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Abstract: Infections caused by non-tuberculous mycobacteria (NTM), such as Mycobac-
terium abscessus, elicit diverse cell death mechanisms including apoptosis, necrosis, and
pyroptosis, which play key roles in immunopathogenesis. NTM can manipulate these
cell death pathways to evade host immune responses, ensuring their intracellular sur-
vival and persistence. Apoptosis may aid in antigen presentation and immune activation,
while necrosis and pyroptosis trigger excessive inflammation, leading to tissue damage.
Autophagy, a crucial cellular defense mechanism, is often induced in response to NTM
infection; however, M. abscessus has evolved mechanisms to inhibit autophagic processes,
enhancing its ability to survive within host cells. This manipulation of cell death pathways,
particularly the dysregulation of autophagy and ferroptosis, contributes to chronic infection,
immune evasion, and tissue damage, complicating disease management. Understanding
these mechanisms offers potential therapeutic targets for improving treatment strategies
against M. abscessus infections.
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1. Introduction

Most non-tuberculous mycobacteria (NTM) originate from environmental sources,
such as drinking water, natural water bodies, and soil. Rather than being mere contam-
inants [1], NTMs are natural inhabitants of these environments. They are increasingly
recognized as opportunistic pathogens in humans, primarily colonizing and infecting indi-
viduals with chronic lung diseases such as cystic fibrosis, chronic obstructive pulmonary
disease, and bronchiectasis, as well as those with a history of infectious lung diseases like
tuberculosis [2-6]. Infections can also occur in genetically predisposed individuals [7-10],
those with specific body morphotypes [11], individuals exposed to contaminated needles
or surgical materials, and in cases of wound infections following trauma [12-17].

Current epidemiological data show a general increase in the detection of NTM through-
out the world, both in the context of infections and related diseases, as well as a significant
increase in the detection of infection and disease caused by the Mycobacterium abscessus
complex in the last decade [18,19].

M. abscessus was isolated for the first time in 1953 [20]; since then, its nomencla-
ture has changed several times, as has the grouping of species with high similarity, fi-
nally being called subspecies, with the presence of M. abscessus subspecies massiliense,
M. abscessus subsp. abscessus, and M. abscessus subsp. bolletii [21-23] and grouped in the
M. chelonae—abscessus complex [24-26].

During infection by M. abscessus, its ability to subvert host immune mechanisms was
demonstrated through the induction of biofilm production and the rope effect, which
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inhibits bacterial phagocytosis and prolongs mycobacterial survival [27,28]. Likewise,
M. abscessus can induce prominent levels of reactive oxygen species (ROS) and elevated
levels of pro-inflammatory cytokines [29]. These mechanisms are responsible for inducing
cell death during mycobacterial infection.

Cell death is a fundamental, homeostatic, and physiological process that occurs in all
living beings. It has a crucial function both in the elimination of damaged or infected cells
and in the regulation of the immune response. Its action ranges from embryonic devel-
opment to organ maintenance and aging [30,31]. The initiation of apoptosis, autophagy,
necrosis, and pyroptosis pathways is essential for immunity against many intracellular and
extracellular bacteria. These cellular killing mechanisms are utilized by the infected host to
restrict and eliminate bacterial pathogens [32].

Cell death processes can contribute to an effective immune response against pathogens;
however, unregulated inflammation can exacerbate tissue damage caused by bacterial
infections. In response, bacterial pathogens have evolved secreted virulence factors and
effector proteins that manipulate cell death pathways to facilitate infection [32]. These
mechanisms are tightly regulated, as uncontrolled infection-induced inflammation can be
fatal [33]. In this study, we observed the dual role of cell death during M. abscessus infection,
where it can either help control and restrict bacterial spread or contribute to dissemination
and growth. This article summarizes the key types of cell death involved in M. abscessus
infection and highlights their major consequences.

Recent studies point to the possibility of developing new therapeutic alternatives that
target the host in the treatment of diseases caused by mycobacteria [34]. Understanding
the cell death mechanisms modulated by M. abscessus could contribute to a better under-
standing of the target pathways and processes for proposing new chemotherapy regimens.

2. Cell Death in the Immune Response
2.1. Apoptosis: Mechanisms, Immune Regulation, and Disease Implications

Apoptosis, or programmed cell death, is a tightly regulated, energy-dependent process
essential for maintaining tissue homeostasis, controlling immune cell populations, and
supporting organismal development. Unlike necrosis, apoptosis allows the safe removal of
damaged, infected, or unnecessary cells without eliciting an inflammatory response [35,36].

