fluorescently labeled secondary antibodies
were obtained from ZSGB-BIO. TNF-o. and IL-6 enzyme-linked
immunosorbent assay (ELISA) kits were from Boster
Biological Technology.

siRNA and Lentivirus Transduction

Small interfering RNA (siRNA)-PKM2 and control siRNA were
prepared by GenePharma (Shanghai), and all short hairpin
RNAs (shRNAs) (shRNA-PGC-1¢, shRNA-mtTFA and control
shRNAs) were prepared by GeneChem (Shanghai). siRNA and
lentiviral transduction were performed according to the
manufacturer’s instructions. For siRNA transduction, 2 x 10°
RAW264.7 cells (MOI=20) in 2 ml medium with 200 pmol
siRNA and 5 pul Lipo8000 (Beyotime Biotechnology). Change the
culture medium after 6 h. For lentivirus transduction, 1x10°
RAW264.7 cells (MOI=20) in 1 ml medium with 10 pg/ml of
polybrene (GeneChem) were incubated with 2 pl lentivirus. After
72 h of culture, western blot were used to analyze the
transduction efficiency. The siRNA-PKM?2 sequences refer to
Goldberg’s work (siRNA 27 in Goldberg’s work) (37). The
sequences of siRNAs were as follows: mouse PKM2-siRNA (5’-
AGGCAGAGGCUGCCAUCUA-3’) and control siRNA (5-
UUCUCCGAACGUGUCACGU-3’). The target sequences of
shRNAs were as follows: mouse PGC-1o.-shRNA (5-
CCGGCCAGAACAAGAACAACGGTTTCTCGAGAAA
CCGTTGTTCTTGTTCTGGTTTTTG-3"), mouse mtTFA-
shRNA (5°-CCGGCGGAGACATCTCTGAGCA
TTACTCGAGTAATGCTCAGAGATGTCTCCGTTTTTG-3")
and control shRNA (5-TTCTCCGAACGTGTCACGT-3’).

Endotoxin Tolerance and Acute
Endotoxemia and Sepsis Mouse Models
Male C57BL/6 mice (6-8 weeks old, 22-25 g) were purchased
from the Experimental Animal Center of Chongqing Medical
University and were maintained under the guidelines of the
Animal Care and Use Committee of Chongqing Medical
University. Animals were fed standard rodent chow in a
temperature-controlled environment with 50% humidity and
12 h light/dark cycles in a cage of five mice. To develop the
endotoxin tolerance mouse model, C57BL/6 mice were
preinjected with a low dose of LPS (8 pg/kg body weight,
peritoneally) for 16 h and then challenged with a lethal dose of
LPS (8 mg/kg, peritoneally). Survival was monitored every hour
for the next 10 h. An endotoxemia mouse model was induced in
male C57BL/6 mice by LPS and a sepsis mouse model was
induced by cecal ligation and puncture (CLP). For LPS-induced
endotomexia, mice preinjected with saline solution or TEPP-46
(50 mg/kg, intraperitoneally) for 4 h were restimulated with LPS
(5 mg/kg, intraperitoneally). Sepsis was induced in mice by CLP
as previously Gong W et al. described (38). In brief, the mice
were anesthetized with 2% isoflurane inhalation, and iodophor
was used to disinfect the abdomen. Then, a 2 cm midline incision
was made to expose the cecum and ligate the distal cecal tip with
4-0 silk. The cecum was punctured twice with a 22-gauge needle,
and a small amount of feces was extruded. Then, the cecum was

returned to the abdominal cavity, and the wound was closed.
Sham mice underwent only laparotomy. Survival of these mice
was monitored every day for the next week. The present study
was approved by The Research Ethics Committee of Chongging
Medical University (No. 2017-36).

ELISA

The levels of TNF-ot and IL-6 in mouse serum and cell supernatant
were determined by using an ELISA kit from Boster Biological
Technology according to the manufacturer’s instructions.

Cell Viability of PMs and RAW264.7 Cells
Cell viability was used to evaluate the cytotoxicity of TEPP-46 to
PMs and RAW264.7 cells. In brief, 5 x 10° cells were seeded in
each well of a 96-well plate in 100 pl of medium and cultured for
24 h. Then, 10 pl of Cell Counting Kit-8 (CCKS8, C0037,
Beyotime Biotechnology) was added to each well, and the cells
were incubated at 37°C for 1 h. The absorbance of each well was
detected at 450 nm using a microplate reader.

Western Blot

Western blot analysis was carried out as previously Palsson-
McDermott EM and Hu YC et al. described (33, 35). It is worth
noting that the Western blot experiment performed for PKM2
was different from the Western blot experiment performed for
other proteins. Due to the need to detect PKM2 protein
expression with different configurations, the total protein
extracted from the cells cannot be heat denatured. In addition,
nondenatured gel sample loading buffer (Beyotime
Biotechnology, P0016) replaced the SDS-PAGE sample loading
buffer (Beyotime Biotechnology, P0015), and native PAGE
electrophoresis buffer (Beyotime Biotechnology, P0014F)
replaced the SDS-PAGE electrophoresis buffer (Beyotime
Biotechnology, P0014A) in Western blot experiments of PKM2
but not in the Western blot experiments of other proteins. The
other experimental steps were the same as a routine Western blot
experiment. In brief, cells were harvested and lysed with a whole-
protein extraction kit (KeyGen). Protein concentration was
detected by a BCA protein assay kit (Beyotime Biotechnology).
Except for the protein used to detect PKM2, the other proteins
were mixed with loading buffer and boiled in water for 10 min. In
total, 10~20 Lg protein lysate was separated by SDS—PAGE with
8%~12% gels and transferred to PVDF membranes (Millipore),
which were blocked with 5% BSA for 1 h at room temperature.
The membranes were incubated with antibodies overnight at
4°C. The target bands were detected by using the corresponding
secondary antibodies. Bands were analyzed using Quantity
One software (Bio—Rad) after incubation with enhanced
chemiluminescence reagent (MedChemExpress) at room
temperature for 2~10 s.

Detection of PKM2 Nuclear Translocation
by Immunofluorescence Staining

After KCs successfully established tolerant and nontolerant
models, the cells were fixed with 4% paraformaldehyde for
10 min. After a brief wash with PBS, the cell membrane was
lysed with 0.1% Triton for 10 min. Then, the membrane was
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blocked with goat serum for 1 h. The cells were incubated with a
rabbit mAb anti PKM2 (Cell Signaling, #4053, 1:100) overnight
at 4°C. The next day, the cells were incubated with the
corresponding fluorescent secondary antibody (ZSGB-BIO) for
1 h at room temperature. An appropriate amount of 4’-6-
Diamidino-2-phenylindole (DAPI, MedChemExpress) was
added to each plate for 3 min, and the protein expression of
PKM2 was observed under an inverted microscope.

Real-Time Reverse Transcription-
Polymerase Chain Reaction Analysis of
Gene Expression

The RT-PCR experiment was used to detect the M2 polarization
of RAW264.7 cells. The RT-PCR experimental procedure was
performed as previously Hu YC et al. described (35). In brief,
total RNA was extracted from RAW264.7 cells using TRIzol®
reagent (Invitrogen), and then the RNA was reverse-transcribed
to cDNA with the PrimeScript' " RT Reagent Kit (TaKaRa
Biotechnology). Primers for RT-PCR were obtained from
Sangon Biotech. The expression of the target gene was
normalized to that of GAPDH. The primers used were as
follows: Argl, forward 5-CACTACCCCACCCCACTC-3’ and
reverse 5-AACGGAGCAAGACCCTGT-3’; CD206, forward 5’-
GAAGCCAAGGTCCAGAAA-3’ and reverse 5-TGTTGA
AAGCGTATGTCCA-3; and GAPDH, forward 5-CCTTCCG
TGTCCCCACT-3’ and reverse 5-GCCTGCTTCACCACCTTC-
3. The relative gene expression was analyzed using the 27444
method (39).

mtDNA Copy Number Detection

Total DNA was extracted from cells using the DNeasy Blood &
Tissue Kit (Qiagen) and used for the detection of mtDNA copy
number by RT-PCR using SYBR Green (TaKaRa Biotechnology)
and an ABI PRISM 7900 Sequence Detection system (Thermo
Fisher Scientific). The relative mtDNA copy number was
determined by comparing the level of the mitochondrial NADH
dehydrogenase subunit 1 (MTND1) gene (primers, forward 5-
GAGAACAAAGGTGAGAAGCAA-3" and reverse 5’-
TCCACACAGATCCAGCATAA-3’) to that of the nuclear
reference gene B2M (primers, forward 5-AGCAGAGAA
TGGAAAGTCAAA-3’ and reverse 5-GATGGATGAAACCC
AGACA-3). The relative mtDNA copy number was defined as
the total amount of mtDNA divided by the total amount of
nuclear DNA.

Mitochondrial Mass Detection

The detection of mitochondrial mass was the same as that
described in a previous study (40). In brief, the uptake of 2.5
UM nonyl acridine orange (NAO, a dye that localizes to
cardiolipin on the inner mitochondrial membrane) by PMs/
KCs/RAW264.7 cells over 30 min was determined by measuring
fluorescence by using a flow cytometer.

Autophagy Detection

Western blot analysis of the LC3-II and p62 protein levels was
used to assess the level of autophagy in RAW264.7 cells
stimulated with TEPP-46 for 2 h.

Mitochondrial Respiration Detection
RAW264.7 cells with or without TEPP-46 treated in medium at
pH 7.4 were transferred to the wells of an XF96 Seahorse assay
plate to determine the mitochondrial oxygen consumption rate
(OCR) during mitochondrial stress test by using the Seahorse
XF96° Extracellular Flux analyzer as previously John D et al.
described (40). Before start the experiment, the cells were
incubated at 37°C without CO, for 1 h. The OCR was
measured at the baseline and following the sequential addition
of 1 uM oligomycin to inhibit ATP synthase, and 0.5 uM
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) was added to yield maximal uncoupled respiration.
Non-mitochondrial respiration was determined by adding
1 UM rotenone plus 1 UM antimycin A. Next, we quantitative
analysis of mitochondrial basal respiration, ATP-linked
respiration and maximal respiratory of the RAW264.7 cells
with or without TEPP-46 treat.

Statistical Analysis

Statistical analyses were performed using SPSS 17.0 software
(SPSS, Inc.). Data are presented as the mean + SD of >3
independent biological replicates. Student’s ¢ test was
performed for the comparison of parameters between two
groups. One—way ANOVA and Tukey’s test were performed to
compare multiple groups. A p-value less than 0.05 was
considered significant.

RESULTS

PKM2 Activation Promotes Macrophage
Endotoxin Tolerance

The enzymatic activity of PKM2 is, in part, determined by the
configuration of the enzyme into a tetramer, dimer, or monomer
(27, 28). The PKM2 tetramer is located in the cytoplasm and is
the active form of enzyme; the PKM2 dimer and monomer are
located in the nucleus and play an important role in regulating
gene transcription (27, 28). To determine whether PKM2
expression can be modulated by LPS exposure during the
establishment of endotoxin tolerance, we intraperitoneally
preinjected mice with saline (nontolerant) or a low dose of LPS
(8 ng/kg body weight, tolerant) for 16 h, challenged all the mice
with a lethal dose of LPS (8 mg/kg), and then monitored the
survival of the mice. As predicted, exposure to a low dose of LPS
prior to the lethal dose of LPS increased survival and decreased
the serum levels of the inflammatory cytokines TNF-ot and IL-6
in mice (Figures 1A, B). Then, we isolated PMs and liver
macrophages (KCs) from tolerant and nontolerant mice (4 h
after a lethal dose of LPS) and evaluated the protein expression of
PKM2 in the cells. Interestingly, we found a higher protein level
of the PKM2 tetramer and a lower protein level of the PKM2
dimer/monomer in both the PMs and KCs of tolerant
mice compared to those of nontolerant mice, suggesting
that endotoxin tolerance inhibits the nuclear translocation of
PKM2 (Figure 1C). The protein level of PKM1, a member of the
pyruvate kinase family, did not change significantly (Figure 1C).
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FIGURE 1 | Endotoxin tolerance promotes PKM2 tetramer formation of macrophages in vivo and in vitro. (A) Mouse survival was monitored every hour after
constructing nontolerant and tolerant models (n=6 per group). (B) Serum TNF-o. and IL-6 levels from tolerant and nontolerant mice were measured using ELISA
(n=3). (C) The protein expression of PKM2 and PKM1 in PMs and KCs isolated from tolerant and nontolerant mice was measured using Western blot (n=3).
(D) The protein expression of PKM2 (red) and DAPI staining for the nucleus (blue) in KCs isolated from tolerant and nontolerant mice were measured using
immunofluorescence. (E) Protein expression of PKM2 in tolerant and nontolerant PMs and RAW?264.7 cells in vitro (n=3). (F) Supernatant TNF-o. and IL-6 levels in
RAW264.7 cells were measured using ELISA (n=3). (G, H) Protein expression of PKM2 in RAW264.7 cells after stimulation with TEPP-46 at different concentrations
and for different times (n=3). (I) Cell viability of RAW264.7 cells stimulated with 50 nmol/ml TEPP-46 for different times was measured using CCK8 (n=3).
(J) Supernatant TNF-a. and IL-6 levels in RAW264.7 cells after treatment with TEPP-46 for 2 h and LPS for 24 h (n=3). *p < 0.05, *p < 0.01.

Immunofluorescence further confirmed that exposure to a low
dose of LPS prior to the lethal dose of LPS inhibited the nuclear
translocation of PKM2 in PMs (data not shown) and in KCs
(Figure 1D). Next, we performed an in vitro experiment by pre-
stimulating PMs isolated from healthy mice or RAW264.7
macrophages with a low dose of LPS (10 ng/ml, tolerant) or
PBS (nontolerant) for 24 h and then restimulating the cells with a
high dose of LPS (150 ng/ml) for 24 h. Consistent with in vivo
experiments, compared to nontolerant cells, tolerant cells had a

significantly increased protein level of the PKM2 tetramer and
significantly decreased expression of the PKM2 dimer/monomer
(Figure 1E). The supernatant levels of TNF-o and IL-6 in also
significantly decreased in tolerant cells (Figure 1F). These in vivo
and in vitro studies confirmed that macrophage tolerance to
endotoxins inhibits the nuclear translocation of PKM2 induced
by LPS and promotes the formation of the PKM2 tetramer.
TEPP-46 is a small molecular agonist of PKM2 and can
inhibit the nuclear translocation of PKM2 and promote the
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formation of a PKM2 tetramer (41). As predicted, stimulation of
RAW264.7 cells with different concentrations of TEPP-46 (0-
100 nmol/ml) for 2 h or 50 nmol/ml TEPP-46 for different times
(0-4 h) dose- and time-dependently promoted the protein level
of the PKM2 tetramer (Figures 1G, H). We also assessed
whether TEPP-46 has cytotoxic effects. We found that 50
nmol/ml TEPP-46 had no significant effect on cell viability
under different stimulation times (0-8 h) (Figure 1I). To
further investigate the role of the PKM2 tetramer (activated
configuration of PKM2) in the establishment of endotoxin
tolerance, we pretreated RAW264.7 cells with either PBS or
TEPP-46 (50 nmol/ml) for 2 h and then restimulated these cells
with LPS (150 ng/ml) for 24 h. We found that compared to cells
treated with only LPS, RAW264.7 cells pretreated with TEPP-46
produced levels of TNF-o. and IL-6 that were significantly
decreased by 76% and 58%, respectively, in the culture
supernatants (Figure 1J). Collectively, these results confirm the
ability of TEPP-46 to induce endotoxin tolerance in
macrophages by promoting the formation of the PKM2 tetramer.

Mitochondrial Biogenesis Is Induced in
PKM2-Activated Macrophages

Mitophagy and mitochondrial biogenesis maintain the relative
balance of mitochondrial mass, which plays an important role in
maintaining the normal function of cells (19-21). A study
showed that PKM2 activation may inhibit mitochondrial
dysfunction of podocytes induced by high glucose (34).
However, the effect of PKM2 activation on the mitochondrial
function of macrophages is still unclear. Thus, we assessed the
mitochondrial function of macrophages stimulated with TEPP-
46. We observed a significantly increased level of the internal
membrane marker cardiolipin in RAW264.7 cells stimulated
with TEPP-46 (50 nmol/ml) for 0-24 h, which indicates an
increase in mitochondrial mass under stimulation with TEPP-46
(Figure 2A). We next studied whether the increase in
mitochondrial mass after treatment with TEPP-46 was caused
by inhibiting the degradation of mitochondria (mitophagy).
However, we did not observe changes in the protein levels
of the autophagy markers LC3-II and p62 in RAW264.7
cells stimulated with TEPP-46 (50 nmol/ml) for 0-24 h
(Figure 2B). In addition, there was no obvious change in
mitochondrial morphology and no obvious decrease in the
number of lysosomes stimulated with TEPP-46 (Figure 2C).
The above results indicate that the overall autophagy level does
not change under TEPP-46 stimulation. This means that the
activation of PKM2 by TEPP-46 increased the level of
mitochondrial mass but did not change the level of mitophagy
in RAW264.7 cells. This reflects that mitochondrial mass may be
increased by activation of mitochondrial biogenesis. As
predicted, we observed a significant increase in mitochondrial
DNA (mtDNA) copy number in RAW264.7 cells stimulated with
TEPP-46 (50 ng/ml) for 0-24 h, and these results were consistent
with the increased protein level of mitochondrial transcription
factor A (mtTFA), a key regulator of mitochondrial biogenesis
bound to mtDNA (Figures 2D, E). We repeated the above
experiments after silencing the PKM2 gene in RAW264.7 cells

with siRNA-PKM2 (siPKM2). We found that TEPP-46 failed to
increase the mtDNA copy number and the protein level of
mtTFA in PKM2-knockdown RAW264.7 cells, suggesting that
the effect of TEPP-46 is dependent on PKM?2 (Figures 2D, E).
The effect of TEPP-46 on mitochondrial function was further
assessed by measuring the mitochondrial oxygen consumption
rate (OCR). We found that the basal respiration, ATP-linked
respiration and maximal respiration were significantly increased
in TEPP-46-treated RAW264.7 cells (Figures 2F-I). This effect
of TEPP-46 was eliminated in PKM2-knockdown cells (Figures
2F-I). This indicates that the activation of PKM2 induced by
TEPP-46 enhanced the mitochondrial respiratory capacity of
macrophages. Collectively, we observed that PKM2 activation
induced by TEPP-46 enhanced mitochondrial function by
promoting mitochondrial biogenesis and increasing the
mitochondrial mass but did not change the level of mitophagy.

Inhibiting Mitochondrial Biogenesis
Reverses PKM2 Activation-Induced
Macrophage Endotoxin Tolerance

Although we demonstrated that PKM2 activation by TEPP-46
contributes to endotoxin tolerance and that PKM2 activation
also induces mitochondrial biogenesis in macrophages, we do
not know whether PKM2 activation promotes endotoxin
tolerance by inducing mitochondrial biogenesis. mtTFA is a
key regulator of mitochondrial biogenesis bound to mtDNA
(42). Several lines of evidence have suggested that inhibiting the
expression of mtTFA could effectively inhibit mitochondrial
biogenesis in various cells (42, 43). The mtTFA gene was
knocked down in RAW264.7 cells by shRNA-mtTFA
(shmtTFA) lentiviruses transduction. As predicted, the
protein level of mtTFA decreased significantly after lentiviral
transduction for 72 h (Figure 3A). Next, we observed a
significant decrease in mitochondrial mass and mtDNA copy
number in mtTFA knockdown RAW264.7 cells, suggesting that
silencing mtTFA in RAW264.7 cells inhibits mitochondrial
biogenesis (Figures 3B, C). We further assessed the effect of
silencing mtTFA on endotoxin tolerance induced by PKM?2
activation in macrophages. We found that silencing mtTFA
inhibited the endotoxin tolerance of RAW264.7 cells induced
by PKM2 activation, which was reflected in the levels of the
inflammatory cytokines TNF-o and IL-6 in the supernatant of
the mtTFA knockdown group (shmtTFA + TEPP-46 + LPS),
which increased by 85% and 111%, respectively, compared to the
levels in the endotoxin tolerance group (TEPP-46 + LPS) (Figure
3D). Endotoxin tolerance can inhibit LPS-mediated M1 type
polarization of macrophages and promote the expression of M2
type markers, such as Argl and CD206 (44, 45). In this study, we
found that LPS inhibited expression of Argl and CD206, and
pretreatment with TEPP-46 promoted expression of Argl and
CD206, suggesting that pretreatment with TEPP-46 promoted
M2 polarization of macrophages (Figure 3E). Furthermore,
TEPP-46 failed to promote the expression of Argl and CD206
after silencing of mtTFA, suggesting that the effect of TEPP-46 is
dependent on mtTFA (mitochondrial biogenesis) (Figure 3E).
Overall, these data indicate that inhibiting mitochondrial
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FIGURE 2 | Mitochondrial biogenesis is induced in PKM2-activated macrophages. (A) Mitochondrial mass was assessed by measuring the uptake of NAO by using
flow cytometry (n=3). (B) The autophagy level of RAW264.7 cells after stimulation with TEPP-46 was assessed by measuring the protein expression of p62 and LC3
using Western blotting (n=3). (C) The microstructure of RAW264.7 cells stimulated with TEPP-46 was measured using transmission electron microscopy (TEM) (n=3).
(D) mtDNA copy number was determined by measuring MTND1 relative to B2M using RT-PCR in RAW264.7 cells transducted with a control siRNA (con siRNA) or
siPKM2 (n=4). (E) Western blot analysis of mtTFA in control or PKM2 knockdown RAW264.7 cells were stimulated with TEPP-46 for different times (n=3). (F) The
mitochondrial OCR was measured in control or PKM2 knockdown RAW264.7 cells were stimulated with TEPP-46 by using a Seahorse XF96e Extracellular Flux
analyzer. Dashed vertical lines indicate the addition of 1 uM oligomycin (Oligo), 0.5 uM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 1 uM
rotenone plus 1 uM antimycin A (Rot/Ant) (n=3). (G-1) Quantitative analysis of basal respiration, ATP-linked respiration and maximal respiration in control or PKM2
knockdown RAW264.7 cells were stimulated with TEPP-46 for different times (n=3). *p < 0.05.

biogenesis can effectively inhibit the macrophage tolerance to ~ manner under stimulation with TEPP-46 (50 nmol/ml)

endotoxins induced by PKM2 activation. (Figure 4A). The protein level of PGC-1f3 was not significantly

changed (Figure 4A). Furthermore, we found that TEPP-46
PGC-1a Is the Key Regulator of PKM2 failed to increase the protein levels of PGC-10, NRF1 and
Tetramer-Induced Mitochondrial NRF2 in PKM2-knockdown RAW264.7 cells, suggesting that
Biogenesis the effect of TEPP-46 is dependent on PKM2 (Figure 4B). These

PGC-10, NRF1, NRF2, and mtTFA are the key regulatory factors ~ results indicate that TEPP-46 promotes mitochondrial
that promote mitochondrial biogenesis (22, 23). The above biogenesis by inducing PKM2 activation and by further
results have shown that PKM2 activation induced by TEPP-46 ~ promoting the expression of PGC-1o, NRF1, NRF2, and
could promote the expression of mtTFA (Figure 2E). Thus, we ~ mtTFA. The AMP-activated protein kinase (AMPK)/sirtuin 1
further assessed the effect of PKM2 activation on the expression ~ (SIRT1)/PGC-1o. pathway is a classical pathway that induces
of PGC-10, NRF1 and NRF2. As predicted, the protein levels of ~ mitochondrial biogenesis (46). Therefore, we asked whether
PGC-1a, NRF1, and NRF2 increased in a time-dependent  pretreatment with TEPP-46 could activate the AMPK/SIRT1/
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FIGURE 3 | Mitochondrial biogenesis is required for PKM2 activation-induced endotoxin tolerance. (A) RAW264.7 cells were treated with control shRNA or
shmtTFA lentiviruses for 72 h. Protein expression of mtTFA was measured by Western blot (n=3). (B) NAO signal intensity was used to assess mitochondrial mass in
control RAW264.7 cells (con shRNA) and in mtTFA knockdown RAW264.7 cells (shmtTFA) (n=4). (C) mtDNA copy number was determined by measuring MTND1
relative to B2M using RT-PCR (n=3). (D) Supernatant TNF-o. and IL-6 levels in RAW264.7 cells stimulated with LPS and/or TEPP-46 were measured using ELISA
(n=3). (E) RAW264.7 polarization level was assessed by measuring the relative mRNA expression of Arg7 and CD206 to that of GAPDH using RT-PCR (n=3). *p <
0.05, *p < 0.01, **p < 0.001.

PGC-1a signaling pathway. However, we did not observe  pathway (Figure 4C). To further confirm that TEPP-46 induces
significant changes in the protein levels of p-AMPK, AMPK,  mitochondrial biogenesis by activating PGC-1a., we silenced the
and SIRT1, suggesting that TEPP-46-promoted expression of ~ PGC-1a gene in RAW264.7 cells by lentiviral transduction
PGC-1o was not dependent on activation of the AMPK/SIRT1 (Figure 4D). We found that silencing PGC-Ia inhibited
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FIGURE 4 | PGC-1a is required for PKM2 activation-induced mitochondrial biogenesis. (A) Western blot analysis of PGC-1a,, PGC-1B, NRF1, and NRF2 in
RAW264.7 cells transduct with control siRNA after stimulation with TEPP-46 for 0-8 h (n=3). (B) Western blot analysis of PGC-1a, NRF1, and NRF2 in PKM2-
knockdown RAW264.7 cells after stimulation with TEPP-46 for 0-8 h. (n=3). (C) Western blot analysis of p-AMPK, AMPK and SIRT1 in RAW264.7 cells transduct
with control siRNA after stimulation with TEPP-46 for 0-8 h. (n=3). (D) RAW264.7 cells were treated with control shRNA or shPGC-1a. lentiviruses for 72 h. Protein
expression of PGC-1a was measured by Western blot (n=3). (E) Western blot analysis of NRF1, NRF2 and mtTFA in RAW264.7 cells. (n=3). (F) NAO signal intensity
was used to assess mitochondrial mass in control RAW264.7 cells and in PGC-1 o knockdown RAW264.7 cells (shPGC-1ay) after stimulation with TEPP-46 (n=3).
(G) mtDNA copy number was determined by measuring MTND1 relative to B2M using RT-PCR (n=3). *p < 0.05, *p < 0.01.
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TEPP-46-induced expression of NRF1, NRF2 and mtTFA
(Figure 4E). Furthermore, both the mitochondrial mass and
mtDNA copy number were decreased in PGC-1a-knockdown
cells compared to in TEPP-46-treated cells (Figures 4F, G).
These data collectively suggest that PGC-1a. is the key regulator
of mitochondrial biogenesis induced by TEPP-46-mediated
activation of PKM2.

PKM2 Tetramer Activates PGC-1a by
Inhibiting the PI3K/Akt Signaling Pathway
We have confirmed that PKM2 activation induced by TEPP-46
promotes the activation of PGC-1a. but not by activating the
AMPK/SIRT1 signaling pathway. This means that activated
PKM2 may promote PGC-la. by activating other pathways.
Since Akt has been shown to be a negative regulator of PGC-
1ot (47), we then asked whether Akt participates in the TEPP-46-
induced regulation of PGC-10.. We found that the protein level
of phosphorylated Akt (p-Akt) was significantly decreased in
RAW264.7 cells stimulated by TEPP-46 (50 nmol/ml) for 2 h
(Figure 5A). SC79 is a small-molecule agonist of Akt, which
promotes phosphorylation of Akt (Figure 5B) (48). RAW264.7
cells were pretreated with SC79 (4 pg/ml) for 30 min and then
restimulated with TEPP-46 (50 nmol/ml) for 2 h. We found that
pretreatment with SC79 effectively inhibited the protein level of
PGC-1o induced by TEPP-46 (Figure 5C). These results indicate
that TEPP-46-induced activation of PKM2 regulates PGC-1a. by
inhibiting Akt phosphorylation.

Phosphatidylinositol-3-kinase (PI3K) is an intracellular
phosphatidylinositol kinase that promotes Akt activation (49).
The PI3K/Akt signaling pathway plays an important role in the
regulation of tumors and inflammation (50, 51). Since inducing
the formation of the PKM2 monomer/dimer could promote the

invasion and migration of tumor cells by activating the PI3K/Akt
signaling pathway (52), we then asked whether the PKM2 tetramer
induced by TEPP-46 could regulate Akt through PI3K in
macrophages. We found that the expression of phosphorylated
PI3K (p-PI3K) was significantly decreased in RAW264.7 cells
stimulated by TEPP-46 (Figure 5D). 740 Y-P is a target agonist
of PI3K, which promotes phosphorylation of PI3K (Figure 5E)
(53). RAW264.7 cells were pretreated with 740 Y-P (50 pg/ml) for
24 h and then restimulated with TEPP-46 (50 nmol/ml) for 2 h.
We found that the inhibitory effect of TEPP-46 on p-Akt was
blocked by 740 Y-P (Figure 5F). Furthermore, pretreatment with
740 Y-P inhibited the mtDNA copy number and the protein
levels of PGC-1ai, NRF1, NRF2 and mtTFA induced by TEPP-46
(Figures 5G, H). Collectively, these data indicate that TEPP-46-
induced activation of PKM2 promotes PGC-1o. expression by
inhibiting the PI3K/Akt signaling pathway.

Knockdown of PGC-1a Inhibits PKM2
Activation-Mediated Endotoxin Tolerance
We have confirmed that PGC-1o is a key regulator of
mitochondrial biogenesis induced by activated PKM2. Next, we
assessed the effect of PGC-1ot on endotoxin tolerance mediated
by PKM2 activation. TEPP-46-induced PKM2 activation
promotes macrophage tolerance to endotoxins (Figure 1J). We
found that knockdown of the PGC-1¢o gene inhibited TEPP-46-
mediated endotoxin tolerance. This was evidenced by the levels
of TNF-o and IL-6 in the supernatants of PGC-1a-knockdown
cells (shPGC-1a + TEPP-46 + LPS) significantly increasing by
86% and 102%, respectively, compared to those of cells without
PGC-1a gene knockdown (TEPP-46 + LPS) (Figures 6A, B).
This indicates that knockdown of PGC-I¢ inhibits PKM2
activation-mediated endotoxin tolerance.
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TEPP-46 Protects Mice From Endotoxemia
and Sepsis

We have confirmed that TEPP-46-mediated activation of PKM2
induces endotoxin tolerance by promoting mitochondrial
biogenesis in vitro. We then asked whether TEPP-46 could
protect mice from lethal endotoxemia by inhibiting cytokine
release. To clarify this question, PMs and KCs were isolated from
mice 4 h after the injection of TEPP-46 (50 mg/kg,
intraperitoneally). We found that the protein level of the
PKM2 tetramer was significantly increased under stimulation
with TEPP-46, suggesting that TEPP-46 could effectively induce
the activation of PKM2 in macrophages in vivo, similar to the in
vitro results (Figure 7A). Furthermore, mitochondrial mass,
mtDNA copy number and the protein levels of PGC-1o,
NRF1, NRF2 and mtTFA were significantly increased in both
PMs and KCs in TEPP-46-treated mice (Figures 7B-G). These
results indicate that TEPP-46 also induced mitochondrial
biogenesis in macrophages in vivo. To study the effect of
TEPP-46 on endotoxemia in mice, mice were pretreated with
TEPP-46 (50 mg/kg, intraperitoneally) or saline for 4 h and then
restimulated with or without LPS (5 mg/kg, intraperitoneally).
All of these mice were observed for 7 days, and we found that
compared to endotoxemia mice (only LPS treated), mice
pretreated with TEPP-46 (treated with TEPP-46 + LPS) had
significantly improved survival (Figure 7H). No mice died
during the observation period in the saline-treated group
(control group), which was not reflected in the survival curve.
In addition, the serum levels of TNF-o and IL-6 in TEPP-46-
pretreated mice were significantly decreased compared to those
in endotoxemia mice (Figure 7I). These findings suggest that
TEPP-46 protects mice from LPS-induced endotoxemia by
reducing the release of TNF-o and IL-6. Although LPS
stimulation is a commonly used method to establish an
endotoxemia model in mice, a more clinically relevant
experimental model is sepsis model with a bacterial infection
induced by CLP (38). To study the effect of TEPP-46 on sepsis in
mice induced by CLP, the mice were divided into three groups:
sham operation group, CLP group and TEPP-46 pretreatment
group (TEPP-46 + CLP). All of these mice were observed for 7
days, and no mice died in the sham operation group (data not

shown). The survival of mice significantly improved in TEPP-46-
pretreated mice compared to in CLP mice (Figure 7J). As
predicted, serum levels of TNF-o. and IL-6 in the TEPP-46
pretreatment group were significantly decreased compared to
those in the CLP group (Figure 7K). Collectively, these data
suggest that the PKM2 tetramer agonist TEPP-46 protects mice
from endotoxemia and sepsis induced by LPS or CLP by
reducing the release of TNF-o. and IL-6.

DISCUSSION

Macrophage endotoxin tolerance is defined as a hyporesponsive
state in response to a secondary lethal dose of LPS following
primary low-dose LPS exposure (6, 7). Studies have reported that
endotoxin tolerance provides a protective mechanism to reduce
the over-release of proinflammatory cytokines in response to
severe infection (8, 9). In fact, endotoxin tolerance is a double-
edged sword in regulating the immune response (10). In the
acute inflammatory reaction stage, endotoxin tolerance serves as
an important regulatory mechanism to prevent tissue damage
from overactive inflammatory responses, which can cause sepsis
syndrome (54). However, prolonged immune tolerance allows
for the development of secondary infections, increasing mortality
from sepsis, especially for immunocompromised individuals (12,
13). Therefore, further study on the mechanism of endotoxin
tolerance is of great significance to better grasp the time frame of
inducing immune tolerance and avoiding immunosuppression
Here, we present a novel function of the PKM2 small-molecule
agonist TEPP-46 that contributes to macrophage tolerance to
endotoxins by promoting mitochondrial biogenesis. As
summarized in Figure 8, TEPP-46 induces the formation of
PKM2 tetramer. Tetrameric PKM2 can promote the expression
of PGC-1a. by inhibiting the phosphorylation of PI3K and AKT,
and promote mitochondrial biogenesis by further activating NRF1/
2 and mtTFA, thus inhibiting the release of inflammatory factors
mediated by LPS and promoting macrophage tolerance to
endotoxins. PKM2 tetramer-induced expression of PGC-1o and
PGC-1lo-mediated mitochondrial biogenesis are two prerequisites
for TEPP-46-mediated macrophage tolerance to endotoxins.
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To our knowledge, this finding is the first example of negative
regulation of an LPS-mediated inflammatory response through
targeting PKM2-associated mitochondrial biogenesis. This study
also reveals that PGC-1a is regulated by the PI3K/Akt signaling
pathway, not by the AMPK/SIRT1 signaling pathway, and plays an
important role in TEPP-46-mediated macrophage tolerance
to endotoxins.

PKM2 is a key enzyme of glycolysis, and its function is mainly
determined by its conformation, including monomer, dimer, and
tetramer (27, 28). In tumor cells and inflammatory cells, there is the
transformation from a PKM2 tetramer to a PKM2 monomer/dimer
(27, 28). TEPP-46 and DASA-58 are two different small-molecule
agonists of PKM2 and both can promote the formation of the PKM2
tetramer, which can not only inhibit the growth of tumor cells but
also inhibit the inflammatory response of immune cells by
promoting the formation of the PKM2 tetramer (29-31). In the
latest research, Le et al. found that PKM2 activator TEPP-46
attenuates [-aminopropionitrile fumarate (BAPN)-induced
mouse model of thoracic aortic aneurysm and dissection (TAAD)
by inhibiting NLRP3 inflammasome-mediated IL-1J secretion.
This provides a new treatment strategy for TAAD (55). In this
study, we have shown direct evidence of PKM2 tetramer-mediated
macrophage endotoxin tolerance in primary macrophages (PMs

and KCs), as well as in the RAW264.7 cell line. We observed
increased levels of PKM2 tetramers in PMs and KCs isolated from
tolerant and nontolerant mice. These findings were consistent with
the in vitro results. In addition, we observed decreased levels of
TNF-o and IL-6 after treatment with LPS in RAW264.7 cells that
had been pretreated with TEPP-46.

Our next focus was to identify a mechanism by which TEPP-46
induced endotoxin tolerance in macrophages. Previously, it has
been shown that TEPP-46-mediated PKM?2 activation may inhibit
mitochondrial dysfunction of podocytes induced by high glucose
(34). DASA-58-mediated PKM?2 activation suppresses osteogenesis
and facilitates adipogenesis of bone marrow mesenchymal stem
cells (BMSCs) by regulating 3-catenin signaling and mitochondrial
fusion and fission (56). In addition, a recent study reported that
PKM2 is a key regulator of mitochondrial fusion to promote
mitochondrial fusion and oxidative phosphorylation (OXPHOS),
further modulating cancer cell growth by attenuating glycolysis (57).
Obviously, these data show that activation of PKM2 is closely
related to the regulation of mitochondrial function. However, the
effect of PKM2 activation on the macrophage mitochondrial
function is still unclear. Mitophagy and mitochondrial biogenesis
maintain the relative balance of mitochondrial mass, which plays an
important role in maintaining the normal function of cells (19-21).
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We observed a significantly increased level of mitochondrial
mass in RAW264.7 cells after stimulation with TEPP-46.
Decreased mitophagy or increased mitochondrial biogenesis
can lead to an increase in the mitochondrial mass. Intriguingly,
we did not observe changes in the protein levels of the autophagy
markers LC3 and p62 in RAW264.7 cells stimulated with TEPP-
46. However, we observed a significant increase in the mtDNA
copy number in RAW264.7 cells stimulated with TEPP-46,
which was significantly consistent with the increased protein
level of mtTFA, a key regulator of mitochondrial biogenesis
bound to mtDNA (22). This effect of TEPP-46 was eliminated in
PKM?2-knockdown cells, suggesting that the effect of TEPP-46 is
dependent on PKM2. mtTFA is a key regulator of mitochondrial
biogenesis (23). Several recent studies have reported that mtTFA
upregulation augmented mitochondrial biogenesis and enhanced
mitochondrial functions (22, 58). In our study, we knocked
down mtTFA gene expression in RAW264.7 cells with
shmtTFA lentiviruses, and this method effectively inhibited
mitochondrial biogenesis. We found that silencing mtTFA
inhibited RAW264.7 cell endotoxin tolerance induced by
PKM2 activation, which was reflected in the levels of the
inflammatory cytokines TNF-ot and IL-6 in the supernatant of
the mtTFA knockdown group (shmtTFA + TEPP-46 + LPS),
which were increased by 85% and 111%, respectively, compared
to those of the endotoxin tolerance group (TEPP-46 + LPS). In
our previous study, we found that endotoxin tolerance can

inhibit LPS-mediated M1-type polarization of macrophages
and promote M2-type polarization (45). Our results further
support the role of TEPP-46 in the negative regulation of the
inflammatory response in macrophages. We found that
pretreatment with TEPP-46 inhibited LPS-mediated M1-type
polarization and promoted the expression of Argl and CD206
(M2 polarization markers). However, TEPP-46 failed to promote
the expression of Argl and CD206 after silencing of mtTFA,
suggesting that the effect of TEPP-46 is dependent on mtTFA
(mitochondrial biogenesis).

PGC-10, NRF1, NRF2, and mtTFA are the key regulatory
factors that promote mitochondrial biogenesis, and the AMPK/
SIRT1/PGC-10. signaling pathway is the classical pathway that
induces mitochondrial biogenesis (25, 26). Therefore, we asked
whether pretreatment with TEPP-46 could activate the AMPK/
SIRT1/PGC-10. signaling pathway. However, we did not observe
changes in the protein levels of SIRT1 and phosphorylated
AMPK, suggesting that TEPP-46-promoted expression of
PGC-1o was not dependent on activation of the AMPK/SIRT1
pathway. Inducing the formation of the PKM2 monomer/dimer
could promote the invasion and migration of tumor cells by
activating the PI3K/Akt signaling pathway (50). PI3K/Akt is the
negative regulatory pathway of PGC-1a, which is involved in the
regulation of various tumors and inflammatory diseases (50, 51).
These results indicate that PKM2 may regulate the expression of
PGC-1a by regulating the PI3K/Akt signaling pathway.
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Interestingly, we found that the PI3K/Akt signaling pathway was
significantly suppressed in RAW264.7 cells stimulated with
TEPP-46. Furthermore, pretreatment with SC79 (agonist of
Akt) or 740 Y-P (agonist of PI3K) inhibited the mtDNA copy
number and the protein levels of PGC-10, NRF1, NRF2 and
mtTFA induced by TEPP-46. These data indicate that activation
of PKM2 induced by TEPP-46 promotes PGC-1a. expression by
inhibiting the PI3K/Akt signaling pathway.

Although LPS-mediated endotoxemia is a useful model for
investigating sepsis, a more clinically relevant experimental model
for sepsis is a bacterial infection model induced by CLP (38). In this
study, we established mouse endotoxemia models and sepsis
models by intraperitoneal injections of LPS and CLP, respectively.
We found that the PKM2 tetramer agonist TEPP-46 protects mice
from endotoxemia and sepsis induced by LPS or CLP by reducing
the release of TNF-oand IL-6. By isolating mouse PMs and KCs, we
found that TEPP-46 also promotes the formation of the PKM2
tetramer and induces the expression of PGC-10,, NRF1, NRF2 and
mtTFA in the cell populations in vivo as well as in vitro. Collectively,
these data reveal a novel pathway of TEPP-46-mediated activation
of PKM2 that contributes to endotoxin tolerance by promoting
mitochondrial biogenesis in vivo and in vitro.
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Post-translational modifications, including O-GlcNAcylation, play fundamental roles in
modulating cellular events, including transcription, signal transduction, and immune
signaling. Several molecular targets of O-GlcNAcylation associated with pathogen-
induced innate immune responses have been identified; however, the direct regulatory
mechanisms linking O-GIcNAcylation with antiviral RIG-I-like receptor signaling are not
fully understood. In this study, we found that cellular levels of O-GIlcNAcylation decline in
response to infection with Sendai virus. We identified a heavily O-GlcNAcylated serine-rich
region between amino acids 249-257 of the mitochondrial antiviral signaling protein
(MAVS); modification at this site disrupts MAVS aggregation and prevents MAVS-
mediated activation and signaling. O-GIcNAcylation of the serine-rich region of MAVS
also suppresses its interaction with TRAF3; this prevents IRF3 activation and production
of interferon-B. Taken together, these results suggest that O-GlcNAcylation of MAVS may
be a master regulatory event that promotes host defense against RNA viruses.

Keywords: host defense mechanism, innate immunity, mitochondrial antiviral signaling protein, O-linked
N-Acetylglucosamine (O-GlcNAc), RIG-I-like receptors signaling

INTRODUCTION

Innate immune signaling in vertebrate species is orchestrated by three types of receptor families;
toll-like-receptors (TLRs), NOD-like receptors, and RIG-I-like receptors (RLRs). Specifically, when
an RNA virus enters a host cell, the viral double-stranded (ds)RNA exposed to the cytoplasm is
detected by RLRs, as opposed to that recognized by TLRs on the cell surface. Upon detection of the
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viral dsRNA, RIG-I undergoes various post-translational
modifications, including acetylation and ubiquitination (1-3).
This activated form of RIG-I then binds to mitochondrial
antiviral signaling protein (MAVS), which is located in the
mitochondrial outer membrane (4). The RIG-I-MAVS
complex induces the formation of fully activated prion-like
aggregates via caspase recruitment domain (CARD-CARD)
interactions (5, 6). The resulting MAVS aggregates then recruit
the E3 ligases, TRAF2, 3, and 6, to promote K63-linked
ubiquitination to activate downstream kinases, including TBK1
and IKKe (3, 7). Interferon (IFN) regulatory factor-3 (IRF3) and
NEF-xB are then phosphorylated sequentially and translocated to
the nucleus; these transcription factors (TFs) promote the
production of type I IFNs, pro-inflammatory cytokines, and
antiviral factors that are secreted and can modulate the
responses of neighboring cells (5). This process ultimately
contributes to host defense by promoting virus clearance.

Immune cells have well-established TLR systems that facilitate
rapid and precise responses to pathogens. Macrophages play a
significant role in governing optimal interactions between the
TLRs and RLR. By contrast, expression of TLR genes in both
epithelial cells and fibroblasts is remarkably low (8). As such,
MAVS-mediated RLR signaling is a critical component of the
immunological response to RNA virus infection of epithelial cells.
Macrophages rely on important connections between glucose
metabolism and antiviral host responses (9, 10). Specifically,
increased glucose metabolism in macrophages at relatively early
time points after virus infection can accelerate of the development
of the innate immune response (9, 10). However, the relationship
between glucose metabolism and RLR signaling in epithelial cells
at later time point in infection, notably in cells that with ubiquitous
expression of MAVS, should be further evaluated.

The processes leading to O-linked N-Acetylglucosamine (O-
GIcNAc) are regulated by various cellular signals and external
stress stimuli and is among the most sensitive and dynamic of the
post-translational modifications (11, 12). Many proteins in the
nucleus, cytoplasm, and mitochondria are targets of O-GlcNAc
transferase (OGT) (13). OGT catalyzes the reversible attachment of
a GIcNAc moiety to the hydroxyl groups of the serine or threonine
residues using UDP-GIcNAc from the hexosamine biosynthetic
pathway (HBP) as a substrate; O-GlcNAcase (OGA) catalyzes the
removal of O-GlcNAc from the protein target (11-14). O-GlcNAc
modifications serve to modulate mitochondrial motility through
factors including Milton 1 (15) and mitochondrial trafficking via
the actions of trafficking kinesin (TRAK) protein (16); likewise,
O-GlcNAc modifications of proteins including Drpl and OPA1
serve to regulate mitochondrial fission and fusion (17).
O-GlcNAcylation has been identified at the C-terminus of
MAVS, which is a key adapter protein in the RLR signaling
pathway (9, 10); this modification has been shown to promote
antiviral immunity. Interestingly, the serine/threonine content of
MAVS is ~20% (i.e.,108 of 540 amino acids); as such, many sites
are candidates for post-translational modification besides those
previously identified.

Pathogen infection threatens host cell survival. Results from
several reports have suggested a link between pathogen infection

and levels of intracellular O-GlcNAcylation. For example, the
DNA viruses herpes simplex virus (HSV) and the
cytomegalovirus rely on OGT activity and O-GlcNAcylation to
support their replication, proliferation, and propagation (18).
Furthermore, high levels of OGT activity and O-GlcNAcylation
were detected in human papillomavirus (HPV)-induced cervical
neoplasms; increased levels of O-GlcNAcylation were observed
in mouse embryonic fibroblasts in response to HPV E6
oncoprotein overexpression (19). Despite these findings, the
way in which host cells defend themselves from virus infection
and promote innate immune signaling via O-GlcNAcylation is
still unclear.

Here, we report that transcription of OGT is dramatically
decreased at early time points after infection with an RNA virus;
this contributes to the depletion of the O-GlcNAcylation of MAVS
at later time points after infection, which serves to promote an
innate immune response. We also identified a heavily O-
GlcNAcylated serine-rich region of MAVS that spans amino
acids Serine 249 through Serine 257. O-GlcNAcylation was
blocked via deletion of the MAVS serine-rich region (amino
acids 249-257); this promoted the aggregation of MAVS,
strengthened the interaction between MAVS and TRAF3, and
ultimately resulted in an increase in the production of interferon-3
(IFN-B). Collectively, these results provide new insights into the
cross-talk between host defense mechanisms and O-GIcNAc
metabolism and reveal both novel and distinctive antiviral
functions mediated by O-GlcNAcylation.

MATERIALS AND METHODS

Cell Cultures

All epithelial cell lines used in this study were incubated at 37°C
in 5% CO,. HEK293 and MDA-MB-231 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Lonza, Basel,
Switzerland) supplemented with 10% fetal bovine serum
(HyClone, Logan, UT, USA). A549 was cultured in ATCC-
formulated F-12K Medium (ATCC, USA, Catalog No. 30-
2004) supplemented with 10% fetal bovine serum. HT-29, and
U937 were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium with HEPES and L-glutamine (HyClone, South
Logan, Utah, USA, SH30255.01).

Sendai Virus Infection

SeV (Cantell strain; Charles River Laboratories) was used to
infect cells at a concentration of 100 hemagglutination units
(HAU)/ml. HEK293, A549, and other cells were plated 24 h
before infection. Cells were infected with SeV in serum-free
DMEM or RPMI-1640 for 1 h at 37°C, washed with 1x
phosphate-buffered saline, and incubated in complete medium
for various periods of time as indicated for each experiment.

Plasmids and Transfection

The plasmid pCS4-Myc-MAVS was kindly provided by Dr. Yukiko
Gotoh (University of Tokyo, Tokyo, Japan). Myc-MAVS-1-265 and
Myc-MAVS-266-540 were cloned into the pcDNA3.1-MycHisC
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expression vector. Wild-type and mutant forms of human MAVS
wild type were prepared by PCR and cloned into the pRK5-Flag
expression vector (Genentech). The mutations were confirmed by
DNA sequence analysis (Bionics, South Korea). The plasmid
pEFBos-Flag-N-RIG was kindly provided by Dr. Michael Gale
(University of Washington School of Medicine, Washington,
USA), and the plasmid pKH3-3XHA-TRAF3 was kindly provided
by Dr. Ying Zhu (Wuhan University, Wuhan, China). Human Flag-
OGT, Flag-OGA, and Myc-OGT were cloned into the p3XFlag-
cMv™.7.1 expression vector (Sigma-Aldrich) and into the
pcDNA3.1-MycHisC vector. For transient overexpression, cells
were transfected using Omicsfect (OmicsBio, Taipei, Taiwan) in
serum-free medium according to the manufacturer’s instructions
for 24-48 h. In this paper, we transfected cells with DNA expression
vectors or with the empty vector as control.

