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Abstract: The mitochondrion is also a major site for maintaining redox homeostasis between reactive
oxygen species (ROS) generation and scavenging. The quantity, quality, and functional integrity
of mitochondria are crucial for regulating intracellular homeostasis and maintaining the normal
physiological function of cells. The role of oxidative stress in human disease is well established,
particularly in inflammatory bowel disease and gastrointestinal mucosal diseases. Oxidative stress
could result from an imbalance between ROS and the antioxidative system. Mitochondria are both the
main sites of production and the main target of ROS. It is a vicious cycle in which initial ROS-induced
mitochondrial damage enhanced ROS production that, in turn, leads to further mitochondrial damage
and eventually massive intestinal cell death. Oxidative damage can be significantly mitigated by
mitophagy, which clears damaged mitochondria. In this review, we aimed to review the molecular
mechanisms involved in the regulation of mitophagy and oxidative stress and their relationship in
some intestinal diseases. We believe the reviews can provide new ideas and a scientific basis for
researching antioxidants and preventing diseases related to oxidative damage.
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1. Introduction

Under the influence of various external and internal causes (such as harmful sub-
stances and inflammation), the body produces excessive ROS, which is in an imbalance
with the antioxidant defense, leading to oxidative stress and subsequent intestinal cell
apoptosis and tissue damage [1–3]. Some diseases related to cell death, including neurode-
generative diseases, tumors, and inflammation, are related to oxidative stress. Inflammatory
bowel disease (IBD) is a group of chronic relapsing-remitting inflammatory conditions,
comprising two main subtypes: Crohn’s disease (CD) and ulcerative colitis (UC). IBD has
emerged as a growing problem in the world, and affects close to seven million individuals,
with this number expected to rise in the next decade [4,5]. However, the exact mechanism
of IBD remains unclear. The search for novel IBD therapeutic compounds and the develop-
ment of IBD therapeutic strategies are ongoing challenges. A growing number of studies
have found that ROS-induced oxidative stress is an important factor in the development of
IBD. Oxidative stress leads to intestinal barrier damage and bacterial invasion, which in
turn stimulates the immune response and induces IBD [6].

Currently, damage mechanisms and prevention of oxidative stress are fields of intense
interest. Mitochondria are vital energy-generating organelles in eukaryotic cells, and it is
the most important precondition for normal cellular function to maintain the structural
and functional integrity of mitochondria [7,8]. In addition to producing cellular energy,
causing free radicals to form, and initiating apoptosis, mitochondria are the major source
of ROS within cells and are the primary target for them [9,10]. ROS can damage the
mitochondria and further decrease the efficiency of the mitochondrial electron transfer
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chain (ETC), resulting in a positive feedback loop of mitochondrial ROS generation and
mitochondrial oxidative damage [11,12]. Mitophagy is a protective mechanism to reduce
oxidative stress on cells discovered in recent years. Studies have shown that ROS can induce
mitophagy by activating the PINK1–Parkin pathway, and clear damaged and redundant
mitochondria, playing a key regulatory role in maintaining mitochondria health and
preventing diseases related to oxidative damage [13–15]. By contrast, ROS scavengers block
the autophagosome formation and the subsequent degradation of engulfed proteins [16].
Mitophagy selectively removes damaged, aging, and ROS-overproduced mitochondria
through autophagy, promotes mitochondrial regeneration and recycling, and maintains
normal cellular function [17–19]. It follows that there is a strong link between oxidative
stress and mitophagy. Thus, the selective degradation of mitochondria by autophagy
(mitophagy) is important for cellular homeostasis and disease prevention [20]. This paper
reviews the role of mitophagy in alleviating oxidative damage. The major findings linking
mitophagy, oxidative stress, and intestinal diseases such as CD and UC, are discussed in
this review.

2. Oxidative Stress and Intestinal Oxidative Damage

Oxidative stress, a concept of pathology that was first proposed by Sohal in 1990 [21]
refers to disorders of the oxidation system and antioxidant system caused by increased free
radicals or (and) decreased scavenging capacity, leading to an oxidative damage process
caused by the accumulation of free radicals in the body. Generally, oxidative stress is caused
by the excessive production of ROS. ROS are oxygen-containing chemical species that are
highly reactive, such as hydrogen peroxide and superoxide anion, mainly produced by
oxidative phosphorylation (OXPHOS) in mitochondria [22,23]. Within physiological levels,
ROS can function as signaling molecules that contribute to cellular growth and develop-
ment, metabolic regulation, and immune and other biological processes [24]. In addition,
the endogenous antioxidant system will promptly remove ROS, thereby maintaining the
balance of the oxidation-reduction (redox) status of the body [25]. However, antioxidant
defenses cannot counteract excessive ROS production when the body has been stimulated
by stressors or infected with pathogenic bacteria [26]. As a result, excess ROS causes cellular
oxidative damage, such as lipid peroxidation, protein oxidation, and DNA damage. To
prevent further oxidative damage, injured cells activate a series of defensive responses, such
as increasing antioxidant enzyme activity and initiating lysosomal degradation pathways.

Intestinal Oxidative Damage

Oxidative stress induces human nervous, immune, cardiovascular, and cerebrovas-
cular diseases and endangers animal growth, milk production, reproduction, and disease
resistance, causing huge economic losses for animal husbandry [27,28]. Oxidative stress is
associated with weaning stress, which has significant effects on the health and function
of the intestine. In animal production, early weaning induces excessive ROS production
in piglets, which is one of the important reasons for the induction of “piglets weaning
stress syndrome.” Energy is essential for the renewal and normal function of intestinal
epithelial cells, and its production is accompanied by the production of ROS in the oxidative
respiratory chain of mitochondria [29]. Therefore, the intestine is “the central organ for
stress.” As the intestine of weaned piglets has not yet fully developed and matured, their
anti-stress ability is weak. When subjected to oxidative stress, the gastrointestinal tract is
easily damaged. Despite the protective barrier provided by the epithelial layer, ingested
substances and pathogens can further contribute to oxidative stress by activating epithelial
cells, polymorphonuclear neutrophils causing inflammation, and macrophages producing
inflammatory cytokines and other mediators.

The intestine is the leading site of nutrient absorption, and villi health impacts nutrient
absorption vastly [30]. The intestinal epithelial cells continuously undergo self-renewal
and completely regenerate every few days [31]. Regenerated intestinal epithelial cells are
particularly sensitive to free radicals [32]. As an example, ROS can peroxide unsaturated
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fatty acids in phospholipids of cellular membranes, resulting in impaired membrane
function [33]. Lipid peroxidation from free radicals leads to structural and functional
changes in gastrointestinal epithelial cells. Moreover, during oxidative stress situations,
cell cycle lengths of intestinal epithelial cells became longer and the villus crypt dysgenesis
hinders nutrient absorption [34]. All the above results in a decrease in animal performance
and an increase in mortality.

Intestinal tight junction proteins are pivotal components of the intestinal mucosal
barrier, and play an important role in maintaining the stability of the intestinal epithelial
barrier and permeability, which can prevent toxins and pathogens from entering the blood
from the intestine [35,36]. During oxidative stress, free radicals change the structure of
tight junction proteins, resulting in intestinal barrier dysfunction and putting animals at
risk of various infections. Previous studies found that oxidative stress destroys the tight
junction proteins, which in turn leads to the passive diffusion of water and ions from the
intestinal mucosa into the lumen and further development into diarrhea [37,38]. Oxidative
stress induces a significant decrease in TEER and permeability, as well as a significant
decrease in the abundance of the tight junction proteins claudin-1 and ZO-1 in IPEC-1
cells [39]. At present, it is believed that oxidative stress mainly regulates the tight junction
by phosphorylating related proteins, or destroys the tight junction by improving the
activity of metalloproteinases and promoting the expression of inflammatory factors. Elisa
et al. reported that free radical phosphorylated Tyr-398 and Tyr-402 in Occludin, thereby
preventing its interaction with ZO-1 and destabilizing its assembly at the tight junctions [40].
This was also echoed by similar findings from other studies. ROS phosphorylated ZO-1
and caused its degradation, leading to the separation of Claudin-4 and Occludin from
the intestinal epithelial tight junction complex [41]. High concentrations of free radicals
and ROS seem to activate matrix metalloproteinases (MMPs), and activate MMPs then
mediate the degradation of the tight junction proteins [42,43]. In addition, free radicals
could also activate small G-protein (RhoA) by promoting the secretion of INF-γ, which
leads to the disintegration of the intercellular tight junction complex by up-regulating Rho
kinase (ROCK) factor [44].

