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Abstract For over two decades, the development of B-cell lymphoma-2 (Bcl-2) family therapeutics has

primarily focused on anti-apoptotic proteins, resulting in the first-in-class drugs called BH3 mimetics,

especially for Bcl-2 inhibitor Venetoclax. The pro-apoptotic protein Bcl-2-associated X protein (BAX)

plays a crucial role as the executioner protein of the mitochondrial regulated cell death, contributing

to organismal development, tissue homeostasis, and immunity. The dysregulation of BAX is closely asso-

ciated with the onset and progression of diseases characterized by pathologic cell survival or death, such

as cancer, neurodegeneration, and heart failure. In addition to conducting thorough investigations into the

physiological modulation of BAX, research on the regulatory mechanisms of small molecules identified

through biochemical screening approaches has prompted the identification of functional and potentially

druggable binding sites on BAX, as well as diverse all-molecule BAX modulators. This review presents

recent advancements in elucidating the physiological and pharmacological modulation of BAX and in

identifying potentially druggable binding sites on BAX. Furthermore, it highlights the structural and

mechanistic insights into small-molecule modulators targeting diverse binding surfaces or conformations

of BAX, offering a promising avenue for developing next-generation apoptosis modulators to treat a wide

range of diseases associated with dysregulated cell death by directly targeting BAX.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-
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1. Introduction
The precise control of apoptosis by the Bcl-2 family proteins plays
a critical role in organismal development, tissue homeostasis, and
immunity1. Bcl-2 family proteins are characterized by the pres-
ence of Bcl-2 homology domains 1e4 (BH1eBH4). These pro-
teins are classified into three subsets based on their structural and
functional characteristics: multi-domain pro-apoptotic proteins,
pro-apoptotic BH3-only proteins, and multi-domain anti-apoptotic
proteins. Both multi-domain pro-apoptotic and anti-apoptotic
proteins adopt similar globular structures featuring a hydropho-
bic surface groove. The pro-apoptotic effector proteins BAX2 and
BAK (Bcl-2 antagonist/killer)3 contain three Bcl-2 homology
domains (BH1eBH3), while BOK (Bcl-2-related ovarian killer
protein)4 contains all four Bcl-2 homology domains. The multi-
domain anti-apoptotic proteins Bcl-25, Bcl-2-like protein 1 (Bcl-
XL)

6, Bcl-2-related gene expressed in fetal liver (Bfl-1)7 consist of
all four Bcl-2 homology domains, whereas myeloid cell leukemia
sequence 1 (Mcl-1)8 and Bcl-2-like protein 2 (Bcl2L2, also known
as Bcl-W)9 consist of three Bcl-2 homology domains (BH1eBH3
and BH1/BH2/BH4, respectively). Bcl-2-like protein 10
(Bcl2L10, also known as Bcl-B)10-12 consists of two Bcl-2 ho-
mology domains (BH1eBH2). BH3-only proteins share only the
BH3 domain and form an amphipathic helix, enabling them to
interact with multi-domain pro-apoptotic and anti-apoptotic pro-
teins. BH3-only proteins are further divided into two functional
groups13: activators, such as BH3-interacting domain death
agonist (BID)14, Bcl-2-interacting mediator of cell death (BIM)15,
p53 upregulated modulator of apoptosis (PUMA)16, and sensi-
tizers, such as phorbol-12-myristate-13-acetate-induced protein 1
(PMAIP1, also known as NOXA)17, Bcl-2 antagonist of cell death
(BAD)18, and activator of apoptosis harakiri (HRK)19.

Bcl-2 family proteins play a pivotal role in determining the
cell’s survival or death through intricate interactions between anti-
apoptotic and pro-apoptotic proteins. The subtle differences in the
BH3 domains of pro-apoptotic proteins and the BH3-binding
grooves of the anti-apoptotic proteins are in charge of the selec-
tivity in interactions among Bcl-2 family proteins. BAX appears to
be restrained by all of the anti-apoptotic proteins, whereas BAK is
primarily restrained by the anti-apoptotic Bcl-XL, Mcl-1, and Bfl-
120-22. Certain BH3-only proteins, such as BIM, BID, and PUMA
likely sequester all of the anti-apoptotic proteins, while others
exhibit selectivity for specific anti-apoptotic proteins within the
Bcl-2 family, such as BAD for Bcl-2, Bcl-XL, and Bcl-W, as well
as NOXA for Mcl-1 and Bfl-123-25.

The crucial step in the process of apoptosis is the mitochondrial
outer membrane permeabilization (MOMP), which leads to the
release of mitochondrial proteins (e.g., cytochrome c) and conse-
quently activates the caspase cascade to trigger apoptosis26-27.
MOMP is stimulated by multi-domain pro-apoptotic or BH3-only
proteins and is inhibited by anti-apoptotic Bcl-2 family pro-
teins1,28-30. Upon exposure to cellular stress or cytostatic agents,
activator proteins such as BIM utilize their BH3 domain to bind the
hydrophobic groove of anti-apoptotic Bcl-2 proteins, thereby
neutralizing their anti-apoptotic function, and engage the trigger site
of cytosolic BAX monomers to initiate their activation and mito-
chondrial translocation31-32 (Fig. 1A). In contrast, the interaction
between the BH3 domain of activators and the canonical site of
membrane protein BAK triggers their activation and oligomeriza-
tion33-36. Whereas sensitizers neutralize the function of anti-
apoptotic Bcl-2 proteins and displace activator or activated
effector proteins from anti-apoptotic grooves, indirectly activating
dormant effector protein BAX13,20,37-38 (Fig. 1A). Ultimately, the
activated effector proteins BAX/BAK execute MOMP by forming
pores in the mitochondrial membrane. Unlike BAX and BAK, the
functional and regulatory mechanisms of BOK are still under
investigation. Multi-domain anti-apoptotic proteins such as Bcl-2
utilize the hydrophobic groove (BH3-binding groove) to trap the
BH3 domain of unleashedBH3-only and activated effector proteins,
thereby restraining their pro-apoptotic activity2,39-40. In summary,
the activation of effector proteins BAX/BAK is a critical require-
ment for MOMP41.

The disruption of apoptosis mediated by Bcl-2 family proteins
is closely associated with the development and advancement of
various diseases, which can be categorized into two groups: dis-
eases characterized by resisting cell death such as cancer and
autoimmune diseases, and diseases marked by excessive cell death
such as neurodegeneration and heart failure42.

1.1. The pathologic cell survival with BAX

Tumor cell populations evolve various apoptosis-avoiding mech-
anisms during their evolution to a malignant state, particularly
through the overexpression of Bcl-2 anti-apoptotic proteins, such
as Bcl-2, Bcl-XL, and Mcl-143. These overexpressed proteins can
inhibit MOMP by trapping BH3-only proteins to prevent BAX
activation and by neutralizing the activated pro-apoptotic effector
proteins (Fig. 1B). Consequently, therapeutical suppressing Bcl-2
anti-apoptotic proteins in cancer has been extensively investigated
for cancer treatment, resulting in the diverse approved therapeutic
apoptosis indcucers44-45. These inducers can be segmented into
those that indirectly target the apoptosis pathway, such as the
proteasome, histone deacetylase (HDAC)46, and epidermal growth
factor receptor (EGFR) inhibitors47, and those that directly target
the apoptosis pathway, such as BH3 mimetics48-50.

The loss-of-function strategy of directly inhibiting Bcl-2 anti-
apoptotic proteins has been successfully translated to innovative
apoptosis inducers known as ‘BH3 mimetics’51-53, including the
first-in-class Bcl-2 inhibitor Venetoclax50, the Bcl-2/Bcl-XL dual
inhibitor Navitoclax49,54-55 and Mcl-1 selective inhibitors
AZD599156, AMG-17657, and S6341558 (Fig. 1C). However, the
limitations of BH3 mimetics are gradually exposed, mainly
including 1) limited monotherapy activity, 2) resistance mecha-
nisms related to aberrant expression of Bcl-2 pro-survival mem-
bers59-60 and multiple acquired mutations in target proteins61-64, 3)
on-target platelet toxicity of Bcl-XL inhibitors65 and cardiac
toxicity of Mcl-1 inhibitors66-69.

To address these concerns, a diversity of apoptosis inducers
targeting Bcl-2 anti-apoptotic proteins have been identified and
progressed in clinical studies. These include Bcl-2/Bcl-XL dual
inhibitors APG-1252 (prodrug)70 and AZD0466 (nanomedicine)71

for poor therapeutic effect and on-target platelet toxicity, Bcl-XL

degrader DT-221672 and antibodyedrug conjugate (ADC) ABBV-
155 for on-target platelet toxicity73, second-generation Bcl-2
inhibitor S5574674-75 for multiple gene mutations of BCL-2-
mediated Venetoclax resistance, among others. Indeed, current
Bcl-2 family therapeutics, including BH3 mimetics, degraders, or
ADCs restore tumor cell apoptosis by disarming anti-apoptotic
proteins to liberate BH3-only proteins or activated effector pro-
teins76, suggesting their powerful anti-tumor potency is mainly
dependent on the indirect activation of pro-apoptotic effector
proteins BAX and BAK.

The capacity of various chemotherapeutic drugs to prompt
apoptosis is attributed to BH3-only proteins that trigger BAX-



Figure 1 Regulation of apoptosis during health and disease. (A) Diverse cellular stress and cytostatic agents activate pro-apoptotic BH3-only

proteins, which sequestrate anti-apoptotic proteins or trigger BAX activation, thereby permeabilizing the mitochondrial outer membrane to

activate apoptosis. (B) Tumor cell populations avoid apoptosis through the overexpression of anti-apoptotic proteins during their evolution to the

malignant state. (C) The overexpressed anti-apoptotic proteins are neutralized by BH3 mimetics and subsequently reactivate apoptosis in cancer.