Reagent and RNAI Interference
Cells were treated with 1 uM Thiamet-G (Sigma-Aldrich) for 2
to 4 h before SeV infection or transfections. Cycloheximide
(Sigma-Aldrich) treatment was performed for the times
indicated. Cells were collected at each time point indicated.
Transfection with poly (I:C) (Sigma-Aldrich) was performed
using the TransIT-2020 Transfection Reagent (Mirus Bio,
USA) according to the manufacturer’s instructions. To
establish knock-down of OGT or MAVS via siRNA
interference, cells were transfected with siRNAs targeting OGT
or MAVS with Lipofectamine RNAi MAX (Invitrogen, USA)
according to the manufacturer’s transfection protocol. The
siRNA sequences targeting these proteins were as follows:
siCTL (control), #1, duplex, Cat.SN-1002, Bioneer, Korea
siOGT, #1, sense, 5'- UAAUCAUUUCAAUAACUGCUU
CUGC (dTdT) - 3" siOGT, #1, antisense, 5- GCAGAAGC
AGUUAUUGAAAUGAUUA (dTdT) - 3’ siMAVS, #1, sense,
5- GAGUCAGCCAUGAUUGCUU (dTdT) - 3’ siMAVS, #1,
antisense, 5- AAGCAAUCAUGGCUGACUC (dTdT) - 3’
sSIMAVS, #2, sense, 5'- GCUCACCAAUCCAGCACCA (dTdT)
- 3" siMAVS, #2, antisense, 5'- UGGUGCUGGAUUGGUGAGC
(dTdT) - 3".

Western Blotting, Succinylated-Wheat
Germ Agglutinin Lectin Precipitation,

and IP

For Western blotting assays, cells were lysed with buffer A
(150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCI (pH7.4), 1%
NP-40) supplemented with a protease inhibitor cocktail (Roche,
Mannheim, Germany) and a phosphatase inhibitor cocktail
(Roche, Germany). Preparation of sSWGA was as previously
described (20). Briefly, 1.5 to 2 mg of total cell lysates were
incubated with agarose-conjugated sSWGA (Vector Laboratories,
Burlingame, CA, USA) overnight at 4°C. For IP, 1.5 to 2 mg of
total cell lysates were incubated with agarose-conjugated anti-
FLAG antibody (MBL, Woburn, USA) or anti-Myc antibody
(MBL, Woburn, USA) for 2 h at 4°C. For IP of endogenous
MAVS, 3 mg of total cell lysates were incubated with anti-MAVS
antibody (#166583, Santa Cruz, Dallas, TX, USA) overnight at
4°C followed by agarose-conjugated protein A/G (Santa Cruz,

Dallas, TX, USA) for 2 h at room temperature. Purified proteins
in sSWGA/IP precipitates were washed four times with buffer B
(150 mM NaCl, 2 mM EGTA, 2 mM MgCl,, 20 mM HEPES (pH
7.4), and 0.1% NP-40) and were eluted with sodium-dodecyl
sulfate (SDS) loading buffer at 95°C for 5 min. The eluents were
analyzed via Western blots probed with specific antibodies
described in the section to follow. For co-IP experiments, 1.5
to 2 mg of total cell lysates were lysed with buffer C (150 mM
NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 50 mM Tris-HCI (pH
7.4), and 0.5% Triton-X100). For Western blotting, 20 to 30 g of
total cell lysate was loaded onto 8% to 10% SDS-PAGE gel.
Exceptionally, 60 pg of total cell lysate was loaded on the SDS-
PAGE gel to detect p-IRF3. The same amount of protein was
loaded in each experiment. After separation onto SDS-PAGE gel,
proteins are transferred to NC membrane to detect signals. EZ-
Western kit (DoGenBio) or SuperSignal West Femto
Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.)
and Amersham Imager 600 (GE Healthcare Life Sciences, Little
Chalfont, UK) were used to signal detection. For quantifying
signals, the immunoreactive protein band was detected and the
integrated signal intensity was measured using AI600 imager
system software. Thereafter, O-GlcNAcylation levels were
normalized to integrated signal intensity of P-actin or
GAPDH, the loading control of the same gel for each cell type.
OGT protein levels were normalized to B-actin, a loading control
of the same gel. To quantify proteins and O-GlcNAcylation
levels, Loading control proteins including B-Actin and
GAPDH, and target proteins to observe or O-GIcNAc levels
were measured using AI600 imager system (GE Healthcare,
Chicago, IL, USA) software.

Antibodies

The primary antibodies used for Western blotting included anti-
O-GIcNAc (#MA1-072, Thermo Scientific), anti-OGT (DM17,
#06264, Sigma-Aldrich), anti-OGA (EPR7154(B) #ab124807,
Abcam), anti-MAVS (#A300-782A, Bethyl Laboratories), anti-
c-Myc (#sc-789, Santa Cruz), anti-GAPDH (#sc-32233, Santa
Cruz), anti-IRF3 (#sc-8092, Santa Cruz), anti-SeV (#PD029,
MBL), anti-FLAG (#PMO020, MBL), anti-B-actin (#4970, CST),
and anti-p-IRF3 (D601M, #29047, CST). NC membranes were
probed with primary antibodies followed by secondary
antibodies conjugated with HRP(horseradish peroxidase) in a
ratio of 1:10000. Secondary antibodies included goat anti-rabbit
IgG (#111-035-003, Jackson Immunoresearch), goat anti-mouse
IgG (#115-035-003, Jackson Immunoresearch), and goat anti-
mouse IgM (#115-005-020, Jackson Immunoresearch).

Semi-Denaturing Detergent-
Polyacrylamide Gel Electrophoresis,
Isolation of Mitochondria, and Semi-
Denaturing Detergent-Agarose

Gel Electrophoresis

SDD-PAGE was performed as previously described (21) to detect
SDS-resistant high-molecular weight MAVS aggregates. Briefly,
HEK293 cells were transfected with plasmids encoding Flag-
MAVS or Myc-OGA or empty vector alone; after 24 h, cells were
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harvested and lysed with Buffer A. The lysates were mixed with a
4x sample buffer both with and without B-mercaptoethanol
followed by SDD-PAGE. To detect endogenous MAVS
aggregates, mitochondria were isolated from cultured cells
using a Mitochondria Isolation Kit (#89874, Thermo Scientific,
Rockford, IL, USA) according to the manufacturer’s instructions.
Then, the mitochondrial fraction was re-suspended in 1%
diaminodiphenylmethane-containing lysis buffer and analyzed
by 2% agarose SDD-AGE.

Real-Time Quantitative RT-PCR

Total RNA was extracted from cultured cells using the TRIzol
reagent (Invitrogen, USA). To obtain cDNA, RT was performed
on 1 ug of the extracted total RNA using ReverTra Ace qPCR RT
Master Mix (Toyobo, Japan) according to the manufacturer’s
instructions. The qPCR was conducted using SYBR Premix Ex
Taq (Takara, Japan) using a CFX96™ real-time system (Bio-
Rad). Relative mRNA levels of OGT and IFN-[3 were normalized
to those of actin. The qPCR primer sequences were as follows:
IFN-B, Forward 5-AAA CTC ATG AGC AGT CTG CA-3'
IFN-B, Reverse 5'-AGG AGA TCT TCA GTT TCG GAG G-3’
OGT, Forward 5'-CTT TAG CAC TCT GGC AAT TAA ACA G-3'
OGT, Reverse 5'-TCA AAT AAC ATG CCT TGG CTT C-3’
Actin, Forward 5'-AGA GCT ACG AGC TGC CTG AC-3’
Actin, Reverse 5'-AGC ACT GTG TTG GCG TAC AG-3’

Mapping O-GIcNAc Sites in Mitochondrial
Antiviral Signaling Protein
The extracted peptides were dissolved in Solvent A (0.1% formic
acid in H,O). Peptides were separated using a PepMap' " RSLC
C18 column (Thermo Fisher Scientific, San Jose, CA) with a
linear gradient of 2% to 38% Solvent B (0.1% formic acid in
acetonitrile) over 75 min at a flow rate of 300 ml/min. The
sample was analyzed by Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific, San Jose, CA) that
interfaced with an Easy nanoLC 1200 system (Thermo Fisher
Scientific, San Jose, CA). The spray voltage was set to 1.9 kV and
the temperature of the heated capillary was set to 275°C. The
equipment was set in data-dependent mode with one survey MS
scan followed by 10 MS/MS scans and a dynamic exclusion time
of 30 s. Full scans were acquired at 350 to 1600 m/z. The
resolution on mass spectrometry was 120,000 and the
automatic gain control (AGC) target was set to 4e”. The MS/
MS scans had a resolution of 30,000; the AGC target was set to
5¢* for high-energy collisional dissociation fragmentation. If
oxonium product ions (m/z 204.0867, 138.0545) were observed
in the higher-energy collisional dissociation (HCD) spectra,
EThcD with user-defined charge dependent reaction time
(45.20 ms for 3+ charged, 25.42 ms for 4+ charged) with 15%
or 17% HCD supplemental activation was performed in a
subsequent scan on the same precursor ion selected for HCD.
The EThcD MS/MS scans had a resolution of 30,000 with the
AGC target set to 1e5. The maximum injection time was 120 ms.
Collected MS/MS data were used in a search of the decoy
UniProt human database (Release 2019_11, 186 532 entries) for
the estimation of the false discovery rate (FDR) with the Sequest

HT software in Proteome Discoverer 2.2 (Thermo Fisher
Scientific). Precursor and fragment ion tolerance were set to
10 ppm and 0.02 Da, respectively. Trypsin was chosen as the
enzyme with a maximum allowance of up to two missed
cleavages. The following modifications were defined as static
modification of carbamidomethyl (Cys), dynamic modification
of HexNAc 203.079 Da (Ser and Thr), Phospho 79.966 Da (Ser
and Thr), and Oxidation (Met). The data were also searched
against the decoy database and the results were used to calculate
q values of peptide-spectrum matches (PSMs) using the Fixed
Value PSM Validator within the Proteome Discoverer. Peptide
and protein results were filtered to a 1% FDR.

Statistical Analysis

Data are presented as mean + SEM based on at least three
independent experiments. Statistical analysis was performed
using two-tailed Student t-tests to compare results from two
groups and by One-way analysis of variance for multiple groups.
A P values of <0.05 considered as significant.

RESULTS

Reduced O-GlcNAcylation in Response to
Sendai Virus Infection Stimulates the
Innate Immune Response

The glucose concentration in cells is closely associated with the
production of UDP-GIcNAc via the HBP. Lactate, a glucose
intermediate, was recently identified as a suppressor of MAVS-
mediated RLR signaling (22). OGT, an enzyme that promotes O-
GIcNAc cycling and that uses UDP-GIcNAc as a substrate, is
expressed in most tissues, including epithelial cells (23). O-
GlcNAcylation in cells functions as both a nutrient and stress
sensor (12). In this study, we evaluated changes in O-
GlcNAcylation in various types of cells over time in response
to infection with SeV; this is a single-stranded RNA virus
pathogen that presents dsRNA intermediates to pattern
recognition receptors in the cytosol. Global levels of O-
GlcNAcylation were drastically reduced at the later time points
in response to SeV infection of HEK293 and A549 cells (Figure
1A). The primary cell, MEF (mouse embryonic fibroblast) cells,
also showed a decrease in O-GlcNAcylation (Figure 1A).
Furthermore, we also confirmed that SeV infection resulted in
elevated levels of intracellular O-GlcNAcylation in monocyte-
macrophage U937 cells in response to differentiation with
phorbol 12-myristate 13-acetate; these findings are consistent
with those reported previously in which infection of
macrophages with an RNA virus resulted in a substantial
increase in intracellular O-GlcNAcylation (Figure 1A) (9, 10).
As shown in the present study, elevated levels of O-
GlcNAcylation levels were detected only in U937 cells
differentiated into macrophages (Figure S1A); by contrast, the
global decline in O-GlcNAcylation levels was observed in both
undifferentiated and differentiated U937 cells at the later time
points after infection (Figures 1A, S1A). Furthermore, cells of
the breast epithelial line MDA-MB-231 and the colon epithelial
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FIGURE 1 | Reduced O-GlcNAgylation in response to RNA virus infection activates the innate immune response. (A) O-GIcNAcylation over time after infection with
Sendai virus (SeV; 100 HAU at t = 0) in HEK293, A549, MEF, and PMA-differentiated U937 cells as detected via Western blot analysis. In the graphs, cellular O-
GlcNAcylation was normalized to GAPDH. (B) Expression of IFN-f mRNA over time as measured by real-time gRT-PCR after infection of HEK293 (left), A549
(middle) and MEF (right) cells with SeV (100 HAU). (C) HEK293 (left) and A549 (right) cells were treated with 1 uM of Thiamet-G(+) or PBS (-) for 4 h before infection
with SeV (100 HAU). Cells were collected at 4 and 24 h post-infection. Expression of IFN-f was measured by real-time gPCR. Statistical significance was determined
by two-tailed student t-test. (D) HEK293 cells were transiently transfected with siCTL or siOGT for 48 h before infection with SeV (100 HAU). Cells were collected at
4 and 24 h post-infection. Expression of IFN-f was measured by real-time gPCR. (E, F) Under the same conditions as in (C), phosphorylation of IRF3 (Ser-396-p-
IRF3) was evaluated via Western blot. Replication of SeV in HEK293 (left) and A549 (right) was also evaluated via Western blot. Statistical significance was
determined by two-tailed student t-test. All experiments were repeated at least three times. Each figure was statistically analyzed with the indicated n number.
(A) HEK293 (left, n = 4) A549 (middle to left, n = 3) MEF (middle to right, n = 3) U937(right, n = 4) (B) HEK293 (left, n = 3) A549 (middle, n = 4) MEF (right, n = 3)
(C) HEK293(left, n = 5) A549(middle, n = 3) (D) HEK293(n = 4) (E) HEK293(n = 3) (F) A549(n = 3). Data are presented as mean + standard error (SEM); *p < 0.05,
**p < 0.01.

line HT-29 also responded to SeV infection with reduced levels
of O-GlcNAcylation (Figure S1A). In order to confirm that
reduced O-GlcNAcylation levels in the results presented above
are due to host immune responses rather than direct effects of
Sendai virus itself, we treated HEK293 and A549 with poly(I:C)
and then observed the O-GlcNAcylation levels at later points;
however there was no change (Figure S1B). Therefore, we
hypothesized that a global decrease in cellular O-
GlcNAcylation during the later phases of SeV infection is a
phenomenon common to many cell targets. Remarkably, we also
confirmed that IFN-B expression reached its peak in both
HEK293 and A549 cells at 24 h of SeV infection (Figure 1B).
In addition, MEF cells showed the highest IFN-f expression at 24
h, which is consistent with the expression in HEK293 and A549

(Figure 1B). IFN-B is a major type I interferon that is
synthesized and secreted in response to infection that
promotes viral clearance and host immunity. Therefore, we
speculated that the decrease in cellular O-GlcNAcylation
observed at 24 h of infection may have a direct impact on
IFN-B expression. To examine this hypothesis, we measured
IFN-B mRNA levels in SeV-infected HEK293 and A549 cells that
were treated with the OGA inhibitor, Thiamet-G, using real-time
reverse transcription—polymerase chain reaction (RT-PCR). The
results revealed that transcription of IFN-f3 was inhibited in
response to increased levels of cellular O-GlcNAcylation
achieved by treatment with Thiamet-G (Figure 1C). We
conversely inhibited OGT activity through siRNA to
demonstrate the importance of OGT in the inhibition of IFN-f3
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expression. As a result, it was confirmed that the expression level
of IFN-f increased in HEK293 when OGT was knocked down
(Figure 1D). Under the same conditions as in Figure 1C,
Thiamet-G introduced 24 h after SeV infection of HEK293 and
A549 cells resulted in reduced phosphorylation of IRF3 by ~19%
and ~17%, respectively, in association with amplified replication
of SeV (Figures 1E, F). These results suggest that reduced levels
of O-GlcNAcylation observed during the later stages of infection
with an RNA virus serves to promote the innate
immune response.

Host Cell-Mediated Downregulation of
O-GiIcNAc Transferase Transcription in
Response to Sendai Virus Infection

Cellular levels of O-GlcNAcylation decreased at 24 h after SeV
infection (Figure 1A). Therefore, we examined the expression of

immunoreactive OGT protein at various times after infection as
indicated. These observations revealed that the levels of OGT
protein decreased drastically in response to the strong induction
of the innate immune response (Figures 2A, B, S2A). To
investigate this observation further, OGT mRNA levels were
measured by real-time RT-PCR. Surprisingly, we found that
transcription of OGT decreased dramatically at all time points
examined, most notably at the earliest time point after infection
(i.e., 4 h) (Figures 2C, S2B). Given that some viruses alter the
host transcriptome to facilitate their own replication and
proliferation, these results raised additional questions as to
whether the decrease in OGT transcription was driven directly
by the virus. To address this question, we transfected cells with
poly(I:C), which is a ligand capable of activating RLR-mediated
signaling in the absence of an overt virus infection. Similar to
SeV infection, transfection with poly(I:C) also promoted a
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FIGURE 2 | Downregulated transcription of O-GIcNAc Transferase (OGT) in response to virus infection. (A) Immunoreactive OGT was evaluated via Western blot
analysis in HEK293 cells infected with SeV (100 HAU) at the time points indicated. (B) Expression of OGT and O-GIcNAc as shown in (A) was normalized to actin or
GAPDH. (C) Real-time gPCR was performed to measure OGT mRNA expression levels. (D) 10 uM Poly (1:C) was transfected into HEK293 cells which were
evaluated at the times indicated. Western blot analysis was performed to detect immunoreactive OGT protein. (E) OGT and O-GIcNAc as shown in (D) were
normalized to levels of actin or GAPDH. (F) Real-time gPCR was performed to measure OGT mRNA expression levels. (G) To activate RLR signaling, the N-RIG-|
plasmid was used to transfect HEK293 cells; cells were collected at the times indicated to measure OGT protein and mRNA expression levels. (H) Expression levels
of OGT and O-GIcNAc in (G) were normalized to actin or GAPDH. All experiments were repeated at least three times. (l) Real-time gPCR was performed to measure
OGT mRNA expression levels. Each figure was statistically analyzed with the indicated n number. (A), (B) n = 4, (D, E, G, H) n =3 and (C, F, I) n = 3. Data are
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decrease in OGT protein levels (Figures 2D, E, S2C). In
addition, in MEF primary cells and HDF (Human dermal
fibroblast) primary cells, OGT protein levels decreased in
response to poly(I:C) transfection (Figure S2D). Furthermore,
levels of OGT mRNA were also significantly reduced in cells
transfected with poly(I:C) (Figures 2F, S2E). As such, we
inferred that the host response, rather than the virus per se,
promoted the observed reductions in OGT gene transcription.
This conclusion was supported by findings associated with the
overexpression of activated (N-)RIG-I. Overexpression of N-
RIG-I has been reported to promote MAVS activation (24); N-
RIG-I DNA constructs were transfected into HEK293 cells,
resulting in a decrease in OGT protein and mRNA levels; these
findings are consistent with the results shown in Figures 2D, F
(Figures 2G, I).

O-GlIcNAcylation Directly Regulates
Mitochondrial Antiviral Signaling Protein-
Mediated Expression of Interferon-f

Given the decline in O-GlcNAcylation in various cell types and the
resulting impact on RLR-mediated signaling and the downstream
production of IFN-B, we then aimed to identify the specific
mechanisms underlying this response. MAVS is a powerful
immune sensor that promotes innate immune responses and
stimulates the production of IFN-f (25, 26). We overexpressed
MAVS in HEK293 cells to induce a condition that mimicked viral
infection (5). Interestingly, the IFN-8 mRNA expression induced in
response to MAVS overexpression dropped significantly in cells
treated with Thiamet-G (Figure 3A). Furthermore, the expression
of IFN-B mRNA was inhibited when MAVS and OGT were both
overexpressed. By contrast, expression of IFN-f3 mRNA induced by
overexpression of MAVS overexpression increased even further
when cellular O-GlcNAcylation was reduced by co-overexpression
of OGA (Figure 3B). The same findings were observed in assays
designed to detect IFN-B protein synthesis and secretion (Figure
3C). On the basis of these results, we hypothesized that cellular O-
GlcNAcylation may have a direct role in the regulation of MAVS
activity, notably upon activation of RLR signaling. To examine this
hypothesis, MAVS knock-down was achieved using targeted
siRNAs (Figure S3A). As shown in Figure 3D, Thiamet-G
treatment inhibited the expression of IFN-f in response to SeV
infection in the control group but in cells transfected with siMAVS.
As such, we concluded that O-GlcNAcylation regulates RLR
signaling in a MAVS-dependent manner.

Mitochondrial Antiviral Signaling Protein Is
a Direct Target of O-GIcNAc Transferase

O-GlcNAc transferase (OGT) catalyzes the O-GlcNAcylation of
numerous mitochondrial proteins (12). As such, we evaluated O-
GlcNacylation of endogenously expressed MAVS via precipitation
studies conducted with succinylated-wheat germ agglutinin
(SWGA). Using this approach, we found that endogenous MAVS
was O-GlcNAcylated (Figure 3E). Furthermore, recombinant
(overexpressed) MAVS was also O-GlcNAcylated; O-
GlcNAcylation of this target was increased in response to OGT
overexpression (Figures 3E, S3B). We also evaluated O-

GlcNAcylation of other intracellular proteins including STING,
which is another immune sensor, as well as IKKe, a TBKI-
associated factor involved in the innate immune response. Despite
these efforts, our results indicated that MAVS alone was targeted for
O-GlcNAcylation (Figure 3F). Even when IKKe or TBK1 was
overexpressed with Flag tagged MAVS to activate MAVS
signaling, we could not detect O-GlcNAcylation of IKKe or TBK1
(Figure S3C). We divided the 540-amino acid sequence of MAVS
into N-terminal (1-265) and C-terminal (266-540) fragments to
identify specific sites of O-GlcNAcylation. Full-length MAVS, the
MAVS N-terminal fragment, and the MAVS C-terminal fragment
were all overexpressed in HEK293 cells; O-GlcNAcylation of each
polypeptide was investigated by sWGA-mediated precipitation.
Significantly, we detected O-GlcNAcylation of both N- and C-
terminal fragments of MAVS (Figure 3G). These results clearly
indicate that there are potential O-GlcNAcylation sites in the N-
terminal region of MAVS besides that previously identified (i.e.,
Serine 366) in its C-terminal region (9).

Mitochondrial Antiviral Signaling Protein
Contains a Heavily O-GilcNAcylated
Serine-Rich Region That Can Inhibit
RIG-I-Like Receptors-Mediated Signaling
O-GlcNAcylation takes place at hydroxyl groups found on serine
and threonine residues. Notably, serine and threonine represent
20% of the amino acids (108 of the total 540) in the MAVS
polypeptide. O-GlcNAcylation sites within MAVS were
identified by fusion mass spectrometry (Fusion M/S). A total
of 20 O-GlcNAcylation sites were identified by this method
(Figures 4A-C, S4AF). Remarkably, seven O-GlcNAcylation
sites that were adjacent to one another were identified in a
serine-rich region within the aforementioned N-terminal
fragment of MAVS (Figure 4C). To evaluate the function of
these O-GIcNAc modifications, we generated a MAVS mutant
that deleted nine amino acids, including the seven potential O-
GlcNAcylation sites (A249-257); O-GlcNAcylation levels were
explored in HEK293 cells that overexpressed both the wild-type
and the MAVS A249-257 deletion mutant. Consistent with the
fusion M/S results, the O-GlcNAcylation levels of the MAVS
A249-257 mutant were significantly lower than those detected in
the MAVS wild-type polypeptide (Figure 4D). O-GlcNAcylation
levels were also dramatically reduced in the 7S/T—7A
substitution mutant in which all seven O-GlcNAcylation sites
were substituted with alanine (Figure 4E). As such, we
hypothesized that O-GlcNAcylation at the serine-rich region of
MAVS would have an impact on IFN-B production in response
to SeV infection. First, we examined phosphorylation of IRF3 to
determine whether reduced O-GlcNAcylation in the MAVS
A249-257 mutant had an impact on RLR-mediated signaling.
We found that phosphorylation of IRF3 was increased in
HEK293 cells transfected with MAVS A249-257 over that
observed in response to MAVS wild-type when cells were
infected with SeV (Figure 4F). Consistent with the results
observed in HEK293 cells transfected with the MAVS A249-
257 mutant, phosphorylation of IRF3 was further enhanced in
cells transfected with the 7S/T—7A substitution mutant in
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FIGURE 3 | O-GIcNAcylation directly regulates MAVS-mediated expression of IFN-B. (A) IFN-B mRNA was measured by real-time gPCR was conducted to measure
mRNA expression levels under conditions that mimicked viral infections in HEK293 cells by treating with 1 uM Thiamet-G for 24 h before induction of MAVS
overexpression via transfection of a Flag-MAVS expression plasmid. (B) IFN-B mRNA expression induced by MAVS overexpression under conditions mimicking virus
infection was measured by real-time gPCR together with co-overexpression of OGT and OGA. (C) An ELISA assay was conducted to compare secretion of IFN-B in
response to OGT overexpression with that observed in response to MAVS overexpression (control condition). (D) Knock-down of MAVS in HEK293 cells was
performed via transfection with MAVS-targeting siRNAs and examined after 48 h. Inhibition of SeV-induced IFN-B production in response to treatment with Thiamet-
G was not observed in cells with MAVS knock-down. n.s indicated not statistically significant. (E) Precipitation using the lectin, SWGA, was conducted to
demonstrate O-GlcNAcylation of endogenous MAVS and to examine the increase in MAVS O-GIcNAcylation in response to OGT overexpression. 1.5—2 mg of
whole cell lysates (WCLs) obtained from HEK293 were incubated with agarose-conjugated sWGA overnight at 4°C. Purified proteins in SWGA precipitates were
eluted with 2x SDS loading buffer then analyzed via Western blotting. (F) IP and Western blots were performed to identify O-GlcNAcylated proteins associated with
RLR signaling. 1.5—2 mg of WCLs obtained from HEK293 were incubated with agarose-conjugated anti-Myc antibodies for 2 h at 4°C. Purified proteins in IP
precipitates were eluted with 2x SDS loading buffer and then analyzed via Western blotting. Of the major molecules involved in RLR signaling, only MAVS was
subject to O-GIcNAc modification. H.C means heavy chain. (G) Precipitation with sSWGA was to confirm the O-GlcNAgcylation of the N- or C-termini of MAVS.
Plasmids promoting overexpression of MAVS 1-265 and 266-540 were transfected and evaluated after 24 h with or without OGT. 1.5 to 2 mg of WCLs obtained
from HEK293 were incubated with agarose-conjugated sSWGA overnight at 4°C. Purified proteins in SWGA precipitates were eluted with 2x SDS loading buffer then
analyzed via Western blotting. The 1-265 and 266-540 regions are both modified with O-GIcNAc. All experiments were repeated at least three times. (A-G) —
indicated cells transfected with flag or myc empty vectors. Each figure was statistically analyzed with the indicated n number. (A) n =6, (B) n =5, (C) n = 3, (D) n=3.
Statistical significance was determined by two tailed student t-test. Data are presented as mean + SEM; *p < 0.05, *p < 0.01.
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response to SeV infection (Figure 4G). Furthermore, expression
of IFN-B mRNA was also significantly elevated in cells
transfected with the MAVS A249-257 mutant compared to the
wild type (Figure 4H). Finally, and consistent with previous
reports that describe O-GlcNAcylation at MAVS Serine 366 and
its role in promoting RLR-mediated signaling, decreased
expression of IFN-B was observed in cells transfected with a
MAVS S366A mutant. Surprisingly, when compared to the
results obtained from cells transfected with the MAVS S366A
mutant, we observed full recovery of IFN-B expression upon
deletion of the serine-rich 249-257 region from the S366A
mutant. Collectively, these results suggest that O-
GlcNAcylation at the serine-rich region of MAVS (amino acids
249-257) modulates MAVS-activated RLR-mediated signaling
via a mechanism that is distinct and different from that
associated with O-GlcNAcylation of S366.

Mitochondrial Antiviral Signaling Protein
O-GicNAcylation Interferes With the
Formation of Its Aggregates

Thus far, we have demonstrated O-GlcNAcylation of the MAVS
249-257 serine-rich region results in down-regulated RLR signaling
infection with SeV. We further examined the mechanism by which
O-GlcNAcylation at this site suppresses the IFN-f3 response. Full
activation of MAVS requires self-aggregation at the mitochondrial
outer membrane. The aggregation and resolution responses of
MAVS are strongly regulated by post-translational modifications,
including ubiquitination (21, 27, 28). Results from earlier studies
indicated that O-GlcNAcylation inhibited the formation of prion-
like aggregates of proteins that include oi-synuclein and tau (29, 30);
as such, its role in preventing the formation of critical MAVS
aggregates was explored. Intriguingly, upon co-overexpression of
both MAVS and OGA, MAVS could form aggregates as revealed in
a semi-denaturing detergent-polyacrylamide gel electrophoresis
(SDD-PAGE) assay (Figure 5A). Furthermore, the degree of
MAVS aggregation increased drastically in response to OGT
knock-down (Figures 5B, S5A). Consistent with these results,
endogenously generated MAVS aggregates were detected at
higher levels in cells subjected to OGT knock-down during the
later stages of SeV infection (at 16 h; Figure 5C). To exclude the
possibility that the observed increase in MAVS aggregation was due
to changes in MAVS protein stability that might result from
reduced levels of O-GlcNAcylation, MAVS protein levels were
evaluated in HEK293 and A549 cells treated with cycloheximide.
Under these conditions, MAVS stability was not diminished in
the presence or absence of Thiamet-G (Figures S5B, S5C).
O-GlcNAcylation of endogenously expressed MAVS was found to
have decreased at 24 h after SeV infection (Figures 5D, S5D).
GIcNAc competition studies revealed that O-GlcNAcylation MAVS
was significantly reduced under these conditions (Figure 5D).
We then examined the degree of MAVS aggregation in cells
overexpressing the MAVS A249-257 deletion mutant. As
expected, the degree of aggregation was higher in cells
overexpressing the MAVS A249-257 deletion mutant than that
observed in cells overexpressing the MAVS wild type (Figure 5E);
interestingly, we observed no increase in the degree of aggregation

when comparing responses of the MAVS wild-type protein to that
of the S366A mutant. Nevertheless, we were still able to observe the
increased degree of aggregation in the deletion of the serine-rich
249-257 from the S366A mutant compared to the S366A mutant
(Figure 5E). These results suggest that O-GlcNAcylation of MAVS
specifically at the serine-rich region (249-257), restricts the
formation of MAVS aggregates.

Mitochondrial Antiviral Signaling Protein
O-GicNAcylation Interferes With Its
Interaction With TRAF3

The sequence of MAVS contains several TRAF-interacting motifs
(TIMs) that facilitate its interactions with these signaling molecules.
The interaction between MAVS and TRAFs is critical to activate
MAVS-mediated downstream signaling. TRAF3 is recruited to
aggregates of MAVS and thereby promotes the activation of IRF3
via the K63-ubiquitination of MAVS. The interaction between MAVS
and TRAF3 was examined through co-immunoprecipitation (co-IP)
studies designed to identify the mechanism by which O-
GlcNAcylation of MAVS inhibits expression of IFN-B. The
interaction between MAVS and TRAF3 was inhibited in cells
overexpressing OGT (Figure 5F). Furthermore, we found that the
interaction between TRAF3 and MAVS A249-257 was significantly
enhanced compared with its interaction with wild-type MAVS
(Figure 5G). Since there are previous reports that O-GlcNAcylation
of MAVS regulates ubiquitination of MAVS, we needed to confirm
whether O-GlcNAcylation at the serine-rich region (amino acids
249-257) also regulates ubiquitination of MAVS (9, 10). We
confirmed that MAVS ubiquitination was slightly increased in
MAVS A249-257 deletion mutant compared to wild type (Figure
S5E). As such, we concluded that O-GlcNAcylation at the serine-rich
region of MAVS specifically inhibits RLR signaling by interfering with
the interaction between MAVS and TRAF3. Taken together, these
findings suggest that O-GlcNAcylation is involved in modulating host
defense mechanisms.

DISCUSSION

Dysregulated energy metabolism is directly linked to the
pathogenesis of numerous diseases; an imbalance in energy
metabolism has also been found to disrupt the host defense
system (31, 32). In recent years, attempts have been made to
identify a role for glucose metabolism, the central pathway
associated with energy metabolism, in modulating one or more
aspects of the innate immune response. As but one example,
several groups have examined the relationship between glucose
metabolism and RLR-mediated signaling. Among these findings,
RLR-induced production of type-I IFNs was observed under
conditions in which glucose metabolism was inhibited and that
cells maintained in a low-glucose environment could produce
higher levels of IFN than cells maintained in a high-glucose
medium (22). By contrast, results from another study revealed
that activation of RLR-mediated signaling resulted in an increase
in glucose metabolism (9). These conflicting results will most
certainly be important toward the effort to understand the full
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determine the level of MAVS aggregation. MAVS overexpression in HEK293 cells induced aggregate formation levels with or without overexpression of OGA.
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HEK293 cells. Expression plasmids were used to transfect cells that were evaluated at 24 to 48 h. All experiments were repeated at least three times.

(A-G) — means cells transfected with flag or Myc or HA empty vectors.
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nature of the cross-talk between the innate immune response and
glucose metabolism. In this study, we have demonstrated that
levels of O-GlcNAcylation, which are known to respond rapidly
to extracellular stimuli (33), decrease significantly in response to
infection with an RNA virus; this ultimately leads to innate
immune responses in target epithelial cells at later time points
during infection that are associated with production of IFN-f.
The functional mechanisms underlying cellular O-
GlcNAcylation and their role in promoting RLR-mediated
signaling are as shown in Figure 6. The host cell responds to
virus infection by shutting down the expression of OGT. This
response results in decreased levels of OGT and thus global
depletion of cellular O-GlcNAcylation. This response has a
specific impact on O-GlcNAcylation at the serine-rich region
(amino acids 249-257) of MAVS; this promotes MAVS
aggregation and enhances the interactions between MAVS and
TRAF3. Because of these interactions, IRF3 is phosphorylated,
undergoes dimerization, and is translocated into the nucleus
where it promotes [FN-f} transcription and thus activates [FN-[3-
mediated host defense responses. Taken together, the results
presented in this study reveal that O-GlcNAcylation is a key link
between glucose metabolism and the innate immune response.
Our study elucidated an important role for O-GlcNAcylation
of MAVS; this post-translational modification resulted in
suppression of RLR-mediated signaling in epithelial cells via a
mechanism that was clearly different and distinct from those
previously reported for MAVS Ser366 or for the seven associated
sites at amino acids 322-347 within the MAVS polypeptide (9,
10). In these previous studies, O-GlcNAcylation of MAVS
resulted in increased IFN-B production at relatively early time
points after viral, similar to those identified for the IFN-f3
response of macrophages. However, in the case of epithelial
cells, the time IFN-B production is typically observed at later

time points when compared with those observed in infected
macrophages (Figure 1B). We identified an unexpected
decreased in the transcription of OGT in response to virus
infection; this resulted in the global reduction of cellular
O-GlcNAcylation and the specific reduction of the
O-GlcNAcylation of MAVS. Our study revealed a mode of
action that explains how O-GlcNAc modification modulates
protein function in a site-specific manner. Furthermore, this
mechanism suggests that O-GlcNAcylation, similar to
phosphorylation, may serve as a central communicator
promoting immune-mediated signal transduction.

The results of our study revealed drastic reductions in mRNA
encoding OGT at early time points following SeV infection
(Figure 2). This decline in OGT mRNA was not a response to
specific viral proteins but appears to be modulated by host
defense mechanisms. As such, we determined that the host
response itself regulates transcription of OGT. Therefore, we
proceeded to determine how the observed reduction of OGT
mRNA was ultimately linked to the activation of RLR-mediated
signaling. Given the recent reports indicating that OGT mRNA
stability could be modulated by specific miRNAs (34, 35), we
inferred that alterations of OGT might relate to specific post-
transcriptional alterations that could promote mRNA decay.
Further investigation will be needed to determine a role for
virus-mediated activation of negative TFs and transcriptional co-
repressors of OGT.

Some viruses are capable of sequential expression of
immediate early (IE), early, and late viral genes that serve to
support of their replication and propagation (36). O-
GlcNAcylation of host transcriptional factors that promote
viral gene expression, including HCF-1 and Spl, have also
been reported (37-39). However, we are not aware of any
reports that describe host-mediated regulation of OGT

RNA virus

Cellular O-GIcNAc |

© |

TRAF3
[ TRAF3
Prion-like aggregation @ : O-GlcNAcylation
® : Phosphorylaton
Epithelial Cells

FIGURE 6 | Schematic of the proposed model depicting O-GlcNAcylation of MAVS at $249-S257 and its role in RLR-mediated signaling. The functional mechanism
underlying cellular O-GIcNAcylation of MAVS and its role in promoting RLR-mediated signaling is described in Figure 6.
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transcription in response to viral infection. As such, to the best of
our knowledge, this is the first demonstration of transcriptional
modulation of OGT mediated by virus-infected host cells that
resulted in the reduction of O-GlcNAcylation and concomitant
induction of an innate immune response. Moreover, it is
important to discuss the role of O-GlcNAcylation of host TFs.
For example, HCF1 is a host TF required for the transcriptional
transactivation of the IE genes of HSV. O-GlcNAcylation of
HCF1 promotes increased expression of HSV genes. When OGT
activity is chemically inhibited by the OGT inhibitor, OSMI-1,
late capsid formation of HSV and replication of both HSV and
cytomegalovirus are inhibited (18). Furthermore, several of the
TFs involved in the regulation of human immunodeficiency virus
(HIV)-1 genes are modified by O-GlcNAcylation, including AP-
1, yin-yangl (YY1), NFATc1, NF-kB, and Sp1 (40-42). Among
these findings, O-GlcNAcylation of Spl suppresses the long
terminal repeat (LTR) region of HIV-1 and thereby inhibits
HIV-1 replication (39). Besides the viral life cycle regulation via
O-GlcNAcylation of host TFs, we have demonstrated that the
virus infection results in alterations to the transcriptional
patterns of the gene encoding the host OGT; we have shown
that this is a host antiviral defense mechanism that ultimately
leads to the continuous production of IFN-f.

In this study, we examined the functional significance of O-
GlcNAcylation of the MAVS serine-rich region (249-257).
However, the MAVS A249-257 deletion mutant still showed
weak O-GlcNAcylation by OGT; this result suggested that there
are likely to be additional O-GlcNAcylation sites on MAVS.
Twenty potential MAVS O-GlcNAcylation sites were identified
by Fusion M/S, including O-GlcNAcylation at Ser366 and a
region including amino acids 324-347 on MAVS; these findings
are consistent with those recently reported by Li et al (2018). and
Song et al (2019).. The function of O-GlcNAcylation of Ser366
and the amino acids 324-347 region may be to promote RLR-
mediate signaling in macrophages. However, we found that the
aggregation and activity of MAVS were increased in epithelial
cells with diminished levels of OGT and O-GlcNAcylation.
Therefore, a more systematic approach will be needed to
examine the nature of these differences and to identify their
unique and important roles in promoting immune
cell activation.

Additionally, our findings also confirmed that the viability of
HEK293 and A549 cells was not significantly decreased within
the 24 h after virus infection in as determined by MTT assays
(Figure S5F). Ultimately, the absence of virus clearance
mechanisms led to the death of host cells in response to the
long-term infection. O-GlcNAcylation has protective effects
concerning cell death; specifically, mechanisms that promote
cell death also reduces the cellular levels of O-GlcNAcylation.
However, cells that have been infected for a long period of time
cannot activate IRF3 phosphorylation or produce IFN-f despite
reductions in O-GlcNAcylation. As such, our study did present
any reductions in O-GlcNAcylation associated with cell death
and/or its impact on innate immune response.

MAVS activity is clearly regulated by the degree of O-
GlcNAcylation as well as by processes including ubiquitination

and phosphorylation (9, 21, 43-45). Furthermore, there is a yin-
yang relationship between O-GlcNAcylation and phosphorylation.
Interestingly, we also identified a phosphorylation site in MAVS
(Serine 258). This phosphorylation site is very close to one of the
O-GlcNAcylation sites identified in this study; as such, future
studies will determine whether there are cooperative or
competitive interactions between phosphorylation and O-
GlcNAcylation at these sites. The results of this type of
investigation will provide insight into how O-GlcNAcylation
communicates with phosphorylation to modulate host
defense mechanisms.

In summary, we demonstrated that MAVS-mediated RLR
signaling, which is necessary for antiviral immune responses of
epithelial cells, is inhibited by O-GlcNAcylation of MAVS, which
restricts the formation of self-aggregates. O-GlcNAcylation of
MAVS is also impaired via reduction of OGT mRNA expression,
which is a newly discovered host defense mechanism that serve
to accelerates innate immune responses. An improved
understanding of O-GlcNAcylation and its role in RLR-
mediated signaling in RNA virus-infected cells may present
OGT as a potential therapeutic target for the treatment of
patients with immune dysfunction.
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Innate immune cells play the first line of defense against pathogens. Phagocytosis or
invasion by pathogens can affect mitochondrial metabolism in macrophages by diverse
mechanisms and shape the macrophage response (proinflammatory vs.
immunomodulatory) against pathogens. Besides B-nicotinamide adenine dinucleotide
2'-phosphate, reduced (NADPH) oxidase, mitochondrial electron transport chain
complexes release superoxide for direct Killing of the pathogen. Mitochondria that are
injured are removed by mitophagy, and this process can be critical for regulating
macrophage activation. For example, impaired mitophagy can result in cytosolic
leakage of mitochondrial DNA (mtDNA) that can lead to activation of cGAS-STING
signaling pathway of macrophage proinflammatory response. In this review, we will
discuss how metabolism, mtDNA, mitophagy, and cGAS-STING pathway shape the
macrophage response to infectious agents.

Keywords: mitochondria, metabolism, macrophage, innate immunity, cGAS-STING, mitophagy, noncoding RNA

INTRODUCTION

Macrophages (M) are innate immune cells that reside in almost all of the tissues in the body. Two
major lineages of M¢ include the blood-circulating monocytes originating from the myeloid
progenitor cells in the bone marrow (BM) and those derived from the yolk sac (1). M@ of both
lineages are capable of responding to microbial invasion and other stimuli through production of
proinflammatory molecules e.g. tumor necrosis factor (TNF)-a, interleukin (IL)-6, nitric oxide
(NO), and reactive oxygen species (ROS), recruitment of immune cells, and antigen presentation to
T cells for the initiation of adaptive immunity (2). M@ may also play a role in resolution of
inflammation and tissue injury by upregulating the anti-inflammatory mediators and scavenging
receptors (e.g. mannose receptor), phagocytizing cellular debris, and secreting molecules [e.g.,
metalloproteinase (MMP)-2, MMP-9, tumor growth factor (TGF)-f3] to induce collagen production
and scar formation associated with tissue repair and wound healing (3, 4). In recent studies,
mitochondrial health and metabolic status have been recognized as drivers of M@ response (5). For
example, a switch in energy production from mitochondrial oxidative metabolism towards
glycolysis elicits M¢ proinflammatory polarization (6). Bacterial lipopolysaccharide (LPS) elicits
a large and transient increase in nicotinamide adenine dinucleotide (NAD™) levels, which supports
TNF-o production; and NAD" deficiency had an inhibitory effect on TNF-o. release (7). Depletion
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of cytoplasmic NAD" induces an impairment in adhesion and
phagocytosis of zymosan particles (8).

A compromise in mitochondrial health in the presence of
exogenous or endogenous stimuli may signal proinflammatory
M¢ response through multiple routes, including release of
mitochondrial ROS (mtROS) and mtDNA that interact with
multiple receptors [e.g. cyclic GMP-AMP synthase (cGAS)/
stimulator of interferon genes (STING)] and transcription
factors [e.g. nuclear factor kappa B (NF-xB)] (7). In this
context, M@ response may also be regulated by mitophagy
involved in clearance of damaged and/or dysfunctional
mitochondria (8). In this review, we will discuss how
mitochondrial health vs mitochondrial dysfunction and
compromised mitophagy shape the Mg response. We will also
discuss the signaling pathways (i.e., cGAS/STING) that link
mitochondrial control of M@ response in health and disease.

DIVERSE FUNCTIONS OF
MACROPHAGES

Macrophages exhibit remarkable flexibility in responding to
pathogenic, environmental, and endogenous stimuli. M¢ utilize
surface and cytosolic pattern recognition receptors (PRRs) to
recognize pathogen associated molecular patterns (PAMPs) that
are the molecules expressed by pathogens and the damage
associated molecular patterns (DAMPs) which serve as
immune activators when they are exposed under conditions of
stress or injury. Major classes of PRR include C-type lectin
receptors, NOD-like receptors, RIG-I-like receptors, and toll-
like receptors (TLRs). PRR recognition of PAMPs and DAMPs
initiates complex signaling cascade and interplay of cellular
mediators and transcription factors that shape the M¢ defense
against invading or intracellular pathogen or Mg response for
removal of cellular debris left after exposure to pathogenic and
injurious stimuli. In-depth discussion of PRRs’ function can be
found in several recent articles (e.g. 9, 10).

Proinflammatory Response

Lipopolysaccarides (LPSs), components of the outer membrane
of gram-negative bacteria, are perhaps the most studied
PAMPs that are recognized by TLR4 and shown to elicit
proinflammatory response in M¢. TLRs, through a series of
phosphorylation steps, signal the recruitment and degradation
of proteins and kinases including TNF receptor associated
factor 6 (TRAF6), myeloid differentiation primary response
(MYD)88, and TGF-J3 activated kinase (TAK) that result in the
induction of NF-kB transcription factor for the expression of
proinflammatory molecules (11). Along with the PRRs, TNF-o
and type II interferon (IFN)-y are the most studied cytokines
shown to enhance the proinflammatory activation of the Mg via
c-Jun N-terminal kinase (JNK)/signal transducers and activators
of transcription (STAT)-1 signaling of NF-xB and hypoxia
inducible factor (HIF)-ler transcription factors (12, 13). The
classical model of M@ activation by LPS/IFN-y triggers an
extensive profile of inflammatory cytokines (e.g. TNF-a, IL-6,

IL-1B) and chemokines (such as CCL2/MCP-1, CCL3, CCL4,
CCL5, CCL11, and CCL13) and are referred as proinflammatory
or M1 phenotype (14). A feedback control of M1 M¢ activation
is provided by a suppressor of cytokine signaling (SOCS)
inhibition of STAT-3. The proinflammatory M¢ are also
expected to generate high levels of reactive oxygen and
nitrogen species which contribute to direct killing of
the pathogen.

In M@, NADPH oxidase is considered to be the primary
source of superoxide (O,e") that then is dismutated to peroxides,
hydroxyl radical, and other forms of ROS (15). Recent studies
have also addressed the role of mitochondrial respiration in
contributing to ROS production in M@ (16). Inducible nitric
oxide synthase (iNOS) serves as the major source of nitric oxide
(NO) utilizing oxygen and L-arginine in the process (17). The
0O,¢” and NO radicals, together, produce peroxynitrite (ONOO)
involved in microbicidal activity. Costimulatory molecules such
as cluster of differentiation (CD)80, CD86, CD64, CD16, CD32,
and iNOS are used as markers of M1 M@. Type I and type III
interferons mediated antiviral responses that are central to host
defense against viral infections are discussed in recent reviewes
(18, 19).

Immunomodulatory Response

On the other end of the spectrum is the M¢ activation to M2
state that involves heterogenous functional profile depending
upon the stimulating factors (20). For example, IL-4 produced by
M@ and T helper type 2 (Th2) cells and IL-13 produced by
various T cell subsets and natural killer (NK) cells stimulate M ¢
polarization towards immunomodulatory M2a state associated
with anti-inflammatory role with production of IL-10, IL-1
receptor II (IL-1RII), and anti-helminth Th2 inflammation (21,
22). M2b regulatory M@ are capable of possessing both
protective and pathogenic roles and are activated in response
to TLRs, IL-1R or immune complexes (23). The M2c M¢
respond to glucocorticoids, TGF-f3, IL-10 efc., and are involved
in immune suppression, matrix deposition, tissue repair and
tissue remodeling (24). The general mechanism underlying the
M2 polarization includes the engagement of IL-4R, IL-10R, or
IL-13R that signal through Janus kinase (JAK) and tyrosine
kinase (TYK) to mediate an increase in STAT6 activity (25).
STATS6 transcriptional activation is also enhanced by peroxisome
proliferator activated receptor y (PPAR-y) and PPAR-y
coactivator 1 (PGC-1) that support the expression of genes
involved in fatty acid (FA) oxidation and oxidative metabolism
and have inhibitory effects on inflammatory gene transcription
(26, 27). IL-4 and IL-13 also enhance the expression of the
mannose receptor (CD206), dectin-1, and resistin-like molecule
(RELM)-0, which play an important role in the recognition
of fungal infections and activation of Th2 immunity (27). IL-10
activates STAT1 more than STAT3 and inhibits inflammatory
cytokine (e.g., TNF-ot and IL-1B) production (28). Polarization
of M2 Mg towards M1 phenotype is prevented through SOCS-3
inhibition of STAT-3. Co-stimulatory molecules, including
arginase 1 (supports cell proliferation), decoy receptor 3
(inhibits Fas ligand induced apoptosis), dectin 1 (a major S
glucan receptor), CD206, and CD163 (scavenger receptor) are
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used as markers of M2 M. We note that this classification is not
sufficient to cover the wide range of M@ activation profile noted
in various in vivo models of infection and other diseases.

Phagocytosis

Macrophages are classical phagocytes that uptake and degrade
pathogens as well as cellular debris by an actin dependent and
clathrin-independent mechanism. Phagocytosis in Mg is
activated by recognition through the complement-, Fcy-, or
mannose-receptors [reviewed in (29)]. The fusion of
phagosome with lysosome filled with hydrolytic enzymes forms
a phagolysosome where the engulfed material is digested and
then disposed by exocytosis or the immunodominant peptides
are loaded on to MHC. MHCII molecules translocate to cell
surface for presentation of the antigen to CD4'T cells (30).
Macropinocytosis (non-specific uptake of soluble antigens) and
receptor-mediated endocytosis of soluble antigens through
clathrin-coated vesicles also deliver the antigenic peptides
through endosome lysosome pathway for MHCII presentation
(30). Some microbes that escape from phagolysosome into cell
cytoplasm (e.g. Trypanosoma cruzi) and others that develop
intracellularly (e.g. viruses) are degraded by proteasomes after
which immunodominant peptides bind to MHCI molecules
which are recognized by CD8'T cells (31). Thus, as a
professional antigen-presenting cell (APC), M¢ bridge the
innate and adaptive immune systems.

