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Background and Objective: Apoptosis-inducing factor (AIF), a flavin protein in mitochondria, is
originally found to induce apoptosis under the stimulation of pro-apoptotic factors. As a mitochondrial
flavin adenine dinucleotide-dependent oxidoreductase, AIF is involved in the regulation of mammalian cell
metabolism by regulating respiratory enzyme activity, antioxidant stress, promoting mitochondrial autophagy
and glucose uptake, etc. Herein, we focused on the research progress regarding the molecular mechanism
of AIF in metabolic mediation and the recent research on AIF in metabolic diseases, as well as the AIF-
mediated apoptotic process.

Methods: Articles for this paper were obtained by reviewing the literature related to the role of AIF in
metabolic diseases on PubMed. The search terms included the following: “apoptosis”, “metabolism” or
“metabolic diseases” plus “apoptosis-inducing factor”. The titles, abstracts, and full texts of relevant English-
language publications published from October 1996 to June 2022 were manually screened to clarify the role
of AIF in metabolic diseases.

Key Content and Findings: We found that AIF played an important role in a variety of metabolically-
related diseases, such as diabetes, obesity, metabolic syndrome, and tumor metabolism, by mediating
apoptosis.

Conclusions: We summarized the important role of AIF in a variety of metabolic diseases, which might
help to further expand the understanding of AIF and to develop AIF-related therapeutic targets.
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Introduction variable shears (1). Accumulated research results on AIF
have gradually enhanced our understanding of its structure

Back d
ackgroum and function. Most of the AIF-like proteins possess the

Apoptosis-inducing factor (AIF) is a nuclear encoded
mitochondrial inter-membrane space flavoprotein, regarded
as an apoptotic effector molecule. AIF is encoded by the

AIFMI gene which has a total length of 36,525 bases and
is located in the Xq26.1 region, with 17 exons and four
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GXGXXA and V/IXGXGXXG motifs, characterized by
the FAD- and NAD(P)-binding domains. The N-termini
of mammal AIF possesses mitochondrial leading sequence
(MLS) and a stretch of hydrophobic amino acids (2). AIF is
an evolutionarily highly conserved protein with significant

Cardiovasc Diagn Ther 2023;13(3):609-622 | https://dx.doi.org/10.21037/cdt-23-123


https://crossmark.crossref.org/dialog/?doi=10.21037/cdt-23-123

610

homology in both vertebrates and invertebrates and is
associated with the development of a variety of diseases,
including X-linked recessive auditory neuropathy spectrum
disorder (3), retinopathy (4,5), chronic kidney disease (6,7),
diabetes (8,9), and malignancy (10,11).

Rationale and knowledge gap

AIF is widely believed to play a role in various diseases by
regulating apoptosis. It transfers from mitochondria to
the nucleus and induces apoptosis in a variety of cell death
models, such as DNA damage reagent treatment (12),
glutamate-induced excitotoxicity (13,14) or N-methyl-D-
aspartic acid (NMDA) receptor (NMDAR) agonists (15),
and hypoxic-ischemic reperfusion (16,17). Importantly,
the overexpressed anti-apoptotic molecule, heat shock
protein 70 (HSP70), can inhibit its transfer to the nucleus
by binding to AIF, ultimately protecting the nerves of
hypoxic or ischemic transgenic mice (18,19). Moreover,
mitochondrial soluble 54-77 portion that stabilize human
AIF at intermembrane mitochondrial space pH may
produce a negative impact in overall human AIF stability,
which provides guidance for developing human AIF
bioactive compounds (20). These findings suggest that AIF
is a potential drug development target.

In addition to being involved in the signaling pathway
of lethal cells, AIF plays a key role in maintaining
mitochondrial homeostasis (21,22). AIF is not only an
important factor in maintaining the functional integrity of
the mitochondrial respiratory chain but also participates
in the regulation of the redox state of cells, such as by
regulating the activity of nicotinamide adenine dinucleotide
hydrogen (NADH) oxidase to affect reactive oxygen
species (ROS) levels. Recent evidence indicates that AIF is
necessary for the activity of coiled-coil-helix-coiled-coil-
helix domain-containing 4 (CHCHD4), which is a critical
intermembrane mitochondrial space protein involved in
the oxidative folding of respiratory complexes subunits,
suggesting the importance of AIF in respiratory chain
biogenesis and/or maintenance (23,24). Also, AIF acts as a
mitochondrial flavin adenine dinucleotide (FAD)-dependent
oxidoreductase in normal cells, playing a key role in
regulating oxidative phosphorylation (OXPHOS) and the
oxygen reflux state equilibrium. Therefore, AIF is currently
considered to be a bifunctional protein with an electron
acceptor/donor (oxidoreductase) function (21,22).

