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ONE SENTENCE SUMMARY

We summarized the involvement of FOXO proteins in modulating mitochondrial structure and function across diverse
conditions, including cerebral ischemia and Alzheimer’s disease.

ABSTRACT

Transcriptional control is a pivotal mechanism governing various cellular processes. FOXO proteins, a subgroup of the
forkhead family of transcription factors, play a key role in determining cell fate. The localization and function of
FOXO proteins are regulated by post-translational modifications to control target gene expression, with a pronounced
impact on various aspects of mitochondrial function, including mitochondrial dynamics, biogenesis, and quality control.
Mitochondria stand out as the primary target of FOXO transcription factors, which recruit downstream signaling fac-
tors to govern mitochondrial processes. Essential signaling pathways are modulated by FOXOs, exemplified by their
regulation of mitochondrial biogenesis through SIRT1-Pgc1a and NRF1-TFAM, as well as their influence on mitochon-
drial dynamics involving Mfn1, Mfn2, Drp1, and Fis1. Furthermore, FOXOs demonstrate the ability to upregulate and
downregulate genes that serve as modulators in oxidative and apoptosis cascades. The functional role of FOXO pro-
teins is highly context-dependent, varying with cell type, organ, and specific FOXO isoform. Notably, FOXOs emerge
as prominent players in various pathological conditions, including ischemic conditions, neurodegenerative diseases,
cancer, and metabolic disorders. Unraveling the complex role of FOXOs in mammalian cell pathology positions them
as promising therapeutic targets receptive to pharmacological treatment. This review aims to provide insights into the
intricate roles of FOXOs in mitochondria, illuminating their potential as therapeutic targets amenable to pharmacologi-
cal intervention in diverse pathological contexts, particularly in ischemic stroke and Alzheimer’s disease.
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List of abbreviations:

FOXO Forkhead box class O
AD Alzheimer’s disease
NRF1/2 Nuclear respiratory factor 1/2
TFAM Mitochondrial transcription factor A
MFN1 Mitofusin-1
MFN2 Mitofusin-2
AMPK AMP-activated protein kinase
Drp1 Mitochondrial dynamin-related protein 1
Fis1 Mitochondrial fission 1
mtDNA Mitochondrial DNA
T1DM Type 1 diabetes
T2DM Type 2 diabetes

STAT3 Signal transducer and activator of transcription 3
ROS Reactive oxygen species
OXPHOS Oxidative phosphorylation complex
PI3K Phosphoinositide-3-kinase
JNK c-Jun N-terminal kinase
NADH Nicotinamide adenine dinucleotide
ERK Extracellular signal-regulated kinase
SIRT1 Silent information regulator 1
SOD Superoxide dismutase 2
ER/PR Estrogen and progesterone receptor
ILGS Insulin-like growth factor signaling
Ab b-amyloid
IP3R Inositol 1,4,5-trisphosphate receptors
PLK1 Polo-like kinase 1

ORGANELLE | (2024) 1:2 | https://doi.org/10.61747/0ifp.202403001 Copyright © 2024 Organelle Interface Publishing 1
https://www.organelles.org

ORGANELLE

mailto:Hongmin.wang@ttuhsc.edu


INTRODUCTION

Transcription factors serve as pivotal regulators that coordinate and
harmonize a variety of cellular functions. The forkhead box class
O proteins (FOXOs) are a subgroup of the forkhead family of tran-
scription factors that consist of four structurally and functionally
related proteins: FOXO1 (also referred to as FKHR), FOXO3
(also known as FOXO3a), FOXO4 (also known as AFX1), and
FOXO61,2. These proteins represent mammalian homologs of daf-
16 in C. elegans, and were originally identified as tumor suppres-
sors; oxidative stress sensors; and cell survival modulators to regu-
late cell survival, proliferation, metabolism, response to oxidative
stress, apoptosis, and aging3. Under oxidative stress or the absence
of the cellular survival drive of growth factors, FOXOs translocate
to the nucleus and upregulate a series of target genes, thereby pro-
moting cell growth arrest and apoptosis4,5.

Mitochondria, the intracellular organelles responsible for cel-
lular respiration, play a fundamental role in mammalian cells.
Mitochondrial functions are mainly controlled by their biogene-
sis, dynamics, and autophagy. Structurally, mitochondria are
composed of four distinct parts: the outer membrane, intermem-
brane space, inner membrane, and matrix. While the outer mem-
brane is highly permeable, the inner membrane exhibits limited
permeability6–8. Within the inner membrane of mitochondria,
five oxidative phosphorylation complexes facilitate the produc-
tion of ATP from ADP, utilizing NADH and oxygen. Accumulating
evidence highlights a significant role of FOXOs in regulating

mitochondrial structure and function, thereby governing cell sur-
vival and death. This review aims to summarize current knowledge
regarding the connections between FOXO signaling and regulation
of mitochondrial structure and function in both physiological and
neuropathological conditions, including ischemic brain injury and
Alzheimer’s disease (AD).

FOXOS PROTEINS AND THEIR INTRACELLULAR
TRAFFICKING AND TURNOVER

Among the four members of FOXO proteins, FOXO1, FOXO3, and
FOXO4 are ubiquitously expressed, while FOXO6 is specifically
expressed in the liver, skeletal muscle, and the hippocampus9,10. The
intracellular trafficking of FOXO proteins, dictated by post-transla-
tional modifications (PTM), especially phosphorylation and dephos-
phorylation, as well as extracellular and intracellular signals,
determines their ability to bind to DNA in the nucleus11,12 (Figure 1).
The forkhead domain of FOXO acts as a DNA-binding domain, influ-
encing the transcription of target genes and the expression of associated
proteins upon binding. Similar to many other transcription factors,
FOXOs undergo PTMs, such as Akt-mediated phosphorylation that
help the proteins localize in the cytoplasm where they bind to 14-3-3
proteins13,14. On the other hand, phosphorylation of FOXO proteins
facilitates their degradation through the ubiquitin-proteasome system15.
It is also noted that ubiquitylation of FOXOs confers different effects
on FOXO functions: polyubiquitylation of FOXO1 and FOXO3

Figure 1. FOXOs modulate mitochondrial dynamics, biogenesis, quality control, and ROS production
Nutritional stress or starvation dephosphorylates FOXOs, while insulin, growth factors, PI3K, Akt, and ADK1 phosphorylate FOXOs. Dephosphorylated FOXOs translocate into
the nucleus to act on their target genes, including those regulating mitochondrial dynamics, biogenesis, quality control, and ROS production. However, polyubiquitination of
FOXOs mediates the proteins to the proteasome for degradation, resulting in removal of the proteins.

PERSPECTIVE

2 Organelle Interface Publishing



enhances their degradation by the proteasome (Figure 1), whereas
monoubiquitylation of FOXO4 leads to its nuclear localization and
thereby increases transcriptional activity10.

FOXOS REGULATE MITOCHONDRIAL BIOGENESIS

FOXO proteins play crucial roles in modulating mitochondrial bio-
genesis. In response to environmental changes and various physio-
logical conditions, such as growth factors, nutritional variations,
and oxidative stress, the expression level and activities of FOXO
proteins are altered among different cells and organ types16. Of the
four FOXO proteins, FOXO1 has emerged as a key player in mito-
chondrial function and biogenesis (Figure 1). For instance, glucagon
regulates mitochondrial biogenesis through FOXO1 in hepatocytes,
and deleting the FOXO1 gene results in the loss of mitochondrial
function. Glucagon activates intracellular signaling, leading to
FOXO1 activation and subsequently increasing nuclear respiratory
factor 1(NRF1), mitochondrial transcription factor A (TFAM), and
mitofusin-2 (MFN2)17. Pgc1a, an essential factor for mitochondrial
biogenesis activated by SIRT1, is influenced by FOXO1 upstream,
and NRF1-TFAM which acts downstream of the SIRT1-Pgc1a cas-
cade. In response to ischemia-reperfusion injury, however, FOXO1 is
upregulated, which is associated with decreased mitochondrial bio-
genesis in the kidney. Importantly, pre- and post-treatment of mice
with a selective FOXO1 inhibitor promotes mitochondrial biogenesis,
reduces ROS production and apoptosis, and suppresses mitophagy in
the kidney18. In liver cells, one study has shown that nobiletin, a natu-
ral flavonoid with antioxidant property, could activate the SIRT/
FOXO3 and PGC-1a pathways and elevate the expression of proteins
that control mitochondrial dynamics and biogenesis. In contrast, inhi-
bition of SIRT/FOXO3 abolished the beneficial effects of nobiletin19,
suggesting the effect of nobiletin is mediated via SIRT/FOXO3. In
cardiomyocytes, FOXO3 also has a protective effect in cardiotoxic
conditions via inhibition of Fis1 expression20. However, there is lim-
ited evidence about the role of FOXO6 in mitochondrial biogenesis.