(D) Diverse BAX agonists directly bind to and conformationally activate BAX to restore apoptosis.
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mediated apoptosis45. Downregulation of pro-apoptotic BH3-only
proteins at the transcriptional, translational, and post-translational
levels is an important mechanism by which tumor cells limit or
circumvent apoptosis77, leading to resistance to current apoptosis
inducers78. However, studies have underscored the limited efficacy
and resistance of current apoptosis inducers that rely on additional
anti-apoptotic proteins78. Recent evidence stresses the importance
of apoptosis inducers that trigger apoptosis through the indirect
activation of BAX79.

BAX is extensively expressed in nearly all cell types, including
cancer cells. Accumulating evidence has shown that the vast
majority of cancer cells contain dormant conformers of BAX or
the active form of BAX suppressed by anti-apoptotic proteins,
such as lung, colon, and breast cancer. Cancer cells also exhibit
elevated levels of cytosolic dimers compared to normal cells,
which is a key mechanism by which cancer cells resist apoptotic
insults. Dysregulated levels of the active form of BAX (e.g., 6A7
BAX) and the inactive form of BAX (e.g., the phospho-specific
S184 BAX, pBAX) are strongly linked to the occurrence and
development of cancers, such as the downregulation of BAX in
colon cencer80, non-small cell lung cancer81, and melanoma82-83,
and relatively increased levels of pBAX in lung cancer84. The
enhanced AKT-mediated phosphorylation of BAX at serine 184
(S184) inactivates its pro-apoptotic activity85, contributing to the
acquired resistance to chemotherapy, BH3 mimetics86, and
mammalian target of rapamycin (mTOR) inhibitor rapalog84. The
wild-type p53-induced phosphatase 1 (Wip1)-mediated BAX de-
phosphorylations (T172, T174, and T186) also suppress its
membrane translocation and inhibit g-radiation-induced apoptosis
in prostate cancer87. Reduced BAX expression is associated with
cisplatin resistance in ovarian carcinoma cell systems88. The
acquisition of missense BAX mutation (G179E) abrogates BAX
membrane translocation, thereby conferring the resistance to Bcl-
2 inhibitor Venetoclax and partial cross-resistance to other
antineoplastic agents in lymphoma89. Accumulating evidence in-
dicates that low levels of BAX (mRNA and/or protein expression)
are implicated in the poor prognosis of chronic lymphocytic leu-
kemia90-93. Decreased expression of the BAX gene is implicated in
both carcinogenesis and gaining resistance to 5-fluorouracil (5-
FU) in colorectal cancer94. Increased proteasomal degradation of
BAX is a common feature of poor prognosis CLL, while the
proteasome inhibitor bortezomib sensitizes CLL cells to tumor
necrosis factor-related apoptosis inducing ligand (TRAIL)-
induced apoptosis via stabilizing BAX95. Additionally, decreased
BAX/Bcl-2 ratio and downstream caspase activity are partially
responsible for acquired chemoresistance in glioma96 and breast
cancer97. Several studies suggest that reduced expression of BAX
is strongly related to the tumorigenesis of breast cancer98-100.
Taken together, deregulation of BAX including phosphorylation,
dephosphorylation inactivated mutation, and downregulation, re-
sults in decreased BAX/Bcl-2 ratio and confers acquired resis-
tance to multiple anti-tumor agents targeting the apoptotic
pathways including chemotherapies (e.g., 5-FU), BH3 mimetics
and mTOR inhibitors.

Accumulating evidence suggests that cancer cells are ‘primed’
for cell death because of constitutively elevated stress levels
compared to normal cells25. This is due to a delicate balance
between anti-apoptotic and pro-apoptotic proteins in cancer cells,
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resulting in a lower threshold for apoptosis induction. In contrast,
normal tissues have higher levels of unbound anti-apoptotic pro-
teins, providing them with resistance to apoptosis induction. The
difference in apoptotic threshold between cancer and normal cells
indicates a favorable therapeutic window for direct BAX
activation.

Therefore, the gain-of-function strategy of directly activating
pro-apoptotic protein BAX in tumor cells may offer the oppor-
tunity to overcome resistance to existing small-molecule apoptosis
inducers in cancer and provide a new paradigm for the pharma-
cological induction of apoptosis101. Over the last decade, diverse
binding sites responsible for BAX activation have been identified
and characterized102-103, leading to the development of BAX
modulators that directly bind to the functional binding surface on
BAX to activate or sensitize its function for cancer treatment
(Fig. 1D).

Furthermore, Bcl-2 protein family-mediated apoptosis plays a
major role in the maintenance of lymphocytes, particularly in the
elimination of autoreactive cells during lymphocyte develop-
ment104. Dysregulated anti-apoptotic signals provoke excessive
activated and/or autoreactive lymphocytes, contributing to the
occurrence and progression of human autoimmune diseases, such
as systemic lupus erythematosus (SLE) and rheumatoid arthritis
(RA)1. The overexpressed anti-apoptotic Bcl-2 proteins105 and
loss of BH3-only proteins106 or BAX107-108 are implicated in the
disruption of the balance between pro- and anti-apoptotic signals
in the context of autoimmunity. This suggests that BH3 mimetics
could be utilized for the treatment of autoimmune diseases.
Notably, BH3 mimetic ABT-737 has demonstrated significant
efficacy in SLE or RA models109, offering potential strategies for
the development of alternative immune modulatory drugs that
target the Bcl-2 protein family to reactivate lymphocyte apoptosis.

Additionally, studies have shown that the murine cytomega-
lovirus (MCMV) encodes a specific BAX inhibitor known as
m38.5 protein, which promotes viral dissemination via blocking
BAX-mediated apoptosis110-113, underscoring the critical role of
BAX-mediated apoptosis to potentiating pathogen-targeting im-
mune responses.

1.2. The pathologic cell death with BAX

In contrast to diseases characterized by resisting cell death, the
development and progression of various conditions associated
with unwanted cell death, such as acute or chronic degenerative
diseases114-115 and heart failure, are closely related to the hyper-
activation of BAX-mediated apoptosis42. Neurons, in particular,
rely solely on BAX-regulated apoptosis in the absence of full-
length BAK during brain development 116. Alzheimer’s disease
(AD), the most prevalent type of dementia117, is marked by the
accumulation of nonvascular amyloid b-protein (Ab) and phos-
phorylated tau deposition, leading to a decrease in the ratios of
pro/anti-apoptotic proteins (Bcl-2/BAX) through pathways
including rat sarcoma-extracellular regulated protein kinase
(RAS-ERK), glycogen synthase kinase-3b (GSK-3b) and stress-
activated protein kinase (JNK), ultimately triggering neuronal
apoptosis 118. The pathologic neuronal death in the whole brain is
closely related to AD’s multiple pathological symptoms, such as
cognitive deficiencies and emotional/behavioral abnormalities.
Ablation of BAX prevents neuronal cell death and promotes pro-
nounced neuroprotection in mice subjected to various experi-
mental brain injuries amyotrophic lateral sclerosis119 or several
neurodegenerative diseases such as neonatal hypoxia-ischemia120.
BAX deletion also suppresses neuromuscular disease progression
in mice models of congenital muscular dystrophy121. Likewise,
BAX deficiency displays increased survival both in mouse models
of traumatic brain and spinal cord injuries122-123. BAX-mediated
dynamic Ca2þ signaling contributes to excitotoxic and ischemic
neuronal injury, and BAX deficiency protects neurons in mice
subjected to transient middle cerebral artery occlusion or oxygen-
glucose deprivation124.

Multiple forms of regulated cell death are implicated in heart
failure, although the mechanistic connections between BAX and
cardiomyocyte death are not fully understood42. Notably,
cardiomyocyte-specific deletion of BAX significantly reduces
infarct size in BAX�/� mice subjected to experimental myocardial
ischemia-reperfusion125. Research has shown that doxorubicin-
induced cardiomyopathy is closely linked to BAX-mediated cell
apoptosis and necrosis. However, the combination of small-
molecule BAX inhibitor BAI1 effectively protects the heart
without compromising the anti-tumor potency of doxorubicin in
zebrafish and mice126, suggesting that BAX may be an actionable
cardioprotection target.

Furthermore, the deletion of BAX has been shown to protect
nephrons in mice exposed to experimental renal ischemia/reper-
fusion127. Simultaneous deletion of BAX and BAK has also been
found to prevent tubular apoptosis, subsequently reducing kidney
inflammation and fibrosis in mouse models of unilateral ureteral
obstruction-induced fibrosis128-129. These findings suggest that
BAX-mediated cell death plays a significant role in kidney
diseases.

As a central death regulator, the pharmacological modulation
of BAX presents promising prospects for managing diseases
characterized by dysregulated cell death whether it involves the
context of pathologic cell survival or unwanted cell demise130. In
the past decade, various binding sites capable of modulating BAX
activity have been identified and functionally characterized,
providing a foundation for the development of next-generation
apoptosis modulators that directly target BAX. This review sum-
marizes recent advancements in the discovery of next-generation
BAX-targeted apoptosis modulators, with a focus on the charac-
teristics of binding sites and the structureeactivity relationships of
different small-molecule BAX modulators.
2. The physiological modulation of BAX

2.1. Physiologic activation of BAX

The effector protein BAX is composed of Bcl-2 homology do-
mains 1e3 and a transmembrane (TM) domain, forming a struc-
ture with nine helices that fold into globular proteins with a
relative molecular weight of 21 kDa131. BAX is primarily found as
a dormant cytosolic monomer or as an autoinhibited BAX
homodimer132.

The inactive BAX monomer structure, determined by nuclear
magnetic resonance (NMR), reveals that the a1‒a2 loop partially
overlies the a1/a6 trigger site, known as the closed conformation.
Additionally, the BH3 helix (a2) is buried in the core of the BAX
protein, and the a9 helix is sequestered in the C-terminal canon-
ical site formed by a3‒a5 helices131 (Fig. 2A). Under cellular
stress, the physiological BAX agonists BH3-only agonists initiate
the BAX activation cascade by binding to the BAX N-terminal
trigger site31, leading to the conformational transformation of
BAX from a dormant cytosolic monomer into a toxic oligomer14.