The respiratory chain is a continuous reaction system
comprising a series of hydrogen transfer and electron
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transmission reactions arranged in a certain order, which
gives the paired hydrogen atoms taken off by metabolites to
oxygen to make water, and adenosine triphosphate (ATP) is
generated. The mitochondrial AIF protein is an important
factor in maintaining the functional integrity of the
respiratory chain in mammalian cells, while AIF deletion
can lead to mitochondrial respiratory chain destruction
through lowering the amount of respiratory chain complex
OXPHOS (25) as well as the regulation of post-translational
modification of the related subunits of mitochondrial
respiratory chain complex I, III, IV (26,27). For instance,
in vivo experiments revealed that mice with tissue
conditional knockout AIF exhibited severe mitochondrial
lesions (28). In fact, previous articles have reviewed the
current knowledge around the critical role of AIF focusing
on AIFMI-linked pathologies in mitochondrial diseases
(21,29). Acting as the apoptosis inducer, a comprehensive
understanding of AlF-mediated apoptosis and AIF-related
metabolic diseases is essential.

Objective

With new findings on the role of AIF in metabolism being
reported in some recent publications, it is necessary to
carefully review and re-analyze the published literature
on AIF-mediated apoptosis and AIF-related metabolic
diseases. We present this article in accordance with the
Narrative Review reporting checklist (available at https://
cdt.amegroups.com/article/view/10.21037/cdt-23-123/rc).

Methods

We conducted a literature search of the PubMed database
for papers published up to June 2022 on the topic of
ATF in metabolic diseases using the following keywords:
“apoptosis”, “metabolism” or “mitochondria” plus
“apoptosis-inducing factor”. Table 1 shows our search
formulas and strategies. The retrieved articles were further
analyzed.

Discussion

Biochemistry, molecular characterization, and regulation
of expression

The human AIFMI gene is localized to chromosome
Xq26.1 and has five different isomers, namely AIF, AIF-exB,
AlFsh, AIFsh2, and AIFsh3, which are formed in different
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Table 1 Summary of the search strategy
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ltems Specification
Date of search 2022.6.20
Databases and other sources searched PubMed

Search terms used

“Apoptosis-inducing factor”

“Apoptosis-inducing factor” AND “apoptosis”

“Apoptosis-inducing factor” AND “metabolism”

“Apoptosis-inducing factor” AND “mitochondria”

Timeframe

Inclusion and exclusion criteria

From 1996 to 2022

Inclusion criteria: papers mentioning or reporting on the biological functions of AIF

and the role of AIF in apoptosis and metabolic diseases

Exclusion criteria: non-English language papers

Selection process

The selection was independently conducted by L Zong and was discussed with Z

Liang in the case of any disagreements

AlF, apoptosis-inducing factor.

selective shear modes. Among these, isomer 1 (AIF) is the
most widely expressed in tissues and plays a major role,
while the other isomers have their own tissue specificity and
play different roles in tissues according to the functional
domains they contain. The AIFsh2 and AIFsh3 proteins
have a similar structure to the N-terminal portion of AIF;
AIFsh2 has a weak expression in kidney and lung tissue
and its messenger RNA (mRNA) cannot be detected in
the brain, while AIFsh3 is only weakly expressed in kidney
tissue (30). However, the structure of the AlFsh protein
is similar to the C-terminal part of AIF, which can induce
apoptosis under the stimulation of the apoptotic signal;
however, owing to the lack of an NADH domain, it does
not possess oxidoreductase activity, and also has weak
expression in skeletal muscle and kidneys (31).