FOXOS REGULATE MITOCHONDRIAL DYNAMICS

Mitochondrial dynamics, encompassing parameters such as number,
morphology, transport, and quality of mitochondria within cells,
play a pivotal role in regulating various cellular processes, impact-
ing cellular metabolism, proliferation, differentiation, cell division,
and overall cell function. Several FOXO downstream pathways,
including AMP-activated protein kinase (AMPK), mitochondrial
fusion proteins (Mfn1, Mfn2), mitochondrial dynamin-related pro-
tein 1 (Drp1), mitochondrial fission 1 protein (Fis1), the dynamin
superfamily of GTPases, and FOXO proteins, intricately govern mi-
tochondrial dynamics21. In hepatocytes, for instance, FOXO1 up-
regulates Mfn1 and Mfn2 while down-regulating the main fission
proteins Drp1 and Fis1 (Figure 1). This orchestrated regulation
results in enlarged mitochondria21. However, in some pathological
conditions, FOXO1 appears to have an adverse effect on mitochon-
drial dynamics by disrupting the process, leading to deformed mito-
chondria, reduced ATP levels, and abnormal cellular function,
whereas deleting the FOXO1 gene can restore normal mitochon-
drial morphology and ATP production18,22. These data underscore
the central role of FOXO1 in regulating mitochondrial dynamics.

The role of FOXO3 in mitochondrial dynamics, particularly in
cardiomyocytes and stem cells, is intricate. In cardiomyocytes,
FOXO3 inhibits mitochondrial fission by suppression of Fis1 pro-
tein expression, conferring cardio protection. Interestingly, FOXO3
also demonstrated the enhancement of mitochondrial fission and

myocyte death by promoting mitochondrial fragmentation mediated
via Drp123. It remains unknown why these different experiments
lead to conflicting results but one possibility for this may be that dif-
ferent experimental conditions and model systems were used in the
studies.

To date, no reports have been published regarding the roles of
FOXO4 and FOXO6 in mitochondrial dynamics. Abnormalities in
mitochondrial dynamics are associated with a variety of diseases,
including neurodegenerative disorders and some cancers that ex-
hibit defects in mitochondrial dynamics. There is limited research
about the role of FOXO6 in mitochondrial homeostasis. In aged rat
kidney tissue culture, calorie restriction upregulates FOXO6 and
increases FOXO6 activity, which contribute to age-related oxidative
stress modification24.

FOXOS REGULATE MITOCHONDRIAL QUALITY
CONTROL

Mitochondrial quality control is integral to maintaining a healthy
mitochondrial population within cells. It encompasses proteostasis,
mitochondrial dynamics, mitochondrial biogenesis, and mitochon-
drial autophagy (or mitophagy), collectively working to regulate the
number and health of mitochondria (Figure 1). The balance between
autophagy and biogenesis of mitochondria is crucial in defining mi-
tochondrial turnover25,26. Additionally, mtDNA plays a pivotal role
in quality control, as its heterogeneity and mutations can impact
protein diversity, membrane potential, the oxidative electron transport
complex, mitochondrial biogenesis, and overall functionality27,28.

In the context of aging-related conditions, exercise interventions
in old rats with sarcopenia demonstrated a down-regulation of the
phosphorylation of Akt, mTOR, and FOXO3, accompanied by
increased p-AMPK. This orchestrated response of signaling mole-
cules regulates autophagy and mitochondrial quality control, having
a beneficial effect on ameliorating sarcopenia by modulating Akt/
mTOR and Akt/FOXO3 signaling, ultimately contributing to
enhanced mitochondrial quality control29. Moreover, the deletion of
FOXO genes, including FOXO1, 3, and 4, increased muscle strength
in young and aged mice. This effect was attributed to suppression of
atrophic factors, including Gadd45a and Ube4a. Additionally, FOXO
gene deletion improved mitochondrial function by preserving the oxi-
dative phosphorylation complex (OXPHOS) in both young and aged
groups30.

In diabetes mellitus, rats with type 1 or type 2 diabetes (T1DM or
T2DM, respectively) exhibited excessive FOXO1 activation in the
myocardium and decreased activation of signal transducer and acti-
vator of transcription 3 (STAT3). Vice versa, selective inhibition of
FOXO1 activation, either through a specific FOXO1 inhibitor
(AS1842856) or through FOXO1 siRNA transfection, improved
STAT3 activation, mitophagy, mitochondrial fusion, and reduced
the mitochondrial fission in isolated cardiomyocytes exposed to
high glucose. This intervention also alleviated cardiac dysfunction
and pathological damage, improving STAT3 activation, mitophagy,
and mitochondrial dynamics in diabetic db/db mice. Furthermore,
AS1842856 enhanced mitochondrial function, as indicated by
increased mitochondrial membrane potential and adenosine triphos-
phate production, and decreased production of mitochondrial reac-
tive oxygen species (ROS) in isolated cardiomyocytes exposed to
high glucose31. These findings underscore the intricate connections
between FOXO proteins, mitochondrial quality control, and the
pathophysiology of various conditions, offering potential avenues
for therapeutic intervention.
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FOXOS REGULATE MITOCHONDRIAL GENE EXPRESSION
AND DNA PROLIFERATION

Various nucleus-encoded transcription factors, such as mtTFA, NF-
κB, p43, T3, CREB, p53, and Stat3, translocate to the mitochondria
to regulate mitochondrial gene transcription and translation32,33.
The OXPHOS complexes, encoded by both mitochondrial and nu-
clear genomes, are influenced by FOXO3 to regulate complex syn-
thesis in mitochondria34. The role of FOXO proteins in regulating
mitochondrial DNA replication via DNA polymerase subunit
gamma, TFAM, or other molecular machinery remains poorly
understood. A recent study identified a signaling pathway, AMPK–
FOXO–IP3R, as responsible for neurological defects resulting from
mtDNA mutation35. This highlights the intricate and multifaceted
involvement of FOXO proteins in mitochondrial structure and func-
tion, underscoring the need for further research to elucidate their
diverse roles and potential therapeutic implications.

FOXOS REGULATE ROS PRODUCTION AND APOPTOSIS

ROS are natural by-products of aerobic metabolism when NADPH
utilizes molecular oxygen as a substrate to generate ROS36. While
mitochondria are the primary sites of ROS generation, external fac-
tors such as hypoxia can exacerbate free radical conditions37. In
cases where antioxidant systems fail to detoxify excessive ROS,
oxidative stress ensues, leading to structural alterations and dam-
ages of DNA, lipids, and proteins; inflammation; and apoptosis. A
substantial body of evidence highlights the crucial role of FOXO
proteins in maintaining ROS and antioxidant balance at the cellular,
organ, and systemic levels38. FOXO proteins modulate oxidative
stress by influencing the levels of proteins that directly and indi-
rectly control the antioxidant system. Notably, FOXO proteins en-
hance the antioxidative effect by upregulating metalloproteins39–41,
SOD, catalase42, DNA repair proteins, and selectively degrading oxi-
datively targeted proteins43,44. While FOXO3 has been demonstrated
to induce genes that protect against ROS, suggesting a critical role in
maintaining low cellular ROS levels, recent findings indicate that
FOXO3 may also elevate mitochondrial ROS levels in primary neu-
rons and neuroblastoma cells45. In a neural cell culture model of
spinocerebellar ataxia type 3, FOXO4 and ataxin migrate to the nu-
cleus, enhancing FOXO4 binding to the SOD2 gene promoter, lead-
ing to reduction of ROS and cytotoxicity42.