There are three main apoptotic pathways: the extrinsic pathway, triggered by external
ligands (e.g., FasL, TNF) binding to death receptors like Fas and TNFR, leading to recruit-
ment of adaptor proteins such as FADD and TRADD, which activate caspase-8 and down-
stream effectors like caspase-3 [37-40]; the intrinsic (mitochondrial) pathway, activated by
intracellular stressors (e.g., DNA damage, oxidative stress), where pro-apoptotic Bax and
Bak promote mitochondrial outer membrane permeabilization, releasing cytochrome c to
form the apoptosome with Apaf-1 and procaspase-9, which activates caspase-9, followed
by caspases-3 and -7 [39-41]; and the perforin/granzyme pathway, mediated by cytotoxic
T lymphocytes and NK cells, which use granzyme B to activate caspases and cleave Bid,
linking to the intrinsic pathway, while granzyme A promotes caspase-independent DNA
damage [30,40,42-44].

Apoptosis plays a critical role in immune regulation by eliminating infected or self-
reactive cells, thus preventing autoimmune disorders such as lupus and multiple sclero-
sis [45-49]. It is essential for contracting T and B lymphocyte populations after antigen clear-
ance, mediated through the FASL/ALG2 pathway and reduced IL-2 signaling [50-52]. Cy-
totoxic T lymphocytes eliminate infected or transformed cells via perforin and granzymes,
while dendritic cells phagocytose apoptotic cells and present their antigens to T cells,
contributing to adaptive immune activation [53-56].
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Failures in apoptotic regulation are associated with autoimmune diseases and tumor
development, where defective apoptosis permits the survival of autoreactive or malignant
cells [53,57-60]. Thus, beyond its homeostatic functions, apoptosis is central to immune
balance and disease prevention.

2.2. Necrosis and Necroptosis: Mechanisms, Immune Response and Pathological Implications

Necrosis is a form of cell death triggered by severe damage such as trauma, infection,
toxins, or ischemia, and is characterized by plasma membrane rupture, cell swelling, and
the uncontrolled release of intracellular contents—events that elicit a strong inflammatory
response [61-63]. Although traditionally viewed as a passive process, necrosis can also
occur in a regulated manner via necroptosis, a programmed form of necrosis mediated
by RIPK1, RIPK3, and MLKL, which together form the necrosome complex that disrupts
membrane integrity and promotes cell lysis [64—67].

The intracellular components released during necrosis, known as DAMPs (damage-
associated molecular patterns)—such as HMGB1, ATP, uric acid, and DNA fragments—are
recognized by pattern recognition receptors (PRRs) like TLRs and NOD-like receptors, trig-
gering the activation of macrophages, neutrophils, and dendritic cells [68-70]. These cells
release pro-inflammatory cytokines (e.g., TNF-«, IL-13, IL-6), recruit additional immune
cells, and promote debris clearance. Dendritic cells link innate and adaptive immunity by
presenting necrotic antigens to T lymphocytes [70].

While this inflammatory response is essential for pathogen clearance and tis-
sue repair, excessive or unresolved necrosis may lead to chronic inflammation, tis-
sue fibrosis, and contribute to the pathogenesis of autoimmune and degenerative dis-
eases [63,69,71]. Necrosis—whether accidental or regulated—thus plays a dual role in host
defense and disease progression, making it a critical process in both physiological and
pathological contexts.

2.3. Autophagy: Mechanisms, Immune Functions, and Role in Cell Death

Autophagy is a conserved cellular process that degrades and recycles cytoplasmic
components, maintaining homeostasis under stress conditions such as nutrient depriva-
tion, oxidative stress, DNA damage, and infection [72]. Beyond its role in cell survival,
autophagy contributes to immune defense by eliminating intracellular pathogens and
modulating both innate and adaptive immune responses [68].

The process begins with the formation of a phagophore, which engulfs cellular mate-
rial, forming an autophagosome that later fuses with lysosomes for degradation [72]. This
mechanism is tightly regulated by nutrient-sensing pathways, notably mTORC1 (a negative
regulator) and AMPK (a positive regulator) [73-75]. Key protein complexes such as ULK,
PI3K class III (including Beclin-1, VPS34), and ATG12-ATG5-ATG16L1 coordinate the
formation and elongation of the autophagosome. The conversion of LC3-I to LC3-1I marks
autophagosome maturation [74-78].

Autophagy can be triggered by infections, cytokines (e.g., TNF, IFN-v), and activation
of pattern recognition receptors (PRRs), such as TLRs and NLRs [79-81]. In this context,
autophagy not only degrades pathogens but also influences cytokine production and
antigen presentation. For instance, M. tuberculosis activates autophagy to limit its own
replication inside macrophages [82].

