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A B S T R A C T   

Mycobacteria, including Mycobacterium tuberculosis (Mtb) and non-tuberculous mycobacteria (NTM), pose 
challenges in treatment due to their increased resistance to antibiotics. Following infection, mycobacteria and 
their components trigger robust innate and inflammatory immune responses intricately associated with the 
modulation of mitochondrial functions, including oxidative phosphorylation (OXPHOS) and metabolism. 
Certainly, mitochondrial reactive oxygen species (mtROS) are an inevitable by-product of OXPHOS and function 
as a bactericidal weapon; however, an excessive accumulation of mtROS are linked to pathological inflammation 
and necroptotic cell death during mycobacterial infection. Despite previous studies outlining various host 
pathways involved in regulating mtROS levels during antimicrobial responses in mycobacterial infection, our 
understanding of the precise mechanisms orchestrating the fine regulation of this response remains limited. 
Emerging evidence suggests that mycobacterial proteins play a role in targeting the mitochondria of the host, 
indicating the potential influence of microbial factors on mitochondrial functions within host cells. In this re
view, we provide an overview of how both host and Mtb factors influence mtROS generation during infection. A 
comprehensive study of host and microbial factors that target mtROS will shed light on innovative approaches 
for effectively managing drug-resistant mycobacterial infections.   

1. Introduction 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is a 
contagious bacterial infection primarily impacting the lungs but can 
affect other body parts. Treatment involves prolonged antibiotic ther
apy, usually lasting six months or more. However, the rise of drug- 
resistant Mtb strains requires new approaches to TB management 
(Singh and Chibale, 2021). In addition, non-tuberculous mycobacteria 
(NTM) refer to mycobacteria other than Mtb and M. leprae, and they are 
ubiquitous in the environment. The global incidence and prevalence of 
NTM lung disease are escalating and affect both immunocompetent and 
immunocompromised individuals (Dahl et al., 2022). NTM infections 
affect both immunocompetent and immunocompromised individuals. 
Similar to Mtb infection, NTMs possess intrinsic or acquired resistance to 
conventional antibiotics, emphasizing the need to develop novel stra
tegies to combat NTM virulence and stimulate host defensive 

mechanisms (Saxena et al., 2021). However, little is known about the 
precise host defense mechanisms during Mtb and NTM infections. 

Reactive oxygen species (ROS) are molecules that are responsible for 
diverse cellular responses, including mitochondrial respiration, innate 
immune response, and gene expression. Mitochondria are one of the 
important organelles that produces ROS and energy in the form of ATP 
(Sena and Chandel, 2012). Recent studies have unveiled the intricate 
mechanisms responsible for generating mitochondrial ROS (mtROS), 
which play a crucial role in triggering host immune responses during 
mycobacterial infection and inflammation (Lloberas et al., 2020; Tur 
et al., 2020). While mtROS are crucial for cellular signaling, bactericidal 
functions, and immune responses, excessive production resulting from 
mitochondrial dysfunction during infection can cause damage to cellular 
components such as DNA, proteins, and lipids, thereby leading to 
immunopathology and necroptotic cell death (Silwal et al., 2020; 
Weindel et al., 2022). MtROS also play a pivotal role in mediating 
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nucleotide-binding and oligomerization domain (NOD)-like receptor 
(NLR) family pyrin domain (PYD)-containing 3 (NLRP3) inflammasome 
activation, a key process in inflammation. Additionally, NLRP3 
inflammasome-driven inflammation attracts macrophages and neutro
phils, triggering their ROS production, thus establishing a feedback loop 
between ROS and the NLRP3 inflammasome (Liao et al., 2019). Hence, 
in the context of infectious diseases such as TB and NTM infections, 
mtROS have been implicated in diverse facets of host-pathogen in
teractions and contribute to the determination of disease outcomes. 
However, the mechanisms by which host factors and/or pathways in
fluence the production of mtROS to impact host defense and patholog
ical roles during infection remain unclear. Moreover, several 
mycobacterial virulence factors are effectively targeted to mitochondria, 
thereby exerting a significant influence on the intricate functions of 
these organelles (Guo et al., 2021; Lienard et al., 2020; Sohn et al., 
2011). In this review, we present a comprehensive overview of how both 
host and mycobacterial factors influence mtROS generation during 
infection. Delving into the dual nature of mtROS, we thoroughly explore 
its regulation and effects by considering the status of infected 
macrophages. 