During myogenesis, PGC-1a acts as a buffer against oxidative
stress that typically occurs in the differentiation phase by promoting
the expression of antioxidant enzymes. Downregulation of PGC-1a
impairs antioxidant expression, leading to a burst of ROS and oxi-
dative damage to proteins. Simultaneously, there is a reduction in
mitochondrial mass and function, accompanied by increased
mitophagy through the ROS/FOXO1 pathway46. These intricate
regulatory mechanisms highlight the interconnected roles of FOXO
proteins, SIRT3, and PGC-1a in maintaining cellular redox homeo-
stasis and mitochondrial function.

FOXOS IN PATHOLOGICAL CONDITIONS

FOXOs in ischemic brain injury
In many studies, the overall FOXO expression and activities were
shown to increase in the condition of ischemic stroke (Figure 2).
The role of FOXO proteins in ischemic stroke was first elucidated

by Won et al., who investigated the activation of FOXO1 and its
involvement in cell death. Activation of FOXO1 was found to be
associated with reduced Akt activity following ischemic stroke47.
Recent studies have indicated that Epoxyeicosatrienoic acids (also
known as 15-EET) can upregulate SIRT1 expression and phospho-
rylate FOXO1 through AMPK phosphorylation. This signaling cas-
cade optimizes mitochondrial dynamics, alters fission and fusion,
maintains neuronal morphological and structural integrity, and miti-
gates neurological defects induced by cerebral ischemia/reperfusion48.
Among the FOXOs proteins, the FOXO3 isoform is well-studied

in the condition of cerebral ischemia. In transient cerebral ische-
mia, FOXO3 demonstrated a decrease in the hippocampal CA1
region during the acute phase (12 hours) but exhibited a marked
increase in total expression three days post-ischemia, with peak im-
munoreactivity observed on day 5 after ischemia49. In a mouse mid-
dle cerebral artery occlusion stroke model and primary neuronal
culture of the transient ischemic stroke model, miR-182 inhibi-
tion protected blood-brain barrier integrity by reducing endothelial
cell apoptosis through the mTOR/FOXO1 pathway. Rapamycin/
AS1842856, an mTOR/FOXO1 pathway inhibitor, also showed
similar beneficial effects50.
Ischemic pre-conditioning can upregulate Akt activity, leading to

FOXO inhibition and promotion of neuronal survival against subse-
quent severe ischemic insults51. Despite structural and functional
similarities, different FOXOs have diverse physiological roles in
mammals52,53. For instance, downregulation of FOXO4 suppresses
oxidative stress-induced cell death in proangiogenic cells, promoting
neovascularization in ischemic limbs54. Conversely, in the human ade-
nocarcinoma colon cancer cell line, the expression of FOXO proteins
strongly counters mitochondrial ROS production55.
FOXOs also modulate inflammation, a major mechanism that indu-

ces brain injury following ischemic stroke56,57. In the heart, a study
suggested FOXO4 was involved in mediating inflammation follow-
ing cardiac ischemia, via enhancement of the interaction of leuko-
cytes with the endothelial cells of blood vessels thereby promoting
early tissue inflammation58. A comprehensive understanding of the
biological functions of FOXOs in ischemic stroke-induced cell
death holds the potential for the development of effective therapeu-
tics for treating this disorder.
While numerous reports discuss the effects of ischemia on mito-

chondrial dynamics, only a very limited number of publications link
FOXO proteins to mitochondrial dynamics following brain ische-
mia48. Therefore, additional studies are needed to better understand
the role of FOXOs in mitochondrial dynamics in response to the is-
chemia and/or reperfusion condition.

FOXOs in Alzheimer’s diseases
In addition to regulating neural cell differentiation59,60 and develop-
ment of the nervous system, FOXO proteins may also be involved
in the pathogenesis of AD61,62. Besides post-translational modifica-
tions, the trafficking of FOXOs across the cell plays a crucial role in
cellular control in the central nervous system. The insulin-like
growth factor signaling (ILGS) and c-Jun N-terminal kinase (JNK)
pathways define the trafficking of FOXO proteins. ILGS, a con-
served pathway, is integral to cell function in the CNS, and dysfunc-
tion in this pathway is associated with T2DM, with FOXO being a
key component of this signaling pathway63. Given the common
age-related factor between T2DM and AD, FOXO proteins could
represent a common influence in both conditions, especially consid-
ering the observed association between T2DM and an increased
risk of AD progression. In aged mice, FoxO3 protein is reduced in
the cortex. A study using the FOXO3-deficient mice has revealed
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that loss of FOXO3 led to cortical astrogliosis and altered lipid me-
tabolism. This is associated with impaired metabolic homeostasis
and b-amyloid (Ab) uptake in primary astrocyte cultures64.
Notably, mitochondrial dysfunction and structural changes are rec-
ognized as early events in the cell death and pathology of AD65–67,
reinforcing the potential involvement of FOXO proteins in the de-
velopment and progression of AD through mitochondrial changes.

Another significant mechanism in AD pathophysiology is neuro-
inflammation, which is linked to mitochondrial damage, mitochon-
drial DNA damage, and overactivation of glial cells in the brain68,69

(Figure 2). Functionally, FOXO protein activity is negatively regu-
lated by phosphorylation via the phosphoinositide-3-kinase (PI3K)-
Akt pathway, a well-established cell survival pathway4,5. In AD
conditions, amyloid-beta (Ab) inhibits the Akt signaling path-
way70–73, activating FOXOs and contributing to neurodegenera-
tion74–76. Specifically, FOXO3 has been implicated in Ab-induced
mitochondrial dysfunction in cultured neurons77. FOXO3 is important
in restraining astrocyte proliferation during proinflammatory cytokine
stimulation, while loss of function of FOXO3 may be responsible for
the proliferation of astrocytes in the severe form of reactive astroglio-
sis78. These findings underscore the intricate involvement of FOXO
proteins in the complex pathophysiology of AD, offering potential ave-
nues for further exploration and therapeutic intervention.

THERAPEUTIC POTENTIAL OF TARGETING FOXOS

The wealth of publications and data from experimental and clinical
research converge on the consensus that FOXO proteins hold signif-
icant therapeutic potential in diverse fields, including metabolic

diseases, neurodegenerative disorders, and ischemic diseases. Much
of this potential is attributed to their pivotal role in mitochondrial
control. The FOXO signaling pathway is increasingly considered a
promising avenue for the treatment of neurodegenerative diseases,
such as AD and dementia, both of which encompass mitochondrial
damage, oxidative stress, excitotoxicity, b-amyloid (Ab), and tau
toxicity in their pathophysiology79–82. Given the limited efficacy of
current therapies for these conditions, the focus is shifting towards
addressing core cellular mechanisms, with the mammalian FOXO
pathway emerging as a novel target with therapeutic potential.
Pharmacological agonists and antagonists, including compounds
like Actinomycin and Rapamycin that target FOXOs or their
upstream and downstream pathways, are being explored for their
potential in designing therapeutic interventions.

In the realm of cancer, FOXO proteins play a crucial role in mod-
ulating cancer cells through mitochondria-dependent apoptosis and
autophagy83. This opens the possibility of designing various inhibi-
tors or agonists for application in cancer treatments. Among intra-
cellular organelles, mitochondria stand out as key players in
determining cell fate during cancer, and FOXO proteins exert their
influence through orchestrating mitochondria-dependent processes,
like apoptosis and autophagy84. The tissue-specific nature of FOXO
roles underscores the potential for designing various inhibitors or
agonists tailored for application in different cancers. FOXO1, in
particular, has been identified as a tumor suppressor in a wide range
of cancers85. For instance, in prostate cancer, the Polo-like kinase 1
(PLK1)-dependent phosphorylation of FOXO1 suppresses FOXO1
transcriptional activity in the nucleus, leading to its concentration in

Figure 2. FOXOs regulate neuronal injury in the ischemic brain and Alzheimer’s disease
In the condition of ischemic brain injury and Alzheimer’s disease, the level and post-translational modifications of FOXO proteins are altered, thereby causing changes to mito-
chondrial structure and function, which lead to cell death.
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the cytoplasm. This process hinders the expression of proapoptotic
proteins, contributing to cancer progression85,86. The multifaceted
roles of FOXO proteins in cellular processes make them intriguing
targets for therapeutic strategies across diverse pathological condi-
tions87, emphasizing the need for continued research to fully unlock
their therapeutic potential.