However, when excessively activated or dysregulated, autophagy can lead to au-
tophagic (type II) cell death, characterized by uncontrolled self-digestion of vital organelles,
including mitochondria and ribosomes, resulting in energy depletion, loss of protein synthe-
sis, membrane instability, and ultimately cell death [83-88]. The accumulation of reactive
oxygen species (ROS) exacerbates this process, further damaging cellular components,
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as observed in chronic infections such as those caused by M. tuberculosis. A characteris-
tic already described for Mtb, which shows an ability to induce ROS and transit via the
macrophage phagosomal compartments, is the type I IFN response, which increases the
expression of 25-hydroxycholesterol [86,87].

There is ongoing debate as to whether autophagic death is a distinct pathway or occurs
in conjunction with other forms of cell death. Unlike apoptosis, it does not involve caspase
activation or DNA fragmentation, and unlike necrosis, it proceeds in a more regulated but
equally fatal manner [35,36,89-92].

Moreover, recent evidence links autophagy to ferroptosis. Inducers of ferroptosis,
such as erastin, can stimulate chaperone-mediated autophagy (CMA), which leads to the
degradation of GPX4, a key enzyme that protects against lipid peroxidation. Inhibiting
CMA stabilizes GPX4 and reduces ferroptotic death, suggesting an important crosstalk
between autophagy and ferroptosis during oxidative stress responses [93-95].

Thus, although autophagy is fundamentally a cytoprotective process, its dysregu-
lation can contribute to cell death through complex signaling networks, with significant
implications for immune responses, infection control, and disease progression.

2.4. Pyroptosis: Mechanisms, Immune Functions, and Role in Cell Death

Pyroptosis is a pro-inflammatory form of programmed cell death that plays a key role
in eliminating intracellular pathogens and activating the immune response. It is typically
initiated by the detection of pathogen-associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPs) by receptors such as NLRP3, NLRC4, or AIM2,
which activate inflammasome complexes [88].

Once assembled, the inflammasome recruits and activates caspase-1, and in humans,
caspases-4 and -5 (or caspase-11 in mice) also contribute by sensing cytosolic lipopolysac-
charide (LPS) [89,90]. These caspases cleave gasdermin D, releasing its N-terminal fragment,
which forms membrane pores, causing cell swelling and lysis [91,92]. This process also pro-
motes the release of pro-inflammatory cytokines IL-1p and IL-18, intensifying the immune
response [91].

By lysing infected cells and releasing DAMPs like ATP and HMGB1, pyroptosis pre-
vents pathogen replication and recruits immune cells, aiding infection control [8§9-93].
While controlled pyroptosis is protective, excessive activation can lead to damaging inflam-
mation and is implicated in inflammatory diseases [93].

Understanding pyroptosis is essential for developing therapies targeting infectious
and autoimmune diseases, with the potential to reduce pathological inflammation or
prevent conditions such as sepsis.

2.5. Ferroptosis: Mechanisms and Role in Cell Death

Ferroptosis is a regulated, caspase-independent form of cell death characterized by
iron accumulation, lipid peroxidation, and failure of antioxidant defenses, leading to
irreversible damage to cellular membranes [94]. A central regulator of ferroptosis is the
Xc™ antiporter system, composed of SLC7A11 and SLC3A2, which imports cystine—a
precursor for glutathione (GSH) synthesis. GSH is essential for the activity of GPX4, an
enzyme that reduces lipid hydroperoxides. When GSH is depleted or GPX4 is inhibited,
lipid peroxides accumulate and trigger ferroptosis [95,96].

Iron metabolism also plays a pivotal role. Upregulation of transferrin, TfR1, and
ferritin increases intracellular iron levels. Excess free iron promotes reactive oxygen species
(ROS) generation via the Fenton reaction, enhancing lipid peroxidation [95,97-99]. Enzymes
like ACSL4 and LPCATS3 incorporate polyunsaturated fatty acids (PUFAs) into membrane
phospholipids, making them more susceptible to oxidation. These substrates are further
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oxidized by lipoxygenases (LOXs), contributing directly to ferroptotic death [100-103].
Together, the balance of cysteine import, GSH availability, GPX4 function, and iron home-
ostasis defines a cell’s sensitivity to ferroptosis. Disruption of any of these pathways
promotes oxidative damage to lipids and ferroptotic cell death.