2. Host factors/pathways to control mtROS during 
mycobacterial infection 

As key innate immune cells, macrophages act as primary sources of 
mtROS and cellular ROS in response to invading microbes (Canton et al., 
2021). MtROS influence diverse pathways such as metabolism, bacte
ricidal and inflammatory responses, and cell death, thereby playing a 

dual role, i.e., protective and pathological aspects during mycobacterial 
infections. In this section, our focus centers on five crucial aspects of host 
factors: (i) immunometabolic remodeling, (ii) the mitochondrial 
oxidative phosphorylation (mtOXPHOS) system, (iii) immunometabo
lites, (iv) the impact of mitochondrial damage, and (v) mitochondrial 
redox regulation, upon mtROS generation during mycobacterial in
fections (Fig. 1). 

2.1. Immunometabolism and mtROS 

Mycobacteria and their components are recognized by numerous 
pattern-recognition receptors, leading to the initiation of the nuclear 
factor (NF)-κB-dependent pathway to drive cellular inflammatory re
sponses and the induction of antimicrobial molecules in macrophages 
(Jo et al., 2007). These innate immune responses are closely intertwined 
with mitochondrial functional alterations and immunometabolic re
sponses driven by Mtb or NTM bacteria (Lee et al., 2023b; Martin et al., 
2023). Importantly, macrophages undergo immunometabolic remodel
ing depending on their activation status. It is generally believed that 
during the early stage of infection, macrophages shift into an M1-like 
phenotype, exhibiting a metabolism characterized by heightened 
glycolytic flux, increased activity in the pentose phosphate pathway 
(PPP) and fatty acid biosynthesis, and reduced mitochondrial respira
tion and impaired tricarboxylic acid (TCA) cycle (Chacon-Salinas et al., 
2005). The PPP plays a vital role in NADPH production, essential for 
ROS and nitric oxide (NO) biosynthesis (Nagy and Haschemi, 2015). In 
M1 macrophages, the TCA cycle experiences two breakpoints at the 
citrate and succinate levels, leading to an accumulation of these 

Fig. 1. mtROS-associated host factors/pathways. (A) During mycobacterial infection, mtROS plays two roles. MFN2 produces mtROS through mitochondrial res
piratory chain complex I during Mtb infection. The generation of mtROS promotes the expression of glycolytic genes and inflammatory cytokine genes through HIF- 
1α and NF-κB in macrophages. In addition, mitochondrial pyruvate can produce mtROS, leading to control intracellular survival of M. avium. Moreover, Mtb or Mabc 
infection regulates the expression of SIRT3 and mtROS production to control mycobacterial growth and excess inflammation. In late-stage mycobacterial infection, 
TWEAK-Fn14 signaling increase oxidative stress to induce ER stress and produce mtROS, resulting in cell death. Mtb infection induces mtROS production and 
mitophagy through HIF-1α/BNIP3 to remove damaged mitochondria. (B) In disease-associated Lrrk2G2019S macrophages, mitochondrial GSDMD pore can release 
mtROS from mitochondria and lead to RIPK1/RIPK3/MLKL-dependent necroptosis during Mtb infection. The generation of mtROS activates NLRP3 inflammasome, 
which in turn can induce further mtROS generation. The activated NLRP3 inflammasome releases mitochondrial DNA from mitochondria to the cytosol, triggering 
excessive inflammation. BNIP3, BCL2/adenovirus E1B 19 kDa protein-interacting protein 3; ER, endoplasmic reticulum; Fn14, fibroblast growth factor-inducible 14; 
GSDMD, gasdermin D; HIF-1α, hypoxia-inducible factor 1-alpha; Lrrk2, leucin-rich repeat kinase 2; Mabc, Mycobacteroides abscessus; M. avium, Mycobacterium avium; 
MFN2, mitofusin 2; MLKL, mixed lineage kinase domain like pseudokinase; Mtb, Mycobacterium tuberculosis; mtROS, mitochondrial ROS; mtOXPHOS, mitochondrial 
OXPHOS; RIPK, receptor-interacting protein kinase; TWEAK, tumor necrosis factor-like weak inducer of apoptosis. 
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metabolites. Moreover, succinate accumulation stabilizes hypoxia- 
inducible factor 1-alpha (HIF-1α) by inhibiting prolyl hydroxylases 
(PHDs), leading to an increased biogenesis of interleukin (IL)-1β (Mills 
et al., 2016). Both NF-κB and HIF-1α are well-characterized transcrip
tion factors that enhance the expression of glycolytic genes (Remels 
et al., 2015). However, in T cells, HIF-1α also contributes to suscepti
bility of von Hippel-Lindau factor (VHL)-deficient T cells and its stabi
lization diminishes CD4 T cell responses during Mtb infection (Liu et al., 
2022). 