In addition, FOXO proteins also crosstalk with other signaling
pathways at various levels, influencing regulation, downstream cas-
cades, and cellular biological functions. Numerous nuclear proteins
involved in mitochondrial homeostasis are potential participants in
the FOXO pathway, contributing to the intricate network of cellular
regulation88. Acetylation and phosphorylation, for instance, conjoin
FOXO1 and P53 to express common genes related to cell cycle
arrest and mitochondrial-induced apoptosis89. Nuclear respiratory
factor-1 and -2 (NRF-1/2) interact with PGC-1a, resulting in anti-
oxidative and protective effects after ischemia-reperfusion injury,
and evidence suggests interactions with the FOXO pathway90. The
role of mitochondrial biogenesis in renal injury has been shown
in other studies91. Moreover, OXPHOS complex proteins, encoded
by both mitochondrial and nuclear genomes, are influenced by
FOXO3, or activated by AMPK and ERK, to regulate oxidative
phosphorylation34. Conversely, the OXPHOS complex is controlled
by PGC-1a and nuclear steroid receptors (ERs and PRs)92,93.
Understanding the crosstalk of FOXO proteins with these pathways
would provide insights that can aid in developing more effective
pharmaceutical compounds targeting processes such as autophagy
and apoptosis, particularly in the context of various acute and
chronic neurological diseases, such as ischemic stroke and AD.
This nuanced understanding of interconnected pathways enhances
the potential for targeted therapeutic interventions.

CONCLUSIONS AND FUTURE DIRECTIONS

Mammalian FOXO proteins represent a crucial transcription factor
family with significant physiological expression and a key role in
cell function. The intricate relationship between FOXO proteins
and mitochondria, the primary organelle that is involved, leads to
transcriptional effects culminating in processes such as apopto-
sis, autophagy, and mitophagy48. The regulation of mitochondrial
function and structure is highly dependent on the localization of
FOXO proteins, a process determined by phosphorylation, acety-
lation, and ubiquitination38. The regulatory role of FOXO pro-
teins extends to mitochondrial biogenesis, dynamics, and quality
control16. Owing to the diverse and tissue-specific roles of
FOXO proteins, FOXOs are potential targets for both acute and
chronic neurological diseases77,94.

In connection with the role of FOXO proteins in cells and tissues,
there are many questions that need to be addressed in future
research. For example, how does the function of each of these pro-
teins in a specific tissue and cell in physiological conditions com-
pare to conditions such as cancer in those tissues or organs?
Continued research is crucial to unravel the intricacies of FOXO
signaling and to develop targeted pharmacological interventions for
various pathological conditions. By exploring these interactions,
we hope to shed light on the dynamic interplay between the nu-
cleus and mitochondria, unveiling their collective impact on cellu-
lar processes and the manifestation of various health and disease
conditions.

In summary, FOXOs are important transcriptional factors either
indirectly or directly regulating various cellular functions, including
cell survival and death, through modulating mitochondrial structure

and function. A better understanding of their role in brain cells in
some pathological conditions, such as in ischemic stroke and
Alzheimer’s disease, will facilitate identification of therapeutic
agents in treating these diseases.

AUTHOR CONTRIBUTIONS

YAwrote the first draft of the manuscript; HWedited the work. Both YA and HW con-
tributed to preparing the figures.

FUNDING

This work was supported in part by the NIH/NINDS NS124846 and NIH/NIA
AG072510. Any opinions, findings, conclusions, or recommendations expressed in this
material are those of the authors and do not necessarily reflect the views of the NIH.

REFERENCES

1. Ioannilli L., Ciccarone F., and Ciriolo M.R. (2020). Adipose tissue and FoxO1:

bridging physiology and mechanisms. Cells. 9(4), 849. doi:10.3390/cells9040849.

2. Xing Y.-q., Li A., Yang Y., Li X.-x., Zhang L.-n., and Guo H.-c. (2018). The regu-

lation of FOXO1 and its role in disease progression. Life sciences. 193, 124–

131. doi:10.1016/j.lfs.2017.11.030.

3. Maiese K. (2017). Forkhead Transcription Factors: Formulating a FOXO Target

for Cognitive Loss. Curr Neurovasc Res. 14(4), 415–420. doi:10.2174/

1567202614666171116102911.

4. Storz P. (2011). Forkhead homeobox type O transcription factors in the responses

to oxidative stress. Antioxid Redox Signal. 14(4), 593–605. doi:10.1089/

ars.2010.3405.

5. Farhan M., Wang H., Gaur U., Little P.J., Xu J., and ZhengW. (2017). FOXO Signaling

Pathways as Therapeutic Targets in Cancer. Int J Biol Sci. 13(7), 815–827. doi:10.7150/

ijbs.20052.

6. Palade G.E. (1953). An electron microscope study of the mitochondrial structure.

Journal of Histochemistry & Cytochemistry. 1(4), 188–211. doi:10.1177/1.4.188.

7. Mitra K., Wunder C., Roysam B., Lin G., and Lippincott-Schwartz J. (2009). A

hyperfused mitochondrial state achieved at G1–S regulates cyclin E buildup and

entry into S phase. Proceedings of the National Academy of Sciences. 106(29),

11960–11965. doi:10.1073/pnas.0904875106.

8. Campos J.C., Bozi L.H., Bechara L.R., Lima V.M., and Ferreira J.C. (2016).

Mitochondrial quality control in cardiac diseases. Frontiers in physiology. 7, 479.

doi:10.3389/fphys.2016.00479.

9. Biggs W.H, 3rd, Cavenee W.K., and Arden K.C. (2001). Identification and charac-

terization of members of the FKHR (FOX O) subclass of winged-helix transcription

factors in the mouse. MammGenome. 12(6), 416–425. doi:10.1007/s003350020002.

10. Huang H., and Tindall D.J. (2007). Dynamic FoxO transcription factors. J Cell Sci.

120(Pt 15), 2479–2487. doi:10.1242/jcs.001222.

11. Caballero-Caballero A., Engel T., Martinez-Villarreal J., Sanz-Rodriguez A.,

Chang P., Dunleavy M., Mooney C.M., Jimenez-Mateos E.M., Schindler C.K., and

Henshall DC. (2013). Mitochondrial localization of the Forkhead box class O tran-

scription factor FOXO 3a in brain. Journal of Neurochemistry. 124(6), 749–756.

doi:10.1111/jnc.12133.

12. Lettieri-Barbato D., Ioannilli L., Aquilano K., Ciccarone F., Rosina M., and Ciriolo

M.R. (2019). FoxO1 localizes to mitochondria of adipose tissue and is affected by

nutrient stress. Metabolism. 95, 84–92. doi:10.1016/j.metabol.2019.04.006.

13. Zhao X., Gan L., Pan H., Kan D., Majeski M., Adam S.A., and Unterman T.G.

(2004). Multiple elements regulate nuclear/cytoplasmic shuttling of FOXO1: char-

acterization of phosphorylation- and 14-3-3-dependent and -independent mecha-

nisms. Biochem J. 378(Pt 3), 839–849. doi:10.1042/BJ20031450.

14. Brunet A., Kanai F., Stehn J., Xu J., Sarbassova D., Frangioni J.V., Dalal S.N.,

DeCaprio J.A., Greenberg M.E., and Yaffe M.B. (2002). 14-3-3 transits to the nu-

cleus and participates in dynamic nucleocytoplasmic transport. J Cell Biol. 156(5),

817–828. doi:10.1083/jcb.200112059.