In the intestinal tract, beneficial and potentially harmful bacteria are in a dynamic
balance [45]. As mentioned above, oxidative stress increases intestinal permeability, which
in turn leads to the invasion of a large number of harmful substances, competitively in-
hibits the colonization of the commensal bacteria, and leads to microflora disorder. When
oxidative stress occurs, the intestinal epithelium passively diffuses oxidation products, thus
increasing the oxidation potential and stimulating the growth of aerobic bacteria [46]. More-
over, ROS can stimulate the production of IL-6 and other inflammatory factors through
the NF-κB pathway, increasing facultative anaerobic bacteria and exacerbating intestinal
dysbiosis [47,48]. The effect of intestinal microflora on intestinal redox balance is complex.
Both beneficial and pathogenic bacteria stimulate the production of free radicals. Some ben-
eficial bacteria can reduce the concentration of free radicals by producing metabolites such
as antioxidant enzymes or SCFAs, such as Bifidobacterium [49] and Lactobacillus plantarum
FC255 [50]. The antioxidant properties of probiotic bacteria have been elaborated on in
previous studies [51]. Fecal microbiota transplantation can alleviate NEC-induced intestinal
and systemic inflammatory responses and alleviate intestinal oxidative damage [52]. When
certain Gram-negative bacteria such as E. coli die, parts of their cell walls become powerful
endotoxins that cause intestinal inflammation and oxidative stress and are also present
in other organs such as the liver and brain. In summary, when oxidative stress occurs in
the body, timely regulation of intestinal flora may be one of the effective ways to enhance
oxidative stress and further improve intestinal injury.
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3. Mitophagy Pathway

Not only do mitochondria produce ROS in large quantities, but they are also a primary
target for ROS attacks [53,54]. Physiological ROS is important for cellular function and
survival signaling, yet excess ROS-elicited oxidative stress leads to cell death [55,56]. There
is a vicious cycle in which initial mitochondrial damage leads to ROS production, which
creates further mitochondrial damage and eventually leads to massive intestinal cell death.
To protect cells from oxidative damage, cells have developed an elaborate self-protective
mechanism for selective degradation of the dysfunctional mitochondrion before it hurts
the cell, called mitochondrial autophagy, or mitophagy [57]. Mitophagy is a term that was
introduced by Lemasters in 2005 and designates the removal of dysfunctional mitochondria
and their harmful byproducts and oxidative species to help maintain homeostasis [58,59].
Specifically, under the stimulation of starvation, hypoxia, energy deficiency, hormones,
and exogenous infection, the bilayer membrane structures recognize and specifically wrap
the mitochondria that are depolarized, dysfunctional, or produce high levels of ROS, and
fuse with lysosomes to degrade these mitochondria, reducing the release of ROS and
some pro-apoptotic factors from mitochondria. In mitophagy, the regulatory pathways
can be classified as ubiquitin-dependent or ubiquitin-independent (receptor-dependent),
respectively, based on whether the ubiquitin of the receptor recruit is required or not [60,61]
(Figure 1).
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Figure 1. Molecular mechanism of mitophagy. In the PINK1–Parkin pathway, decreased MMP leads to
the accumulation of PINK1 to the OMM, promoting Parkin recruitment. Parkin ubiquitinates several
outer membrane components, and PINK1 then phosphorylates the poly-Ub chains. The poly-Ub chains
on the OMM allow the interaction of mitochondria with LC3 for autophagic degradation through
specific adaptors, such as p62, OPTN, TAX1BP1, and NDP52. Gp78, SMURF1, MUL1, SIAH1 and ARIH1
represent alternative E3 ubiquitin ligases targeting OMM proteins before mitophagy. Mitochondrial
dynamics and motility are modulated by the PINK1–Parkin pathway by targeting MFN, DRP1 and Miro
for degradation by proteasomes. In receptor-mediated mitophagy, BNIP3, NIX and FUNDC1 mitophagy
receptors mediate mitochondrial elimination indirectly by interacting with LC3.
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3.1. Ubiquitin-Dependent Mitophagy

PTEN-induced putative kinase 1 (PINK1)-cytosolic E3 ubiquitin ligase Parkin pathway
represents one of the most studied ubiquitin-dependent mechanisms of mitophagy [59,62].
PINK1–Parkin has multiple roles in mitochondrial physiology, including mitochondrial
dynamics, biogenesis, transport, and recruitment of autophagic machinery, to ensure the
elimination of defective organelles [61]. PINK1 is an outer mitochondrial membrane (OMM)
protein with Ser/Thr protein kinase activity [59]. Parkin (PARK2) is an E3 ubiquitin-protein
ligase that mediates protein degradation and signal transduction in the cell [63]. In mam-
mals, PINK1 and Parkin are expressed in many organs and tissues, such as the brain, skeletal
muscles, heart, gut, and liver. In the inner mitochondrial membrane (IMM), PINK1 is contin-
uously imported through translocase complexes between the outer and inner membranes,
and is then degraded by various proteases, such as mitochondria-processing protease (MPP)
and the inner membrane presenilin-related rhomboid-like protease (PARL) [62,64]. As a
result, PINK1 is maintained at a low level in normal mitochondria, keeping its autophagy
capacity at normal levels. When mitochondria are damaged or the membrane potential
(∆Ψm) is depolarized, the inward transport and degradation of PINK1 will be inhibited,
resulting in the accumulation of PINK1 in the OMM. This means that PINK1 likely acts
as a mitochondrial damage sensor, activating Parkin to translocate from the cytoplasm
to mitochondria [59]. In addition, the disruption of PINK1 phosphorylation blocks the
Parkin’s translocation, while the deficiency of Parkin phosphorylation abolishes PINK1–
Parkin-induced cell death [65]. As a consequence of its translocation, PINK1-dependent
phosphorylation alters Parkin conformation, causing it to bind mitochondrial surfaces and
trigger E3 ligase activity [61,66,67]. PINK1 also phosphorylates ubiquitin (Ub) and poly-Ub
chains on dysfunctional mitochondria [61]. The inactivated Parkin binds to phospho-Ub
and promotes its activation by PINK1. Parkin mediates the feedforward mechanism to
generate poly-Ub chains, which is the substrate of PINK1, thus amplifying the autophagy
signals [61,66,68]. Therefore, the significance of PINK1 in the mitochondria is needed in
cell-protective characteristics for combating oxidative stress [69]. As a result of poly-Ub
chains being phosphorylated by PINK1 and serving as an “eat me” signal for the au-
tophagic machinery, the adaptor proteins recognize phosphorylated poly-Ub chains on
mitochondrial proteins (p62, OPTN, NDP52, TAXBP1) and bind with the LC3 receptor to
begin autophagosome formation [61].

In addition to mitophagy, the PINK1–Parkin pathway plays a vital role in mito-
chondrial movement as well [70,71]. Mitochondrial fission and fusion are affected at
different levels by the PINK1–Parkin pathway [72]. Mitochondrial fusion is induced by
the homo- or hetero-dimerization of the mitofusins (MFNs) 1 and 2, which tether the
mitochondria together, pull the mitochondria that are in close proximity, and mediate
fusion [73,74]. On the other hand, the mitochondrial fission process is orchestrated by
the GTPase dynamin-related protein 1 (DRP1) [72]. DRP1 activity is indirectly triggered
by PINK1 and promotes the fission of dysfunctional mitochondria, which enables their
autophagic degradation [72,75]. In coordination with DRP1 activation, PINK1–Parkin-
mediated phosphorylation and proteasomal degradation of MFN1 also contribute to mito-
chondrial fragmentation and the removal of dysfunctional organelles [76]. Additionally,
MFN2 may function as a scaffold protein to facilitate Parkin translocation when mito-
chondrial damage occurs [61]. Specifically, MFN2 mediates the recruitment of Parkin to
damaged mitochondria, and PINK1 phosphorylates MFN2 and promotes its ubiquitination
by Parkin [62,76]. In this way, PINK1–Parkin activation causes rapid ubiquitination and
degradation, preventing damaged mitochondria from fusing with healthy organelles [62,76].
There is evidence that healthy organelles and mitochondria contacts play a critical role in
mitophagy, where PINK1–Parkin activation and deubiquitylation events occur. In addi-
tion to this, mitochondrial membrane potential dissipation stimulates PINK1-dependent
phosphorylation of Miro, a Rho–GTPase of the OMM that anchors mitochondria to the
cytoskeleton [61]. By ubiquitinating Miro, Parkin promotes its degradation while inhibiting
mitochondrial transport. This causes mitochondria to dissociate from tubulin and separate
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from the mitochondrial network [61,70]. Therefore, blocking mitochondrial transport and
enhancing fission could facilitate mitophagy, possibly by reducing mitochondria’s mobility
and enabling them to be sequestered by autophagosomes. In addition, Parkin can also
interact with Ambra1 to activate class III PI3K complexes (Vps34) around mitochondria to
promote mitochondrial autophagy [77,78].