Since the AIF isomer I is the primary functional form
of AIF, its full-length proteins, which are also known
as AIF precursors, can be roughly divided into three
domains: FAD binding domain (amino acids 122-262 and
400-477 positions), NADH binding domain (amino acids
263-399 position), and C-terminal domain (amino acids
478-610 position) (32). The crystal structure of mouse AIF
exhibits a folding pattern, with the FAD binding domain
and the NADH binding domain displaying the classic
Rossman fold, while the C-terminal domain has five anti-
parallel B-chains (amino acids 477-579 bits) and two a-helix
(amino acids 580-610 bits) (32). Meanwhile, the crystal
structure of human AIF is displayed by one FAD binding
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domain and two NADH molecules per protomer at NADH
reduced state, and exhibits as the orthorhombic space group
P2,2,2, with two molecules per asymmetric unit in its
oxidized form (23,33). The human AIF precursor protein
contains 613 amino acids, two mitochondrial localization
sequences, and two nuclear localization signals, and its
mitochondrial localization sequences are amino acids 1-31
and 63-89, respectively, while the two nuclear localization
sequences are amino acids 278-301 and amino acids
446-451, respectively (34). The AIF precursor protein has
a molecular weight of about 67 kDa. AIF is first synthesized
in the cytoplasm and then translocated into mitochondria
based on the mitochondrial localization sequence (MLS)
in its N-terminus, followed by processing into the mature
mitochondrial AIF after mitochondrial processing peptidase
(MPP) cleavage (35). Mature mitochondrial AIFs, with
55-613 amino acids and molecular weights of approximately
62 kDa, are anchored to the mitochondrial membrane by
a second mitochondrial localization sequence, exposing
the C-end to the inter-mitochondrial membrane cavity
to perform the function of the mitochondrial oxidative
respiratory chain complex I (26,27).

AlIF-mediated apoptotic process is regulated by multiple
genes, including p53, eukaryotic translation initiation
factor 3 subunit p44 (elF3g), and HSP70 (19,36,37). AIF is
positively regulated by the p53 protein but it is regulated
differently from most p53-targeted genes. Also, the
basal expression level of AIF is regulated by p53, and the
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Figure 1 Regulatory pathway of apoptosis. AIF, apoptosis-inducing factor.

activated p53 gene does not lead to a further increase in AIF
expression (36,38). There is a p53-binding element in the
first intron of the AIF, and wild-type p53 can induce the
degradation of large DNA fragments by producing activated
AIFs and promote the programmed death of caspase-
independent cells (39). The lack of functional p53 tends to
result in decreased AIF expression in cells but the degree
of reduction in AIF varies from cell to cell. For example,
p53 deletions severely decrease AIF expression in MCF7,
HCT116, and H1299 cells, while some other types of cells
present only a slight reduction in AIF expression following
p53 deletions (40). AIF can interact with eukaryotic
translation initiation factor 3 subunit p44 (eIF'3g) with sites
of action in the C-terminal region of elF3g N-terminus
and AIF. The results of co-immunoprecipitation and
confocal microscopy also confirm the interaction between
AIF and elF3g and demonstrate that elF3g can release
AIF inhibition of protein production (37). Moreover, the
overexpression of mature AIF proteins can be further
amplified by activating caspase-7 and affecting the cleavage
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of elF3g (37). Furthermore, some other molecules, such as
PARP1 (41), Harlequin (42), and PAKS (43), have also been
identified to influence AIF expression directly or indirectly.

Biological function

The biological function of AIF is mainly divided into two
parts, that is, it regulates the redox reaction in normal
cells and exerts a pro-apoptotic effect when stimulated by
apoptotic factors. The specific mechanisms through which
AIF exerts these two biological functions differ but also
intersect.

Role of AIF in death

The apoptotic pathway is divided into an endogenous
endoplasmic reticulum pathway, an endogenous
mitochondrial pathway, and an exogenous death receptor
pathway (Figure 1). AIF-mediated apoptosis belongs to
the mitochondrial apoptotic pathway. AIF is localized on
the mitochondrial membrane, and when stimulated by the
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Figure 2 The relationship between AIF and cell apoptosis. AIF, apoptosis-inducing factor; CPS-6, CED-3 protease suppressor-6; elF3g,

eukaryotic translation initiation factor 3 subunit p44; HHSP70, heat shock protein 70; WAH-1, Worm AIF Homolog.