15. Wang X., ChenW.R., and Xing D. (2012). A pathway from JNK through decreased

ERK and Akt activities for FOXO3a nuclear translocation in response to UV

PERSPECTIVE

6 Organelle Interface Publishing

https://doi.org/10.3390/cells9040849
https://doi.org/10.1016/j.lfs.2017.11.030
https://doi.org/10.2174/1567202614666171116102911
https://doi.org/10.2174/1567202614666171116102911
https://doi.org/10.1089/ars.2010.3405
https://doi.org/10.1089/ars.2010.3405
https://doi.org/10.7150/ijbs.20052
https://doi.org/10.7150/ijbs.20052
https://doi.org/10.1177/1.4.188
https://doi.org/10.1073/pnas.0904875106
https://doi.org/10.3389/fphys.2016.00479
https://doi.org/10.1007/s003350020002
https://doi.org/10.1242/jcs.001222
https://doi.org/10.1111/jnc.12133
https://doi.org/10.1016/j.metabol.2019.04.006
https://doi.org/10.1042/BJ20031450
https://doi.org/10.1083/jcb.200112059


irradiation. Journal of cellular physiology. 227(3), 1168–1178. doi:10.1083/jcb.
200112059.

16. Cheng Z. (2022). FoxO transcription factors in mitochondrial homeostasis.
Biochemical Journal. 479(4), 525–536. doi:10.1042/BCJ20210777.

17. Yang W., Yan H., Pan Q., Shen J.Z., Zhou F., Wu C., Sun Y., and Guo S. (2019).
Glucagon regulates hepatic mitochondrial function and biogenesis through
FOXO1. Journal of Endocrinology. 241(3), 265–278. doi:10.1530/JOE-19-0081.

18. Wang D., Wang Y., Zou X., Shi Y., Liu Q., Huyan T., Su J., Wang Q., Zhang F., and
Li X. (2020). FOXO1 inhibition prevents renal ischemia–reperfusion injury via
cAMP-response element binding protein/PPAR-c coactivator-1a-mediated mitochon-
drial biogenesis. British journal of pharmacology. 177(2), 432–448. doi:10.1111/bph.
14878.

19. Dusabimana T., Kim S.R., Kim H.J., Park S.W., and Kim H. (2019). Nobiletin
ameliorates hepatic ischemia and reperfusion injury through the activation of
SIRT-1/FOXO3a-mediated autophagy and mitochondrial biogenesis. Experimental
& molecular medicine. 51(4), 1–16. doi:10.1038/s12276-019-0245-z.

20. Wang K., Long B., Jiao J.-Q., Wang J.-X., Liu J.-P., Li Q., and Li P.-F. (2012). miR-
484 regulates mitochondrial network through targeting Fis1. Nature communica-
tions. 3(1), 781. doi:10.1038/ncomms1770.

21. Chan DC. (2020). Mitochondrial dynamics and its involvement in disease. Annual
Review of Pathology: Mechanisms of Disease. 15, 235–259. doi:10.1146/annurev-
pathmechdis-012419-032711.

22. O-Sullivan I., Zhang W., Wasserman D.H., Liew C.W., Liu J., Paik J., DePinho R.A.,
Stolz D.B., Kahn C.R., and Schwartz MW. (2015). FoxO1 integrates direct and indi-
rect effects of insulin on hepatic glucose production and glucose utilization. Nature
communications. 6(1), 7079. doi:10.1038/ncomms8079.

23. Chaanine A.H., Kohlbrenner E., Gamb S.I., Guenzel A.J., Klaus K., Fayyaz A.U.,
Nair K.S., Hajjar R.J., and RedfieldMM. (2016). FOXO3a regulates BNIP3 and mod-
ulates mitochondrial calcium, dynamics, and function in cardiac stress. Am J Physiol
Heart Circ Physiol. 311(6), H1540–H1559. doi:10.1152/ajpheart.00549.2016.

24. Kim D.H., Park M.H., Chung K.W., Kim M.J., Jung Y.R., Bae H.R., Jang E.J., Lee
J.S., Im D.S., and Yu B.P. (2014). The essential role of FoxO6 phosphorylation in
aging and calorie restriction. Age. 36, 1–14. doi:10.1007/s11357-014-9679-3.

25. Stotland A., and Gottlieb R.A. (2015). Mitochondrial quality control: easy come,
easy go. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research. 1853
(10), 2802–2811. doi:10.1016/j.bbamcr.2014.12.041.

26. Zheng M., Bai Y., Sun X., Fu R., Liu L., Liu M., Li Z., and Huang X. (2022).
Resveratrol reestablishes mitochondrial quality control in myocardial ischemia/
reperfusion injury through Sirt1/Sirt3-Mfn2-Parkin-PGC-1a pathway. Molecules.
27(17), 5545. doi:10.3390/molecules27175545.

27. Aryaman J., Johnston I.G., and Jones N.S. (2019). Mitochondrial heterogeneity.
Frontiers in genetics. 9, 718. doi:10.3389/fgene.2018.00718.

28. Knorre DA. (2020). Intracellular quality control of mitochondrial DNA: evidence
and limitations. Philosophical Transactions of the Royal Society B. 375(1790),
20190176. doi:10.1098/rstb.2019.0176.

29. Zeng Z., Liang J., Wu L., Zhang H., Lv J., and Chen N. (2020). Exercise-induced
autophagy suppresses sarcopenia through Akt/mTOR and Akt/FoxO3a signal path-
ways and AMPK-mediated mitochondrial quality control. Frontiers in Physiology.
11, 583478. doi:10.3389/fphys.2020.583478.

30. Penniman C.M., Bhardwaj G., Nowers C.J., Brown C.U., Junck T.L., Boyer C.K.,
Jena J., Fuqua J.D., Lira V.A., and O’Neill B.T. (2023). Loss of FoxOs in muscle
increases strength and mitochondrial function during aging. Journal of cachexia,
sarcopenia and muscle. 14(1), 243–259. doi:10.1002/jcsm.13124.

31. Zhou L., Su W., Wang Y., Zhang Y., Xia Z., and Lei S. (2024). FOXO1 reduces
STAT3 activation and causes impaired mitochondrial quality control in diabetic
cardiomyopathy. Diabetes, Obesity and Metabolism. 26(2), 732–744. doi:10.
1111/dom.15369.

32. Harper M.E., and Seifert E.L. (2008). Thyroid hormone effects on mitochondrial
energetics. Thyroid. 18(2), 145–156. doi:10.1089/thy.2007.0250.

33. Leigh-Brown S., Enriquez J.A., and Odom D.T. (2010). Nuclear transcription fac-
tors in mammalian mitochondria. Genome biology. 11(7), 1–9. doi:10.1186/gb-
2010-11-7-215.

34. Fasano C., Disciglio V., Bertora S., Lepore Signorile M., and Simone C. (2019).
FOXO3a from the nucleus to the mitochondria: a round trip in cellular stress
response. Cells. 8(9), 1110. doi:10.3390/cells8091110.

35. Zhang H., Zhu Y., Suehiro Y., Mitani S., and Xue D. (2023). AMPK–FOXO–IP3R

signaling pathway mediates neurological and developmental defects caused by mi-

tochondrial DNA mutations. Proceedings of the National Academy of Sciences.

120(36), e2302490120. doi:10.1073/pnas.2302490120.

36. Nauseef W.M. (2014). Detection of superoxide anion and hydrogen peroxide pro-

duction by cellular NADPH oxidases. Biochim Biophys Acta. 1840(2), 757–767.

doi:10.1016/j.bbagen.2013.04.040.

37. Brand M.D. (2016). Mitochondrial generation of superoxide and hydrogen perox-

ide as the source of mitochondrial redox signaling. Free Radical Biology and

Medicine. 100, 14–31. doi:10.1016/j.freeradbiomed.2016.04.001.