In addition to Parkin, a number of other ubiquitin E3 ligases are involved in the reg-
ulation of mitophagy, including Gp78, SMURF1, SIAH1, MUL1, and ARIH1 [61,62,79–81].
Their presence on the mitochondrial surface triggers the recruitment of autophagy adaptors,
including optineurin (OPTN), nuclear dot protein 52 (NDP52), and p62, among others, by gen-
erating ubiquitin chains. In autophagy, autophagic components, like unc-51-like autophagy
activating kinase 1 (ULK1), double FYVE-domain-containing protein 1 (DFCP1), and WD
repeat domain, phosphoinositide interacting 1 (WIPI1), are recruited for the biogenesis of
phagophores and expansion of autophagosome membranes [61,79,82].

3.2. Ubiquitin-Independent Mitophagy (Receptor-Dependent)

Apart from ubiquitin-dependent mitophagy, mitochondrial proteins serve as mi-
tophagy receptors, mediating ubiquitin-independent mitophagy, also known as receptor-
dependent mitophagy [61,81]. The OMM proteins BNIP3 (BCL2 interacting protein 3), NIX
(NIP3-like protein X), and FUNDC1 (FUN14 domain-containing protein 1) are mitophagy
receptors that fine-tune mitochondrial populations in response to various stimuli [61].
These mitophagy receptors directly or indirectly interact with the LC3 protein and lead
to the selective degradation of mitochondria [83]. In addition, the activities of these mi-
tophagy receptors are regulated by the phosphorylation status of their LIR [84]. During
hypoxic conditions, BNIP3 and NIX, which belongs to the subfamily of BH3-only proteins,
are induced and localized to the OMM through its carboxy-terminal transmembrane do-
main [83]. BNIP3 and NIX share the same LIR domains, and these LIR domains help BNIP3
and NIX bind to LC3 on autophagosomes. BNIP3 interferes with mitochondrial dynamics,
promoting the fission of damaged organelles through the disassembly and release of OPA1,
and recruitment of DRP1 to the mitochondrial surface [85,86]. In addition, BNIP3 increases
mitophagy by suppressing the cleavage of PINK1. BNIP3 and its homolog NIX can not only
promote apoptosis through the BH3 domains, but also induce mitophagy through the LIR
motifs [87]. During reticulocyte development, NIX was shown to be required for mitochon-
drial clearance, while BNIP3 was identified to mediate mitophagy in cardiomyocytes and
liver cells [85,86]. In addition to participating in ubiquitin-independent mitophagy, NIX
also acts as a substrate of Parkin, recruiting NBR1 and ultimately triggering mitophagy [62].
FUNDC1 is located in the OMM and is associated with mitophagy under hypoxia or mito-
chondrial membrane potential dissipation [83]. FUNDC1 binds to LC3 via a conserved LIR
motif and this interaction is enhanced under hypoxic conditions, facilitating mitochondrial
engulfment by autophagosomes [72]. Phosphorylation of FUNDC1 and the consequent
inhibition of FUNCD1-mediated mitophagy leads to excessive ROS accumulation [72,88].
Knockout of endogenous FUNDC1 significantly inhibited hypoxia-induced mitophagy [89].
It is attractive to hypothesize that NIX, BNIP3, and FUNDC1 act synergistically during
hypoxia, with the results that FUNDC1 selectively targets mitochondria to autophagosomes
formation via NIX- and BNIP3-mediated Beclin 1 activation [70]. Apart from the above,
other mitophagy protein receptors of OMM include autophagy and Beclin 1 regulator 1
(AMBRA1), FKBP prolyl isomerase 8 (FKBP8), BCL2 like 13 (BCL2L13), and Prohibitins
(PHB) [62,90].

4. Mitophagy and Oxidative Stress in Intestinal Disease

ROS regulates mitophagy by mediating the PINK1–Parkin pathway through its recep-
tors or effector proteins. PINK1–Parkin pathway regulation of mitophagy also plays an
important role in different oxidative damage diseases. The continuous differentiation and
renewal of intestinal cells require a large amount of energy, which is accompanied by the
production of ROS in the oxidative respiration chain of mitochondria [72,91]. Therefore,
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ROS is extremely active in intestinal epithelial cells, and its excessive accumulation can
easily induce oxidative damage and lead to mitophagy, which is an important factor in the
occurrence of various intestinal diseases.

Ulcerative colitis (UC) is a chronic inflammatory bowel disease with inflammation and
ulceration of the colonic mucosa [92]. Oxidative stress and mitochondrial dysfunction are
related to the pathogenesis of UC, and the incidence and severity of UC are correlated with
the increase in ROS. Studies have found that high concentrations of oxidative molecules
can be detected in plasma, serum, and even exhaled gas and saliva of UC patients, and
the severity of UC is positively correlated with oxidative stress [93]. It has been confirmed
that MnSOD and CAT expressions are decreased in UC, while MDA and GPX2 expressions
are increased [94–96]. The antioxidant appearances were the same in the DSS-induced
colitis mouse model, and the expression levels of ROS, IL-1β, and IL-18 in mitochondria
decreased after treatment with the mitochondrial-targeted antioxidant MitQ [97]. Therefore,
oxidative stress plays a critical role in UC pathogenesis and can be used as a therapeutic
target and evaluation indicator. DSS-induced mitochondria in the rat model were in ridge
collapse, expansion, and fragmentation states, and the membrane potential changes were
reduced by 70% as compared with those in the normal mice [98]. Oxidative stress results in
mitochondrial damage in UC patients, PINK1 and Parkin expressions are increased in UC,
and mitophagy is activated as a protective mechanism [99]. Mitochondria can regulate the
pro-inflammatory response of cells by activating molecular complexes of inflammasomes.
ROS can cause NLRP3 to form a complex with apoptosis-associated speck-like protein that
further enforces the precursor Caspase-1 to form the active NLRP3 inflammasome, which
stimulates caspase-1 cleavage and releases activated IL-1β and IL-18 [100]. Mitochondria
can also induce intestinal inflammation by signal transduction through pattern recognition
receptors [101]. In conclusion, in ulcerative colitis, cells clear damaged mitochondria and
overloaded ROS through mitophagy, thus protecting the colonic mucosa from damage.
However, the exact route is still unclear, and further research is required in the future.

Crohn’s disease (CD) is referred to as regional enteritis due to the typical pattern of
multifocal involvement with intervening normal tissue, “skip lesions”, which can involve
any area of the gastrointestinal tract [102]. In patients with CD, oxidative stress and the
accumulation of damaged intracellular macromolecules are important contributors to
mucosal deterioration and increased intestinal permeability [103–106]. The ROS levels in
CD patients are imbalanced with the antioxidant defenses. Moreover, the impaired and
reduced Paneth cell is an important mechanism for the development of intestinal pathology
in CD. Khaloian et al. reported that CD-like inflammation was negatively correlated with
reduced Paneth cell function and LGR5-expression, and mitochondrial metabolic disorders
can be induced by the absence of HSP60 in intestinal stem cells [107]. Jackson et al. also
identified Paneth cells as highly susceptible to mitochondrial dysfunction and play a key
role in ileitis pathogenesis, with translational implications for the subset of Crohn’s disease
patients exhibiting Paneth cell defects [108]. Mitochondrial protein abundance in the ileum
and colon of CD patients was significantly lower than that in the normal population, and CD
patients show high mitochondrial activity of electrical signals in the ileum [109,110]. OPTN
is a primary receptor required for the selective autophagy of damaged mitochondria [111].
Studies have found that OPTN is closely related to CD [112]. At present, there are few
studies on CD and mitophagy. However, autophagy-related gene polymorphism is indeed
associated with the pathogenesis of CD.

While the role of mitophagy in the development of IBD is now beginning to be under-
stood, there is still a lot to be discovered. Additionally, some researchers have conducted
many experiments using a model simulating intestinal oxidative damage. H2O2 is both
an exogenous and endogenous pro-oxidative mediator that can lead to lipid peroxidation
within the cell membranes and destroy the structure and function of the cell membrane, so it
has been utilized in establishing an oxidative stress model in vitro [113–117]. A recent study
reported that curcumin can effectively ameliorate H2O2-induced oxidative stress, intestinal
epithelial barrier injury, and mitochondrial damage in IPEC-J2 cells in a PINK1–Parkin
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mitophagy-dependent way, and the authors also found depletion of Parkin abolished
curcumin’s protective action on anti-oxidative stress [118]. Moreover, the same results
were obtained with other drugs, such as sodium butyrate [119], selenium nanoparticles
(SeNPs) [120], and resveratrol [121]. Consistent with in vitro data, dietary curcumin pro-
tected intestinal barrier function, improved redox status, alleviated mitochondrial damage,
and triggered mitophagy in a well-established pig oxidative stress model by challenging
with diquat [118,122,123]. Similarly, resveratrol can induce mitophagy in the intestine to
alleviate the intestinal barrier dysfunction induced by oxidative stress [122]. From this,
we can suggest that the addition of exogenous drugs could regulate mitophagy, thereby
attenuating oxidative stress. Therefore, the interplay of the intestinal barrier, mitochondrial,
and mitophagy provides insight into the development of therapeutic strategies for the
prevention and treatment of intestinal oxidative stress. Moreover, several synthetic and
natural chemical compounds have been shown to modulate mitophagy in other common
human diseases (Table 1).

