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Abstract: Changes in mitochondrial membrane permeability are closely associated with mitochondria-
mediated apoptosis. Antimicrobial peptides (AMPs), which have been found to enter cells to exert
physiological effects, cause damage to the mitochondria. This paper reviews the molecular mecha-
nisms of AMP-mediated apoptosis by changing the permeability of the mitochondrial membrane
through three pathways: the outer mitochondrial membrane (OMM), inner mitochondrial membrane
(IMM), and mitochondrial permeability transition pore (MPTP). The roles of AMPs in inducing
changes in membrane permeability and apoptosis are also discussed. Combined with recent research
results, the possible application prospects of AMPs are proposed to provide a theoretical reference
for the development of AMPs as therapeutic agents for human diseases.

Keywords: AMPs; mitochondrial outer membrane permeability (MOMP); mitochondrial inner
membrane permeability (MIMP); mitochondrial permeability transition (MPT); apoptosis

1. Introduction

In recent decades, the incidence and mortality of malignant tumors have remained
high, and there are difficulties, such as low treatment efficiency and drug resistance [1].
In addition, the emergence of resistant pathogenic microorganisms might cause a variety
of infectious diseases [2], which seriously threaten human health. Antimicrobial peptides
(AMPs) have good inhibitory effects on bacteria, fungi, viruses, and even tumor cells,
without altering drug resistance [3,4]. This advantage provides a prerequisite for the
development of AMPs as therapeutic agents. Previous studies have shown that AMPs can
not only directly act on cell membranes and cell walls to kill cells, but can also enter cells
and target organelles to achieve bactericidal effects by interfering with normal metabolic
processes and playing an immunomodulatory role [5-7]. Many AMP drugs have been
developed for clinical treatment, such as lipopeptide A21978C for the treatment of skin
infection and sepsis and peptide Glutoxim/NOV-002 for the treatment of tuberculosis
and non-small-cell lung cancer [8]. To address the resistance of antibiotics, the design and
production of effective AMP preparations has become inevitable. However, with changes
in the structure, hydrophobicity, and amphipathic properties of AMPs, the mechanism and
target of action would also change [5,9]. The therapeutic mechanism of AMPs that exerts
antitumor or antifungal effects through the cell membrane or wall is well-understood [10,11].
Nevertheless, studies of AMPs that cause apoptosis through the intracellular pathway
are still insufficient. Therefore, sorting out the mechanism of AMPs for the treatment of
tumors and infectious diseases is convenient for screening AMPs for better efficiency and
to develop them as therapeutic drugs.

Through the investigation of the mechanism of action of different AMPs, it was found
that some AMPs cause damage to mitochondria when exercising their biological func-
tions [12-14]. Mitochondria is a site for energy production in cells, playing an important
role in regulating cell growth and death [15]. The integrity of the outer and inner mi-
tochondrial membrane is crucial for mitochondrial apoptosis, and even cell apoptosis.

Int. . Mol. Sci. 2022, 23, 12732. https:/ /doi.org/10.3390/ijms232112732

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms232112732
https://doi.org/10.3390/ijms232112732
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-5517-8306
https://doi.org/10.3390/ijms232112732
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms232112732?type=check_update&version=1

Int. . Mol. Sci. 2022, 23, 12732

20f12

Changes in mitochondrial membrane permeability can directly activate the mitochondrial
apoptosis pathway [16,17]. Although there are abundant reports on the effects of AMPs
on mitochondria, most of the research results are merely descriptions of the phenomena,
such as mitochondrial membrane potential depolarization and oxidative stress, causing
mitochondrial dysfunction [18]. Only few reports have studied the effect of AMPs on
mitochondrial permeability transition pore (MPTP) in detail [19], and there are no detailed
classifications and mechanism analyses of AMPs on mitochondrial membrane damage. In
fact, in the process of the endogenous pathway of apoptosis (the mitochondrial pathway),
both the outer and inner membranes of mitochondria are damaged to varying degrees [20].
Combined with the current research reports, the damage to mitochondrial integrity is sim-
ply divided into three categories: mitochondrial outer membrane permeability (MOMP),
mitochondrial inner membrane permeability (MIMP), and mitochondrial permeability
transition (MPT). Separately discussing the effects of AMPs on mitochondrial membranes,
especially those targeted at mitochondria [21], can provide a clearer understanding of their
therapeutic mechanisms and facilitate the study of the mechanisms of unknown AMPs.