Besides traditional phagocytosis that is mostly reserved for
uptake of pathogens, M@ are also involved in the uptake and
clearance of apoptotic bodies. For this, M¢ respond to “eat-me”
signals including nucleotides, chemokines, and lipid
phosphatidylserine on the apoptotic cells by upregulation of
the mannose receptors (CD163, CD206), cytokines (TGF-f3
and IL-10), arachidonic metabolites (e.g., prostaglandin E2),
and pro-resolving mediators that is then followed by anti-
inflammatory and repair/healing responses (32). Further details
on Mg role in clearance of apoptotic cells can be found in a
recent review (33).

METABOLIC SWITCH AND FUNCTIONAL
PROFILE OF MACROPHAGES

Mitochondrial respiration and metabolism machinery, i.e.,
tricarboxylic acid (TCA) cycle, electron transport chain (ETC),
oxidative phosphorylation (OXPHOS), and fatty acid and amino
acid metabolism provide the energy house status to
mitochondria. Interestingly, these same metabolic pathways,
along with glycolysis and pentose phosphate pathway (PPP),
influence the functional polarization of M¢ and are discussed in
brief here.

Metabolic Switch to Glycolysis in
Proinflammatory Macrophages

Newsholme et al. (34) have noted a direct correlation between
the increase in the rate of glycolysis and phagocytosis upon
macrophage activation by inflammatory stimuli. Since then, the

advent of new reagents and mass spectrometry approaches has
facilitated large scale metabolome studies. Researchers have
utilized these new approaches to address how metabolic profile
impacts M@ activation and the mechanisms employed by
M@ to switch metabolic program in response to various
stimuli. Now, we know that proinflammatory M¢ induced by
LPS/IFN-y have impaired activities of the TCA, ETC, and
OXPHOS pathways and rely on increased glucose uptake
and glycolysis for energy needs and production of ROS/NO
and proinflammatory cytokines (35). LPS-activated Mg also
utilize the glucose metabolic intermediates for triglycerides
and FA synthesis and engulf free fatty acids for triglyceride
accumulation (36), which are vital for their phagocytic
function (37). Glycolysis in LPS-stimulated and M1-like M¢
is supported by upregulation of glucose transporter 1 (GLUT1),
hexokinase 2 (catalyzes rate limiting first step of glycolysis)
(38), ubiquitous 6-phosphofructo-2-kinase (uPFK2, produces
higher concentrations of fructose 2,6-bisphosphate substrate
than other isoforms), and pyruvate kinase M2 (PKM2,
catalyzes final step of glycolysis) (39). Mg switch to glycolysis
is mediated by HIF-1c. In normal conditions, nuclear prolyl
hydroxylase 1 (PHD1) produces 2§,4R-4-hydroxyproline
from o-ketoglutarate for post-translational hydroxylation of
HIF-1o that is then targeted for proteasomal degradation (40).
Under hypoxic conditions, PHD1 inhibition allows stabilization
and activation of HIF-1¢r (40). Nuclear localization of PKM2
enhances the STAT3 phosphorylation and HIF-1¢ transcriptional
activity thereby facilitating increase in proinflammatory
cytokines expression (41). HIF-1a also stimulates the expression
of GLUT1, monocarboxylate transporter 4 (MCT4), and uPFK2
and induces lactate dehydrogenase (utilizes pyruvate to make
lactate) and pyruvate dehydrogenase kinase (inhibits pyruvate
entry into TCA cycle) that together promote glycolysis in M@
(discussed in 6).

The "°C metabolite labeling studies suggest that TCA cycle
is disrupted at distinct points in M1 M¢. Accumulation
of succinate signals the stabilization of HIF-1or (42) and
succinate-responsive succinate receptor 1 (SCNR1) and
regulates ROS and IL-1f release in classically activated Mg
(43). Isocitrate dehydrogenase downregulation contributes to
accumulation of citrate that is deemed important for the
synthesis of the anti-bacterial itaconate compound (43).
Further, excess citrate is transported from the mitochondria to
cytosol where it is converted by citrate lyase to acetyl CoA and
used for FA synthesis in proinflammatory M¢ (44). Other
intermediates of TCA cycle, e.g fumarate, succinate, and o-
ketoglutarate are suggested to regulate the Mg activation profile
through influencing the epigenome (45).

Pentose phosphate pathway (PPP) branches off from
glycolytic pathway with formation of 6-phosphate gluconate
and NADPH from glucose-6-phosphate and serves an
important role in nucleotide synthesis. Mg utilize NADPH
produced by PPP as electron carrier for ROS formation by
NADPH oxidase (46) and as a co-substrate with L-arginine for
the synthesis of L-citrulline and NO by inducible nitric
oxide synthase (iNOS) (47). r-citrulline can also be involved
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in r-arginine biosynthesis to feed the cyclic and continuous
NO generation in proinflammatory M¢ (48). With regard to
mitochondria, a decline in bioavailability of NAD" due to
depletion of tryptophan (co-substrate for NAD" biosynthesis)
or decreased influx from malate-aspartate and the glycerol-3-
phosphate shuttles can disturb the NAD'"/NADH ratio.
Alternatively, an accumulation of NADH in the mitochondria
due to decreased OXPHOS requirement results in disturbances
of the NAD"/NADH ratio. Such flux in NAD"/NADH can
disturb mitochondrial membrane potential and ETC
complexes and consequently causes increased leakage of
electrons to O, favoring O,e  production in M¢ (49-52).
Besides ETC, o-ketoglutarate dehydrogenase and pyruvate
dehydrogenase complexes are also recognized as site of mtROS
production (53, 54).

Oxidative Metabolism in
Immunomodulatory Macrophages
Immunoregulatory (M2 type) M@ rely on TCA cycle and
OXPHOS sourced from FA uptake and lipids/FA oxidation to
meet the energy demand (55). M2 M@ depend on adenosine
monophosphate-activated protein kinase (AMPK) and
peroxisome proliferator activating receptors (PPARs) mediated
activation of STAT6 transcription complex to promote the
expression of genes for OXPHOS and FA oxidation pathways
(56). Treatment with chemical inhibitors of OXPHOS pathway
or of ATP synthase downregulated the M2-specific expression of
genes (e.g. Argl, Mrcl), surface markers (CD206), and arginase 1
activity in IL-4-stimulated M@ (35). Conversely, LPS + IFN-y-
stimulated M1 Mg lacked the competence to restore
mitochondrial respiration and M2-specific receptor expression
after IL-4 treatment (35). Collectively, current literature suggests
that M2-like M¢ have an intact TCA cycle, FA oxidation, and
aerobic glycolysis, while M1-like M¢ tend to depend on
breakdown intermediates of glycolysis, PPP, and TCA cycle.

Metabolic Regulation of

Macrophages in Infection

Very few studies have addressed the metabolic regulation of
Mg polarization in experimental models of health and
disease, though metabolic perturbations elicited in M@ by
various infectious agents have been reported. For example,
Mycobacterium tuberculosis invasion of M¢ was accompanied
by increase in expression of glucose transporters and glucose
uptake (57). Further, M. tuberculosis augmented the aerobic
glycolysis that was associated with delayed apoptotic response
of Mg and increased replication and survival of the bacteria in
Me (57). In contrast, HIV dampened the glucose uptake,
glycolysis, and PPP intermediates to inhibit proinflammatory
Me activation (58). Likewise, Francisella tularensis suppressed
the lactate and HIF-1o stabilization and aerobic glycolysis in Mg
to ensure early replication of the bacteria (59). Salmonella infection
activated M2 Mg polarization despite the PPAR-6 mediated
increase in glucose availability and favored the bacterial
replication (60, 61). Pathogenic protozoans survive in M¢ and
use Mo as a vehicle for dissemination. For example, Leishmania
sps. and Toxoplasma gondii utilized arginine metabolism for the

synthesis of polyamines for their growth and replication in M¢
(62, 63). Leishmania also enhanced the AMPK/Sirtuin 1 (SIRT1)
activity that supports mitochondrial metabolism (64) and levels of
M2-associated intracellular metabolites (65), while glucose
consumption was decreased in infected M@ (65). Trypanosoma
cruzi infection enhanced the expression of peroxisome
proliferation activated receptor o (PPAR-a) in Mg (66), and
PPAR isoforms have been implicated in the gene transcription
roles in M2 Mg by several research groups (67). The cruciality of
the PPP for providing substrates for ROS and NO production to
control T. cruzi in M@ was also noted (66). Others have indicated
that PPP production of NADPH is utilized by T. cruzi to activate its
antioxidant enzymes (e.g. trypanothione reductase) as defense
against ROS/NO produced in Mg (68). Together, these studies
indicate that infectious agents employ various strategies to hijack
the M@ metabolism machinery for their own survival and
replication; and microbe-specific studies identifying the steps in
metabolic pathway(s) and/or metabolites that can be targeted to
enhance the pathogen clearance by M are required.

OTHER MITOCHONDRIAL PATHWAYS
INTER-LINKED WITH MACROPHAGE
RESPONSE TO PATHOGENS

Besides metabolic control, the mitochondria play several other
key regulatory roles in shaping the M¢ response and reviewed in
brief here.

Apoptosis

In conditions of stress, a feedback cycle of mitochondrial
permeability transition (MPT), disturbance of electrochemical
proton gradient across the respiratory chain complexes and
mtROS production occurs. The mtROS and ROS-induced
oxidants result in oxidation of glutathione and thiol (e.g N-
acetyl cysteine) pools that inhibit apoptosis (69) or through
oxidation at mitochondrial membranes that generate MPT lead
to cytochrome c (cyt c) release. Cytosolic cyt ¢ interacts with
apoptotic protease activating factor 1 (APAF-1) initiating
recruitment and activation of caspase-9 and other effector
caspases (caspase-3, -6, -7) leading to cell apoptosis (70, 71).
Mitochondrial apoptosis-inducing factor and endonuclease G
have also been identified as key signaling molecules of apoptosis
(72) A wide range of pathogens, pathogen-shed vesicles, and
bacterial toxins have been associated with mitochondrial
disturbances, cyt ¢ release and activation of apoptosis in M¢.
For example, Shigella flexneri invasion induced mitochondrial
MPT and signaled cell death in Mg (73). M. tuberculosis was
shown to induce Bax translocation to the mitochondria, MPT,
and cytosolic cyt c release in infected Mo (73, 74). Bacillus
anthracis lethal toxin and Staphylococcus aureus secreted pore-
forming toxins signaled activation of NLRPI1B (75, 76) and
NLRP3 (77, 78) inflammasomes, respectively, which led to
caspase-1 and IL-1B activation and M¢ pyroptosis (highly
inflammatory form of programmed cell death), though
mitochondrial involvement was not reported.
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Mitochondrial Fusion and Fission
Mitochondrial dynamics (i.e., repetitive cycles of fusion and
fission) and mitophagy maintain mitochondrial homeostasis
(79). For fusion, transmembrane dynamin related GTPase
proteins named mitofusins (MFN1/MFN2) form dimers across
the interface and tether mitochondria together. Mitofusins utilize
GTP hydrolysis and redox signaling to induce conformation
changes and enforce mitochondrial outer membrane fusion.
Conversely, ubiquitination targets mitofusins for degradation
that involves PTEN-induced kinase (PINK)1, Parkin, E3 ligase
Huwel, and Bcl-2 family members. Another dynamin related
GTPase protein, optic atrophy protein 1 (OPA1) interacts with
cardiolipin localized in cristae and intermembrane space to
coordinate fusion of inner mitochondrial membranes.
Mitochondrial fission involves dynamin related protein 1
(DRP1) and other adapter proteins that form a ring across the
outer mitochondrial membrane. DRP1 is regulated by a variety
of post-translational modifications, and organization of DRP1
ring offers conformational activation of GTPase activity leading
to spiral constriction and separation of damaged and healthy
mitochondrial portions (80). Fission 1 protein, regulated by
ubiquitination by mitochondrial ubiquitin ligase, is involved in
DRP1 binding, and it facilitates fragmentation of damaged
portion of the mitochondria. Several other proteins, e.g.,
mitochondrial fission factor (MFF), TNFR-associated protein 1
(TRAPI1), and mitochondrial dynamics proteins (MID49,
MId51) are also involved in the fission process, though their
role is not fully explored (81).

Studies on the role of mitochondrial fission and fusion in
pathogen control have yielded important results. An increase in
mitochondrial fission and mtROS production that activated the
NE-kB mediated expression of proinflammatory mediators was
observed in LPS-stimulated microglial M@ (82). Streptococcus
pneumoniae infection triggered mitochondrial fission allowing
energy switch and enhanced mtROS production in Mg (83).
Helicobacter pylori vacuolating toxin induced DRP1 activation,
mitochondrial fragmentation, Bax translocation to mitochondria,
and cyt c release, and it was suggested that H. pylori targets
mitochondrial fragmentation and apoptosis to prevent
proinflammatory M¢ response (84). Likewise, Chlamydia
trachomatis maintained mitochondrial integrity and
predominance of OXPHOS pathway through a miR-30c-5p-
dependent inhibition of Drpl-mediated mitochondrial fission
(85). Vibrio cholerae targeted mitochondrial Rho Miro GTPases
to modulate mitochondrial dynamics and interfere with innate
immunity (86). Overexpression of MFN2 increased the M.
tuberculosis growth in M@ (87). However, a recent study showed
that LPS-induced MFN2 was required for the adaptation of
mitochondrial respiration to stress conditions and increase in
ROS production and phagocytosis activity in M¢ (88). M treated
with MEN2 inhibitor or knocked down in MFN2 encoding gene
exhibited a significant decline in phagocytosis of apoptotic bodies,
Aeromonas hydrophila and E. coli (88). Studies in mice with
myeloid-specific MFN1 and MFN2 knockdown revealed that
MEFN2 (not MFNI1) deficiency impaired the production of
proinflammatory cytokines and nitric oxide. MEN2 deficiency

was also associated with dysfunctional autophagy, apoptosis, and
phagocytosis, and MFN2 depleted mice failed to control Listeria
and M. tuberculosis infections (88). These observations support
the notion that mitochondrial dynamics is closely linked to the
phagocytic capacity and immune function of M¢ during infection.

Mitochondrial Biogenesis

Mitochondrial biogenesis refers to the process by which cells
increase mitochondrial mass (89). Peroxisome proliferator-
activated receptor gamma coactivator-lax (PGCle) plays an
important role in the activation of nuclear respiratory
factors (NRF-1, NRF-2) and nuclear factor erythroid 2-related
factor 2 (Nfe2l2) transcription factors that regulate the
expression of nuclear DNA and mtDNA encoded genes for
mitochondrial biogenesis (90, 91). Recent discoveries indicate
that mitochondrial biogenesis is intricately engaged with
inflammatory/immunomodulatory host response. For example,
it is suggested that early-phase inflammatory mediator
proteins interact with pathogen recognition receptors to
activate NF-xB-, MAPK-, or protein kinase B/Akt-dependent
pathways, resulting in increased expression and activity of
cofactors and transcription factors involved in mitochondrial
biogenesis [reviewed in (92)]. Nitric oxide and ROS generated
by M@ can stimulate PGC-1a/Nfe2l2 or redox-sensitive
hemoxygenase systems, causing simultaneous induction of
mitochondrial biogenesis and antioxidant gene expression and
modulate inflammation (93, 94). Sirtuin 1 (SIRT1), a highly
conserved member of the Sir2 histone deacetylases family,
is also implicated in deacetylation of PGCler at multiple lysine
sites, consequently increasing PGCla activity (95). Specifically,
Staphylococcus aureus is shown to upregulate mitochondrial
biogenesis through the upregulation of the PGC family (96,
97). The induction of mitochondrial biogenesis was dependent
on TLR2 and TLR4, signifying that the innate immune
function feeds into the regulation of mitochondrial health
during bacterial infection (97). Plataki et al. (98) noted
decreased ATP production, dysregulated mitochondrial gene
expression, and decreased numbers of healthy mitochondria in
aged adult M@ and lungs in response to S. pneumoniae infection
and showed that treatment with an anti-fibrotic drug improved
the mitochondrial mass and health in aged M@ and decreased the
pulmonary edema in aged mouse lung during infection. Human
cytomegalovirus also induced mitochondrial biogenesis
accompanied with increased respiration, both of which were
required for the viral replication (99). Summarizing, the complex
network of pro- and anti-inflammatory pathways impact and,
are impacted by, mitochondria. While some infectious agents
exploit mitochondrial biogenesis to establish infection in the
host, maintenance of mitochondrial biogenesis, health, and
function, and cellular redox status is vital to host survival in
unregulated acute inflammatory states such as sepsis.

Mitophagy

Mitophagy is a process used for the removal of fragmented
mitochondria, and detailed mechanism of mitophagy is
discussed in a recent review (79). Briefly, mitophagy is
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triggered by outer membrane receptor proteins (e.g., NIX/
BNIP3L, BNIP3, and FUNDC) that have a classic motif to
bind directly to microtubule associated light chain 3 (LC3) and
initiate mitophagy (100). Mitophagy is also initiated by the
PTEN-induced kinase 1 (PINKI1)/Parkin. Loss of membrane
potential in damaged mitochondria supports the accumulation
of unprocessed PINK1 on the outer membrane surface where it
recruits cytosolic Parkin to promote ubiquitin dependent
mitophagy through interaction with LC3 protein (101).

In context to cell damage caused by invading and intracellular
microbes, autophagy/mitophagy act as important defense
systems to establish homeostasis in stressful cellular
environment. Indeed, inhibition of mitophagy by 3-
methyladenine resulted in Mg polarization towards M1
phenotype (102), while rapamycin mediated induction of
autophagy suppressed the mtROS and NLRP3 inflammasome
activation and favored Mg polarization towards M2 phenotype
(102, 103). Further, PINKI1 depletion enhanced the LPS/IFN-y
stimulated proinflammatory phenotype in microglial cells (104),
and adoptive transfer of PinkI-deficient bone marrow promoted
Mg proinflammatory activation, which favored pathogen
clearance and increased survival in a murine model of
polymicrobial infection (8). However, PINK1 was required to
trigger the RIG-I-mediated innate immune responses in M@
infected with respiratory syncytial and herpes simplex viruses
(105), and Parkin-deficiency increased the susceptibility of mice
to intracellular pathogenic bacteria (e.g., M. tuberculosis, S.
typhimurium, L. monocytogenes, and Pseudomonas aeruginosa
(106, 107). Likewise, autophagy activation by isoniazid and
bedaquiline treatment impaired the mycobacterial phagosome
escape in M@, suggesting that drugs favoring autophagy would
enhance bacterial clearance (108). These studies highlight that
mitophagy has important and diverse roles in modulating the
innate immunity against pathogens.

DNA SENSING BY cGAS-STING IN
MACROPHAGE ACTIVATION

The cytosolic presence of mtDNA in M ¢ can occur due to uptake of
fragmented/damaged mitochondria released in the peripheral
system by other cells or due to leakage of mtDNA from their own
mitochondria. The mtDNA contains a significant number of
unmethylated CpG DNA repeats, similar to those present in
prokaryotic bacterial genome (109) and is recognized as a cellular
DAMP. The role of mtDNA as a key inducer of inflammatory
cytokines (IL-1f and IL-18) in M¢ through recognition by TLR9
and activation of NLRP3/ASC inflammasome has been recognized
in previous studies (110, 111). The cytoplasmic mtDNA co-localizes
with NLRP3 to induce IL-1 secretion and oxidized mtDNA is a
potent inducer of IL-1f production in M¢ (112). Further, NLRP3
activators trigger mtROS production, oxidized mtDNA release into
cytosol and also mtDNA synthesis (without increase in
mitochondrial mass) to fuel the proinflammatory activation in
Me (113, 114). Detailed information on mtDNA signaling of
inflammasomes can be found in recent reviews (115-117).

The pivotal role of double-stranded DNA sensor cGAS and
STING in shaping the immune-surveillance by Mg has been
recognized recently (118). Briefly, STING was identified in 2008
(119) and cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP) was recognized as a novel secondary
messenger serving as ligand of STING in 2013 (120).
Subsequently, cGAS was noted to have cytosolic DNA-sensing
ability, and the cGAS-STING pathway was identified to be
indispensable for anti-viral host immunity (121). Later on,
mtDNA and oxidized DNA were identified as key molecules to
be recognized by cGAS-STING for the initiation of anti-viral type
I interferon immunity (122). These authors showed that mtDNA
stress elicited by a mitochondrial transcription factor A deficiency
promoted mtDNA escape into cytosol where it engaged cGAS and
signaled STING-IRF3-dependent increase in the expression of
interferon stimulated genes (ISGs) in herpes viruses infection
model (122). The findings that inhibition of DNA repair
enzyme 8-oxoguanine DNA glycosylase 1, which removes 8-
ox0-7,8-dihydroguanine lesions caused by ROS, enhanced the
mtDNA-cGAS-STING-IRF3-IEN-f3 axis in favor of M¢ control
of P. aeruginosa (123) showed that oxidized DNA is a more potent
activator of cGAS-STING pathway. Indeed, impaired activity of
DNA damage repair response mediators, such as ataxia
telangiectasia mutated (ATM)-RAD3, poly ADP-ribose
polymerase (PARP), and breast cancerl/2 (BRCA1/2) is
associated with persisting double-stranded DNA breaks,
accumulation of cytosolic DNA and activation of cGAS-STING
pathway (124-126). The bone marrow derived dendritic cells and
Mo from cGAS™", STING ™, or IRF-3""" mice were deficient in
anti-adenoviral responses (127, 128); however, cGAS™" and
STING ™~ mice were not defective in the induction of adaptive
immunity and achieved adenoviral clearance at a similar rate as
was noted in WT mice (128).

Mechanistically, it was shown that activated STING binds to
and be phosphorylated by TANK binding kinase 1 (TBK1) dimer
or IxB kinase (IKK) (129, 130) and it was suggested that STING-
TBKI1/IKK signalosome produces a scaffold to phosphorylate
IRF3 (activate-form) or inhibitor of NF-xBa (targeted for
degradation) and consequently, signal IRF3-dependent type 1
ISGs and NF-xB activation, respectively. TBK1 is also suggested
to control STING stimulation. The p62/SQSTMI, which is
phosphorylated by TBK1, directs ubiquitinated STING to
autophagosome for degradation (131). Others indicated that
caspase-9 and caspase-3 can cleave ¢cGAS and IRF3 to restrain
deleterious inflammation.

The cGAS-STING has also been reported to interact with the
autophagy machinery. The STING-TBKI1 activation and ISG
expression induced ER stress and mechanistic target of
rapamycin complex 1 (mTORC1) dysfunction (132, 133). Both
ER stress and mTORC1 disturbances can signal Unc-51-like
autophagy activating kinase (ULK1) and Beclin-1-class III
phosphatidylinositol 3-kinase (PI3KC3) complexes, which
together promote initiation of the classical autophagy (132, 133).
cGAS was also indicated to directly interact with beclin-1-PI3KC3
complex to trigger autophagy (134). Further, cGAS-STING-
mediated inflammation was mitigated by PINKI and Parkin,
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which promote the clearance of damaged mitochondria (135).
Some studies have also implicated the crosstalk between cGAS-
STING and autophagy in pathogen clearance. For example,
STING recognition of extracellular mycobacterial DNA
enhanced the bacilli delivery to autophagosomes, and mice with
monocytes incapable of delivering bacilli to the autophagy
pathway were extremely susceptible to infection (136). Direct
interaction between cGAS and beclin-1 not only halted the
innate immune response against herpes simplex virus-1
infection but also enhanced the autophagy-mediated
degradation of cytosolic pathogen DNA to prevent excessive
cGAS activation and persistent immune stimulation (134).
These findings suggest that autophagy/mitophagy provide a
negative feedback control on over-activation of the cGAS-
STING-mediated inflammation.

NON-CODING RNA REGULATION
OF MITOCHONDRIAL HEALTH

AND ITS POTENTIAL TO INFLUENCE
INNATE IMMUNITY

A significant portion of the eukaryotes’ genome encodes for non-
coding RNAs (ncRNAs) of different sizes. The ncRNAs regulate
diverse biological processes, and their significance in regulation
of mitochondrial metabolic function has been recognized
recently. In this section, we briefly discuss the influence of
ncRNAs in shaping the mitochondrial health and interpolate
its potential effects in shaping the host innate immunity.

Short, non-coding micro(mi)RNAs (~22 bp) regulate the
gene expression by binding to the promoters, 5’ and 3’
untranslated regions (UTRs), or open reading frame (ORF) of
the targeted mRNAs. For example, miR-23a/23b miRNAs
participated in the regulation of mitochondrial TCA cycle via
activation of glutaminase enzyme (137), and miR-30 family
members inhibited mitochondrial fission and apoptosis through
suppressing the p53 and Drpl expression (138). These miRNAs, if
present in M@, would potentially favor M2 phenotype. Conversely,
several miRNAs suppress mitochondrial homeostasis and have a
potential to favor M1 M@ phenotype. Examples include miR-696
that inhibited FA oxidation and mitochondrial biogenesis by
PGC-1a (139), miR-210 (upregulated in hypoxic conditions)
that blocked mitochondrial respiration by inhibiting Isc gene
homologs encoding for the iron sulfur clusters (140), and miR-
195 that directly inhibits SIRT3 implicated in regulating
mitochondrial metabolism (141). The miR-762 was recently
shown to translocate to the mitochondria and inhibit translation
of ND2 subunit of mitochondrial complex I, which enhanced
mtROS generation (142).

Non-coding circular RNAs (circRNAs) form a covalent bond
between their 5" and 3’ ends and exhibit significant resistance to
exonucleases. A mitochondrial fission and apoptosis-related
circRNA (MFACR) was recently shown to enhance
mitochondrial fission and apoptosis in cardiomyocytes, and
MFACR knockdown attenuated mitochondrial fission and

myocardial infarction in mice (143). Steatohepatitis-associated
circRNA ATP5B Regulator (SCAR) is located in the
mitochondria, where it binds to ATP5B and suppresses mtROS
generation (144). Authors also showed that mitochondria-
specific delivery of circRNA SCAR alleviated meta-
inflammation in vivo (144). Mitochondrial genome-derived
mc-COX2 circRNA was present in plasma of chronic
lymphocytic leukemia (CLL); a decline in mc-COX2 affected
mitochondrial functions and induced cell apoptosis and its
upregulation was positively associated with worsening survival
of CLL patients (145). How mitochondria targeted circRNAs
influence inflammatory vs. immunomodulatory role of M@ or
other innate immune cells is not studied.

Long non-coding RNAs (IncRNAs; >200 nucleotides) bear
many signatures of mRNAs, e.g., 5" capping and polyadenylation
and can impact gene expression by interacting with DNA,
RNA, or proteins (146). LncRNAs play a role in mitochondrial
homeostasis by directly influencing the expression and/or
stability of the mRNAs encoding for mitochondrial proteins
or by indirectly affecting the miRNAs that may govern the
half-life of mRNAs responsible for mitochondrial health.
A few IncRNAs encoded by mtDNA include IncND5,
IncND6, and IncCytb (147), though their role in mitochondrial
function is not known. Recently, IncRNA Cerox1 (cytoplasmic
endogenous regulator of oxidative phosphorylation 1) was
identified to enhance the mitochondrial complex I activity by
blocking regulatory effects of miR-488-3p on mRNAs for
complex I subunits (148). Tugl (taurine-upregulated gene 1)
IncRNA regulates PGC-1o activity, and its overexpression
enhanced the mitochondrial bioenergetics in the podocyte of
diabetic nephropathy (149). Several IncRNAs have been
identified to regulate apoptosis through their influence on
mitochondrial health. For example, inhibition of AK055347
IncRNA was detrimental to cells’ viability that was accompanied
by downregulation of ETC, cyt P450, and ATP synthase
(150). Cardiac apoptosis-related IncRNA (CARL) blocked
mitochondrial fission and apoptosis by impairing miR-539-
dependent PHB2 downregulation (151), while FAL1 IncRNA
enhanced DRP1-mediated mitochondrial fission and apoptosis
(152). GAS5 and SAMMSON IncRNAs are also shown to regulate
apoptosis via diverse mechanisms.

Overall, it is becoming increasingly clear that ncRNAs,
originated either from nuclear or mitochondrial genome, are
involved in regulating the mitochondrial homeostasis and will
have a role in shaping the innate immunity.

SUMMARY

In this review, we have summarized the current literature on
various roles of mitochondria in influencing the M¢ response. It
is well recognized that the mitochondria can satisfy cell energy
requirements by maintaining their dynamicity, and alterations in
mitochondrial structure and dynamics can modulate M@
immune response. The various mechanisms applied by
pathogens to perturb and reprogram Mg metabolic health in
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favor of their survival in the host are also appreciated in the
current literature. We envision that novel therapeutic strategies
targeting mitochondrial dynamics will be useful in controlling the
pathogenic effects of the overly active immune system while
achieving the beneficial effects against the intracellular pathogens.
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Obstructive sleep apnea (OSA) associated neurocognitive impairment is mainly caused by
chronic intermittent hypoxia (CIH)-triggered neuroinflammation and oxidative stress.
Previous study has demonstrated that mitochondrial reactive oxygen species (MtROS)
was pivotal for hypoxia-related tissue injury. As a cytosolic multiprotein complex that
participates in various inflammatory and neurodegenerative diseases, NLRP3
inflammasome could be activated by mtROS and thereby affected by the mitochondria-
selective autophagy. However, the role of NLRP3 and possible mitophagy mechanism in
ClH-elicited neuroinflammation remain to be elucidated. Compared with wild-type mice,
NLRP3 deficiency protected them from CIH-induced neuronal damage, as indicated by
the restoration of fear-conditioning test results and amelioration of neuron apoptosis. In
addition, NLRP3 knockout mice displayed the mitigated microglia activation that elicited
by CIH, concomitantly with elimination of damaged mitochondria and reduction of
oxidative stress levels (malondialdehyde and superoxide dismutase). Elevated LC3 and
beclin1 expressions were remarkably observed in CIH group. In vitro experiments,
intermittent hypoxia (IH) significantly facilitated mitophagy induction and NLRP3
inflammasome activation in microglial (BV2) cells. Moreover, IH enhanced the
accumulation of damaged mitochondria, increased mitochondrial depolarization and
augmented mtROS release. Consistently, NLRP3 deletion elicited a protective
phenotype against IH through enhancement of Parkin-mediated mitophagy.
Furthermore, Parkin deletion or pretreated with 3MA (autophagy inhibitor) exacerbated
these detrimental actions of IH, which was accompanied with NLRP3 inflammasome
activation. These results revealed NLRP3 deficiency acted as a protective promotor
through enhancing Parkin-depended mitophagy in CIH-induced neuroinflammation.
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Wau et al.

NLRP3 Deficiency Alleviates IH-Induced Neuroinflammation

Thus, NLRP3 gene knockout or pharmacological blockage could be as a potential
therapeutic strategy for OSA-associated neurocognitive impairment.

Keywords: obstructive sleep apnea (OSA), neuroinflammation, nucleotide-binding domain like receptor protein 3
(NLRP3), reactive oxygen species (ROS), parkin-mediated mitophagy

INTRODUCTION

Obstructive sleep apnea (OSA) is characterized by the repetitive
narrowed or collapsible upper airway, resulting in recurrent
hypoxia during sleep (1). As the foremost pathophysiological
process of OSA, nocturnal chronic intermittent hypoxia (CIH),
causes structural neuron damage and dysfunction in the CNS
that are most likely hippocampal-dependent and persistent (2).
Clinically, it manifests as neurocognitive and behavioral deficits,
or memory and learning impairments (3, 4). Emerging evidence
showed that the deleterious effect eliciting by hypoxia in cognitive
impairments may be related to ion-channel alterations, glutamate
excitotoxicity release (5), oxidative stress overactivation (6), and
upregulation of proinflammatory mediators (7). However, the
precise mechanisms of neuroinflammation and oxidative stress in
cognitive impairment induced by CIH exposure from OSA needs
to be further explored.

Sustained hypoxia leads to the activation of microglia, thereby
inducing a robust source of oxidative stress mainly through
damaged mitochondria, NADPH oxidase and nitric oxide (NO)
overproduction (6, 8). In response to cellular danger signals, the
nucleotide-binding domain like receptor protein 3 (NLRP3) is
recognized as a multiprotein complex sensor to interact with ASC
(adapter apoptosis-associated speck-like protein containing a
caspase recruitment domain) and procaspase-1, and then form
the NLRP3 inflammasome, ultimately leading to the cleavage of
caspase-1 and the release of pro-inflammatory interleukin (IL)-13
(9). Moreover, NLRP3 inflammasome has garnered much attention
in a variety of neuroinflammatory and neurodegenerative diseases
(10, 11). Given that microglia are dominant pro-inflammatory cells
in CNS, caspase-1-processed cytokines IL-13 could be released by
microglia in pathological conditions, thus aggravating the
progression of neuroinflammation (11). And, inhibiting NLRP3
inflammasome activation attenuates neuroinflammation and
improves neurological function in brain injury (12). In this
regard, the inflammasome-mediated microglia activation may
play an important role in the neuroinflammatory conditions.

Previously, we suggested that mitochondrial (mt) damage was
a potential cause of NLRP3 inflammasome activation (13).
Shimada et al. demonstrated that NLRP3 inflammation can be
activated through mt damage-induced apoptotic cascade (14).
Moreover, it has also been proven that the combined roles for
caspase-8 and caspase-1/NLRP3 causing IL-13 maturation (15),
indicating the crosstalk between apoptosis and pyroptosis (16).
The mitochondria-selective autophagy, termed as mitophagy, is a
conserved self-degradation process that can be negatively
regulated by NLRP3 inflammasome (17, 18). To initiate
mitophagy, the ubiquitin kinase PTEN-induced putative
kinasel (PINK1) is recruited to the mitochondrial outer
membrane to further induce the ubiquitin phosphorylation

(19). Subsequently, PINK1 recruits the E3 ubiquitin ligase
Parkin from cytosol to damaged mitochondria to establish
ubiquitin chains and assemble autophagy receptors (20). The
process results in the commencement of mitophagy and then
elimination of mitochondrial ROS that is required for NLRP3
inflammasomes induction. Most studies on Parkin-dependent
mitophagy have been relevant to neurologic diseases (e.g.,
Parkinson’s disease) (21, 22). However, the role of mitophagy
in the setting of OSA is not clear yet.

In this study, we elucidated whether the mitophagy was linked
to the protective effect of NLRP3 deficiency from CIH-induced
neuroinflammation. Specifically, we focused our in vitro study on
the Parkin-dependent mitophagy under CIH and determined the
NLRP3-mediated mechanism controlling mitophagy. The present
study reveals the relevance of Parkin-mediated mitophagy as the
protective mechanism against neuroinflammation and presents
NLRP3 as a potential therapeutic target.

MATERIAL AND METHODS

Animal and Experimental Model of CIH
NLRP3 ™/~ mice and aged-matched controls on C57BL/6
background (Jackson Laboratory, Sacramento, CA) were
housed under standard conditions with a 12-hr light/12-hr
dark cycle at 22-24°C and allowed free access to water and
food. The project was approved by the Medical Experimental
Animal Administrative Committee of the Shanghai Medical
College of the Fudan University, in accordance with the
guidelines implemented by the National Institutes of Health
Guide regarding the care and use of animals for experimental
procedures. All effects were made to minimize animal suffering.
WT or NLRP3™'~ mice (male, 6-7 weeks old, 20-22 g) were
randomly divided into four groups of six: the normal air (NA)
plus WT mice group, the NA plus NLRP3-/- mice group, the
CIH plus WT mice group, and the CIH plus NLRP3-/- mice
group. The mice exposed to CIH were placed inside custom-
made (28.5cm x 30.0cm x 51.5cm) chambers where flows of
oxygen and nitrogen were controlled to obtain the desired profile
of changes in oxygen level. CIH was administered for 10 h/day,
from 7:00AM to 5:00PM, with the oxygen level oscillating
between 24% and 7% with a period of 60s. The NA or CIH
treatment was lasted for 7 d/week for 5 weeks. The oxygen
concentration was measured automatically using an oxygen
analyzer (Corporation, Shanghai, China).

Cell Culture and Treatment
Murine BV-2 microglial cell line was obtained from the Chinese
Academyof Medical Sciences (Beijing, China). BV-2 cells were
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maintained in DMEM medium supplemented with 10% fetal
bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin
(Sigma) in a humidified atmosphere incubator until 70-80%
confluent. Microglial cells were maintained in a 37°C custom-
made chamber with 5% CO,. Consistent with animal experiments,
the O, concentration of this chamber was alternated between 0
and 22% every 30 min via injecting oxygen or nitrogen. The
dissolved O, inside the culture medium was monitored by a laser
O, probe (Biospherix) and the IH reached to 5% O, and 21% O, as
hypoxic and normoxic values sensed by the cells. After exposing to
IH for 3, 6, 12, or 24 h, the microglial cells were collected for
immunoblotting, flow cytometry analysis, or immunofluorescent
staining. We constructed the NLRP3 knockout (KO) cell line via
lentivirus transfection (LV) strategy (MOI 20). Cells were plated in
24-well (1 x 10%) and cultured overnight before transfection. The
cells were transfected with LV-NLRP3 or LV-NC, according to the
manufacture’s protocols (Obio Technology, Shanghai, China).
After 72-h transfection, cells were selected with Puromycin (5
ug/ml) for 10 days to obtain stable strains. Parkin short hairpin
RNA (shRNA) plasmids synthesized by GenePharma (Shanghai,
China) were diluted in Opti—MEM® medium (Thermo Scientific).
Transfection with shRNA was done by Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. After
6 h of transfection, cells were cultured in 10%FBS DMEM medium
for 48 h. The sequence of shRNA for Parkin was as follows: 5-
GCTTTGAACCTGATCACCAGC-3’. The BV2 cells incubated
with 3-MA (5 mM) or the PBS vehicle for 6 h before exposure
to IH.

Contextual Fear Conditioning Test

Based on a previously published model, contextual fear
conditioning test (FCT) includes two parts: a training phase at
1 day before surgical operation and a test phase on postoperative
1 and 3 days. In training phase, mice receive fear conditioning to
establish the long-term memory. Each animal was allowed to
adapt to the conditioning chamber (context) for 120 s, followed
by six cycles of conditional-unconditional stimuli. A cycle of
conditional or unconditional stimuli was then applied as a 20 s,
80 dB tone (conditional stimuli)-30 s delay 5 s, 0.75 mA electrical
foot shock (unconditional stimuli). The cycles of conditional/
unconditional stimuli were separated by random intervals from
45 to 60 s. The context test, which represents hippocampal-
dependent memory, is the major part of the test phase of the
FCT. At post-operative 1 and 3 days, all mice were returned into
the original conditioning chamber for 5 min, where no tone and
no shock were released. The percentage of freezing time (not
moving) was captured and collected by Any-Maze software
(Xinruan, Shanghai, China).

Immunohistochemical Analysis

For histological analysis, mice were anesthetized and perfused
transcardially with cold phosphate buffer solution (PBS). Then
the fresh brain was fixed with 4% paraformaldehyde (PFA) and
then were embedded in paraffin, and cut into 4-um-thick
sections that were deparaffinized with xylene and rehydrated in
a graded series of alcohol. Antigen retrieval was carried out by
microwaving in citric acid buffer. Sections were incubated with

an antibody against ASC (1:100; Cell Signaling Technology,
Danvers, MA, USA), washed, and then incubated with
secondary antibody for 1 h at room temperature.

Immunofluorescence Analysis

Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay was to detect apoptotic cells with in situ cell
death detection kit (Roche, Netley, NJ) according to the
manufacturer’s protocol. The final average percentage of
apoptotic cells was calculated as TUNEL+/DAPI+ cells in six
sections (observed at x200 magnification). Immunofluorescent
staining was also performed on brain slice. Sections were
incubated overnight at 4°C with antibodies against LC3 (1:200,
Abcam, Cambridge, UK), and Ionized Calcium Binding Adapter
Moleculel (Ibal) (1:100; Wako, Japan). After washing, the
sections were incubated with secondary antibodies for 1 h at
room temperature. Cell nuclei were counter-stained with 4’,6-
diamidino-2-phenylindole (DAPI).

BV2 cells were fixed with 4% paraformaldehyde at room
temperature for 15-20 min and washed in PBS for three washes of
10 min each. The BV-2 cells were permeabilized for 10 min with
0.1% Triton X-100 in PBS, washed with PBS, and blocked in 1% bull
serum albumin (BSA) for 30 min. The coverslips were incubated
with mouse-anti-Parkin (1:100; Santacruz Biotechnologies), rabbit-
anti-TOM20 (1:200; Beyotime Biotechnology), mouse-anti-LC3
(1:500; Cell Signal Technology), or rabbit-anti-LC3 (1:500; Cell
Signal Technology) overnight at 4°C. After washing, the secondary
antibody was added. The samples were incubated for 1 h at room
temperature, and ultimately examined under a microscope
(Olympus IX73, Japan) or a confocal microscope (Fluoview 1000,

Olympus, Tokyo, Japan).

Determination of Oxidative

Stress Production

The hippocampal and cortex tissues were homogenized in lysis
buffer and centrifuged at 10,000 x g for 10 min at 4°C. The
supernatants were collected to assess the malondialdehyde
(MDA) content and activities of superoxide dismutase (SOD)
(Beyotime, China). All results were normalized to the protein
concentration and expressed as U/mg protein or nmol/mg
protein as appropriate.

Mitochondrial ROS Measurement
The intact mitochondria of hippocampal region were isolated
from brain using a commercial kit (Beyotime, China). The
following experimental procedures were conducted according to
the manufacturer’s instructions. Briefly, the homogenate was
centrifuged at 6,000 g at 4°C for 5 min. The collected supernatant
was further centrifuged at 11,000 g at 4°C for 10 min to obtain a
mitochondrial pellet. Then, the mitochondrial ROS was detected
utilizing the ROS assay kit (Genmed Scientifics, Shanghai, China).
Cellular mitochondrial ROS activity was assessed with Mito
SOX Red (Invitrogen) staining. BV2 cells were seeded onto six-
well blank plates with a density of 1 x 10°/ml with 3 parallel wells
in each group. Cells were incubated with MitoSOX Red probe at
a final concentration of 5 UM for 10 min at 37°C and washed
twice with PBS. Quantification of mtROS release was conducted

Frontiers in Immunology | www.frontiersin.org

124

February 2021 | Volume 12 | Article 628168


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wau et al.

NLRP3 Deficiency Alleviates IH-Induced Neuroinflammation

by FACSCalibur (BD Biosciences). All data were analyzed on
FlowJo software (Tree Star, San Carlos, CA).

Mitochondrial Membrane Potential

According to the manufacturer’s instructions, changes in
mitochondrial membrane potential (MMP) were determined
using a JC-1 mitochondrial membrane potential assay kit
(C2006, Beyotime, China). BV2 cells (1 x 10°) were incubated
with JC-1 (10 pg/ml) staining buffer for 20 min at 37°C. Then the
cells were washed with PBS and observed under microscope or
analyzed by FlowJo software. The ratio of aggregates (red
fluorescence; good mitochondrial membrane potential) to
monomers (green fluorescence; loss of mitochondrial
membrane potential) was regarded as a marker of MMP loss.

Cell Apoptosis Detected by

Flow Cytometry

As we previously described, BV-2 cells (1 x 10°) were collected
and then incubated with Annexin V-fluorescein isothiocyanate
(FITC) and propidium iodide (PI) (Annexin V Apoptosis
Detection Kit; BD Biosciences). The lower and upper right
quadrants show the proportions of the early (Annexin V+/PI-)
and the late (Annexin V+/PI+) apoptotic cells, respectively.

Western Blotting

Proteins from hippocampal tissues or cell lysates (20-40 pug of
total protein) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane, and blocked with 5%
BSA/Tris-buffered saline with Tween-20 (TBST) for 1 h at
room temperature. Then, the membranes were incubated
overnight at 4°C with primary antibodies at the following
dilutions: NLRP3 (1:1000; abcam), caspase-1 (1:200; Santa
cruz), ASC (1:1000; abcam), Bax (1:1000; CST), Bcl-2 (1:2000;
CST), caspase-3 (1:1000; CST), Parkin (1:1000; CST), PINK1
(1:1000; abcam), LC3 (1:1000; CST), ATGS5 (1:1000; CST), ATG7
(1:1000; CST), P62 (1:1000; CST), Beclin-1 (1:1000; CST),
TOM20 (1:500; Beyotime), and GAPDH (1:500; Beyotime),
followed by incubation with appropriate secondary antibodies
after thoroughly washing three times with TBST. The bands were
visualized using the chemiluminescence (ECL) detection system
(Thermo Fisher Scientific) and quantified by Image J gel analysis
software. Expression levels were normalized against GAPDH.

Quantitative Reverse Transcriptase-PCR
(GRT-PCR)

Total RNA was extracted from hippocampal tissues of WT and
NLRP3”" mice from different groups using TRIzol reagent
(Invitrogen, Carlsbad, CA) to detected relative IL-1f mRNA
level. QRT-PCR was performed on a real-time PCR system
(Applied Biosystems 7500HT; Applied Biosystems, Foster City,
CA) using SYBR-Green Master Mix Plus (Toyobo, Osaka, Japan)
according to the manufacturer’s instructions. The expression of
IL-1B mRNA was normalized to the mRNA level of GAPDH.
The primers specific to IL-13 mRNA used were purchased from
Sangon Biotech (Shanghai, China). And, the sequences were as

followed: IL-1B-Forward: 5-GGGCCTCAAAGGAAAGAATC-
3’, IL-1B-Reverse: 5-TACCAGTTGGGGAACTCTGC-3’.

Transmission Electron Microscopy (TEM)
BV2 cells were fixed with 2% glutaraldehyde and 1% osmium
tetroxide in 0.1 M phosphate buffer (PB) (pH 7.4) at 4°C.
Then the cells were sliced into 70~80-nm-thick sections. After
being dehydrated in ethanol with 3% uranyl acetate, embedded,
and stained with lead citrate for contrast, the sections were
examined under transmission electron microscope (JEM 1011,
Japan). A blinded pathologist was invited to quantify each
section independently.

Statistical Analysis

Data were analyzed with GraphPad Prism-7 statistic software (La
Jolla, CA). All values were expressed as mean * standard error of
the mean (SEM). Qualitative data were analyzed by two-tailed t-
test between two groups or one-way ANOVA, followed by post-
hoc multiple comparisons among multiple groups. P < 0.05 was
considered statistically significant. At least three independent
experiments were performed in duplicate with all the results.

RESULTS

NLRP3 Deficiency Alleviates CIH-Induced
Cognitive Dysfunction and Neuronal
Apoptosis of Hippocampus

To investigate the potential mechanism regarding CIH-induced
neurocognitive impairment, we first established a CIH mice
model as described before (23). When the mice were performed
the fear-conditioning test, we found the freezing times in the
contextual and tone conditional tasks were significantly lower in
the CIH group compared with the NA control group (P < 0.01,
Figure 1A). Dramatically, NLRP3 deficiency tended to restore the
decreased freezing time as compared to WT mice after CIH
exposure (P < 0.05, Figure 1A). As illustrated in Figure 1B,
ASC was highly expressed in hippocampus of WT mice exposed to
CIH. In contrast, the immunohistochemical staining showed the
ASC was faintly stained in the hippocampus of NLRP3 ™'~ mice
upon CIH treatment. Western blotting was applied to the cortex
and hippocampus samples to detect NLRP3 and cleaved caspase-1.
The levels of NLRP3 and activated caspase-1 in WT mice were
shown to be upregulated in response to CIH stimulation, but lowly
detectable in NLRP3 ™'~ mice (Figure 1C and Figure S1). Besides,
the expression level of IL-13 mRNA in the hippocampi of WT
mice increased obviously after CIH treatment, which can be
alleviated by the NLRP3 gene knockout (Figure 1D). Neuronal
apoptosis caused by neuroinflammation is one important
mechanism of cognitive impairment induced by CIH (11). To
ascertain it, the CIH group showed a significant increase in the
number of TUNEL positive cells by immunofluorescence (33 +
7.78%, P < 0.01). However, the absence of NLRP3 in mice
underwent a 26% attenuation of the apoptotic cells compared
with the WT mice following CIH exposure (P < 0.01, Figures 1E,
F). It is worthy to note the enhanced neuronal apoptosis subjected
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FIGURE 1 | Protective effect of NLRP3 deficiency on ClH-induced neuronal damage in vivo. (A) Effects of NLRP3 deficiency on fear-conditioning tests results.
#P < 0.01 versus NA group; *P < 0.05 versus CIH + WT group (n = 6 mice/group). (B) Representative photographs of immunostaining for ASC in hippocampus
(x200 magnification). (C) Protein expressions of NLRP3 and cleaved caspase-1 in hippocampus tissues of NLRP3~~ mice and WT mice measured by western blot.
(D) Expression levels of IL-1p mRNA in the hippocampi from WT or NLRP3”" mice, exposing to NA or CIH. *P < 0.01 versus NA group; **P < 0.01 versus CIH + WT
group. (E, F) The neuronal apoptosis was assayed with TUNEL. Typical immunofluorescent micrographs for TUNEL (red) staining from hippocampus tissues of each
group. Scale bar = 100 um. Quantitative analyses of the number of TUNEL-positive cells. P < 0.01 versus NA group; P < 0.01 versus CIH + WT group. All data
are presented as means + SEM. CIH, chronic intermittent hypoxia; NA, normal air; WT, wild type.

to CIH in the hippocampal region, thus selectively influencing
contextual fear conditioning and hippocampal-dependent
memory consolidation. Taken together, these results suggested
the involvement of the NLRP3 inflammasome in the pathogenesis
of CIH-induced cognitive dysfunction and neuronal damage.

NLRP3 Deficiency Attenuates CIH-Induced
Microglia Activation and Oxidative Stress
in Hippocampus

Since microglial cells were regarded as a predominant contributor
to the pathogenesis of CIH-induced neuroinflammation (7, 24), we
wonder whether NLRP3 inflammasome influences the behavioral
changes of microglia during CIH exposure. As displayed in Figure
2A, CIH remarkably increased the numbers of activated microglia
both in cortex and hippocampus compared with NA control group.
However, in NLRP3 ™~ mice, the activated microglia were seldom
observed in cortex and hippocampus section upon CIH treatment
(Figure 2B). It is important to emphasize that the inflammasome
activation to be associated with defective mitochondrial function
and ROS accumulation (14). Hence, to examine the occurrence of
mitochondrial dysfunction in microglia after CIH, the level of

mitochondrial ROS (mtROS) production was measured. We found
that exposed WT mice to CIH were shown to have the increased
MDA levels and decreased SOD activities (Figures 2C, D), both of
which were characterized as biomarkers of oxidative stress injury.
Moreover, the hypoxic oxidative stress was accompanied with
increased mtROS, as shown in Figure 2E. However, compared
with the WT mice exposed to CIH, NLRP3 knockout eradicated
the changes in MDA content and ameliorated the mitochondrial
damage in hippocampus and cortex. According to the above
results, our data demonstrated that activated microglial cells in a
CIH model caused neuroinflammation and subsequently affected
the behavior of the mice through producing a mass of mtROS.