Table 1. Effect and mechanism of the candidate drugs in human diseases.

Drugs Disease Model Effect and Mechanism

Urolithin A Alzheimer’s disease human neuronal SH-SY5Y cells;
AD mice

Urolithin A induces neuronal mitophagy by
increasing key mitophagy-related proteins. It
can also enhance the phagocytic efficiency of
microglia, and mitigate
NLRP3/caspase-1-dependent
neuroinflammation [124]

Rapamycin Parkinson’s disease SH-SY5Y cells treated with rotenone

Rapamycin enhances mitophagy through
inhibition of mTOR to clear the Cytochrome
c, thereby inhibiting the occurrence of
apoptosis caused by rotenone [125]

Pifithrin-α Diabetes streptozotocin-treated and db/db mice

Pifithrin-α induces mitophagy by promoting
Parkin activity through p53 downregulation,
then ameliorates mitochondrial dysfunction
and glucose intolerance [126]

Resveratrol Diabetic cardiomyopathy rats by a high-fat diet combined with
STZ injection

Resveratrol alleviates cardiac dysfunction in
diabetes by improving mitochondrial
function via SIRT1-mediated PGC-1α
deacetylation [127]

Rapamycin Leigh syndrome Ndufs4−/− mice
Rapamycin delays the onset of neurological
symptoms, reduces neuroinflammation, and
prevents brain lesions [128]

Ginsenoside Rg3 Hepatitis C Virus HCV-infected Huh7 and
Huh7.5.1 cells

Ginsenoside Rg3 restores the HCV-induced
dynamin-related protein 1-mediated aberrant
mitochondrial fission process, thereby
resulting in the suppression of persistent
HCV infection [129]

Panax notoginseng saponins Hypoxia/reoxygenation H9c2 cells with H/R injury

Panax notoginseng saponins reduce H/R
injury in cardiomyocytes by activating
HIF-1α/BNIP3 mitochondrial autophagy
signaling pathways [130]

Empagliflozin Cardiac microvascular
ischemia/reperfusion

myocardial ischemia (45
min)/reperfusion (2 h) injury mice

Empagliflozin normalizes mitochondrial
fission and fusion, neutralizes
supraphysiologic ROS concentrations, and
suppresses mitochondrial apoptosis by
activating FUNDC1-dependent mitophagy
through the AMPKα1/ULK1 pathway [131]

Spermidine Aging yeast, flies, nematodes, and human
immune cells

Spermidine plays an important role in
mitophagy-mediated cytoprotective and
anti-aging effects through energy metabolism
restoration [132]

5. Conclusions

When humans and animals are subjected to oxidative stress, excessive ROS leads
to mitochondrial structure and function disorders, further inducing systemic oxidative
damage and activating mitophagy. At present, the process and molecular mechanism of
mitophagy have been preliminarily clarified, and important research results have been
achieved in the removal of damaged mitochondria and other organelles, and their par-
ticipation in the repair of oxidative damage. However, the causal relationship between
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mitochondrial dysfunction and disease remains controversial and requires further study.
In the future, with further research on the mechanism of mitophagy, we expect to enhance
the adaptability to oxidative stress by regulating mitophagy. Meanwhile, finding targeted
drugs that can regulate mitochondrial ROS production and mitophagy can be a potential
research direction for the prevention and treatment of intestinal oxidative stress. These may
also, of course, apply to the study of other common diseases, such as neurodegenerative
diseases, tumors, and inflammation (Figure 2).

Antioxidants 2023, 12, x FOR PEER REVIEW 9 of 15 
 

activating FUNDC1-dependent mitophagy 
through the AMPKα1/ULK1 pathway [131] 

Spermidine Aging 

yeast, flies, 
nematodes, 
and human 
immune cells 

Spermidine plays an important role in 
mitophagy-mediated cytoprotective and anti-
aging effects through energy metabolism 
restoration [132] 

5. Conclusions 
When humans and animals are subjected to oxidative stress, excessive ROS leads to 

mitochondrial structure and function disorders, further inducing systemic oxidative dam-
age and activating mitophagy. At present, the process and molecular mechanism of mi-
tophagy have been preliminarily clarified, and important research results have been 
achieved in the removal of damaged mitochondria and other organelles, and their partic-
ipation in the repair of oxidative damage. However, the causal relationship between mi-
tochondrial dysfunction and disease remains controversial and requires further study. In 
the future, with further research on the mechanism of mitophagy, we expect to enhance 
the adaptability to oxidative stress by regulating mitophagy. Meanwhile, finding targeted 
drugs that can regulate mitochondrial ROS production and mitophagy can be a potential 
research direction for the prevention and treatment of intestinal oxidative stress. These 
may also, of course, apply to the study of other common diseases, such as neurodegener-
ative diseases, tumors, and inflammation (Figure 2). 

 
Figure 2. Administration of drugs, which regulate mitochondrial ROS production and mitophagy, 
improves organismal homeostasis and various disease conditions. 

Author Contributions: Conceptualization, X.W. and L.T.; writing—original draft preparation, X.W. 
and L.T.; writing—review and editing X.W., R.Z., L.T. and L.C., project administration, L.L. and H.Z.; 
funding acquisition, H.Z. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the Joint Funds of the National Natural Science Foundation 
of China [U22A20515], the National Natural Science Foundation of China [32102582], and the Agri-
cultural Science and Technology Innovation Program [No. CAAS-ZDRW202006-02 and No. ASTIP-
IAS07]. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

Figure 2. Administration of drugs, which regulate mitochondrial ROS production and mitophagy,
improves organismal homeostasis and various disease conditions.

Author Contributions: Conceptualization, X.W. and L.T.; writing—original draft preparation, X.W.
and L.T.; writing—review and editing X.W., R.Z., L.T. and L.C., project administration, L.L. and
H.Z.; funding acquisition, H.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Joint Funds of the National Natural Science Founda-
tion of China [U22A20515], the National Natural Science Foundation of China [32102582], and
the Agricultural Science and Technology Innovation Program [No. CAAS-ZDRW202006-02 and
No. ASTIPIAS07].

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guo, Y.; Liu, Y.; Zhao, S.; Xu, W.; Li, Y.; Zhao, P.; Wang, D.; Cheng, H.; Ke, Y.; Zhang, X. Oxidative stress-induced FABP5

S-glutathionylation protects against acute lung injury by suppressing inflammation in macrophages. Nat. Commun. 2021, 12, 7094.
[CrossRef]

2. Zhou, B.; Zhang, J.Y.; Liu, X.S.; Chen, H.Z.; Ai, Y.L.; Cheng, K.; Sun, R.Y.; Zhou, D.; Han, J.; Wu, Q. Tom20 senses iron-activated
ROS signaling to promote melanoma cell pyroptosis. Cell Res. 2018, 28, 1171–1185. [CrossRef]

3. Li, M.; Li, L.; Su, K.; Liu, X.; Zhang, T.; Liang, Y.; Jing, D.; Yang, X.; Zheng, D.; Cui, Z.; et al. Highly effective and noninvasive
near-infrared eradication of a staphylococcus aureus biofilm on implants by a photoresponsive coating within 20 min. Adv. Sci
2019, 6, 1900599. [CrossRef]

4. Faye, A.S.; Allin, K.H.; Iversen, A.T.; Agrawal, M.; Faith, J.; Colombel, J.-F.; Jess, T. Antibiotic use as a risk factor for inflammatory
bowel disease across the ages: A population-based cohort study. Gut 2023, 1–8. [CrossRef]

5. Kaplan, G.G.; Windsor, J.W. The four epidemiological stages in the global evolution of inflammatory bowel disease. Nat. Rev.
Gastroenterol. Hepatol. 2021, 18, 56–66. [CrossRef]

6. Tian, T.; Wang, Z.; Zhang, J. Pathomechanisms of Oxidative stress in inflammatory bowel disease and potential antioxidant
therapies. Oxid. Med. Cell Longev. 2017, 2017, 4535194. [CrossRef]