This paper systematically discusses the ways in which AMPs alter mitochondrial
membrane permeability. The effect of AMPs during apoptosis will be analyzed from the
perspective of MOMP, MIMP, and MPT. Some structural features of AMPs targeting the
mitochondrial outer and inner membrane are also discussed, which may provide new ideas
for the artificial modification of AMPs.

2. AMPs and Apoptosis

As a regulated and active programmed death process, apoptosis is very important
for the body to maintain homeostasis [22]. There are three main mechanisms regulating
apoptosis: the mitochondrial pathway, the death receptor pathway, and the endoplasmic
reticulum pathway [14,23]. AMPs are a class of small molecular peptides with no more
than 100 amino acids [24]. Most AMPs exert their antimicrobial activity by disrupting
cell membranes [25], and some AMPs with cell-penetrating ability can exert antitumor or
antifungal activities in cells by different mechanisms. For example, they can bind nucleic
acids and inhibit DNA or RNA synthesis to kill bacteria [26]. Alternatively, they can inhibit
enzyme activity in the process of nucleic acid and protein anabolic metabolism [7]. In fact,
we observed that AMPs that enter the cell or exert their effects are often able to achieve
programmed cell death by mitochondrial swelling, outer mitochondrial membrane (OMM)
rupture, and by stimulating the activation of apoptotic markers (Table 1). As mentioned
above, mitochondrial membrane damage is inevitable during the mitochondrial apoptotic
pathway. Therefore, it is necessary to describe the mechanism of AMP-induced apoptosis
from the perspective of mitochondrial membrane damage.

Table 1. Effect of some AMPs on the outer and inner mitochondrial membrane.
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MOMP: mitochondrial outer membrane permeability; MIMP: mitochondrial inner membrane permeability; Cyt c:
cytochrome c; ROS: reactive oxygen species.

3. AMPs and MOMP

MOMP refers to the process by which proteins existing in the intermembrane space
(IMS) (cytochrome ¢ and apoptosis-inducing factor) enter the cytoplasm through the OMM,
activate the apoptotic pathway, or trigger inflammatory reactions, thereby causing mito-
chondrial and cell apoptosis [45-47]. MOMP, which does not involve the inner mitochon-
drial membrane (IMM) and MPTP, is mainly regulated by members of the Bcl-2 family
proteins, which contain one or more BH domains. Activated proapoptotic proteins Bak and
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Bax oligomerize and form pores in the OMM, thus initiating MOMP. Bcl-2 and Bcl-XL are
anti-apoptotic proteins that inhibit the activities of Bak and Bax [48-50]. PETK, which is
a Bax-derived peptide that contains the same BH domain as Bax, can change the perme-
ability of the OMM by the same oligomerization mechanism and subsequently activate the
apoptosis program mediated by caspase-3 [33]. This kind of artificially modified AMPs,
such as PETK targeting the OMM, are good candidate drugs for the treatment of tumors
and infectious diseases [21]. LL-37 accumulates in the mitochondria of human osteogenic
MG63 cells and promotes the release of cytochrome c (Cyt c) and apoptosis-inducing factor
(AIF) from IMS into the cytoplasm. Meanwhile, we could detect leaked Cyt ¢ and AIF
in the cytoplasm, while cytochrome c oxidase IV (COXIV), located in the IMM, was not
detected [30]. This finding indicates that LL-37 may only activate the permeability of the
OMM, without damaging the IMM structure [30]. However, the specific mechanism of the
change in the permeability of the mitochondrial outer membrane remains to be explored.