3. Cell Death in M. abscessus Infection
3.1. Modulation of Apoptotic Pathways by M. abscessus

The interaction of M. abscessus with apoptotic mechanisms is complex and plays a
key role in the pathogenesis and immune response during infection. This fast-growing
mycobacterium can modulate apoptosis pathways to favor its survival and dissemination
within the host [104]. After infection, M. abscessus is primarily internalized by macrophages.
Pattern recognition receptors (PRRs), such as Toll-like receptor 2 (TLR2), identify com-
ponents of the bacterial cell wall, triggering innate immune responses. This interaction
activates signaling cascades that lead to the release of pro-inflammatory cytokines, such as
TNF and IL-1$3, which can influence the apoptotic pathway [105-107].

Furthermore, infection by M. abscessus can modulate apoptotic pathways, including
both the intrinsic (mitochondrial) and extrinsic (death receptor) pathways. M. abscessus can
affect the mitochondrial integrity of macrophages (Figure 1). Through the generation of
oxidative stress, this dysfunction results in the loss of mitochondrial membrane potential,
leading to the release of cytochrome c into the cytoplasm. The release of cytochrome
c allows the formation of the apoptosome, which recruits and activates caspase-9. The
subsequent cascade leads to the activation of effector caspases, such as caspase-3, promoting
the cleavage of essential proteins and cell death [108-111].

Additionally, cytokines released in response to infection, such as TNF, can bind to
death receptors on the cell surface, such as the Fas receptor. This binding triggers the
formation of a signaling complex involving adapters like FADD (Fas-associated death
domain). The formation of the death complex activates caspase-8, which can initiate the
cascade of executioner caspases, promoting apoptosis. In some contexts, the extrinsic
pathway can also amplify the intrinsic pathway through the cleavage of Bcl-2 family
proteins, inducing apoptosis [110-112].

M. abscessus has two main morphotypes: a smooth morphotype, generally associated
with less inflammation, which tends to inhibit or delay the apoptosis of macrophages,
allowing the intracellular survival of the bacteria and the formation of biofilms, contributing
to the persistence of the infection; and a rough morphotype, which is more virulent and can
induce a more intense apoptotic response, leading to the death of macrophages [29,104,113].

In this context, apoptosis can have a dual role. In a controlled manner, apoptosis
can help contain the infection by eliminating infected cells without triggering exacerbated
inflammation. In contrast, unregulated apoptosis can result in the failure to remove
apoptotic bodies, causing the release of bacteria, facilitating their dissemination, and
intensifying the inflammatory response [110-114]. Apoptosis of infected macrophages
may function as a host defense strategy, removing compromised cells and limiting the
pathogen’s replication niche. On the other hand, by inhibiting or unregulated inducing
apoptotic signals, M. abscessus creates an environment that favors its survival and eventual
dissemination [104].

During M. abscessus infection, apoptosis can facilitate bacterial containment by promot-
ing phagocytosis of infected cells by neighboring macrophages, preventing the spread of
the pathogen [115]. However, M. abscessus has developed mechanisms to inhibit apoptosis,
such as modulation of the extrinsic pathway through downregulation of death receptors
(Fas, TRAIL) and increased expression of antiapoptotic proteins, such as Bcl-2. This strategy
allows intracellular survival of the bacteria and favors their persistence in the host [116].
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Figure 1. Mechanisms of cell death during M. abscessus infection. Following infection by M. abscessus,
how previously described, different cell death pathways are triggered in response to the infection,
highlighting key events that characterize apoptosis, necrosis, and autophagy. In apoptosis, the process
begins with an induction phase, where external or internal signals (such as the activation of death
receptors and the release of mitochondrial factors) recruit initiator caspases. This is followed by the
execution phase, in which effector caspases cleave structural proteins and fragment DNA, ultimately
leading to the formation of apoptotic bodies. Finally, during the removal phase, these fragments are
systematically cleared by phagocytosis from macrophages or neighboring cells, without releasing
inflammatory contents. In contrast, necrosis is marked by progressive cellular damage (cellular
injury) that leads to a loss of ionic homeostasis, swelling (degeneration), and organelle dysfunction,
culminating in plasma membrane rupture and the uncontrolled release of intracellular components,
which triggers a strong inflammatory response. Autophagy begins during the initiation phase, when
cellular stress signals, such as mTOR inhibition or AMPK activation, promote the formation of the
phagophore and the recruitment of ATG proteins. In the next phase, autophagosome formation,
the phagophore engulfs damaged organelles and proteins, generating the autophagosome. Upon
fusion with lysosomes, the autolysosome is formed. When this process occurs at physiological
levels, it facilitates the recycling of cellular components and supports cell survival. However, when
it is exaggerated (vacuolation), excessive degradation of essential structures occurs, leading to
cell collapse and eventual cell death by autophagy. Created in BioRender. Pinheiro, R.O. (2025)
https:/ /BioRender.com/0zr3igz.