Several studies have highlighted the transcriptional features and 
their impact on the differentiation of M1 and M2 macrophages during 
Mtb infection (Roy et al., 2018). Roy et al. demonstrated that the 
expression of unique genes and long non-coding RNAs depends on the 
macrophage phenotypes following Mtb infection (Roy et al., 2018). 
During Mtb infection, the gene expression and metabolic processes of 
both Mtb itself and host cells are largely altered. Utilizing transcriptional 
profiles, Rohde et al. previously reported that Mtb regulates its gene 
expression and metabolism during intracellular adaptation in macro
phages. Up to day 2, genes involved in stress responses undergo 
changed; however, genes associated with fatty acid and cholesterol 
metabolism are altered to utilize host-derived cholesterol and fatty acids 
(Rohde et al., 2012). Furthermore, a previous study showed that in the 
absence of both type I and type II interferon (IFN) receptor signaling, the 
classically activated macrophage phenotype (M1) can be switched to the 
alternatively activated macrophages phenotype (M2) towards a more 
permissive status and increased bacterial burden during Mtb infection in 
vivo (Moreira-Teixeira et al., 2016). 

On the host side, mitofusin (MFN)-2, a mitochondrial fusion protein, 
plays a crucial role in maintaining aerobic glycolysis by inducing HIF-1α 
during mycobacterial infection (Silwal et al., 2021). Notably, MFN2′s 
action in sustaining HIF-1α and proinflammatory responses is linked to 
the activation of the mitochondrial respiratory chain complex I and 
mtROS production in macrophages (Silwal et al., 2021). Therefore, the 
components of mitochondrial dynamics likely play a critical function in 
the generation of mtROS, promoting aerobic glycolysis and inflamma
tory responses that favor antimicrobial actions against mycobacteria. 

Thus, Mtb-induced metabolic rewiring of host cells contributes to the 
persistence of Mtb, while several host factors influence mitochondrial 
function and metabolic shifts to counteract mycobacterial strategies 
during infection. More comprehensive studies on the interrelationship 
between host and mycobacterial crosstalk upon metabolic reprogram
ming will facilitate the future development of new therapeutics against 
Mtb infection. 

2.2. MtOXPHOS system intertwined with immune functions 

The persistent nature of inflammatory responses can have detri
mental effects on the host. As inflammation progresses, macrophages 
undergo an immunometabolic shift towards mitochondrial metabolism, 
resulting in increased mtOXPHOS. Similarly, M2-like macrophages 
exhibit upregulated OXPHOS, heightened activity in the TCA cycle, and 
enhanced glutamine metabolism to support M2 activation (Liu et al., 
2021). During OXPHOS, mitochondria utilize oxygen to produce ATP, 
simultaneously generating mtROS as byproducts (Shadel and Horvath, 
2015). The electron transport chain (ETC) consists of electron transports 
bounded to the inner mitochondrial membrane (IMM), creating a proton 
gradient across the mitochondrial membrane from the mitochondrial 
matrix into the intermembrane space. This gradient contains the energy 
required for ATP synthesis. Complex V enables H+ ions to re-enter the 
mitochondrial matrix, harnessing the energy necessary for synthesizing 
ATP from adenosine and phosphate (Cadonic et al., 2016). During this 
process, electrons move through the ETC and ultimately reach complex 
IV, where they combine with molecular oxygen (Nolfi-Donegan et al., 
2020). The respiratory chain complexes I, III, and IV, all of which are 
considered the main producers of mtROS in the form of superoxide 
anion, represent the most critical and potentially hazardous form of 

mtROS (Iwasaki et al., 2020; Lambert and Brand, 2004). 
Recent studies indicate the immune regulatory functions of each 