As a derivative peptide of LL-37, 17BIPHE2 can regulate the expression of Bax and Bcl-
2 in cancer cells by activating the ERK pathway to induce cell apoptosis [27]. Notably, the
mitochondrial crest structure was damaged during this process, which may be attributed to
the increase in intracellular reactive oxygen species (ROS) and Ca?* concentration caused
by 17BIPHE2. It is possible that MOMP, MPTP, and MIMP occur simultaneously, and the
three processes act together to disrupt the structure of mitochondria. Humanin (HN) is an
effective mitochondrial-derived peptide that inhibits apoptosis. It has been reported that
HN is able to induce structural changes in Bax, interact with structurally altered Bax, and
produce fibers, thereby sequestrating Bax and preventing the initiation of MOMP [28,29].
Besides, some studies found that, during MOMDP, factors such as Cyt ¢, Smac, and AIF are
first released into the cytoplasm. After a series of reactions, Cyt c and Apaf-1 form apoptotic
bodies, which activate the caspase cascade and lead to apoptosis [51]. At the same time,
Smac can prevent the anti-apoptotic effect of XIAP. If caspase is absent or inactivated during
MOMP, several apoptotic factors can induce apoptosis via inflammation (Figure 1) [52].

According to the mechanisms of action of PETK, LL-37, 17BIPHE2, and HN [27,28,30,33],
we can conclude that AMPs initiate MOMP through two distinct pathways, leading to
apoptosis. One way is the direct participation of AMPs in MOMP to promote cell apoptosis
with the same specific framework of apoptotic proteins regulating MOMP. These AMPs
are usually artificially modified proapoptotic proteins [33]. The other way is to regulate
the expression of apoptotic proteins, in order to indirectly regulate MOMP and subsequent
apoptosis [27,31]. In the absence of caspases, AMPs can also trigger inflammation with
the release of pro-apoptotic factors. Although increased expression of activated caspase-3
in the apoptotic pathway was detected [33,43], it is not clear whether this is caused by
the apoptotic chain reaction (the combination of Cyt ¢ with Apaf-1 to trigger apoptosis)
induced directly by AMPs or by the AMP-induced expression of caspase genes. Because
of the composition and structural characteristics of AMPs and the mechanism of their
multi-target action, the simultaneous existence of these two causes is not excluded, but this
still needs to be supported by more thorough evidence. For now, we can draw a conclusion
that most AMPs promote apoptosis indirectly by promoting MOMP.



Int. . Mol. Sci. 2022, 23, 12732 50f12

(3) MPT .
o

DNA fragmentation

—_@AnF *
- ° & e
Y
L
/ Apaf—\ . -
o \ / (2) MIMP
‘ .
apoplosis g%‘, ; \’
& ; ¢
apoptotic bodies )

' ! MIMP occurs after MOMP
(1) MOMP -

. ® [ I3
Fooad
‘e 3 ° ®
L ; ,
Cyte . o 0ooe © OOl
€. ® smc\, S @
. T &9
Apaf-1 b
Bax and Bak insertion into the - \
mitochondrial outer membrane cGAMP
’%/ STING  —
Procaspase-9 ) \.i;-s —_— -

Sndoplasmic reticulum
apoptotic bodies
IRF-3

-
IFN-B oo =)

— cell nucleus )
~ -

—_ -

—_—

activation
—— suppression apoptosis

Figure 1. Main apoptosis mechanisms induced by MOMP, MIMP, and MPT. (1) Bak/Bax aggregates
and forms pores in the OMM. Cyt ¢, AIF, Smac, and other molecules leak from the pores. After a
series of reactions, Cyt ¢, Apaf-1, and procaspase-9 assemble into apoptotic bodies and subsequently
activate caspase-3. Caspase-3 inhibits inflammation and induces apoptosis. The released Smac
can inhibit the antiapoptotic effect of XIAP. (2) MIMP occurs after MOMP. Under pathological
conditions or in the absence of caspases, the cGAS-STING signaling pathway can be activated
by mitochondrial DNA (mtDNA) and AIF to release IFN-f3 and other inflammatory factors, thus
triggering inflammation. (3) Changes in intracellular ROS, Ca?* concentration, or mitochondrial
membrane potential depolarization can induce MPTP to remain open, leading to changes in both
outer and inner mitochondrial membrane permeability. During MPT, Cyt ¢, AIF, Smac, and other
molecules are released, inducing apoptosis in a caspase-3-dependent manner.