NLRP3 Deficiency Enhances CIH-Induced
Mitophagy and Increases Parkin
Expression in Hippocampus

Next, the level of mitophagy was further detected in hippocampal
tissues via immunoblotting and immunofluorescence staining.
Western blot analysis showed obvious mitophagy induction in
mice exposed to CIH, especially the NLRP3 ™'~ mice, evidencing
by decrease in TOM20 protein levels, and increase in LC3 II and
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Beclin-1 protein levels. In addition, CIH significantly increased
the protein expression of Parkin in hippocampus compared with
NA group, and NLRP3 knockout reinforced this trend (Figure
3A). To examine the formation of autophagosome in microglia
of hippocampus, confocal microscopy showed that the
expressions of autophagy markers LC3 were robustly stained in
CIH group compared to NA control group. Further co-staining
with IBA1 revealed that NLRP3 knockout remarkably enhanced
the co-location of LC3 and IBA1 both in NA group and CIH
group (Figure 3B). In this regard, mitophagy and autophagy
could be up-regulated by CIH. NLRP3 deletion may further
increase the formation of mitophagosome and autophagosome,
which was also observed in microglia of hippocampus.
Nevertheless, whether and how mtROS, NLRP3 inflammasome,
and mitophagy interacted with each other in microglial cells needs
to be further explored.

IH Facilitates NLRP3 Inflammasome
Activation and Parkin-Mediated Mitophagy
in BV2 Cells

To further study the regulatory relationship between mitophagy
and NLRP3 inflammasome, we established an IH in vitro model
as described previously (13, 23). As a selective form of specialized
autophagy, mitophagy controls the turnover of dysfunctional,
and damaged mitochondria, thus eliminating excessive mtROS
as well as NLRP3-elicited inflammatory response (25, 26).
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FIGURE 2 | NLRP3 deficiency prevents ClH-induced microglia activation and oxidative stress in hippocampus. (A) Microglia were detected with ionized calcium
binding adapter molecule 1 (Ibal) antibody. Photomicrographs showed the lba-1 (green) immunofluorescent staining from hippocampus and cortex tissues of each
group. Note that Iba-1 was highly expressed in response to CIH. Scale bar = 50 um. (B) Bar graphs displayed the percentage of Iba-1 positive cells per high-power
field (n = 6). The hippocampal MDA content (C), SOD activities (D), and mitochondrial ROS levels (E) were measured in tissue homogenates (n = 6 per group). The
data are presented as means + SEM. *P < 0.01 versus NA group; *P < 0.05 and **P < 0.01 versus CIH + WT group. CIH, chronic intermittent hypoxia; NA, normal
air; WT, wild type; MDA, malondialdehyde; SOD, superoxide dismutase.

Consistent with previous observations, NLRP3 inflammasome
was activated in IH-induced microglial cells and all these results
were in a time-dependent manner (Figures 4A, B). Meanwhile,
immunoblot analysis showed that both autophagic and mitophagic
activities (Atg7, p62, Atg5, LC3, Parkin, and PINKI) were
augmented (Figures 4C, D). Considering that OSA is a kind of
chronic disease, we finally chose IH exposure of 24 h as an in vitro
model. Furthermore, as illustrated in Figure 4E, colocalization of
Parkin (green) with mitochondrial related protein (TOM20, red)
yielded that the bright green fluorescence of Parkin was largely
enhanced following CIH exposure. Then, we further investigated
the impact of IH on the changes to mitochondrial morphology in
microglial cells by immunofluorescent staining. As illustrated in
Figure 4F, exposure to IH can trigger the fragmentation of
mitochondria in microglia cells, which was followed with the
induction of mitophagy. In summary, these results suggested that
the IH-related NLRP3 inflammasome activation was accompanied
with Parkin-mediated mitophagy induction in microglia.

NLRP3 Deficiency Exerts Protective Effect
Against IH via Parkin-Mediated Mitophagy
In Vitro

To distinguish the deleterious contribution of NLRP3
inflammasome in vitro, we constructed the NLRP3 knockout
cell line via lentivirus transfection strategy, and then verified the
NLRP3- elicited inflammatory response by western blot.
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As expected, the immunoblot images of NLRP3, cleaved caspase-1
and ASC were not obviously detectable in NLRP3-deleted cells,
confirming the knockout efficiency. Moreover, accumulation of
ASC and cleaved caspase 1 induced by IH was substantially
abolished by deletion of NLRP3 (Figures 5A, B). It is generally
considered that mitochondria dysfunction is tightly associated
with MMP loss and mtROS, subsequently affects apoptosis (14).
Afterward, we monitored the MMP levels, mtROS production,
and examined cell apoptosis. In line with the in vivo results, our in
vitro data demonstrated that IH alone disrupted the MMP (red to
green ratio, 1.09 £ 0.19%) and augmented mtROS release. NLRP3
deletion also blocked the MMP loss upon stimulation with TH
(red to green ratio, 1.87 + 0.21%, Figures 5C, D). Consistently,
IH-triggered excessive mtROS generation (41.27 + 2.27%) was
significantly ameliorated by NLRP3 deficiency (32.13 + 1.98%,

Figure 5E). In addition, the expressions of cleaved caspase-3 p17
and pro-apoptotic protein Bax were both obviously upregulated
in response to IH, whereas knockout of NLRP3 markedly
attenuated their activations compared to the LV-NC group
(Figure 5F). Notably, similar results were obtained in flow
cytometric analysis, which showed the proportion of double-
positive cells (Annexin V+/PI+) was the highest following IH
exposure (13.39 + 2.27%), while the percentage of apoptosis was
significantly lower in NLRP3 knockout cells (8.65 + 1.54%, p < 0.05,
Figure 5G). These results suggested that deletion of NLRP3 can
reduce CIH-triggered mitochondrial damage and alleviate
microglial apoptosis.

To address how NLRP3 inflammasome modulates IH-
induced mitophagy, we then verified the mitophagy and
autophagy activities after NLRP3 deletion by western blot.
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As compared to IH exposure alone, deletion of NLRP3
dramatically restored the levels of Parkin approximately 1.5-
fold over basal levels. Conversely, silencing NLRP3 exerted an
inhibitory effect on the P62 expression under normoxia, and
further reduced P62 expression after exposure to IH (Figures
6A, B). Next, we performed immunofluorescence staining of
Parkin (red) and TOM20 (green) to evaluate the degree of

Parkin-mediated mitophagic activity. As the enhanced
immunofluorescent co-staining shown in Figure 6C, Parkin
was observed to be translocated on damaged mitochondria,
thereby resulting in substantial mitophagy following IH
exposure. In particular, abundant Parkin expression was
prominently localized on the mitochondria in NLRP3-deficient
cells after TH treatment, suggesting the accumulation of
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mitophagosomes. Moreover, the positive effect of NLRP3
deficiency on parkin-mediated mitophagy could also be
counteracted by 3MA pre-treatment (5 mM). Then, we examine
the effect of NLRP3 deletion on mitochondrial morphology under
TEM. After IH exposure, mitochondria were observed to swell and
loss of cristae in the matrix of microglial cells. Consistent with the
results of immunofluorescence, more mitophagosome formations
were noticed in NLRP3-deficient microglial cells after IH exposure
compared to the IH exposure alone group (Figure 6D). Taken
together, these results indicated that NLRP3 deficiency showed
protective effect against IH via inducing Parkin-mediated mitophagy.

Parkin-Dependent Mitophagy Is Involved

in the Protective Mechanism of

NLRP3 Deficiency

To clarify whether Parkin is required in the positive effect of
NLRP3 deletion on mitochondrial maintenance in microglia, we
first deleted Parkin via shRNA. After Parkin knockdown, IH
enhanced the accumulation of damaged mitochondria and
neutralized the protective of NLRP3 deletion in microglia,
evidencing by increasing mitochondrial depolarization (red to
green ratio, 0.34 + 0.11%) and augmenting mtROS release (79.47
+0.15%), as illustrated in Figures 7A-D. Thus, proper control of
Parkin-dependent mitophagy is pivotal to restoration of
mitochondrial integrity and function in microglial cells after
NLRP3 knockout. To further discuss the role of Parkin-
dependent mitophagy in NLRP3”" microglia, we incubated
BV2 cells with 3-MA (5 mM) or the PBS vehicle for 6h before
exposure to IH. As shown in Figure 7E, both Parkin deletion or
pretreated with 3MA exacerbated the cell apoptosis in NLRP3”~
microglial cells caused by IH. Furthermore, Parkin deletion or
3MA pretreatment upon IH exposure resulted in higher
expression levels of caspase-3 pl7 and Bax compared with IH
control group. Moreover, inhibition of mitophagy by 3MA
pretreatment had pronounced effect on NLRP3”" microglial
cells that further increased the protein expressions of NLRP3,
ASC, pro-caspase-1 under IH condition compared to the IH
control group (p < 0.05). The similar effect was observed in
Parkin shRNA-transfected NLRP3™" cells (p < 0.05, Figures 7F,
G). These results collectively indicated that Parkin deficiency
failed to elicit a protective phenotype in the context of IH after
NLRP3 knockout.

Next, we detected the mitophagic activities in NLRP3”"
microglial cells after deletion of Parkin. Immunoblot analysis
showed that silencing Parkin restrained the subsequent PINK1
mitophagy signaling under IH exposure and reversed the
protective effect of NLRP3 deletion on IH-treated microglial
cells, indicating the induction of mitophagy upon NLRP3
deficiency is Parkin-dependent (Figures 8A, B). Similarly, co-
localization of LC3 (red) and TOM20 (green) demonstrated that
Parkin ablation effectively prevented mitophagosomes formation
upon IH challenge, evidenced by the weak red fluorescence of
LC3 co-localized with TOM20. Moreover, after transfection with
sh-Parkin, NLRP3 knockout no longer restored the impaired
mitophagy after IH treatment. As expected, co-staining of LC3
and TOM20 showed faint double immunofluorescence in IH

+LV-NLRP3+sh-Parkin group, as illustrated in Figure 8C.
Taken together, our data showed that Parkin-dependent
mitophagy plays a vital role in the NLRP3-deficient protective
action under IH exposure, and inhibition of mitophagy via
Parkin deletion abolished the positive effect of NLRP3
deficiency against IH (Figure S2).

DISCUSSION

At present, little is known about the mechanisms of structural
neuron damage and the potential roles played by microglia
during IH exposure from OSA. In our work, CIH elicited
pathologies such as hippocampal apoptosis with learning
deficits, while genetic deletion of NLRP3 displayed less
neuronal damage or microglia activation after 5 weeks of CIH.
In CNS, microglia are a robust source of oxidative stress,
production of which are critical for self-activation of microglia
and the overproduction of proinflammatory factors (6). As
expected, we demonstrated that the microglia activation
enhanced by CIH was accompanied by the elevated autophagy
and mirophagy markers, LC3 and Parkin expressions in vivo
experiments. In addition, we also indicated that NLRP3
deficiency can further enhanced Parkin-mediated mitophagy in
hippocampus of IH mice, as well as autophagosomes formation
in microglia of hippocampus. Of note, our data showed that CIH
stimulated damaged mitochondria to release signals, such as
mtROS and mtDNA, which further promoted the NLRP3
inflammasome complex assembly to activate the caspase-1 and
the subsequent cytokines IL-1PB release. The accumulation of
proinflammatory cytokines as well as mitochondrial ROS was
proposed to directly induce neuronal apoptosis, resulting in
hippocampal-dependent impairment of learning and memory.

The major limitation of this article is that there is no clinically
relevant data; however, some of researchers have provided clear
evidences to show that neurocognitive deficit is identified as one
of the main co-morbidities associated with OSA (4). Besides,
previous studies also indicated the processes involved in the
cognitive decline in patients with OSA were shown to overlap
with those found in the pathogenesis of Alzheimer’s disease (AD)
(3). Continuous positive airway pressure (CPAP), the first-line
treatment for OSA patients, can rapidly improve the
oxyhemoglobin desaturation and cognitive function of them
(27). After a short-term CPAP treatment, functional MRI was
used to show that OSA patients revealed an improvement in
memory and attention (28), which changes were associated with
that in cerebellar cortices and bilateral hippocampi (29). Taken
together, these data indicated that OSA patients were usually
suffered from cognitive impairment, and improving oxygen
saturation can alleviate the phenomenon through regulating
hippocampal function.

In line with our findings, Racanelli et al. reported chronic
hypoxia triggered autophagosome formation (30). Recently,
receptor-mediated mitophagy was found to be activated in
response to hypoxia or mitochondrial oxidative stress (31). A
previous study has also documented that level of cleaved caspase-
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3 and LC3 in hippocampal neurons were both upregulated by IH
(32). Consistently, our results indicated that hypoxia initiated a
time-dependent mitophagy activation whose ultimate goal was
clearance of damaged mitochondria in BV2 cells. Meanwhile,
IH-treated WT cells seemed more likely to apoptosis compared
to NLRP3 knockout cells. In contrast, another study revealed that
neuroinflammation activated the NLRP3-caspase-1 inflammasome
in the hippocampus of mice and BV2 cells by triggering autophagy-
lysosomal dysfunction, thus having specific relevance to neuronal
cells damage (33). A possible mechanism has been proposed that a
low ROS level specifically induces mitophagy without nonspecific
autophagy, whereas excessive oxidative stress activates both
autophagy and mitophagy as a negative-feedback to reduce
mitochondria-derived ROS production (31). Actually, less severe
protocols may elicit beneficial (compensatory) plasticity without
morbidity (2). This diverse effect of IH on autophagy could in part
be explained by the varying degrees of hypoxic paradigms: hypoxic

events can be either neuroprotective or neurotoxic depending on
the severity, frequency, and duration of the hypoxia.

Many researchers have attempted to link Parkin-PINKI
pathway to NLRP3 inflammasome. Several studies have
reported that Parkin deficiency enhanced the production of
inflammatory cytokines such as MCP-1, TNF-o. and NF-kB
(34). In addition, some investigators have found the enhanced
NLRP3 signaling in Parkin-deficient cells (35). Sumpter et al.
demonstrated the Parkin-dependent mitophagy limited NLRP3
activation in peripheral macrophages and primary fibroblasts
(36). Intriguingly, Parkin can be cleaved by caspase-1, thus
contributing to the resultant excessive inflammation cell death
and pyroptosis. Herein, we revealed that NLRP3 deletion
attenuated IH-induced injury through enhancement of Parkin-
mediated mitophagy. In addition, inhibition of mitophagy via
parkin deletion was shown to facilitate the cell apoptosis and
abolish the protective effect of NLRP3 deficiency against IH.
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co-localization with TOM20 (green) and LC3 (red) upon IH challenge in NLRP3”" microglia. Scale bar = 25 um. IH, intermittent hypoxia; NA, normal air; LV, lentivirus.

These data indicate that Parkin-mediated mitophagy is one of  protein-interacting protein 3 (BNIP3)/NIX, and FUN14 domain
the self-limiting systems to protect cells from hyper-  containing 1 (FUNDCI1) has been described (34, 35), the crucial
inflammation. Although hypoxia-induced mitophagy via  molecular mechanisms for hypoxia-induced mitophagy
receptors such as Parkin/PINK1, Bcl2/adenovirus E1B 19 kDa  appeared to be cell type-specific. Herein, we only presented in
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vitro data that Parkin-dependent mitophagy controlled
mitochondrial quality following hypoxia exposure. It would be
interesting to further investigate the effect of NLRP3 deficiency
on other mitophagy signaling.

Accumulation of misfolded proteins and damaged
mitochondria has been documented to be hallmarks of
neurologic disease (37). Coupled with lost membrane potential,
most damaged mitochondria inhibit PINK1 imported to the
inner mitochondrial membrane but stabilized on outer
mitochondrial membrane (38). Then, the phosphorylated
Parkin mediates mitochondrial ubiquitination, as an ‘eat-me’
signal that can be recognized by the adaptor p62 (21, 39). It is
widely accepted that NLRP3 inflammasome stimuli could impair
the mitochondria (26). By eliminating damaged mitochondria,
mitophagy induction is dependent on recruitment of p62/
SQSTML to limit inflammasome as a compensatory mechanism.
Besides, damaged mitochondria further facilitate inflammasome
inductive signals via mtDNA or mtROS, forming a vicious circle
afterward (25). In the present study, protective effects of the NLRP3
deficiency on mitophagy and mitochondrial dysfunction have been
undoubtedly identified. Furthermore, in TH-treated BV2 cells, we
found p62 level to be dramatically suppressed compared to WT
group, and further be restrained when NLRP3 deletion. This
discrepancy is likely due to the excessive mtROS or NLRP3
inflammasome produced a large amount of autophagosome,
caused overwork of lysosome, and subsequently resulted in
failure of autophagy and mitophagy during CIH exposure. It
accounts for the fact that decreased p62 levels represent the
enhancement of autophagy flux, and the reason that NLRP3
deletion elicited more mitophagosomes formation attribute to the
balance between the generation and elimination of harmful
substances once again. Interestingly, some research found that
p62 was dispensable for parkin-mediated mitophagy (39). Despite
the controversial roles of P62, it is generally recognized that parkin
recruits P62 to mediate mitophagy through selective cargo
recognition. However, the inverse correlation between PINKI-
Parkin pathway and P62 warranted to be explored in further study.

CONCLUSIONS

In summary, our study revealed that NLRP3 ablation or inhibition
orchestrated a reparative inflammatory response, which was linked
with enhanced Parkin-dependent mitophagy upon hypoxia. As a
regulatory feedback loop that maintains homeostasis and favors
intrinsic repair in response to mitochondrial oxidative stress, Parkin-
dependent mitophagy is involved in the protective mechanism of
NLRP3 deficiency. Although, the directly molecular mechanism
between NLRP3 and Parkin is still unclear, our results highlight
the significant implication of NLRP3-Parkin axis as an important
signaling pathway that determines the fate of cells under hypoxia.
The mechanism of how NLRP3 gene knockdown leads to the
elevated Parkin protein level will be further studied in our
subsequent experiments. Overall, our observations suggest the
imbalanced crosstalk of NLRP3-Parkin axis participates the
pathogenesis of CIH-induced neuroinflammation. Gene knockout

or pharmacological blockage of NLRP3 might serve as a potential
therapeutic target for OSA associated neurocognitive impairment.
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Supplementary Figure 2 | Schematic diagram of the interaction between
PINK1/Parkin-dependent mitophagy and NLRP3 inflammasome in OSA-
associated neuroinflammation. CIH induced mitochondrial ROS production, and
facilitated NLRP3 inflammasome assembly to subsequently activate the caspase-1
cleavage. NLRP3 deficiency by gene knockout or pharmacological blockage could
restore the CIH-induced mitochondrial dysfunction, alleviate mtROS production,
reduce cell apoptosis, and further enhance Parkin-mediated mitophagosome
formation. Green lines: facilitation. Red lines: inhibition. CIH, intermittent hypoxia.
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Alzheimer’s disease (AD) is an age-associated terminal neurodegenerative disease with no
effective treatments. Dysfunction of innate immunity is implicated in the pathogenesis of
AD, with genetic studies supporting a causative role in the disease. Microglia, the effector
cells of innate immunity in the brain, are highly plastic and perform a diverse range of
specialist functions in AD, including phagocytosing and removing toxic aggregates of beta
amyloid and tau that drive neurodegeneration. These immune functions require high
energy demand, which is regulated by mitochondria. Reflecting this, microglia have been
shown to be highly metabolically flexible, reprogramming their mitochondrial function upon
inflammatory activation to meet their energy demands. However, AD-associated genetic
risk factors and pathology impair microglial metabolic programming, and metabolic
derailment has been shown to cause innate immune dysfunction in AD. These findings
suggest that immunity and metabolic function are intricately linked processes, and
targeting microglial metabolism offers a window of opportunity for therapeutic treatment
of AD. Here, we review evidence for the role of metabolic programming in inflammatory
functions in AD, and discuss mitochondrial-targeted immunotherapeutics for treatment of
the disease.

Keywords: beta amyloid (A), neurodegeneration, metabolism, tau, microglia, mitochondria

INTRODUCTION

Alzheimer’s disease (AD) is an age-associated terminal neurodegenerative disease characterized by
the presence of two hallmark proteinopathies: extracellular aggregates of toxic beta amyloid (APB)
and intracellular neuronal accumulation of misfolded tau. Inflammation is also an early feature of
the neurodegenerative cascade (1, 2), identified as a key driver in pathogenesis and a promising
target for AD therapeutic development (3). Although once viewed as a downstream consequence of
AD pathogenesis, genome-wide association studies have implicated innate immunity as causative in
the disease process, with variants of microglial regulators identified as key AD risk factors such as
triggering receptor myeloid 2 (TREM2) and its downstream signaling molecule, Src homology 2
(SH2) domain containing inositol polyphosphate 5-phosphatase 1 (SHIP1) (4-8). Whether
microglial overactivation or insufficiency contributes to neurodegeneration in AD is still a matter
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of controversy. However, in order to develop potential
immunotherapeutics for AD, identification of mechanisms
governing the switch between protective and dysfunctional
microglial states is critical.

Emerging evidence indicates that metabolic function plays a
critical role in the regulation of microglial immune function in
AD, with several genetic risk factors for AD identified as
important regulators of microglial metabolic fitness (3, 9, 10).
Microglia are highly metabolically flexible and metabolic
programming is a key regulator of functional plasticity, an
emerging field known as immunometabolism (11, 12). Here we
discuss the role of mitochondria as metabolic hubs and
intracellular signaling platforms coordinating microglial immune
functions in AD, and potential targets for the development of
immunometabolic therapies for disease treatment.

INNATE IMMUNITY AND METABOLISM
IN AD

Microglia perform a diverse range of specialist functions in the AD
brain. They can mitigate neurodegeneration through phagocytic
clearance of pathological AB (2, 13) and tau (14), by removing
dying neurons thus preventing “bystander” neuronal death (15, 16)
and releasing neurotrophic factors promoting neuronal support
including nerve growth factor, brain-derived neurotrophic factor,
and insulin-like growth factor-I (17-20). On the other hand, they
can exacerbate neurodegeneration by mediating the spread of
misfolded forms of tau, phagocytosing healthy or functional
neurons, releasing neurotoxic cytokines and increasing oxidative
stress through the generation of reactive oxygen species (ROS)
(21-23).

Although activated microglia have previously been roughly
divided into two categories—classically activated M1 host defence
responses, with pro-inflammatory and cytotoxic properties, and
alternatively activated M2 regeneration and repair responses—
recent single cell transcriptomic analyses have revealed a high
degree of heterogeneity and complexity within microglial states
and populations that change with aging and disease (24-29). This
microglial diversity is distinguished not only by unique immune
signatures but also by altered metabolic phenotypes (3, 26, 29).

Diversity of mitochondrial structure, localization and
function within and between cells has been identified as an
important factor determining cell-to-cell heterogeneity, as well as
contributing to heterogeneous outcomes in aging (30). In
microglia, mitochondria coordinate energy supply, generation
of ROS, and production of substrates for membrane biosynthesis,
immune signaling molecules and growth factors (31). However,
mitochondrial quality and activity declines in aging and age-
related diseases, such as AD (32). Microglia have very low
mitochondrial turnover (33) and are severely affected by
mitochondrial impairment (34). Further, chronic exposure to
pathogens such as AP and tau also induces mitochondrial
toxicity and metabolic dysfunction in microglia (35). It is
therefore important to understand the effect of aging and
disease on microglial metabolic programming in AD.

MICROGLIAL METABOLISM IN AD

Microglial metabolism is tightly controlled in response to
environmental cues, including nutrient availability, cytokines,
and damage- or pathogen-associated molecular patterns
(DAMPs and PAMPs), including AP and tauopathy. A recent
large-scale proteomics analysis of AD brain demonstrated early
metabolic changes associated with microglial activation (3).
Similarly, proteomics analysis of microglia isolated from AD
mice identified enrichment in proteins involved in energy
metabolism and mitochondrial processes (36). Here we will
examine how the AD microenvironment impacts microglial
metabolism and mitochondrial function.

Nutrient Availability and Metabolic Stress
The AD brain is under metabolic stress, with impairments in
nutrient availability including glucose occurring early in the
disease due to impaired blood-brain glucose transfer (34, 37).
Glucose is the primary substrate used by microglia for energy
production and is taken into the cell via various glucose
transporters (GLUTSs) (38-40) where it can metabolise glucose
via glycolysis in the cytoplasm, enzymatically converting
glucose into pyruvate then lactate to generate energy in the form
of adenosine triphosphate (ATP). Alternatively, pyruvate can be
shuttled into the mitochondria where it is converted into acetyl
coenzyme A (Acetyl CoA) and consumed by the tricarboxylic acid
(TCA) cycle, generating substrates for oxidative phosphorylation
(OXPHOS). Glycolysis is less efficient than OXPHOS, requiring
nearly 20-fold more glucose to yield equivalent quantities of ATP,
but much faster, making it ideal under conditions in which rapid
energy production is required. Microglia express genes required
for both glycolytic and oxidative metabolism (41, 42) and can
switch between these metabolic programmes in response to
inflammatory stimuli (35, 43-46).

Glucose can also be metabolized by microglia via the pentose
phosphate pathway (PPP) to generate nicotinamide adenine
dinucleotide phosphate (NADPH), which fuels NADPH
oxidase to produce ROS as well as providing the building
blocks for nucleotide synthesis (47). However, long-term
reductions in glucose availability in aging and AD necessitate
the use of alternative energy sources in microglia, or they risk
metabolic derailment and dysfunction.

Microglia are also capable of using a range of non-glucose based
energy sources, a potentially important adaptive function in the
hypoglycemic AD brain. Fatty acids (FA), which are released
following the degradation of lipid droplets, are transported into
mitochondria and used to fuel mitochondrial OXPHOS, a process
known as fatty acid -oxidation (FAO). A number of genes involved
in FAO are expressed in microglia (48),and FAs have been shown to
fuel macrophage functions under glucose deprivation (49, 50).
Microglia have also been shown to take up ketones and lactate,
through the monocarboxylic transporters MCT1 and MCT2 (51).
Glutamine is another alternative energy source consumed by
microglia via glutaminolysis under hyperglycemic conditions,
which feeds into the TCA cycle (52). Although the extent to
which these non-glucose substrates fuel microglial function
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in vivo is largely unknown, a recent study used fluorescence lifetime
imaging (FLIM) to indirectly measure glycolysis and OXPHOS in
the normal mouse brain under insulin-induced hypoglycaemia,
demonstrating microglia shift to glutaminolysis in the absence of
glucose (52). Positron emission tomography (PET) can also be used
to visualize glycolysis and OXPHOS in both animals and the
humans. Glycolysis can be measured using the glucose analogue,
'"®F-fluoro-2-deoxy-D-glucose-PET (FDG-PET) (53, 54) in
combination with cerebral oxygen consumption to measure
glycolysis (55, 56), while OXPHOS can be measured using
mitochondrial complex-I-PET (57). These metabolic imaging
approaches will enable investigation of microglial metabolism in
the living brain under both normal and AD conditions and may
provide biomarkers of microglial metabolism.

AB and Tau Alter Microglial Metabolism

AD-associated proteinopathy, AP and tau, induce mitochondrial
toxicity and metabolic dysfunction. Exposure to AP alone or in
combination with other inflammatory stimuli has been shown to
induce a shift in metabolic programming from OXPHOS to
glycolysis, impairing ATP production, increasing the generation
of ROS, and inducing mitochondrial fission, fragmentation and
extracellular release (35, 45, 46, 58). Fragmented mitochondria
released from microglia have been shown to impair not only
microglia, but also nearby neurons and astrocytes (58). Likewise,
microglia isolated from AD mice are characterized by dependence
on glycolytic metabolism as well as impaired mitochondrial
quality control due to inhibition of mitophagy (59). Consistent
with this, PET studies have shown increased reliance on aerobic
glycolysis in areas spatially correlated with AP deposition in the
AD brain (55, 56). Similarly, pathological forms of tau can bind
mitochondria and impair OXPHOS and ATP synthesis (60); and
AP and tau act synergistically to induce defects in OXPHOS and
ATP synthesis, while increasing ROS production in AD mice (61).

AP can influence mitochondrial metabolism through direct
binding and accumulation within mitochondria (62-64), inducing
toxicity (65-67) and mitochondrial bioenergetic impairments (68—
70). Mechanistically, AR inhibits OXPHOS by targeting ATP
synthase, the enzyme that catalyses ATP production in the final
step of OXPHOS (71). Others have implicated the nutrient sensor,
mammalian target of rapamycin (mTOR), in AB-induced
microglial metabolic reprogramming. Exposure to AP increases
phosphorylation of mTOR via serine/threonine protein kinase B
(Akt), which increases the expression of HIF-la, the master
transcriptional regulator of glycolysis (35).

Additionally, AP and tau can indirectly affect metabolism
through upregulation of cytokines classically associated with M1,
proinflammatory responses, such as interleukin-13 (IL-1B) and
interferon-y (IFNy). Inflammatory cytokines induce glycolytic
programming accompanied by breaks in the TCA cycle and
uncoupling of OXPHOS (43, 45, 46). OXPHOS uncoupling
impairs ATP production from mitochondrial respiratory chain
activity, causing an increase in ROS generation (72). To support
glycolysis in response to pro-inflammatory cytokines, microglia
upregulate expression of GLUTSs to facilitate increased glucose
(40). A metabolic break in citrate metabolism fragments the TCA
cycle, increases citrate availability for FA synthesis (FAS) and

lipogenesis (73). Further, AP has been implicated in the
suppression of mitochondrial succinate dehydrogenase (74),
which underlies a second TCA cycle break widely observed in
pro-inflammatory microglia, leading to accumulation of
succinate. These findings suggest that AD-associated stimuli
directly alter metabolic processes in microglia in a variety of
ways. However, the precise signaling mechanisms involved
remain to be fully elucidated.

AD Genetic Risk Factors and

Microglial Metabolism

A number of immune-related genetic risk factors for AD have
been shown to modulate microglial metabolism. The most
prevalent genetic risk factor for AD, apolipoprotein E4
(ApoE4), is primarily expressed by glia in the brain and has
been shown to play a role in mitochondrial energy production
(9). In human iPSC-derived microglia, the AD-associated E4
variant of ApoE severely impaired metabolism, inhibiting both
glycolysis and OXPHOS (75). Further, cognitively normal
ApoE4 carriers demonstrate abnormally low cerebral metabolic
rates for glucose (76). Additionally, ApoE binds and transports
lipoproteins, and ApoE knockdown has been shown to alter FA
levels and lipid metabolism in the brain (77). Interestingly, ApoE
is a ligand for TREM2, which is a microglial surface receptor
required for diverse microglial responses in neurodegeneration,
including proliferation, survival, clustering and phagocytosis (46,
78-80). Increased risk of developing AD is associated with loss-
of-function variants of TREM2, and TREM2 has been shown to
induce ApoE signaling in microglia (27, 81).

Recently, TREM2 has also been identified as a regulator of
mitochondrial metabolic fitness in microglia and macrophages
(10). TREM2-deficient microglia exhibit decreased expression of
genes encoding glucose transporters, glycolytic enzymes, as well as
decreased expression of the metabolic coordinator, mTOR (10).
Combined transcriptomic and metabolic analysis of TREM2
deficient macrophages revealed reduced ATP production and
defects in metabolites and enzymes involved in glycolysis, the TCA
cycle and PPP (10). Furthermore, TREM2 knockout mice exhibit
cerebral hypometabolism measured by FDG-PET (82, 83). TREM2
also plays an important role in lipid metabolism, with TREM2
deficiency causing pathogenic lipid accumulation in microglia (84).

The TREM2/ApoE axis has also been identified as a regulatory
checkpoint in the differentiation of specialized microglial phenotypes
associated with age and disease, coined disease-associated microglia
(DAMs) (26). DAMs express high levels of lipid metabolism genes,
including APOE, Cst7 and lipoprotein lipase (Lpl), which catalyse the
release of FAs for FAO (50). Other studies have identified disease and
injury associated microglial signatures that share overlap with some
key DAM-associated genes, including APOE and Lpl (24, 25, 27). A
recent study of microglial proteomic changes in AD mice
demonstrated upregulation of the TREM2/ApoE axis and
increased proteins involved in FA metabolism (85).

These findings indicate that AD-associated pathology and
genetic risk factors are intricately associated with mitochondrial
metabolic functions in microglia (summarized in Figure 1).
However, further research is needed to elucidate the mechanistic
pathways involved in metabolic regulation in microglia, which
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Healthy Brain

STIMULI

METABOLISM

inducible factor-1o; mTOR, mammalian target of rapamycin.

FIGURE 1 | Microglial metabolic programming and immune functions in AD. Alzheimer’s pathogenic stimuli AR and tau induce microglial metabolic alterations.
Metabolic alterations are mediated by the mTOR-HIF1a pathway and characterized by decreased OXPHOS, increased glycolysis, impaired ATP production, a
“broken” TCA cycle, increased ROS, and lipid droplet accumulation. These alterations in turn effect microglial immune functions including phagocytosis, chemotaxis,
cytokine production, membrane biogenesis, and antigen presentation. GLUTS, glucose transporters; PPP, pentose phosphate pathway; TCA, tricarboxylic acid;
ROS, reactive oxygen species; OXPHOS, oxidative phosphorylation; TNF-a., tumor necrosis factor- a;; IL-6, interleukin-6; IL-1B, interleukin-18; HIF-1o., hypoxia

Glycolysis

may in turn aid the identification of druggable targets to modulate
immunometabolic impairment.

Aging and Microglial Metabolism

Aging is associated with a glycolytic metabolic shift in both
human and mouse microglia, coupled with increased expression
of markers of cellular senescence (86, 87). Aging also leads to
accumulation of lipid droplets in microglia in the mouse and
human brain, named lipid droplet accumulating microglia
(LDAM) (29). LDAMs are characterized by upregulation of
genes involved in lipogenesis, TCA cycle and FAO, and exhibit
increased ROS production. Meanwhile, key enzymes involved in
lipid degradation are downregulated. A recent study has
demonstrated that physical coupling between the mitochondria
and lipid droplets plays an important role in the regulation of
glycolytic metabolic reprogramming in immune cells (88).
Whether lipid droplet-mitochondrial interactions regulate
metabolic programming in microglia remains to be addressed,
but may provide important new insights into how microglial
metabolism is coordinated in aging and AD.

MICROGLIAL METABOLISM AND THE
INNATE IMMUNE RESPONSE IN AD

Microglial metabolism and immune function are reciprocally
regulated. Microglia not only undergo adaptive metabolic
reprogramming in response to inflammatory stimuli, but
immune responses are dependent upon these metabolic shifts.
Changes in cell morphology, chemotaxis, and phagocytosis all
require reorganization of the actin cytoskeleton, which is
dependent on the coordinated supply of ATP (89). Phagocytic
degradation of engulfed materials, which plays an important role
in the clearance of AP and tau, also relies upon the coordinated
production and delivery of mitochondrial ROS to the
phagolysosome (90). Similarly, the production of cytokines and
growth factors requires resources such as amino acids, nucleotides,
and fatty acids, which are supplied by metabolites generated during
energy production. Mitochondrial metabolites are also utilized for
lipogenesis to support membrane biogenesis for filopodia
formation, antigen presentation and organelle biogenesis during
proliferation and growth (73, 91). As such, changes in microglial
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adaptive metabolic reprogramming underpins immune function.
Here we will discuss how age and disease associated changes in
microglial metabolic programming modulates critical microglial
functions in AD.

In microglia, initiation of the classic pro-inflammatory response
is dependent upon glycolytic metabolic reprogramming, with
immune responses including phagocytosis and pro-inflammatory
cytokine production blocked by inhibition of glycolysis (25, 40, 92—
94). In addition to rapidly generating ATP for energetically
demanding chemotaxis and phagocytosis, upregulation of
glycolysis and its branched pathway, the PPP, has been shown to
be essential for the production of ROS-dependent phagosome
degradation (95). In the AD brain, proteomics analysis has
demonstrated a strong association between microglia and
glycolytic metabolism (3). Upregulation of markers enriched in
the AD brain was observed in microglia undergoing active A
phagocytosis in AD mouse brain, suggesting a protective function of
hyperglycolytic microglia in AD (3). Markers identified in this study
overlapped with markers of the TREM2-dependent, protective,
phagocytic microglial subpopulation, DAMs (26). Knockout
studies have shown that TREM2 promotes a metabolic
programme fuelled by glycolysis, PPP and the TCA cycle to
support phagocytosis (10). TREM2 deletion impairs microglial
chemotaxis and phagocytosis in AD mice, resulting in inability of
microglia to cluster around and clear aggregates of AP (10). These
microglial deficits were mitigated with dietary cyclocreatine, a
creatine analog that can supply ATP, indicating metabolic
impairments caused the immune function impairments following
TREM?2 deletion (10).

Microglial hyperglycolysis is also observed in the aging brain
but, in contrast is associated with compromised chemotaxis,
phagocytosis and AP engulfment, and elevated secretion of pro-
inflammatory cytokines (86, 87). Likewise, AB-induced glycolysis
is associated with impaired chemotaxis and phagocytosis of AP in
cultured microglia, a phenomena also observed in microglia
isolated from AD mice (59). Further, multiple studies have
shown that microglial AB phagocytosis is enhanced by
promoting OXPHOS, rather than glycolysis (96, 97). One
potential explanation for these differences may come from the
chronic versus acute effects of AP on microglial function. Because
glycolysis is metabolically inefficient, persistent reliance on
glycolysis in microglia may lead to impaired immune function
and reduced capacity to perform immune functions over time
(97). In line with this, acute exposure to AP increased glycolysis
and enhanced immune functions in microglia, whereas chronic
exposure induced metabolic dysregulation and diminished
immune functions, including phagocytosis and cytokine
secretion (35). Further, AB-induced mitochondrial toxicity may
disrupt coordinated immunometabolic programming. Consistent
with this, in AD mice pharmacological induction of mitophagy to
restore mitochondrial quality control enhanced microglial
phagocytosis of AP and decreased the production of pro-
inflammatory cytokines TNF-o and IL-6 (98).

Lipid metabolism has also been identified as important in
microglial phagocytic functions in aging and AD. Lpl, the major
enzyme responsible for liberating FAs from lipid droplets, is

upregulated by AP in microglia, and silencing Lpl has been
shown to impair AP phagocytosis (99). In macrophages,
phagocytosis has been shown to be dependent on the availability
of FAs following the degradation of lipid droplets, linking effective
lysis of lipid droplets with successful phagocytosis (49). Supporting
this, Lpl has been identified as a key marker of DAMs. In contrast,
LDAMs, which are characterized by lipid droplet accumulation,
lipogenesis and reduced FAO, also exhibit impaired phagocytosis
(29). Lipid accumulation is a key feature observed in immune
dysfunction, for example foamy macrophages observed in
atherosclerotic lesions and lipid droplets have been identified as
potential structural markers of inflammation (100). Interestingly,
inhibition of FA synthesis restored phagocytic function in these
microglia, again highlighting the potential to restore microglial
immune function by restoring metabolic function in aging and AD.

MICROGLIAL METABOLIC
REPROGRAMMING FOR THE
TREATMENT OF AD

AD is one of the leading causes of death worldwide with no
effective treatments available, leading to urgent calls for the
development of disease modifying-agents (101). Given the
pivotal role of inflammation in AD pathophysiology, here we
discuss potential therapeutic strategies that improve microglial
function through regulation of metabolism.

Ketone Body Therapeutics

Microglia can utilize ketone bodies as an alternative energy substrate
to glucose, and ketosis has been shown to modulate a range of
microglial inflammatory processes and reduce AP and tau
accumulation in AD mice (101-106). Ketosis can be induced
through several methods, including dietary modification, ketone
body supplements, and pharmacological inhibitors of glycolysis.
High-fat, low-carbohydrate ketogenic diets are thought to trigger a
shift from glucose metabolism towards fatty acid metabolism, which
in turn yields increased ketone body concentrations. Ketogenic diet
decreased microglia activation and pro-inflammatory cytokine IL-6,
IL-1B and TNF-o levels (107). Similarly, oral administration of
ketone body metabolites such as -hydroxybutyrate (3-OHB) have
been shown to reduce microglial inflammation (108), reduce
expression of pro-inflammatory cytokines IL-1b, IL-6, CCL2/
MCP-1 (109), and inhibit NLRP3 inflammasome activation (110).
Competitive inhibitors of glycolysis, such as 2-deoxy-D-glucose (2-
DG) have been shown to induce compensatory metabolic processes
and promote ketosis. Transgenic AD mice fed a diet supplemented
with 2-DG exhibited increased serum ketone body levels and brain
expression of enzymes required for ketone body metabolism, as well
as decreased oxidative stress and reduced levels of AP oligomers
(111). Further, pharmacological treatment with 2-DG has been
shown to reduce markers of microglial activation following LPS
treatment (41), reduce expression of inducible nitric oxide synthase
(iNOS) (112), and decrease IL-6, IL-1B levels (113) in BV2 and
primary microglia. These findings suggest that treatments targeted
towards increasing microglial ketosis in AD may have therapeutic
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benefits, however ketogenic diet, B-OHB, and 2-DG are all known
to exert non-microglial specific effects in a range of cell types in the
brain. Further research aimed at identifying microglia-specific
promoters of ketosis may be of benefit in the treatment of
neuroinflammatory diseases such as AD.

Exercise

Exercise is consistently associated with improvement in cognitive
and neuronal function in aged animals (114, 115) and reductions
in AP and tau pathology in AD mice (116-118). The mechanism
underlying exercise-related benefits in the brain is not well
understood, however decreased pro-inflammatory cytokine
expression has been proposed as one potential mechanism (119,
120). Recently, metabolic reprogramming has been identified as a
mediator of exercise-relate changes in cognition and immune
functions, as exercise attenuated age-dependent inflammatory
cytokine expression and cognitive decline in mice, while
decreasing glycolytic enzymes and increasing phagocytosis in
isolated microglia (86). However, whether exercise exerts
beneficial effects by promoting OXPHOS or FAO, or alternative
substrate use, remains to be elucidated. Although no study to date
has investigated whether metabolic reprogramming underlies
exercise-related changes in inflammation and pathology in an
AD-specific context, these findings suggest that exercise is a
promising avenue for therapeutic investigation.

mTOR Targeted Therapeutics

The mTOR-HIF-1o. pathway is a central mediator of
inflammation in the brain and has been implicated in the
regulation of microglial metabolic reprogramming in AD (10,
35). Two compounds that target the mTOR pathway and are
currently being trialled for clinical efficacy in AD are rapamycin
and metformin. Rapamycin directly inhibits mTOR via binding of
mTOR Complex 1 (mTORCL1), whereas metformin acts upstream
of mTOR by targeting the glycolytic inhibitor AMP-activated
protein kinase (AMPK). Both compounds have been shown to
reduce glycolytic metabolism in favor of increased OXPHOS in
immune cells (121, 122) and decrease the production of
proinflammatory cytokines by microglia and macrophages (123,
124). As the mTOR pathway is found ubiquitously in all cell types,
targeting microglial-specific mTOR signaling is challenging and
both rapamycin and metformin are known to exert non-immune
related effects in neurons and astrocytes. TREM2 has recently been
identified as a microglial-specific target that regulates mTOR in
AD (10), however there is currently a paucity of druggable targets
identified in the TREM2-mTOR signaling pathway. SHIP1, which
is primarily expressed in microglia, is one of the only therapeutic
targets in the TREM2-specific mTOR signaling pathway that is
under investigation for the treatment of AD. SHIP1 is known to
inhibit TREM2 signaling (125) and pan-SHIP1/2 inhibitors have
been shown to increase microglial phagocytosis of AB1-42 in vitro
via mTOR regulation (126). These findings suggest that
modulating TREM2-dependent mTOR signaling could provide
neuroprotective effects in AD, however further research is needed
to identify additional targets for therapeutic modulation in
this pathway.

TSPO Targeted Therapeutics

The translocator protein (TSPO) is an outer mitochondrial
membrane protein that is predominantly expressed in microglia
in the brain and is upregulated in AD (127, 128). Consequently,
TSPO is widely regarded as a biomarker of neuroinflammation, and
TSPO ligands have been shown to exert a range of protective effects
in mouse models of neurodegeneration (129, 130). In particular,
ligands targeting TSPO have been shown to decrease A3 deposition
and reduce markers of inflammation in mouse models of AD (131).
TSPO has also been implicated in microglial metabolic
programming, as TSPO deficiency suppressed both OXPHOS
and glycolysis, resulting in overall metabolic deficits in primary
microglia (132) and increased fatty acid oxidation in steroidogenic
cells (133). In contrast, treatment with TSPO ligands improved
mitochondrial respiration, decreased oxidative stress-induced cell
death by reducing ROS, and lowered A levels in H1299 cells (134).
These findings suggest that TSPO may be a marker of beneficial
microglial phenotypes, and treatments aimed at increasing TSPO
expression may confer neuroprotective effects in AD. However,
further research investigating the metabolic modulatory effects of
TSPO ligands in microglia specifically is required.

DISCUSSION

Innate immunity plays a causative role in the pathogenesis of AD,
and coordinated microglial immune responses have the potential
to either ameliorate or exacerbate AD pathology, depending on
microglial phenotypes. However, efforts to elucidate the cellular
mechanisms and molecular signals mediating neuroinflammatory
responses in AD have been hampered by the large heterogeneity in
immune cell types and responses within the brain. Emerging
evidence indicates that metabolic function plays a critical role in
the regulation of microglial function in AD, with metabolic
programming underlying diverse microglial immune functions
and phenotypes. Further, therapeutic strategies modulating
microglial metabolic programming have shown neuroprotective
effects, by reducing amyloid and tau load, and improving cognitive
deficits. These findings suggest that microglial function and
metabolism are intricately associated processes in AD, however,
further research is needed to elucidate the mechanistic pathways
involved in metabolic regulation in microglia, which may in turn
aid in the identification of druggable targets to modulate
immunometabolic impairment.
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Neuroinflammatory and neurodegenerative diseases are a major public health problem
worldwide, especially with the increase of life-expectancy observed during the last
decades. For many of these diseases, we still lack a full understanding of their etiology
and pathophysiology. Nonetheless their association with mitochondrial dysfunction
highlights this organelle as an important player during CNS homeostasis and disease.
Markers of Parkinson (PD) and Alzheimer (AD) diseases are able to induce innate immune
pathways induced by alterations in mitochondrial Ca®* homeostasis leading to
neuroinflammation. Additionally, exacerbated type | IFN responses triggered by
mitochondrial DNA (mtDNA), failures in mitophagy, ER-mitochondria communication
and mtROS production promote neurodegeneration. On the other hand, regulation of
mitochondrial dynamics is essential for CNS health maintenance and leading to the
induction of IL-10 and reduction of TNF-a secretion, increased cell viability and diminished
cell injury in addition to reduced oxidative stress. Thus, although previously solely seen as
power suppliers to organelles and molecular processes, it is now well established that
mitochondria have many other important roles, including during immune responses. Here,
we discuss the importance of these mitochondrial dynamics during neuroinflammation,
and how they correlate either with the amelioration or worsening of CNS disease.

Keywords: mitochondria, neuroinflammation, neurodegenerative diseases, Alzheimer disease, Parkinson disease,
multiple sclerosis

INTRODUCTION

The central nervous system (CNS) depends on a complex and intricate network of molecular and
cellular interactions to maintain appropriate function and homeostasis. This well-organized
network when disturbed, leads to resident cells activation, inflammatory leukocyte infiltration,
and further tissue damage. During recovery, counterregulatory mechanisms take place, and the
activated cells return to the homeostatic state. However, in the absence of these finely tuned
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regulatory loops, the coordination is broken and chronic
neurodegenerative and neuroinflammatory diseases may occur.

Neurodegenerative diseases represent a heterogeneous group
of diseases of major public health concern. The World Health
Organization (WHO) have estimated that until 2030, deaths
attributed to neurological diseases will increased up to 12.22%
(1). Due to their overly complex pathophysiology, interdisciplinary
approaches and breakthrough science are highly needed to unravel
disease mechanisms, and thus developing effective new therapies.
In fact, with the extension of our life expectancy and the dramatic
change in the age pyramid during the last decades, these studies are
mandatory either to avoid or delay their impact on society
and economy.

A common feature of neurodegenerative and neuro-
inflammatory diseases is the activation of CNS resident cells
(2-4). Microglia and astrocytes may actively start, promote, or
dampen neuroinflammation (5-8). The reason is because many
immune-related receptors and molecules are extensively
produced by these cells, not only during disease but also
during physiological processes (3, 9). Conversely, these
mechanisms demand high energy consumption, promoting
important metabolic changes in the cell. In this context, the
importance of mitochondria and mitochondria-related pathways
is unquestionable.

More than just power houses of the cells (10), the role of
mitochondria have been remarkably appreciated and revisited.
Recent research has revealed important correlation of
mitochondrial dynamics and the pathophysiology of brain
diseases, as Alzheimer’s. Disease (AD), Parkinson’s Disease (PD)
and Multiple Sclerosis (MS) (11-13). Disturbances in
mitochondrial dynamics may influence many cellular and
molecular pathways, as calcium-dependent immune activation,
transcription factors phosphorylation, cytokine secretion,
organelle transference and even cell death. Moreover,
dysfunctional dynamics may also affect the release of
mitochondrial damage-associated molecular patterns
(mDAMPs), triggering innate immune responses in both
resident and infiltrating cells (14). The release of mDAMPs
leads to NOD-like receptors (NLRs), Toll-like receptors (TLRs)
and cGAS-STING activation, promoting inflammatory cytokine,
chemokines, and reactive oxygen species production, impacting
disease outcome. However, although much has been learned
regarding mitochondrial function during health and disease,
mitochondrial dynamics during neuroinflammation and
neurodegenerative disorders remains to be fully elucidated.
Here, we aimed to summarize recent knowledge in the field,
correlating dysfunctional mitochondrial dynamics with the
worsening of CNS diseases.

MITOCHONDRIAL DYNAMICS AND
NEUROINFLAMMATION

Mitochondrial dynamics is a process by which this organelle
changes size, location, shape, and function inside the cell (15).
Mitochondrial fusion and fission greatly correlate with metabolic

changes, depending on the stimuli and energy demand, as it
regulates cellular functions during health as well as during
disease. There is now a better understanding of the changes
that occur during mitochondrial dynamics changes and its
relationship with CNS resident cells.