Figure 2 The stepwise mechanism of the BAX conformational activation. BH3-only proteins such as BIM BH3 (cyan) engage the trigger site

of inactive BAX monomer (gray) (A) (PDB ID: 1F16), which converts BAX from a closed-loop to an open-loop conformation (B) (PDB ID:

2K7W) via the exposure of the BAX BH3 epitope and allosteric release of the C-terminal a9 helix (C). Following this step, the active BAX

monomers translocate to the mitochondrial outer membrane (MOM) via its a9 helix. Then BH3-only proteins such as BIM (cyan) bind to the

canonical site of MOM BAX (gray), contributing to the formation of core/latch domain swapped dimer (D) (PDB ID: 4ZIE), initiating a series of

conformational changes that result in the formation of BH3-in-groove BAX dimer (E) (PDB ID: 4BDU). These symmetrical dimers can form

high-order BAX oligomers (F), which execute MOMP to release cytochrome c.

2382 Zhenwei Zhang et al.
The conformational activation of BAX occurs through a stepwise
mechanism, including displacement of the a1‒a2 loop that
otherwise overlies the trigger site (Fig. 2B), exposure of the pro-
apoptotic BAX BH3 helix, allosteric release of the C-terminal a9
helix for mitochondrial translocation and insertion32 (Fig. 2C).
Subsequently, BH3-only proteins insert their BH3 domain into the
unoccupied canonical site, leading to BAX separating into the
latch domain (a6‒a8 helixes) and the core domain (a3‒a5 he-
lixes) as well as dislodging its BH3 helix133-134 (Fig. 2D). Then,
the MOM-anchored BAX inserts its BH3 helix into the canonical
site of another BAX to form a BH3-in-groove dimer134 (Fig. 2E),
which may initiate its oligomerization (Fig. 2F) and permeabilize
MOMP. Furthermore, exposed BAX BH3 can target the trigger
site of inactive BAX monomers to activate BAX, which is
recognized as the BAX autoactivation mechanism32. Importantly,
BAX BH3-only proteins that engage the trigger site convert BAX
from a closed to an open-loop conformation. In this process, the
exposure of the BAX BH3 helix (residues 12e24), a marker of
BAX activation, is critical to construct activated homo-
oligomerization BAX and membrane disruption, while the allo-
steric release of the a9 helix is required for mitochondrial
translocation.

2.2. Physiologic inhibition of BAX

The crystal structure of the cytosolic BAX dimer has been found
to demonstrate an autoinhibition mechanism, wherein one proto-
mer’s a9 helix engages the trigger site of the second protomer,
thereby preventing the N-terminal conformational activation of the
first protomer and the displacement of the second protomer’s a9
helix132 (Fig. 3A). This mechanism illustrates the ability of cells
to regulate BAX activation and BAX-mediated apoptosis through
reversible conversion between dimeric and monomeric confor-
mations of BAX.

The physiological inhibition of BAX by anti-apoptotic Bcl-2
proteins can be categorized into two mechanisms. These mecha-
nisms involve the neutralization of the exposed BH3-domain of
activated BAX with the BH3-binding groove of Bcl-2 anti-
apoptotic proteins1 (Fig. 3B) and the binding of the Bcl-2’s BH4
domain to the BH4-binding site on BAX135 (Fig. 3C). Structural
analysis has revealed that the BH4-binding site is situated in a
groove formed by a1, a1‒a2 loop, a2‒a3, and a5‒a6 hairpins.
The Bcl-2 BH4 domain directly engages this inhibitory site to
block the BH3-triggered conformational activation of BAX
(Fig. 3C). Alanine scanning mutagenesis data has identified I19
and L23 of the Bcl-2 BH4 domain as critical residues for stabi-
lizing its binding to BAX135. Furthermore, BH4 domain peptides
from Bcl-2/Bcl-XL have been found to inhibit excessive activation
of ryanodine receptor (RyR) to block pathological taurolithocholic
acid 3-sulfate (TLC-S)-induced) Ca2þ release, thereby protecting
pancreatic acinar cells from TLC-S-induced necrosis136. This
finding underscores the anti-apoptotic function of the Bcl-2 BH4
domain. Interestingly, the human cytomegalovirus encodes an
anti-apoptotic protein, viral mitochondria localized inhibitor of
apoptosis (vMIA), which inhibits apoptosis to promote viral
infection. NMR structure determination efforts have provided the
complex of vMIA’s BAX-binding domain (vMIA-BBD) bound to
BAX (Fig. 3D). The vMIA-BBD specifically engages a discrete
pocket (vMIA site) adjacent to the BH4-binding site and simul-
taneously stabilizes the a3‒a4 and a5‒a6 hairpins, thereby
preventing the conformational changes related to BAX insertion
and oligomerization137-138. Distinct from Bcl-2 anti-apoptotic



Figure 3 (A) A novel BAX autoinhibition mechanism related to the BAX activation pathway. BAX inactive dimer (PDB ID: 4S0O, left); BAX

inactive monomer (PDB ID: 1F16, right). (B) The crystal structure of BAX-BH3 helix (cyan) bound to anti-apoptotic protein Bcl-XL (gray) (PDB:

3PL7). (C) Bcl-2 BH4 domain (orange) (PDB ID: 1G5M) engages the BH4-binding domain on BAX (green) to inhibit BAX activation (PDB ID:

1F16). (D) NMR solution structure of vMIA’s BAX-binding domain (vMIA-BBD) (light magenta) bound to BAX (gray) (PDB ID: 2LR1). (E) The

co-crystal structure of 3C10 (gray) with an inactive form of BAX mutant (P168G) (lime) (PDB ID: 5W5X).
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proteins, which inhibit BAX mitochondrial localization, vMIA
promotes the relocation of BAX to mitochondria137. Mutagenesis
data has revealed that vMIA-BBD reinforces its binding to BAX
making critical polar contacts with BAX’s D84 and D86 via its
R139 and R146 (Fig. 3D), respectively, as well as specific hy-
drophobic contacts with the BAX’s several hydrophobic residues
(V129, P130, L132 and I133) via its L143138. Just as the
neutralization of the BH3 domain of pro-apoptotic members with
the BH3-binding groove of anti-apoptotic members informed the
discovery of BH3 mimetics, the interactions between these natural
or peptide BAX antagonists and their corresponding binding sites
on BAX offer innovative pharmacologic paradigms for designing
BAX antagonists to treat the diseases involving unwanted cell
death, resulting in the discovery of BH4 mimetics such as multiple
stapled Bcl-2 BH4 domain helices.

Besides, several antibodies have been discovered to directly
bind and regulate the anti-apoptotic function of BAX. For
instance, the synthetic antibody 3G11 interacts with the inactive
form of BAX at its trigger site, forming a stable complex that
prevents conformational changes in BAX. The 3G11-mediated
BAX inhibition is weakened with the K21E mutant, while it was
completely abolished in the presence of the R134 mutant, indi-
cating the significant contribution of R134 to the inhibition
compared to K21139. Another antibody 3C10 is shown to specif-
ically contact with the residues 31e45 at the start of the BAX a1‒
a2 loop. The complex of 3C10 with an inactive form of BAX
mutant (P168G) reveals close contacts between 3C10 and several
residues on the a1‒a2 loop (R34, R37, and M38)140 (Fig. 3E).
3C10 blocks the translocation of wild-type BAX to the MOM
while activating a mitochondrial form of BAX mutant (S184L)
that promotes dimerization and cytochrome c release141. Surpris-
ingly, a point mutation (S184L) at the C-terminal tail of BAX
alters the activity of the 3C10 antibody, which binds to the
N-terminal trigger site, indicating allosteric communication
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between the trigger site and the canonical site. Unfortunately,
3C10-mediated BAX regulatory mechanisms are not fully un-
derstood due to the unresolved a1‒a2 loop in the 3C10-BAX
P16G mutant complex and the absence of a co-crystal structure
of 3C10 bound to wild-type BAX. Furthermore, the ability of
these antibodies to target intracellular BAX requires further
investigation.

Overall, various molecular mechanisms involved in the phys-
iological modulation of BAX have been elucidated, offering
numerous opportunities for the development of next-generation
apoptosis modulators that directly target BAX.

3. Small-molecule BAX-targeted apoptosis modulators

Contemporary drug discovery strategies of BAX-targeted therapy
primarily rely on biochemical screening approaches, especially
liposomal release assay139,142. This assay involves encapsulating
fluorescent molecules and quenchers in liposomes, and upon BAX
activation-mediated permeabilization, the dissociation of these
components leads to increased fluorescence intensity. The extent
of BAX-mediated permeabilization is accessed by measuring the
increase in fluorescence intensity, enabling the quantification of
the activation ability of BAX agonists. Direct BAX antagonists are
typically identified by evaluating the compound’s ability to pre-
vent permeabilization triggered by BH3-only proteins-mediated
BAX activation. Various experiments, such as competitive fluo-
rescence polarization assay (FPA), microscale thermophoresis
(MST), or isothermal titration calorimetry (ITC), are performed to
explore the binding affinity and mechanisms of BAX modulators.
Additionally, NMR analysis of chemical shift changes143 upon
modulators binding to [15N]BAX, in combination with molecular
docking or mutagenesis studies, are further performed to probe the
potential binding surfaces and the key modulators-BAX in-
teractions. The cellular biochemical effects of modulators,
including BAX activation, cytochrome c release, and apoptosis,
are characterized by conventional biochemical approaches such as
western blotting, caspase-3/7 assay, and TMRE mitochondrial
potential assay.