4. AMPs and MIMP

MIMP is considered to be a process that occurs after MOMP, during which substances
in the mitochondrial matrix are released into the cytoplasm across the IMS. Theoretically,
when MOMP is initiated, as Bak/Bax continues to oligomerize in the OMM, the forming
pores will also continue to expand. The IMM is squeezed and protrudes from the pores
on the OMM, which eventually leads to an increase in the permeability of the IMM and
the release of mitochondrial DNA (mtDNA) [53,54]. Of course, if the degree of MIMP is
mild, some of the ions in the mitochondrial matrix are allowed to reach the cytoplasm,
causing changes in mitochondrial membrane potential. Under pathological conditions,
mtDNA can activate the cGAS-STING signaling pathway in the cytoplasm, the signal
of which is transmitted to the nucleus to generate interferon 3 (IFN-f) and trigger an
inflammatory response (Figure 1) [55,56]. Moreover, it has been reported that mtDNA
release is independent of mitochondrial fission and MPT [57]. Therefore, the leakage of
mtDNA is one of the markers to determine the occurrence of MIMP. In fact, apoptotic
caspases can inhibit inflammatory reactions during apoptosis [58], which explains why it
is difficult to observe inflammatory reactions during MOMP, even if the apoptotic factors
involved in inflammation are released.
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Some Arg-rich artificial peptides, such as KLAKLAK2 (KLA), can cause a decrease in
mitochondrial membrane potential, but without initiating MOMP. Moreover, the ability
of KLA to penetrate the outer and inner mitochondrial membrane is dependent on the
mitochondrial membrane potential [35]. Under normal circumstances, any impairment
of mitochondrial function will affect the mitochondrial membrane potential. Thus, the
decrease of mitochondrial membrane potential is considered to be a preceding event to
apoptosis [59,60]. Early research on cecropin A-melittin, a short hybrid peptide, found that
it could pass through the IMM and allow the entry and exit of some factors, but it would
destroy the structure of the IMM [34]. In a study of mitochondria-mediated apoptosis, when
cells were treated with the BH3-mimetic ABT-737, which can act as an inhibitor of Becl-XL
and Bcl-2, we observed that MOMP was followed by mtDNA leakage [57]. However, it is
not clear whether AMPs have a direct effect on MIMP. How mtDNA can cross the IMM and
reach the cytoplasm without damaging the IMM structure remains our focus of attention.
According to the premise that AMPs induce MOMP, it is speculated that AMPs can also
induce MIMP and amplify its permeability. This idea could help explain why mtDNA
leaks. Or perhaps, contrary to our suspicion, the leakage of mtDNA is accompanied by
structural disruption of the IMM. After all, there are huge temporal differences between
MOMP and MIMP [57], whereas severe MOMP-induced mitochondrial dysfunction is
sufficient to disrupt mitochondrial structure. In either case, we need to continue to explore
the specific mechanisms of MIMP.

5. AMPs and MPTP

MPTP contains three important components: the voltage-dependent anion channel
(VDAC) located in the OMM, adenine nucleotide transporter (ANT) located in the IMM, and
cyclophilin (Cyp-D) located in the mitochondrial matrix (Figure 2). These three components
are essential for maintaining mitochondrial osmotic balance and mitochondrial membrane
permeability [61-63]. Under normal physiological conditions, MPTP is in a transient open
state. If it is in a continuous open state, MPT occurs, which can lead to the extensive
swelling of the mitochondrial matrix, accompanied by the rupture of the OMM, collapse of
mitochondrial membrane potential, depletion of cell ATP, and, ultimately, cell necrosis or
apoptosis [64]. Dithiothreitol (DTT) can inhibit MPTP caused by sulfhydryl oxidation of
the OMM proteins, while cyclosporin A (CsA) can interact with Cyp-D, both of which are
typical MPTP opening inhibitors (Figure 2) [65]. CGA-N12, a derivative peptide of CGA-
N46, can eliminate their inhibitory effect and improve mitochondrial permeability [38].
In addition, CGA-N12 maintains the MPTP opening by inducing the accumulation of
intracellular ROS, thus leading to cell apoptosis [65]. Ca?* overload in the mitochondrial
matrix is also an important factor contributing to the sustained opening of the MPTP.
BIRD-2 is a synthetic peptide that interferes with the inositol 1,4,5-triphosphate receptor
(IP3R), which independently induces apoptosis and appears to promote mitochondrial
Ca?* uptake, followed by sustained opening of the MPTP [36,66].