38. Krafczyk N., and Klotz L.O. (2022). FOXO transcription factors in antioxidant

defense. IUBMB Life. 74(1), 53–61. doi:10.1002/iub.2542.

39. Leyendecker M., Korsten P., Reinehr R., Speckmann B., Schmoll D., Scherbaum

W.A., Bornstein S.R., Barthel A., and Klotz LO. (2011). Ceruloplasmin expression

in rat liver cells is attenuated by insulin: role of FoxO transcription factors. Horm

Metab Res. 43(4), 268–274. doi:10.1055/s-0031-1271692.

40. Yang R., Rui Q., Kong L., Zhang N., Li Y., Wang X., Tao J., Tian P., Ma Y., and

Wei J. et al. (2016). Metallothioneins act downstream of insulin signaling to regu-

late toxicity of outdoor fine particulate matter (PM(2.5)) during Spring Festival in

Beijing in nematode Caenorhabditis elegans. Toxicol Res (Camb). 5(4), 1097–

1105. doi:10.1039/c6tx00022c.

41. Speckmann B., Walter PL., Alili L., Reinehr R., Sies H., Klotz LO., and

Steinbrenner H. (2008). Selenoprotein P expression is controlled through interaction

of the coactivator PGC-1alpha with FoxO1a and hepatocyte nuclear factor 4alpha

transcription factors. Hepatology. 48(6), 1998–2006. doi:10.1002/hep.22526.

42. Araujo J., Breuer P., Dieringer S., Krauss S., Dorn S., Zimmermann K., Pfeifer A.,

Klockgether T., Wuellner U., and Evert BO. (2011). FOXO4-dependent upregula-

tion of superoxide dismutase-2 in response to oxidative stress is impaired in spinocere-

bellar ataxia type 3. Human Molecular Genetics. 20(15), 2928–2941. doi:10.1093/

hmg/ddr197.

43. Kapetanou M., Nespital T., Tain LS., Pahl A., Partridge L., and Gonos ES. (2021).

FoxO1 Is a Novel Regulator of 20S Proteasome Subunits Expression and Activity.

Front Cell Dev Biol. 9, 625715. doi:10.3389/fcell.2021.625715.

44. Grune T., Merker K., Sandig G., and Davies KJ. (2003). Selective degradation of

oxidatively modified protein substrates by the proteasome. Biochem Biophys Res

Commun. 305(3), 709–718. doi:10.1016/s0006-291x(03)00809-x.

45. Hagenbuchner J., Kuznetsov A., HermannM., Hausott B., Obexer P., and Ausserlechner

MJ. (2012). FOXO3-induced reactive oxygen species are regulated by BCL2L11 (Bim)

and SESN3. Journal of cell science. 125(5), 1191–1203. doi:10.1242/jcs.092098.

46. Baldelli S., Aquilano K., and Ciriolo M.R. (2014). PGC-1a buffers ROS-mediated

removal of mitochondria during myogenesis. Cell Death Dis. 5(11), e1515.

doi:10.1038/cddis.2014.458.

47. Kawano T., Morioka M., Yano S., Hamada J., Ushio Y., Miyamoto E., and

Fukunaga K. (2002). Decreased akt activity is associated with activation of forkhead

transcription factor after transient forebrain ischemia in gerbil hippocampus. J Cereb

Blood FlowMetab. 22(8), 926–934. doi:10.1097/00004647-200208000-00004.

48. Tang J., Chen Y., Li J., Yan S., Wang Z., Deng X., Feng K., Zhang Y., Chen C.,

Geng H. et al. (2023). 14, 15-EET alleviates neurological impairment through

maintaining mitochondrial dynamics equilibrium via AMPK/SIRT1/FoxO1 signal

pathways in mice with cerebral ischemia reperfusion. CNS Neurosci Ther. 29(9),

2583–2596. doi:10.1111/cns.14198.

49. Yoo K.Y., Kwon S.H., Lee C.H., Yan B., Park J.H., Ahn J.H., Choi J.H., Ohk T.G.,

Cho J.H., and Won M.H. (2012). FoxO3a changes in pyramidal neurons and

expresses in non-pyramidal neurons and astrocytes in the gerbil hippocampal CA1

region after transient cerebral ischemia. Neurochem Res. 37(3), 588–595.

doi:10.1007/s11064-011-0648-2.

50. Zhang T., Tian C., Wu J., Zhang Y., Wang J., Kong Q., Mu L., Sun B., Ai T., Wang

Y. et al. (2020). MicroRNA-182 exacerbates blood-brain barrier (BBB) disruption

by downregulating the mTOR/FOXO1 pathway in cerebral ischemia. Faseb j. 34

(10), 13762–13775. doi:10.1096/fj.201903092R.

51. Zhan L., Wang T., Li W., Xu Z.C., Sun W., and Xu E. (2010). Activation of Akt/

FoxO signaling pathway contributes to induction of neuroprotection against transient

global cerebral ischemia by hypoxic pre-conditioning in adult rats. J Neurochem.

114(3), 897–908. doi:10.1111/j.1471-4159.2010.06816.x.

PERSPECTIVE ORGANELLE | https://doi.org/10.61747/0ifp.202403001

Organelle Interface Publishing 7

https://doi.org/10.1083/jcb.200112059
https://doi.org/10.1083/jcb.200112059
https://doi.org/10.1042/BCJ20210777
https://doi.org/10.1530/JOE-19-0081
https://doi.org/10.1111/bph.14878
https://doi.org/10.1111/bph.14878
https://doi.org/10.1038/s12276-019-0245-z
https://doi.org/10.1038/ncomms1770
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
https://doi.org/10.1038/ncomms8079
https://doi.org/10.1152/ajpheart.00549.2016
https://doi.org/10.1007/s11357-014-9679-3
https://doi.org/10.1016/j.bbamcr.2014.12.041
https://doi.org/10.3390/molecules27175545
https://doi.org/10.3389/fgene.2018.00718
https://doi.org/10.1098/rstb.2019.0176
https://doi.org/10.3389/fphys.2020.583478
https://doi.org/10.1002/jcsm.13124
https://doi.org/10.1111/dom.15369
https://doi.org/10.1111/dom.15369
https://doi.org/10.1089/thy.2007.0250
https://doi.org/10.1186/gb-2010-11-7-215
https://doi.org/10.1186/gb-2010-11-7-215
https://doi.org/10.3390/cells8091110
https://doi.org/10.1073/pnas.2302490120
https://doi.org/10.1016/j.bbagen.2013.04.040
https://doi.org/10.1016/j.freeradbiomed.2016.04.001
https://doi.org/10.1002/iub.2542
https://doi.org/10.1055/s-0031-1271692
https://doi.org/10.1039/c6tx00022c
https://doi.org/10.1002/hep.22526
https://doi.org/10.1093/hmg/ddr197
https://doi.org/10.1093/hmg/ddr197
https://doi.org/10.3389/fcell.2021.625715
https://doi.org/10.1016/s0006-291x(03)00809-x
https://doi.org/10.1242/jcs.092098
https://doi.org/10.1038/cddis.2014.458
https://doi.org/10.1097/00004647-200208000-00004
https://doi.org/10.1111/cns.14198
https://doi.org/10.1007/s11064-011-0648-2
https://doi.org/10.1096/fj.201903092R
https://doi.org/10.1111/j.1471-4159.2010.06816.x


52. Hosaka T., Biggs W.H, 3rd, Tieu D., Boyer AD., Varki N.M., Cavenee W.K., and

Arden KC. (2004). Disruption of forkhead transcription factor (FOXO) family mem-

bers in mice reveals their functional diversification. Proc Natl Acad Sci U S A.

101(9), 2975–2980. doi:10.1073/pnas.0400093101.

53. Wang M., Zhang X., Zhao H., Wang Q., and Pan Y. (2009). FoxO gene family evo-

lution in vertebrates. BMC Evol Biol. 9, 222. doi:10.1186/1471-2148-9-222.