Mitochondrial Location and Mitochondria-
ER Communication

Mitochondria location within the cell is mostly regulated by the
outer mitochondrial membrane (OMM), anchoring it to the
cytoskeleton’s microtubules motor proteins, kinesin and dynein
(16). For instance, mitochondria’s position in astrocytes
influences Ca** levels, directly affecting astrocyte survival and
communication with nearby neurons (17). Intracellular calcium
level is dictated by the transferring between mitochondrial
reticulum (mitRet) and endoplasmic reticulum (ER).
Remarkably, several neurodegenerative diseases correlate with
detrimental calcium homeostasis, evidenced by the disruption of
mitRet and ER communication, as observed in Amyotrophic
Lateral Sclerosis (ALS), a severe condition characterized by
progressive weakness, muscle wasting and paralysis. Impaired
electron transportation chain (ETC) and reduced glutamate
uptake were already described in ALS. This greatly increases
Ca®* permeable activation of AMPA receptors, leading to
excitotoxicity (16).

Mitochondria-ER associated membranes (MAMSs) consist of
around 1500 active proteins. Regardless of their fundamental
importance for cellular metabolism and Ca** homeostasis, the
molecular mechanisms that underly the recruitment and
tethering of ER-mitochondria are not fully understood, and
extensively debated. It has been proposed that MAMs tethering
is dependent on the interaction between mitofusin 2 (MFN2) in
the ER, and MFN1 and MFN2 in the OMM (16). Supporting this,
ablation of MFN2 loosens ER-mitochondria interaction strongly
impairing mitochondrial Ca®* uptake (18). However, the role of
MFN2 is not a consensus in the literature and some studies
consider MFN2 a tethering antagonist that suppresses the
excessive binding between the organelles, preventing toxic Ca*"
transfer within mit-Ret and ER (19, 20).

Tyrosine phosphatase-interacting protein 51 (PTPIP51), and
the integral ER protein vesicle-associated membrane protein-
associated protein B (VAPB) are also listed as tethering
molecules for MAMs formation. Interestingly, during ALS,
fronto-temporal dementia (FTD) and PD, disruption in the
PTPIP51-VAPB interaction also induces dysregulated Ca**
homeostasis and decreased ATP production (21, 22). Strikingly,
it was orchestrated by fused in sarcoma (FUS) protein, and not by
directly altering PTPIP51- VAPB expression, but by activating
glycogen synthase kinase 3-beta (GSK-3b), evidencing a
correlation between this molecule and ALS.

Additionally, the communication between mitochondrial
voltage-dependent anion channel (VDAC) and inositol 1,4,5-
trisphosphate receptor (IP3R) within the ER membrane via
GRP75 was suggested as a bond of MAMs (23, 24). Curiously,
the PD associated protein, DJ1, is necessary for mitochondrial
Ca’" uptake and was related with VDAC-IP3R-GRP75 complex
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in the maintenance of MAMS (25). Noteworthy the fact that
mitochondrial Ca®* uptake occurs in response to ER IP3R
activation (19) and that fluctuations in channel activity does
not affect the binding of MAM (26). Moreover, it is important to
mention that IP3R activation is an important signaling pathway
for immune response (27), as observed for nuclear factor of
activated T cells (NFAT) (28).

NFAT activation typically leads to the transcription of
inflammatory mediators that are upregulated during some
neurodegenerative diseases. For instance, amyloid beta (Af)
protein uptake by microglia induces dysregulated NFAT
expression, increasing TNF-ou secretion and neuronal death
in vitro (29). Interestingly, AP and o-synuclein deposition,
hallmarks of AD and PD, can both trigger inflammatory
responses via TLR-2 and TLR-4, respectively (30-32).
Conversely, Ma et al. (33) demonstrated that the crosstalk
between TLR-4 and NFAT1 signaling into the mitochondria is
a TRIF-dependent phenomenon, culminating in pro-
inflammatory cytokine and ROS production, mitochondrial
morphological changes and finally, prolonged microglia
activation (33).

Corroborating the proinflammatory statement, it was
demonstrated that cytokine activation of primary astrocytes
and microglia upregulate intracellular Ca** mobilization and
NFAT activation. NFAT upregulated genes are associated with a
neurotoxic phenotype of astrocytes, known as Al astrocytes. In
A1 astrocytes (C3"GBP2"), NFAT is positively regulated by IL-
1B and, in a positive feedback loop, IL-1B expression is NFAT
and L-type Ca*" channel dependent (34). Thus, bidirectional
interactions between ER and mitochondrial Ca** levels, NFAT
activation and upregulated inflammatory mediators, sustain a
positive feedback loop that correlate with the chronicity of the
neuroinflammatory microenvironment.

Mitochondrial Dynamics and Programmed
Cell Death

Besides location and interaction with other organelles within the
cell, mitochondrial fusion and fission is a crucial process for
regulating cell death. Fusion is coordinated by a family of
GTPase proteins with tethering activity. This family of proteins
is localized on the outer mitochondria membrane (OMM),
highlighting MEN1 and MEN2, and in the inner mitochondria
membrane (IMM), optic atrophy 1 (OPA1) (35). The steps that
orchestrate mitochondrial elongation are not fully understood, but
a model suggests that the interaction of MFNs from two opposing
mitochondrion is stabilized by coil-coil heptad repeat-2 (HR2)
(36), increasing the surface of contact (37). Following this, at the
interaction site, guanosine triphosphate (GTP) is hydrolyzed
culminating in conformational changes in the MFNs and thus,
OMMs fusion. Different isoforms of OPA-1 such as long
membrane-bound OPA1 (L-OPA1) and short soluble OPA-1(S-
OPA1l), generated by proteolytic cleavage of L-OPA1l, are
associated with fusion and fission balance (38). Complete fusion
occurs when cardiolipin (CL) interacts with L-OPA1 resulting in
IMM unification following OPA1-dependent GTP hydrolysis (39).
Mitochondria elongation is associated with efficient metabolism

and maintenance of ATP production even during nutrient
deprivation, thus increasing cellular viability (40).

On the opposite, mitochondrial fission is initiated following the
assembly of a pre-constriction site, directing the dynamin related
protein 1 (DRP1) binding site of the OMM. One of the proteins
that compose the pre-constriction site is fission protein 1 (FIS1),
that also inhibits fusion by preventing GTP hydrolysis of OPA1
and MFN1/2 (41). The constriction site is not randomly located,
instead is pinpointed on ER-mitochondria interaction site (42). ER
tubules induce actin polymerization at the narrowing site, whereas
myosin mediates actin contraction and mechanical pressure to
ensure pre-constriction. Then, DRP1 is recruited forming a ring-
like oligomer which following the GTP hydrolysis squeezes the
pre-existing constriction site. Lastly, dynamin 2 is recruited to
DRP1-compression site for mitochondrial fragmentation (43).
The processes that coordinate the OMM fission are better
known that the ones related to IMM. So far, it was shown that
prior to DRPI recruitment, Ca>" promotes constriction in the
IMM by favoring proteolytic cleavage of OPA-1 (44). Strikingly,
the pre-constriction site is also spatially linked and critical to
maintain mtDNA replication in the matrix (42). Fragmented
mitochondria tend to present increased stress oxidation,
membrane depolarization and impaired ATP production (45).

OPA1 and MFEN2 genes are essentially related to the
formation of healthy mitochondrial networks. Mechanistically,
total or partial loss of function of OPAI results in fragmented
mitochondria, leading to a loss of mitochondria membrane
potential (A¥m) and thus initiating autophagic and apoptotic
pathways (46, 47). Importantly, in the CNS, these alterations
may lead to massive neuronal and glial cell death, as seen in optic
atrophy-1 and Charcot-Marie-Tooth disease and hereditary
peripheral neuropathy (46, 47). Only recently, studies have
described the role of mitochondrial fusion and fission in
programmed cell death due to DRP1 and MFN2 interaction
with BAX and BAK, respectively. As a result of exposure to toxic
levels of nitric oxide (NO), BAX interacts with DRP1 in neurons
inducing mitochondria fragmentation. In this context, inhibition
of DRP1 impairs BAX deposition and pore formation, improving
neuronal survival (48, 49).

The degradation of damaged organelles and cytosolic
components usually results in autophagy, leading to the
delivery of damaged cellular components to autophagosomes
for degradation (50, 51). Mitochondria specialized autophagy,
named mitophagy, is triggered by OPA-1, DRP1 and MFN2.
These proteins, besides their regulatory role in mitochondria
dynamics, are also responsible for autophagosome formation (50,
51). Mitophagy initiation is also dependent on PTEN-induced
putative kinase 1 (PINK1) and E3-ubiquitin ligase protein
(Parkin). These proteins accumulate in the OMM and
ubiquitinate mitochondria target proteins (52, 53). As OMM has
plenty of PINKI and MFN2, Parkin is recruited from the
cytoplasm and phosphorylated, hence exerting its ubiquitin
activity (54). Consequently, DRP1, NF-xB essential modulator
(NEMO) and mitochondrial Rho GTPase protein 1 (MIRO1) are
targeted for proteasomal degradation (55, 56). Mitophagy is
consolidated when MIROL1 is degraded by the proteasome and
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mitochondria is detached from its anchoring microtubules (57).
Lastly, mitochondria is sequestrated in a double membrane vesicle
that fuses with autolysosomes that further “digests” the organelle
(58). Importantly, the correlation between Parkin and PINK1
mutations to autosomal-recessive cases of PD is widely known
(59). In this context, the unbalance between damaged
mitochondria and its removal, importantly contributes for PD
progress. This unbalanced mitochondrial dynamic correlates with
impaired clearance of dysfunctional organelles through Parkin and
PINK1 pathway, resulting in deleterious accumulation. The
benefits of mitophagy, however, goes beyond the removal of
damaged mitochondria (59). Ip et al. (60) demonstrated that
PINKI is essential for microglial secretion of IL-10 and
reduction of TNF-o secretion. Remarkably, elevated IL-10
secretion correlated with mitophagy induction in macrophages
via mTORC1 inhibition and consequently decreasing
inflammation (60). Using a mouse microglial cell line, it was
shown that mitophagy increases AYm and diminishes TNF-o
induced apoptosis by hampering the increase in pro-apoptotic
proteins (61). Furthermore, the role of mitophagy during
neurodegenerative diseases overcome the regulation of immune
responses. In a mouse model of AD, microglial cells under
mitophagy have elevated levels of intracellular AR aggregates,
suggesting increased phagocytic activity, and thus clearing the
harmful AP deposits (62).

Autophagy may be beneficial to rebuild healthy mitochondrial
dynamics after pro-inflammatory responses. Following
mitochondrial fragmentation, autophagy is triggered due to
dysregulated respiratory chain and ROS production. Such
mitochondria alterations are promoted by IFN-y and LPS
upregulation of DRP1 and LC3, an autophagy-related protein.
For instance, this mechanism is essential to restore tubular
mitochondrial networks after inflammatory stimulation in
astrocytes, as shown in a mouse model of cortical lesion.
Interestingly, astrocytes located in the core or penumbra
exhibited different mitochondrial patterns, with core
mitochondria prominently fragmented, as opposed to those in
the penumbra (63). This evidences the importance of the
neuroinflammatory microenvironment in orchestrating
mitochondrial shape and size.

Astrocyte-to-Neurons Mitochondria
Exchange

Many factors released from astrocytes provide neurotrophic and
metabolic support for nearby neurons. These range from DNA,
microRNAs, glucose-related molecules, cytokines and even
organelles, such as the mitochondria (64, 65). Despite not
completely understood, several reports have already demonstrated
the importance of damaged and healthy mitochondria transference
in between cells for neuronal metabolism and survival. During brain
injury, astrocytes may release damaged mitochondria to minimize
the amount of detrimental ROS and dysregulated Ca** balance (66).
Conversely, healthy mitochondria may also be donated from
astrocytes to damaged neighboring neurons, increasing its
viability (67). Moreover, Davis et al. (68), firstly demonstrated

that the exchange of mitochondria among neurons and astrocytes
seem to work in a bidirectional way (68).

The release of mitochondria by astrocytes is a CD38/Ca*
dependent phenomenon (69). It upregulates survival pathways in
neurons after stroke, indicating a neuroprotective role for the glia-
to-neuron mitochondria communication. Also, mitochondria
acquired from astrocytes have a crucial role in maintaining
neuronal energy production under glucose-oxygen starvation.

Joshi et al. (70) showed that previous mitochondria
fragmentation is an essential step for organelle release to the
extracellular space (70). They observed that inhibition of DRP1
diminishes astrocytic and microglial activation and ameliorates
pro-inflammatory phenotype in mice models of AD, ALS and
Huntington’s disease (HD). Interestingly, this phenotype was
dependent on the release of damaged mitochondria by microglia
cells, triggering neuronal death in consequence of Al-
inflammatory-astrocyte activation (70).

MITOCHONDRIAL DAMPS AND
NEURODEGENERATION

Since Polly Matzinger’s “danger theory” (71), the introduction of
damage-associated molecular patterns (DAMPs) has greatly
broadened our understanding of how the immune system
works during tissue damage and repair (71). The idea of
recognizing “danger” and “alarm” signals produced by cells, as
DNA, ATP and HSPs (heat-shock proteins) (72), during
inflammatory events, completely changed the view of
inflammatory processes. Naturally, many advances in the
biology of danger signals, along with the discovery of stress-
associated molecules acting as DAMPs were achieved (71, 73).
Accordingly, one important source of DAMPs that has gained
increased attention is the mitochondria.

Examples of mDAMPs receptors are the classical PRRs
(pattern recognition receptors), such as the TLRs, NLR (NOD-
like receptors), as well as STING (stimulator of interferon-genes)
and RAGE (receptor for advanced glycation products) (74). It is
important to note that the signaling of these receptors, ultimately
lead to inflammatory responses that may promote an auspicious
environment for neurodegeneration. Moreover, the activation of
TLR-7/9 and STING induces a IFN-I response (75) which has
been recently demonstrated by microglial single-cell analysis in
mice that, during aging, three clusters of interferon-responsive
microglia appear, and that they correlate with subsequent CNS
disease (76). Although the role for mitochondrial dynamics in
this phenomenon is still to be addressed, the existence of
mDAMP-IEN pathways denotes a possible correlation, as
reviewed (74).

Cardiolipin is a phospholipid located at the IMM providing
the structure for the electron transportation chain (ETC),
binding to Complex IV and maintaining other ETC complexes
and mitochondrial content in place and sharply functional (77).
Cardiolipin molecules are particularly sensitive to oxidative
damage created by unbalanced mitochondrial functioning and/
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or ROS produced by activated microglia. Interestingly, a highly
oxidative environment causes loss of Aym and promotes the
repositioning of cardiolipin molecules to the OMM (77). Then, it
can be sensed by cytosolic immune receptors, as NLRP3,
initiating inflammasome activation, inflammatory cytokine
secretion and dysregulation of mitochondrial dynamics (78).
Other effects include loss of functional ETC and release of
intrinsic apoptotic molecules located between the IMM and
OMM, such as cytochrome C and SMAC/Diablo (79, 80). The
release of Mitochondrial Transcription Factor A (MTFA) can
also initiate inflammatory processes when released
extracellularly. This is because MTFA shares high homology
with High Mobility Group Box (HMGB), an important DAMP,
and thus proinflammatory (65). Interestingly, a subset of
Gamma-delta T cells (Ty0) increased in Multiple Sclerosis
(MS) patients has been shown to be activated by cardiolipin.
Although their exact role is still not clear, it suggests an
important role for cardiolipin also activating adaptive immune
responses during CNS disease progression (81).

Mitochondrial DNA is the most studied mDAMP, and it has
a high correlation with many pathological processes. Among
their distinct characteristics, mtDNA codes only 13 proteins,
including mitochondrial ribosomal subunits and ETC
components, essential for proper mitochondrial function (82,
83). Failures in mitochondrial dynamics often result in the
accumulation of mutated mtDNA, as they lack a robust repair
mechanism (83, 84). This affects the cellular capacity in
producing energy and also set in motion inflammatory
processes (83, 84). mtDNA is not packed and has motifs
usually perceived as harmful by innate immunity receptors.
During mild stressful situations when apoptotic caspases are
not mobilized, loss of mitochondrial membrane action potential
(Aym) for example, facilitates both OMM and IMM
permeabilization and the induction of BAX/BAK pores,
enabling mtDNA release to the cytosol. Then, it can be sensed
by the cyclic GMP-AMP synthase (cGAS) receptor, activating its
adaptor protein STING (stimulator of interferon genes) (85).
Interestingly, this mtDNA-dependent Type I interferon (IFN-I)
induction is beneficial in the context of viral infection because it
primes the cell into an antiviral state (86). Still, the same issue
occurs when mtDNA is present extracellularly, as internalized
mtDNA signals through endosomal TLR-9, resulting in NF-xB
and IRFs activation, and further interferon transcription (87, 88).

Another important mDAMP are mtROS produced at high
levels by the mitochondria (89). Mitochondrial ROS (mtROS)
are mainly byproducts of the mitochondrial ETC. During
respiration, O, that does not get reduced into H,O forms the
O; radical specially by the activity of ETC complexes I and III,
which can be later converted in H,O, mainly by enzymes that are
present in the organelle (90, 91). Other mitochondrial and
cellular events can also enhance the production of mtROS,
such as a decreased AWm, inhibition of the ETC,
mitochondrial Ca®" influx, oxygen concentration and even
mitochondrial morphology (90, 92). These molecules can act
both as signaling (93) or as damaging molecules, causing
mtDNA mutations, oxidation in fatty acids and amino acid

residues, leading to deleterious disruption of the cellular redox
signaling (94-96). Specially in the brain, the damage caused by
ROS are linked to protein aggregation (93, 97).

In summary, although the mitochondria represent a vital
organelle, providing energy and regulating metabolic processes
of the cell, it also represents a “time-bomb” capable of inflicting
and propagating devastating damage to the organism. This
characteristic is especially significant on the CNS, where most
resident cells are extremely susceptible to mitochondrial
dysfunctions, as evidenced by the metabolic linked pathogeny
of the neurodegenerative diseases, that will be further described
in this review.

UnDAMPening Mitochondria in
Neurodegenerative Diseases

Mitochondria and Type | Interferon Responses

As mentioned, mDAMPs may signal through PRRs resulting in
type I interferon responses (75, 98). Although their importance is
mostly known during viral infections (99, 100), IFN-I responses
in the CNS have a dual effect. In fact, there are evidences showing
that IFN-I responses linked to mDAMPs in neurodegenerative
diseases may also have a neuroprotective role (101, 102). Type
IFN-I responses in the CNS have already been greatly reviewed
by Deczkowska and colleagues (103), in which they discuss this
complex signaling network duality. As an example, studies
demonstrating that T cells derived IFN-I and IFN-y are crucial
to the blood brain barrier (BBB) permeability, as well as to the
production of neurotrophic factors that aid the maintenance of
cognitive functions. Corroborating this, the lack of IFN-f in the
brain of knockout mice promotes progressive cognitive loss and
impaired motor function (104).

Recognized mainly by TLR-9 and STING (75, 105), mtDNA
has already been shown to be elevated in the serum of patients
with ischemic brain injury (106, 107). Type I IFNs signaling rely
on the interaction with Type I Interferon Receptors (IFNAR) and
subsequent intracellular cascades that culminates in the
phosphorylation of Jak-STATS and IRFs, and the transcription
of Interferon Stimulated Genes (ISGs) (100). IFNAR are present
in many cell types and, recently, transcriptome analysis in the
brain showed the expression of IFNAR1 and IFNAR?2 in almost
every brain cell subset, including glial cells and neurons (108). In
the CNS, the major IFN-03 secreting sources are astrocytes and
microglia. However, during neuroinflammation, disruption of
BBB integrity facilitates the infiltration of IFN-I secreting cells, as
monocytes and neutrophils (103, 108-111). Moreover, it is
important to mention that the concept of CNS immune
privilege is being extensively revisited, as many cell types are
being described in the brain-circulation interfaces, as the choroid
plexus and the meninges (112, 113), as well as within a complex
network of lymphatic vessels (114).

It is also known that autocrine action of IFN-I induces
significant shifts of the cellular metabolism, as augmented fatty
acid oxidation and OXPHOS (65, 115, 116). These shifts are
particularly important to astrocytes, as they rely on a tight
controlled metabolite production to energetically supply nearby
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neurons, mainly by the lactate shuttle. For example, unbalanced
glycolysis lowers the expression of glutathione, facilitating
oxidative damage (65). Zhang et. al. 2019 recently reported
that lactate, a key metabolite of the glycolytic pathway,
interacts with the Mitochondrial Antiviral-Signaling protein
(MAVS), preventing its oligomerization and maintaining
Hexokinase 2 activity (HK2) (117). Although this was
described using a model of viral infection, MAVS is
increasingly showing to interact with many important enzymes
beyond its role as an adaptor for cytosolic PRRs RIG-I and
MDA-5. Importantly, the signaling trough MDA-5/MAVS has
shown to be one of the main recognition pathways of cytosolic
mtDNA, as evidenced during BAK/BAX mitochondrial
disruption and failures of mtDNA turnover, being responsible
for the major mtDNA induced IFN-I response (118, 119). Also,
recent reports evidenced that phospholipase A2 binds to MAVS
causing a disruption in the HK2 activity and increasing NF-«xB
phosphorylation, a novel pathway described in the experimental
autoimmune encephalomyelitis (EAE) model (120). This not
only give us important cues on how mtDAMPs and dysregulated
type I IFN responses could accentuate neurodegenerative
diseases, but also brings us new therapeutic avenues.

Mitochondria as Borrowers: Sphingolipid
Metabolism and Demyelination Processes
As discussed earlier, the metabolism of sphingolipids is an
important player in neuroinflammation, as they critically
participate in myelin maintenance (121, 122). For example, the
compromised action potential of neurons, that is caused by
intracellular changes or by the progressive loss of myelin due
to metabolic failure of oligodendrocytes (123), clearly evidences
the importance of a proper mitochondrial functioning (124).
The myelination process is tightly regulated both during
neurodevelopment and tissue repair, when oligodendrocytes
keep contributing for myelin remodeling (125-127) and
remyelination (128). It requires great amount of energy, leading
to high oxygen and ATP consumption, evidenced by high
mitochondrial content within oligodendrocyte’s interface with
myelin sheets (129). Thus, oligodendrocytes support the long-
term myelination by maintaining high glycolytic rates. Conversely,
mtDNA mutations in mitochondrial complex IV (mCOX-IV)
subunits correlate with more extensive demyelination (129, 130).
This phenomenon, along with increased iron deposits in
oligodendrocytes, lowers the expression of anti-oxidative
enzymes, rendering this cell population exceptionally susceptible
to oxidative damage (125, 131), facilitating disease progression.
These characteristics are most evident in diseases as MS and
AD, where the inflammatory milieu may drastically affect
oligodendrocytes. Cytokines as IL-1, TNF-o. and IFN-y, may
cause important mitochondrial distress. In fact, IFN-I impair
glycolysis in oligodendrocytes, which is crucial for maintaining
axonal integrity through myelin remodeling (132-134).
Furthermore, myelin production itself can be targeted during
CNS pathologies. The sphingomyelinase/ceramide pathways
play important roles in oligodendrocyte death by promoting
the release of ceramide. Ceramide is the precursor of

sphingomyelin lipids, the main component of myelin (135).
This molecule, like other sphingolipids, has important
bioactive functions, as promoting apoptosis and cell cycle
arrest (11, 135). Increasing evidences has shown that ceramide
can act directly on mitochondria (122) and also activate the
NLRP3 inflammasome (136). In rat liver, it has been
demonstrated that ceramide can be found in intimate contact
with the IMM and OMM, thus leading to loss of Aym and
activating intrinsic apoptotic pathways and mitochondrial
dynamics disbalance (137). This has also been discussed during
CNS inflammation, as inflammasome activation by ceramide
leads to hyperphosphorylation of leptin receptor (Obr) and thus
abrogating signaling pathway, as observed during obesity and
metabolic syndrome (135, 138).

A STING in the Brain

Although the loss of Aym is mostly studied during
mitochondrial distress, novel data evidence that this event is
also crucial for activating cytokine signaling cascades. For
instance, the consequent Aym mediated release of mtDNA can
trigger cGAS activation (102, 139-141). Recent structural
analysis revealed insights on how cGAS senses different
dsDNA residues and, interestingly, it has a higher preference
for mtDNA (142).

Discovered in the last decade (143), the cGAS-STING
pathway has an important role during intracellular infections,
being only recently valued under different contexts. CGAS
catalyzes the production of cGAMP (cyclic GTP-AMP) in the
presence of cytosolic dsSDNA, serving as a second messenger for
the activation of the STING adaptor protein. This promotes the
phosphorylation of the Tank Binding Kinase 1 (TBK1) protein
and further IRF3 nuclear translocation and IFN I transcription
(144). Of note, the STING induction of type I IFN responses is a
process that occurs only when the cell are not mobilizing
apoptotic caspases (85). Thus, it evidences the importance of
the cGAS-STING-IRF3 axis during neuropathology, as traumatic
brain injury and hypoxia (145-147).

cGAS/STING also initiates NLRP3 responses by the elevation
of K" influx post lysosomal rupture (148). The NLRP3 induced
IL-1B is an important acute phase cytokine that is critical to the
pathophysiology of CNS diseases, as AD, PD, MS and even
seizure disorders (72, 149-151). Recent research have shown that
altered Aym is dependent on IL-1R activation for further NF-xB,
IRF3 and IEN-I expression (150). This novel pathway induces
the release of mtDNA and further cytosolic detection by cGAS,
but it is important to note that this discovery was made in
monocytes and transformed lung cells (150). However, evidences
indicate the presence of this axis in the CNS, as STING also
modulates microglial reactivity during EAE (98, 152, 153).
Moreover, the antiviral drug Ganciclovir promotes beneficial
STING dependent type I IFN response in EAE model,
dampening the harmful activity of activated microglia (154).
Interestingly, mice knocked-out for mitophagy genes, as Parkin
and PINK, that leads to inflammation and neuronal death in PD,
had more prominent loss of dopaminergic neurons, which was
reverted in the absence of STING. This provides an important
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link between STING and PD pathogenesis, evidencing the need
for more studies on the biology ¢cGAS-STING during
neurodegenerative and neuroinflammatory diseases (155).

Greasing Brain Engines: Cardiolipin

Damage to the mitochondrial membrane accounts for the release
of mDAMPs. Accordingly, cardiolipin holds great responsibility
for the structural stability of the ETC and the functional
mitochondrial shape (156, 157). Cardiolipin is mostly
associated with heart diseases, mainly due to its high content
and impact in this organ (130). On the other hand, its impact
over the CNS is an issue that has recently gained attention.
Mutations in genes involved in cardiolipin biogenesis, e.g. the
trans-acylase tafazzin (TAZ), have shown to affect cognitive
functions in TAZ knock-out mice, expanding their classical
role in X-linked myopathies (12, 158). This lipid is found in
the body in different isoforms and, despite the dominance of the
tetra linoleoyl cardiolipin isoform in the periphery, studies
showed that in the CNS, there is a huge number of cardiolipin
isoforms, distributed among different brain regions and cellular
subtypes (159). Differences in cardiolipin composition and
isoforms correlate to mitochondrial position inside the cell. For
instance, as total cardiolipin increases, the closer they are to the
synapses (160), which seem to correlate with the capacity of
cardiolipin to influence ATP production (161).

Unsaturated lipids as cardiolipin are affected by mtROS and
have their function compromised during oxidative stress (162).
Proportional to the extension of cardiolipin peroxidation, there
is a massive reduction of mitochondrial production of ATP due
to Aym loss and impairment of ETC complexes I, III, IV and V.
Conversely, impaired ATP production by CNS cells is a common
factor in aging and degenerative diseases (84). Studies in PD
evidenced that cardiolipin interacts with o-synuclein by
modifying its structure and exerting a protective role, by
preventing its aggregation. Regarding this issue, divergent
results demonstrated that this interaction can also affect
cardiolipin functioning, resulting in increased pathology (163,
164). Moreover, a-synuclein binding to cardiolipin impairs the
detection of cytosolic cytochrome c and thus inhibiting apoptotic
cell death by dampening cellular oxidative stress (165).

The presence of cardiolipin in the OMM induces the
recognition and further engulfment of dysfunctional
mitochondria by LC3 mediated autophagy. Under conditions
when the number of dysfunctional mitochondria exceeds the
autophagy capacity, cardiolipin recruits BAX to form pores that
release cytochrome c to the cytoplasm and triggering apoptosis.
Thus, apart from the ETC complexes, cardiolipin also anchors
important kinases that participate in the translocation of lipidic
content through the mitochondrial membrane. When this
mechanisms are impaired, it leads to a deleterious
accumulation of dysfunctional mitochondria (156, 166).

Give Me Fuel, Give Me Fire: Inflammasome
Activation and Neuroinflammation

In addition to the induction of type I IFN response, mDAMPs also
modulate the activation of inflammasomes. Canonical

inflammasome activation leads to the proteolytic cleavage of pro-
caspase-1 to caspase-1 and the subsequent pro-IL-1B/IL-18 and
gasdermin 1 for further extracellular release (167). Both cytokines
strongly activate pro-inflammatory responses, and they have an
unquestionable importance during neuroinflammation, for
instance, promoting the disruption of the blood-brain-barrier
(BBB) and ROS production.

NLRP3 inflammasome is activated by a wide range of
molecules, including mtROS, cardiolipin and mtDNA (148,
167). Importantly, for NLRP3 complete activation, an initial
priming step is required to increase the expression of
inflammasome effector molecules, as the NLRP3 itself, caspase-
1 and pro-IL-1B. This is mediated by the activation of TLR-4,
NOD receptor 2 (NOD2) and cytokines as TNF-o and IL-1§
itself. This leads to NF-«xB phosphorylation and nuclear
translocation to promote NLRP3-related gene transcription
(167-169). However, how inflammasome senses and interacts
with stressors and the details of its activation remains not
fully understood.

Interestingly, inflammasome activation is closely related to ER
and mitochondria communication in many ways, and
mitochondrial Ca** imbalance may also result in inflammasome
activation (170). This may occur either by directly promoting
NLRP3 complex formation or by mitochondrial Ca®" overload
and further mitochondrial dysfunction. Corroborating this,
blocking ER IP3R, a major regulator of ER-to-cytoplasm Ca’
"exchange, effectively attenuates NLRP3 activation (171, 172).
Accordingly, mitochondria calcium homeostasis is closely
related to ER Ca®>* metabolism since the MAMs plays a key role
in material transfer and signaling between both organelles (16).

Inactivated forms of NLRP3 are localized in the ER
membrane, although under certain stimuli, NLRP3 is
redistributed across the MAMs (173). Under stress conditions,
cardiolipin is exposed on the OMM and serves as a bridge
between NLRP3 and MAMs (78). The localization of NLRP3
over the MAMs induces clusters of mitochondria around the
Golgi apparatus and the release of NLRP3 to the cytosol for
inflammasome mature form assembling (173). The
mitochondrial location of NLRP3 is also affected by the
interaction between MFN2 and MAVS during viral infections,
which recruits the inflammasome to the MAMs. However,
MAVS are not essential for NLRP3 activation under other
stimuli (16). Mitophagy is also an important player during
inflammasome activation since the removal of impaired
mitochondria reduces ROS production. The continuous
production of ROS occurs during oxidative phosphorylation
and several studies have demonstrated that inhibitors of
complex I, II and III develop an important role in mtROS
production reflecting in decreased inflaimmasome activation
(174, 175).

Interestingly, mtROS and Ca®" have a synergic role for pore
formation within mitochondria membranes. Mitochondrial
permeability transition (MPT) pores allow the release of
mtDNA. Interestingly, oxidized mtDNA in the cytoplasm
triggers IL-1P3 secretion by preferentially activating NLRP3 but
not AIM-2 (176). Additionally, IL-1f production was
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significantly enhanced with oxidized versus normal DNA (176).
Importantly, the induction of NLRP3 also induces mtDNA
release in the cytosol, thus creating a positive loop in the
induction of inflammasome pathway (14, 176).

CNS disorders may occur due to NLRP3 dysfunctions and its
close link with mitochondrial health (177). In EAE for example,
increased levels of IL-1B and NLRP3 were related to disease
progression. Additionally, microglia deletion of A20, an immune
suppressive protein correlated with increased NLRP3 activation
and IL-1B/IL18 secretion (178). Conversely, the role of IFN-f3, a
well-established treatment for MS, was demonstrated to be
dependent on NLRP3 activation during EAE (179).

The correlation of inflammasomes and AD pathophysiology
is also debated, since increased levels of IL-1f3 were reported in
the AP neighboring microglia cells. Halle et al. (180) observed
that AP phagocytosed by microglia triggers caspase-1 and

subsequent release of IL-1B, in vitro. Corroborating this, in
vivo studies shown that loss of NLRP3 is associated with
reduced AP deposition, cytokine production and lead to
ameliorated spatial memory deficits in AD mouse model. As
AB, a-synuclein also induces NLRP3 activation in mouse
microglial cell line. In vivo, the administration of caspase-1
inhibitor decreases the activation of NLRP3 and induces an
increase in the number of dopaminergic neurons, consequently
relating a better PD prognosis (177). Interestingly, caspase-1 is
also able to cleave oi-synuclein, and NLRP3 inhibition abrogates
synuclein aggregation, ameliorating cell damage in murine PD
model (181).

Penghu and collaborators showed that mtROS induced
NLRP3 activation in hippocampal microglia (182). Sarkar et al.
(182) evidenced that the inhibition of mitochondrial complex I
by rotenone increased ROS production, leading to augmented
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cleavage of caspase-1 and NLRP3 expression in microglia cells.
Conversely, they also evidenced that this pathway culminates in a
more prominent dopaminergic neuronal loss (183).

CONCLUDING REMARKS

Although first believed to be solely the power houses of the cell, it
is now accepted that mitochondria have an active role in many
cellular processes, especially during inflammation. In Figure 1
we summarize some of these relevant aspects concerning the
correlation between mitochondria and brain disease. Although
many of these diseases have their pathology linked to either mild
or robust inflammatory responses, recent findings have
unraveled that many of these mechanisms correlate with
mitochondrial unbalanced function. Either because
neuroinflammation can drastically impact cellular metabolism
and further mitochondrial biology, for instance promoting
mROS secretion or impairing ETC function, or because
mitochondrial disfunction leads to the release of pro-
inflammatory factors, as mtDNA. In this sense, innate
immunity receptors as NLRP3 and MAVS greatly evidences
the role of mitochondria as both effectors and sensors of
neuroinflammation, respectively. Interestingly, structural
changes in mitochondrial shape, size and turnover inside the
cell, has also shown great relevance. For instance, OPA and MFN
proteins defects, responsible for mitochondrial fusion are
observed in Charcot-Marie-Tooth disease and optic atrophy.
Mitochondria may also correlate with homeostasis and
resolution of neuroinflammation. During mitophagy, for
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Inflammation is an important biological response to tissue damage caused by injury, with a
crucial role in initiating and controlling the healing process. However, dysregulation of the
process can also be a major contributor to tissue damage. Related to this, although
mitochondria are typically thought of in terms of energy production, it has recently become
clear that these important organelles also orchestrate the inflammatory response via
multiple mechanisms. Dysregulated inflammation is a well-recognised problem in skeletal
joint diseases, such as rheumatoid arthritis. Interestingly osteoarthritis (OA), despite
traditionally being known as a ‘non-inflammatory arthritis’, now appears to involve an
element of chronic inflammation. OA is considered an umbrella term for a family of
diseases stemming from a range of aetiologies (age, obesity etc.), but all with a common
presentation. One particular OA sub-set called Post-Traumatic OA (PTOA) results from
acute mechanical injury to the joint. Whether the initial mechanical tissue damage, or the
subsequent inflammatory response drives disease, is currently unclear. In the former case;
mechanobiological properties of cells/tissues in the joint are a crucial consideration. Many
such cell-types have been shown to be exquisitely sensitive to their mechanical
environment, which can alter their mitochondrial and cellular function. For example, in
bone and cartilage cells fluid-flow induced shear stresses can modulate cytoskeletal
dynamics and gene expression profiles. More recently, immune cells were shown to be
highly sensitive to hydrostatic pressure. In each of these cases mitochondria were central
to these responses. In terms of acute inflammation, mitochondria may have a pivotal role
in linking joint tissue injury with chronic disease. These processes could involve the
immune cells recruited to the joint, native/resident joint cells that have been damaged, or
both. Taken together, these observations suggest that mitochondria are likely to play an
important role in linking acute joint tissue injury, inflammation, and long-term chronic joint
degeneration - and that the process involves mechanobiological factors. In this review, we
will explore the links between mechanobiology, mitochondrial function, inflammation/
tissue-damage in joint injury and disease. We will also explore some emerging
mitochondrial therapeutics and their potential for application in PTOA.

Keywords: mitochondria, cartilage, osteoarthritis, inflammation, mechanobiology
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INTRODUCTION

Osteoarthritis (OA) is the most commonly occurring form of joint
disease worldwide, affecting approximately 3% of the global
population (1). The primary hallmark of OA is the degeneration
of articular cartilage, but dysregulation in other joint tissues such
as subchondral bone and synovium are also significant factors (2).
Joint degeneration results in debilitating stiffness and pain, with
major societal and economic implications. Despite the widespread
prevalence of OA, and its significant consequences, disease
modifying treatments are lacking. Current treatment options are
confined to either conservative (physical therapy, exercise, or pain
management) or surgical (joint replacement) approaches (3). OA
is often associated with aging, but other risk factors such as age,
obesity and steroid use exist (4). In addition, acute injury that
involves damage of the primary joint tissues (such as the anterior
cruciate ligament rupture in the knee), is also a well-established
risk factor for joint degeneration - even in relatively young
cohorts. The version of disease which develops in this scenario
is called Post-traumatic OA (PTOA). PTOA makes up
approximately 12% of the overall disease burden of OA and this
proportion is set to increase due to increased intensity of exercise/
activity being taken up by ever younger age-groups (5). The initial
inflammatory response to the injury, driven by a host of molecular
and cellular mechanisms, are likely to “set the course” of
subsequent disease progression (6). However precisely how the

inflammatory response drive resident joint cells into a state of
chronic dysfunction is unknown. Interestingly, recent advances in
the field suggest a role for altered mitochondrial function as part of
the inflammatory response to injury (7), which may be linked to
subsequent chronic degeneration. In this review, we will
specifically address the links between mitochondrial function,
inflammation, and joint disease (Figure 1). We will also explore
recent advances in mechanobiology and how this may relate
to PTOA.

JOINT CELLS AND IMMUNE CELLS ARE
INVOLVED IN PTOA DEVELOPMENT

Although many cell types and tissues exist within the joint, it is
cartilage and its degeneration which is the central focus of OA
(2). Chondrocytes which are the primary resident cells in
articular cartilage, are unique in that they exist in an aneural,
alymphatic and avascular microenvironment (8). The cartilage
extracellular matrix (ECM) is mostly comprised of collagen and
proteoglycans (as well as water) (9) all of which are produced by
chondrocytes under normal healthy circumstances,. However
post-injury, chondrocytes begin to produce enzymes (such as
metalloproteases (MMP) and aggrecanases) which are harmful
to the ECM (10). This process occurs via activation of various
pathways such as NF-kB and MAP kinases and is also linked to
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FIGURE 1 | Schematic of PTOA progression illustrating potential mitochondrial involvement in injury, inflammation, and disease. (A) Acute injury, such as ACL
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increased production of Reactive Oxygen Species (ROS),
originating from mitochondria (11, 12). These degradative
proteases gradually disrupt the collagen network, promoting a
loss of proteoglycans and drive degradative changes in the matrix
which in turn feeds back to affect chondrocyte health and
function (13). Alongside these disruptive changes, the
production of collagens and aggrecans, which are required for
health homeostasis, are dramatically reduced (14, 15). This
switch, whereby chondrocytes reduce production of beneficial
ECM proteins, and increase production of harmful enzymes, is
thought to involve altered mitochondrial function (16). Injury
also has the effect of increasing crosstalk between cartilage and
surrounding joint tissues such as subchondral bone and the
synovial membrane (17). The latter of which is the central source
of acute inflammatory factors as it becomes quickly infiltrated by
activated immune cells in response to joint injury (18). Whether
immune cells are the initiator of the degenerative switch within
the damaged joint or an additional contributor to disease, is not
entirely known. Nonetheless it is becoming increasingly clear
that immune cells are central to PTOA development. At the
cellular level, within the damaged joint, synovial macrophages,
fibroblasts and infiltrating monocytes, and T-cells, B-cells,
natural killer cells and dendritic cells are all involved in
responding to injury and driving local inflammation (19, 20).
It now appears likely that crosstalk also occurs between these
immune cells and chondrocytes/subchondral bone populations.
While the nature of this relationship is unclear it is well
established that mitochondrial function governs many aspects
of immune function and may play a role in this situation (21, 22).
This is especially well documented in macrophages, in which
mitochondrial dynamics and function regulate cellular
trafficking, cytokine production, phagocytosis and wound
repair. While these processes have been well documented in
multiple macrophage subtypes, it is yet unclear if they hold true
in every population of macrophage that may be involved in
PTOA development, such as bone marrow macrophages, osteal
macrophages and macrophage like synoviocytes. However, it is
conceivable that the mitochondrial changes produce similar
effects in these cells and that changes in mitochondrial
function influence and drive the development of PTOA after
injury. Thus, understanding the details of events that occurs
between immune and joint cell-types, in the aftermath of injury,
and in particular the role of mitochondria will be crucial in
developing new treatments to prevent disease progression.

JOINT INJURY, INFLAMMATION AND
MECHANOBIOLOGY HAVE A ROLE IN
DEVELOPMENT OF PTOA

Originally, the process of inflammation was not deemed to be a
central factor in the aetiology of OA. Indeed historically it has
been known as ‘non-inflammatory OA’, especially when
compared to highly inflammatory versions of arthritis such as
rheumatoid, psoriatic, and juvenile arthritis. However, it is now
established that the persistence of a dysregulated inflammatory

response does impact on PTOA (18). Intriguingly, mitochondrial
activities have also recently been shown to be significantly
modulated by these inflammatory stimuli (23), as well as by
other factors such as mechanical stimulus. Therefore,
understanding mitochondrial function (including morphology/
metabolism) within joint cells in response to injury, may provide
new insights in terms of the pathology of PTOA and
therapeutic development.

Despite lacking an underlying mechanism to describe the link
between mechanical injury and inflammation, it is clear that
mechanical joint damage causes migration of immune cells from
the circulation through the synovial membrane and into the
synovial fluid (19, 20). Injury also causes a certain proportion of
cell death in the region. This cell death results in the production
of damage associated molecular patterns (DAMPs), which are
then detected by Toll-Like Receptor (TLR) proteins on cell
surfaces (24). These further promote inflammatory cascades
and cell and fluid infiltration and thus a damaging feed-back
loop is established. One central mechanism by which DAMPs
have been shown to promote inflammation in the joint is via
activation of the NLRP3 inflammasome in macrophages and
subsequent production of IL-1B (25). This mechanism will be
discussed in detail below, specifically in the context of
joint injury.

IL-1B IS CENTRAL TO TISSUE DAMAGE,
INFLAMMATION AND MITOCHONDRIAL
RESPONSES TO INJURY

IL-1B is a highly pro-inflammatory cytokine that is involved in a
wide variety of disease states and is also increased in cases of OA
(26). Specifically, in this scenario, IL-1B is capable of shifting
chondrocytes to a catabolic state (27) thus providing a direct link
between joint injury, immune cell mitochondria and cartilage
degeneration. The specific details of how chondrocytes respond to
IL-1B have been studied extensively in vitro (27, 28), but
importantly it has also been shown to be present in significant
quantities in synovial fluid immediately after injury (6) (along with
some of its important precursors, such as NLRP3 (29) and other
DAMPs [Basic Calcium Phosphate (BSU) (30), monosodium
urate (MSU) (31) and ATP (32)]. Intriguingly, IL-1B levels
remain elevated for months post-injury (18, 33). Thus, this is
likely to be a primary mediator in the pathological process that
begins with joint injury and leads to disease. An interesting
supporting example of this stems from the large Canakinumab
Anti-Inflammatory Thrombosis Outcomes Study (CANTOS),
which involved >10,000 patients. CANTOS was a randomized,
double-blinded, placebo-controlled trial that investigated the use
of canakinumab, a monoclonal antibody targeting IL-1B, on high-
risk patients with established atherosclerotic disease who had
survived a myocardial infarction (MI) (34). Post-hoc
retrospective analyses of this cohort, found that canakinumab
treatment was associated with reduced rates of joint replacement
as well as OA symptoms. Regulation of IL-13 occurs at both the
transcriptional and post-translational levels — and both of these
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processes have been shown to be mediated by mitochondria which
we will detail further below.

Since this cytokine plays such a central role in the response to
injury, it seems reasonable to consider it as a potential target for
direct OA prevention - following the encouraging data that
emerged from the CANTOS trial (34). In fact, treatment
strategies that directly target IL-1B and/or its cognate receptor
(IL-1R) have been tested (26). However, somewhat surprisingly,
these efforts have achieved only limited success. One potential
reason for this is that targeting any aspect of the IL-1B pathway,
once it has been activated, may be a case of ‘too little, too late’. In
order for IL-1 to be released from cells like macrophages it must
first be cleaved by an intracellular complex called the
inflammasome (25). The inflammasome is a multi-protein
complex that responds to both pathogenic micro-organisms
and, of direct relevance here, DAMPs which are released
within the joint after injury (25). The inflammasome is thus an
obligate precursor step to IL-1[ activation and most importantly
to its release. Targeting inflammasome activation and thus the
release of IL-1P may prove to be a more promising therapeutic
strategy than targeting released IL-1B in the joint which may
already have exerted its catabolic effect on chondrocytes. There
are multiple inflammasomes that respond to a host of different
signals. However, one in particular called NLRP3 is the most
likely candidate for involvement in joint inflammation and
responses to DAMP signalling. The NLPR3 inflammasome is
composed of (1) a receptor protein called NLRP3, (2) an adaptor
molecule called ASC, and (3) Caspase 1 (25). Once NLRP3 senses
an activating signal, it oligomerises with ASC and Caspase-1.
This activates Caspase-1 allowing it to cleave IL-1f into its active
form. This entire process has been shown to be under
mitochondrial control. Specifically, high mitochondrial
membrane potential (35), mitochondrial ROS (36) and
mtDNA (37) are all involved in regulating inflammasome
activation. Of equal importance, is the fact that inflammasome
activation is also closely linked to the process of pyroptosis, a
specific form of inflammatory cell-death - also regulated by
mitochondria (38). Pyroptosis also ultimately results in IL-1
release, as well as other inflammatory factors and DAMPs that
could potentiate the inflammatory response and drive cartilage
degeneration further.

MULTIPLE JOINT TISSUES ARE
INVOLVED IN INFLAMMATION
AFTER INJURY

The source(s) of NLRP3 in the injured joint have not been
explicitly identified; however the synovial tissues are an
extremely promising candidate - since they have a central role
in other examples of joint inflammation. Synoviocytes are the
resident cell types of this tissue, (with two sub-types: fibroblasts
and ‘Macrophage Like Synoviocytes [MLS]’) and both have
been shown to produce high levels of NLRP3 in culture
conditions (29, 39). Interestingly, a very recent study has
shown that chondrocytes in vitro are also capable of expressing

inflammasome components and can undergo NLRP3 activation,
pyroptosis and IL-1P release when stimulated with LPS and ATP
in vitro (40). While TLRs are known to be present in
chondrocytes, and their expression to be altered in OA (41),
the presence of chondrocyte specific inflammasomes is a recent
and novel development. These interesting findings must still be
balanced against other inflammatory pathways, activated by
TNFo for example, which do not act through TLRs, but still
increase MMP activity, suggesting that IL-1 may not be the only
driver of OA progression. It has also been proposed that even in
the presence of NLRP3, ASC and Caspase 1 in chondrocytes, OA
cartilage is unable to produce active IL-1B (42). However, these
studies used isolated cartilage explant models which lack
externally infiltrating immune cells, which are likely to be
central to IL-1P release and, thus NLRP3 activity.

Subchondral bone is also known to be involved in the early
post-injury phase, evident by the presence of Bone Marrow
Lesions (BMLs) in most cases of acute joint injury (17).
However, NLRP3 activity has yet to be identified in native
bone cells in the osteoblast lineage. Intriguingly however,
hydroxyapatite, which is the primary inorganic component of
bone tissue, is the predominant form of BCP crystal found in OA
joints (43, 44). It is possible that following injury, hydroxyapatite
is indirectly released into the joint, following increased
subchondral remodelling, (which has been also shown to occur
early after injury) or in relation to osteophytes which form later
in the disease process. Hydroxyapatite drives NLRP3 activation
in macrophages in vitro and in vivo through potassium efflux and
ROS dependant mechanisms (45). Direct delivery of BCP crystals
to mouse knees was shown to cause synovial macrophage
infiltration, chondrocyte death, synovitis, and cartilage
degeneration (46, 47). However, this study concluded that this
mechanism was NLRP3 and IL-1 independent. A similar study
showed that BCP crystals also impact on macrophage
metabolism, creating a shift from oxidative phosphorylation to
a glycolytic phenotype, and promoting the expression of the
highly pro-inflammatory transcription factor HIF-1048). Thus
subchondral bone and its release of hydroxyapatite may be a
novel target tissue for indirect modulation of NLRP3 function
and macrophage metabolism.

Taken together, these findings suggest that NLRP3 activation,
which is tightly regulated by mitochondrial activities, may have
an important role in damage responses of multiple joint tissues.
Whether there is one critical cellular source leading to NLRP3
activation, or an aggregated combination of many, has yet to be
determined. Nonetheless NLRP3, as an obligate gate-keeper of
IL-1P activation, potentially in multiple joint tissues, is a prime
target in the search for novel therapeutics to limit PTOA.