Compared with mitochondrial membrane damage involving only MOMP, MPT in-
duces relatively severe damage and other changes. The continuous opening of the MPTP
will also directly cause MOMP and MIMP, and even damage the structure of mitochondria.
In addition, there are many factors affecting the opening of the MPTP, and mitochondrial
damages are also the result of a combination of factors. On the one hand, tilapia antimicro-
bial peptide 3 (TP3) can induce an increase in mitochondrial and intracellular ROS, thus
promoting the opening of the MPTP. On the other hand, TP3 affects mitochondrial fission,
leads to mitochondrial dysfunction, and increases the probability of MPTP opening [43].
Finally, TP3 leads to enhanced MPT, thereby prompting the activation of caspase-3/9 [39],
which greatly facilitates apoptosis. Litopenaeus vannamei hemocyanin-derived peptide can
also change mitochondrial permeability and mediate apoptosis by reducing the mitochon-
drial membrane potential and increasing the expression of caspase-3/9 and Bax [40].
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Figure 2. The structure of MPTP. Adapted with permission from Ref. [64]. 2015, Halestrap, A.P.
IMM: inner mitochondrial membrane; OMM: outer mitochondrial membrane; IMS: intermembrane
space; Cyt ¢: cytochrome c. Voltage-dependent anion channel (VDAC), adenine nucleotide trans-
porter (ANT), cyclophilin (Cyp-D), and the phosphate carrier (PiC) are components of the MPTP.
Cyclosporine A (CsA) can interact with Cyp-D and inhibit MPTP opening. Dithiothreitol (DTT)
inhibits the MPTP opening caused by sulfhydryl oxidation of OMM proteins.

All the above reports indicate that AMPs could induce continuous MPTP opening
and promote apoptosis. The greater the effect of AMPs on mitochondrial permeability,
the stronger their cytotoxicity [37]. After treatment with AMPs, Cyt c is released, ROS
is increased, and the mitochondrial membrane potential is disrupted [41]. Altogether,
these results confirm that MPT induced by AMPs exhibits the typical characteristics of
MOMP and MIMP, besides inducing apoptosis in the same manner. In addition, AMPs
strengthened the necessary link between MPTP and MOMP (Figure 1). We can infer that
MIMP occurs during MPT. It is not clear whether MIMP is directly caused by the continuous
opening of MPTP or by MOMP.

6. Challenges for Antimicrobial Peptides

Drugs that exploit the death receptor pathway to trigger the death of tumor cells
and antibiotics used to treat infectious diseases can cause cells to become resistant [5,67].
Mitochondria are key to the growth and metastasis of tumor cells and play an important
role in the growth inhibition of pathogens [68]. Although AMPs can replace antibiotics
to exert therapeutic effects [69], the disadvantages of AMP application are very obvious.
AMPs extracted from natural biological resources have low content and high extraction cost.
Therefore, synthetic peptides may become a new breakthrough. By using various modifica-
tions, such as acetylation, glycosylation, protein fusion, and cyclization, the structure of
AMPs can be optimized, the difficulty of industrial synthesis can be reduced, and the thera-
peutic effect can be improved [70,71]. For AMPs that damage the mitochondrial membrane,
but cannot penetrate it, we can choose appropriate methods to render them membrane
permeant. For example, AMPs modified by hydrophilic arginine-glycine—-aspartate (RGD)
sequence by protein fusion have the ability to penetrate cell membranes. This modification
allows for the transport of AMPs from the extracellular to the intracellular space [72].
Therefore, it is feasible to rationally design AMPs to render them membrane permeant or
to enhance their binding to mitochondrial targets [73], which is of great significance for
improving their therapeutic effect.

In addition, almost all AMPs that can change mitochondrial membrane permeability
have a-helices or can form ring structures, and their targets may be related to the structure
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and activity of AMPs [74] (Table 1). AMPs are difficult to obtain in large quantities, due to
their low content in living organisms. Moreover, some AMPs have problems of cytotoxic-
ity and bioavailability in clinical application [75]. Because the cytotoxicity of an AMP is
positively correlated with its effect on mitochondrial outer and inner membrane permeabil-
ity [37], we need to select an AMP that can alter mitochondrial membrane permeability
without severely damaging mitochondrial structure and without affecting other organelles.
We can, therefore, select less cytotoxic AMPs, according to the degree of mitochondrial
structure damage. One of the known mechanisms of AMP membrane targeting is the
cationic interaction of AMPs with negatively-charged cell membranes to increase their per-
meability [76]. Both the cell membrane and OMM have similar components (phospholipids
and proteins) and electric charge, so it is not clear whether similar interaction of AMPs with
the cell membrane can also occur on the OMM. Only after we understand the mechanism
of action of AMPs can we modify them into therapeutic drugs. In addition, increasing the
yield of AMPs and optimizing the technology of the modification of AMPs are among the
challenges that we are currently facing.