apoptotic signal, 62 kDa AIF is hydrolyzed into a mature
protein with a relative molecular mass of 57 kDa, which
exhibits apoptotic potential (44,45). After stimulation
by an apoptotic factor, AIF can be translocated from the
mitochondria to the nucleus to induce apoptosis; although
ATIF does not possess the activity of endonuclease itself,
recent evidence suggests that AIF can degrade DNA by
its own and within a degradosome complex consisting of
AIF and its association with proteins such as endonuclease
CypA and histone H2AX, thereby directly leading to
DNA breakage (46). In addition, AIF indirectly exerts its
pro-apoptotic effect by acting on other proteins, such as
EndoG (Figure 2).

EndoG is an endonuclease that is capable of damaging
both DNA and RNA; in mammalian cell apoptosis, EndoG
can exert endonuclease activity, inducing DNA breaks. In
Caenorbabditis elegans (C. elegans), Worm AIF Homolog
(WAH-1) and CED-3 protease suppressor-6 (CPS-6) are
homologs of the mammalian AIF and EndoG, respectively.

© Cardiovascular Diagnosis and Therapy. All rights reserved.

WAH-1 is localized in the mitochondria of C. elegans and
relies on the Bel-2 homology domain 3 (BH3)-binding
protein egg-laying defective-1 (EGL-1) to be released
into the cytoplasm and nucleus in a caspase (CED-3)-
dependent approach. Additionally, WAH-1 interacts with
the mitochondrial digest CPS-6/EndoG to induce DNA
fracture and apoptosis (47).

Mycobacterium bovine can induce bovine macrophage
death via AIF-mediated non-caspase-dependent apoptosis,
and the expression of AIF and EndoG proteins is increased,
indicating that EndoG is involved in the apoptotic process
of bovine macrophages with AIF involvement (48). The
overexpression of HSP70 has been demonstrated to reduce
apoptosis in multiple studies, and part of its mechanism
is thought to be related to HSP70 preventing AIF release
from mitochondria by inhibiting the activation of the
BAX protein (49). With the assistance of nuclear transport
receptors recognizing nuclear localization signal (NLS)1
and NLS2, AIF is translocated from the cytoplasm to
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the nucleus. elF3g facilitates while HSP70 inhibits the
cytonuclear translocation of AIF. After entering nucleus,
AIF binds directly to DNA and causes peripheral chromatin
condensation, which may lead to large-scale chromatin
fragmentation.

At the same time, AIF can also promote apoptosis by
modulating oxidoreductase activity. Some researchers
believe that the oxidoreductase activity of AIF is not
necessary to induce apoptosis, and that the oxidoreductase
function and the induced apoptotic function of AIF can be
completely separated, and that these two functions do not
affect each other (50). In contrast, there are also studies
showing that some redox regions of AIF affect its pro-
apoptotic function, such as the presence of amino acids
509-559 polypeptide at the C-terminal of AIF, which
is not only a redox-related sequence but also serves as a
proteolytic signal and phosphorylation site, regulates the
activity of calpain I, and affects the sensitivity of AIF to
proteases as well as its ability to interact with DNA. This is
critical to initiating caspase non-dependent apoptosis, and
thus, the sequence function changes. Moreover, binding and
dissociation with reduced NADH also affect its apoptosis
function (51,52). Thus, there is a close relationship between
the apoptotic and oxidoreductase activities of AIF; however,
the specific transformation regulation mechanism of these
two processes is still unclear.

In addition, AIF is critical for poly (ADP-ribose)
polymerase-1 (PARP-1)-dependent cell death (parthanatos),
which is a programmed necrotic cell death pathway
characterized by PARP1 hyper-activation resulting in
the transport of AIF from mitochondria to the nucleus,
fragmenting DNA. Parthanatic cell death is a caspase-
independent cell death, and does not induce apoptotic
body formation or small DNA fragmentation, distinct
from apoptosis, necrosis or other types of cell death
(53,54). Parthanatos can be initiated by nitric oxide
production, oxidative stress and extensive DNA damage.
Widespread DNA damage causes overactivation of PARP1,
which catalyzes the formation and accumulation of PAR
polymer. The released PAR enters into cytosol where it
binds AIF making it release from the mitochondria and
translocate into the nucleus, inducing chromatin and
nuclear condensation fragmentation and ultimately leading
to parthanatic death cascade (55). AIF is regarded as the
final executioner of parthanatos, and the AIF-mediated
parthanatos has been broadly involved in the pathogenesis
of various diseases, including nervous systems diseases,
cancers and cardiovascular diseases (56-58).
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Role of AIF in metabolism: molecular basis of its
contribution to metabolic diseases