In addition to elucidating the regulatory mechanism of physi-
ological BAX activation or inhibition, interactions between
endogenous ligands such as BH3-only proteins and Bcl-2 anti-
apoptotic proteins, as well as small-molecule BAX modulators
Figure 4 Overview of a diversity of functional and potential regulatory

1F16) BAX pro-apoptotic activity.
with BAX, have been extensively investigated to understand how
they modulate its pro-apoptotic activity. These studies have
identified numerous functional and potentially druggable binding
surfaces on BAX, including trigger, S184, canonical and non-
canonical (e.g., C126 region), vMIA, and BAI sites (Fig. 4A‒B).
Meanwhile, a diversity of BAX direct modulators have been
identified, including trigger, S184, canonical and non-canonical
sites agonists, vMIA site sensitizers, as well as the trigger, ca-
nonical, and BAI sites antagonists (Table 1).
3.1. Small-molecule BAX antagonists
3.1.1. BAX trigger site agonists
The location of the trigger site on the N-terminal surface of BAX
was determined using a stapled BIM BH3 helix144. This site is
comprised of a1, a6, and a1‒a2 loop and is characterized by a
shallow hydrophobic surface consisting of several hydrophobic
amino acids (M20, A24, L25, G29, W139, M137, and L141), and
a perimeter of polar amino acids (K21, Q28, Q32, E131, and
R134)31 (Fig. 5A). This N-terminal trigger site of BAX initiates its
direct activation and propagates its autoactivation upon in-
teractions between the exposed BAX BH3 helix of the activated
species and the trigger site of dormant monomers31.

During cellular stress, the natural BAX trigger site agonists
BH3-only proteins induce the conversion of the a1‒a2 loop from
a closed to an open configuration, leading to the initiation of BAX
activation and exposure of the trigger site. Due to this loop
opening, BH3-only proteins utilize their BH3 domain to engage
the trigger site and propagate subsequent allosteric conformational
changes. The crystal structure of BIM-BH3, in complex with the
trigger site of BAX, exhibits several stabilizing ionic interactions
between the trigger-site residues and charged residues of the BH3
domains31. BIM-BH3 makes critical contact with K21 via the
anionic carboxylate of BIM D138 and forms hydrogen bonds with
BAX D142 and E146 via the anionic carboxylate of BIM D145145

(Fig. 5B). Further mutagenesis studies suggest that the critical
hydrogen bonds between BAX K21 and BIM-BH3 or other BAX
trigger site agonists determine their capability to induce BAX
activation. Molecular dynamics simulations suggest that BIM-
BH3 may promote the displacement of the a1‒a2 loop at the
trigger site via the spatial repulsion between its two bulky tyrosine
sites capable of (A) activating (PDB: 2K7W) and (B) inhibiting (PDB:



Table 1 Characteristics of small-molecule apoptosis modulators directly targeting BAX.

Activity Proposed binding

site

Ligand Structure Critical

contacta
Binding affinitya

Agonist Trigger site BAM7 K21 FPA, IC50 Z 3.3 mmol/L

BTSA1 K21 FPA, IC50 Z 247 � 30 nmol/L

BTSA1.2 K21 FPA, IC50 Z 149 � 36 nmol/L

BTC-8 K21, E17,

D142

FPA, Ki Z 0.8 mmol/L

5 K21, D142 /

6 K21 FPA,

IC50 Z 392.9 � 18.1 nmol/L

S184 site SMBA1 S184 FPA, Ki Z 43.3 � 3.25 nmol/L

CYD-2-11 S184 /

(continued on next page)
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Table 1 (continued )

Activity Proposed binding

site

Ligand Structure Critical

contacta
Binding affinitya

CYD-4-61 S184 /

GL0388 S184 /

Canonical site 11 / /

Non-canonical site OICR766A C126 ITC, KD Z 255 � 58 nmol/L

Non-canonical site Trans-2-hexadecena (t-2-

Hex)

C126 /

Sensitizer vMIA site BIF-44 / ITC, Kd Z 37 � 12 mmol/L

Antagonist Trigger site Eltrombopag R145 FPA, IC50 Z 207 nmol/L

MST, KD Z 143 nmol/L

BAI site BAI1 V83, L120 MST, KD Z 15 � 4 mmol/L

BAI2 V83, L120 MST, KD Z 17.5 � 4 mmol/L
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Table 1 (continued )

Activity Proposed binding

site

Ligand Structure Critical

contacta
Binding affinitya

Canonical site MSN-50 / /

MSN-125 / /

DA004 / /

Unknown binding

site

Bci1 / /

Bci2 / /

a“/” means no reported data.

Directly targeting BAX for drug discovery 2387
residues (Y162/Y163) and the a1‒a2 loop145. Following the
‘opening’ of the a1‒a2 loop, a cryptic pocket called the trigger
bottom pocket is exposed and consists of residues L27, Q28, I31,
Q32, A35, V121, A124, L125, P130, I133, and M137. Through
extensive molecular dynamics simulations, Feng et al. found that
trigger site activators BAM7 and BTSA1 can bind to the trigger
bottom pocket and increase the conformational flexibility
involving the a1‒a2 loop, which is a critical event in BAX
activation146.

Owing to the challenge of generating stable, recombinant,
monomeric BAX proteins and the dynamic context in which
compounds engaging the trigger site cause conformational
changes in BAX, conventional screening methods are less
amenable to discovering BAX trigger site agonists. Through in
silico screening based on the topography of the trigger site,
Gavathiotis et al. have identified a series of BAX activator mol-
ecules (BAMs). These BAMs were then evaluated using an orig-
inal competitive fluorescence polarization assay (FPA), resulting
in the discovery of the first gain-of-function direct BAX activator,
BAM7 (1, BAX, IC50 Z 3.31 mmol/L)147 (Fig. 5C). Subsequent
NMR and molecular docking studies demonstrate that BAM7
selectively binds to the N-terminal trigger site and forms a
hydrogen bond with BAX K21 via the pyrazolone carbonyl,
promoting characteristic structural changes and ultimately
inducing BAX functional activation to trigger apoptosis.
Through structural optimization of the phenylhydrazono and
phenylthiazole of BAM7, Stornaiuolo et al. have identified a series
of BAX targeting compounds (BTCs) where BTC-8 (2, BAX,
IC50 Z 0.8 mmol/L) is the most potent small molecule binding to
the BAX trigger site148 (Fig. 5C). BTC-8 differs significantly from
BAM7 by replacing the phenylthiazole moiety with the biphenyl
moiety, which contains an exocyclic basic group on the terminal
phenyl ring. Molecular docking analysis reveals that BTC-8 re-
inforces its binding to the trigger site through critical contacts with
D142 via the exocyclic basic group as well as a hydrogen bond
with E17 via the hydroxyl group. In a murine LLC1 tumor model,
a single dose of BTC-8 (1 mg/kg) administered intraperitoneally
exhibits excellent anti-tumor effects from highly size-reduced
tumor lesions to decreased tumor burden and lung area in mice
through on-target BAX activation, without causing significant
toxicity to normal tissues. In vitro studies have shown that BTC-8-
induced BAX activation is responsible for anti-proliferative ef-
fects, cell cycle arrest, and apoptosis in a panel of glioblastoma
(GBM) cells, as well as effectively blocking self-renewal and
inducing apoptosis in glioma stem cells (GSCs) while sparing
normal cells such as mesenchymal stem cells (MSCs) and human
lymphocytes149. Furthermore, BTC-8 and the alkylating agent
Temozolomide (TMZ) (50 nmol/L BTC-8 þ 50 mmol/L TMZ)
have demonstrated additive anti-proliferative effects on both GBM
cells and GSCs.



Figure 5 (A) Structural features of the trigger site (PDB: 2K7W). (B) The NMR-derived structure of BIM-BH3 helix (cyan) bound to BAX

(gray) (PDB: 2K7W). (C) The iterative structural optimization of BAX agonists bearing pyrazol-3-one core. (D) The design strategy of HDAC-

BAX hybrids.
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The lead optimization of BAM7 results in the identification of
a series of analogs. Among these, compound BTSA1 (3, BAX
trigger site activator 1) exhibits the most binding affinity to the
trigger site97, with an IC50 value of 250 nmol/L, in comparison to
FITC-BIM SAHB (BAX, IC50 Z 280 nmol/L) and BAM7
(Fig. 5C). Molecular docking, driven by the NMR analysis of
[15N]BAX after BTSA1 titration, reveals that BTSA1 engages in
the crevice of the trigger site formed by residues M20, K21, A24,
L25, Q28, G138, L141 and R145. The strongest interaction was
observed between the pyrazolone carbonyl and BAX K21, which
is recognized as a key interaction of BAX agonists. Notably, the
thiazole group lies adjacent to a presumed hinge site for the a1‒
a2 loop that opens upon initiation of the conformation activation.
Moreover, the bulky phenyl group attached to the pyrazolone core
may act to mimic the bulky tyrosine (BIM Y162, Y163) and
contribute to the ‘opening’ of the a1‒a2 loop, which may account
for the enhanced binding affinity of BTSA1. Furthermore, a bat-
tery of biochemical analyses confirms that BTSA1 specifically
engages the trigger site of BAX to induce the exposure of the pro-
apoptotic BH3 domain in a dose-dependent manner, leading to
BAX membrane translocation, BAX-mediated membrane per-
meabilization, and ultimately the release of cytochrome c from
mitochondria. BTSA1 triggers substantial and rapid BAX-
mediated apoptosis in human acute myeloid leukemia (AML)
cell lines, which is regulated by the expression of anti-apoptotic
Bcl-2 proteins and the cytosolic conformation of BAX. The
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in vivo pharmacokinetic studies of BTSA1 in mice demonstrate
that it has a long half-life (t1/2 Z 15 h) in mouse plasma and
favorable oral bioavailability (F Z 51%) at a dose of 10 mg/kg.
Treatment with a single intraperitoneal dose of BTSA1 (10 mg/kg,
qod) leads to anti-leukemic effects, ranging from reduced infil-
tration of human leukemia cells in blood to increased host survival
in human AML xenografts. Additionally, BTSA1 has no obvious
toxic effects on healthy hematopoietic cells or other tissues at a
dose of 15 mg/kg.