complex in the mitochondrial ETC. Complex I is responsible for gener
ating mtROS, playing crucial roles in inflammatory macrophages and 
Th17 cells. Complex II facilitates reverse electron transport in macro
phages and regulates fumarate levels linked to epigenetic changes. 
Complex III produces mtROS activating HIF-1α and affecting regulatory 
T cell function. Complex IV is essential for T cell activation and differ
entiation, while Complex V supports Th17 differentiation and interacts 
with anti-tumor T and natural killer (NK) cells (Yin and O’Neill, 2021). 
In the context of mycobacterial infections, several reports present con
flicting perspectives on the roles of mtOXPHOS concerning host defen
sive responses. Mtb infection downregulates the expression of 
mtOXPHOS-related proteins and enzymes in mouse lungs in the early 
stage. However, there is elevated aerobic glycolysis, i.e., the Warburg 
effect, similar to the metabolic signature of cancer cells (Shi et al., 2015). 
It has been reported that the shift from mtOXPHOS to glycolysis, 
mediated by HIF-1α, is crucial for the microbicidal activity against Mtb 
infection (Marin Franco et al., 2020). When M1 macrophages were 
exposed to the fluids of tuberculous pleural effusions, the eicosanoid 
fraction of tuberculous pleural effusion fluids reduces glycolysis and 
increases mtOXPHOS and bacillary load (Marin Franco et al., 2020). 

On the other hand, a recent study highlights mtOXPHOS-mediated 
protective innate memory induced by activating M2 macrophages 
with IL-4 and IL-13 during mycobacterial challenge (Lundahl et al., 
2022). Both human and murine models demonstrated that prior IL-4/13 
activation leads to increased pro-inflammatory cytokine secretion upon 
secondary mycobacterial stimulation, accompanied by enhanced killing 
capacity. Interestingly, IL-4/13-trained macrophages maintain elevated 
mtOXPHOS, which is crucial for sustaining pro-inflammatory responses 
(Lundahl et al., 2022). This oxidative stress may contribute to proin
flammatory responses and resistance to Mtb infection. These findings 
indicate that Mtb downregulates mtOXPHOS in host cells during the 
early stage of infection. Moreover, the roles of mtOXPHOS may vary 
based on the macrophage activation status within the broader context of 
the infection progression. 

2.3. Immunometabolites impacting mtROS 

Itaconate, by product of the remodeled TCA cycle, plays a critical 
role in eliciting anti-mycobacterial responses and suppressing inflam
matory reactions in M1 macrophages (Kim et al., 2022). Remarkably, 
itaconate and its derivatives, such as 4-octyl itaconate, exhibit potent 
activity in scavenging ROS and reducing inflammation (Chen et al., 
2022a). In the context of mycobacterial infection, the itaconate deriv
ative, dimethyl itaconate, does not directly exhibit bactericidal activity. 
However, it triggers antimicrobial responses against Mtb and NTM in
fections, including multidrug-resistant bacteria, through multifaceted 
activation of innate immune pathways, including autophagy (Kim et al., 
2023). Nevertheless, it remains unclear whether itaconate’s anti- 
mycobacterial action is mediated by modulating mtROS generation 
during infection. Additionally, iron can impact cellular metabolism, and 
iron chelation leads to a dysfunctional ETC, resulting in decreased ROS 
production (Phelan et al., 2018). For pathogenic mycobacteria, iron is a 
vital cofactor, and their survival and virulence depend on iron avail
ability (De Voss et al., 1999). Kotey et al. reported that intracellular iron 
accumulation enhances the survival of M. avium in mouse bone marrow- 
derived macrophages (Kotey et al., 2023). During Mtb infection, heparin 
treatment increases the expression of ferroportin, the iron exporter 
protein; thus, intracellular Mtb decreases the iron availability in human 
macrophages (Abreu et al., 2018). 