7. Conclusions

We conclude that AMPs are potent inducers of apoptosis. If the AMPs are stable
and persistent to induce MOMP, the pores formed on the OMM will persist for a long
time and show a trend of continuous expansion until the AMPs are inactive, so MIMP
is inevitable. On the one hand, the change in mitochondrial membrane potential will
cause the abnormal continuous opening of the MPTP [38]. On the other hand, AMPs
affect the opening of the MPTP by regulating the production of ROS, the concentration of
Ca?*, or targeting the MPTP components [44]. Because MPTP spans the outer and inner
membranes of mitochondria, it must also affect MOMP and MIMP [41]. In summary, the
three pathways of membrane permeability changes induced by AMPs are interconnected,
and even mutually reinforced (Figure 3). The mechanism of apoptosis caused by these
three pathways has been confirmed by many experiments: apoptosis is mediated by the
caspase protein cascade, triggered by the release of Cyt c [77] and the caspase-independent
pathway, which is mediated by inflammatory signals, such as AIF or mtDNA [78,79].

After entering cells, AMPs directly or indirectly change the permeability of the mito-
chondrial outer and inner membranes, thereby activating the mitochondrial pathway [32].
Irrespectively of whether AMPs affect MOMP, MIMP, or MPT first, these three changes
may eventually occur simultaneously in mitochondria. This may be one of the reasons
why some AMPs have strong therapeutic effects and occasionally lead to the disruption
of the mitochondrial structure. Therefore, AMPs that mediate mitochondrial apoptosis
often simultaneously change the permeability of the outer and inner mitochondrial mem-
brane in a synergistic manner [42]. In this review, the possible mode of action of AMPs in
changing mitochondrial permeability is described, and the relationship between AMPs
and MOMP, MIMP, and MPT is analyzed. This can facilitate the investigation of the mecha-
nism of action of unknown AMPs and the screening and development of known AMPs.
Undeniably, there are many unrevealed relationships regarding the effect of AMPs on
apoptosis, such as whether the increase in caspase-3 expression is directly related to AMPs
and whether AMPs are directly related to MIMP. All of these questions deserve further
research and exploration.
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Figure 3. Effects of AMPs on MOMP, MIMP, and MPT. On the one hand, AMPs can induce MOMP
and MPT directly. On the other hand, because MOMP, MIMP, and MPT are closely related, AMPs can
indirectly induce MIMP. AMPs can trigger inflammation or apoptosis in cells by affecting MOMP,

MIMP, or MPT and then indirectly affecting one or both processes.

Author Contributions: All authors contributed to the conceptualization of the paper. Y.H. con-
tributed by providing the supporting funds and reviewing the manuscript. H.-W. contributed to
implementing the data analyses and writing up the manuscript. C.Z. contributed to collecting the
data and reviewing the manuscript. M.L., C.L., ].W., and X.O. contributed to polishing and reviewing
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (31901929),
Chonggqing Natural Science Foundation (cstc2021jcyj-msxmX1021), Fundamental Research Funds
for the Central Universities (XDJK2020B015), and National Training Program of Innovation and
Entrepreneurship for Undergraduates (202210635075).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors are thankful to the School of College of Animal Science and Tech-
nology, Southwest University, China.

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

References

1. Li, M,; Zhang, Y,; Zhang, Q.; Li, J. Tumor Extracellular Matrix Modulating Strategies for Enhanced Antitumor Therapy of
Nanomedicines. Mater. Today Bio 2022, 16, 100364. [CrossRef]

2. Pacios, O.; Blasco, L.; Bleriot, I.; Fernandez-Garcia, L.; Gonzalez Bardanca, M.; Ambroa, A.; Lopez, M.; Bou, G.; Tomds, M.
Strategies to Combat Multidrug-Resistant and Persistent Infectious Diseases. Antibiotics 2020, 9, 65. [CrossRef] [PubMed]

