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Microglia activation: a role for 
mitochondrial DNA?

M i c r o g l i a l  c e l l s  a n d  p e r i v a s c u l a r 
m a c ro p h a ge s  a re  t h e  o n l y  re s i d e nt 
immune cells of the brain parenchyma 
and act as innate immune sentinels in the 
central nervous system (CNS). Microglial 
cells are vital for the maintenance of CNS 
homeostasis thanks to their strict interaction 
with neurons. When the homeostasis of the 
microenvironment is disrupted, microglia can 
alter their phenotype acquiring pro- or anti-
inflammatory function to defend the brain. 
On the other hand, the excessive activation 
of proinflammatory microglia in response 
to primary neurodegeneration, axonal 
degeneration, and additional peripheral 
activation processes linked to systemic 
inf lammation can tr igger or maintain 
chronic inflammation. Therefore, under such 
conditions, the proinflammatory phenotype 
of microglia could be harmful and associated 
with the pathogenesis of neurological 
disease characterized by inflammation, 
such as  neurodegenerat ive diseases, 
demyelinating diseases, CNS trauma, and 
epilepsy. Despite the numerous studies on 
that field, the primary stimuli that provoke 
and maintain such inflammation, as well as 
the biological pathways and mechanisms that 
cause detrimental actions of microglia are 
still a subject of debate. Microglia can sense 
cellular damage and stress by recognizing 
the damage-associated molecular patterns 
(DAMPs) through the pattern recognition 
receptors (PRRs). Several lines of evidence, 
obtained from studies in humans and animal 
models, suggest that DAMPs could play a 
relevant role in the pathogenesis of several 
neurodegenerative diseases (Gong et al., 
2020). The category of DAMPs includes 
several molecules, some of them can be 
released from damaged mitochondria (the 
so-called mitochondrial DAMPs, mtDAMPs), 
such as N-formyl peptides, cardiolipin, the 
mitochondrial transcription factor A (TFAM), 
succinate, adenosine triphosphate, and 
mitochondrial DNA (mtDNA). Damaged cells 
accumulate dysfunctional mitochondria that 
trigger processes such as cell senescence, 
apoptosis,  or necrosis.  In al l  of these 
cases, mtDAMPs can be released in the 
extracellular space and could be recognized 
through different pattern recognition 
receptors by innate immune cells recruited 
to remove cellular debris of dying cells. 
Recently, increasing attention has been 
paid to mtDNA, as DAMP able to strongly 
stimulate cells through Toll-like receptor (TLR) 
9 contributing to inflammation even in the 
absence of infection (sterile inflammation) 
(Riley et al., 2020). After an extensive cell 
injury, several mitochondrial products, 
including mtDNA, can enter the bloodstream 
or cerebrospinal fluid (CSF), where they are 

recognized by the innate immune system 
and evoke a local or systemic response. 
The cell-free mtDNA is stable and resistant 
to nuclease digestion, more than genomic 
DNA, and could be detected in blood or 
CSF. Even in healthy people, mtDNA is 
present at relatively high levels in the blood 
and easily measurable. Over the past few 
years, there has been a growing interest 
in mtDNA as a potential biomarker as its 
levels are increased in several physio-
pathological conditions characterized by 
chronic inflammation (Cossarizza et al., 
2011; Pinti et al., 2014; Nasi et al., 2016), 
including neurodegenerative diseases such 
as multiple sclerosis (MS) (Nasi et al., 2020a). 
Interestingly, mtDNA levels were found 
higher also in CSF from people with MS but 
not in people affected by Parkinson’s disease 
or Alzheimer’s disease (Gambardella et al., 
2019). Parkinson’s disease and Alzheimer’s 
disease are characterized by a loss of 
neuronal mitochondria (where probably 
the low levels of mtDNA in the CSF come 
from) followed by neuronal death, while MS 
is characterized by a strong inflammatory 
response in which mtDNA could be released 
into the CSF. Thus, MS represents a valuable 
model of neuro-inflammation, in which 
mtDAMPs could have a prominent role. On 
the other hand, the neuro-inflammation 
itself is strictly associated with mitochondrial 
dysfunction that could trigger a vicious circle: 
dysfunctional mitochondria can induce 
inflammation and inflammation induces 
mitochondrial dysfunction followed by the 
further release of mtDAMPs. However, the 
triggers by which mtDAMPs are released are 
still unknown, as well as the precise role of 
mtDNA and mtDAMPs in patients with MS 
has poorly been investigated. 