54. Nakayoshi T., Sasaki K., Kajimoto H., Koiwaya H., Ohtsuka M., Ueno T., Chibana

H., Itaya N., Sasaki M., Yokoyama S. et al. (2014). FOXO4-knockdown suppresses

oxidative stress-induced apoptosis of early pro-angiogenic cells and augments their

neovascularization capacities in ischemic limbs. PLoS One. 9(3). doi:10.1371/

journal.pone.0092626.

55. Essers M.A., Weijzen S., de Vries-Smits A.M., Saarloos I., de Ruiter N.D., Bos J.L.,

and Burgering B.M. (2004). FOXO transcription factor activation by oxidative stress

mediated by the small GTPase Ral and JNK. The EMBO journal. 23(24), 4802–

4812. doi:10.1038/sj.emboj.7600476.

56. Zeng X., Zhang Y.D., Ma R.Y., Chen Y.J., Xiang X.M., Hou D.Y., Li X.H., Huang

H., Li T., and Duan CY. (2022). Activated Drp1 regulates p62-mediated autophagic

flux and aggravates inflammation in cerebral ischemia-reperfusion via the ROS-

RIP1/RIP3-exosome axis. Mil Med Res. 9(1), 25. doi:10.1186/s40779-022-00383-2.

57. Bliksøen M., Baysa A., Eide L., Bjørås M., Suganthan R., Vaage J., Stensløkken

KO., and Valen G. (2015). Mitochondrial DNA damage and repair during ische-

mia-reperfusion injury of the heart. J Mol Cell Cardiol. 78, 9–22. doi:10.1016/j.

yjmcc.2014.11.010.

58. Zhu M., Goetsch S.C., Wang Z., Luo R., Hill J.A., Schneider J., Morris S.M, Jr.,

and Liu ZP. (2015). FoxO4 promotes early inflammatory response upon myocardial

infarction via endothelial Arg1. Circ Res. 117(11), 967–977. doi:10.1161/

CIRCRESAHA.115.306919.

59. Liu Y., Qiao F., Leiferman P.C., Ross A., Schlenker E.H., and Wang H. (2017).

FOXOs modulate proteasome activity in human-induced pluripotent stem cells of

Huntington’s disease and their derived neural cells. Hum Mol Genet. 26(22),

4416–4428. doi:10.1093/hmg/ddx327.

60. Vilchez D., Boyer L., Lutz M., Merkwirth C., Morantte I., Tse C., Spencer B.,

Page L., Masliah E., Berggren W.T. et al. (2013). FOXO4 is necessary for neural

differentiation of human embryonic stem cells. Aging Cell. 12(3), 518–522.

doi:10.1111/acel.12067.

61. Goswami S., Kareem O., Goyal R.K., Mumtaz S.M., Tonk R.K., Gupta R., and

Pottoo F.H. (2020). Role of Forkhead Transcription Factors of the O Class (FoxO)

in Development and Progression of Alzheimer’s Disease. CNS Neurol Disord

Drug Targets. 19(9), 709–721. doi:10.2174/1871527319666201001105553.

62. Maiese K. (2016). Forkhead transcription factors: new considerations for alzhei-

mer’s disease and dementia. J Transl Sci. 2(4), 241–247. doi:10.15761/JTS.

1000146.

63. Hu Z., Jiao R., Wang P., Zhu Y., Zhao J., De Jager P., Bennett D.A., Jin L., and

Xiong M. (2020). Shared Causal Paths underlying Alzheimer’s dementia and Type 2

Diabetes. Sci Rep. 10(1), 4107. doi:10.1038/s41598-020-60682-3.

64. Du S., and Zheng H. (2021). Role of FoxO transcription factors in aging and age-

related metabolic and neurodegenerative diseases. Cell & bioscience. 11(1),

188. doi:10.1186/s13578-021-00700-7.

65. V€olgyi K., Háden K., Kis V., Gulyássy P., Badics K., Gy€orffy BA., Simor A.,

Szab�o Z., Janáky T., Drahos L. et al. (2017). Mitochondrial Proteome Changes

Correlating with b-Amyloid Accumulation. Mol Neurobiol. 54(3), 2060–2078.

doi:10.1007/s12035-015-9682-4.

66. Reddy P.H., and Oliver DM. (2019). Amyloid Beta and Phosphorylated Tau-

Induced Defective Autophagy and Mitophagy in Alzheimer’s Disease. Cells. 8(5),

488. doi:10.3390/cells8050488.

67. Swerdlow R.H. (2018). Mitochondria and Mitochondrial Cascades in Alzheimer’s

Disease. J Alzheimers Dis. 62(3), 1403–1416. doi:10.3233/JAD-170585.

68. Matsui H., Ito J., Matsui N., Uechi T., Onodera O., and Kakita A. (2021). Cytosolic

dsDNA of mitochondrial origin induces cytotoxicity and neurodegeneration in cellu-

lar and zebrafish models of Parkinson’s disease. Nat Commun. 12(1), 3101. doi:10.

1038/s41467-021-23452-x.

69. Guo Y., Gu R., Gan D., Hu F., Li G., and Xu G. (2020). Mitochondrial DNA drives

noncanonical inflammation activation via cGAS-STING signaling pathway in

retinal microvascular endothelial cells. Cell Commun Signal. 18(1), 172.
doi:10.1186/s12964-020-00637-3.

70. Gabbouj S., Ryhanen S., Marttinen M., Wittrahm R., Takalo M., Kemppainen S.,
Martiskainen H., Tanila H., Haapasalo A., Hiltunen M. et al. (2019). Altered
Insulin Signaling in Alzheimer’s Disease Brain - Special Emphasis on PI3K-Akt
Pathway. Front Neurosci. 13, 629. doi:10.3389/fnins.2019.00629.

71. Choi H., Park H.H., Koh S.H., Choi N.Y., Yu H.J., Park J., Lee Y.J., and Lee K.Y.
(2012). Coenzyme Q10 protects against amyloid beta-induced neuronal cell death
by inhibiting oxidative stress and activating the P13K pathway. Neurotoxicology.
33(1), 85–90. doi:10.1016/j.neuro.2011.12.005.

72. Kitagishi Y., Nakanishi A., Ogura Y., and Matsuda S. (2014). Dietary regulation of
PI3K/AKT/GSK-3beta pathway in Alzheimer’s disease. Alzheimers Res Ther.
6(3), 35. doi:10.1186/alzrt265.

73. Lee H.K., Kumar P., Fu Q., Rosen K.M., and Querfurth HW. (2009). The insulin/
Akt signaling pathway is targeted by intracellular beta-amyloid. Mol Biol Cell. 20
(5), 1533–1544. doi:10.1091/mbc.e08-07-0777.

74. Sanphui P., and Biswas S.C. (2013). FoxO3a is activated and executes neuron
death via Bim in response to beta-amyloid. Cell Death Dis. 4, e625. doi:10.1038/
cddis.2013.148.

75. Shi C., Viccaro K., Lee H.G., and Shah K. (2016). Cdk5-Foxo3 axis: initially neu-
roprotective, eventually neurodegenerative in Alzheimer’s disease models. J Cell
Sci. 129(9), 1815–1830. doi:10.1242/jcs.185009.

76. Manolopoulos K.N., Klotz LO., Korsten P., Bornstein S.R., and Barthel A. (2010).
Linking Alzheimer’s disease to insulin resistance: the FoxO response to oxidative
stress. Mol Psychiatry. 15(11), 1046–1052. doi:10.1038/mp.2010.17.

77. Shi C., Zhu J., Leng S., Long D., and Luo X. (2016). Mitochondrial FOXO3a is
involved in amyloid b peptide-induced mitochondrial dysfunction. J Bioenerg
Biomembr. 48(3), 189–196. doi:10.1007/s10863-016-9645-0.

78. Cui M., Huang Y., Tian C., Zhao Y., and Zheng J. (2011). FOXO3a inhibits TNF-
a-and IL-1b-induced astrocyte proliferation: Implication for reactive astrogliosis.
Glia. 59(4), 641–654. doi:10.1002/glia.21134.