Despite the potent in vivo anti-leukemic efficacy and favorable
pharmacokinetic profiles of BTSA1, it has the potential to
generate the reactive and toxic metabolite aminothiazole owing to
its poor metabolic stability. Gavathiotis et al. discovered a new
analog, BTSA1.2 (4, BAX, IC50 Z 149 � 36 nmol/L) by
installing the two methyl groups to the thiazole group of BTSA1
(Fig. 5C), which provides significantly improved binding affinity
to BAX and metabolic stability in mouse liver microsomes150.
Moreover, BTSA1.2 exhibits favorable pharmacokinetic proper-
ties including a long half-life (t1/2 Z 14 h) in mouse plasma,
favorable oral bioavailability (FZ 49.2%), and significant plasma
exposure (AUC Z w100 mmol h/L). Compared to BTSA1,
BTSA1.2 is well tolerated as demonstrated by the lack of toxicity
to healthy hematopoiesis and other tissues in vivo even at a higher
dose (200 mg/kg, p.o.). Accumulating evidence demonstrates that
the inhibition of activated BAX by overexpressed Bcl-XL in solid
tumors is responsible for resistance to direct and indirect thera-
peutic BAX activation, highlighting the therapeutical potential of
combining BAX agonists with Bcl-XL inhibitors to overcome
apoptosis resistance in solid tumors by enhancing apoptotic
priming via inhibition of the anti-apoptotic blockade. A panel of
resistant solid tumor cell lines is sensitive to the combination of
BTSA1.2 and clinical Bcl-XL/Bcl-2 inhibitor Navitoclax, with
strong synergistic effects. Combined treatment of BTSA1.2 and
Navitoclax by oral administration daily exhibits strong anti-tumor
effects from tumor growth inhibition to tumor regression in
resistant SW480 colorectal xenografts (BTSA1.2 200 mg/kg
þ Navitoclax 100 mg/kg) compared to single agent treatments, as
well as effectively in patient-derived xenograft models from
COLO-1 and COLO-2 tumors (BTSA1.2 200 mg/kg þ Navitoclax
50 mg/kg), while it is well tolerated and less toxic to platelets.

Our group discovered a series of pyrazolone derivatives by
structural optimization of the trigger site activator BTSA1. Among
them, compound 5 induces BAX conformational activation and
exhibits improved anti-tumor efficacy in A549 cells with favorable
in vitro stability and CYPs profiles151. Numerous studies reveal that
HDAC inhibitors exert their anti-tumor effects in part by increasing
the expression of pro-apoptotic proteins (e.g., BIM, BID, and BAX)
and decreasing the expression of anti-apoptotic proteins (e.g., Bcl-2,
Bcl-XL, and Bcl-W) to reactivate apoptosis152-153, thus providing a
rationale for combinations with BAX direct activators. Feng et al.
demonstrated that combined treatment of BAX activator BTSA1
and HDAC inhibitors Vorinostat (SAHA) in Hela cells have mod-
erate synergistic anti-proliferative activity and enhanced BAX-
dependent apoptosis (SAHA, IC50 Z 2.65 � 0.01 mmol/L;
BTSA1, IC50 Z 11.47 � 0.20 mmol/L; BTSA1 þ SAHA,
IC50 Z 0.81 � 0.01 mmol/L)154. Based on this finding, they con-
verted the dual treatment of BTSA1 and SAHA into HDAC-BAX
multiple hybrids by installing a zinc-binding group (ZBG) and a
linker at the solvent-exposed phenylthiazole moiety. Further bio-
logical investigations indicate that compound 6 emerges as themost
effective HDAC‒BAX multiple hybrids154 (Fig. 5D), which has
good BAX affinity (BAX, IC50Z 392.9� 18.1 nmol/L) and HDAC
inhibitory activity (HDACs, IC50Z 62.8� 2.1 nmol/L). Compound
6 exhibits significantly increased anti-proliferative activities against
Hela cells (IC50 Z 0.86 � 0.04 mmol/L) compared to single agent
treatments by several mechanisms, including enhancing BAX-
mediated apoptosis with activation and upregulation of BAX,
altering chromatin remodeling with HDACs inhibition. This finding
provides a new paradigm for direct BAX activators in combination
with agents indirectly targeting the Bcl-2 protein family (such as
proteasome inhibitors or HDACs inhibitors) or for developing
multi-target drugs based on BAX to treat resistant solid tumors.

3.1.2. BAX S184 site agonists
Emerging evidence indicates that the phosphorylation of BAX at
S184 controls its pro-apoptotic function. Xin et al. demonstrated
that nicotine inactivates the pro-apoptotic activity of BAX through
AKT-mediated phosphorylation of S184, resulting in increased
apoptotic resistance in lung cancer cells155. Kale et al. found that
excessive activation of AKT pathway-mediated S184 phosphory-
lation is strongly related to poor prognosis and therapeutic resis-
tance (e.g., BH3 mimetics and chemotherapy) in a range of
malignancies, especially ovarian cancer cells86. In contrast, pro-
tein phosphatase 2A (PP2A), a physiological BAX phosphorylase,
restores the pro-apoptotic activity of BAX through dephosphory-
lation of S184156. Mutagenesis analysis indicates that BAX S184
is the major functional switch controlling its pro-apoptotic activ-
ity157. S184 phosphorylation of BAX exerts two survival mecha-
nisms by blocking BAX conformational activation through the
inhibition of BAX mitochondrial insertion and inactivation of
BAX binding to BH3-only proteins to disarm its pro-apoptotic
function. Overall, the therapeutic targeting of the S184 site to
modulate the phosphorylation status of BAX S184 provides a
promising opportunity to discover BAX agonists.

The S184 site refers to a sub-region of the canonical groove
centered on S184. It is located in the C-terminal tail of BAX,
which is strongly related to BAX translocation and insertion into
the mitochondrial outer membrane (MOM)131. The binding pocket
is formed by the a9 helix and joint between a4 and a5 helices
consisting of residues D98, S184, S101, D102, N106, R109, F176,
V180 and A183 (Fig. 6A).

Through a combined computational and BAX-dependent
cytotoxicity screening, several small molecule BAX agonists
(SMBAs) have been identified, where compound SMBA1 (7,
BAX, Ki Z 43.3 � 3.25 nmol/L) bearing a fluorene core specif-
ically binds to BAX with the most potent binding affinity158

(Fig. 6B). Mechanistically, SMBA1 engages the S184 site to
inhibit BAX phosphorylation, leading to BAX mitochondrial
insertion and release of cytochrome c, thereby promoting BAX-
dependent apoptosis in A549 cells. In A549 lung cancer xeno-
grafts, SMBA1 (2e60 mg/kg, i.p., qd) suppresses apoptosis in a
dose-dependent manner from the conversion of inactive BAX to
the activated form, without significant toxic effects on surrounding
normal tissues at therapeutically effective doses. In addition,
SMBA1 strongly suppresses GBM cell growth through the acti-
vation of BAX-mediated apoptosis in vitro and in vivo with rela-
tively low toxicity159.

A structural-based lead optimization strategy turns out into a
series of SMBA1 derivatives by introducing various O-alkylamino
side chains tethered to the hydroxyl group to access deeper
S184 binding pocket, where analogs CYD-2-11 (8, BAX,
KiZ 34.1� 8.54 nmol/L) with a 2-aminoethyl into the pyridyl ring
has slightly increased binding to BAX compared to SMBA1 (BAX,
Ki Z 43.3 � 3.25 nmol/L)84 (Fig. 6B). CYD-2-11 (40 mg/kg, i.p.)



Figure 6 (A) Structural features of the S184 site (PDB: 2K7W). (B) The iterative structural optimization of BAX agonists targeting the S184

site.
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effectively suppresses lung cancer growth via the induction of BAX-
mediated apoptosis, including cell/patient-derived xenografts and
genetically engineered mouse models (GEMMs) with the
KRASG12D mutant. Li et al. found that enhanced AKT-mediated
S184 phosphorylation of BAX was responsible for the resistance
to the mTOR inhibitor RAD00184. Therefore, CYD-2-11 in com-
bination with the mTOR inhibitor RAD001 (CYD-2-11 40 mg/kg
þ RAD001 1 mg/kg, i.p., qd) exhibits potent anti-tumor effects
against lung cancer growth with or without acquired resistance
in vitro and in vivo. Further replacing the upper phenyl ring of
CYD-2-11 with the pyridyl ring affords the analog CYD-4-61
(9, MDA-MB-231, IC50 Z 0.07 � 0.03 mmol/L; MCF-7, IC50 Z
0.06 � 0.03 mmol/L)160 (Fig. 6B), which displays significantly
increased anti-proliferative effects against breast cancer cells
compared toCYD-2-11 (MDA-MB-231, IC50Z3.22�0.49mmol/L;
MCF-7, IC50 Z 3.81 � 0.76 mmol/L) and SMBA1 (MDA-MB-
231, IC50Z 5.6� 0.69mmol/L;MCF-7, IC50Z 8.3� 1.44mmol/L).
Molecular docking analysis suggests that CYD-4-61 reinforces
its binding to the S184 site through hydrogen bonding with
D102 via the terminal amino group and a hydrogen bond with
R107 via the nitrogen atom of the pyridine ring. A battery of
structural, cellular, and in vivo studies demonstrate that CYD-4-
61 (2.5 mg/kg, i.p., qd, TGI Z 55%) exhibits stronger anti-
tumor activity against breast cancer than SMBA1 (40 mg/kg,
i.p., qd, TGI Z 51%) by inhibiting BAX phosphorylation and
eventually leading to apoptosis. However, poor cell selectivity
over normal cells (SI Z 1.6/1.8) and body weight loss in tumor
models with CYD-4-61 hamper further preclinical studies. To
reduce the toxicity of CYD-4-61, Liu et al. tried to replace the
toxicophore nitro group with various bioisosteres, where com-
pound GL0388 (10, Fig. 6B) with 2-fluorine displays signifi-
cantly reduced toxicity and less anti-proliferative activity
(MDA-MB-231, IC50 Z 0.07 � 0.03 mmol/L; MCF-7,
IC50 Z 0.06 � 0.03 mmol/L; SI Z 5.8/10.7)161. GL0388 (20
mpk, i.p., qod) significantly suppresses human triple-negative
breast cancer xenografts in association with the activated
apoptosis pathway but showed slight body weight loss at ther-
apeutically effective doses.