So starting at such observations, we studied 
the effects of three mtDAMPs (mtDNA, 
N-formyl-Met-Leu-Phe and cardiolipin) on 
microglia, finding an increase of the reactive 
oxygen species (ROS) production in HMC3, 
a human microglial cell line, treated with 
mtDNA and cardiolipin (Nasi et al., 2020b). 
MtDNA-induced ROS production could have a 
role in the activation of the microglia, acting 
as secondary messengers and influencing the 
nuclear factor kappa-light-chain-enhancer 
of activated B cells and mitogen-activated 
protein kinase signaling pathways, that 
result in the synthesis of proinflammatory 
cytokines (Simpson and Oliver, 2020). 
Moreover, ROS generation, especially from 
mitochondria, is one of the first identified 
triggers of activation of the NLR family pyrin 
domain containing 3 (NLRP3) inflammasome, 
a multiprotein complex formed by pro-
caspase-1 and ASC (the adaptor molecule 
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apoptosis-associated speck-like protein 
containing a CARD) able to cleave and release 
the mature form of the proinflammatory 
cytokines interleukin (IL)-1β and IL-18. The 
activation of the inflammasome platform 
could also lead to the formation of pores in 
the plasma membrane causing a cell death 
called pyroptosis. Moreover, mtDNA elicits 
the activation of NLRP3 inflammasome 
also inside the cell leading to the release 
of proinflammatory molecules. Indeed, 
dysfunctional  mitochondria lead to a 
condition of oxidative stress and a loss 
of their integrity accompanied by the 
intracellular release of their content. As early 
as in the cytoplasm, the increased amount 
of ROS can induce oxidative base lesions in 
mtDNA. Thus, oxidized mtDNA may trigger an 
inflammatory response by binding the TLR9 
present on the endo-lysosomal membrane 
and causing the activation of NLRP3 and 
stimulator of interferon genes pathway. 
Inflammasome activation can eventually 
result in cell death and tissue damage, 
leading to the release of other DAMPs that 
can, in turn, activate more inflammasome 
platform. Thereby, the significant release 
of proinflammatory cytokines propagates 
a vicious cycle of inflammation that plays 
a critical role in the development and the 
progression of MS. The key point is that the 
release of these mediators, which should 
have a role in preventing further damage 
to the brain parenchyma, may be toxic to 
neurons and other glial cells. It follows that 
the release of proinflammatory cytokines 
is a cornerstone event, in CNS as much as 
in the periphery, where they contribute to 
the systemic activation (Figure 1). To add 
another piece to this complex puzzle, we 
found that free mtDNA and proinflammatory 
cytokines (tumor necrosis factor-α, IL-6, IL-
1β, interferon-γ, and IL-8) are increased 
in the plasma of patients with progressive 
MS compared to healthy subjects (Nasi 
et al., 2020a). To our knowledge, no data 
are available on the plasmatic levels of 
mtDNA in relapsing-remitting MS patients. 
Proinflammatory cytokines produced in 
the periphery could cross the blood-brain 
barrier (BBB) and bind microglial receptors 
stimulating the activation of NLRP3 and 
the shifting toward a proinflammatory 
phenotype (Garaschuk, 2021). 

The source and the form of cell-free mtDNA 
remain important issues to be addressed, 
since different forms can have different 
effects on the innate immune response. 
Indeed,  mtDNA could be released or 
actively ejected. Studies on mtDNA as 
DAMP released after cell death have been 
performed using the purified mtDNA to 
stimulate cells in in vitro experiments. 
Otherwise, mtDNA internalization could be 
conveyed by TFAM through the receptor for 
advanced glycation end products promoting 
also its recognition by TLR9. It should be 
noted that, in the presence of interferon-γ, 
TFAM itself or other mitochondrial proteins 
are also able to provoke IL-6 secretion 
from primary human microglia (Little et al., 
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2014). Moreover, mtDNA fragments could 
be transported and released by extracellular 
vesicles from astrocytes even in response to 
oxidative stress. This field has not been well 
studied and the effects of mtDNA contained 
in extracellular vesicles are still unknown. 