After AIF was identified, scientists focused on regulating
chromatin coagulation and apoptosis. However, AIF
alone as an apoptosis regulator does not explain many
observations, such as AIF-deficient neurons exhibiting
higher oxidative stress and increased bromodeoxyuridine
accumulation (28,59). At this stage, the focus of researchers
has shifted to the important role of AIF in maintaining
mitochondrial energy metabolism as a mitochondrial
oxidoreductase. Vahsen et al. observed a decrease in the
rate of oxygen consumption in embryonic stem (ES) cells
and increased production of lactate in AIF-knockout mice,
and also found that AIF-deficient mice exhibited decreased
OXPHOS in the retina and brain. This was associated with
the decreased level of complex I subunits, neuronal defects,
and retinal degeneration (60). In addition, recent studies
have found that AIF deficiency in Drosophila larvae induces
the decrease of complex I and complex IV activity, causing
impaired OXPHOS and eventually leading to larval growth
arrest and lethality (61,62). These findings suggest that
AIF plays a significant pro-apoptotic role and also exerts an
important function in the process of mitochondrial energy
metabolism.

AIF also maintains mitochondrial structure and function.
Given the ability of electron microscopy to examine
neuronal cells lacking AIF with broken mitochondria
and abnormal ridges, Cheung et 4/. speculated that AIF is
involved in maintaining the structure of mitochondria (63).
Although AIF is not a constituent of complex I, it can
indirectly regulate the respiratory chain by recruiting and/
or stabilizing the composition of the oxidative respiratory
chain complex I and IIT (26,27). The absence of AIF
affects the expression of cell complex I and its constituent
elements. Human or mouse cells caused to not express
AIF by homologous recombinant small interfering RNA
(siRNA), have significantly weakened oxidative respiratory
chain complex I activity and increased lactate and
glycolysis-dependent ATP production, which can affect
mitochondrial OXPHOS (28). Complete AIF knockout
mice die before birth due to the absence of AIF to induce
the loss of OXPHOS, thereby affecting the activity of
NADH-dependent ferrocyanide reductase, so that the
respiratory chain complex I function is insufficient resulting
in considerable apoptosis (64). Zong et al. argued that the
apoptosis of spiral ganglion neurons caused by abnormal
expression of AIF is also associated with mitochondrial
respiratory activity and impaired membrane potential (65).
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In particular, in a physiological state without apoptotic
stimulation, the down-regulation of AIF expression can
inhibit aerobic respiration in mitochondria, prompting ATP
production to shift to the glycolysis pathway, which is very
similar to the “Warburg effect” of tumor metabolism (27). In
addition, both hypoxia and hypoxia-inducible factor-lalpha
(HIF-1a) overexpression can inhibit the transcriptional
activity of the AIF through targeting hypoxia-response
element (HRE). AIF is also a target gene for HIF-1o in tumor
cells (66,67). In recent years, research on tumor metabolism
has become more comprehensive, and researchers have
focused more on the correlation between mitochondria and
tumors. AIFE, as a key molecule in mitochondria, plays a key
role in maintaining mitochondrial homeostasis and ROS
levels and is related to the development of tumors (43,68).
Specific cases of AIF involvement in the development of
tumors through metabolic regulation will be described in
detail at a later stage.

AIF and metabolic diseases

With the development of a social economy and the
improvement of human material living conditions, obesity,
type 2 diabetes, dyslipidemia metabolism, and non-alcoholic
fatty liver disease (NAFLD) have become common diseases
worldwide, with high incidence rates that are increasing
every year as well as a trend toward younger patients. In
addition, cancer can alter the metabolism of cancer cells
and normal tissues, and then, by combining with internal
and external factors, affects systemic metabolism. As a
mitochondrial protein, AIF is involved in regulating cellular
energy metabolism by modulating mitochondrial structure
and function, and is associated with metabolic abnormalities
in a variety of metabolic diseases.