Overall, therapeutic targeting the S184 site to promote BAX-
mediated apoptosis alone or in combination with other established
therapies exhibits remarkable anti-tumor efficacy for several
BAX-expressing solid tumors in vitro and in vivo, providing a new
paradigm for pharmacologic modulation of BAX activation.
Future investigations should focus on enhancing cell selectivity to
enlarge the therapeutic window of S184 site activators with a great
balance between anti-tumor potency and drug-likeness.

3.1.3. BAX canonical site agonists
The canonical site refers to the BH3-binding groove constructed
by a2‒a5 helixes and is relatively long and deep compared to the
trigger site. The cytosolic BAX protein remains inactive, poten-
tially as a result of its transmembrane a9 helix occupying the
canonical site131. Previous findings have demonstrated that in-
teractions between the BH3 domain of BH3-only proteins and the
canonical site of MOM-associated BAX can cause additional
conformational changes, including its separation into the latch
domain and core domain and dislodgement of its BH3 domain,
ultimately nucleating its oligomerization to activate MOMP.

Based on these findings, Zhao et al. proposed a new paradigm
for BAX activation by competitively engaging the BH3-binding
groove to promote its insertion and oligomerization. Through in-
silico screening of the canonical site, Zhao et al. identified a small
molecule 11 (ZINC 14750348) with a molecular weight of
489.3 Da (Fig. 7A) that promotes BAX insertion into the MOM,
leading to BAX-dependent apoptosis in vitro162. In a murine LLC
tumor model, a single dose of 11 (40 mg/kg, i.p., qd) represses
tumor growth via apoptosis. Unfortunately, sufficient biophysical,
structural, and biochemical evidence is lacking to confirm the
binding characteristics of compound 11. Consequently, the ratio-
nale and efficacy of pharmacologically targeting the canonical site
to directly activate BAX remains uncertain. Further investigations
should focus on elucidating the basic molecular mechanisms
responsible for 11-induced BAX activation (especially for the
binding site), which seems to be applied for the development of
novel BAX activators targeting the canonical site or other poten-
tially druggable binding sites.

3.1.4. BAX non-canonical site agonists
Liposome- or mitochondria-based permeabilization assays can
quantify membrane permeabilization, which probes the capacity
for compound-induced BAX activation and is used extensively for
screening BAX direct agonists139. By using the liposome or
mitochondria-based permeabilization assays, Brahmbhatt et al.
identified several BAX direct agonists with different structural



Figure 7 (A) BAX agonist 11 engages the canonical site to promote BAX insertion into the MOM and oligomerization (PDB: 1F16). (B) BAX

agonist 12 (OICR766A) targets an unrecognized binding site to activate BAX, which requires the presence of C126 (PDB: 2K7W). (C) The

chemical reaction of the lipid electrophile trans-2-hexadecenal (t-2-hex) with BAX C126. (D) BAX agonist 13 (BIF-44) specifically binds to the

vMIA site and allosterically mobilizes the key regions implicated in BAX activation, thereby sensitizing BH3-only proteins-triggered confor-

mational activation of BAX (PDB: 2K7W).
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characteristics, where compound OICR766A (12, liposome,
EC50 Z 0.1 mmol/L; mitochondria, EC50 Z 0.1 mmol/L) exhibits
the most potent effects on BAX activation163 (Fig. 7B). Intrigu-
ingly, OICR766A binds directly to BAX protein (ITC, BAX,
KD Z 255 � 58 nmol/L) leading to promoting BAX oligomeri-
zation in solution, which is poorly inhibited by anti-apoptotic
protein Bcl-XL. Mutagenesis studies reveal that the presence of
C126 is essential for OICR766A (ITC, BAXC126A,KD> 20 mmol/L)
to BAX and OICR766A-induced conformational changes in
BAX. Cellular studies demonstrate that OICR766A triggers
BAX oligomerization and membrane localization to activate
MOMP, ultimately leading to BAX/BAK-dependent apoptosis.
Intriguingly, OICR766A specifically targets an unknown binding
site and activates BAX via a mechanism distinct from that of
trigger site agonists.

Chipuk et al. found that the specific binding of the sphingolipid
product trans-2-hexadecenal (t-2-hex) to BAX might lower the
thermodynamic constraints on the conformational changes of BAX
(Fig. 7C), which may simultaneously trigger BAX oligomerization
and facilitate BH3-only protein-induced BAX activation164. The
addition of sphingolipid inhibitors blocks BAX conformational
changes and cytochrome c release, suggesting that the sphingolipid
milieu is essential for inducing functional BAX activation and
apoptosis. Although seminal findings elucidate the molecular
mechanism by which sphingolipid metabolism cooperates with the
Bcl-2 family to regulate apoptosis,minimal structural data shows that
t-2-Hex interacts with the BAX protein. Interestingly, Cohen et al.
found that t-2-Hex directly and covalently modified C126 of
monomeric BAX, resulting in the conformational perturbation of the
a5/a6 hairpin adjacent toC126 and influencing key regions related to
BAX initiation (a1‒a2 loop, and a2) and translocation (a9), ulti-
mately promoting the conformational activation of BAX and BAX-
dependent apoptosis165. These findings shed light on why t-2-Hex
enhances BH3-triggered BAX-dependent apoptosis in a C126-
dependent manner. The explicit mechanism of the covalent lip-
idation of BAXC126 to activate BAX provides a rational theoretical
basis for the development of covalent BAX agonists targeting the
C126 region.

In recent advancements, scholars have made notable progress
in comprehending how BAX is activated, shedding light on the
crucial role of C126 in BAX oligomerization and BAX-induced
cell death. This opens up new possibilities for activating BAX by
targeting the C126 region either covalently or noncovalently. It
is imperative for forthcoming research to further investigate the
binding properties of OICR766A and the essential attributes of
the C126 region. This in-depth exploration will enable the
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translation of these structural revelations into potent BAX
agonists.

3.2. Small-molecule BAX sensitizers

The vMIA site is composed of residues of the flexible loops be-
tween a1 and a2 (E44‒D48), a3‒a4 (D84‒D86), a5‒a6
(C126‒T127), a9 helixes (L181, A183) and C terminus (I187‒
G192). Emerging evidence suggests that the vMIA protein
engagement stabilizes the a3/a4 and a5/a6 hairpins, effectively
thereby suppressing the conformational activation of BAX137-138.
This discovery opens up possibilities for the development of
potent BAX modulators that can compete with the vMIA protein.

By utilizing a saturation transfer difference (STD) NMR-based
screening strategy in combination with liposomal release assay,
Gavathiotis et al. identified various BAX-interacting fragments
(BIFs), where BIF-44 (13, ITC, BAX, Kd Z 37 � 12 mmol/L)
exhibited the potent sensitizer profile rather than the direct acti-
vator profile166 (Fig. 7D). Interestingly, BIF-44 competes with
physiological BAX inhibitors, such as vMIA and the Bcl-2 BH4
domain, for BAX interaction, suggesting that BIF-44 may rely on
another mechanism to reduce the apoptosis threshold. Further
structural and mechanistic analyses reveal that BIF-44 specifically
binds to the vMIA site and allosterically mobilizes the key regions
implicated in BAX initiation (a1‒a2 loop) and oligomerization
(BAX BH3 helix), thereby enhancing BH3-mediated conforma-
tional activation of BAX. The underlying mechanisms of BIF-44-
triggered allosteric sensitization of inactive BAX provide novel
structural insights into BAX modulation and provide an oppor-
tunity to develop BAX sensitizers by targeting BAX-inhibitory
motifs. Although both vMIA and BIF-44 target the vMIA site
and form similar contacts with D84, the key interactions gov-
erning vMIA site-mediated activation or inhibition remain un-
clear138,166. Taken together, investigations into the modulation of
the vMIA site by these modulators highlight the allosteric com-
munications that occur between the vMIA site and the trigger site,
as well as the vMIA site and the canonical site.

3.3. Small-molecule BAX antagonists

Preventing aberrant cell death has been extensively investigated as
a therapeutical strategy for a host of diseases such as neuro-
degeneration and heart failure42,115. Distinct from BAX agonists
or sensitizers that promote or induce the conformation activation
of BAX, BAX antagonists mainly stabilize its inactive confor-
mation or prevent the formation of high-order oligomers. Based on
their binding sites, current small-molecule BAX antagonists can
be divided into four categories, BAX trigger site antagonists, BAX
BAI site antagonists, BAX canonical site antagonists, and BAX
antagonists bound to unrecognized sites. BAX trigger or BAI site
antagonists directly bind to cytosolic BAX monomer and simul-
taneously induce allosteric conformational changes to stabilize its
inactive conformation, thereby suppressing the pro-apoptotic ac-
tivity of BAX. Being different from these antagonists that
inhibited conformational activation of BAX, BAX canonical site
antagonists inhibit the BAX oligomerization, and BAX antago-
nists with an unknown binding site block the BAX channel ac-
tivity, thereby preventing BAX-mediated MOMP and cell death.