F i n a l l y,  m t D N A  c o u l d  d e r i v e  f r o m 
extracellular traps (ETs), a DNA fibrous 
scaffold released from several human 
cell types from blood or tissues, such as 
neutrophils, eosinophils, and basophils. In 
different pathological conditions neutrophils, 
through the release of neutrophils, can 
damage the BBB and the surrounding 
neurons. Recent studies have demonstrated 
that ETs are also produced by monocytes/
macrophages and lymphocytes that can 
readily cross the BBB during inflammation. 
This release of nuclear or mtDNA is ROS-
dependent and is caused by different 
inflammatory mediators, such as IL-8 and 
tumor necrosis factor-α (that are increased 
in progressive MS patients). Indeed, ROS 
inhibition hinders the release of ETs, resulting 
in a significant reduction in the secretion 
of several cytokines (Costanza et al., 2019). 
The role of ETs as an effective antimicrobial 
first-line protection is well-documented, 
but there is  increasing evidence that 
this mechanism occurs in various clinical 
settings even in the absence of microbial 
infections and that they are probably 
also associated with pathophysiological 
conditions. For example, ETs could lead 
to the activation of NLRP3 inflammasome 
and proinflammatory macrophages. Higher 
circulating ETs have been found in serum 
from relapsing-remitting MS patients, and 
resulted correlated with relapses and higher 
monocyte counts in whole blood. Conversely, 
ETs have not been detected in the CNS of 
MS patients. It is reasonable to assume 
that the systemic activation driven by 
proinflammatory cytokines could involve this 

mechanism contributing to the circulating 
levels of mtDNA.

The biological effects of the ROS increase 
induced by mtDNA stimulation are still to 
be clarified, as well as the contribution of 
inflammasome activation to trigger/maintain 
the inflammatory process in microglia. So, it 
stands to reason that mtDNA could also have 
a role in shifting functions of macrophages/
microglia by altering their phenotype 
mainly through the activation of NLRP3 
inflammasome. Further in vitro and in vivo 
studies are needed to deeply understand 
the capacity of mtDNA to trigger and/or 
maintain a proinflammatory status in the 
CNS and periphery in MS as well as in other 
neurodegenerative diseases.

The present work was supported by the 
Italian Multiple Sclerosis Foundation (FISM) 
[grant “Mitochondrial DAMPs in Multiple 
Sclerosis: a pilot study”, code 2017/R/10] 
(to MN and DF).

Marcello Pinti, Diana Ferraro, 
Milena Nasi*

Department of Life Sciences, University of Modena 
and Reggio Emilia, via Campi, Modena, Italy 
(Pinti M)
Department of Neurosciences, Azienda 
Ospedaliero-Universitaria di Modena Ospedale 
Civile di Baggiovara, via Giardini, Baggiovara (MO), 
Italy (Ferraro D) 
Department of Biomedical, Metabolic and 
Neurosciences, University of Modena and Reggio 
Emilia, via Campi, Modena, Italy (Ferraro D) 
Department of Surgery, Medicine, Dentistry and 
Morphological Sciences, University of Modena and 
Reggio Emilia, via Campi, Modena, Italy (Nasi M)
*Correspondence to: Milena Nasi, PhD, 
milena.nasi@unimore.it.
https://orcid.org/0000-0003-3079-8001 
(Milena Nasi) 
Date of submission: November 9, 2020 

Date of decision: December 26, 2020 
Date of acceptance: February 4, 2021  
Date of web publication: April 23, 2021 

https://doi.org/10.4103/1673-5374.313034
How to cite this article: Pinti M, Ferraro D, 
Nasi M (2021) Microglia activation: a role 
for mitochondrial DNA? Neural Regen Res 
16(12):2393-2394. 
Copyright license agreement: The Copyright 
License Agreement has been signed by all authors 
before publication.
Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access 
journal, and articles are distributed under the 
terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which 
allows others to remix, tweak, and build upon the 
work non-commercially, as long as appropriate 
credit is given and the new creations are licensed 
under the identical terms. 