In mitochondria, nicotinamide adenine dinucleotide (NAD+) is 
reduced to nicotinamide adenine dinucleotide hydride (NADH) to pro
duce ATP (Cortassa et al., 2019). During Mtb infection, the tuberculosis 
necrotizing toxin (TNT), a NAD+ glycohydrolase, induces NAD+ deple
tion and necroptosis through receptor-interacting protein kinas 3 
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(RIPK3)/mixed-lineage kinase domain-like (MLKL) in macrophages 
(Pajuelo et al., 2018). Additionally, TNT triggers the production of 
mtROS, leading to the activation of necroptosis (Pajuelo et al., 2018). 
However, mtROS generation can be induced by NAD+ depletion itself 
independent of TNT (Pajuelo et al., 2020). Furthermore, in human 
macrophages, mitochondrial pyruvate import enhances the production 
of mtROS, effectively controlling M. avium infection. Importantly, py
ruvate import induces mitochondrial hyperpolarization and increased 
mtROS production by complex I, promoting antimicrobial responses 
during infection (Rost et al., 2022). These findings robust support the 
idea that immunometabolites, capable of modulating mtROS genera
tion, hold promise as effective adjunct treatments for hard-to-treat 
mycobacterial infections in various contexts. 

2.4. Mitochondrial damage and mtROS in infection pathology 

Mitochondrial dysfunction plays a significant role in the activation of 
the NLRP3 inflammasome, a critical protein complex involved in im
mune responses. This activation is triggered by the release of harmful 
substances such as mtROS and mitochondrial DNA (mtDNA) (Carlos 
et al., 2017; Wu et al., 2013). Importantly, a robust production of ROS is 
induced by inhibiting mitochondrial complexes I and II, while blocking 
the mitochondrial VDAC suppresses the generation of ROS and inflam
masome activation (Li et al., 2021). Additionally, the altered integrity of 
the mitochondria-associated membrane (MAM) sets off a complex 
cascade of events, including ROS generation, mitochondrial damage, 
and inflammatory responses mediated by the NLRP3 inflammasome 
complex (Pereira et al., 2022; Zhao et al., 2019). In the context of 
M. bovis infection, endoplasmic reticulum (ER) stress activates the 
NLRP3 inflammasome and mature IL-1β production through mtROS 
generation, while absent in melanoma 2 (AIM2) triggers mitochondrial 
damage (Liao et al., 2019). Another study showed that M. bovis-induced 
AIM2 inflammasome activation does not depend on ROS or IFN-β release 
(Yang et al., 2013). 

Mitophagy, a selective form of autophagy, is triggered by mito
chondrial stress, including mitochondrial damage and hypoxia. In 
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), one 
of mitophagy receptors, knock-out macrophages show decreased Mtb- 
induced mitophagy. This mitophagy inhibition results in the accumu
lation of mtROS and the induction of antimicrobial responses during 
Mtb infection (Lee et al., 2023a). Additionally, MFN2 is involved in the 
generation of mtROS, while MFN2 does not impact mitophagy during 
Mtb infection (Silwal et al., 2021). 

Several host factors and pathways play vital roles in controlling 
mtROS production during host defense against mycobacterial infections. 
In the late-stage mycobacterial infection, persistent TWEAK-Fn14 
signaling disrupts the mitochondrial membrane potential in macro
phages, causing mtROS accumulation and activating cell death-related 
proteins (Chen et al., 2022b). In disease-associated Lrrk2G2019S macro
phages, inflammasome activation with increased mtROS triggers gas
dermin D (GSDMD) pores on mitochondrial membranes, leading to 
RIPK1/RIPK3/MLKL-dependent necroptosis and severe immunopa
thology during Mtb infection (Weindel et al., 2022). Moreover, sirtuin 3 
(SIRT3), an NAD+-dependent protein deacetylase, is downregulated 
during Mtb infection, leading to increased ROS, mitochondrial stress, 
and macrophage cell death. In SIRT3-deficient mice, bacterial burden 
and immune pathology worsened, highlighting SIRT3′s role in mediating 
host defense during Mtb infection (Smulan et al., 2021). Additionally, 
during Mycobacteroides abscessus (Mabc) infection, the loss of SIRT3 el
evates bacterial loads, histopathological damage, and inflammation. 
Reducing mtROS lessens Mabc burden and inflammation, while 
inducing SIRT3 expression in infected lungs (Kim et al., 2020). Mtb 
infection induces mitochondrial damage and the production of mtROS, 
and these changes are more severe in Sirt3-decifient macrophages (Kim 
et al., 2019). In other words, SIRT3 is required for the maintenance of 
mitochondrial homeostasis and protection from stress conditions. 