Diabetes: a metabolic disease that is regulated by AIF-
mediated apoptosis

Diabetes mellitus is a metabolic disorder with a variety
of predisposing factors. Its main clinical features are
hyperglycemia, glucose, fat, and protein metabolism due to
defect in insulin secretion or insulin action. Type 2 diabetes
mellitus (T2DM), the most common type of diabetes in
the clinic, is a complex metabolic disorder characterized by
insulin resistance and islet f-cell dysfunction, which involves
genetic, epigenetic, environmental, and lifestyle factors.
Insulin resistance occurs in the early stages of T2DM,
which, due to structural damage, gradually leads to a
decrease in the ability of B cells to secrete insulin, eventually
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leading to glucose and lipid metabolism disorders (69).
Mitochondrial oxidative stress is known to be a key factor
in the dysfunction of insulin resistance and B cells. Excess
ROS activate downstream apoptotic factors, including
cytochrome C (Cyto-C) and AIF, and induce the apoptosis
of B cells (70). Drugs targeting this mechanism can protect
B cells in mouse models of T2DM from apoptotic death
9,71).

Diabetic complications are a direct threat to the lives
of diabetic patients, including microangiopathies such as
diabetic nephropathy and diabetic retinopathy. Apoptosis
is the pathological basis of diabetic microangiopathy, while
AJF-mediated apoptosis is the molecular basis leading to
increased diabetic apoptosis. By detecting the expression of
anti- and pro-apoptosis molecules in the retinas of diabetic
and non-diabetic patients, it was found that AIF expression
was increased in the retinas of diabetic patients. The
enforced AIF can transport to the nucleus to cause peripheral
chromatin condensation and large-scale fragmentation of
DNA and to deteriorate apoptotic process in a caspase-
independent manner. Thus, the inhibition of AIF nuclear
translocation was the basic mechanism of the neuroprotective
activity of pigment-epithelial-derived factors in rat models
of retinal degeneration (72,73). In addition, in a study on the
apoptosis of retinal pigment epithelial (RPE) cells induced
by oxidative stress, the inhibition of AIF activity significantly
reduced ROS production and RPE cell apoptosis (74).
Therefore, inhibiting the highly expressed AIF in the retinas
of diabetic patients may be a potential method of preventing
diabetic retinopathy.

Mitochondrial diseases and AIFM1 gene mutation

Mitochondria, an organelle that exists in almost all
eukaryotes, are the energy factories of cellular activity. Its
main function is the OXPHOS synthesis of ATP, which
is the site of the final oxidative release of substances such
as sugars, fats, and amino acids. In general, the number of
mitochondria in cells determines the level of metabolism;
the more vigorously metabolized the cell, the more
mitochondria there are. Therefore, mitochondrial function
and structural abnormalities can cause metabolic diseases.
Mitochondrial disease refers to a group of heterogeneous
lesions induced by genetic defects that cause mitochondrial
metabolic enzymes, resulting in ATP synthesis disorder
and insufficient energy sources. Mitochondrial diseases
usually involve multiple organs, and the organs which
are highly ATP-dependent, such as the brain and skeletal

muscle, are the most severely affected. They are clinically
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manifested as mitochondrial myopathy and mitochondrial
encephalomyopathy.

In recent years, an increasing number of AIFMI
pathogenic mutations have been reported to be associated
with mitochondrial diseases. The AIFIMI pathogenic
mutation was initially observed in male infants born from
identical twin sisters (75). It was found that deletions of
trinucleotides in exon 5 of the X-linked AIFM1 gene
resulted in a FAD-binding domain. In addition, the
AIF variant appeared to have folding features that were
comparable to wild-type AIF; Nevertheless, AIF mutant
polypeptides show weak FAD binding, which in turn leads
to abnormal redox properties (76).