References
Cossarizza A, Pinti M, Nasi M, Gibellini L, Manzini S, Roat 

E, De Biasi S, Bertoncelli L, Montagna JP, Bisi L, Manzini 
L, Trenti T, Borghi V, Mussini C (2011) Increased plasma 
levels of extracellular mitochondrial DNA during 
HIV infection: a new role for mitochondrial damage-
associated molecular patterns during inflammation. 
Mitochondrion 11:750-755.

Costanza M, Poliani PL, Portararo P, Cappetti B, Musio S, 
Pagani F, Steinman L, Colombo MP, Pedotti R, Sangaletti 
S (2019) DNA threads released by activated CD4(+) T 
lymphocytes provide autocrine costimulation. Proc 
Natl Acad Sci U S A 116:8985-8994.

Gambardella S, Limanaqi F, Ferese R, Biagioni F, 
Campopiano R, Centonze D, Fornai F (2019) ccf-mtDNA 
as a potential link between the brain and immune 
system in neuro-immunological disorders. Front 
Immunol 10:1064.

Garaschuk O (2021) The role of NLRP3 inflammasome for 
microglial response to peripheral inflammation. Neural 
Regen Res 16:294-295.

Gong T, Liu L, Jiang W, Zhou R (2020) DAMP-sensing 
receptors in sterile inflammation and inflammatory 
diseases. Nat Rev Immunol 20:95-112.

Little JP, Simtchouk S, Schindler SM, Villanueva EB, 
Gill NE, Walker DG, Wolthers KR, Klegeris A (2014) 
Mitochondrial transcription factor A (Tfam) is a 
pro-inflammatory extracellular signaling molecule 
recognized by brain microglia. Mol Cell Neurosci 60:88-
96.

Nasi M, Cristani A, Pinti M, Lamberti I, Gibellini L, De 
Biasi S, Guazzaloca A, Trenti T, Cossarizza A (2016) 
Decreased circulating mtDNA levels in professional 
male volleyball players. Int J Sports Physiol Perform 
11:116-121.

Nasi M, Bianchini E, De Biasi S, Gibellini L, Neroni A, 
Mattioli M, Pinti M, Iannone A, Mattioli AV, Simone 
AM, Ferraro D, Vitetta F, Sola P, Cossarizza A (2020a) 
Increased plasma levels of mitochondrial DNA and pro-
inflammatory cytokines in patients with progressive 
multiple sclerosis. J Neuroimmunol 338:577107.

Nasi M, De Gaetano A, Bianchini E, De Biasi S, Gibellini 
L, Neroni A, Mattioli M, Pinti M, Lo Tartaro D, Borella 
R, Mattioli AV, Chester J, Melegari A, Simone AM, 
Ferraro D, Vitetta F, Sola P, Cossarizza A (2020b) 
Mitochondrial damage-associated molecular patterns 
stimulate reactive oxygen species production in human 
microglia. Mol Cell Neurosci 108:103538.

Pinti M, Cevenini E, Nasi M, De Biasi S, Salvioli S, Monti 
D, Benatti S, Gibellini L, Cotichini R, Stazi MA, Trenti 
T, Franceschi C, Cossarizza A (2014) Circulating 
mitochondrial DNA increases with age and is a familiar 
trait: Implications for “inflamm-aging”. Eur J Immunol 
44:1552-1562.

Simpson DSA, Oliver PL (2020) ROS generation in microglia: 
understanding oxidative stress and inflammation in 
neurodegenerative disease. Antioxidants (Basel) 9:743.

Riley JS, Tait SWG (2020) Mitochondrial DNA in 
inflammation and immunity. EMBO Rep 21:e49799.

 
C-Editors: Zhao M, Liu WJ, Qiu Y; T-Editor: Jia Y

Figure 1 ｜ The release of proinflammatory cytokines at peripheral (systemic inflammation) and 
central (neuroinflammation) level contributes to the neurodegeneration processes damaging neurons 
and maintaining the inflammation through the microglia activation. 
One of the mechanisms that could trigger and maintain this inflammatory status is the release of mtDNA 
from damaged cells. MtDNA could be sensed from microglial cells through different pathways promoting 
their proinflammatory phenotype and perpetuating a vicious circle of cytokines release. Created 
with BioRender.com. cGAS-STING: Cyclic GMP-AMP synthase-stimulator of interferon genes; mtDNA: 
mitochondrial DNA; NLRP3: NLR family pyrin domain containing 3; TLR9: toll-like receptor 9. 