MODULATING MITOCHONDRIAL
RESPONSES TO INJURY AS A NEW
AVENUE FOR PTOA PREVENTION

While the specific aspects of mitochondrial function that relate to
NLRP3 and IL-1B production in the joint remain poorly
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understood, there are some clear contenders for central
involvement. For example, mitochondria-derived ROS, which
is the predominant source of ROS in cells, is involved in multiple
pathologies as well as in the process of ageing (49, 50). A strategy
of targeting ROS activity in infiltrating immune, and/or joint,
cells could lead to alternative ways to limit catabolic events in the
joint post-injury. For example promotion of natural ROS
inhibitors via antioxidants, falls into this category. Immediately
following joint injury and/or cartilage damage, alterations in
mitochondrial activity, swelling, polarisation and ROS
production occur in chondrocytes (51). The normally hypoxic
cartilage microenvironment is quickly altered and chondrocytes
become exposed to increased levels of oxygen as well as a variety
of other chemical species via neovascularisation of subchondral
bone and altered synovial activities (52). NRF2 is a master
antioxidant factor, which plays an important role in oxidative
stress regulation. NRF2 can limit NLRP3 inflammasome activity
in macrophages (53) and chondrocytes (40) and thus ultimately
inhibit IL-1P activity. NRF2 has also been found to be
upregulated in OA patient samples and surgical OA rodent
models, suggesting it may have a role in the natural protective
response to injury (29).

In addition to the local inflammatory state within the joint, an
interesting study showed that the overall inflammatory state of
an organism can also affect PTOA development. Priming of mice
with lipopolysaccharide (LPS), a major component of bacteria, 5
days prior to joint injury was found to exacerbate the severity of
PTOA resulting from injury (53). Subsequent RNA-seq analyses
highlighted the same set of genes, that was previously found to be
elevated in synovial macrophages from rheumatoid arthritis
patients. This suggests the existence of a compounding effect of
synovitis along with LPS administration. Furthermore,
significantly increased numbers of activated macrophages were
found in the injured joint, while cartilage loss and subchondral
bone changes were also seen following LPS administration prior
to injury (53). These findings have added further support to the
concept that overall inflammatory status at the time of injury
could also influence eventual disease severity. Viewed from a
different perspective, this also suggests that mechanobiological
responses may vary depending on overall inflammatory state of a
given tissue, at the time of injury. This once again highlights
the intersections of immune function and status with
mechanobiology in this scenario.

MECHANOBIOLOGICAL RESPONSES ARE
LINKED TO INFLAMMATION AND
MITOCHONDRIAL DYNAMICS

Independent of the inflammatory responses to injury, although
possibly involved in their initiation, the mechanobiological
properties of joint tissues are likely to be involved in linking
injury with subsequent disease. Furthermore, as with
inflammatory stimulus, mechanical forces have been shown to
be capable of modulating mitochondrial function (54, 55). It is
clear that mechanical forces are inherent in joint function, and

that joint (and general) health can benefit greatly from moderate
mechanical loading (i.e. exercise, which is viewed, in many
quarters, as being a highly effective tool/treatment to combat
OA) (56). Mechanical stresses that exercise generates are
manifested at the cellular level in a variety of ways. For
example shear stress (which can be defined as a force that
causes deformation in the plane of the surface) is generated
within the joint by the flow of synovial/interstitial fluid across,
and through, cartilage tissue (57). Also hydrostatic pressures can
be generated in the joint from the compression and expansion of
the ECM (58). However, when mechanical forces exceed a
certain threshold (i.e. injury) joint damage, can occur which is
in turn linked to consequent chronic diseases like PTOA (56).
Surprisingly, precisely which cell type in the joint predominates
in the mechanobiological response is not currently clear. Cells in
synovial, bone and cartilage tissue itself have all been found to be
highly mechanosensitive (i.e. show altered biochemical activities
solely due to changes in their physical/mechanical environment).
Mechanotransduction in human primary synovial fibroblasts
was demonstrated experimentally by application of uniaxial
cyclical stretch tests (using a membrane deformation assay),
resulting in cell orientation, and cytoskeletal alignment,
changes perpendicular to the applied stress. Those studies used
the same system to show that stretch testing also resulted in
significant increases in intracellular calcium [Ca®"]. This
response was then blocked using nonspecific calcium channel
blockers [Ruthenium Red (RR)] (59). While this method did not
directly assess the level of mitochondrial involvement, it is
interesting to note that RR has also been shown to block
mitochondrial Ca** uptake in other scenarios (60), which
points to a potential link between these processes. In a similar
study, synovial fibroblasts were exposed to shear stresses by
application controlled fluid flow in a specialized bioreactor
culture system, and again were found to be highly sensitive to
changes in shear stress. This study also demonstrated a robust
calcium signalling response involving both external and internal
calcium sources (61), again highlighting the importance of
mechanobiology and mitochondrial dynamics in joint tissue
responses to injury.

As described above, in addition to synovial fibroblasts the
intimal synovial membrane also contains resident macrophage
like synoviocytes (MLS), under normal healthy conditions. The
total number of these cells present in the synovium increases
dramatically after injury, when circulating monocytes are
recruited from the vasculature to the subintimal layer (62, 63). As
with synovial fibroblasts, macrophages have also been found to be
responsive to mechanical stimulus. A recent study reported that
macrophages express high levels of Piezo1, a mechanically activated
calcium channel (64). This study was focused on lung
inflammation, where hydrostatic pressures predominate in the
cellular microenvironment. Thus, by applying hydrostatic
pressure to macrophages, Piezol was shown to facilitate calcium
influx, driving activation of AP-1, which in turn causes release of
Endothelin 1 and stabilization of HIF-1o. This upregulates a
spectrum of pro-inflammatory genes, including IL-1f. While this
paper focused on hydrostatic pressure within the respiratory
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system, it nonetheless suggests that this mechanistic response may
be preserved in macrophages at other sites, and in other tissues.
Also, while the role of mitochondria in the response was not
addressed these studies, it is well documented that mitochondria
can stabilise HIF-1a via the production of mitochondrial ROS
pointing to a potential mitochondrial connection (65). TRPV4 is
another calcium influx channel which has been shown to be
involved in mechanotransduction and oxidative stresses
responses in macrophages. This channel becomes activated in
macrophages following a range of stimuli including mechanical
stretch (66). Stimulating this channel results in an increase in
mitochondrial membrane potential, via as yet unknown
mechanisms, as well as greater ROS and nitric oxide production.
While this was shown to be relevant to the pro-inflammatory
response induced by hydrostatic pressure, it is likely that a similar
mechanism may occur in the mechanical environment of the joint.
Cartilage cells themselves have also been shown to be highly
sensitive to mechanical stimulus and damage. Intriguingly, Piezo
channels 1 and 2 (and TRPV4) were again found to be central
and were identified in human chondrocytes where they were
shown to be intimately involved in mechanotransduction and
injury responses (67, 68). Their expression was also significantly
increased in human osteoarthritic cartilage. Increased Piezol
expression in chondrocytes resulted in a feed-forward
mechanism whereby it induced excess intracellular Ca**, at
baseline and in response to mechanical deformation (69) Using
a bioreactor system with human chondrocytes isolated from end
stage OA cartilage Delco et al. (51) also demonstrated acute
cartilage responses to mechanical loading. Within 2 hours of
stimulus/injury the endogenous mitochondrial respiratory
function was impaired and membrane depolarisation had
occurred. Targeting of mitochondrial potential, capacity, and
membrane polarisation early in the post-injury period may lead
to discovery of factors that drive cartilage degradation after
injury. It may become possible to intervene, early after injury,
using targeted mitochondrial therapeutics to rescue the joint
from significant long-term damage. The extent/severity of
mechanical force/impact which the cartilage undergoes is also
important in determining the eventual outcome of disease -
adding yet further complexity to understanding this injury/
disease system. Bonnevie et al. (70) reported that mechanically
impacting cartilage tissue, in the stress range of 15-20 MPa,
results in significant chondrocyte death. It has also been shown
that impact forces below this range can induce matrix breaches
(6), depolarisation of mitochondrial membranes (71), and
catabolic cellular responses (72) and upregulation of matrix
degradation enzymes including MMP and ADAMTS.
Mechanical loading of cartilage, above a certain threshold level has
also been shown to create an imbalance in mitochondrial superoxide
levels (9). For example, delivery of a permeable antioxidant ascorbyl
6-palmitate 2-phosphate (APPS), a derivative of vitamin C, to the site
of injury was shown to effectively suppress the response and reduce
cartilage degeneration in mice (9). Elsewhere, repeated mechanical
overloading of cartilage was shown to produce an oxidant-dependant
state of mitochondrial dysfunction in chondrocytes (73).
Furthermore it was shown that this damaging outcome could be

rescued via introduction of free radical scavengers or disruptors of the
electron transport chain (ETC), such as rotenone (inhibitor of
complex 1 of the ETC) (74). In a related, and very relevant, study
using a porcine model of PTOA, targeting mitochondrial responses
following mechanical injury had favourable outcomes in terms of
reducing disease severity at six months post-injury (75). Injury-
induced changes to the ETC in chondrocytes has been linked with
greater oxidative damage and ultimately cell death (12). This study
used amobarbital to inhibit chondrocyte electron transport or N-
acetylcysteine (NAC) to inhibit oxidative stress further downstream
(75). Both treatments resulted in maintenance of proteoglycan
content, decreased histological severity, and more normalised
chondrocyte metabolic function 6 months post injury. These
studies once again show that mitochondrial function is critical for
maintenance of cellular energy production via the gradient created in
the ETC in joint tissues. Pathogenic unfolding of membrane cristae
and loss of membrane polarisation are characteristic of diseases in
many tissues, but it is interesting to note that the same has recently
been shown to be true in OA (76). These studies also support the
potential application of antioxidants and targeting chondrocyte
mitochondrial metabolism after injury to mediate PTOA and
promote healthy cartilage (75). Ultimately, while this work is still at
a relatively early stage, and biological means of repairing damage to
cartilage after injury remains elusive; determining the role of
mechanotransduction in damaged joint tissues, and the
intersection this has with mitochondrial function, inflammation
and PTOA, may reveal exciting possibilities for new therapies and
targets in the joint.

THERAPEUTIC POTENTIAL

Taking these findings together, the emerging theme is that
mitochondria, through a number of mechanisms, are extremely
important for joint injury and disease. Therefore the next question
is whether we can target this organelle and its function for therapeutic
gain in the treatment of joint disease. It has been demonstrated that
therapies aimed at mitochondrial repair, for example Szeto-Schiller
(SS) peptides developed by Szeto et al. (77-79) - in particular SS-31,
are protective to mitochondria after impact and subsequent
degeneration. This effect is achieved via targeting the permeability
of the mitochondrial membrane and production of ROS (77).
Specifically, SS peptides work by interacting with cardiolipin and
cytochrome c (78) thus producing an antioxidant effect on the inner
mitochondrial membrane (80). These peptides have also been shown
to protect chondrocyte viability by prevention of cytochrome c release
and induction of apoptotic cascade (80). Moreover, they have the
ability to preserve cartilage integrity and chondrocyte cell viability
after impact in an ex vivo model (81). Investigation of mitochondrial
therapy at this level suggests that compounds which target these
pathways may have great utility in prevention of the onset of PTOA,
even in cases where administration occurs up to 12 hours post-
injury (81).

Another potential strategy involves targeting mitochondrial
ROS production directly. A recent study used the antioxidant,
Licochalcone A (Lico A), to limit NLRP3 inflammasome induced
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damage to chondrocytes in vitro and in a surgical model of OA
(40). Those studies showed that Lico A can ameliorate
chondrocyte damage and death by promoting the NRF2/HO-1
axis to limit NF-kB activation during injury. Further studies have
identified the therapeutic potential of nanoparticles to
successfully deliver and retain anti-oxidant agents to
chondrocytes, and cartilage protection. While promoting the
use of antioxidants, these studies also highlighted the viability of
NLRP3 inhibitors in OA. A potent inhibitor of NLRP3, MCC950,
has also come to prominence in the wider field of immunology,
and has been shown to be both safe and effective in limiting
NLRP3 activity in human models of disease (82). While joint
diseases such as gout, which involves direct activation of NLRP3
within the joint may be the first targets of such drugs, there is also
great potential for them to provide benefits as a first line, early
intervention, strategy in PTOA prevention.

CONCLUSION

In conclusion strong links have recently emerged between
mechanobiology, mitochondrial function, inflammation/tissue-
damage in skeletal joint pathologies. As or understanding of
these links are further developed, they combine to form new
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Infection by the protozoan Trypanosoma cruzi causes Chagas disease cardiomyopathy
(CCQO) and can lead to arrhythmia, heart failure and death. Chagas disease affects 8 million
people worldwide, and chronic production of the cytokines IFN-y and TNF-o by T cells
together with mitochondrial dysfunction are important players for the poor prognosis of
the disease. Mitochondria occupy 40% of the cardiomyocytes volume and produce 95%
of cellular ATP that sustain the life-long cycles of heart contraction. As IFN-y and TNF-a
have been described to affect mitochondrial function, we hypothesized that IFN-y and
TNF-o are involved in the myocardial mitochondrial dysfunction observed in CCC patients.
In this study, we quantified markers of mitochondrial dysfunction and nitro-oxidative stress
in CCC heart tissue and in IFN-y/TNF-o-stimulated AC-16 human cardiomyocytes. We
found that CCC myocardium displayed increased levels of nitro-oxidative stress and
reduced mitochondrial DNA as compared with myocardial tissue from patients with
dilated cardiomyopathy (DCM). IFN-v/TNF-a treatment of AC-16 cardiomyocytes induced
increased nitro-oxidative stress and decreased the mitochondrial membrane potential
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(A¥m). We found that the STAT1/NF-kB/NOS2 axis is involved in the IFN-y/TNF-a-
induced decrease of A¥Ym in AC-16 cardiomyocytes. Furthermore, treatment with
mitochondria-sparing agonists of AMPK, NRF2 and SIRT1 rescues A¥Ym in IFN-y/TNF-
o-stimulated cells. Proteomic and gene expression analyses revealed that IFN-y/TNF-a-
treated cells corroborate mitochondrial dysfunction, transmembrane potential of
mitochondria, altered fatty acid metabolism and cardiac necrosis/cell death. Functional
assays conducted on Seahorse respirometer showed that cytokine-stimulated cells
display decreased glycolytic and mitochondrial ATP production, dependency of fatty
acid oxidation as well as increased proton leak and non-mitochondrial oxygen
consumption. Together, our results suggest that IFN-y and TNF-a cause direct damage
to cardiomyocytes’ mitochondria by promoting oxidative and nitrosative stress and
impairing energy production pathways. We hypothesize that treatment with agonists of
AMPK, NRF2 and SIRT1 might be an approach to ameliorate the progression of Chagas
disease cardiomyopathy.

Keywords: mitochondrial dysfunction, chronic Chagas disease cardiomyopathy, interferon gamma, energy

metabolism, mitochondria

INTRODUCTION

Heart failure (HF) is an important worldwide public health
problem. Available therapies are insufficient and do not fully
address molecular abnormalities that occur in cardiomyocytes
(1). Chagas disease cardiomyopathy (CCC) accounts for 25%
of HF cases and is a major cause of death in Latin America (2,
3). CCC is a severe inflammatory dilated cardiomyopathy
caused by persistent infection by the protozoan Trypanosoma
cruzi. While 60% of Chagas Disease (CD) patients are mostly
asymptomatic in the so-called “indeterminate” form (IF) and do
not develop heart disease, CCC patients (30%, roughly 8 million
people) display HF, arrhythmia, and disability (4, 5). CCC patients
have 50% shorter survival rate and worse prognosis compared
to patients with cardiomyopathies of non-inflammatory
etiologies, such as ischemic, idiopathic and hypertensive
cardiomyopathies (2).

The pathogenesis of CCC is still to be completely understood
(6). Low-grade chronic T. cruzi persistence, which drives
continued production of IFN-y and TNF-o by Thl T cells
immune cells, plays a central pathogenic role in CCC (2, 4, 5).
Indeed, omics and immunohistochemistry studies revealed
higher levels of IFN-y and TNF-o in heart tissue from CCC
patients compared to other cardiomyopathies (7-11). Activation
of the NF-kB/NOS2 axis by the continued production of IFN-y/
TNF-o can promote increased levels of intracellular reactive
nitrogen species (RNS) which are important for parasite
control (12, 13). However, long-term sustained activation
of this axis may promote damaging accumulation of reactive
oxygen species (ROS) through induction of NADP oxidases
and overproduction of mitochondrial reactive oxygen species
(ROS), such as hydrogen peroxide (H,0,) and superoxide
anion (O3) and RNS, molecules widely known to induce
mitochondrial dysfunction and disturbances of heart function
(14, 15).

The heart is the most metabolically active organ in the body
and has the highest content of mitochondria of any tissue (16).
This is needed to meet the ever-demanding energy requirement
for contraction and relaxation and about 95% of cellular ATP is
utilized to support the contraction-relaxation cycle within the
myocardium (16). Indeed, mitochondria contribute to the proper
function of cardiomyocytes by multiple mechanisms (17).
Beyond contraction, mitochondria also fine-tune cellular
calcium homeostasis, apoptosis and oxidative stress and it has
become increasingly clear that mitochondrial dysfunction is the
source of heart energy deprivation in cardiomyopathies and
heart failure of diverse etiologies (16).

Several myocardial mitochondrial enzymes were found to
be selectively depressed in CCC as compared to other cardio-
myopathies, including ATP synthase o, multiple fatty acid
B-oxidation enzymes and creatine kinase activity [(18-20) and
our unpublished observations] additionally, in vivo myocardial
ATP production was shown to be reduced in CCC as determined
by *'P-NMR spectroscopy (21). Taken together, results
suggest that mitochondrial dysfunction may contribute to
the worse prognosis of CCC. Since inflammatory cytokines
IFN-y and TNF-a are abundantly produced and are top
upstream regulators of gene expression changes in in
CCC myocardium (9), and the sustained ROS and RNS
production are known inducers of cardiomyocyte damage and
mitochondrial dysfunction (22, 23), we hypothesized that such
cytokines contribute to mitochondrial dysfunction observed in
CCC (5).

Thus, this study aimed to investigate 1) whether CCC
myocardial tissue display increased levels of mitochondrial
dysfunction and oxidative/nitrosative stress markers compared to
non-chagasic dilated cardiomyopathy biopsies (DCM); 2) whether
IFN-y and TNF-o promote mitochondrial dysfunction and nitro-
oxidative stress in the human cardiomyocyte cell line AC-16; 3)
whether the mitochondrial dysfunction in cardiomyocytes is
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triggered by the cytokines through the STAT1/NF-xB/NOS2
signaling pathway; 4) whether agonists of mitochondrial
protection pathways, such as AMPK, NRF2 and SIRT1 ameliorate
mitochondrial dysfunction driven by the IFN-y and TNF-a.

METHODS

Ethics Statement

Tissue collection was approved by the Institutional Review Board
of the University of Sdo Paulo, School of Medicine (CAPPesq
approval number 852/05) and written informed consent was
obtained from the patients. All experimental methods comply
with the Helsinki declaration.

Patients and Sample Collection

Human left ventricular free wall heart tissue was collected from
end-stage heart failure CCC patients (n=40) and non-chagasic
dilated cardiomyopathy (DCM, n=31) patients (NYHA class 3
and 4) at the moment of heart transplantation. CCC patients
presented positive T. cruzi serology and typical heart conduction
abnormalities (right bundle branch block and/or left anterior
division hemiblock) and had a histopathological diagnosis of
myocarditis, fibrosis and hypertrophy. All heart tissue samples
were cleared from pericardium and fat and quickly frozen in
liquid nitrogen and stored at -80°C. The list of patients is
described in Table 1.

Reagents

Interferon-gamma (IFN-y, 300-02) and tumor necrosis factor
alpha (TNF-0, 300-01A) were purchased from Peprotech.
AMPK agonists Metformin hydrochloride (PHR1084), AICAR
(A9978), Resveratrol (R5010); SIRT1 agonist SRT1720
(SRT1720) and NRF-2/HO-1 agonist Protoporphyrin IX cobalt
chloride (C1900) were purchased from Sigma-Aldrich. Inhibitors
of NF-kB Emodin (E7881) and JSH23 (J4455); IKKp inhibitor
IKK16 (SML1138); STAT1 inhibitor Fludarabine (F2773) and
NOS2 inhibitor 1400W (W4262) were purchased from Sigma-
Aldrich. Inhibitors of MEK1 and MEK2 PD98059 (ab120234),
JNK SP600125 (ab120065) and MAPK SB202190 (ab120638)
were purchased from Abcam. Reagents were dissolved in DMSO
or water (Metformin and AICAR) at 100x stock concentrations
and maximum DMSO concentration used in cells was 1%.
Monoclonal antibody against 3-nitrotyrosine (ab61392) was
purchased from Abcam. Monoclonal antibody against NF-kB
p65 (sc-8008) was purchased from Santa Cruz Biotechnology.

Cell Culture

Human adult ventricular cardiomyocytes cell line AC-16 was
kindly provided by Dr. Mercy Davidson (Columbia University,
USA) (24). The cell line was propagated using Dulbecco’s
modified Eagle’s medium/F-12 medium with 12.5% fetal
bovine serum (FBS) without antibiotics for no longer than 8
passages. AC-16 cells were screened monthly for mycoplasma
contamination (MycoAlert Mycoplasma Detection Kit, Lonza)

TABLE 1 | List of the patients included in this study.

Code

CCC-S01
CCC-802
CCC-S03
CCC-804
CCC-S05
CCC-S06
CCC-807
CCC-S08
CCC-S09
CCC-S10
CCC-S11
CCC-812
CCC-S13
CCC-S14
CCC-S15
CCC-S16
CCC-817
CCC-S18
CCC-§19
CCC-S20
CCC-S21
CCC-822
CCC-823
CCC-S24
CCC-825
CCC-826
CCC-827
CCC-828
CCC-829
CCC-830
CCC-S31
CCC-832
CCC-833
CCC-S34
CCC-S35
CCC-836
CCC-837
CCC-838
CCC-839
CCC-840
DCM-01
DCM-02
DCM-03
DCM-04
DCM-05
DCM-06
DCM-07
DCM-08
DCM-09
DCM-10
DCM-11
DCM-12
DCM-13
DCM-14
DCM-15
DCM-16
DCM-17
DCM-18
DCM-19
DCM-20
DCM-21
DCM-22
DCM-23

Etiology

Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
Severe CCC
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM

Sex Age

61
60
64
61
60
41
15
28
32
32
41
58
36
47
63
44
39
58
66
50
51
58
58
66
45
60
39
51
61
47
46
61
58
49
49
62
57
59
48
54
52
32
24
46
15
55
29
36
26
42
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57
48
66
43
53
39
58
12
56
29
61
15

T IEmmLLIZLEI NS

EF (%)

27
35
30
21
20
19
17
29
12
19
23
20
25
27
37
25
20
25
21
25
23
29
28
25
20
24
20
35
15
35
20
27
30
15
21
21
29
17
19
36
30
20
29
25
29
25
25
14
25
9

27
39
20
26
19
28
21
22
18
26
27
20

(Continued)
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TABLE 1 | Continued

Code Etiology Sex Age EF (%)
DCM-24 DCM F 58 17
DCM-25 DCM M 28 16
DCM-26 DCM M 56 16
DCM-27 DCM M 27 25
DCM-28 DCM F 53 27
DCM-29 DCM M 51 15
DCM-30 DCM M 56 35
DCM-31 DCM M 37 16

and were authenticated by PCR-based DNA Profiling (Eurofins
Genomics, France).

Cell Stimuli and Investigation of Molecular
Pathways

AC-16 cells were seeded (10> cells per 0.34 cm?) for 24 hours (h)
prior to stimulation with 10 ng/ml IFN-y, or with 5 ng/ml TNF-o.
or with IFN-y plus TNF-o for 48h. In certain experiments, cells
were treated with serially diluted, by a factor of two, with agonists
of AMPK (metformin, AICAR and resveratrol), NRF2
(Protoporphyrin IX cobalt chloride), SIRT1 (SRT1720) or
inhibitors of NF-kB (Emodin, JSH23), IKKB (IKK16), STAT1
(Fludarabine), NOS2 (1400W), MEK1 and MEK2 (PD98059),
JNK (SP600125) and MAPK (SB202190) in combination or not
with IFN-y, TNF-a or both. Compound doses that provided the
highest effect on mitochondrial A¥m and less than 10% loss on
cell number were selected for further analysis.

LDH Release Assay

The release of lactate dehydrogenase (LDH) in the conditioned
media is an indicator of cell cytotoxicity. AC-16 cardiomyocytes
were stimulated with the cytokines for 48h and the LDH content
was quantified using a LDH-Cytotoxicity Assay Kit IT (Abcam)
using SpectraMax® Paradigm®.

Mitochondrial Membrane Potential and
Cellular ROS

AC-16 cardiomyocytes were seeded in 96 well black plate
(Corning 3603) at a density of 10 cells per 0.34 cm? and
incubated in a humidified incubator at 37°C and 5% CO, for
24h. Then, cells were stimulated with the cytokines with or
without the agonists/inhibitors for 48h. For mitochondrial
membrane potential, cells were multi-labeled with 1.0 uM of
tetramethylrhodamine, methyl ester, perchlorate (TMRM,
ThermoFisher Scientific), 400 nM of MitoTracker DeepRed
(ThermoFisher Scientific), NucGreen dead (ReadyProbes) and
1.0 uM of Hoechst 33342 (ThermoFisher Scientific) at 37°C 5%
CO, for 30 min. Cells were washed once with Hanks’ Balanced
Salt solution containing calcium and magnesium (HBSS++).
Micrographs were captured using ImageXpress Micro XLS
Widefield High-Content Analysis system (Molecular Devices)
at 100x magnification and the mitochondrial membrane
potential was evaluated in live cells (NucGreen negative) using
the web-based software Columbus 2.7.1.133403 (PerkinElmer
Inc.). Overlapped TMRM and Mitotracker DeepRed fluorescence

were considered for the measurement of mitochondrial A¥m. For
cellular ROS, stimulated cells were washed once with HBSS++ and
then labeled in the dark with 10 pM of H,DCFDA (Abcam) and 1.0
uM of Hoechst 33342 (ThermoFisher Scientific) at 37°C 5% CO,
for 30 min and fluorescence were measured at Ex/Em 485/535 nm
and 360/461 nm respectively using SpectraMax® Paradigm®.

NF-xB Translocation

Stimulated AC-16 cells were fixed with 4% paraformaldehyde,
pH=7.4 for 15 min at room temperature (RT), then incubated
with ice-cold 0.5% Triton-X for 15 min and blocked with 3%
BSA in PBS for 1h RT. Cells were incubated with 1:50
monoclonal mouse anti-NF-xB p65 (SC-8008, Santa Cruz
Biotechnology) in PBS + 1% BSA overnight at 4°C, then
washed and kept in the dark with goat anti-mouse IgG1 Cross-
Adsorbed Secondary Antibody (P-21129, ThermoFisher
Scientific) 1:1000 in PBS + 1% BSA for 1h RT. Nuclei were
stained with 2.5 pug/ml of DAPI (ThermoFisher Scientific) for 1h
RT and images were acquired using ImageXpress Micro XLS
Widefield High-Content Analysis system (Molecular Devices) at
40x magnification. Nuclear NF-«B translocation was measured
using the software Columbus 2.7.1.133403 (PerkinElmer Inc.).

Assessment of 3-Nitrotyrosine

Relative quantification of nitrated protein was performed by
assessing 3-nitrotyrosine (3-NT) as a mean to detect nitrosative
stress. Cardiac fragments and stimulated AC-16 cells were lysed
in aqueous lysis solution containing 10 mM HEPES, 0.32 M
sucrose, 0.1 mM Na,EDTA, 1.0 mM dithiothreitol, 125 pg/ml
PMSF and 1.0 ul/ml of proteinase inhibitor cocktail (Sigma),
pH=7.4. Cardiac fragments were lysed in a tissue homogenizer
(Precellys 24) pre-chilled 4°C using 2.8 mm ceramic beads for 3
cycles of 10s (seconds) with 15s intervals at 5500 rpm. Cells were
lysed with 1.4 mm ceramic beads for 2 cycles of 30s with 10s
intervals at 5000 rpm. Cardiac and cell lysates were clarified by
centrifugation at 10,000 rcf for 30 min at 4°C. A total of 5 pg of
proteins was added to a nitrocellulose membrane, dried at 60°C
for 15 min and then blocked with 3% Blotting Grade Blocker
(BioRad) + TBS-T, for 1h at RT, under stirring. Membrane was
washed with TBS-T and incubated with 1:1000 primary
monoclonal antibody 3-nitrotyrosine (Abcam) in 3% BSA +
TBS-T overnight 4°C. Then, membrane was washed twice and
incubated with 1:1000 secondary antibody for 2h at RT, under
agitation and protected from light. Fluorescence was captured
using a scanner (LI-COR, Odyssey) or ECL revelation. Ponceau S
images were captured using ImageQuant LAS-400 (GE
Healthcare) and used for protein normalization.

ATP and Nitrite Production

Nitrite (NO; ) was measured in the conditioned media (phenol-
free) of stimulated AC-16 cells using Griess Reagent Kit for Nitrite
Determination (Molecular Probes) according to manufacturer’s
instructions. The cells were collected and lysed with TE buffer
(100 mM Tris, 4 mM EDTA, pH=7.5) and ATP measured with a
luciferase-based assay kit (ATP Determination Kit, ThermoFisher
Scientific) according to manufacturer’s instructions.
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Nitrite absorbance and ATP-derived luminescence were measured
in AC-16 cardiomyocytes using SpectraMax® Paradigm®
(Molecular Devices). Measurement of nitrite in myocardial
homogenates was performed by chemiluminescence with Nitric
Oxide Analyzer (NOA 280, Zysense, United Kingdom).

Bioenergetic Function Analysis

A Seahorse XFe24 Analyzer (Agilent, Les Ulis, France) was used
to survey bioenergetic function by measuring the oxygen
consumption rate (OCR) and extracellular acidification rate
(ECAR) of live cells. A quantity of 3,500 cells/0.32cm® were
seeded in 150 pl of specific media, incubated for 1h at room
temperature for adhesion and stimulated with 350 pl of specific
media containing IFN-y (10 ng/ml final) and TNF-o (5 ng/ml
final) for 48h. OCR and ECAR were obtained from 90%
confluent monolayer culture. All the experiments were done
according to the protocol provided by the manufacturer. Briefly,
the Agilent Seahorse Cell Mito Stress Test kit assesses
mitochondrial function. Multiple parameters are obtained such
as, basal respiration, ATP-linked respiration, maximal and
reserve capacities, and non-mitochondrial respiration. The
ATP Real-Time rate kit is the only assay that quantifies the
ATP production from glycolysis and mitochondria
simultaneously. The Agilent Seahorse Mito Fuel Flex Test kit
measures the basal state of mitochondrial fuel oxidation in live
cells by providing information on the relative contributions of
glucose, glutamine and long-chain fatty acid oxidation to basal
respiration. All analyses were performed using the software
Wave 2.6.1 (Agilent, Les Ulis, France).

mtDNA Quantification

Total DNA from cardiac fragments and AC-16 cells was
extracted using the DNA extraction kit FlexiGene DNA kit
(QIAgen) according to the manufacturer’s instructions. PCR
reaction was conducted using MAXIMA SYBR Green/ROX
qPCR Master Mix (2x) (Thermo Scientific), 1 ng of template
DNA and primers for mitochondrial encoded genes NADH:
ubiquinone oxidoreductase subunit 1 (MT-ND1, 5 pmol/ul),
cytochrome b (MT-CYTB, 5 pmol/ul), cytochrome ¢ oxidase
subunit 3 (MT-COXIIL, 5 pmol/pl). Nuclear gene Telomerase
(TERT, 15 pmol/pl) was used as the endogenous control. The
PCR reactions were done in QuantStudio 12K (Applied
Biosystem) with the following cycling program, 1 cycle of 50°C
for 2 min, 95°C for 10 min, and 40 cycles of 50°C for 2 min, 95°C
for 15s, and 60°C for 1 min. The ratio of mtDNA/nuDNA was
calculated using the formula 2x24CT (25).

RNA Extraction and Sequencing

AC-16 cells were crushed with ceramic beads (VKO05, diameter
1.4 mm) in 350 ul of RLT lysis buffer supplemented with 3.5 pl of
B-mercapto-ethanol. Total RNA was extracted by using the
RNeasy Mini Kit adapted with Trizol. RNA quantity was
measured with a 2100 Bioanalyzer. Total RNA Sequencing was
provided by Genewiz. Ribosomal RNAs have been depleted, and
samples were prepared for sequencing according to the Illumina
TruSeq RNA Preparation Kit and subjected to pairwise

sequencing (2x150 bp) with the Illumina Novaseq sequencer.
After sequencing, the raw data files (fastq) were generated.

Differential Expression Analysis

Raw data quality has been verified with FastQC (v0.11.5). Low-
quality reads, Illumina adapters and reads smaller than 20
nucleotides were removed with Trimmomatic (v0.39) (26),
using default values for other options. Reads were aligned on
GRCh37 (hgl9) human reference genome from Ensembl using
STAR (v2.5.4b) (27), specifying that the reads are 2x150
nucleotides (paired-end). Alignment quality has been checked
by BAMQC (qualimap v2.2.1) (28). Gene quantification was
done with featureCounts (v2.0.0) (29), using the exons as
features and the genes as attributes. The DESeq2 package
(v1.26.0) has been used to normalize data and to perform the
differential expression test (30). To improve log2 fold change
accuracy, DESeq2 shrinkage function has been applied to the test
results, and p-value was corrected with Benjamini-Hochberg
method. Genes having an adjusted p-value < 0.05 and a |log2
(FC)| = 1.5 were considered to be differentially expressed genes
(DEG). Then, results were analyzed by graphical methods with
EnhancedVolcano (v1.4.0) and ggplot2 packages. Moreover,
hierarchical clustering (HCA) based on spearman correlation
was computed using gplots (v3.0.4) package, and principal
component analysis (PCA) with factoextra (v1.0.7) and
FactoMineR (v2.3) packages. We compared the AC-16 gene
expression profile with the CCC gene expression profile
(GSE84796) (31).

Proteomic Analysis of AC-16
Cardiomyocytes

The proteomic analysis of AC-16 cells under IFN-y (10 ng/ml)
and TNF-a. (5 ng/ml) treatment was assessed by high-resolution
mass spectrometric analysis. After 48h incubation with the
combination of IFN-y and TNF-0, proteins from AC-16 were
extracted using lysis buffer (12 mM sodium deoxycholate, 12
mM N-lauroylsarcosine sodium salt, 100 mM Tris-HCI, pH=9.0)
supplemented with protease inhibitor cocktail (Sigma-Aldrich).
Total cell lysates from control and IFN-y+TNE-o-treated cells
were subject to in-solution trypsin digestion according to Phase
Transfer Surfactant (PTS)-aided trypsin digestion protocol (32).
Digested proteins were desalted using StageTip protocol (33) and
dried by centrifugation under vacuum. Peptide samples were
analyzed by RP-LC-MS/MS. For MS analysis, peptide mixtures
were dissolved in 0.1% formic acid (solution A). Aliquots of 3 ul
were automatically injected by a nano chromatography EASY-
nLCII system (Thermo Scientific) on a 40 mm x 100 pm ID C-18
pre-column packed with Jupiter 10 um resin (Phenomenex) and
submitted to a chromatographic separation in a 100 mm x 75 um
ID C-18 column packed with Reprosil-Pur 3 pm C-18 beads (Dr.
Maisch) coupled to an LTQ Orbitrap Velos (Thermo Scientific).
Peptides were eluted with a linear gradient of 5-30% solution B
(0.1% formic acid in acetonitrile) at 200 nl/min for 55 min. Spray
voltage was set at 2.5kV and the mass spectrometer was operated
in data dependent mode, in which one full MS scan was acquired
in the m/z range of 400-1,800 at 60,000 resolution (at 400m/z)
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followed by collisional induced fragmentation (CID) and MS/MS
acquisition of the ten most intense ions from MS scan.
Unassigned and +1 charge states were not subjected to
fragmentation. The maximum injection time and AGC target
were set to 100ms (milliseconds) and 1E6 for full MS, and 10ms
and 1E4 for MS/MS. The minimum signal threshold to trigger
fragmentation event, isolation window and normalized collision
energy (NCE) were set to, respectively, 1000 cps, 2m/z and 35%.
Dynamic peak exclusion (list size of 500) was applied to avoid the
same m/z of being selected for the next 30s. Mass spectrometric
raw data were processed using the software MaxQuant [version
1.6.2.10 (34)] and searched against a target human protein
database (Homo sapiens, UniprotKB reviewed, 26,526
sequences) for protein identification and quantification. A
False Discovery Rate (FDR) of 1% was required for both
protein and peptide identifications. Label Free Quantification
[MaxLFQ (35)] method was enabled. T-test was used for relative
protein quantification and p-values were adjusted with the
Benjamini-Hochberg method. Proteins with adjusted p-values <
0.05 were considered to be differentially expressed.

Statistical Analysis

Cell data are reported as the ratio to non-treated cells. Cell
viability was calculated as the ratio of the number of live cells
(NucGreen-negative) and total cells (NucGreen-negative plus
NucGreen-positive cells) x100. The results were expressed as
mean * standard deviation (SD) or standard error of the mean
(SEM) when noted. Statistical analysis was performed using the
GraphPad Prism 9.2.0 software (GraphPad Software, Inc., CA).
Data were tested for normality using the Shapiro-Wilk test
before statistical tests. A nonparametric Mann-Whitney test
was applied if data were not normally distributed. In all other
cases, one-way ANOVA followed by Dunn’s post hoc test was
applied for multiple comparisons. A p-value <0.05 was
considered statistically significant.

RESULTS

Increased RNS and Decreased mtDNA
Content in CCC Myocardial Tissue

We compared the nitro-oxidative profile of CCC and DCM
myocardium. We first measured nitrite, a reactive nitrogen
species (RNS) marker, by chemiluminescence with a NO
Analyzer. We observed that CCC biopsies possess higher
content of nitrite (132%; p < 0.001) in comparison to DCM
lysates (Figure 1A). Detection of nitrotyrosine, an additional
nitro-oxidative stress marker, was performed by dot-blot. We
observed a significantly higher nitrotyrosine immunoreactivity
in CCC (27%; p < 0.01) than DCM myocardial lysates
(Figure 1B), indicating previous exposure to peroxynitrite.
Also, mitochondrial DNA (MT-ND1) was lower in CCC (44%;
p <0.001) than DCM myocardial samples (Figure 1C) indicating
a reduction of mitochondrial mass.

IFN-y and TNF-o Impair AC-16
Cardiomyocyte Mitochondrial Membrane
Potential (A¥m)

To investigate the role of IFN-y and TNF-o on AC-16
cardiomyocytes, we stimulated the cells with several
concentrations of IFN-y and TNF-o and we measured the
mitochondrial A¥Ym in a high content screening platform. This
was performed to stablish the concentrations of the cytokines for
subsequent analyses. We observed that IFN-y impaired the AYm
of AC-16 48h after stimulation and this impairment was
enhanced when IFN-y was combined with TNF-o; TNF-o
alone failed to cause statistically significant reductions in A¥m
(Figures 2A, B). We then selected the concentrations of 10 ng/ml
of IFN-y and 5 ng/ml of TNF-o. and we detected that IFN-y and
TNE-0, decrease A¥m of mitochondria larger than 10 pm?
(Figures 2C, D) and the impact is higher on larger
mitochondria (Supplementary Figure 1). We performed the
LDH assay of the selected doses of IFN-y (10 ng/ml) and TNF-o
(5 ng/ml) and we observed no cytotoxicity (Figure 2E).

Cytokine-Stimulated AC-16 Cells Display
Increased RNS and Decreased ATP and
mtDNA

We investigated whether IFN-y and TNF-a prompt nitrosative
and oxidative stress in AC-16 cardiomyocytes. We used the
Griess reaction to measure nitrite in the supernatant of 48h IFN-
yand TNF-a-stimulated AC-16 cells. Nitrite accumulation in the
supernatant of AC-16 was increased by TNF-o alone and not by
IFN-y or their combination after 48h of incubation (Figure 3A).
Detection of 3-NT was performed by dot-blot. We observed that
although IFN-v or the cytokine combination induced a median
increase of 25-72% in protein nitration, this was not statistically
significant, most likely due to the high dispersion (Figure 3B).
Cytokine treatment of AC-16 cardiomyocytes with IFN-y, TNE-
o and combined for 48h reduced the amount of MT-ND1 as
compared to non-stimulated cells (Figure 3C). We also
measured reactive oxygen species (ROS) production in AC-16
stimulated cells stained with the fluorogenic dye H,DCFDA and
we found a 43% increase in ROS after stimulation with IFN-y
and TNF-a and 23% with TNF-a (Figure 3D). In addition,
luminescence assay also showed that the TNF-o alone or
combined with IFN-y decreased 50% and 58%, respectively, the
ATP content in AC-16 cardiomyocytes (Figure 3E).

Molecular Pathways Analysis of Cytokine-
Induced Aym Reduction

In order to better understand the mechanisms by which IFN-y
and TNF-o diminish AC-16 A¥Wm, cells were treated with several
compounds that activate or inhibit specific pathways. Each drug
was titrated and the concentration of each compound was
selected based on the highest restorative effect on A¥m and no
more than 10% loss on cell number (Supplementary Figures 2,
3). Concurrent treatment showed that agonists of signaling
pathways related to response to stress and mitochondrial
protection, such as AMPK (metformin, AICAR, resveratrol),
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FIGURE 1 | Quantification of ROS, RNS and mitochondrial DNA in heart tissue. Lysates of left ventricular heart tissue were obtained from CCC (n = 40) and DCM
(n = 31) patients and used for the quantification of (A) nitrite (NM) by chemiluminescence assay; (B) 3-nitrotyrosine by dot-blot and (C) copy number of the
mitochondrial gene MT-ND1 by real time PCR. Red line: median; “*p < 0.01; **p < 0.001; Mann-Whitney test.
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FIGURE 2 | Effect of IFN-y and TNF-o. on mitochondrial membrane potential in human cardiomyocytes AC-16 cells. Stimulated cells were multi-labelled with
TMRM, Mitotracker DeepRed, NucGreen and DAPI. TMRM fluorescence was measured when colocalized with the fluorescence of Mitotracker Deep Red in live
cells (NucGreen-negative). (A) IFN-y and IFN-y plus TNF-a. downmodulate A¥m 48h after stimulation. Data shown as percentage to not-stimulated cells.

*p < 0.05; **p < 0.01; ***p < 0.0001; One-way Anova, Dunn’s post test. (B) Representative micrographs of the effect of IFN-y (10 ng/ml), TNF-co. (5 ng/ml) and
both on the fluorescence of TMRM. Magnification 100x. (C) Correlation between size (um?) and TMRM fluorescence intensity of segmented mitochondria of
cells stimulated with 10 ng/ml of IFN-y and 5 ng/ml of TNF-a.. (D) A¥m of mitochondria larger > 10 pm? of cells stimulated with 10 ng/ml of IFN-y and 5 ng/m
of TNF-o.. ***p < 0.0001 Mann-Whitney test. (E) Supernatant quantification of lactate dehydrogenase (LDH assay) on stimulated cells. Each dot in bar graphs
represents an independent experimental replicate n>3. LC: lysed AC-16 cells; LDH: lactate dehydrogenase positive control.
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FIGURE 3 | Quantification of ROS, RNS, ATP and mitochondrial DNA in IFN-y and TNF-o. stimulated AC-16 cells. Human cardiomyocytes AC-16 cells were
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NREF2 (Resveratrol and Protoporphyrin XI) and SIRT1 (SRT1720)
restore AYm (Figures 4A-C). Additionally, inhibition of IFN-y
downstream molecules with selected antagonists such as
fludarabine (STAT1 inhibitor), emodin (NF-«B activation) JSH23
(NF-kB nuclear translocation), IKK16 (IkB kinase) and NOS2
(1400W) also restores AC-16 A¥m (Figures 4D-G). Finally,
inhibition of TNF-o-downstream molecules such as MEK
(PD98059), JNK (SP600125) and MAPK (SB202190) also restores
AC-16 AYm (Figures 4H-]J respectively). The effect of NF-«xB
inhibitors on NF-xB nuclear translocation was validated by
additional experiments. Immunocytochemistry shows that IFN-y
and TNF-o promote NF-kB nuclear translocation (Figure 4K),
which was antagonized with emodin and JSH23 and simultaneously
restored A¥Ym in AC-16 cardiomyocytes (Figures 4L-M). In
addition, Figure 4N shows that NOS inhibitor 1400W
significantly decreased nitrite accumulation caused by TNF-o
(p < 0.001). A schematic representation of the signaling
pathways and the targets of the compounds are detailed in
Supplementary Figure 4.

IFN-y+TNF-o Costimulation on the AC-16
Cell Line Induces a Significant Decrease

of Total, Glycolysis and Mitochondrial ATP
Production

The effect of IFN-y+TNF-o stimulation on AC-16 was investigated
by measuring the two major production pathways in mammalian

cells (glycolysis and oxidative phosphorylation). Twenty-two
independent measurements were done on non-stimulated AC-16
cells and 16 independent measurements were done on IFN-y+TNEF-
o stimulated AC-16 cells. The OCR, ECAR and PER values were
used to calculate glycolytic and mitochondrial ATP (Figures 5A-
D). IEN-y+TNF-o. induced a significant decrease of total ATP
production (33%; p=0.0001) (Figure 5E), glycolysis ATP
production (30%; p<0.0001) (Figure 5F), and the mitochondrial
ATP production (41%; p=0.02) (Figure 5G) was in line with the
previous finding (Figure 3E). The percentage of oxidative
phosphorylation was unchanged (Figure 5H).

IFN-y+TNF-o Costimulation on the AC-16
Cell Line Induces an Increase of the Basal
Respiration, Maximal Respiration, and
Spare Respiratory Capacity

Metabolic flux analyses were performed on AC-16 cells with or
without cytokine stimulation during 48h (n=21) (Figure 5I).
Figure 5] illustrates the parameters analyzed. Cytokine-
stimulated AC-16 cardiomyocytes increased basal respiration
(53%; p=0.0007) compared to unstimulated cells (n=20)
(Figure 5K). Also, the cytokines increased 54% (p=0.0009) the
basal respiration used to drive ATP production (Figure 5L).
Cytokine stimulation for 48h induces a proton leak (51%)
indicating alteration of the mitochondria integrity (p=0.021)
(Figure 5M). We also identified that cytokine stimulation
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FIGURE 4 | Evaluation of compounds in the mitochondrial membrane potential of AC-16 cells. Selected doses of agonists of AMPK (A), NRF2 (B), SIRT1 (C) or
inhibitors of NF-xB (D), IKKB (E), STAT1 (F), NOS2 (G), MEK1 and MEK2 (H), JNK (I) and MAPK (J) were used alone or in combination with 10 ng/ml of IFN-y or
IFN-y plus 5 ng/ml of TNF-a.. Specific doses were selected based on the highest effect on mitochondrial A¥m and less than 10% loss on cell number. (K) The
nuclear translocation of NF-kB in AC-16 cells was quantified by immunocytochemistry. Simultaneous measurement of A¥m and NF-kB translocation of cells
stimulated with 10 ng/ml of IFN-y or IFN-y plus 5 ng/ml of TNF-a. in combination with the NF-xB inhibitors (L) emodin and (M) JSH23. Statistics shown only when
both A¥m and NF-xB translocation were significant. (N) the amount of nitrite (uM) in conditioned medium was measured by Griess reaction of cells stimulated with
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post test.

(p=0.005) (Figure 50). Cytokine stimulation also induced an
increase in non-mitochondrial respiration (74%) compared to
the non-mitochondrial respiration detected on unstimulated
cells (p=0.014) (Figure 5P).

increases the maximal respiration (44% higher) compared with
unstimulated cells (p=0.0005) (Figure 5N). Similar results are
obtained for the spare respiratory capacity, which is the
difference between maximal respiration and basal respiration
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FIGURE 5 | Assessment of AC-16 respiration and ATP production in response to IFN-y and TNF-o stimulation. Oxygen consumption rate (OCR), extracellular
acidification rate (ECAR) and proton Efflux Rate (PER) of 48h IFN-y (10 ng/ml) and TNF-a (5 ng/ml) -stimulated AC-16 cells were obtained in Seahorse XFe24
Analyzer. Arrows show injection of inhibitors of ATP synthase (oligomycin), mitochondrial oxidative phosphorylation uncoupler (FCCP) and OXPHOS complex | and Il
inhibitors (Rotenone and Antimycin A). (A-C) OCR, ECAR and PER measurement respectively obtained from ATP rate assay. (D) Calculation of mitochondrial and
glycolytic ATP. (E-G) Quantification of total, glycolytic and mitochondrial ATP. (H) Percentage of oxidative phosphorylation. (I) OCR measurement of not-stimulated
and cytokines-stimulated cells in the Mitostress test. (J) Representative graph showing the different parameters evaluated, such as (K) basal respiration, (L) basal
respiration used to drive ATP production, (M) proton leak, (N) maximal respiration, (O) spare respiratory capacity and (P) non-mitochondrial oxygen consumption.
Standard error of the mean in line graphs. Standard deviation is from >16 independent measurements. *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001

IFN-y+TNF-o Costimulation Decreases
AC-16 Cells’ Dependency of Fatty Acid
and Glutamine Oxidation

We investigated the effect of IFN-y+TNF-ot on AC-16 cell’s
dependency and capacity of fuel oxidation using Seahorse. We

measured oxygen consumption after injection of different
inhibitors (combined or not), such as: UK5099, inhibitor of the
mitochondrial pyruvate carrier (MPC, glucose oxidation),
BPTES, inhibitor of glutaminase GLS1 (KGA, glutamine
oxidation) and etomoxir, an inhibitor of carnitine
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palmitoyltransferase-1 (CPT-1, fatty acid oxidation). We then
calculated the dependency, which is the cell’s reliance on a
particular fuel pathway to maintain basal respiration, and
capacity, i.e. the ability of mitochondria to oxidize a fuel when
other fuel pathways are inhibited.

We found that 48h stimulation with IFN-y+TNF-o. decreased
62% (p=0.0104 n=9) the reliance of AC-16 cells on glutamine
(Figures 6A, D) and 87% dependency of fatty acid oxidation
(p=0.0411 n>9) (Figures 6B, E), with no effect on glucose
dependency (Figures 6C, F). In addition, cells’ capacity to
oxidize fatty acid and glucose increased 46% (p=0.0037 n>10
Figures 6H, K) and 105% (p<0.0001 n>11 Figures 6I, L)
respectively after stimulation with the cytokines. No changes
were detected in glutamine capacity (Figures 6G, J). A summary
of the global fuel oxidation of not-stimulated and cytokine-
stimulated cells is shown in Figure 6M.