While the controlled activation of apoptosis may represent an effective host de-
fense, the ability of M. abscessus to alter these pathways—whether by inhibiting apoptosis
to remain in a safe intracellular environment or by inducing cell death that favors its
dissemination—demonstrates the complexity of this interaction and the importance of
understanding these mechanisms for the development of more effective therapies.
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3.2. Mechanisms of Necrosis Induced by M. abscessus

The induction of necrosis by M. abscessus is a multifactorial phenomenon that re-
sults from a combination of direct damage caused by bacterial virulence factors and an
exacerbated inflammatory response from the host.

Several intrinsic factors can induce this type of cell death, such as morphotype and
cord formation. The rough morphotype is particularly associated with virulence. This
morphotype forms aggregated structures known as cords. The formation of these cords
makes complete internalization by macrophages difficult and can lead to an overload
on the host cell, resulting in cellular stress and, consequently, rupture of the plasma
membrane [28,114].

Furthermore, virulence factors and cell wall components can induce necrosis in in-
fected cells. Cell wall components, such as lipoproteins and lipooligosaccharides, can be
recognized by host receptors and trigger an intense inflammatory response. This response
can include the release of reactive oxygen species (ROS) and proteolytic enzymes that, in
high concentrations, cause irreversible damage to cell membranes [28,115].

As stated, during infection, macrophages lead to the massive release of pro-
inflammatory cytokines, such as TNF and IL-1§3. Elevated levels of pro-inflammatory
cytokines can lead to exaggerated activation of cell death pathways. The production of
ROS and the release of degradative enzymes, such as metalloproteinases, contribute to the
destabilization of the plasma membrane, culminating in necrosis. In this context, the cell
cannot maintain its integrity, and rupture occurs, releasing its contents into the extracellular
environment [28,115].

Unlike apoptosis, necrosis is associated with increased inflammation and may con-
tribute to the progression of M. abscessus infection. Activation of necrosis in infected
macrophages leads to the release of DAMPs, such as HMGB1 and ATP, which amplify the
inflammatory response and may favor the dissemination of the bacteria to other tissues.
This pathway can also be exploited by the pathogen to escape the intracellular compart-
ment and avoid degradation in phagolysosomes, promoting bacterial dissemination in the
organism [110,116].

This complex interaction between M. abscessus virulence factors and the host’s immune
response is one of the mechanisms that explains the difficulty in controlling this infection
and its association with significant tissue damage.

3.3. Modulation of Autophagy by M. abscessus and Its Role in Host—Pathogen Interaction

As stated, autophagy is a fundamental cellular process in which damaged organelles
and intracellular pathogens are isolated and degraded. Cellular stress and the activation
of pathways such as the mTOR inhibitor and AMPK activation increase the host’s ability
to isolate and degrade the pathogen, which is encapsulated in autophagosomes. These
autophagosomes subsequently fuse with lysosomes to degrade their contents. During
infections, the induction of autophagy can help eliminate microorganisms, including
M. abscessus [117]. However, this premise may not be entirely correct, as M. abscessus, like
other mycobacteria such as M. tuberculosis, has evasion strategies and can modulate the
autophagic pathway [117].

Data demonstrate the ability of M. abscessus to interfere with the fusion of autophago-
somes with lysosomes, a critical step for pathogen degradation. This interference may
allow the bacteria to survive within immature autophagic compartments [1]. Furthermore,
M. abscessus can modulate signaling pathways (such as the mTOR/AMPK pathway) to
create an environment that favors its persistence. By altering these signals, the pathogen
can reduce the effectiveness of autophagy as an elimination mechanism [118].
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The smooth and rough morphotypes of M. abscessus appear to interact differently
with autophagy. For example, the smooth morphotype tends to inhibit or delay the
autophagic response, favoring its intracellular survival, while the rough morphotype
can induce more intense inflammatory responses, triggering autophagy [113,119,120].
Interestingly, the rough morphotype is also capable of forming large social phagosomes,
which contain numerous bacteria inside. These social phagosomes can mature quickly
and fuse with lysosomes; however, despite the acidic and radical environment present in
these phagolysosomes, this rough variant can continue to divide rapidly and dominate the
defenses of macrophages, resulting in intense autophagy and the induction of cell death,
dictating a pro-apoptotic profile [113,119,120].