Subsequently, maternal heterogeneous mutations in the
9" exon of the AIFM1 gene result in AIF variants, which
replace glycine (G308E) of 308 residues with glutamic acid,
severely interfering with the AIF redox activity and NADH
affinity (77). Another mistaken AIFMI gene mutation was
found in an American-Italian family where the substitution of
glutamic acid-valine at residue 493 (E493V) led to hereditary
Cowchock syndrome, which is a child-onset Charcot-Marie-
Teeth disease (78). Recently, multiple clinical reports have
described multiple pathogenic mutations of the AIFM]I gene,
such as 12 mutant residues located in the two FAD-binding
fragments [D237G (79), F210 L and F210S (80), V243 L (81),
R201 del (75), T260A, G262S (82); R430C, R451Q, A472V,
P475L, R422W and R422Q (3); Q479R (83)], four mutations
within the NADH binding domain [G308E (77), G338E (84),
L344F and G360R (3)], and three mutations located in the
C-terminal region of the AIF protein [E493V (78), V498
M and I591M (3)]. In addition, it is notable that G3071
mutation can affect AIF at the molecular level, while E493V,
DR201, and G308E mutations regulate human AIF stability;
In particular, DR201 induces a population transfer to a less
stable conformation, thereby remodeling the structure and
dynamics of active sites (20,23). However, to date, little
is known about the molecular mechanisms of OXPHOS,
mitochondrial function, and apoptosis alterations caused by
AIF mutations.

Cancer metabolism: AIF is deeply involved and
potential drug targets

In the 1920s, Warburg observed that iz vitro tumor tissue
sections produced lactic acid using large amounts of
glucose even in the presence of oxygen, a phenomenon
defined as aerobic glycolysis or the Warburg effect (85,86).
In recent decades, with the development and application
of technology, researchers have not only revealed tumor
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heterogeneity and plasticity but have also discovered new
metabolic pathways to maintain tumor growth. It has
also been gradually established that tumorigenesis and
development require the metabolic reprogramming of tumor
cells. Tumor cells autonomously alter their fluxes through
various metabolic pathways to meet increased bioenergy
and biosynthetic needs and to alleviate the oxidative stress
required for tumor cells to proliferate and survive. The
depletion of certain nutrients may occur in the tumor
microenvironment (TME), which maintains tumor cell
proliferation by inducing nutrient clearance mechanisms,
forcing tumor cells to adapt. In addition, tumor cell
metastasis is the leading cause of death in cancer patients,
and efforts have been made to explore how metastatic
cells regulate metabolism. It is worth noting that AIF is
abnormally expressed in multiple tumor tissues, such as lung
cancer (27,68), breast cancer (43), pancreatic cancer (87),
colorectal cancer (88), renal cell cancer (66), etc. At the
same time, it has been demonstrated that down-regulating
the expression of the AIF in the physiological state without
apoptosis stimulation can inhibit aerobic respiration in
mitochondria, prompting the ATP production to shift
to the glycolysis pathway, which displays an effect that is
consistent with the “Warburg effect” (27).

Hypoxia is a distinguishing feature of the TME, and we
have previously described that both hypoxia and HIF-1a can
have an impact on the transcriptional activity of AIF. Studies
on colorectal cancer tissues and cell lines have shown that
hypoxia can negatively regulate the expression of AIF, and
AIF deletion can promote the inactivation of phosphatase
and tensin homolog (PTEN)-induced OXPHOS and
activate the protein kinase B (Akt)/glycogen synthase kinase
3 (GSK-3)-3/B-catenin signaling pathway, promoting tumor
metabolic metabolism, and related signaling pathways to
promote tumor epithelial interstitial transformation (66).
Yang et al. found that overexpression of the CHCHD4
protein molecule increases the stability of HIF-1a under
low-oxygen culture conditions, thereby regulating tumor
cell growth and metastasis (89). It is worth mentioning that
researchers have found that AIF and CHCHD4 can directly
bind to and regulate the biosynthesis of mitochondrial
respiratory chains, and play a critical role in the regulation
of cellular energy metabolism processes (90). AIF is also
an essential control factor for regulating the mitochondrial
transport process of CHCHD4 translation coupling (24,91).