7. Vo, M.T.; Smith, B.J.; Nicholas, J.; Choi, Y.B. Activation of NIX-mediated mitophagy by an interferon regulatory factor homologue
of human herpesvirus. Nat. Commun. 2019, 10, 3203. [CrossRef]

http://doi.org/10.1038/s41467-021-27428-9
http://doi.org/10.1038/s41422-018-0090-y
http://doi.org/10.1002/advs.201900599
http://doi.org/10.1136/gutjnl-2022-327845
http://doi.org/10.1038/s41575-020-00360-x
http://doi.org/10.1155/2017/4535194
http://doi.org/10.1038/s41467-019-11164-2


Antioxidants 2023, 12, 480 10 of 15

8. Krestinin, R.; Baburina, Y.; Odinokova, I.; Kruglov, A.; Fadeeva, I.; Zvyagina, A.; Sotnikova, L.; Krestinina, O. Isoproterenol-induced
permeability transition pore-related dysfunction of heart mitochondria is attenuated by astaxanthin. Biomedicines 2020, 8, 437.
[CrossRef]

9. Lan, Q.; Lim, U.; Liu, C.S.; Weinstein, S.J.; Chanock, S.; Bonner, M.R.; Virtamo, J.; Albanes, D.; Rothman, N. A prospective study
of mitochondrial DNA copy number and risk of non-Hodgkin lymphoma. Blood 2008, 112, 4247–4249. [CrossRef]

10. Waltz, F.; Salinas-Giegé, T.; Englmeier, R.; Meichel, H.; Soufari, H.; Kuhn, L.; Pfeffer, S.; Förster, F.; Engel, B.D.; Giegé, P.; et al.
How to build a ribosome from RNA fragments in Chlamydomonas mitochondria. Nat. Commun. 2021, 12, 7176. [CrossRef]

11. Ziegler, D.V.; Wiley, C.D.; Velarde, M.C. Mitochondrial effectors of cellular senescence: Beyond the free radical theory of aging.
Aging Cell 2015, 14, 1–7. [CrossRef] [PubMed]

12. Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120, 483–495. [CrossRef] [PubMed]
13. Wang, Y.; Nartiss, Y.; Steipe, B.; McQuibban, G.A.; Kim, P.K. ROS-induced mitochondrial depolarization initiates PARK2/PARKIN-

dependent mitochondrial degradation by autophagy. Autophagy 2012, 8, 1462–1476. [CrossRef] [PubMed]
14. Zhang, C.; Nie, P.; Zhou, C.; Hu, Y.; Duan, S.; Gu, M.; Jiang, D.; Wang, Y.; Deng, Z.; Chen, J.; et al. Oxidative stress-induced

mitophagy is suppressed by the miR-106b-93-25 cluster in a protective manner. Cell Death Dis. 2021, 12, 209. [CrossRef] [PubMed]
15. Xiao, B.; Deng, X.; Lim, G.G.Y.; Xie, S.; Zhou, Z.D.; Lim, K.L.; Tan, E.K. Superoxide drives progression of Parkin/PINK1-dependent

mitophagy following translocation of Parkin to mitochondria. Cell Death Dis. 2017, 8, e3097. [CrossRef] [PubMed]
16. Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species are essential for autophagy and

specifically regulate the activity of Atg4. EMBO J. 2007, 26, 1749–1760. [CrossRef]
17. Zhang, Q.; Kuang, H.; Chen, C.; Yan, J.; Do-Umehara, H.C.; Liu, X.Y.; Dada, L.; Ridge, K.M.; Chandel, N.S.; Liu, J. The kinase Jnk2

promotes stress-induced mitophagy by targeting the small mitochondrial form of the tumor suppressor ARF for degradation.
Nat. Immunol. 2015, 16, 458–466. [CrossRef]

18. Zhu, C.L.; Yao, R.Q.; Li, L.X.; Li, P.; Xie, J.; Wang, J.F.; Deng, X.M. Mechanism of mitophagy and its role in sepsis induced organ
dysfunction: A review. Front. Cell Dev. Biol. 2021, 9, 664896. [CrossRef]

19. Xing, W.; Yang, L.; Peng, Y.; Wang, Q.; Gao, M.; Yang, M.; Xiao, X. Ginsenoside Rg3 attenuates sepsis-induced injury and
mitochondrial dysfunction in liver via AMPK-mediated autophagy flux. Biosci. Rep. 2017, 37, BSR20170934. [CrossRef] [PubMed]

20. Munson, M.J.; Mathai, B.J.; Ng, M.Y.W.; Trachsel-Moncho, L.; de la Ballina, L.R.; Schultz, S.W.; Aman, Y.; Lystad, A.H.; Singh,
S.; Singh, S.; et al. GAK and PRKCD are positive regulators of PRKN-independent mitophagy. Nat. Commun. 2021, 12, 6101.
[CrossRef] [PubMed]

21. Sohal, R.S.; Allen, R.G. Oxidative stress as a causal factor in differentiation and aging: A unifying hypothesis. Exp. Gerontol. 1990,
25, 499–522. [CrossRef] [PubMed]

22. Wu, J.X.; Liu, R.; Song, K.; Chen, L. Structures of human dual oxidase 1 complex in low-calcium and high-calcium states. Nat.
Commun. 2021, 12, 155. [CrossRef] [PubMed]

23. Cheng, M.H.; Huang, H.L.; Lin, Y.Y.; Tsui, K.H.; Chen, P.C.; Cheng, S.Y.; Chong, I.W.; Sung, P.J.; Tai, M.H.; Wen, Z.H.; et al. BA6
induces apoptosis via stimulation of reactive oxygen species and inhibition of oxidative phosphorylation in human lung cancer
cells. Oxid. Med. Cell Longev. 2019, 2019, 6342104. [CrossRef]

24. Thanas, C.; Ziros, P.G.; Chartoumpekis, D.V.; Renaud, C.O.; Sykiotis, G.P. The Keap1/Nrf2 signaling pathway in the Thyroid-2020
update. Antioxidants 2020, 9, 1082. [CrossRef]

25. Sugiharto, S.; Yudiarti, T.; Isroli, I. Assay of antioxidant potential of two filamentous fungi isolated from the indonesian fermented
dried cassava. Antioxidants 2016, 5, 6. [CrossRef] [PubMed]

26. Silvestro, S.; Calcaterra, V.; Pelizzo, G.; Bramanti, P.; Mazzon, E. Prenatal hypoxia and placental oxidative stress: Insights from
animal models to clinical evidences. Antioxidants 2020, 9, 414. [CrossRef]

27. Li, M.; Sun, T.; Wu, X.; An, P.; Wu, X.; Dang, H. Autophagy in the HTR-8/SVneo cell oxidative stress model is associated with the
NLRP1 inflammasome. Oxid. Med. Cell Longev. 2021, 2021, 2353504. [CrossRef] [PubMed]

28. Deters, E.L.; Stokes, R.S.; Genther-Schroeder, O.N.; Hansen, S.L. Effects of a Saccharomyces cerevisiae fermentation product
in receiving diets of newly weaned beef steers. II. Digestibility and response to a vaccination challenge. J. Anim. Sci. 2018, 96,
3906–3915. [CrossRef] [PubMed]

29. Hartmann, F.S.F.; Clermont, L.; Tung, Q.N.; Antelmann, H.; Seibold, G.M. The industrial organism corynebacterium glutamicum
requires mycothiol as antioxidant to resist against oxidative stress in bioreactor cultivations. Antioxidants 2020, 9, 969. [CrossRef]

30. Chen, X.; Yi, H.; Liu, S.; Zhang, Y.; Su, Y.; Liu, X.; Bi, S.; Lai, H.; Zeng, Z.; Li, G. Probiotics improve eating disorders in mandarin
fish (siniperca chuatsi) induced by a pellet feed diet via stimulating immunity and regulating gut microbiota. Microorganisms
2021, 9, 1288. [CrossRef] [PubMed]

31. Das, S.; Sarkar, A.; Ryan, K.A.; Fox, S.; Berger, A.H.; Juncadella, I.J.; Bimczok, D.; Smythies, L.E.; Harris, P.R.; Ravichandran, K.S.; et al.
Brain angiogenesis inhibitor 1 is expressed by gastric phagocytes during infection with Helicobacter pylori and mediates the recognition
and engulfment of human apoptotic gastric epithelial cells. FASEB J. 2014, 28, 2214–2224. [CrossRef] [PubMed]

32. Laforgia, N.; Di Mauro, A.; Favia Guarnieri, G.; Varvara, D.; De Cosmo, L.; Panza, R.; Capozza, M.; Baldassarre, M.E.; Resta, N.
The role of oxidative stress in the pathomechanism of congenital malformations. Oxid. Med. Cell Longev. 2018, 2018, 7404082.
[CrossRef] [PubMed]