79. Maiese K. (2021). Targeting the core of neurodegeneration: FoxO, mTOR, and
SIRT1. Neural Regen Res. 16(3), 448–455. doi:10.4103/1673-5374.291382.

80. Fan X., Zhao Z., Wang D., and Xiao J. (2020). Glycogen synthase kinase-3 as a
key regulator of cognitive function. Acta biochimica et biophysica Sinica. 52(3),
219–230. doi:10.1093/abbs/gmz156.

81. Wang H., Li Q., Sun S., and Chen S. (2020). Neuroprotective effects of salidroside
in a mouse model of Alzheimer’s disease. Cellular and molecular neurobiology.
40, 1133–1142. doi:10.1007/s10571-020-00801-w.

82. Prokopenko D., Hecker J., Kirchner R., Chapman B.A., Hoffman O., Mullin K.,
Hide W., Bertram L., Laird N., and DeMeo D.L. (2020). Identification of novel
Alzheimer’s disease loci using sex-specific family-based association analysis of
whole-genome sequence data. Scientific Reports. 10(1), 5029. doi:10.1038/
s41598-020-61883-6.

83. Chen Y.H., Li C.L., Chen W.J., Liu J., and Wu H.T. (2021). Diverse roles of
FOXO family members in gastric cancer. World J Gastrointest Oncol. 13(10),
1367–1382. doi:10.4251/wjgo.v13.i10.1367.

84. He W., Zhang A., Qi L., Na C., Jiang R., Fan Z., and Chen J. (2018). FOXO1, a
potential therapeutic target, regulates autophagic flux, oxidative stress, mitochon-
drial dysfunction, and apoptosis in human cholangiocarcinoma QBC939 cells.
Cellular Physiology and Biochemistry. 45(4), 1506–1514. doi:10.1159/000487576.

85. Gheghiani L., Shang S., and Fu Z. (2020). Targeting the PLK1-FOXO1 pathway
as a novel therapeutic approach for treating advanced prostate cancer. Scientific
Reports. 10(1), 12327. doi:10.1038/s41598-020-69338-8.

86. Yuan C., Wang L., Zhou L., and Fu Z. (2014). The function of FOXO1 in the late
phases of the cell cycle is suppressed by PLK1-mediated phosphorylation. Cell
cycle. 13(5), 807–819. doi:10.4161/cc.27727.

87. Salcher S., Spoden G., Hagenbuchner J., F€uhrer S., Kaserer T., Tollinger M.,
Huber-Cantonati P., Gruber T., Schuster D., and Gust R. (2020). A drug library
screen identifies Carbenoxolone as novel FOXO inhibitor that overcomes FOXO3-
mediated chemoprotection in high-stage neuroblastoma. Oncogene. 39(5), 1080–
1097. doi:10.1038/s41388-019-1044-7.

88. Kummer E., and Ban N. (2021). Mechanisms and regulation of protein synthesis in
mitochondria. Nature Reviews Molecular Cell Biology. 22(5), 307–325.
doi:10.1038/s41580-021-00332-2.

PERSPECTIVE

8 Organelle Interface Publishing

https://doi.org/10.1073/pnas.0400093101
https://doi.org/10.1186/1471-2148-9-222
https://doi.org/10.1371/journal.pone.0092626
https://doi.org/10.1371/journal.pone.0092626
https://doi.org/10.1038/sj.emboj.7600476
https://doi.org/10.1186/s40779-022-00383-2
https://doi.org/10.1016/j.yjmcc.2014.11.010
https://doi.org/10.1016/j.yjmcc.2014.11.010
https://doi.org/10.1161/CIRCRESAHA.115.306919
https://doi.org/10.1161/CIRCRESAHA.115.306919
https://doi.org/10.1093/hmg/ddx327
https://doi.org/10.1111/acel.12067
https://doi.org/10.2174/1871527319666201001105553
https://doi.org/10.15761/JTS.1000146
https://doi.org/10.15761/JTS.1000146
https://doi.org/10.1038/s41598-020-60682-3
https://doi.org/10.1186/s13578-021-00700-7
https://doi.org/10.1007/s12035-015-9682-4
https://doi.org/10.3390/cells8050488
https://doi.org/10.3233/JAD-170585
https://doi.org/10.1038/s41467-021-23452-x
https://doi.org/10.1038/s41467-021-23452-x
https://doi.org/10.1186/s12964-020-00637-3
https://doi.org/10.3389/fnins.2019.00629
https://doi.org/10.1016/j.neuro.2011.12.005
https://doi.org/10.1186/alzrt265
https://doi.org/10.1091/mbc.e08-07-0777
https://doi.org/10.1038/cddis.2013.148
https://doi.org/10.1038/cddis.2013.148
https://doi.org/10.1242/jcs.185009
https://doi.org/10.1038/mp.2010.17
https://doi.org/10.1007/s10863-016-9645-0
https://doi.org/10.1002/glia.21134
https://doi.org/10.4103/1673-5374.291382
https://doi.org/10.1093/abbs/gmz156
https://doi.org/10.1007/s10571-020-00801-w
https://doi.org/10.1038/s41598-020-61883-6
https://doi.org/10.1038/s41598-020-61883-6
https://doi.org/10.4251/wjgo.v13.i10.1367
https://doi.org/10.1159/000487576
https://doi.org/10.1038/s41598-020-69338-8
https://doi.org/10.4161/cc.27727
https://doi.org/10.1038/s41388-019-1044-7
https://doi.org/10.1038/s41580-021-00332-2


89. You H., and Mak T.W. (2005). Crosstalk between p53 and FOXO transcription fac-
tors. Cell cycle. 4(1), 37–38. doi:10.4161/cc.4.1.1401.

90. Bishr A., Atwa A.M., El-Naggar M.E., and El-Din M.N. (2021). Canagliflozin
Promotes Mitochondrial Biogenesis in Glycerol-Induced Acute Kidney Injury by
Activating the AMPK/SIRT1/FOXO-3a/PGC-1a and Nrf2/HO-1 Trajectories.
Available at SSRN 3974361. doi:SSRN-id3974361.

91. Stallons L.J., Whitaker R.M., and Schnellmann RG. (2014). Suppressed mitochon-
drial biogenesis in folic acid-induced acute kidney injury and early fibrosis.
Toxicology letters. 224(3), 326–332. doi:10.1016/j.toxlet.2013.11.014.

92. Kobayashi A., Azuma K., Ikeda K., and Inoue S. (2020). Mechanisms underlying
the regulation of mitochondrial respiratory chain complexes by nuclear steroid

receptors. International journal of molecular sciences. 21(18), 6683. doi:10.

3390/ijms21186683.

93. Shen L., Zhou L., Xia M., Lin N., Ma J., Dong D., and Sun L. (2021).

PGC1a regulates mitochondrial oxidative phosphorylation involved in cis-

platin resistance in ovarian cancer cells via nucleo-mitochondrial transcrip-

tional feedback. Experimental Cell Research. 398(1), 112369. doi:10.1016/j.

yexcr.2020.112369.

94. Farhan M., Silva M., Li S., Yan F., Fang J., Peng T., Hu J., Tsao M.S., Little P.

Zheng W. (2020). The role of FOXOs and autophagy in cancer and metastasis—

Implications in therapeutic development. Medicinal Research Reviews. 40(6),

2089–2113. doi:10.1002/med.21695.

PERSPECTIVE ORGANELLE | https://doi.org/10.61747/0ifp.202403001

Organelle Interface Publishing 9

https://doi.org/10.4161/cc.4.1.1401
https://doi.org/SSRN-id3974361
https://doi.org/10.1016/j.toxlet.2013.11.014
https://doi.org/10.3390/ijms21186683
https://doi.org/10.3390/ijms21186683
https://doi.org/10.1016/j.yexcr.2020.112369
https://doi.org/10.1016/j.yexcr.2020.112369
https://doi.org/10.1002/med.21695

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9
	bkmk_bookmark_10
	bkmk_bookmark_11

	bkmk_bookmark_12
	bkmk_bookmark_13
	bkmk_bookmark_14
	bkmk_bookmark_15
	bkmk_bookmark_16