Therefore, if the autophagic response is too intense or prolonged, the cell may also
begin to degrade essential components, such as mitochondria and ribosomes, compro-
mising vital cell functions. In this situation, although the initial activation is an attempt
to eliminate the pathogen, excess autophagy can compromise the viability of the host
cell itself. Studies indicate that M. abscessus can modulate the autophagic process. For
example, the rough morphotype tends to induce a more intense inflammatory response,
which can favor an exacerbated autophagic activation, while the smooth morphotype can
inhibit or delay the maturation of the autophagosome, allowing the persistence of the
pathogen [113,119]. When autophagic activity exceeds a critical point, the cell is unable
to maintain its homeostasis and is thus driven to death. This cell death by autophagy
may be a strategy to eliminate infected cells; however, if the resulting cell bodies are not
quickly removed by the immune system, M. abscessus may be released into the extracellular
environment, facilitating its dissemination and potentially exacerbating the inflammatory
response [113].

Although autophagy is generally considered a cell survival mechanism, its excessive
activation can lead to autophagic cell death. In M. abscessus infections, over-activation of
autophagy can result in the degradation of essential organelles, causing collapse of cellular
homeostasis and death of the host cell. This cell death may have a bidirectional impact on
infection: on the one hand, it may limit bacterial replication by eliminating infected cells; on
the other hand, it may release M. abscessus into the extracellular environment, facilitating
its dissemination and hindering eradication by the immune system. Further studies are
needed to clarify whether therapeutic induction of autophagy may be an effective strategy
against non-tuberculous mycobacterial infections [113,119].

3.4. Modulation of Pyroptosis and Inflammasome Activation by M. abscessus in Infection

During infection, immune cells such as macrophages recognize M. abscessus compo-
nents through receptors like TLR2 and certain NOD-like receptors. This detection can lead
to the formation of the NLRP3 inflammasome, a complex that activates caspase-1 [113].
Activation of caspase-1 within the inflammasome results in the cleavage of gasdermin D,
whose N-terminal fragment forms pores in the cell membrane. This action culminates in
cell lysis and the release of IL-13, IL-18, and other DAMPs, reinforcing the inflammatory
response [121].

Pyroptosis of infected cells may help eliminate the pathogen’s intracellular niche,
limiting M. abscessus replication (Figure 2). The release of inflammatory cytokines also
attracts other immune cells to the site of infection, intensifying the defense response.
However, if the inflammatory response is excessive, tissue damage and the release of
viable bacteria may occur, facilitating the spread of the pathogen. Studies suggest that M.
abscessus can modulate inflammasome activation and the production of IL-1f3, contributing
to MAB-induced lung pathology by elevating IL-17 production [121-123].
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Figure 2. Cell death pathways activated by M. abscessus infection: pyroptosis and ferroptosis. After
infection by M. abscessus, how previously described, how two distinct pathways of cell death, py-
roptosis and ferroptosis, are activated during the infection process, highlighting their main stages.
In pyroptosis, the process begins with the activation of the inflammasome (inflammasome activa-
tion), in which receptors such as NLRP3 detect pathogen-associated molecular patterns (PAMPs)
or damage-associated molecular patterns (DAMPs) and promote the activation of caspase-1. Next,
gasdermin D is cleaved (pore formation), forming pores in the plasma membrane, which leads to
cell rupture and the release of cytoplasmic contents, including pro-inflammatory cytokines, thereby
amplifying the inflammatory response. In ferroptosis, intracellular iron accumulates (iron accumu-
lation), promoting Fenton-type reactions that generate free radicals. These radicals induce lipid
peroxidation (lipid peroxidation), particularly damaging polyunsaturated fatty acids in the mem-
branes. This results in progressive impairment of membrane integrity (cell membrane damage),
leading to functional failure of the cell and death by ferroptosis. Created in BioRender. Pinheiro, R.O.
(2025) https:/ /BioRender.com/0zr3igz.

During M. abscessus infections, activation of pyroptosis may represent an attempt by
the immune system to eliminate infected cells and alert the immune system through the
release of IL-1$ and IL-18. However, pyroptosis may also favor bacterial dissemination,
as the resulting cell lysis releases M. abscessus into the extracellular milieu, where it can
infect new cells. Furthermore, uncontrolled activation of pyroptosis may contribute to
lung tissue damage and chronic inflammation associated with persistent non-tuberculous
mycobacterial infections [121,123].

3.5. Modulation of Ferroptosis and Inflammasome Activation by M. abscessus in Infection

Ferroptosis is a regulated form of cell death characterized by iron accumulation,
lipid peroxidation, and failure of antioxidant systems, particularly GPX4 [104]. Although
the exact mechanisms behind the induction of ferroptosis by M. abscessus are still under
investigation, studies suggest that activation of this form of cell death can result in the
killing of the bacillus.
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The inflammatory response can increase iron uptake and promote the release of
intracellular iron from deposits, elevating free iron levels within the cell. Furthermore,
the TfR1 is a key mechanism for intracellular iron accumulation. This excess free iron,
under conditions of inflammation, catalyzes Fenton-type reactions, generating reactive
oxygen species (ROS). This increase in oxidative stress is one of the main triggers for lipid
peroxidation [93,95,124-126].