Mitochondrial Proteins Are Differentially
Expressed Both in CCC and Cytokine-
Treated AC-16 Cardiomyocytes

Extracted proteins from AC-16 were submitted to LC-MS/MS
and comparative quantitative analysis of 1,211 identified proteins
resulted in 275 differentially expressed proteins (DEP) between
IEN-y+TNF-0o-treated AC-16 and non-treated AC-16; 37 DEPs
were mitochondrial proteins, 25 being down-modulated and 12
up-regulated (Supplementary Table 1). Among downregulated
proteins, 6 belonged to the TCA cycle and OXPHOS (ACO2,
DLAT, FH, CS, NDUFV2, NDUFS8). We found reduced
expression of two mitochondrial protein import enzymes
(TIMM23, TOMM?22) two linked to protein synthesis (RARS,
GRSF1) and 2 to maintenance of mitochondrial membrane
function and polarization (TRAP1, IMMT) and reduced levels
of the ion carriers SLC25A40, SLC25A11, SLC25A3. We found
downregulated proteins belonging to the lipid beta oxidation
(ACOT13, HADH, FASN, ACATI1) and involved in ATP
metabolism, ATP synthase regulation and ATP transport to the
cytoplasm (ATPIF1, USMGS5, PPIF and SLC25A6). PRDX3 and
PRDX5 were downregulated and SOD2 was upregulated, consistent
with oxidative stress. Reactome analysis of differentially expressed
mitochondrial proteins disclosed repressed mitochondrial beta-
oxidation and TCA cycle, increased glycolysis, increased
mitochondrial protein import, ketone body metabolism and
detoxification of reactive oxygen species. IPA canonical pathways
analysis indicated mitochondrial dysfunction, reduced sirtuin-1
signaling, reduced TCA cycle, downregulated ketolysis,
upregulation of superoxide radical degradation. A comparison of
DEPs both in the cytokine-stimulated AC-16 cardiomyocytes and
CCC myocardium (data not shown; submitted for publication)
identified 19 matching proteins. Twelve out of the 19 were
mitochondrial or related to energy metabolism, and 8 of them
were similarly modulated in both proteome datasets. Among
matching and differentially expressed mitochondrial proteins, we
observed reduced expression of proteins including HADH and
ACAT!1 (fatty acid beta-oxidation), NDUFV2 (OXPHOS), and FH
(TCA), with increased expression of PKM (glycolysis) and
LAP3 (apoptosis).

Mitochondrial Genes Are Differentially
Expressed in Cytokine-Treated AC-16
Cardiomyocytes

The AC-16 cell line was stimulated with IFN-y and TNF-o
during 1h to 48h. Gene expression analysis was performed in the
various time points taking as reference the T=0h time point. We
considered differentially expressed genes, genes characterized by
a corrected p-value<0.05 (Benjamini Hochberg) and absolute
log2 Fold Change>1.5. A total of 1443 DEGs were detected in all
these comparisons (Supplementary Table 2). These DEGs
include mainly protein coding genes (n=1149, 79.6%), as well
as pseudogenes (n=68, 4.7%), antisense (n=89, 6.2%) and
InRNAs (n=94, 6.5%). The largest number of DEGs were
detected at 6h or 12h (T=1h: n=214; T=6h: n=858; T=12h:
n=847; T=24h: n=588; T=48h: n=234). Volcano plots and
heatmaps are described in Supplementary Figure 5 and
Supplementary Table 3. The main pathways are linked to the
immune response, to inflammation, to intracellular defense
mechanisms, to fibrosis and cardiac diseases. Just after 1h of
cytokine stimulation AC-16 cells increased the expression of
cytokines and chemokines such as CXCL1, CCL2, CXCL2 and
IL8, IRF1 and IRF9, indicating an interferon and pro-
inflammatory signaling cascade with an overexpression of
TNFAIP3 and NFKBIA which act as NFKB inhibitors. After
6h of stimulation, a large number of cytokine and chemokine
genes and their receptors was upregulated, including CCL2,
CCL7, CCL8, CCL13, CX3CL1, CXCL1, CXCL2, CXCL3,
CXCL5, CXCL9, CXCL10, CXCL11, IFNAR2, IFNGR2,
STATI, TNF, IL1A, IL1B, IL4R, IL6, IL7, IL7R, IL12A, IL15,
IL15RA, IL20RB, IL21R, IL32, IL33 genes). We also performed
the same experiments with IFN-y or TNF-a. alone (Figure 7 and
Supplementary Table 4). Overall, we found 67 mitochondrial
genes to be differentially expressed across at least one of the time
points in response to combined cytokine stimulation.
Differentially expressed mitochondrial genes peaked at 12h (46
genes) of which 25 were upregulated and 21 down-regulated
(Supplementary Table 5). Among the top 10 canonical
pathways of mitochondrial DEGs at 12h stimulus, we observed
inhibition of the sirtuin signaling pathway, activation of aryl
hydrocarbon receptor signaling, interferon signaling, and
mitochondrial dysfunction. Toxicity-function pathways
analysis at 12h indicated decreased transmembrane potential of
mitochondria, fatty acid metabolism, mitochondrial dysfunction,
pro-apoptosis, cardiac necrosis/cell death, cardiac hypertrophy
among others (Supplementary Table 6). Mitochondrial
dysfunction and decreased transmembrane potential were
enriched toxicity functions in all time points starting at 6h
(data not shown).

DISCUSSION

In this study, we investigated the mitochondrial function, nitro-
oxidative profile, and gene and protein expression of myocardial
samples from CCC patients. We also surveyed the effect of IFN-y
and TNF-o in AC-16 cardiomyocytes’ mitochondria. These
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cytokines are known to be selectively produced by the
myocardium of CCC patients and not DCM (7-11, 36, 37).
We have identified that CCC myocardium displays an increased
nitro-oxidative stress profile, as well as reduced mtDNA content
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FIGURE 6 | Assessment of AC-16 fuel oxidation in response to IFN-y and TNF-o. stimulation. Oxygen consumption rate of 48h IFN-y (10 ng/ml) and TNF-a. (5 ng/
ml)-stimulated AC-16 cells was obtained in Seahorse XFe24 Analyzer. Arrows show injection of inhibitors (combined or not) of molecules specific to different fuel
oxidation pathways, such as; BPTES, inhibitor of glutaminase GLS1 (KGA, glutamine pathway), etomoxir, inhibitor of carnitine palmitoyltransferase-1 (CPT-1, fatty
acid pathway) and UK5099, inhibitor of the mitochondrial pyruvate carrier (MPC, glucose pathway). (A-F) OCR dependency of glutamine, fatty acid oxidation and
glucose. (G-L) OCR capacity of glutamine, fatty acid oxidation and glucose. (M) Global fuel oxidation. Standard error of the mean in line graphs. Standard deviation
is from >9 independent measurements. *p < 0.05; **p < 0.01; ***p < 0.0001 Mann-Whitney test.

in comparison to DCM samples and that these phenomena were
also observed by IFN-y/TNF-o treatment of AC-16
cardiomyocyte cell line. We performed mechanistic studies to
better understand the role of the multiple signaling pathways in
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IFN-y stimulated
(n=769)

Each stimulation was performed 4 times (4n).

IFN-y/TNF-a stimulated
(n=1443)

V'V

TNF-a stimulated
(n=1052)

FIGURE 7 | Gene expression analysis on AC-16 cardiomyocytes. Cells were stimulated with IFN-y (10 ng/ml) or TNF-a. (5 ng/ml) or IFN-y + TNF-o. during 1 or 6 or
12 or 24 or 48h. On cardiomyocytes stimulated with TNF-a 1052 DEGs were detected whereas on cardiomyocytes stimulated with IFN-y 769 DEGs were detected.
Finally, on cardiomyocytes stimulated 48h with IFN-y + TNF-o. 1443 DEGs were detected. Venn diagram describes the DEGs shared by the various stimulations.

the mitochondrial function of IFN-y/TNF-o-treated AC-16
cardiomyocytes. We have found that the inhibition of STAT1/
NF-kB/NOS2 axis and activation of AMPK, NRF2 and SIRT1
signaling pathways promoted protective effects in the IFN-y/
TNF-o-induced impairment of mitochondrial AY. Pathways
analysis of gene and protein expression involved mitochondrial
dysfunction and decreased A¥m were found in cytokine-treated
AC-16 cells. In addition, we observed a cytokine-induced
reduction in ATP production at the expense of mitochondrial
energy metabolism in AC-16 cardiomyocytes that paralleled that
observed in CCC myocardial tissue.

IFN-vy, but not TNF-o alone, was shown to impair the
mitochondrial A¥Ym of AC-16 cells. We also observed that
concurrent treatment with IFN-y and TNF-o results in a
further decrease in A¥m, and this reduction is higher in larger
mitochondria. This finding is especially crucial since the
mitochondrial A¥m is the OXPHOS proton motive force that
drives ATP production through the ATP synthesis complex and
thus it is an essential mechanism for contraction and survival of
cardiac cells (38). Several in vitro studies have found the
suppressing effect of TNF-o. (39-42) and IFN-y plus TNF-o
(43) in mitochondrial A¥m in different cell types.

IFEN-y exerts its deleterious effects in the mitochondria at least
partially by potentiating TNF-o-mediated NF-xB signaling (44).
Activation of NF-xB triggers transcriptional activity of NOS2,
which in turn produces nitric oxide (NO) and in the presence of
reactive oxygen species (ROS) produces peroxynitrite (ONOO")
one on the most toxic and highly oxidative reactive species with
substantial effects in mitochondria (45, 46). In our observations,
IFN-y and/or TNF-a can increase NF-kB nuclear translocation,

nitrite and ROS production, and 3-nitrotyrosine accumulation in
AC-16 cardiomyocytes. Peroxynitrite and protein nitration cause
inactivation of enzymes, poly(ADP-ribosylation), mitochondrial
dysfunction, impaired stress signaling and also potently inhibits
myofibrillar creatine kinase (MM-CK), an important controller
of heart contractility (47, 48) whose activity has been shown to be
decreased in CCC (18). Increases in ROS by IFN-yand/or TNF-o
was also reported in several cell lines (39, 41, 49, 50), including
cardiomyocytes (42, 51-53). Enhanced ROS production is
associated with increased levels of lipid peroxidation, decreased
mtDNA copy number and impaired OXPHOS capacity, affecting
cardiomyocyte structure and function which triggers signaling
pathways involved in myocardial remodeling and failure (54, 55).
Enhanced oxidative stress has been observed in CCC heart tissue
as measured by the accumulation of malondialdehyde
(submitted for publication). We here reported reduction of
mtDNA content in CCC myocardium and IFN-y/TNF-o-
stimulated cardiomyocytes. The mtDNA is a circular double
stranded DNA located in the mitochondrial matrix and codes for
37 genes (56) and the 13 polypeptides are the essential subunits
of the OXPHOS complexes I, III, IV, and V (56, 57). Deficiency
in mtDNA replication was shown to cause ROS accumulation
and oxidative stress in murine cardiomyocytes (58, 59), which is
also indicative of a reduced mitochondrial mass. Thus, our data
suggest that mtDNA reduction observed in the CCC
myocardium might be linked to the oxidative stress observed
in IFN-y and TNF-o-treated human cardiomyocytes. This is
corroborated by the gene and protein expression analysis in
cytokine-treated AC-16 cardiomyocytes, where decreased levels
of proteins involved in ATP generation mitochondrial protein
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and ion import and mitochondrial structural maintenance
proteins and upregulated expression of proteins involved in
ATP catabolism and mitochondrial transition pore. In
addition, we observed pathways analysis of CCC heart tissue
indicative of mitochondrial dysfunction, increased oxidative
stress, and cardiac necrosis, all pointing towards mitochondrial
stress and reduced functional capacity. In line with these,
stimulation with IFN-y and TNF-o depleted ATP production
in AC-16 cells. Previous studies described the dampening of
energy metabolism enzymes in CCC heart tissue, such as ATP
synthase o and creatine kinase activity in patients (18-20, 60)
and studies with animal models correlated with this outcome
(61). Decreased in vivo ATP production was also observed in the
CCC myocardium (21). In addition, our group identified an
accumulation of heterozygous pathogenic variations including
loss-of-function and stopgain/truncation of key mitochondrial
genes in CCC patients (62). The loss of function mutation in one
of the studied families was dihydroorotate dehydrogenase
(DHODH) R135C. DHODH is involved in the oxidative
phosphorylation by donating electrons to complex III and
treatment with DHODH inhibitor Brequinar in IFN-y+TNF-o.-
treated AC-16 cardiomyocytes caused additive damage to
mitochondrial A¥Ym (62).

The inhibition of IFN-y and TNF-o. downstream molecules
and pathways - STAT1/NF-kB, NOS2 - was important for the
restoration of AC-16 A¥m and reduction of nitrite levels in AC-
16 cardiomyocytes. The inflammatory milieu (IFN-y, TNF-a,
and IL-1b) enhanced ROS production in T. cruzi infected
cardiomyocytes (51). Also, ROS production directly signaled
the nuclear translocation of RelA (p65), NF-kB activation in
AC-16 cells (63), indicating a positive feedback loop of
stimulation between oxidative stress and NF-xB signaling.
Studies reported that long-term sustained increase in ROS and
RNS promotes cardiomyocyte dysfunction and apoptosis (64)
resulting in reduction of mitochondrial AWm, lipid beta-
oxidation (65) and ATP generation (66, 67).

We found that the treatment of AC-16 cells with agonists of
AMPK (resveratrol, AICAR and metformin) and NRF2
(protoporphyrin IX cobalt and resveratrol) rescued A¥m.
AMPK and NRF2 are involved in the cellular response to
oxidative stress by countering the damaging effects of NF-kB
and by promoting ATP production and regulation of important
physiological processes to restore heart function, such as
autophagy (68-72). Our data showed that these agonists
ameliorate IFN-y/TNF-o-damaging effect to cardiomyocytes
AW¥m. Similarly, activation of AMPK (metformin) was shown
to inhibit the enhancing effect of IFN-y on the DOX-induced
cardiotoxicity and prolonged the survival time in DOX-treated
mice (65). Indeed, a recent study showed that antioxidants such
as resveratrol and mitochondria-targeted antioxidants have
potential benefits for the control of oxidative stress in the
myocardium of mice with experimental Chagas disease
cardiomyopathy (73). Our work potentially found the
mechanistic link for the findings that treatment of chronically
T. cruzi-infected mice with SIRT1 and/or AMPK agonists
SRT1720, resveratrol and metformin or antioxidants reduced

myocardial NF-xB transcriptional activity, inflammation and
oxidative stress, resulting in beneficial results for restoration of
cardiac function (73, 74).

Our transcriptomic profiling on cytokine-stimulated AC-16
cardiomyocytes over time (0 to 48h) showed that a cardiomyocyte
can respond to inflammatory stimuli by producing inflammatory
cell-attracting chemokines and inflammatory cytokines on its own
as early as 1h after stimulus, perpetuating inflammation. Previous
studies by our group in a subset of 10 out of the 30 CCC samples
studied here observed increased mRNA expression of multiple
chemokines and cytokines (9, 36, 75) in CCC heart tissue. At each
time point, several genes associated with the mitogen-activated
protein kinase (MAPK) signaling pathway were differentially
expressed. This pathway is also one of the main inducers of the
NF-kB pathway that is activated after inflammatory stimulus,
ischemia/reperfusion, in congestive heart failure, dilated
cardiomyopathy, after ischemic and pharmacological
preconditioning, and in hypertrophy of isolated cardiomyocytes
(76). Pathway analyses of gene and protein expression in the
IFN-y and TNF-o stimulated AC-16 cardiomyocytes profile were
consistent with disturbances of ATP production and increased
levels of reactive oxygen species. These metabolic changes affect
cardiac ion channel gating, electrical conduction, intracellular
calcium handling, and fibrosis formation.

As shown in the functional energy metabolism experiments,
the integrity of the mitochondria is affected (proton leak).
Therefore, cytokine-treated cardiomyocytes significantly
increased their respiration (basal respiration, maximal
respiration, spare respiratory capacity, as well as the percentage
of basal respiration used to produce ATP. However, as
mitochondria are less numerous (as seen with the reduced
mitochondrial DNA) and their integrity is affected, the
production of mitochondrial and glycolytic ATP is decreased
in association with a significant decrease of the glutamine and
fatty acid oxidation dependency - a reduction in metabolic
flexibility that is found in failing hearts (77). This is in line
with the IFN-y and TNF-o induced NF-kB activation and
activation of expression of NADP oxidases, and inducible
nitric oxide synthase (NOS2), leading to the production of
large amounts of NO and reactive nitrogen species (12, 78, 79)
leading to synthesis of the peroxynitrite anion (ONOO")
production, a strong oxidant arising from the reaction of NO
with superoxide radical (O3) (46).

This study has limitations, since we studied frozen human
heart tissue samples and cytokine-treated human
cardiomyocytes in vitro. Although some of the changes
observed in IFN-y and TNF-o-treated AC-16 cardiomyocytes
closely parallel those observed in CCC heart tissue, this
convergence is not proof that the findings in tissue are induced
by the same cytokines, since several other mechanisms can
induce nitro-oxidative stress and mitochondrial damage in
CCC myocardium and as a consequence of heart failure.
Conversely, our results with cytokine-treated cardiomyocytes
can bring insight not only about Chagas disease, but also in
other cardiac disorders where IFN-y and TNF-o. play a role, such
as inflammatory cardiomyopathies of other etiology.
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This study demonstrated that stimulation with IFN-yand TNF-
o in human cardiomyocytes causes mitochondrial damage,
oxidative and nitrosative stress, paralleling events observed in the
cytokine-rich CCC heart tissue. It is important to notice that the
part of the CCC samples analyzed here have been previously
assessed for cytokine expression and IFN-y was among the most
highly expressed cytokine, while IFN-y and TNF-o. were the top
upstream regulators (9, 36). Both CCC myocardium and stimulated
cells exhibited damaging profiles in markers of cellular stress
and increased ROS and RNS, and decreased ATP. Several
mitochondrial-related pathways important for mitochondrial
integrity, function and ATP production were dysregulated in
cytokine-stimulated cells. Also, cytokine-stimulated cells
exhibited impaired A¥m and increased ROS and RNS and higher

amounts of ROS. It is important to point out the direct involvement
of the STAT1/NF-kB/NOS2 signaling pathway in the damaging
effects of IFN-yand TNF-o in cardiomyocytes’ A¥'m, as well as the
restorative effects of stimulating the AMPK, NRF2 and SIRT1
pathways (Figure 8). Our results suggest that cytokine-induced
disturbances in mitochondrial function and energy metabolism
might play a role in the worse prognosis of Chagas disease
cardiomyopathy. Therapy targeting mitochondrial function and
energy imbalance should thus in principle be beneficial to restore
cardiac function in CCC and other IFN-y-dependent inflammatory
heart diseases, like viral myocarditis and inflammatory
cardiomyopathy of other etiologies, age-related myocardial
inflammation and functional decline (80), myocardial infarction
(81), and anthracycline antitumoral agent cardiotoxicity (65).

Disease model

IFN-y

TNF -a STAT1

MEK
MAPK

Cell death <—JN/K,> NF-KB

SIRT1/PGC1A

¥ ATP production

Rescue model

IFN-y
TNF-a STAT1
/ Va
MEK
j SIRT1/PGC1A

ATP production

FIGURE 8 | Proposed model for the mitochondrial dysfunction in Chagas disease cardiomyopathy. Left panel: in summary, our results showed that heart tissues from
CCC patients have increased production of RNS and reduced content of mitochondrial DNA in comparison with patients with DCM. Similarly, stimulation of AC-16
cardiomyocytes with IFN-y/TNF-a. increased ROS, RNS and proton leak, impaired A¥m, depleted ATP production and changed the metabolic profile of the cells. Right
panel: in our rescue model, we showed that pharmacological inhibition of molecules involved in the IFN-y/TNF-o/NF-xB/NOS2 pathway ameliorated the A¥m and NO
production. Additionally, activation of AMPK/SIRT1 and NRF2 had beneficial impact on the A¥m. Thus, we hypothesize that mitochondrial dysfunction is driven by the
excessive production of IFN-y/TNF-o. in CCC myocardium and is an essential component for the poor prognosis of Chagas disease cardiomyopathy. Mitochondria-
targeted therapies might improve CCC disease progression. Compounds in yellow are inhibitors; Compounds in light green are agonists. Connecting arrows indicate
activation and flat line means inhibitory interaction. Red and green arrows indicate the changes observed before and after treatment with the compounds.
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Further studies with induced pluripotent stem cells derived
cardiomyocytes (iPS-CM) can be employed to investigate, in a
personalized, patient-specific manner, the effect of the cytokines
in mitochondrial function.
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Supplementary Figure 1 | Stratification of mitochondria area and membrane
potential after stimulation with IFN-y and TNF-o in human cardiomyocytes AC-16
cells. Cells were stimulated with 10 ng/ml of IFN-y + 5 ng/ml of TNF-o for 48 hours
and then multi-labelled with TMRM, Mitotracker DeepRed, NucGreen and DAPI.
TMRM fluorescence was measured when colocalized with the fluorescence of
Mitotracker Deep Red in live cells (NucGreen-negative). Mitochondria were stratified
based on their area in: lower than 5 (A), between 5-10 (B), between 10-25 (C),
between 25-50 (D) and (E) higher than 50 pm?. (F) average (+ SEM) value obtained
from the mitochondrial membrane potential of each stratification of mitochondrial
size. ***p < 0.0001; Mann Whitney test.

Supplementary Figure 2 | Compound screening in AC-16 mitochondrial
membrane potential. AC-16 cells were treated with serially diluted agonists of
AMPK (A), NRF2 (B), SIRT1 (C) or inhibitors of NF-xB (D), IKK (E), STAT1 (F),
NOS2 (G), MEK1 and MEK2 (H), JNK (I) and MAPK (J) alone (blue line) or in
combination with 10 ng/ml IFN-y (red line) or 10 ng/ml of IFN-y plus 5 ng/ml TNF-a.
(green line) for 48 hours. Specific doses were selected based on the highest effect
on mitochondrial AYm and less than 10% loss on cell number. The first dot of the
titration (to the left) is without compounds. Grey arrows indicate concentrations
selected for . All data are shown as percentage to not-stimulated cells. Standard
error of the mean is from 3 independent experiments.

Supplementary Figure 3 | Compound screening in the cell number of AC-16.
AC-16 cells were treated with serially diluted agonists of AMPK (A), NRF2 (B),
SIRT1 (C) or inhibitors of NF-xB (D), IKKB (E), STAT1 (F), NOS2 (G), MEK1 and
MEK2 (H), JNK (1), MAPK (J) and DMSO (K) alone (blue line) or in combination with
10 ng/ml of IFN-v (red line) or 10 ng/ml of IFN-y plus 5 ng/ml of TNF-a. (green line) for
48 hours. The first dot of each titration (to the left) is without compounds. Grey
arrows indicate concentrations selected for. Standard error of the mean is from 3
independent experiments.

Supplementary Figure 4 | Schematic representation of the inhibitors and
agonists and their targets in the IFN-y and TNF-a. signaling pathways. The pro-
inflammatory cytokine IFN-yinteracts with its transmembrane receptor IFNGR1 and
signals mainly through the signal transducer and activator of transcription 1 (STAT1)
and Interferon Regulatory Factor 1 (IRF1) intracellular transduction pathway to
achieve transcriptional activation of IFN-y-inducible genes, such as TNF-o. and
Nuclear Factor Kappa B (NF-kB). Activation of NF-kB leads to an upregulation of
Nitric oxide synthase 2 (NOS2) gene, which in turn increases the amount of
intracellular nitric oxide (NO), reacting to reactive oxygen species (ROS) to generate
peroxynitrite (ONOO"). Arrows indicate activation and flat line means inhibitory
interaction. While ONOO' is important for pathogenic response, it causes damages
to mitochondria, leading to reduction of mitochondria membrane potential and
fragmentation. Proteins such AMPK and NRF2 are involved in the cellular response
to oxidative stress countering the damaging effects of NF-kB. Compounds
highlighted in yellow are inhibitors and green are agonists.

Supplementary Figure 5 | Transcriptomic analysis on AC-16 cardiomyocyte cell
line stimulated with IFN-y and TNF-o.. AC-16 cells were stimulated with IFN-y and
TNF-o during 1h to 48h. Gene expression analysis was done between the various
time points taking as reference the T=0h time point. At each time is provided the

volcano plot and the heatmap. Each stimulation was performed 4 times.
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Chagas disease cardiomyopathy (CCC) is an inflammatory dilated cardiomyopathy
occurring in 30% of the 6 million infected with the protozoan Trypanosoma cruzi in
Latin America. Survival is significantly lower in CCC than ischemic (IC) and idiopathic
dilated cardiomyopathy (DCM). Previous studies disclosed a selective decrease in
mitochondrial ATP synthase alpha expression and creatine kinase activity in CCC
myocardium as compared to IDC and IC, as well as decreased in vivo myocardial ATP
production. Aiming to identify additional constraints in energy metabolism specific to
CCC, we performed a proteomic study in myocardial tissue samples from CCC, IC and
DCM obtained at transplantation, in comparison with control myocardial tissue samples
from organ donors. Left ventricle free wall myocardial samples were subject to two-
dimensional electrophoresis with fluorescent labeling (2D-DIGE) and protein identification
by mass spectrometry. We found altered expression of proteins related to mitochondrial
energy metabolism, cardiac remodeling, and oxidative stress in the 3 patient groups.
Pathways analysis of proteins differentially expressed in CCC disclosed mitochondrial
dysfunction, fatty acid metabolism and transmembrane potential of mitochondria. CCC
patients’ myocardium displayed reduced expression of 22 mitochondrial proteins
belonging to energy metabolism pathways, as compared to 17 in DCM and 3 in IC.
Significantly, 6 beta-oxidation enzymes were reduced in CCC, while only 2 of them were
down-regulated in DCM and 1 in IC. We also observed that the cytokine IFN-gamma,
previously described with increased levels in CCC, reduces mitochondrial membrane
potential in cardiomyocytes. Results suggest a major reduction of mitochondrial energy
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metabolism and mitochondrial dysfunction in CCC myocardium which may be in part
linked to IFN-gamma. This may partially explain the worse prognosis of CCC as compared

to DCM or IC.

Keywords: chronic Chagas disease cardiomyopathy, ischemic cardiomyopathy, idiopathic dilated cardiomyopathy,
proteomics, two-dimensional electrophoresis with fluorescent labeling, mitochondria, energy metabolism,

interferon-gamma

INTRODUCTION

Heart failure can be seen as a progressive disorder resulting from
loss of cardiomyocyte function and contractility decline in the
ability of the heart, due to molecular and structural
modifications, collectively called cardiac remodeling (1).
Chagas’ disease is a neglected disease and a significant cause of
morbidity and mortality in Central and South America, affecting
about 6 million people (2). The disease is caused by infection
with the intracellular protozoan parasite Trypanosoma cruzi (T.
cruzi). About 30% of infected patients develop chronic Chagas’
disease cardiomyopathy (CCC), an inflammatory dilated
cardiomyopathy that occurs decades after the initial infection,
while 60% remain asymptomatic (ASY) and 10% develop
gastrointestinal motility disorders. Chagas disease is the most
common cause of non-ischemic cardiomyopathy in Latin
America, where 6 million people are infected, causing
approximately 10,000 deaths/year, mainly due cardiac
compromise (2). Clinical progression, length of survival and
overall prognosis are significantly worse in CCC patients
compared with patients with dilated cardiomyopathy of non-
inflammatory etiology (3-6). Due to migration to non-endemic
countries, Chagas disease cardiomyopathy is now a global health
problem (7). Refractory heart failure due to CCC is one of the
main indications for heart transplantation in endemic countries.
A recent report disclosed 25 cases of heart transplantation due to
CCC in the USA, indicating the presence of patients with severe
complications from Chagas disease (8). As the currently licensed
anti-T. cruzi drugs are not effective in preventing the progression
of heart lesions of CCC (9), treatment is only supportive. The
absence of alternative specific treatment for CCC is a
consequence of limited knowledge about the pathogenesis.

The pathogenesis of CCC is incompletely understood, and
multiple mechanisms have been proposed, but myocarditis
seems to play an important role [Reviewed in (2, 10)]. After
acute infection by T. cruzi, parasitism is partially controlled by
the immune response. Low-grade parasite persistence fuels the
systemic production of inflammatory cytokines like IFN-gamma
and TNF-alpha by T cells, which is more intense in CCC than
ASY patients along the chronic phase of infection (11-13). CCC
is characterized by a myocarditis rich in monocytes and IFN-
gamma-producing T cells attracted to the heart by locally
produced chemokines such as CCL5 and CXCL9 (14), with
cardiomyocyte damage, fibrosis and hypertrophy; T. cruzi
parasites are very scarce. Indeed, IFN-gamma is the most
highly expressed cytokine in CCC myocardium (11, 12, 14-19)
and a significant number of genes expressed in CCC

myocardium is modulated by IFN-gamma (15, 20). T cells
infiltrating the heart of CCC patients recognize both T. cruzi
(21, 22) and pathogen-cross reactive autoimmune targets in the
heart, like cardiac myosin and T cruzi antigen B13 (21). This
aggressive myocarditis is without parallel in other etiologies of
dilated cardiomyopathy, which may suggest the pathogenesis of
cardiomyopathy due to Chagas disease may be distinct from
non-inflammatory cardiomyopathy. In addition, the
myocardium from CCC patients with ventricular dysfunction
displays selectively decreased levels and activity of several
mitochondrial energy metabolism enzymes, including
mitochondrial ATP synthase alpha expression and creatine
kinase activity, as compared with idiopathic dilated or ischemic
cardiomyopathy (DCM and IC respectively) (23). Patients with
CCC also displayed decreased in vivo myocardial ATP flux as
determined by *'P-NMR spectroscopy (24). These mitochondrial
changes are thought to contribute to the worse prognosis of CCC
as compared to other cardiomyopathies (25).

Systems biology approaches have been used to understand the
pathogenesis of CCC, including gene expression and miRNA
expression profiling (15, 20) and DNA methylation studies (26).
Collectively, omics studies in Chagas disease indicate induction
of genes related to cardiac hypertrophy, fibrosis, mitochondria/
oxidative stress and arrhythmia, in common with other
cardiomyopathies, but with a prominent set of differentially
expressed inflammatory and IFN-gamma-dependent genes.
Proteomic analysis has been widely applied to study
cardiovascular disease also pointing toward the embryonic/
hypertrophic phenotype and fibrosis (27-30). Studies are also
needed to map the main proteins involved in the development of
cardiovascular diseases. Given the striking inflammatory pattern
and increased number of IFN-gamma-inducible gene among
differentially expressed genes in CCC myocardium, we could
hypothesize that proteomic analysis may shed light on the
mechanisms of pathogenesis in CCC and its worse prognosis
as compared to other cardiomyopathies. Given the ability of
IFN-gamma to directly induce genes expression on
cardiomyocytes (15) we assessed its ability to cause functional
impairment in cardiomyocytes.

MATERIAL AND METHODS

Patients and Samples of Human
Myocardium

Myocardial samples were obtained from left ventricular-free wall
heart tissue from end-stage heart failure patients at the moment of
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heart transplantation. Samples from 4 CCC (serological diagnosis,
positive epidemiology for Chagas disease), 4 idiopathic dilated
cardiomyopathy (DCM; dilated cardiomyopathy in the absence of
ischemic disease, negative epidemiology and serology for Chagas
disease) and 4 coronary angiography-proven dilated
cardiomyopathy (IC) patients were collected for proteomic
analysis (Table 1). Left ventricular free wall samples were also
obtained from healthy hearts from organ donors, which were not
designated for transplantation for technical reasons (control
group). Additional myocardium samples from patients with
CCC, DCM and IC and organ donors were used for
confirmatory experiments (real-time PCR and immunoblotting)
(Supplemental Table S1). Samples were cleared from pericardium
and fat tissue, quickly frozen in liquid nitrogen and stored at -70°
C. Protein homogenates were obtained using lysing solution
(1:10w/v) containing 7mol/L urea, 10mmol/L Tris, 5Smmol/L
magnesium acetate and 4% CHAPS, pH 8.0, with mechanical
homogenization (PowerGen, Fisher Scientific). The homogenate
was then sonicated for three cycles of 10 seconds each to 10 Watts
(60 Dismembrator Sonic, Fisher Scientific), centrifuged at 12,000g
for 30 minutes. Supernatants were collected and stored at -70°C.
Protein quantification was performed with the Bradford
method (BioRad).

Two-Dimensional Electrophoresis
(2D-DIGE)

For the separation of the myocardium proteins we used two-
dimensional electrophoresis with a multiplexing fluorescent
labeling approach (Supplemental Figure S1), that enables
detection of small differences in protein levels as well as
inclusion of an internal standard. The standard is a pool of all
the samples within the experiment and therefore contains all
proteins relevant for the experiment. By using an internal
standard, gel-to-gel variation can be eliminated, quantification
is accurate and system variation can be separated from biological

variation. The first step was the individual labelling of each
sample; 50ug protein of each sample (concentration 5ug/uL and
pH 8.5) were labeled with 400pmol of one of the fluorophores
(CY2, 3, or 5 - GE Healthcare) reconstituted with
dimethylformamide. The reaction occurred on ice for 30
minutes, and stopped by adding 1uL of lysine 10mM. The
individual samples were labeled with Cy3 or Cy5 fluorophores,
and the standard sample (“pool”) was labeled with the
fluorophore Cy2. For each gel, two individual samples, one
labeled with Cy3 and one labeled with Cy5, plus the internal
standard (“pool”) labeled with Cy2 were combined and applied
to the two-dimensional electrophoresis. This procedure was
performed for the preparation of the analytical gels. For the
identification of proteins by mass spectrometry, a “preparative
gel” was performed using the pool sample (500ug total protein:
450ug of unlabeled protein and 50ug of labeled protein with Cy2,
the internal standard). The first dimension was performed in
isoelectric focusing system “Ettan IPGphor” (GE Healthcare).
The strips of immobilized pH gradient at pH 3 to 11 nonlinear
gradient of 24cm (IPG strip) were rehydrated for at least 12
hours, with rehydration solution “DeStreak Rehydratation
Solution” containing 0.5% “IPG buffer 3-11NL” (GE
Healthcare). The electrodes were placed at the ends of the
strips, and were then taken to the platform of “Ettan IPGphor
(GE Healthcare) for isoelectric focusing so that the end of the
focus was accumulated 64kV. After isoelectrofocusing, the strips
were subjected to two rounds of equilibrium for the preparation
of proteins for the second dimension. The first step, the
reduction of proteins, was performed with the equilibrium
solution (50mM tris-HCI, 6M urea, 30% glycerol, 2% SDS and
0.002% bromophenol blue, pH = 8.8) plus 10mg/mL of DTT
(dithiothreitol) for 15 minutes. Second, alkylation of proteins
was performed with the equilibrium solution plus 25 mg/ml
iodoacetamide for 15 minutes. The second dimension was
performed in the electrophoresis vertical “Ettan Daltsix” (6 gels
of 25.5 x 20.5cm) (GE Healthcare). For gels with samples labeled

TABLE 1 | Baseline characteristics of patients included in the differential proteomic analysis.

Etiol* Patient Gender Age EF (%)" RVDD (cm)* Fibrosis® Myocarditis!
CCC #1 M 50 11 82 2+ 2/3+
CCC #2 M 57 29 71 1+ 2/3+
CCC #3 M 58 29 64 2+ 2+
CCC #4 M 59 17 64 2+ 3+
IC #1 M 49 25 76 1+ 0
IC #2 M 61 33 79 3+ 0
IC #3 M 52 20 62 3+ 0
IC #4 M 55 16 83 2+ 0
DCM #1 M 53 19 77 1/2+ 0
DCM #2 M 55 25 51 3+ 0
DCM #3 M 56 16 99 2+ 0
DCM #4 M 61 27 76 3+ 0
N #1 M 17 na na na na
N #2 M 22 na na na na
N #3 M 28 na na na na
N #4 M 40 na na na na

*Etiol., Etiology; TEF, Ejection Fraction (reference value, >55%); * LVDD, Left Ventricular Diastolic Diameter (reference value, 39-53mm); § and I as rated by histopatology (0, absent; 1 +,
mild; 2 +, moderate; 3 +, intense); N, individuals without cardiomyopathies; CCC, chronic Chagas disease cardiomyopathy; DCM, idiopathic dilated cardiomyopathy; IC, ischemic
cardiomyopathy; M, Male; na, not applicable or not available.
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with the fluorophore, we used glass plates with low fluorescence.
The polyacrylamide gels were 12.5%, over which the strips were
placed. The set was sealed with 0.5% agarose in electrophoresis
buffer. The electrophoresis was performed in buffer containing
25mM Tris-HCl, 192mM glycine, and 0.1% SDS, pH 8.3 with a
power of 2.5W/gel for 30 minutes and 100W total by the end of
the race. To maintain the temperature to 20°C in the tank
“DaltSix” was used a cooler “MultiTemp IIT (GE Healthcare) at
10°C. After the second dimension, gels were fixed in a solution
containing 40% methanol and 10% acetic acid. Only the
“preparative gel” was stained in a solution containing 8%
ammonium sulfate, 0.8% phosphoric acid, 0.08% Coomassie
Blue G-250 and 20% methanol, and then bleached in water.
The gels were kept in a solution containing 15% ethanol. The
“preparative gel” stained with Colloidal Coomassie Blue were
scanned by the device “ImageScanner” (GE Healthcare) using
green filter, transparent and 300dpi resolution. The “analytical
gels” containing samples labeled with fluorophores were scanned
by the device “Typhoon 9410 Variable Mode Imager”
(GE Healthcare), using the following parameters: Cy2, 488nm
excitation and 520 nm-BP 40nm emission filter; Cy3, 532nm
excitation and 580nm - BP 40nm emission filter; Cy5,
633nm excitation and 670nm - BP 40nm emission; with
resolution 100micra and the sensitivity ranged from 450
to 550PTM.

Statistical Analysis of Differential Protein
Expression Using the DIGE

The analysis of differential protein expression using the DIGE
technique was performed using the DeCyder Differential
Analysis version 6.5 software (GE Healthcare). The volume of
each spot was normalized in relation to the total volume of spots
selected, and the gels were normalized together using the image
of the pool of samples labeled with Cy2. The proteomic profiles
of each disease group were compared with healthy donor
subjects (control group). For each experimental group, spots
present in at least 80% of samples were considered. One of the
gels was chosen as a reference (“master” gel, Cy2 labeling in the
preparative gel) for the spots matching between the gels.
Statistically significant differences of 2D-DIGE data were
computed by analysis of variance (ANOVA) and Student t-
tests. False discovery rate was applied as a multiple test
correction in order to keep the overall error rate as low as
possible, according to software manual and literature (31). Power
analysis was conducted on statistically changed spots, and only
spots that reached a sensitivity threshold > 0.8 were considered as
differentially expressed. We considered a protein to be
differentially expressed if one or more of the associated spots
was differentially expressed (p<0.01). The Ingenuity Pathways
Analysis (IPA®, Qiagen, Redwood City, USA) software was used
to analyze the differentially expressed protein profile. Qiagen
Ingenuity Pathway analysis software provides a P value
representing Fisher’s exact test representation of proteins in
each pathway that are present or not in each pathway. The
more proteins in the pathway, the lower the P value. No FDR
calculation was applied in this analysis.

Automatic in Gel Protein Digestion

After detection of spots, these were picked from the “preparative
gel” (previously stained with Colloidal Coomassie Blue) and
processed by automated system “Ettan Spot Handling
Workstation” (GE Healthcare). In this system the spots were
removed from the gel and submitted to tryptic “in gel” digestion.
The tryptic peptide fragments were extracted from the gel spots
for further analysis by mass spectrometry. In summary, gel spots
were treated with solutions containing ammonium bicarbonate
and acetonitrile. Each spot gel was dried and trypsin (1.6mg/ml
in 20mM ammonium bicarbonate) was added. Digestion was
performed at 37°C for 6 hours. The product of tryptic digestion
was extracted from the spot gel with a solution containing 50%
acetonitrile and 0.45% trifluoroacetic acid (TFA). The product
was then dried and resuspended in 5uL of 50% acetonitrile and
0.5% TFA prior to mass spectrometry analysis.

Analysis by Mass Spectrometry and
Protein Identification
An aliquot (1uL) of the tryptic digest was placed onto a MALDI
target slide and 1.5uL matrix solution with standards [5 mg/ml
o.-Cyano-4-hydroxycinnamic acid in 50% Acetonitrile and 0.1%
TFA, containing the peptides bradykinin (Brad, 10fmol/uL,
MW = 904.46 kDa) and adrenocorticotropic hormone (ACTH,
40fmol/uL, MW = 2465.19 kDa)]. The standard peptides were
used for calibration during the mass determination. The samples
were analyzed on a MALDI-TOF/TOF mass spectrometer (MS),
“Matrix assisted laser desorption/ionization - Time-of-Flight,
Ultraflex III (Bruker). The analysis was performed in the
“Reflectron” positive node. The detection mass range was
between 880 — 3480, and the number of shots ca. 200-300. The
spectrum calibration was done by quadratic fit using the internal
calibrating peptides: ACTH (18-39), mass selected 2465.20 and
des-Arg Brad_MH+_mono, mass selected 904.47. The result
was a list of values that correspond to the ratio mass/charge (m/z)
of each peptide present in the tryptic digested sample. Peptide
matching and protein searches were performed automatically with
the use of in-house developed software “Poseidon” (32) or using the
tool Mascot (www.matrixscience.com). The peptide masses
(Peptide Mass Fingerprinting, PMF) were compared with the
theoretical peptide masses of all available proteins from Homo
sapiens specie in the database “SwissProt”. Monoisotopic masses
were used and a mass tolerance of 0.0025% was allowed. The
probability of a false positive match with a given MS-spectrum was
determined for each analysis (Score). Unmatched peptides or
miscleavage sites were not considered. Analysis in the MS/MS
mode was performed using the instrument’s software. The
significance threshold was set at P-value < 0.05. No mass and pl
constraints were applied, and trypsin was set as enzyme. One missed
cleavage per peptide was allowed, and carbamidomethylation was
set as fixed modification while methionine oxidation as variable
modification. Mass tolerance was set at 30ppm for MS spectra.
Functional analysis of proteins expressed in the myocardium
was performed using the bioinformatics tools as the “Locus Link”
(www.ncbi.nlm.nih.gov/locuslink) and based on the
classification “Gene Ontology”. The names and acronyms, as
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well as the access number of proteins, were obtained by the tool
UniProt (http://www.uniprot.org).

Analysis of Protein Levels by
Immunoblotting

Extracts of myocardial samples containing 30pg of protein were
heated for 5 minutes at 95°C and subjected to one-dimensional
electrophoresis (SDS-PAGE) using 12.5% polyacrylamide gel
and the vertical electrophoresis system Ruby SE600 (GE
Healthcare). After electrophoresis, proteins were transferred
from the gel to a nitrocellulose membrane using the TE Semi-
Dry Transfer Unit (GE Healthcare). The nitrocellulose
membranes were incubated with monoclonal antibodies to
specific proteins found with altered levels in the proteomic
analysis: anti-CATA (catalase, mouse monoclonal antibody, 1
ug/mL, Sigma), anti-ACADVL (Very long-chain specific acyl-
CoA dehydrogenase, mouse monoclonal antibody, 1 pg/mL,
Abcam) and anti-DECRI (2,4-dienoyl-CoA reductase 1, mouse
monoclonal antibody, 1 ug/mL, Abcam). Each membrane was
subjected to incubation with compatible secondary antibodies
conjugated with peroxidase, developed using ECL Plus Western
Blotting Detection Reagents (GE Healthcare) and detection using
X-ray equipment. Analysis of densitometry was performed using
the program ImageQuant TL (GE Healthcare). The relative
abundance of a specific protein across the lanes of the blot was
given by the normalization to the total amount of protein in each
lane. Statistical analysis was performed with the Graphpad Prism
software (Graphpad Software Inc, San Diego, USA). One-way
ANOVA was used to compare the different unmatched groups,
followed by the Tukey-Kramer test, which compares every mean
with every other group mean and allows for the possibility of
unequal sample sizes.

Analysis of mMRNA Expression by Real-

Time Reverse Transcriptase (RT)-PCR

Total RNA from left ventricle samples was isolated using the
RNeasy Fibrous tissue kit (Qiagen). Contaminating DNA was
removed by treatment with RNase-free DNase I. cDNA was
obtained from 5ug total RNA using Super-script ™ reverse
transcriptase (Invitrogen). mRNA expression was analyzed by
real-time quantitative reverse transcriptase (RT)-PCR with SYBR
Green I PCR Master Mix (Applied Biosystems) and 250nM of
sense and anti-sense primers using the ABI Prism 7500 Real
Time PCR System (Applied Biosystems). The following primers
were designed using Primer Express software version 3.0
(Applied Biosystems): HPRT1 (hypoxanthine
phosphoribosyltransferase 1); (F) 5 ATTAAAGCACTGAAT
AGAAAT 3’, (R) 3> TAAAGATAAGTCACGAAATTA 5,
amplicon 108bp; ACADVL: (F) 5-CCATACCCGTCCGTGCT-
35 (R) 5-GAGCGTCATTCTTGGCGG-3’, amplicon 109bp;
DERC1: (F) 5> AAGCACAGAAAGGAGCAGCA 3, (R) ¥
TCATGGCTTCCACACCTGC 3’°, amplicon 108bp. After every
PCR, an amplicon melting point curve was obtained. This
yielded a single peak with the expected temperature provided
by Primer Express software, confirming the specificity of the
PCR. HPRT mRNA expression was used for normalization.
The amount of mRNA in the left ventricle samples was

calculated using the 29 method (33). Statistical analysis was

also performed with the Graphpad Prism software (Graphpad
Software Inc, San Diego, USA). One-way ANOVA was used to
compare the different unmatched groups, followed by the Tukey-
Kramer test, which compares every mean with every other group
mean and allows for the possibility of unequal sample sizes.

Lipid Peroxidation Evaluation

Lipid peroxidation levels were evaluated by the TBARS
(thiobarbituric acid reactive substance) method based on the
reaction of malonaldehyde (MDA), the major lipid oxidation
product, with thiobarbituric acid (TBA), which leads to the
formation of the TBA-MDA adduct (TBARS). The adduct has
fluorescence property and was isolated and detected by high
performance liquid chromatography (HPLC) with a fluorescence
detector (34). Briefly, 50mg tissue was processed in 500uL TKM
solution (Tris-HCl 50mM, KCl 25mM; MgCl, 5mM; pH 7.5).
For a 200uL aliquot of the tissue homogenate, further 200uL of
TKM solution was added and subsequently 500uL of a 0.4%(w/v)
solution of TBA in HCI 0.2N/H,0O (2:1), 75uL of 0.2% (w/v)
solution of BHT in 95% ethanol and 50uL of 10% (w/v) SDS. The
mixture was heated to 90°C for 45 min, cooled on ice, and
extracted with an equal volume of isobutanol. The isobutanolic
phase was injected through a Shimadzu auto injector model SIL-
10AD/VP (Shimadzu, Kyoto, Japan) in a Shimadzu HPLC
system, consisting of two pumps LC-6AD connected to a
Lichrosorb 10 RP-18 (Phenomenex, Torrance, CA) reversed-
phase column. The flow rate was 0.8mL/min (5-25% acetonitrile
in H,O deionized). The MDA-TBA adduct was detected with a
RF-10A/XL fluorescence detector set at an excitation wavelength
of 515nm and an emission wavelength of 550nm, and data were
processed using Shimadzu ClassVP 5.03 software.
Malonaldehyde-bisdiethylacetal was used as a standard.
Statistical analysis was performed with the Graphpad Prism
software (Graphpad Software Inc, San Diego, USA). One-way
ANOVA was used to compare the different unmatched groups,
followed by the Tukey-Kramer test, which compares every mean
with every other group mean and allows for the possibility of
unequal sample sizes.

Effect of IFN-Gamma on Cardiomyocyte
Mitochondrial Membrane Potential

Human adult ventricular cardiomyocyte cell line AC16 was
propagated using DMEM:F12 supplemented with 12.5%
inactivated fetal bovine serum (FBS) without antibiotics and
used during 8 passages. A quantity of 0.10x10e4 cells were seeded
per 0.34cm” and incubated in a humidified incubator at 37°C and
5% CO, for 24 hours. Then, cells were treated with 5, 10 or 25ng/
ml of IFN-gamma for 48 hours. At the end of treatment, cells
were stained using 1uM of tetramethylrhodamine, methyl ester,
perchlorate (TMRM, ThermoFisher Scientific), 400nM of
mitotracker DeepRed (ThermoFisher Scientific), 500ng/ml of
propidium iodide (PI, Sigma) and 1uM of Hoechst 33342
(ThermoFisher Scientific) at 37°C and 5% CO, for 30 minutes
and cells were washed once with Hanks’ Balanced Salt solution
(HBSS) containing calcium and magnesium. Micrographs were
captured using ImageXpress Micro XLS Widefield High-Content
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Analysis system at 100x magnification and the mitochondrial
membrane potential was evaluated in live cells (PI negative)
using and the web-based software Columbus 2.7.1.133403
(PerkinElmer Inc.). Mitochondrial AY was measured only in
regions of co-localization of TMRE and mitotracker deepred
fluorescences and data are reported as the ratio to not-treated
cells. Cell viability was calculated as the ratio of the number of
live cells (PI-negative) and total cells (PI-negative plus PI-
positive cells) x 100; n=3.

RESULTS

We performed a differential proteomic analysis in the left
ventricular free wall myocardial samples from patients with
CCC, DCM and IC in comparison to subjects without
cardiomyopathy (control group N), using a multiplexing
methodology of 2-Dimentional Fluorescence Difference Gel
Electrophoresis (2D-DIGE) (Supplemental Figure S2).
Patients from the three cardiomyopathy groups included in the
analysis displayed cardiomyocyte hypertrophy and fibrosis upon
histopathological analysis, but lymphocytic myocarditis was only
observed in myocardial samples from CCC patients (Table 1).
No significant differences were found in age, ejection fraction
(EF) or left ventricular diastolic diameter (LVDD) among the
three cardiomyopathy groups. However, the control group -
organ donors whose heart was not designated for transplantation
— was inherently younger than the patient groups, since usually
the preferential donors for organ transplantation are among
younger individuals.