However, further investigation is needed to elucidate the precise 
mechanism by which SIRT3 regulates mitochondrial homeostasis during 
mycobacterial infection. Furthermore, mitochondrial morphological 
changes can also contribute to the generation of mtROS during myco
bacterial infection. Mtb infection increases mitochondrial fragmenta
tion, and the expression of mitochondrial fission and fusion proteins is 
altered in macrophages (Lee et al., 2019). In MFN2-deficient macro
phages, the expression of mitochondrial respiratory complex I is 
reduced; however, mitochondrial fragmentation and intracellular sur
vival of Mtb are increased (Silwal et al., 2021). A deeper understanding 
of host factors that modulate mtROS in disease contexts will aid in 
developing new strategies to manage TB and NTM infections. 

2.5. Mitochondrial redox regulation to control mtROS during infection 

Given that excessive mtROS production can instigate mitochondrial 
dysfunction and oxidative stress, it is crucial to regulate the mitochon
drial antioxidant system. Specifically, the dysregulation of mitochon
drial redox homeostasis induces oxidation proteins, membrane, and 
lipids within cells, ultimately leading cell death (Huang et al., 2019). 
Treatment with the mitochondrial antioxidant MitoTEMPO or NecroX 
inhibits proinflammatory cytokine production in Mtb-infected macro
phages (Kim et al., 2019). Furthermore, the mtROS inhibitor MitoQ 
reduces the production of IFN-β during H37Rv/Lineage 4 and 4334/ 
Lineage 2 infections but has no effect on the intracellular survival of Mtb 
(Wiens and Ernst, 2016). Chenling et al. also demonstrate that MitoQ 
treatment reduces Rv0928-overexpressing M. smegmatis-induced proin
flammatory cytokines production, including IL-6, tumor necrosis factor- 
α, and monocyte chemoattractant protein-1, in RAW264.7 cells (Xu 
et al., 2023). In Sirt3-/- macrophages, MitoTEMPO treatment results in a 
partially decreased accumulation of mtROS, thereby restoring cellular 
viability and contributing to mitochondrial redox regulation and cell 
death during Mtb infection (Smulan et al., 2021). These findings suggest 
that mitochondrial-targeted antioxidants may serve as a therapeutic 
target by regulating the production of mtROS against mycobacterial 
infection. 

3. Mycobacterial effectors to control mtROS during infection 

Recent studies have shed light on the role of mycobacterial effectors 
in influencing mitochondrial functions and mtROS generation during 
infection. This research underscores the significance of microbial ef
fectors in evading host defense mechanisms, ultimately impacting 
infection outcomes. This session focuses on mycobacterial effectors that 
target mitochondria and modulate ROS production, influencing host 
protective and pathological responses depending on the context 
(Table 1). 

In a recent study, EspC, a substrate protein of the ESAT-6 secretion 
system (ESX-1), was found to induce ER stress, leading to pro- 
inflammatory cytokine production and ROS accumulation. Over
expression of EspC in M. smegmatis resulted in increased bacterial sur
vival, accelerated mouse mortality, and ER stress-induced apoptosis, 
highlighting its crucial role in Mtb spreading and pathogenesis during 
infection (Guo et al., 2021). Additionally, intact ESX-1 function was 
found to be crucial for type I IFN production, correlating with the release 
of mitochondrial and nuclear host DNA into the cytosol (Lienard et al., 
2020). Moreover, a recent cryo-EM study demonstrated that Mtb EspB, a 
component of the type VII secretion system, possesses a mitochondrial 
membrane-binding property. It interacts with phosphatidic acid and 
phosphatidylserine in host cell membranes, potentially stabilizing the C- 
terminal domain in the presence of phosphatidic acid (Sengupta et al., 
2023). These findings offer strong evidence that mycobacterial ESX 
proteins play a vital role in targeting and interacting with host mito
chondrial components during mycobacterial infections. 