3. Li, S.; Wang, Y.,; Xue, Z; Jia, Y.; Li, R; He, C.; Chen, H. The Structure-Mechanism Relationship and Mode of Actions of
Antimicrobial Peptides: A Review. Trends Food Sci. Technol. 2021, 109, 103-115. [CrossRef]


http://doi.org/10.1016/j.mtbio.2022.100364
http://doi.org/10.3390/antibiotics9020065
http://www.ncbi.nlm.nih.gov/pubmed/32041137
http://doi.org/10.1016/j.tifs.2021.01.005

Int. . Mol. Sci. 2022, 23, 12732 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Browne, K.; Chakraborty, S.; Chen, R.; Willcox, M.D.; Black, D.S.; Walsh, W.R.; Kumar, N. A New Era of Antibiotics: The Clinical
Potential of Antimicrobial Peptides. Int. J. Mol. Sci. 2020, 21, 7047. [CrossRef] [PubMed]

Li, X.; Zuo, S.; Wang, B.; Zhang, K.; Wang, Y. Antimicrobial Mechanisms and Clinical Application Prospects of Antimicrobial
Peptides. Molecules 2022, 27, 2675. [CrossRef]

Luo, Y,; Song, Y. Mechanism of Antimicrobial Peptides: Antimicrobial, Anti-Inflammatory and Antibiofilm Activities. Int. J. Mol.
Sci. 2021, 22, 11401. [CrossRef] [PubMed]

Marchand, C.; Krajewski, K.; Lee, H.-F.; Antony, S.; Johnson, A.A.; Amin, R.; Roller, P.; Kvaratskhelia, M.; Pommier, Y. Covalent
Binding of the Natural Antimicrobial Peptide Indolicidin to DNA Abasic Sites. Nucleic Acids Res. 2006, 34, 5157-5165. [CrossRef]
[PubMed]

Zhou, X.; Wang, J. Development and progress of peptide antibiotics. J. Reg. Anat. Oper. 2013, 22, 659-662.

Kumar, P; Kizhakkedathu, ].N.; Straus, S.K. Antimicrobial Peptides: Diversity, Mechanism of Action and Strategies to Improve
the Activity and Biocompatibility In Vivo. Biomolecules 2018, 8, 4. [CrossRef] [PubMed]

Cochrane, S.A; Findlay, B.; Bakhtiary, A.; Acedo, ].Z.; Rodriguez-Lopez, E.M.; Mercier, P.; Vederas, ].C. Antimicrobial Lipopeptide
Tridecaptin Al Selectively Binds to Gram-Negative Lipid II. Proc. Natl. Acad. Sci. USA 2016, 113, 11561-11566. [CrossRef]
[PubMed]

Wadhwani, P.; Sekaran, S.; Strandberg, E.; Biirck, J.; Chugh, A.; Ulrich, A.S. Membrane Interactions of Latarcins: Antimicrobial
Peptides from Spider Venom. Int. ]. Mol. Sci. 2021, 22, 10156. [CrossRef]

Vo, T.T.T; Liu, J.-E; Wu, C.-Z,; Lin, W.-N.; Chen, Y.-L.; Lee, L.-T. Surfactin from Bacillus Subtilis Induces Apoptosis in Human Oral
Squamous Cell Carcinoma through ROS-Regulated Mitochondrial Pathway. J. Cancer 2020, 11, 7253-7263. [CrossRef]

Zhao, H,; Yan, L.; Xu, X,; Jiang, C.; Shi, J.; Zhang, Y.; Liu, L.; Lei, S.; Shao, D.; Huang, Q. Potential of Bacillus Subtilis Lipopeptides
in Anti-Cancer I: Induction of Apoptosis and Paraptosis and Inhibition of Autophagy in K562 Cells. AMB Express 2018, 8, 78.
[CrossRef]

Jiang, H.; Ji, C.; Sui, J.; Sa, R.; Wang, X,; Liu, X.; Guo, T.L. Antibacterial and Antitumor Activity of Bogorol B-JX Isolated from
Brevibacillus Laterosporus JX-5. World ]. Microbiol. Biotechnol. 2017, 33, 177. [CrossRef]

Bock, FJ.; Tait, S.W.G. Mitochondria as Multifaceted Regulators of Cell Death. Nat. Rev. Mol. Cell Biol. 2020, 21, 85-100. [CrossRef]
[PubMed]