Furthermore, AIF, as an inducer of cell death, is necessary
for specific stimuli-induced apoptosis pathways. Some studies
have confirmed that it has anti-tumor activity (92); however,
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Table 2 Summary of drugs targeting AIF for the treatment of malignant tumors

Cancer type Drugs and mechanism Ref.
Melanoma Salmonella engineered with an AIF eukaryotic expressing system (99)
Lung cancer Montelukast: induces cell death via the nuclear translocation of AIF (100)
Bone morphogenetic protein inhibitors: induces apoptosis via AIF (101)
Mitochondria targeting agents: induces apoptosis via AlF (101)
Ovarian cancer IFN-02a: induces cell death via the nuclear translocation of AIF (102)
Diarylheptanoid hirsutenone: enhances chemotherapy sensitivity (103)
Melanoma skin cancer Sanggenol L: promotes apoptotic cell death via the activation of caspase cascades and AIF (104)
Colorectal cancer Denbinobin: induces apoptosis by AlF release and DNA damage (105)
Breast cancer Capsaicin: AlF-mediated mitochondrial dysfunction (1086)
Dioscin: induces caspase-independent apoptosis through AIF activation (107)
Vitamin C: induces apoptosis via AIF (108)
Prostate cancer Crude saponins: induces caspase-independent apoptosis via AlF activation (109)

The table is restricted to publications with the term “AIF” in the title. AIF, apoptosis-inducing factor; IFN, interferon.

recent studies have shown that AIF has a survival-promoting
effect, and high AIF expression has a certain pro-tumor
activity. The overexpression of AIF protects malignantly
transformed colorectal cancer cells from apoptosis under
stress (93). This protective effect will lead to a modest
increase in the level of oxidation in conventional cells, which
is consistent with the role of AIF in regulating cellular ROS
levels (94,95). Oxidative stress due to increased ROS is
common in numerous types of tumorigenesis and models
of tissue ischemia due to low blood flow (36,95). While
high levels of oxidative stress inhibit tumor development,
chronically increased oxidative stress continues to activate
cellular stress pathways, resulting in malignant transformation
or other biological behaviors in cells (96).

Moreover, ROS produced in multiple cell types acts
as a signaling molecule to promote cell proliferation by
activating relevant pathways (97). In developing tumor cells,
ROS can affect the ingestion and consumption of glucose
by tumor cells and the synthesis of cell macromolecules by
modifying changes in the way cells are metabolized (98).
Therefore, AIF overexpression can promote tumorigenesis
by regulating oxidative stress and metabolic activity, and
targeted AIF has the potential to treat malignancies (Table 2).
For instance, attenuated Salmonella engineered with AIF
eukaryotic expressing system triggers a decent anti-tumor
effect in melanoma, providing a potential reagent for
cancer therapy (99); Montelukast, a widely used drug for
treating allergic asthma and rhinitis, was revealed to induce
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lung cancer cell death via the nuclear translocation of
AIF, indicating a potential utility of montelukast in cancer
prevention and treatment (100).

Strengths and limitations

This study conducts a comprehensive review of the
molecular mechanism of AIF in metabolic mediation and
metabolic diseases, as well as the AIF-mediated apoptotic
process, which helps us obtain a better understanding of
AlF-mediated death and AIF-related metabolic diseases.

However, limitations still exist in this review as some
mechanisms are still unclear and require further study, such
as the relationship between AIF and ROS, whether AIF can
clear ROS or induce ROS production, and whether these
two contradictory phenomena are related to the localization
of AIF or have cell specificity. Furthermore, the mechanism
through which AIF within the nucleus induces chromosome
condensation and DNA breakdown into large fragments,
and the specific mechanisms by which AIF interacts with
those factors in this process is also needs to be further
investigated.

Conclusions

AIF exerts redox and pro-apoptotic activities, both of which
ensure that it plays an important role in metabolic diseases.
AIF, as an apoptotic-inducing factor, can promote apoptosis
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under the induction of apoptosis signals, which will become
the pathological basis for some metabolic diseases, such as
diabetes. Also, AIF affects the assembly of complex 1 as well
as its stability and mitochondrial function. AIF mutations
will directly induce mitochondrial dysfunction and lead
to mitochondrial metabolic diseases, and its abnormal
expression will also cause tumor cell metabolism changes
by affecting the respiratory chain. However, AIF-mediated
apoptosis or metabolic function influences each other.
Interfering with the metabolic function can inadvertently
cause apoptosis and interfering with the apoptosis function
has the potential to alter metabolism in a pathologic
manner. Hence, pathological mechanisms underlying
AIF-influenced metabolic diseases are complicated and
multifaced.
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