33. Girotti, A.W. Lipid hydroperoxide generation, turnover, and effector action in biological systems. J. Lipid Res. 1998, 39, 1529–1542.
[CrossRef] [PubMed]

http://doi.org/10.3390/biomedicines8100437
http://doi.org/10.1182/blood-2008-05-157974
http://doi.org/10.1038/s41467-021-27200-z
http://doi.org/10.1111/acel.12287
http://www.ncbi.nlm.nih.gov/pubmed/25399755
http://doi.org/10.1016/j.cell.2005.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15734681
http://doi.org/10.4161/auto.21211
http://www.ncbi.nlm.nih.gov/pubmed/22889933
http://doi.org/10.1038/s41419-021-03484-3
http://www.ncbi.nlm.nih.gov/pubmed/33627622
http://doi.org/10.1038/cddis.2017.463
http://www.ncbi.nlm.nih.gov/pubmed/29022898
http://doi.org/10.1038/sj.emboj.7601623
http://doi.org/10.1038/ni.3130
http://doi.org/10.3389/fcell.2021.664896
http://doi.org/10.1042/BSR20170934
http://www.ncbi.nlm.nih.gov/pubmed/28779013
http://doi.org/10.1038/s41467-021-26331-7
http://www.ncbi.nlm.nih.gov/pubmed/34671015
http://doi.org/10.1016/0531-5565(90)90017-V
http://www.ncbi.nlm.nih.gov/pubmed/2097168
http://doi.org/10.1038/s41467-020-20466-9
http://www.ncbi.nlm.nih.gov/pubmed/33420071
http://doi.org/10.1155/2019/6342104
http://doi.org/10.3390/antiox9111082
http://doi.org/10.3390/antiox5010006
http://www.ncbi.nlm.nih.gov/pubmed/26848695
http://doi.org/10.3390/antiox9050414
http://doi.org/10.1155/2021/2353504
http://www.ncbi.nlm.nih.gov/pubmed/33854691
http://doi.org/10.1093/jas/sky247
http://www.ncbi.nlm.nih.gov/pubmed/29912356
http://doi.org/10.3390/antiox9100969
http://doi.org/10.3390/microorganisms9061288
http://www.ncbi.nlm.nih.gov/pubmed/34204793
http://doi.org/10.1096/fj.13-243238
http://www.ncbi.nlm.nih.gov/pubmed/24509909
http://doi.org/10.1155/2018/7404082
http://www.ncbi.nlm.nih.gov/pubmed/30693064
http://doi.org/10.1016/S0022-2275(20)32182-9
http://www.ncbi.nlm.nih.gov/pubmed/9717713


Antioxidants 2023, 12, 480 11 of 15

34. Silva, E.O.; Gerez, J.R.; Hohmann, M.S.N.; Verri, W.A.; Bracarense, A.P.F.R.L. Phytic acid decreases oxidative stress and intestinal
lesions induced by fumonisin b1 and deoxynivalenol in intestinal explants of pigs. Toxins 2019, 11, 18. [CrossRef] [PubMed]

35. Song, M.; Zhang, F.; Chen, L.; Yang, Q.; Su, H.; Yang, X.; He, H.; Ling, M.; Zheng, J.; Duan, C.; et al. Dietary chenodeoxycholic
acid improves growth performance and intestinal health by altering serum metabolic profiles and gut bacteria in weaned piglets.
Anim. Nutr. 2021, 7, 365–375. [CrossRef] [PubMed]

36. Gago, S.; Overton, N.L.D.; Ben-Ghazzi, N.; Novak-Frazer, L.; Read, N.D.; Denning, D.W.; Bowyer, P. Lung colonization by
Aspergillus fumigatus is controlled by ZNF77. Nat. Commun. 2018, 9, 3835. [CrossRef]

37. Guttman, J.A.; Finlay, B.B. Tight junctions as targets of infectious agents. Biochim. Biophys. Acta 2009, 1788, 832–841. [CrossRef]
38. Wilson, K.M.; Rodrigues, D.R.; Briggs, W.N.; Duff, A.F.; Chasser, K.M.; Bottje, W.G.; Bielke, L.R. Impact of in ovo administered

pioneer colonizers on intestinal proteome on day of hatch. Poult. Sci. 2020, 99, 1254–1266. [CrossRef]
39. Jiao, N.; Wu, Z.; Ji, Y.; Wang, B.; Dai, Z.; Wu, G. L-Glutamate enhances barrier and antioxidative functions in intestinal porcine

epithelial cells. J. Nutr. 2015, 145, 2258–2264. [CrossRef]
40. Elias, B.C.; Suzuki, T.; Seth, A.; Giorgianni, F.; Kale, G.; Shen, L.; Turner, J.R.; Naren, A.; Desiderio, D.M.; Rao, R. Phosphorylation

of Tyr-398 and Tyr-402 in occludin prevents its interaction with ZO-1 and destabilizes its assembly at the tight junctions. J. Biol.
Chem. 2009, 284, 1559–1569. [CrossRef]

41. Kawauchiya, T.; Takumi, R.; Kudo, Y.; Takamori, A.; Sasagawa, T.; Takahashi, K.; Kikuchi, H. Correlation between the destruction
of tight junction by patulin treatment and increase of phosphorylation of ZO-1 in Caco-2 human colon cancer cells. Toxicol. Lett.
2011, 205, 196–202. [CrossRef] [PubMed]

42. Gu, Y.; Dee, C.M.; Shen, J. Interaction of free radicals, matrix metalloproteinases and caveolin-1 impacts blood-brain barrier
permeability. Front. Biosci. (Schol. Ed.) 2011, 3, 1216–1231. [CrossRef]

43. Saha, A.; Sarkar, C.; Singh, S.P.; Zhang, Z.; Munasinghe, J.; Peng, S.; Chandra, G.; Kong, E.; Mukherjee, A.B. The blood-brain
barrier is disrupted in a mouse model of infantile neuronal ceroid lipofuscinosis: Amelioration by resveratrol. Hum. Mol. Genet.
2012, 21, 2233–2244. [CrossRef] [PubMed]

44. González-Mariscal, L.; Tapia, R.; Chamorro, D. Crosstalk of tight junction components with signaling pathways. Biochim. Biophys.
Acta 2008, 1778, 729–756. [CrossRef] [PubMed]

45. Wang, S.; Guo, C.; Zhou, L.; Zhong, Z.; Zhu, W.; Huang, Y.; Zhang, Z.; Gorgels, T.G.M.F.; Berendschot, T.T.J.M. Effects of dietary
supplementation with epidermal growth factor-expressing Saccharomyces cerevisiae on duodenal development in weaned
piglets. Br. J. Nutr. 2016, 115, 1509–1520. [CrossRef] [PubMed]

46. Reese, A.T.; Cho, E.H.; Klitzman, B.; Nichols, S.P.; Wisniewski, N.A.; Villa, M.M.; Durand, H.K.; Jiang, S.; Midani, F.S.; Nimmagadda,
S.N.; et al. Antibiotic-induced changes in the microbiota disrupt redox dynamics in the gut. Elife 2018, 7, e35987. [CrossRef]

47. Ershler, W.B. A gripping reality: Oxidative stress, inflammation, and the pathway to frailty. J. Appl. Physiol. (1985) 2007, 103, 3–5.
[CrossRef]

48. Winter, S.E.; Lopez, C.A.; Bäumler, A.J. The dynamics of gut-associated microbial communities during inflammation. EMBO Rep.
2013, 14, 319–327. [CrossRef]

49. Ehrlich, A.M.; Pacheco, A.R.; Henrick, B.M.; Taft, D.; Xu, G.; Huda, M.N.; Mishchuk, D.; Goodson, M.L.; Slupsky, C.; Barile,
D.; et al. Indole-3-lactic acid associated with Bifidobacterium-dominated microbiota significantly decreases inflammation in
intestinal epithelial cells. BMC Microbiol. 2020, 20, 357. [CrossRef]

50. Gao, D.; Gao, Z.; Zhu, G. Antioxidant effects of Lactobacillus plantarum via activation of transcription factor Nrf2. Food Funct.
2013, 4, 982–989. [CrossRef]

51. Wang, Y.; Wu, Y.; Wang, Y.; Xu, H.; Mei, X.; Yu, D.; Wang, Y.; Li, W. Antioxidant properties of probiotic bacteria. Nutrients 2017, 9, 521.
[CrossRef] [PubMed]

52. Prado, C.; Michels, M.; Ávila, P.; Burger, H.; Milioli, M.V.M.; Dal-Pizzol, F. The protective effects of fecal microbiota transplantation
in an experimental model of necrotizing enterocolitis. J. Pediatr. Surg. 2019, 54, 1578–1583. [CrossRef] [PubMed]