3.3.1. BAX trigger site antagonists
In an attempt to identify small-molecule BAX modulators with
attractive drug-like properties, Gavathiotis et al. initially built a
pharmacophore expansion and scaffold similarity search strategy
based on the reported small-molecule BAX trigger site agonists.
Subsequently, they conducted a screening of a library containing
FDA-approved small molecule drugs and successfully discov-
ered the first BAX trigger site antagonist, Eltrombopag (14,
Fig. 8A), which is a thrombopoietin receptor agonist used in the
clinical treatment of chronic immune thrombocytopenia145.
Mechanically, compound 14 competitively engages the trigger
site of cytosolic BAX (BAX, IC50 Z 207 nmol/L), impeding the
conformation changes of the a1‒a2 loop triggered by the trigger
site agonists or BH3-only proteins. Simultaneously, it promotes
discrete conformational changes in a4, a6, and a7/a4‒a5 loop
to stabilize the interaction between a9 helix and the canonical
site (Fig. 8B), consequently stabilizing the inactive conformation
of BAX and inhibiting BAX’s pro-apoptotic activity. Collec-
tively, HSQC-NMR analysis, molecular docking, and mutagen-
esis studies demonstrate that 14 reinforces its binding to the
trigger site of inactive BAX through a salt bridge with R145 via
the anionic carboxylate coupled with a hydrogen bond between
the pyrazolone carbonyl and R134. To further explore the key
ionic interactions between R145 and the carboxylate, Gav-
athiotis et al. converted 14 into its corresponding methyl ester,
which displays a significantly decreased binding affinity (BAX,
IC50 > 5 mmol/L). Importantly, the significantly decreased in-
hibition activity of 14 with R145E mutant (IC50 Z 6.8 mmol/L)
compared other mutants (K21E, IC50 Z 3.1 mmol/L; R134E,
EC50 Z 3.8 mmol/L) or WT (IC50 Z 2.7 mmol/L) suggests the
critical interactions between the 14’s anionic carboxylate and
R145 is essential for 14-mediated BAX inhibition, which is
consistent with the R134 contributed to antibody 3G11-mediated
BAX inhibition139. These findings highlight that the specific
contacts with R134 should be considered in the design of BAX
trigger site antagonists.

3.3.2. BAX BAI site antagonists
The BAI site is located at the junction of the C terminus of a3, the
a3‒a4 loop, and the residues of a5 and a6 helixes. It is struc-
turally characterized by a hydrophobic pocket consisting of mul-
tiple hydrophobic amino acids (I80, A81, V83, T85, P88, V91,
V95, F116, L120, W139, and L185), along with a few peripheral
polar amino acids (D84 and K123)167 (Fig. 8B).

Through in vitro inhibition of cytochrome c release assay trig-
gered by BH3-only proteins, Bombrun et al. identified a series of
3,6-dibromocarbazole piperazine derivatives as small-molecule
cytochrome c release inhibitors, where compound 15 (77 � 7%
@5 mmol/L), 16 (61 � 5%@5 mmol/L), 17 (41 � 2%@5 mmol/L)
and 18 (61� 2%@5 mmol/L) exhibit relatively powerful inhibition
activities168. These compounds show sub-micromolar IC50 values of
BAX channel activities (15: 0.52 � 0.21 mmol/L, 16: 0.37 �
0.12 mmol/L, 17: 0.68 � 0.22 mmol/L, 18: 0.68 � 0.09 mmol/L,
Fig. 8A), suggesting they inhibit cytochrome c release via the
blockage of BAX channel. To explore the location of identified
cytochrome c release inhibitors, Bombrun et al. installed the fluo-
rescent moieties BODIPY 493/503 methyl bromide or 5-
iodoacetamido-fluorescein into the compound 15 to generate two
fluorescent probes. The fluorescent probes are found to be colo-
calized with the mitochondrial marker Mitotraker, suggesting
compound 15 inhibits cytochrome c release via interacting with
BAX to block BAX channel activity168. These studies reveal the
mechanistic links between the 15-mediated inhibition of cyto-
chrome c release and the blockage ofBAXchannel activity, while its
accurate molecular mechanism remains unclear.



Figure 8 (A) The trigger site antagonist 14 (Eltrombopag) as well as BAI site antagonists 15 (BAI1), 16, 17 (BAI2), and 18 block the

conformational activation of BAX. (B) Structural features of the trigger site and BAI site on inactive BAX (PDB: 1F16).
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The liposomal release assay is also used to screen small mol-
ecules inhibiting the truncated form of BID (tBID)-triggered BAX-
mediated MOMP. Gavathiotis et al. discovered that the above-
mentioned carbazole-based compounds 15 and 17 dose-
dependently inhibit a range of BAX activators (tBID, BIM
SAHB, BAM7) or heat-triggered BAX-mediated MOMP with low
micromolar IC50 values (2e4 mmol/L). These inhibitory effects on
BAX are independent of both the activators and their concentration,
indicating direct inhibition activities on BAX, suggesting their
direct inhibition activities on BAX167. Compounds 15 and 17 were
called BAX activation inhibitor 1 (BAI1) or 2 (BAI2) in their
published articles (Fig. 8A), respectively. Ligand detected 1H-
NMR and microscale thermophoresis (MST) experiments demon-
strate BAI1 and BAI2 directly binds to BAX with dissociation
constants of 15.0 � 4 mmol/L and 17.5 � 4 mmol/L, respectively.
SiteMap (Schrödinger, LLC, 2017) guided by HSQC NMR anal-
ysis molecular docking and mutagenesis studies confirms a rela-
tively deep pocket formed by a3, a4, a5, and a6 helixes. BAI2 and
BAI2 engage this pocket called the BAI site to inactivate BAX.
Interestingly, these compounds effectively block the essential
conformational activation of BAX (a1‒a2 loop) induced by BH3
agonists, rather than impeding the binding of the activators to the
trigger site, indicating an allosteric mechanism of BAX inhibition.
Additionally, BAI1 selectively inhibits BAX-medicated cell death
induced by BH3 agonists or trigger site agonist BTSA1. Taken
together, the above target validation and mechanism studies of
these carbazole-based compounds reveal an unrecognized regula-
tory pocket, providing insights into the rational design and devel-
opment of BAX allosteric antagonists for the treatment of diseases
associated with aberrant BAX-dependent cell death.

Encouraged by BAI1’s specific inhibition effects on BAX-
dependent cell death, Gavathiotis and co-workers subsequently
evaluated its potential therapeutic advantages in the context of
pathological cell death. Currently, anthracycline doxorubicin
(DOX), a widely used chemotherapy, causes severe and dose-
dependent cardiomyopathy169-170 related to both apoptosis and
necrosis171. Preliminary mechanism studies confirm that BAX-
dependent apoptosis and necrosis are implicated in doxorubicin-
elicited cardiomyopathy and BAI1 effectively abrogates car-
diomyocyte apoptosis or necrosis induced by diverse stimuli
(staurosporine, prolonged hypoxia, hypoxia/reoxygenation or
doxorubicin) in vitro, raising the possibility that BAI1 protected
against doxorubicin-induced cardiomyopathy172. Intriguingly,
combination therapy (DOX 2 mg/kg þ BAI1 2 mg/kg, i.p.) pro-
vides significant cardiac protection without the loss of doxorubi-
cin’s anti-tumor potency in breast cancer LM2 and acute
myelocytic leukemia MLL-AF9 cell-derived xenograft (CDX)
models as well as breast cancer patient-derived xenograft (PDX)
models. Consist with higher expression of BAX in tumor cells
than in the heart, BH3 profiling reveals a significant apoptotic
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threshold in tumorous versus heart tissue isolated from PDX
models, suggesting the fundamental difference of BAX levels
accounted for the selectivity of BAI1 in cardioprotection without
the loss of cancer treatment. This study demonstrates that ther-
apeutical inhibition of BAX with small molecules effectively
overcomes doxorubicin-induced cardiomyopathy via dual inhibi-
tion of apoptosis and necrosis in vitro and in vivo, offering an
alternative strategy for the development of cardioprotection agents
for treating BAX-dependent cardiomyopathies resulting from
multiple cancer therapies.

3.3.3. BAX canonical site antagonists
Utilizing a MOMP-mimicking liposome dye-release assay, Niu
and colleagues identified two molecules MSN-50 (19,
IC50 Z 2e4 mmol/L) and MSN-125 (20, IC50 Z 6e8 mmol/L)
dose-dependently inhibits BAX-mediated membrane per-
meabilization (MP) (Fig. 9A). Interestingly, both of them prevent
BAX- and BAK-mediated MOMP, thereby inhibiting apoptosis in
human colon cancer HCT-116 cells or BMK cells and protecting
primary cortical neurons from glutamate excitotoxicity172.
Chemical crosslinking analysis reveals that MSN compounds
disrupt the interaction between T56 (a2) and R94 (a40), partially
interaction between L59 (a2) and M79 (a30), thereby partially
Figure 9 (A) Several proposed canonical site antagonists 19 (MSN-50

interfering with the BH3-grove dimer (PDB: 4BDU), as probed by chemi

(Bci2) with an unrecognized binding site block the BAX channel activity
interfering with BH3-in-groove dimer interfaces (Fig. 9A). These
data suggest that MSN compounds might bind to the canonical
site to prevent the formation of correct BAX dimer, resulting in
the inhibition of BAX oligomerization and MOMP. The molecular
mechanism of these compounds inhibiting BAX demonstrates that
the correct formation of BAX symmetric dimers and high-order
oligomers is necessary for triggering MOMP. Retaining the
pharmacophore common of MSN compounds to afford compound
DAN004 (21), which shares a similar molecular mechanism of
MSN compounds and exhibits enhanced MP-inhibiting activity
(IC50 Zw0.7 mmol/L)172 (Fig. 9A). However, DAN004’s marked
toxicity hinders its further studies. The discovery of MSN com-
pounds provides chemical tools for the investigation of the mo-
lecular mechanism of BAX oligomerization and might serve as a
hit for the development of BAX/BAK dual antagonists to treat a
wide range of diseases in the context of aberrant cell death.