M. abscessus infection can alter iron homeostasis and trigger an intense inflammatory
response that favors iron accumulation and ROS generation. In this way, the pathogen indi-
rectly contributes to creating an environment conducive to ferroptosis [126-128] (Figure 2).

If ferroptosis occurs in an exacerbated form in infected cells, it can lead to the death
of macrophages or epithelial cells, releasing the pathogen into the extracellular envi-
ronment. This release may promote the spread of M. abscessus and perpetuate local
inflammation [129].

Studies show that the induction of ferroptosis exhibits classic morphological aspects
found in M. abscessus infection, such as mitochondrial alterations, including a reduction in
mitochondrial volume, increased cristae density, rupture of the mitochondrial membrane,
and the absence of typical signs of apoptosis, such as nuclear condensation or DNA
fragmentation [126,129].

These events that can lead to ferroptosis during M. abscessus infection—highlighting
the modulation of iron metabolism, the increase in ROS, and the failure of antioxidant
systems—converge to induce cell death by ferroptosis.

4. Conclusions

Understanding the mechanisms of cell death in NTM infections, particularly in the
context of M. abscessus, reveals a complex interplay between host defense strategies and
pathogen evasion mechanisms. Studies demonstrate that these bacteria, naturally found
in the environment, are not mere contaminants but opportunistic pathogens capable
of colonizing and infecting individuals with chronic lung diseases and other predis-
posing factors [2-6,130]. During infection, M. abscessus manipulates several cell death
pathways—including apoptosis, necrosis, pyroptosis, autophagy, and ferroptosis—to favor
its survival and dissemination.

Apoptosis, a programmed cell death mechanism that typically eliminates infected
cells without triggering inflammation, can be modulated by the pathogen to inhibit effi-
cient macrophage clearance, allowing the bacteria to persist in a protected intracellular
niche [35-43]. In contrast, necrosis and necroptosis, processes that lead to cell membrane
rupture and the release of inflammatory contents, contribute to the intensification of the
immune response but also cause tissue damage that may facilitate bacterial dissemina-
tion [61-67].

Autophagy, on the other hand, is a dual mechanism. Under controlled conditions, it
recycles damaged organelles and eliminates pathogens, thereby contributing to cellular
homeostasis. However, M. abscessus infection can trigger excessive activation of this
pathway. When autophagy exceeds the adaptive threshold, self-digestion of essential
components—such as mitochondria, ribosomes, and vital proteins—occurs, resulting in
the collapse of homeostasis. This indiscriminate degradation leads to the loss of energy
production capacity (due to mitochondrial degradation) and the failure of protein synthesis,
thereby compromising critical cellular functions [72-78,83-85,131]. Thus, cell death by
autophagy (or autophagic death) emerges because of an exaggerated attempt by the host to
eliminate the pathogen, which becomes harmful.
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Additionally, ferroptosis—characterized by iron accumulation, lipid peroxidation, and
failure of antioxidant systems such as GPX4—can be indirectly promoted during M. absces-
sus infections. Intense inflammation increases iron uptake and the generation of reactive
oxygen species (ROS), catalyzing reactions that irreversibly damage cell membranes. This
scenario contributes to death by ferroptosis, another mechanism that can favor the release
of bacteria and the spread of infection [93-95,124,126-128].

Therefore, the interaction between M. abscessus and cell death pathways illustrates
the dual nature of defense mechanisms: while the activation of these pathways can
limit pathogen replication and dissemination, their lack of regulation—especially in rela-
tion to autophagy—results in the loss of cellular integrity and, paradoxically, facilitates
bacterial spread.

One of the main limitations in understanding the mechanisms of cell death induced
by M. abscessus lies in the lack of detailed information on the specificity of findings
for different subspecies. M. abscessus is a complex formed by three main subspecies
(M. abscessus subsp. abscessus, M. abscessus subsp. massiliense, and M. abscessus subsp. bolletii),
which present significant genetic and phenotypic differences, influencing their virulence,
antibiotic resistance, and interaction with the host immune system. However, many studies
do not clearly specify which subspecies was analyzed, which makes it difficult to generalize
the mechanisms of cell death described. This lack of distinction may lead to imprecise
interpretations about the role of apoptosis, necrosis, autophagy, and ferroptosis in the
pathogenesis of M. abscessus, in addition to limiting the development of more targeted
therapeutic approaches for each subspecies. Therefore, there is an urgent need for studies
that clarify this issue, allowing a more precise understanding of the mechanisms involved
in the host response to M. abscessus infections.