53. Li, N.; Stojanovski, S.; Maechler, P. Mitochondrial hormesis in pancreatic β cells: Does uncoupling protein 2 play a role? Oxid.
Med. Cell Longev. 2012, 2012, 740849. [CrossRef] [PubMed]

54. Yao, N.; Li, Y.J.; Lei, Y.H.; Hu, N.; Chen, W.M.; Yao, Z.; Yu, M.; Liu, J.S.; Ye, W.C.; Zhang, D.M. A piperazidine derivative of
23-hydroxy betulinic acid induces a mitochondria-derived ROS burst to trigger apoptotic cell death in hepatocellular carcinoma
cells. J. Exp. Clin. Cancer Res. 2016, 35, 192. [CrossRef] [PubMed]

55. Nelson, K.K.; Melendez, J.A. Mitochondrial redox control of matrix metalloproteinases. Free Radic. Biol. Med. 2004, 37, 768–784.
[CrossRef]

56. Chien, C.-C.; Wu, M.-S.; Shen, S.-C.; Ko, C.-H.; Chen, C.-H.; Yang, L.-L.; Chen, Y.-C. Activation of JNK contributes to evodiamine-
induced apoptosis and G2/M arrest in human colorectal carcinoma cells: A structure-activity study of evodiamine. PLoS ONE
2014, 9, e99729. [CrossRef]

57. Saita, S.; Shirane, M.; Nakayama, K.I. Selective escape of proteins from the mitochondria during mitophagy. Nat. Commun. 2013,
4, 1410. [CrossRef]

58. Lemasters, J.J. Selective mitochondrial autophagy, or mitophagy, as a targeted defense against oxidative stress, mitochondrial
dysfunction, and aging. Rejuvenation Res. 2005, 8, 3–5. [CrossRef]

59. Shefa, U.; Jeong, N.Y.; Song, I.O.; Chung, H.J.; Kim, D.; Jung, J.; Huh, Y. Mitophagy links oxidative stress conditions and
neurodegenerative diseases. Neural Regen. Res. 2019, 14, 749–756. [CrossRef]

http://doi.org/10.3390/toxins11010018
http://www.ncbi.nlm.nih.gov/pubmed/30621150
http://doi.org/10.1016/j.aninu.2020.07.011
http://www.ncbi.nlm.nih.gov/pubmed/34258424
http://doi.org/10.1038/s41467-018-06148-7
http://doi.org/10.1016/j.bbamem.2008.10.028
http://doi.org/10.1016/j.psj.2019.10.017
http://doi.org/10.3945/jn.115.217661
http://doi.org/10.1074/jbc.M804783200
http://doi.org/10.1016/j.toxlet.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21704136
http://doi.org/10.2741/222
http://doi.org/10.1093/hmg/dds038
http://www.ncbi.nlm.nih.gov/pubmed/22331300
http://doi.org/10.1016/j.bbamem.2007.08.018
http://www.ncbi.nlm.nih.gov/pubmed/17950242
http://doi.org/10.1017/S0007114516000738
http://www.ncbi.nlm.nih.gov/pubmed/26983845
http://doi.org/10.7554/eLife.35987
http://doi.org/10.1152/japplphysiol.00375.2007
http://doi.org/10.1038/embor.2013.27
http://doi.org/10.1186/s12866-020-02023-y
http://doi.org/10.1039/c3fo30316k
http://doi.org/10.3390/nu9050521
http://www.ncbi.nlm.nih.gov/pubmed/28534820
http://doi.org/10.1016/j.jpedsurg.2018.10.045
http://www.ncbi.nlm.nih.gov/pubmed/30414693
http://doi.org/10.1155/2012/740849
http://www.ncbi.nlm.nih.gov/pubmed/23029600
http://doi.org/10.1186/s13046-016-0457-1
http://www.ncbi.nlm.nih.gov/pubmed/27931237
http://doi.org/10.1016/j.freeradbiomed.2004.06.008
http://doi.org/10.1371/journal.pone.0099729
http://doi.org/10.1038/ncomms2400
http://doi.org/10.1089/rej.2005.8.3
http://doi.org/10.4103/1673-5374.249218


Antioxidants 2023, 12, 480 12 of 15

60. Vernucci, E.; Tomino, C.; Molinari, F.; Limongi, D.; Aventaggiato, M.; Sansone, L.; Tafani, M.; Russo, M.A. Mitophagy and
oxidative stress in cancer and aging: Focus on sirtuins and nanomaterials. Oxid. Med. Cell Longev. 2019, 2019, 6387357. [CrossRef]

61. Palikaras, K.; Lionaki, E.; Tavernarakis, N. Mechanisms of mitophagy in cellular homeostasis, physiology and pathology. Nat.
Cell Biol. 2018, 20, 1013–1022. [CrossRef] [PubMed]

62. De Gaetano, A.; Gibellini, L.; Zanini, G.; Nasi, M.; Cossarizza, A.; Pinti, M. Mitophagy and oxidative stress: The role of aging.
Antioxidants 2021, 10, 794. [CrossRef] [PubMed]

63. Lee, D.H.; Park, M.H.; Hwang, C.J.; Kim, Y.; Hwang, D.Y.; Han, S.B.; Hong, J.T. Parkin deficiency prevents chronic ethanol-induced
hepatic lipid accumulation through β-catenin accumulation. Cell Commun. Signal. 2019, 17, 104. [CrossRef] [PubMed]

64. Meissner, C.; Lorenz, H.; Hehn, B.; Lemberg, M.K. Intramembrane protease PARL defines a negative regulator of PINK1- and
PARK2/Parkin-dependent mitophagy. Autophagy 2015, 11, 1484–1498. [CrossRef]

65. Zhuang, N.; Li, L.; Chen, S.; Wang, T. PINK1-dependent phosphorylation of PINK1 and Parkin is essential for mitochondrial
quality control. Cell Death Dis. 2016, 7, e2501. [CrossRef]

66. Harper, J.W.; Ordureau, A.; Heo, J.-M. Building and decoding ubiquitin chains for mitophagy. Nat. Rev. Mol. Cell Biol. 2018, 19,
93–108. [CrossRef]

67. Aguirre, J.D.; Dunkerley, K.M.; Mercier, P.; Shaw, G.S. Structure of phosphorylated UBL domain and insights into PINK1-
orchestrated parkin activation. Proc. Natl. Acad. Sci. USA 2017, 114, 298–303. [CrossRef]

68. Ordureau, A.; Sarraf, S.A.; Duda, D.M.; Heo, J.-M.; Jedrychowski, M.P.; Sviderskiy, V.O.; Olszewski, J.L.; Koerber, J.T.; Xie, T.;
Beausoleil, S.A.; et al. Quantitative proteomics reveal a feedforward mechanism for mitochondrial PARKIN translocation and
ubiquitin chain synthesis. Mol. Cell 2014, 56, 360–375. [CrossRef]

69. Eiyama, A.; Okamoto, K. PINK1/Parkin-mediated mitophagy in mammalian cells. Curr. Opin. Cell Biol. 2015, 33, 95–101.
[CrossRef]

70. Ashrafi, G.; Schwarz, T.L. The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. 2013,
20, 31–42. [CrossRef]

71. Luciani, A.; Schumann, A.; Berquez, M.; Chen, Z.; Nieri, D.; Failli, M.; Debaix, H.; Festa, B.P.; Tokonami, N.; Raimondi, A.; et al.
Impaired mitophagy links mitochondrial disease to epithelial stress in methylmalonyl-CoA mutase deficiency. Nat. Commun.
2020, 11, 970. [CrossRef]

72. Scheffer, D.d.L.; Garcia, A.A.; Lee, L.; Mochly-Rosen, D.; Ferreira, J.C.B. Mitochondrial fusion, fission, and mitophagy in cardiac
diseases: Challenges and therapeutic opportunities. Antioxid. Redox. Signal. 2022, 36, 844–863. [CrossRef] [PubMed]

73. Wai, T.; Langer, T. Mitochondrial dynamics and metabolic regulation. Trends Endocrinol. Metab. 2016, 27, 105–117. [CrossRef]
74. Zhang, Y.; Liu, X.; Bai, J.; Tian, X.; Zhao, X.; Liu, W.; Duan, X.; Shang, W.; Fan, H.-Y.; Tong, C. Mitoguardin regulates mitochondrial

fusion through MitoPLD and is required for neuronal homeostasis. Mol. Cell 2016, 61, 111–124. [CrossRef] [PubMed]
75. Pryde, K.R.; Smith, H.L.; Chau, K.-Y.; Schapira, A.H.V. PINK1 disables the anti-fission machinery to segregate damaged

mitochondria for mitophagy. J. Cell Biol. 2016, 213, 163–171. [CrossRef]
76. Tanaka, A.; Cleland, M.M.; Xu, S.; Narendra, D.P.; Suen, D.-F.; Karbowski, M.; Youle, R.J. Proteasome and p97 mediate mitophagy

and degradation of mitofusins induced by Parkin. J. Cell Biol. 2010, 191, 1367–1380. [CrossRef]
77. Strappazzon, F.; Nazio, F.; Corrado, M.; Cianfanelli, V.; Romagnoli, A.; Fimia, G.M.; Campello, S.; Nardacci, R.; Piacentini, M.;