3.3.4. BAX antagonists bound to an unrecognized site
Through high throughput screening of low molecular weight
compound library via the liposome channel assay, Antonsson and
colleagues identified two BAX selective channel blockers Bci1
(22, BAX channel, IC50 Z 0.81 � 0.22 mmol/L) and Bci2 (23,
BAX channel, IC50 Z 0.89 � 0.29 mmol/L) featuring a C12 lipid-
), 20 (MSN-125), and 21 (DAN004) inhibit BAX oligomerization via

cal crosslinking studies. (B) BAX channel blockers 22 (Bci1) and 23

to prevent BAX-mediated apoptosis.
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like tail173 (Fig. 9B). Both of them dose-dependently prevent
BAX-mediated cytochrome c release from isolated mitochondria
without effects on the conformational activation of BAX or its
membrane translocation, insertion, or oligomerization. In a gerbil
brain ischemia model, Bci1 or Bci2 (30 mg/kg, i.p.) exhibits
powerful neuroprotection, decreasing hippocampal damage by
45% or 55%, respectively. The significantly increased cytosolic
cytochrome c levels are observed in cytosolic cytochrome c levels,
suggesting their neuroprotective effect is closely related to the
blockage of the BAX channel activity in vivo. This finding high-
lights the significance of BAX channel activity in apoptosis and
offers an alternative efficient target to treat ischemic injuries.

4. Concluding remarks and future perspectives

The clinical validation of targeting apoptotic pathways has been
demonstrated with the approval of the selective anti-apoptotic
protein Bcl-2 inhibitor Venetoclax for the treatment of hemato-
logic malignancies. The dysregulation of the pro-apoptotic protein
BAX is implicated in various diseases involving pathologic cell
survival (e.g., cancer, autoimmunity) and cell death (e.g., neuro-
degeneration, and heart failure). Hence, the pharmacological
modulation of the pro-apoptotic activity of BAX with small
molecules offers a promising paradigm to block aberrant cell
death or restore cell death for curing a host of diseases charac-
terized by dysregulated cell death.

Over the last decade, studies elucidating the molecular mech-
anisms that contribute to the physiological modulation of BAX
have been booming, including BH3-triggered BAX activation,
inactivation of BAX by S184 phosphorylation, and suppression of
BAX conformational activation by protein (e.g., Bcl-2 BH4 and
vMIA) or peptide (e.g., antibodies 3G11 and 3C10) antagonists
engagement. These investigations have revealed a diversity of
physiologic binding sites capable of modulating BAX pro-
apoptotic activity, including the trigger, S184, canonical, BH4-
binding, and vMIA sites. Biochemical screening approaches
(e.g., liposomal release assay) in combination with NMR analysis
identified multiple small-molecule BAX modulators, offering a
series of pharmacologic binding sites that modulate BAX-mediated
cell death, such as the BAI site and C126 region. Identification and
characterization of these potentially druggable have prompted the
development of BAX-selective targeting modulators, which are
divided into three subgroups: BAX agonists capable of activating
BAX directly, such as trigger site, S184 site, canonical site, and
non-canonical site agonists; BAX sensitizers capable of sensitizing
the function of BAX, such as vMIA site sensitizers; and BAX
antagonists capable of preventing BAX-mediated cell death, such
as trigger site, BAI site and canonical site antagonists. Intriguingly,
some of the binding surfaces on BAX, such as the trigger, canon-
ical, and vMIA sites, might act as activation or inhibition dependent
on the key interactions with small molecules, peptides, or proteins.
For example, the interactions between agonists and BAX K21 are
crucial for BAX activation, while the contacts between antagonists
and BAX R145 are important for BAX inhibition.

Direct BAX activationwith small molecules offers an innovative
strategy for cancer treatment with the therapeutical potential to
overcome the apoptosis resistance of diverse approved therapeutic
agents such as chemotherapies, BH3-mimetics, and mTOR in-
hibitors in a wide range of cancers. Intriguingly, the combination of
Bcl-2/Bcl-XL inhibitor Navitoclax and BAX trigger site agonist
BTSA1.2 synergistically suppresses apoptosis-resistant solid/he-
matologic tumor cells, CDX, and PDX models while sparing
healthy tissues. BAX S184 site agonists CYD-2-11 not only
potently suppress CDX and PDX models, as well as GEMMs with
the KRASG12D mutant, but also reverse the resistance of mTOR
inhibitors in vitro and in vivo. Conversely, inhibition of BAX with
small molecules such as BAX BAI site antagonist BAI1 effectively
mitigates the chemotherapies-induced side effects without the loss
of their anti-tumor potency in both CDX and PDXmodels, offering
a rational strategy to improve cancer chemotherapies. Ischemic
stroke, the majority of stroke (w85%)174, is partially attributed to
unwanted apoptosis of neurons within the penumbra of the
infarct120. However, the limited treatment options and extremally
short therapeutical window (<3 h) of current treatment lead to its
massive mortality and morbidity175. Intriguingly, Bci compounds
significantly protect neurons that decrease hippocampal damage via
the blockage of BAX channel activity in a gerbil brain ischemia
model. Similarly, MSN compounds exhibit remarkable neuro-
protection by preventing both BAX- and BAK-mediated cell death
in vitro and in vivo. These findings strongly proof that therapeutical
inhibiting BAX-mediated cell death is effective in attenuating the
effects of neuronal cell death stimuli, providing an opportunity to
treat ischemic stroke as well as degenerative diseases by drugging
BAX directly.

Great advances have been made in the discovery of various
BAX-targeted apoptosis modulators. However, the development of
BAX therapeutics as clinical drugs faces several challenges. Firstly,
the lack of co-crystal structures of BAX with identified small
molecule modulators not only becomes a potential barrier to a
deeper understanding of the pharmacological modulation of BAX
but also hinders the rational design of potent BAX-targeted
apoptosis modulators by structure-based approaches. Secondly,
most of the current BAX modulators have not advanced to clinical
trials owing to their narrow therapeutic window or poor drug-like
properties, necessitating a balance between the potency and safety
profile of these compounds. Despite BAX agonists may theoreti-
cally share a therapeutic window similar to current BH3mimetics in
cancer, it remains uncertain whether current BAX agonists can be
safely transitioned to preclinical studies or clinically used drugs,
especially given the poor cell/tissue selectivity of S184 site agonists.
Notably, the relatively superior BAX trigger site activators BTSA1
and its analogs still possess poor to moderate anti-tumor potency
(hematologic tumor cell lines, IC50 < 3 mmol/L; solid tumor cell
lines, IC50 > 10 mmol/L) and metabolic instability146, and the
generation of the reactive and toxic metabolite aminothiazole will
hamper their further development. The potency and ADMET
properties of the identified leads require further optimization. The
development of small-molecule BAX antagonists is still in its early
lead discovery stages. Current reported BAX antagonists merely
provide proof-of-concept for the feasibility of direct BAX inhibition
in the context of pathologic cell death and serve as potent pharma-
cological tools to probe the consequences of direct BAX inhibition
under physiological and pathological conditions. There is an urgent
need for the structural optimization of potency and drug-like
properties of these tools or lead compounds to discover more
powerful clinical candidates and conduct deeper evaluations of the
therapeutical value and safety of pharmacologically BAX modu-
lation under pathological conditions.

Besides, BAX is implicated in multiple forms of non-apoptotic
cell death cell death by influencing several intracellular organelles’
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membrane permeability. In contrast to apoptosis, the key step
of mitochondrial-dependent necrosis is the opening of the mito-
chondrial permeability transition pore (MPTP) in the inner mito-
chondrial membrane, which promotes the loss of the inner
membrane potential, swelling, and eventual rupture of the organelle
membrane26,176. Overexpression of BAX in tumor cells promotes
mitochondrial permeability transition (MPT), consequently dis-
rupting the integrity of the plasma membrane to induce necrosis177-
179. Emerging evidence indicates that BAX drives mitochondrial
fusion180 and MPTP-dependent Ca2þ release181 to sensitize the
opening of MPTP, ultimately promoting necrosis. Additionally,
BAX plays an important role in autophagy via its effects on lyso-
somal membrane permeability. In their monomeric state, they in-
crease the lysosomal membrane permeability to promote autophagy
without being activated182. Moreover, necroptosis, a hybrid of
apoptosis and necrosis, is dependent on BAX/BAK oligomeriza-
tion. During the necroptotic cell death process, necroptotic stimuli-
induced mixed-lineage kinase-domain-like (MLKL) protein acti-
vation leads to the downregulation of pro-apoptotic protein Mcl-1
that in turn results in BAX/BAK oligomerization, ultimately pro-
moting MOMP and reinforcing MPTP opening183. While the
stepwise regulated mechanism of BAX conformational activation
for apoptosis is well-defined, the regulated mechanisms of BAX-
mediated non-apoptotic cell death are less clear.

Future efforts should focus on characterizing the highe
resolution complex structures of modulators with BAX, which is
favorable for building a clear understanding of the activation or
inhibition determinants and facilitating the discovery of more
powerful BAX modulators. It is crucial to identify the most
effective pharmacological targets among the binding sites or
conformations of BAX. Accumulating evidence suggests that
trigger site agonists exhibit broad anti-tumor potency in vitro and
in vivo with well-characterized mechanisms of action and excel-
lent pharmacokinetic profiles, suggesting that the trigger site may
be a more potent regulatory site for the development of BAX
therapeutics in cancer. The therapeutical potential of BAX/BAK
dual agonists or antagonists is worth exploring in the diseases of
dysregulated cell death, such as MSN compounds as BAX/BAK
dual inhibitors for the treatment of degenerative diseases. More-
over, future investigations should also pay attention to the pre-
cisely regulated mechanisms of BAX-mediated non-apoptotic cell
death. For diseases related to multiple forms of dysregulated cell
death (e.g., heart failure), pharmacological manipulation of BAX
may provide a rate-limiting therapeutical strategy, such as the use
of BAX antagonist BAI compounds for the treatment of
doxorubicin-induced cardiomyopathy.

Carefully and effectively manipulating BAX with small mol-
ecules presents blueprints for developing next-generation
apoptosis modulators and represents a pressing and worthy chal-
lenge for medicinal chemistry studies. Through continued dedi-
cation, we are confident that it is feasible to leverage advanced
medicinal chemistry, and structural and mechanistic insights to
develop clinically-viable BAX therapeutics for the treatment of
diseases characterized by uncontrolled cell death.
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