Another recent study revealed that Mtb PtpA interacts with the 
human trifunctional protein enzyme (hTFP), a crucial mitochondrial 
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enzyme involved in fatty acid β-oxidation. Notably, PtpA targets and 
dephosphorylates a specific residue, Tyr-271, on hTFPα, affecting its 
subcellular localization and activity (Margenat et al., 2023). As 
mentioned above, TNT, a major cytotoxic factor of Mtb, induces 
macrophage necroptosis via NAD+ hydrolysis, increasing mtROS, cell 
death, and mycobacterial replication (Pajuelo et al., 2020). During 
M. leprae infection, the nerve damage response is triggered by phenolic 
glycolipid 1 (PGL-1), which prompts the production of nitric oxide 
synthase, elevated reactive nitrogen species that harm axons by affecting 
mitochondria and causing demyelination (Madigan et al., 2017). Addi
tionally, Cpn60.2, an abundant Mtb chaperone protein essential for 
bacterial growth, exhibits the ability to translocate to mitochondria and 
interact with host mortalin, an HSP 70 gene family member crucial in 
apoptosis modulation. This interaction leads to a robust anti-apoptotic 
effect, effectively promoting Mtb survival within the hostile macro
phage environment (Joseph et al., 2017). Moreover, Mtb RipA 
(Rv1477), a peptidoglycan hydrolase, activates NF-κB signaling, leading 
to the induction of pro-inflammatory cytokines via toll-like receptor 4. 
RipA localizes in mitochondria, hindering mtOXPHOS enzyme produc
tion, while promoting a Warburg-like phenotype that favors bacterial 
replication. Additionally, RipA inhibits caspase-dependent cell death, 
impairing innate antibacterial responses (Shariq et al., 2021). These 
findings highlight how several Mtb proteins create a permissive repli
cation niche within host cells by modulating mitochondrial functions. 

Mycobacterial heparin-binding hemagglutinin (HBHA) triggers 
macrophage apoptosis by inducing ROS production and Bax activation 
(Sohn et al., 2011). Although HBHA-induced ROS generation may not be 
exclusively derived from mitochondria, the potent ROS inhibitor N- 
acetylcysteine effectively mitigates HBHA-induced apoptosis. 

Interestingly, the HBHA protein specifically targets the mitochondrial 
compartment, resulting in the dissipation of the mitochondrial trans
membrane potential (ΔΨ(m)) and depletion of cytochrome c in both 
HBHA-treated and Mtb-infected macrophages (Sohn et al., 2011). In 
addition, Mtb PE_PGRS30, an apoptosis-inducing protein, interacts with 
prohibitin 2 (PHB2) through their respective domains: PGRS (poly
morphic GC-rich sequence) and the mitochondrial targeting sequence. 
Overexpressing PHB2 reduces macrophage apoptosis triggered by 
PE_PGRS30. However, the PGRS domain of Mtb PE_PGRS30 disrupts 
PHB2′s ability to maintain mitochondrial structure, resulting in mito
chondrial dysfunction and cellular apoptosis (Matsumura et al., 2023). 
Another study (Medha et al., 2023) demonstrated that the distinctive C- 
terminal of Mtb PE6/Rv0335c protein plays a role in inducing host 
mitochondrial perturbations and caspase-mediated apoptosis in mac
rophages. Interestingly, Mtb Rv0674 (MS_Rv0674) is also involved in 
the host apoptosis through interaction with the mitochondrial DNA 
control region, increasing mRNA expression in mtOXPHOS subunits, to 
influence ATP synthesis, mitochondrial membrane potential, and su
peroxide production (Dubey et al., 2021). These findings collectively 
suggest that a variety of mycobacterial proteins play roles in modulating 
mitochondria, contributing to the establishment of infection pathogen
esis during the infection. 

4. Conclusions 

Mounting evidence acknowledges the dual role of mtROS in infection 
and inflammation, exhibiting both antimicrobial and pathological ef
fects. However, the precise regulatory mechanisms governing mtROS 
production remain elusive. Recent research indicates the involvement of 

Table 1 
Mycobacterial effectors targeting mitochondria during infection. BAL, bronchoalveolar lavage; BMDMs, bone marrow-derived macrophages; E. coli, Escherichia coli; 
ETC, electron transport chain; HBHA, heparin-binding hemagglutinin; hTFP, human trifunctional protein enzyme; M. leprae, Mycobacterium leprae; M. marinum, 
Mycobacterium marinum; MMP, mitochondrial membrane potential; MOM, mitochondrial outer membrane; MOMP, mitochondrial outer membrane permeabilization; 
Mtb, Mycobacterium tuberculosis; mtROS, mitochondrial reactive oxygen species; OXPHOS, oxidative phosphorylation; PGL-1, phenolic glycolipid 1; PHB2, protein 
prohibitin 2; TNT, tuberculosis necrotizing toxin.  