Campanella, M.; et al. AMBRA1 is able to induce mitophagy via LC3 binding, regardless of PARKIN and p62/SQSTM1. Cell
Death Differ. 2015, 22, 419–432. [CrossRef]

78. Kagan, V.E.; Jiang, J.; Huang, Z.; Tyurina, Y.Y.; Desbourdes, C.; Cottet-Rousselle, C.; Dar, H.H.; Verma, M.; Tyurin, V.A.; Kapralov,
A.A.; et al. NDPK-D (NM23-H4)-mediated externalization of cardiolipin enables elimination of depolarized mitochondria by
mitophagy. Cell Death Differ. 2016, 23, 1140–1151. [CrossRef]

79. Li, A.; Gao, M.; Liu, B.; Qin, Y.; Chen, L.; Liu, H.; Wu, H.; Gong, G. Mitochondrial autophagy: Molecular mechanisms and
implications for cardiovascular disease. Cell Death Dis. 2022, 13, 444. [CrossRef] [PubMed]

80. Montava-Garriga, L.; Ganley, I.G. Outstanding questions in mitophagy: What we do and do not know. J. Mol. Biol. 2020, 432,
206–230. [CrossRef]

81. Praharaj, P.P.; Naik, P.P.; Panigrahi, D.P.; Bhol, C.S.; Mahapatra, K.K.; Patra, S.; Sethi, G.; Bhutia, S.K. Intricate role of mitochondrial
lipid in mitophagy and mitochondrial apoptosis: Its implication in cancer therapeutics. Cell Mol. Life Sci. 2019, 76, 1641–1652.
[CrossRef] [PubMed]

82. Lazarou, M.; Sliter, D.A.; Kane, L.A.; Sarraf, S.A.; Wang, C.; Burman, J.L.; Sideris, D.P.; Fogel, A.I.; Youle, R.J. The ubiquitin kinase
PINK1 recruits autophagy receptors to induce mitophagy. Nature 2015, 524, 309–314. [CrossRef]

83. Panigrahi, D.P.; Praharaj, P.P.; Bhol, C.S.; Mahapatra, K.K.; Patra, S.; Behera, B.P.; Mishra, S.R.; Bhutia, S.K. The emerging,
multifaceted role of mitophagy in cancer and cancer therapeutics. Semin Cancer Biol. 2020, 66, 45–58. [CrossRef] [PubMed]

84. Birgisdottir, Å.B.; Lamark, T.; Johansen, T. The LIR motif—Crucial for selective autophagy. J. Cell Sci 2013, 126, 3237–3247.
[CrossRef]

85. Liu, K.; Zhao, Q.; Sun, H.; Liu, L.; Wang, C.; Li, Z.; Xu, Y.; Wang, L.; Zhang, L.; Zhang, H.; et al. BNIP3 (BCL2 interacting protein
3) regulates pluripotency by modulating mitochondrial homeostasis via mitophagy. Cell Death Dis. 2022, 13, 334. [CrossRef]

http://doi.org/10.1155/2019/6387357
http://doi.org/10.1038/s41556-018-0176-2
http://www.ncbi.nlm.nih.gov/pubmed/30154567
http://doi.org/10.3390/antiox10050794
http://www.ncbi.nlm.nih.gov/pubmed/34067882
http://doi.org/10.1186/s12964-019-0424-5
http://www.ncbi.nlm.nih.gov/pubmed/31438968
http://doi.org/10.1080/15548627.2015.1063763
http://doi.org/10.1038/cddis.2016.396
http://doi.org/10.1038/nrm.2017.129
http://doi.org/10.1073/pnas.1613040114
http://doi.org/10.1016/j.molcel.2014.09.007
http://doi.org/10.1016/j.ceb.2015.01.002
http://doi.org/10.1038/cdd.2012.81
http://doi.org/10.1038/s41467-020-14729-8
http://doi.org/10.1089/ars.2021.0145
http://www.ncbi.nlm.nih.gov/pubmed/35044229
http://doi.org/10.1016/j.tem.2015.12.001
http://doi.org/10.1016/j.molcel.2015.11.017
http://www.ncbi.nlm.nih.gov/pubmed/26711011
http://doi.org/10.1083/jcb.201509003
http://doi.org/10.1083/jcb.201007013
http://doi.org/10.1038/cdd.2014.139
http://doi.org/10.1038/cdd.2015.160
http://doi.org/10.1038/s41419-022-04906-6
http://www.ncbi.nlm.nih.gov/pubmed/35534453
http://doi.org/10.1016/j.jmb.2019.06.032
http://doi.org/10.1007/s00018-018-2990-x
http://www.ncbi.nlm.nih.gov/pubmed/30539200
http://doi.org/10.1038/nature14893
http://doi.org/10.1016/j.semcancer.2019.07.015
http://www.ncbi.nlm.nih.gov/pubmed/31351198
http://doi.org/10.1242/jcs.126128
http://doi.org/10.1038/s41419-022-04795-9


Antioxidants 2023, 12, 480 13 of 15

86. Quinsay, M.N.; Thomas, R.L.; Lee, Y.; Gustafsson, A.B. Bnip3-mediated mitochondrial autophagy is independent of the mitochon-
drial permeability transition pore. Autophagy 2010, 6, 855–862. [CrossRef]

87. Hamacher-Brady, A.; Brady, N.R. Mitophagy programs: Mechanisms and physiological implications of mitochondrial targeting
by autophagy. Cell Mol. Life Sci. 2016, 73, 775–795. [CrossRef]

88. Zhou, H.; Zhu, P.; Wang, J.; Zhu, H.; Ren, J.; Chen, Y. Pathogenesis of cardiac ischemia reperfusion injury is associated with
CK2α-disturbed mitochondrial homeostasis via suppression of FUNDC1-related mitophagy. Cell Death Differ. 2018, 25, 1080–1093.
[CrossRef] [PubMed]

89. Wang, J.; Zhu, P.; Li, R.; Ren, J.; Zhou, H. Fundc1-dependent mitophagy is obligatory to ischemic preconditioning-conferred
renoprotection in ischemic AKI via suppression of Drp1-mediated mitochondrial fission. Redox. Biol. 2020, 30, 101415. [CrossRef]

90. Wei, Y.; Chiang, W.C.; Sumpter, R., Jr.; Mishra, P.; Levine, B. Prohibitin 2 is an inner mitochondrial membrane mitophagy receptor.
Cell 2017, 168, 224–238.e10. [CrossRef]

91. Wang, M.; Hu, R.; Wang, Y.; Liu, L.; You, H.; Zhang, J.; Wu, X.; Pei, T.; Wang, F.; Lu, L.; et al. Atractylenolide III attenuates muscle
wasting in chronic kidney disease via the oxidative stress-mediated PI3K/AKT/mTOR pathway. Oxid. Med. Cell Longev. 2019,
2019, 1875471. [CrossRef] [PubMed]

92. Wang, Q.; Hou, Y.; Yi, D.; Wang, L.; Ding, B.; Chen, X.; Long, M.; Liu, Y.; Wu, G. Protective effects of N-acetylcysteine on acetic
acid-induced colitis in a porcine model. BMC Gastroenterol. 2013, 13, 133. [CrossRef]

93. Arab, H.H.; Al-Shorbagy, M.Y.; Abdallah, D.M.; Nassar, N.N. Telmisartan attenuates colon inflammation, oxidative perturbations
and apoptosis in a rat model of experimental inflammatory bowel disease. PLoS ONE 2014, 9, e97193. [CrossRef]

94. Mangerich, A.; Dedon, P.C.; Fox, J.G.; Tannenbaum, S.R.; Wogan, G.N. Chemistry meets biology in colitis-associated carcinogenesis.
Free Radic. Res. 2013, 47, 958–986. [CrossRef]

95. Bouzid, D.; Gargouri, B.; Mansour, R.B.; Amouri, A.; Tahri, N.; Lassoued, S.; Masmoudi, H. Oxidative stress markers in intestinal
mucosa of Tunisian inflammatory bowel disease patients. Saudi J. Gastroenterol. 2013, 19, 131–135. [CrossRef]
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