The proteomic analysis covered a total of 683 spots present in
at least 80% of each of the fluorescent analytical gels.
Supplemental Figures S2A, B display the Coomassie stained
gel (preparative gel), and a representative 2D-DIGE stained gel
(analytical gel), respectively. A total of 565 spots could be
matched in the Coomassie colloidal blue stain-preparative gel
and submitted to mass spectrometry identification; from which
we were able to identify 439 proteins; and among those, 230 were

distinct proteins (Supplemental Table S2). The majority of
proteins (63%) were identified in a single spot. The remaining
37% of proteins have been identified in more than one spot. For
some of these “multispot” proteins, only some of the spots were
differentially expressed, while other spots corresponding to the
same protein showed no difference in expression. This can be
explained by the fact that some proteins could have different
isoforms or post-translational modification that change their
charge and consequently their isoelectric point. In this study, the
deeper analysis of post-translational modification was not
performed due to the complexity of such analysis and
limitations of the method. Supplemental Figures S3A-C show
Volcano plots displaying fold change and P values of the spots in
the myocardial samples from CCC, DCM and IC patients as
compared to the control group.

Figure 1 and Supplemental Figure S4 show Venn diagrams
indicating the number of differentially expressed identified
proteins and spots, that were shared or unique in any of the
disease groups as compared to the control group. When
compared with the control group, myocardial samples from
patients with CCC and DCM showed a higher number of
differentially expressed proteins than the IC group.
Approximately 77% of differentially expressed proteins in CCC
myocardium were shared with the DCM group, 29% were shared
with the IC group, and 26% of differentially expressed proteins
were shared between the 3 groups.

Pathways analysis of differentially expressed proteins
(Figure 2) disclosed enrichment in cardiac hypertrophy and
cardiac fibrosis for all 3 diseases, while oxidative stress was
enriched for both CCC and DCM. We observed a higher
enrichment in CCC and DCM in the mitochondrial
dysfunction pathway, and much higher enrichment in CCC in
the fatty acid metabolism (beta-oxidation), transmembrane
potential of mitochondria, and cardiac necrosis pathways. The
compilation of the data from all analyzed spots and proteins can
be found in Supplemental Table S2. Table 2 and Supplemental
Figure S5A shows the cellular component classification of the
total identified proteins. Most of the identified proteins were

A Number of Proteins with Increased Expression

DCM

in a single spot.

B Number of Proteins with Decreased Expression

é% CC :

DCM

FIGURE 1 | Venn diagrams representing the occurrence of proteins differentially expressed in common or unique relationships between groups of patients with
cardiomyopathy group compared with individuals without cardiomyopathies. Number of proteins with increased (A) or decreased (B) expression of at least one spot
in samples from patients when compared with samples from subjects without cardiomyopathy. Over 67% of proteins differentially expressed in CCC were contained
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FIGURE 2 | Toxicity function pathways analysis of differentially expressed proteins in CCC, DCM and IC myocardium. Proteins differentially expressed in heart tissue
were analyzed using Ingenuity Pathways Analysis® (Qiagen) using the tox-list function, which classifies gene or protein sets into pathological/toxicological pathways.

classified as cytoplasmic (35%), mitochondrial (28%), or
cytoskeletal (13%). Table 3 and Supplemental Figure S5B
shows the functional classification of the total identified
proteins. Through this classification, most of the proteins were
classified as proteins related to metabolism (37%), structural and
contractile proteins (14%) and proteins involved in the stress
response and apoptosis (12%). Analysis of differentially
expressed proteins in samples from each clinical group
disclosed a similar distribution, as can also be observed in the
Tables 2 and 3.

Table 4 displays the differentially expressed proteins in the
different clinical groups (CCC, DCM or IC) as compared with
individuals without cardiomyopathy (control group N), classified
by biological process, and shows which of these proteins were

shared among the groups. We found 128 differentially expressed
proteins in myocardial samples from patients with CCC when
compared to the control group (Table 4, section a). Among
these, 25 proteins (ca. 20%) were found exclusively modulated in
CCC samples. Among the 25, 12 were upregulated; between
those, 3 belonged to the stress response/apoptosis process and 2
to metabolism (glycolysis). Thirteen proteins were down-
modulated exclusively in CCC myocardium. Five belonged to
the mitochondrial energy metabolism (oxidation, tricarboxylic
acid cycle and oxidative phosphorylation), 4 were structural/
contractile proteins, and one belonged to the stress response and
apoptosis process. Regarding IC (Table 4, section b) and DCM
(Table 4, section c), we identified 113 and 44 differentially
expressed proteins as compared to the control group. The

TABLE 2 | Cellular component classification of the proteins differentially expressed in the myocardium from patients with CCC, IC and DCM.

Cellular Component Total prot.* T. diff. prot.t CCC/N IC/N DCM/N

T 1 T 1 1 1
Cytoplasm 81 54 25 22 9 3 21 25
Cytoskeleton 30 22 6 1 3 5 7 9
Endoplasmic reticulum 8 5 5 0 0 0 5 0
Membrane 13 8 3 4 2 0 2 3
Mitochondria 64 41 13 22 13 3 14 17
Nucleus 20 8 3 4 0 0 3 3
Secreted 10 8 6 0 5 0 7 0
Other 4 3 2 0 1 1 1 0
Total 230 149 63 63 33 12 60 57

“Total prot., Total number of proteins identified in each cellular component; 'T. diff. prot., Total number of proteins in each cellular component that were found to be differentially expressed
in the myocardium from patients with CCC, IC and DCM as compared to individuals without cardiomyopathies (N).

Bold means the total number of protein in each column.
1 means upregulated expression | means downregulated expression.
Bold means the total number of protein in each column.
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TABLE 3 | Functional classification of the proteins differentially expressed in the myocardium from patients with CCC, IC and DCM.

Function Total prot.*
1. Structural and Contractile Proteins 32
2. Metabolism 86
2.1. Glycolysis 15
2.2. Lipid Metabolism/B-Oxidation ih
2.3. Tricarboxylic Acid Cycle 8
2.4. Oxidative Phosphorylation and Electron Transport 18
2.5. Creatine Kinase System (Energy Transduction) 3
2.6. Other Metabolic Processes 31
3. Stress Response and Apoptosis 27
4. Immune Response 3
5. Cell Signaling 13
6. Transcription and Translation Processes 18
7. Transport 8
8. Proteasome-Ubiquitin Process 6
9. Other Functions 37
Total 230

T. diff. prot.t CCC/N

t l
25 7 13
60 19 32
11 5 5
7 0 6
7 1 4
14 5 8
2 0 2
19 8 7
22 13 6
3 3 0
4 2 1
6 2 2
3 2 1
3 3 0
23 12 8
149 63 63
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*Total prot., Total number of proteins identified in each functional classification; 'T. diff. prot., Total number of proteins in each functional classification that were found to be differentially
expressed in the myocardium from patients with CCC, IC and DCM as compared to individuals without cardiomyopathies (N).
1 means upregulated expression | means downregulated expression.
Bold means the total number of protein in each column

TABLE 4 | List of the differentially expressed proteins identified in the myocardium from patients with CCC, IC and DCM when compared to individuals without
cardiomyopathies.

a) Differentially Expressed Proteins Only in CCC patients

Entry
name*

ARP3
ENOA
G3P
MCCB
CATA
HSPB7
TR10B
LEG3
BLK
PSME1

APOA1
FOOAM
ACTA

MYL4

STML2
TPM1
ACADVL
HCDH
THIM
MDHM
NDUS1

ROA2
HSPB1
KELL
SKT

Protein names’

Actin-like protein 3

Alpha-enolase (Non- neural enolase)
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial
Catalase

Heat shock protein beta-7

Tumor necrosis factor receptor superfamily member 10B
Galectin-3

Tyrosine-protein kinase BLK

Proteasome activator complex subunit 1 (Interferon gamma up-
regulated I-5111 protein)

Apolipoprotein A-I precursor

Putative protein FAM90A22

Actin, aortic smooth muscle

(Alpha-actin-2)

Myosin light polypeptide 4 (Myosin light chain 1, embryonic muscle/
atrial isoform)

Stomatin-like protein 2

Tropomyosin-1 alpha chain

Very long-chain specific acyl-CoA dehydrogenase, mitochondrial
Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial
3-ketoacyl-CoA thiolase, mitochondrial

Malate dehydrogenase, mitochondrial

NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial

Heterogeneous nuclear ribonucleoproteins A2/B1
Heat-shock protein beta-1 (Heat shock 27 kDa protein)
Kell blood group glycoprotein

Sickle tail protein homolog

Function

1. Structural and Contractile Proteins
2.1. Glycolysis

2.1. Glycolysis

2.6. Other Metabolic Processes

3. Stress Response and Apoptosis
3. Stress Response and Apoptosis
3. Stress Response and Apoptosis
4. Immune Response

5. Cell Signaling

8. Proteasome-Ubiquitin Process/Immune

response
9. Other Functions
9. Other Functions
1. Structural and Contractile Proteins

1. Structural and Contractile Proteins

1. Structural and Contractile Proteins
1. Structural and Contractile Proteins
2.2. Lipid Metabolism/B-Oxidation
2.2. Lipid Metabolism/B-Oxidation
2.2. Lipid Metabolism/B-Oxidation
2.3. Tricarboxylic Acid Cycle

2.4. Oxidative Phosphorylation and
Electron Transport

2.6. Other Metabolic Processes

3. Stress Response and Apoptosis
9. Other Functions

9. Other Functions

Total
Spots¥

O SIS o) R

W AN DMO

EOENAES

CccC/

N

IC/N DCM/

N

11 8% 1] 8% ¢t s

e i i e — B I e

— = =
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RGO

(Continued)
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TABLE 4 | Continued

b) Differentially Expressed Proteins Only in IC patients Total CCC/ IC/N DCMm/
Spots* N N
Entry Protein names’ Function 1+l 88 11 s ¢y s
name*
ACON Aconitate hydratase, mitochondrial (Aconitase) 2.3. Tricarboxylic Acid Cycle 8 t 3
KI26A Kinesin-like protein KIF26A 1. Structural and Contractile Proteins 1 A1
W19L5 Putative WBSCR19-like protein 5 9. Other Functions 1 Lo
c) Differentially Expressed Proteins Only in DCM patients Total CCC/ IC/N DCwMm/
Spots¥ N N
Entry Protein names’ Function 11 8% 1ty s8 1) s
name*
PDLI1 PDZ and LIM domain protein 1 1. Structural and Contractile Proteins 1 o1
VINC Vinculin (Metavinculin) 1. Structural and Contractile Proteins 2 t 2
ODO2 2-oxoglutarate dehydrogenase E2 component, mitochondrial 2.3. Tricarboxylic Acid Cycle 2 o1
COQ9 Ubiquinone biosynthesis protein COQ9, mitochondrial 2.6. Other Metabolic Processes 1 A1
HSP7C Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8). 3. Stress Response and Apoptosis 2 t 2
SAMP Serum amyloid P-component precursor 3. Stress Response and Apoptosis 1 o1
ZN799 Zinc finger protein 799 6. Transcription and Translation Processes 1 o1
IFITS Interferon-induced protein with tetratricopeptide repeats 5 9. Other Functions 1 o1
CAZA2 F-actin capping protein subunit alpha-2 (CapZ alpha-2) 1. Structural and Contractile Proteins 1 U
MYOZ2 Myozenin-2 1. Structural and Contractile Proteins 3 A1
TPIS Triosephosphate isomerase 2.1. Glycolysis 3 1
NDUAD NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13 2.4, Oxidative Phosphorylation and 1 1
Electron Transport
GSTM2 Glutathione S-transferase Mu 2 2.6. Other Metabolic Processes 1 U
CRYAB Alpha crystallin B chain 3. Stress Response and Apoptosis 3 1
GBG5 Guanine nucleotide-binding protein G(l)/G(S)/G(O) subunit gamma-5 5. Cell Signaling 2 [
EDC4 Enhancer of mRNA-decapping protein 4 6. Transcription and Translation Processes 1 1
d) Differentially Expressed Proteins Shared by CCC and IC patients Total CCC/ IC/N DCwM/
Spotst N N
Entry Protein names’ Function 11 8% 11 s8 ¢y s
name*
NDUS3 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial - 2.4. Oxidative Phosphorylation and 2 1 1 1
Electron Transport
CHCH3 Coiled-coil-helix-coiled-coil-helix domain-containing protein 3, 9. Other Functions 2 1 1A
mitochondrial
ACTN2 Alpha-actinin-2 (Alpha actinin skeletal muscle isoform 2) 1. Structural and Contractile Proteins 4 L
D3D2 3,2-trans-enoyl-CoA isomerase, mitochondrial 2.2. Lipid Metabolism/B-Oxidation 1 L
e) Differentially Expressed Proteins Shared by CCC and DCM patients Total CCC/ IC/N DCwMm/
Spots* N N
Entry Protein names’ Function 11 88 11 8% 1] st
name*
TBA1C Tubulin alpha-1C chain 1. Structural and Contractile Proteins 1 T 1 T
TBB5 Tubulin beta-5 chain 1. Structural and Contractile Proteins 3 t 2 t 2
IDH3A Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial 2.3. Tricarboxylic Acid Cycle 2 T2 1
DPYL2 Dihydropyrimidinase-related protein 2 2.6. Other Metabolic Processes 1 o1 1
SCOTH Succinyl-CoA:3-ketoacid-coenzyme A transferase 1, mitochondrial 2.6. Other Metabolic Processes 2 o1 t 2
ENPL Endoplasmin precursor (Heat shock protein 90 kDa beta member 1) 3. Stress Response and Apoptosis 2 o1 A1
GRP78 78 kDa glucose-regulated protein (Heat shock 70 kDa protein 5) 3. Stress Response and Apoptosis 3 t 3 t 3
HS90A Heat shock protein HSP 90-alpha 3. Stress Response and Apoptosis 1 o1 toA1
HSP71 Heat shock 70 kDa protein 1 3. Stress Response and Apoptosis 2 o1 t 2
PDIA1 Protein disulfide-isomerase precursor 3. Stress Response and Apoptosis 1 o1 o1
PDIA3 Protein disulfide-isomerase A3 precursor 3. Stress Response and Apoptosis 2 t 2 t 2
ANXA1 Annexin A1 (Annexin |) 3. Stress Response and Apoptosis 1 to1 to1
ANXA5 Annexin A5 (Annexin V) 3. Stress Response and Apoptosis 2 t 2 t 2
14332 14-3-3 protein zeta/delta 5. Cell Signaling 1 o1 o1
(Continued)
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TABLE 4 | Continued

e) Differentially Expressed Proteins Shared by CCC and DCM patients Total CCC/ IC/N DCMm/
Spotst N N
Entry Protein names’ Function 1+l 88 11 s ¢y s
name*
SYAC Alanyl-tRNA synthetase, cytoplasmic 6. Transcription and Translation Processes 3 t 2 A1
ZN658 Zinc finger protein 658 6. Transcription and Translation Processes 1 oA 1
MiB2 ES ubiquitin-protein ligase MIB2 8. Proteasome-Ubiquitin Process 1 o1 to1
RNF25 E3 ubiquitin-protein ligase 8. Proteasome-Ubiquitin Process 1 o1 o1
ANXA2 Annexin A2 (Annexin II) 9. Other Functions 3 t+ 3 t 2
F13A Coagulation factor Xill A chain 9. Other Functions 1 A1 o1
AMPL Cytosol aminopeptidase 9. Other Functions 2 t 2 t o1
PDzD4 PDZ domain-containing protein 4 9. Other Functions 1 o1 to1
AINX Alpha-internexin 1. Structural and Contractile Proteins 1 1 1
MLRV Myosin regulatory light chain 2, ventricular/cardiac muscle isoform 1. Structural and Contractile Proteins 4 L1 /3
MYL3 Myosin light polypeptide 3 (Myosin light chain 1, slow-twitch muscle 1. Structural and Contractile Proteins 4 L2 L2
B/ventricular isoform)
TNNT2 Troponin T, cardiac muscle 1. Structural and Contractile Proteins 7 1 L1
VIME Vimentin 1. Structural and Contractile Proteins 1 1 1
ALDOA Fructose-bisphosphate aldolase A (Muscle-type aldolase) 2.1. Glycolysis 6 o1 |2
ALDOC Fructose-bisphosphate aldolase C (Brain-type aldolase) 2.1. Glycolysis 2 L2 L2
ENOB Beta-enolase (Skeletal muscle enolase) 2.1. Glycolysis 1 |1 U
K6PF 6-phosphofructokinase, muscle type 2.1. Glycolysis 2 L1 1
PGAM2 Phosphoglycerate mutase 2 2.1. Glycolysis 2 | 2 12
ACADM Medium-chain specific acyl-CoA dehydrogenase, mitochondrial 2.2. Lipid Metabolism/B-Oxidation 1 |1 1
DECR 2,4-dienoyl-CoA reductase, mitochondrial 2.2. Lipid Metabolism/B-Oxidation 3 1 | 2
DHSB Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, 2.3. Tricarboxylic Acid Cycle 1 1 1
mitochondrial
FUMH Fumarate hydratase, mitochondrial 2.3. Tricarboxylic Acid Cycle 3 oA )
IDHP Isocitrate dehydrogenase [NADP], mitochondrial 2.3. Tricarboxylic Acid Cycle 3 /| 3 /3
ATP5H ATP synthase D chain, mitochondrial 2.4. Oxidative Phosphorylation and 1 1 1
Electron Transport
NDUAA NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10 2.4. Oxidative Phosphorylation and 1 1 LA
Electron Transport
NDUV1 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial 2.4. Oxidative Phosphorylation and 4 L2 L1
Electron Transport
QCR1 Cytochrome b-c1 complex subunit 1, mitochondrial 2.4. Oxidative Phosphorylation and 3 L2 U
Electron Transport
QCR2 Cytochrome b-c1 complex subunit 2, mitochondrial 2.4. Oxidative Phosphorylation and 1 U L1
Electron Transport
KCRS Creatine kinase, sarcomeric mitochondrial 2.5. Creatine Kinase System (Energy 5 |1 o1
Transduction)
KU86 ATP-dependent DNA helicase 2 subunit 2 2.6. Other Metabolic Processes 1 1 U
BLVRB Flavin reductase 2.6. Other Metabolic Processes 1 1 U
KAD1 Adenylate kinase isoenzyme 1 2.6. Other Metabolic Processes 2 11 1
MDHC Malate dehydrogenase, cytoplasmic 2.6. Other Metabolic Processes 3 1 o1
THIL Acetyl-CoA acetyltransferase, mitochondrial 2.6. Other Metabolic Processes 1 L1 Lo
AKT2 RAC-beta serine/threonine-protein kinase 3. Stress Response and Apoptosis 1 1 U
NEIL1 Endonuclease VliI-like 1 3. Stress Response and Apoptosis 1 Lo o1
PRDX2 Peroxiredoxin-2 3. Stress Response and Apoptosis 1 11 U
PRDX3 Peroxiredoxin-3 3. Stress Response and Apoptosis 1 oA o1
PRDX6 Peroxiredoxin-6 3. Stress Response and Apoptosis 3 1 /| 3
KC1E Casein kinase | isoform epsilon 5. Cell Signaling 1 o1 1
EIF3J Eukaryotic translation initiation factor 3 subunit 6. Transcription and Translation Processes 1 I L1
IF4H Eukaryotic translation initiation factor 4H 6. Transcription and Translation Processes 1 |1 1
ucpP2 Mitochondrial uncoupling protein 2 7. Transport 1 U U
EHD4 EH domain-containing protein 4 9. Other Functions 1 1 1
GAB3 GRB2-associated-binding protein 3 9. Other Functions 1 1 |1
JKIP1 Janus kinase and microtubule-interacting protein 1 9. Other Functions 1 1 | 1
MYG Myoglobin 9. Other Functions 8 | 2 )
PEBPA1 Phosphatidylethanolamine-binding protein 1 9. Other Functions 1 U 1
WDFY2 WD repeat and FYVE domain-containing protein 2 9. Other Functions 1 11 1

(Continued)
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TABLE 4 | Continued

f) Differentially Expressed Proteins Shared by IC and DCM patients Total CCC/ IC/N DCwMm/
Spots# N N
Entry Protein names’ Function 1] 8% 1ty 88 1) s
name*
ECHM Enoyl-CoA hydratase, mitochondrial 2.2. Lipid Metabolism/B-Oxidation 1 [ T
AOFB Amine oxidase [flavin-containing] B 2.6. Other Metabolic Processes 1 t1 11
BPIL3 Bactericidal/permeability-increasing protein-like 3 9. Other Functions 1 1 11
GSTP1 Glutathione S-transferase P 2.6. Other Metabolic Processes 1 [
g) Differentially Expressed Proteins Shared by CCC, IC and DCM patients Total CCC/ IC/N DCM/
Spots* N N
Entry Protein names’ Function 11 S8 1ty 88 1) s
name*
DESM Desmin 1. Structural and Contractile Proteins 9 t 4 1+ 2 1t 8
GELS Gelsolin precursor (Actin-depolymerizing factor) 1. Structural and Contractile Proteins 6 + 5 ¢t 1 1t 5
LUM Lumican precursor 1. Structural and Contractile Proteins 1 1 1 1 11
TNNI3 Troponin |, cardiac muscle 1. Structural and Contractile Proteins 1 +t 1 1 11
G6PI Glucose-6-phosphate isomerase 2.1. Glycolysis 1 t 1t 1 1 1t 1
KPYM Pyruvate kinase isozymes M1/M2 2.1. Glycolysis 4 t 1 1+ 1 t 3
PGAM1 Phosphoglycerate mutase 1 2.1. Glycolysis 2 t 2 1t 2 1 2
AL4A1 Delta-1-pyrroline-5-carboxylate dehydrogenase, mitochondrial 2.4. Oxidative Phosphorylation and 1 1T 1 11
Electron Transport
ATPA ATP synthase subunit alpha, mitochondrial 2.4. Oxidative Phosphorylation and 8 t 4 1 3 t 8
Electron Transport
DHSA Succinate dehydrogenase [ubiquinone] flavoprotein subunit, 2.4. Oxidative Phosphorylation and 4 t 2 1 2 1t 2
mitochondrial Electron Transport
DLDH Dihydrolipoyl dehydrogenase, mitochondrial precursor 2.4. Oxidative Phosphorylation and 4 t 3 1t 1 1t 38
Electron Transport
CATD Cathepsin D 2.6. Other Metabolic Processes 2 t 1 1 1 1
DHE3 Glutamate dehydrogenase 1, mitochondrial 2.6. Other Metabolic Processes 1 t 1 1 1 1
MMSA Methylmalonate-semialdehyde dehydrogenase [acylating], 2.6. Other Metabolic Processes 1 A O N I
mitochondrial
TGM2 Protein-glutamine gamma-glutamyltransferase 2 2.6. Other Metabolic Processes 3 + 3 ¢+ 1 ¢t 3
UGPA UTP-glucose-1-phosphate uridylyltransferase 2.6. Other Metabolic Processes 1 A O N I
GRP75 Stress-70 protein, mitochondrial 3. Stress Response and Apoptosis 2 t 2 1t 2 t 2
TRAF3 TNF receptor-associated factor 3 3. Stress Response and Apoptosis 2 1 1 1 2
CO3 Complement C3 precursor 4. Immune Response 2 1 1 1 1t 2
IGHG1 lg gamma-1 chain C region. 4. Immune Response 3 t 3 ¢+ 3 t 3
FRRS1 Ferric-chelate reductase 1 7. Transport 1 1 1+ 1 1t 1
SNAB Beta-soluble NSF attachment protein 7. Transport 1 t 1 1+ 1t A
ALBU Serum albumin precursor 9. Other Functions 4 t 4 1+ 2 t 4
CSRP3 Cysteine and glycine-rich protein 3 9. Other Functions 1 A O N B
IMMT Mitochondrial inner Membrane protein (Mitofilin) 9. Other Functions 4 t 3 t 2 t 3
TRFE Serotransferrin precursor (Transferrin) 9. Other Functions 4 t 3 ¢+ 3 t 8
YPO16 Uncharacterized protein MGC16385 9. Other Functions 1 t 1 1+ 1 1t 1
ACTC Actin, alpha cardiac muscle 1 (Alpha-cardiac actin) 1. Structural and Contractile Proteins 15 18 |1 1 | 5
LDB3 LIM domain-binding protein 3 1. Structural and Contractile Proteins 5 | 5 | 5 | 5
MYH7 Myosin-7 (Myosin heavy chain, cardiac muscle beta isoform) 1. Structural and Contractile Proteins 2 U I
AT5F1 ATP synthase subunit b, mitochondrial 2.4. Oxidative Phosphorylation and 3 ;2 1 1t 1 2
Electron Transport
NDUV2 NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial 2.4. Oxidative Phosphorylation and 1 U
Electron Transport
KCRM Creatine kinase M-type 2.5. Creatine Kinase System (Energy 5 | 5 | 2 | b5
Transduction)
AATC Aspartate aminotransferase, cytoplasmic 2.6. Other Metabolic Processes 3 12 1 2 | 2

*Entry name: Mnemonic identifier for a UniProtkB entry, all the entry names are followed by “_HUMAN”; "Protein names: Name of the protein according to UniProtkB; *Total spots:
Number of spots identified as such protein; §S: Number of differentially expressed spots identified as such protein for each comparison. Other annotations and comments, fold change and
statistical values, as well as protein identification score values of all identified spots are included in the Supplemental Table 2 from Online Supplemental Data.

1 means upregulated expression | means downregulated expression.
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Table 4 also includes the list of the protein that were
differentially expressed in more than one specific disease group
as compared to control group.

We then focused the analysis on metabolism-related proteins
because they were the most frequently modulated in our study.
Among the energy metabolism proteins with reduced expression
only in CCC samples, we found several enzymes from the beta-
oxidation process, as depicted in Figure 3. Very long-chain
specific acyl-CoA dehydrogenase (ACADVL) was found in
decreased levels in 3 out of 5 spots only in CCC samples.
Moreover, the total level of ACADVL was also found
differentially expressed when evaluated by immunoblotting
(Figure 4A and Supplemental Figure S9). CCC patients show
reduced total levels of ACADVL as compared to samples from
the control group and from patients with IC. mRNA levels of the
ACADVL gene (Figure 4B) were also reduced in CCC samples
as compared to the control group, suggesting transcriptional
regulation. Moreover, all spots identified as hydroxyacyl-
coenzyme A dehydrogenase (HCDH) and one out of two spots
identified as the protein 3-ketoacyl-CoA thiolase (THIM) were
found to be decreased only in CCC samples as compared to
samples from individuals without cardiomyopathies. Medium-
chain specific acyl-CoA dehydrogenase (ACADM) showed
decreased levels in CCC and also DCM samples. The enzymes
2,4-dienoyl-CoA reductase (DECR) (Supplemental Figure S9)
and 3,2-trans-enoyl-CoA isomerase (D3D2), which participate
in the metabolism of unsaturated fatty enoyl-CoA esters, also
showed reduced expression in samples of patients with CCC and

DCM, and in samples of patients with CCC and IC, respectively,
when compared to control samples. Enoyl-CoA hydratase
(ECHM), which participates in the second reaction of beta-
oxidation, shows increased expression in patients with IC and
DCM, but not in patients with CCC. We further evaluate by
immunoblotting the protein levels of the protein DECR, that
presented decreased levels in CCC samples as compared to IC
samples and samples from the control group. This reduction was
also observed in the DECR mRNA level evaluated by RT-qPCR
(Figure S6). Taken together, the number of beta-oxidation
enzymes with reduced expression in CCC is considerable
higher than DCM and IC samples (6, 2 and 1, respectively)
(Table 3), which may indicate that fatty acid beta-oxidation is
more impaired in CCC than DCM or IC.

Evaluating further other pathways from the energetic
metabolism, nine proteins involved in glycolysis were
differentially expressed in the cardiomyopathy groups
(Supplemental Figure S7A). Three were upregulated in all
patient samples, while ENOA and G3PDH were exclusively
upregulated in CCC. Five enzymes showed reduced expression
in both CCC and DCM (Table 4).

Regarding the tricarboxylic acid cycle (Supplemental Figure
S7B), six enzymes were differentially expressed in the
cardiomyopathies; three of them with reduced expression in
CCC and DCM samples as compared to control group: Fumarate
hydratase (FUMH); Succinate dehydrogenase [ubiquinone] iron-
sulfur subunit (DHSB) and Isocitrate dehydrogenase [NADP]
(IDHP). IDHP participates in the tricarboxilic acid cycle, but is
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FIGURE 3 | Cartoon depicting fatty acid B-oxidation enzymes differentially expressed in CCC, DCM and IC myocardium. Arrows indicate up-regulated (red) or
down-regulated (green) expression as compared to control myocardial samples in the proteomic analysis. *Indicates the right place for in the metabolic pathway for

Frontiers in Immunology | www.frontiersin.org

201

November 2021 | Volume 12 | Article 755782


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Teixeira et al.

Reduced Mitochondrial Energy Metabolism in CCC

>
N
g

Ii

1.5+

1.0+

0.5+ A

ACADVL Protein Level
Densitometry (u.a.)

N Cccc DCM IC

also involved in antioxidant mechanisms. Moreover, we
observed reduced levels of the protein Malate dehydrogenase
(MDHM) exclusively in the CCC group. On the other hand, we
found increased protein levels of Isocitrate dehydrogenase
[NAD] subunit alpha (IDH3A) in CCC and DCM samples.
Aconitate hydratase, mitochondrial (Aconitase, ACON) had
increased levels in the IC samples only.

Moving to the energy production by the respiratory chain
pathway, we identified 13 differentially expressed proteins
belonging to complexes I, II, III and V of the oxidative
phosphorylation process (Table 4 and Supplemental Figure
§7C). Ten of them, including uncoupling protein 2 (UCP2),
were reduced in CCC and DCM. Complex I NADH-ubiquinone
oxidoreductase 75 kDa subunit (NDUS1) was reduced only in
samples from patients with CCC. Creatine kinase M (KCRM)
and mitochondrial sarcomeric creatine kinase (KCRS), involved
in the translocation of the ATP from the mitochondria to
myofibrils, were found to be decreased in samples from
patients with CCC and the other cardiomyopathies (Table 4
and Supplemental Figure S7D).

Regarding the stress response related proteins, we found 14
differentially expressed proteins in at least one of the patient
groups, including chaperone, redox homeostasis and apoptosis-
related proteins. The antioxidant peroxiredoxins (PRDX2,
PRDX3 and PRDX6) displayed reduced expression in CCC
and DCM. Catalase (CATA) was upregulated only in CCC
patients; immunoblotting analysis showed that the total
catalase protein level was increased as compared to the other
IC samples and the control group (Figure 5A); protein disulfide-
isomerases PDIA1 and PDIA3 were upregulated in CCC and
DCM. Multiple chaperones were upregulated in CCC and DCM.
Other proteins involved in apoptosis, such as TRAF3, which
mediates pathological hypertrophy and apoptosis, was
upregulated in the three cardiomyopathies. Tumor necrosis
factor receptor superfamily member 10B (TR10B) - a receptor
for the cytotoxic ligand TRAIL, and the antiapoptotic protein
annexin A5 (ANXA5) showed increased expression CCC and
DCM, while antiapoptotic heat shock 27 kDa protein (HSPB1),
displayed decreased expression only in CCC.

Based on proteomic, immunoblotting and real time PCR data,
the fatty acid beta-oxidation pathway seems to be significantly
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FIGURE 4 | Protein and mRNA levels of ACADVL (Very long-chain specific acyl-CoA dehydrogenase) in myocardial tissue of CCC, DCM, IC and controls.
(A) Densitometry measurement of ACADVL protein levels using immunoblot (One-Way ANOVA p = 0.0011). (B). ACADVL mRNA levels assessed using real time RT-
gPCR (One-Way ANOVA p = 0.0154). The horizontal lines show statistically significant changes between groups by the Tukey-Kramer test: *p < 0.05; **p < 0.001.

impaired in CCC, which could result in fatty acid accumulation.
The reduction of peroxiredoxins - shared with DCM - and the
increase in catalase - exclusively in CCC - is consistent with
increased oxidative stress in CCC myocardium (Supplemental
Figure S9). The increased levels of malonaldehyde (MDA), the
major lipid oxidation product, were observed only in CCC, which
indicates lipid peroxidation suggestive of lipotoxicity (Figure 5B).

We identified 20 differentially expressed proteins belonging to
the structural and contractile protein group (Table 4 and
Supplemental Figure S8). From these, 5 proteins are
exclusively modulated in CCC samples (e.g. actin-like protein
3 - ARP3 - and tropomyosin-1 alpha chain - TPMI1, with
increased and decreased levels, respectively). CCC and DCM
samples shared 7 differentially expressed proteins, while CCC
and IC shared only one differentially expressed protein. Among
the proteins differentially expressed shared by CCC, DCM and
IC samples (7 proteins) are Desmin (DESM), Gelsolin precursor
(GELS), Lumican (LUM) and Troponin I (TNNI3), identified in
spots with increased levels, and Alpha-cardiac actin (ACTC),
LIM domain-binding protein 3 (LDB3) and Myosin-7 (MYH?7),
identified in spots with decreased levels, a pattern consistent with
the fetal gene expression profile.

Among proteins that play a role or are regulated by
components of the immune system, galectin-3 (LEG3) and
proteasome activator complex subunit 1 (PSME1), upregulated
by the inflammatory cytokines IFN-gamma and TNF-alpha,
show increased levels exclusively in samples from patients with
CCC. We also found B-cell related proteins to be upregulated in
CCQC, like tyrosine-protein kinase BLK (BLK), which plays an
important role in the surface immunoglobulin signaling pathway
and was also found with increased expression only in CCC
samples. Likewise, we found increased protein levels of
immunoglobulin (Ig gamma-1 chain C region - IGHG1) in the
samples from patients with CCC, DCM and IC when compared
to samples from individuals without cardiomyopathies.
However, CCC samples showed the highest levels as compared
to samples from the other patient groups.

To investigate the role of IFN-gamma and TNF-alpha on
cardiomyocyte mitochondrial function, we stimulated the
human adult cardiomyocyte cell line AC16 with several
concentrations of IFN-gamma and measured the
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FIGURE 5 | Analysis of antioxidant enzyme Catalase and lipid peroxidation status. (A) Catalase protein levels measured by immunoblotting; the densitometric values
were normalized by the total protein for each sample (One-Way ANOVA p = 0.0008). (B) Malondialdehyde (MDA) production, measured by the thiobarbituric acid
reactive substances (TBARS) assay (One-Way ANOVA p = 0.0113). The horizontal lines show statistically significant changes between groups by the Tukey-Kramer

mitochondrial A¥m with supravital fluorescence microscopy.
We observed that IFN-gamma impaired the AYm of AC-16 48h
after stimulation (Figure 6).

DISCUSSION

The proteomic analysis of myocardial tissue revealed that CCC,
DCM and IC display a distinct global protein expression profile.
Pathway analysis disclosed enrichment in mitochondrial
dysfunction, cardiac hypertrophy and fibrosis in the three
disease groups. Pathway analysis of proteins differentially
expressed in CCC also showed selective enrichment in the
CCC group for pathways involved in the fatty acid metabolism
and decreased transmembrane potential of mitochondria. CCC
patients’ myocardium displayed reduced expression of 22
mitochondrial proteins belonging to energy metabolism
pathways, as compared to control samples, while IDC and IC

displayed 15 and 3, respectively. Significantly, 6 lipid beta-
oxidation enzymes were reduced in CCC, while only 2 of them
were downregulated in DCM and 1 in IC. To our knowledge, this
is the first report on the differential myocardial protein
expression profile of multiple cardiomyopathies, including
Chagas disease cardiomyopathy. In addition, we found
increased levels of malonaldehyde, a sign of oxidative stress
and a toxic product of lipid peroxidation, only in CCC
samples. Finally, we observed that IFN-gamma treatment of
the human cardiomyocyte cell line AC16 induces a dose-
dependent reduction of mitochondrial transmembrane
potential, providing a possible clue to the inflammatory origin
of mitochondrial dysfunction in CCC.

Functional analysis of differentially expressed proteins shows
that myocardial samples from patients with CCC display a
substantial reduction in levels of proteins involved in several
pathways of mitochondrial energy metabolism, particularly in
the beta-oxidation pathway. The finding that several enzymes
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FIGURE 6 | Effect of IFN-gamma on cardiomyocyte mitochondrial membrane potential. (A) Human cardiomyocytes AC16 were stimulated with 5, 10 or 25ng/ml of
IFN-gamma for 48 hours. Then, cells were stained using 1pM TMRM, 400nM of mitotracker DeepRed, 500ng/ml of Pl and 1uM of Hoechst 33342 and micrographs
were captured in ImageXpress Micro XLS Widefield High-Content Analysis system at 100x magnification. Fluorescence colocalization of TMRE and mitotracker
deepred in live cells (Pl negative) was used to calculate mitochondrial AW. Data are reported as the ratio to not-treated cells. Cell viability is the ratio of the number of
live cells (PI-negative) and total cells (PI-negative plus Pl-positive cells) x 100. n = 3. *p < 0.05. (B) Representative fluorescence microscopy (100x) showing decrease
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involved in beta-oxidation are decreased in CCC, while only one
is also reduced in DCM suggests that this pathway may be
selectively reduced in CCC patients. The finding that the mRNA
levels of ACADVL were also decreased in samples from patients
with CCC suggests that enzyme levels may be transcriptionally
regulated. Very long chain fatty acid dehydrogenase (ACADVL)
has activity mainly toward CoA-esters of fatty acids with 16-24
carbons in length (35). In addition, ACADVL catalyzes the major
part of palmitoyl-CoA dehydrogenation in many human tissues
and cultured cells (36), indicating its central role in the
catabolism of long-chain fatty acids. This is clearly reflected by
the severe clinical symptoms caused by ACADVL deficiency,
such as a high incidence of cardiomyopathy in childhood (37).
Patients with ACADVL deficiency may present hypertrophy and
dilated cardiomyopathy (38). In addition to the impaired
degradation of very long and medium acyl chains, found
mainly in CCC samples, we have also observed that other beta-
oxidation enzymes involved in degradation of unsaturated fatty
acids such as 2,4-dienoyl-CoA reductase (DECR) and 3,2-trans-
enoyl-CoA isomerase (D3D2) showed reduced expression in
CCC. This reduced expression is shared with DCM and IC,
respectively. Activation of NF-xB is most likely to occur in heart
tissue from CCC patients, due to the systemic and local
expression of IFN-gamma, TNF-alpha and other
proinflammatory cytokines (11, 18, 19, 39). Studies showed
that activation of nuclear factor NF-xB during cardiac
hypertrophy decreases the activity of the protein PPAR
(peroxisome proliferator-activated receptor) beta/gamma,
leading to a decrease in fatty acid oxidation (40). Furthermore,
malate Dehydrogenase (MDHM), exclusively reduced in CCC, is
part of the tricarboxylic acid (TCA) cycle. We also found
decreased levels of other TCA cycle enzymes, and increased
expression of a single TCA enzyme, that were shared with other
cardiomyopathies. Studies from our group showed that the gene
SERCA Ca™ ATPase of sarcoplasmic reticulum (SERCA2),
involved in cardiac homeostasis of Ca'" was found with
reduced expression in the myocardium of patients with CCC
(15), possibly indicating a reduction in calcium signaling and
excitation/contraction coupling. Studies show that several
enzymes of the TCA cycle can be activated by Ca"". Disturbed
Ca"" homeostasis could lead to the inactivation of
dehydrogenases of the TCA cycle by calcium, resulting in a
decreased concentration of NADH and hence a reduction in
ATP production (41). The finding that several components of
complexes I, II, III, and V from the oxidative phosphorylation
process showed reduced expression in CCC samples may also
contribute to the impairment of ATP production (42). We have
also observed reduced expression of several components of the
creatine kinase complex, responsible for the translocation of ATP
from mitochondria to the myofibrils. Creatine kinase M (KCRM)
and mitochondrial creatine kinase (KCRS) showed reduced
expression in samples from both CCC and other
cardiomyopathies, as previously reported for heart failure (43-
45); this finding corroborates previous results from our group
(23). Our previous studies also showed that total protein levels
(as detected by Immunobloting) and enzymatic activity of

KCRM are significantly decreased in CCC myocardium
samples as compared to samples from individuals without
cardiomyopathies, as well as from DCM and IC patients.
Reduction of protein levels of enzymes involved in multiple
pathways that lead to ATP production is consistent with an
energy deficit in CCC heart tissue. This reduced state of ATP
production has been corroborated in vivo myocardial ATP flux
evaluations (24, 46).

Our finding of increased protein levels of catalase (CATA)
only in CCC myocardial samples, together with the reduction in
several peroxyredoxins including PRDX6, an IFN-gamma
regulated gene, suggests a significant disturbance in the
antioxidant system. It is possible that the increased protein
level of catalase found in CCC myocardium samples is
secondary to a compensatory mechanism for oxidative stress,
which could be more intense in CCC than in DCM or IC. Indeed,
IFN-gamma, a cytokine that is highly expressed in CCC heart
tissue (17, 18, 20) induces expression of NOX2 and increases
oxidative stress (47). Increased oxidative stress is intimately
involved in the pathogenesis of heart failure. Isocitrate
dehydrogenase [NADP] (IDHP), which was found with
reduced expression in samples of patients with CCC and
DCM, is responsible for the production of NADPH. Indeed,
the decrease in the levels of IDHP is related to increased reactive
oxygen species, DNA fragmentation, lipid peroxidation, and
mitochondrial damage with significant reduction in ATP levels
(48). The reduced protein levels of beta-oxidation enzymes
involved in degradation of fatty acids may lead to an
accumulation of lipid substrates in heart tissue. Given the
deficiency in the antioxidant defense system in CCC, it is
possible to hypothesize that oxidant conditions prevail in CCC
heart tissue, in line with results in experimental T. cruzi infection
(49-52) which together with our finding of reduced beta-
oxidation enzymes could lead to lipid peroxidation.

Our data suggest that CCC myocardium displays signs of
reduced mitochondrial activity and energy production. Garg
et al. were the first to suggest that myocardial mitochondrial
dysfunction and oxidative stress in the pathogenesis of murine
models of CCC (reviewed in (53)). Decreased mitochondrial
rRNA (15), rtDNA (54) and in vivo ATP production (24) were
observed in CCC myocardium. The IFN-gamma-producing T-
cell rich inflammatory profile is a major difference between CCC
and DCM; indeed, IFN-gamma is the most highly expressed
cytokine in CCC heart tissue (14, 17-19, 55) and the top
upstream gene regulator upon pathways analysis in CCC
myocardium (20). It is known that IFN-gamma has multiple
deleterious effects on cardiomyocyte mitochondria. It induces
TNF-alpha and potentiates TNF-alpha-mediated NF-kB
signaling, leading to NOS2 production of reactive nitrogen
species (RNS) (56, 57). This has been reported to cause
mitochondrial fragmentation, disturbance in mitochondrial
membrane potential, and reduction of ATP production (58). In
addition, IFN-gamma was shown to reduced fatty acid beta-
oxidation (59) and oxidative phosphorylation (60), inducing a
shift towards glycolysis (61). These factors are probably involved
in IFN-gamma-induced cardiomyocyte dysfunction and

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 755782


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Teixeira et al.

Reduced Mitochondrial Energy Metabolism in CCC

apoptosis (62). We hypothesize that many of the mitochondrial
energy metabolism changes observed in CCC are locally induced
by the high levels of IFN-gamma in CCC myocardium.

IFN-gamma induced proteins like Galectin 3 (LEG3) and
Proteasome activator complex subunit 1 - PSME1), found to be
upregulated in CCC myocardial tissue, may play a role in the
pathology of heart failure and cardiac remodeling; with Galectin-
3 showing a stimulatory effect on macrophage migration,
fibroblast proliferation and development of fibrosis. Increased
levels of Galectin-3 were also found in the hearts of transgenic
mice with increased expression of IFN-gamma (63) and mice
chronically infected by T. cruzi, and shows increased expression
in areas of inflammation in CCC myocardium (64). Moreover,
mice genetically deficient in Galectin-3 display less myocardial
fibrosis at chronic infection (65). Significantly, plasma Galectin-3
levels are a prognostic factor for heart failure (66) and were
associated with long-term mortality in CCC (67). PSME] is the
alpha subunit of the immunoproteasome PA28 complex.
Significantly, it has been reported that genes encoding the IFN-
gamma-induced immunoproteasome subunits display increased
expression in CCC heart tissue and the myocardium of T. cruzi-
infected mice (68). The reduced protein levels of AKT2 (Rac-beta
serine/threonine-protein kinase) - which has a role in apoptosis
inhibition, through the inhibition of JNK and p38 activation (69)
- and the increased protein levels of TR10B (Tumor necrosis
factor receptor superfamily member 10B) - a receptor for the
apoptosis-inducing ligand TRAIL (TNF-related apoptosis-
inducing ligand) - could both facilitate apoptosis (70) and
increase susceptibility to oxidative stress.

The involvement of sarcomeric/structural proteins in the
pathogenesis of cardiomyopathy is a consequence of the cardiac
remodeling and is part of the hypertrophy/embryonic gene
expression signature. The finding of 4 structural proteins
exclusively down-modulated in CCC may suggest the remodeling
is even more intense in CCC than in other cardiomyopathies.

Our study has limitations. The number of samples for the
proteomic studies was limited and control samples were
significantly younger than patient’s samples. This is
unavoidable as organ donors tend to be much younger than
organ recipients. It thus follows that some of the protein
expression changes shared by all cardiomyopathy groups in
comparison to organ donor controls could be due to age alone.
However, most of the energy metabolism enzyme changes were
not shared among the 3 patient groups as compared to organ
donor controls.

In summary, proteomic analysis disclosed profound
disturbances in several pathways of energy metabolism -
including beta-oxidation, tricarboxylic acid cycle, oxidative
phosphorylation, and creatine kinases, suggesting a major
reduction of mitochondrial energy metabolism which is more
significant in CCC than other end-stage dilated cardiomyopathies.
In addition, disturbances in the local antioxidant defense system
corroborate findings in experimental models and may be related to
the active inflammatory process. Oxidative stress-dependent
peroxidation of hypothetically accumulated fatty acids as a
consequence of decreased levels of beta-oxidation enzymes in
CCC might lead to the increased levels of highly toxic molecules
such as malonaldehyde (Figure 7). Given the high levels of IFN-
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gamma in CCC heart tissue, we hypothesize that many
mitochondrial changes and oxidative stress observed in CCC are
due to the continued high expression of this cytokine. This
hypothesis is investigated in the back-to-back submitted paper.
These factors may play a role in the increased aggressiveness of
CCC as compared to other dilated cardiomyopathies and places
mitochondrial function as a therapeutic target in Chagas disease.
Although anti-cytokine treatment is not an option in Chagas
disease due to the risk of reactivation of infection, downstream
pathways that promote mitochondrial function are likely
therapeutic targets. Indeed, fenofibrate, a PPAR- agonist capable
to induce fatty acid beta-oxidation, was able to restore cardiac
function in a murine model of Chagas disease (71). Likewise,
treatment of chronically T. cruzi-infected mice with
mitochondria-targeting SIRT1 and/or AMPK agonists SRT1720,
resveratrol and metformin reduced myocardial NF-«xB
transcriptional activity, inflammation and oxidative stress,
resulting in beneficial results for restoration of cardiac function
(50, 51). Therapy targeting mitochondrial function and energy
imbalance should thus in principle be beneficial to restore cardiac
function in CCC and other IFN-gamma-dependent inflammatory
heart diseases, like viral myocarditis and inflammatory
cardiomyopathy of other etiologies and age-related myocardial
inflammation and functional decline (72), myocardial infarction
(73) and anthracycline antitumor agent cardiotoxicity.
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Supplementary Figure 1 | Scheme of the 2D-DIGE approach for the differential
proteomic analysis. The approach relies on multiplexing, and simultaneous co-
separation of multiple, fluorescently labeled samples, including a pooled internal
standard on each gel (Scheme adapted from Ettan DIGE brochure — GE Healthcare).

Supplementary Figure 2 | Representative images from two-dimensional
electrophoresis (2D-DIGE) experiments. (A) Preparative 2-DE gel used to protein
identification by mass spectrometry; (B) Representative 2-DE gel of left ventricle
myocardial proteins with overlapping images; (C) Representative 2-DE gel of left
ventricle myocardial proteins displaying each individual fluorescent images (Cy3:
DCM, Cy5: CCC, Cy2: Pool).

Supplementary Figure 3 | Volcano plots. The plots display the number of
differentially expressed spots (p<0.01, t-test) in: (A) CCC samples, (B) DCM
samples and (C) IC samples, as compared to individuals without cardiomyopathy.
Total number of spots: 683 spots.

Supplementary Figure 4 | Venn diagrams representing the occurrence of spots
differentially expressed in common or unique relationships between groups of patients
with cardiomyopathy when compared with subjects without cardiomyopathy. Number

Frontiers in Immunology | www.frontiersin.org

206

November 2021 | Volume 12 | Article 755782


https://www.frontiersin.org/articles/10.3389/fimmu.2021.755782/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.755782/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Teixeira et al.

Reduced Mitochondrial Energy Metabolism in CCC

of spots with increased (A) or decreased (B) levels in samples from patients when
compared with samples from subjects without cardiomyopathy.

Supplementary Figure 5 | Protein Classification. (A) Cellular component
classification and (B) biological process classification of proteins identified in the

(B) Citric Acid Cycle, (C) Oxidative Phosphorylation, (D) Creatine Kinase System.
Arrows indicate up-regulated (red) or down-regulated (green) expression as
compared to control myocardial samples in the proteomic analysis.

Supplementary Figure 8 | Cartoon depicting sarcomeric related proteins

proteomic analysis.

Supplementary Figure 6 | Protein and mRNA levels of DECR1 (2,4-dienoyl-
CoA reductase 1) in myocardial tissue of CCC, DCM, IC and controls.

differentially expressed in CCC, DCM and IC myocardium. Arrows indicate up-
regulated (red) or down-regulated (green) expression as compared to control
myocardial samples in the proteomic analysis.

(A) Densitometry measurement of DECR1 protein levels using immunoblot

(One-Way ANOVA p = 0.0011). (B). DECR1 mRNA levels assessed using real

time RT-gPCR (One-Way ANOVA p = 0.0154). The horizontal lines show

statistically significant changes between groups by the Tukey-Kramer test: *p <
0.05; ***p < 0.001.

Supplementary Figure 7 | Cartoons depicting energy metabolism related
proteins differentially expressed in CCC, DCM and IC myocardium. (A) Glycolysis,
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