Mycobacterial effectors Effects on mitochondria Outcome Model Ref. 

Mycobacterium tuberculosis 
EspC Mitochondrial transmembrane potential 

dissipation, MOMP 
ER stress-mediated apoptosis, 
Increased bacterial survival 

RAW264.7 cell line (Guo et al., 2021) 

EspB Interaction with MOM Host-Mtb interaction Overexpression in E. coli BL21 
(DE3) cells 

(Sengupta et al., 
2023) 

PtpA Decreased mitochondrial localization of 
hTFPα 

Dephosphorylation of TFP Transformed E. coli BL21 (DE3) (Margenat et al., 
2023) 

Cpn60.2 Interaction with mitochondrial mortalin Anti-apoptotic effect THP-1 cells, RAW264.7 cell line (Joseph et al., 2017) 
RipA Mitochondrial localization Activation of NF-κB ignalling, 

Inhibition of autophagy, 
Decreased ETC enzymes, 
Inhibition of caspase-dependent 
apoptosis 

RAW264.7 cell line, 
HEK293T cell line 

(Shariq et al., 2021) 

HBHA Mitochondrial 
damage 

Apoptosis, 
ROS production 

RAW264.7 cell line, 
A549 cell line 

(Sohn et al., 2011) 

PE_PGRS30 Mitochondrial dysfunction Reduction of PHB2 in mitochondria, 
Cellular apoptosis 

RAW264.7 cell line, 
BAL cells 

(Matsumura et al., 
2023) 

C-terminal of PE6/Rv0335c 
protein 

Depolarization of MMP Increased intracellular ratio of ADP/ 
ATP, 
Increased the intracellular Ca2+ influx, 
Enhanced caspase-mediated apoptotic 
cell death 

THP-1 cells (Medha et al., 2023) 

Rv0674 Regulation of OXPHOS, 
Increased mtROS 
production 

Increased apoptosis, 
Promotion the intracellular survival of 
mycobacteria 

J774A.1 
macrophages 

(Dubey et al., 2021) 

TNT Mitochondrial damage, 
Increased mtROS production 

Induction of necroptosis, 
Increased mycobacterial replication 

THP-1 cells, 
Jurkat 655-TNT cell line 

(Pajuelo et al., 
2020) 

Mycobacterium marinum 
Intact ESX-1 Mitochondrial DNA release Nuclear DNA release, 

Induction of type I IFN 
response 

BMDMs (Lienard et al., 
2020) 

Mycobacterium leprae 
PGL-1 Mitochondrial damage Increased reactive nitrogen species 

damages 
Zebrafish larvae (Madigan et al., 

2017)  
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various host factors, such as immunometabolic remodeling, several 
immunometabolites, and the mtOXPHOS system, in the generation of 
mtROS. Notably, certain mitochondrial components like MFN2 and 
SIRT3 play a critical role in preventing mitochondrial damage while 
simultaneously inducing mtROS to enhance antimicrobial functions. 
These factors and pathways influence the delicate balance between 
protective and pathological responses during mycobacterial infections. 
Indeed, mitochondrial damage followed by mtROS generation contrib
utes to excessive inflammation and necroptotic cell death during 
mycobacterial infections. 

A recent discovery has challenged the prevailing notion that several 
mycobacterial proteins can target mitochondria and interact with host 
mitochondrial components during infections. These mycobacterial pro
teins exert control over immunometabolism, mitochondrial functions, 
innate immune responses, inflammation, and cell death, thereby 
evading the host’s defense mechanisms during infections. Further 
research is crucial to unravel the host and microbial factors involved in 
modulating mtROS, which plays a critical role in innate immune defense 
mechanisms. Presently, researchers are exploring interventions that 
target mtROS in TB to gain precise insights into its role in disease pro
gression and outcome. This comprehensive understanding will open 
avenues for innovative therapeutic approaches. Potential interventions 
may include regulating mtROS production, modulating the host immune 
response, or enhancing cellular antioxidant defense systems. The ulti
mate objective is to uncover novel strategies for managing TB, leading to 
improved treatment outcomes and potentially overcoming drug 
resistance. 
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