In summary, understanding the mechanisms of cell death during M. abscessus in-
fections highlights an intricate network of immune responses that, although aimed at
eliminating the pathogen, can contribute to disease pathogenesis when dysregulated.

Autophagy, which normally promotes cellular recycling and maintenance, can become
a self-destructive process when excessively activated, leading to self-digestion and home-
ostasis collapse. This phenomenon, along with the modulation of other pathways—such as
apoptosis, necrosis, pyroptosis, and ferroptosis—emphasizes the importance of maintaining
a balance between defense mechanisms and the need for a controlled immune response.

Understanding these processes not only sheds light on the biological and physio-
logical aspects of NTM infections but also paves the way for the development of new
therapeutic approaches. Strategies that specifically modulate cell death pathways, restor-
ing homeostatic balance without compromising pathogen elimination, could represent
significant advances in the treatment of infections caused by M. abscessus and other
opportunistic mycobacteria.

5. Perspectives

The regulation of cell death mechanisms has emerged as a promising approach to
combat mycobacterial infections, and this may be the case for NTMs, such as M. absces-
sus [132]. Given the complexity of the interaction between the bacteria and the host immune
system, therapeutic interventions that promote or inhibit specific cell death pathways may
be essential to optimize the immune response and contain the spread of the infection [133].

Induction of apoptosis in infected cells may be an effective strategy to limit the
persistence of NTMs in the body. Since these bacteria often use evasion mechanisms to
avoid elimination by the immune system, selective activation of apoptosis in macrophages
may facilitate the release of the bacteria to neighboring uninfected cells, allowing their
elimination by secondary phagocytosis [130,134,135]. Compounds that activate the intrinsic
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pathway of apoptosis, such as agonists of Bcl-2 family proteins (e.g., BH3 mimetics), could
be explored in this context [136].

Another approach involves stimulating autophagy, a process that may contribute to the
intracellular degradation of mycobacteria [137]. Autophagy inducers, such as rapamycin
(mTOR inhibitor), may aid in bacterial elimination within infected macrophages [121]. In
addition, activation of autophagy may promote a cellular environment unfavorable to the
survival of NTMs, reducing their ability to persist intracellularly [122].

Although some forms of cell death contribute to the elimination of the infection, others
may favor bacterial dissemination and worsening of the inflammatory response [123-125].
Pyroptosis, for example, is an inflammatory form of cell death that results in the uncon-
trolled release of intracellular contents, favoring the spread of NTMs to other cells and
exacerbating tissue inflammation [126]. Thus, strategies that inhibit caspase-1 activation
and gasdermin D-mediated pore formation may reduce the intensity of the inflammatory
response without compromising the immune system’s ability to eliminate the infection [92].
Inflammasome inhibitors, such as MCC950 (an NLRP3 inflammasome antagonist), could
be evaluated in this context [127].

Furthermore, ferroptosis, characterized by the accumulation of lipid peroxidation
and oxidative stress, can be detrimental in lung infections, leading to excessive tissue
destruction and favoring bacterial replication [94,128]. Antioxidants and iron metabolism
modulators, such as ferrostatin-1 and liproxstatin-1, could be investigated as potential
protective agents against ferroptosis-induced damage [129,138-140].

Given that different cell death pathways may be actively involved in the immune
response against NTMs, combining modulators of these pathways with conventional an-
tibiotics may represent an innovative strategy to improve treatment efficacy [141]. By
promoting apoptosis and autophagy, while inhibiting destructive inflammatory mecha-
nisms such as pyroptosis and ferroptosis, it is possible to enhance bacterial elimination
without causing excessive damage to host tissues [142-147].

In the area of innovation, there is an urgent need for more representative experimental
models of NTM infection, including in vitro and in vivo systems that allow us to evaluate
how different cell death pathways influence the pathogenesis and persistence of these
bacteria in the organism. Three-dimensional models based on organoids or cell co-cultures
can help to more faithfully reproduce the lung environment, allowing the identification
of more precise therapeutic targets. In addition, the use of gene editing tools, such as
CRISPR-Cas9, can help in understanding the regulation of cell death pathways during
infection and may help identify new therapeutic targets that optimize the host immune
response against these difficult-to-treat infections [148-151].

In summary, the understanding of the interactions between the different cell death
pathways in NTM infections is still incipient, representing a challenge but also an oppor-
tunity for significant advances in the research and treatment of these infections. Future
studies should focus on the identification of biomarkers that allow distinguishing the
different types of cell death during infection and on the search for therapeutic interventions
that optimize the host immune response against these difficult-to-treat bacteria.
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