Wang, Z.; Yin, E; Xu, J.; Zhang, T.; Wang, G.; Mao, M.; Wang, Z.; Sun, W.; Han, J.; Yang, M. CYT997(Lexibulin) Induces Apoptosis
and Autophagy through the Activation of Mutually Reinforced ER Stress and ROS in Osteosarcoma. J. Exp. Clin. Cancer Res. 2019,
38, 44. [CrossRef]

Zhang, L.; Wang, W.; Zhu, B.; Wang, X. Epithelial Mitochondrial Dysfunction in Lung Disease. In Mitochondrial DNA and
Diseases; Sun, H., Wang, X., Eds.; Advances in Experimental Medicine and Biology; Springer: Singapore, 2017; pp. 201-217. ISBN
978-981-10-6674-0.

Su, B.-C.; Pan, C.-Y,; Chen, J.-Y. Antimicrobial Peptide TP4 Induces ROS-Mediated Necrosis by Triggering Mitochondrial
Dysfunction in Wild-Type and Mutant P53 Glioblastoma Cells. Cancers 2019, 11, 171. [CrossRef]

Hou, D.; Hu, E; Mao, Y; Yan, L.; Zhang, Y.; Zheng, Z.; Wu, A.; Forouzanfar, T.; Pathak, J.L.; Wu, G. Cationic Antimicrobial Peptide
NRC-03 Induces Oral Squamous Cell Carcinoma Cell Apoptosis via CypD-MPTP Axis-Mediated Mitochondrial Oxidative Stress.
Redox Biol. 2022, 54, 102355. [CrossRef] [PubMed]

Kroemer, G.; Reed, J.C. Mitochondrial Control of Cell Death. Nat. Med. 2000, 6, 513-519. [CrossRef] [PubMed]

Aslam, M.; Kanthlal, S.K.; Panonummal, R. Peptides: A Supercilious Candidate for Activating Intrinsic Apoptosis by Targeting
Mitochondrial Membrane Permeability for Cancer Therapy. Int. |. Pept. Res. Ther. 2021, 27, 2883-2893. [CrossRef]

Zhao, Y.-H.; Shen, C.-F; Kang, Y.; Qi, A.; Xu, W.-].; Shi, W.-H.; Liu, J.-W. Curcumin Prevents Renal Cell Apoptosis in Acute Kidney
Injury in a Rat Model of Dry-Heat Environment Heatstroke via Inhibition of the Mitochondrial Apoptotic Pathway. Exp. Ther.
Med. 2021, 21, 126. [CrossRef]

Gao, T.; Xu, H,; Jia, S.; Cai, Z.; Chen, B.; Fan, G.; Zhang, Z.; Chen, G. Magnolol Induces Human Ewing Sarcoma SK-ES-1 Cell
Apoptosis via the Mitochondrial and Death Receptor Pathways. Am. J. Transl. Res. 2020, 12, 1672-1682. [PubMed]

Moretta, A.; Scieuzo, C.; Petrone, A.M.; Salvia, R.; Manniello, M.D.; Franco, A.; Lucchetti, D.; Vassallo, A.; Vogel, H.; Sgambato, A.;
et al. Antimicrobial Peptides: A New Hope in Biomedical and Pharmaceutical Fields. Front. Cell. Infect. Microbiol. 2021, 11, 453.
[CrossRef] [PubMed]

Di Somma, A.; Recupido, F; Cirillo, A.; Romano, A.; Romanelli, A.; Caserta, S.; Guido, S.; Duilio, A. Antibiofilm Properties of
Temporin-L on Pseudomonas Fluorescens in Static and In-Flow Conditions. Int. J. Mol. Sci. 2020, 21, E8526. [CrossRef] [PubMed]
Zhang, K.; Zhang, H.; Gao, C.; Chen, R.; Li, C. Antimicrobial Mechanism of PBD2 against Staphylococcus Aureus. Molecules 2020,
25,3513. [CrossRef]

Li, J.; Hui, L.; Zhan, S.; Wang, X. Inhibition of Antimicrobial Peptide 17BIPHE2 on Lung Adenocarcinoma A549 Cells and Related
Mechanism. Cancer Res. Prev. Treat. 2017, 44, 659-664.

Hazafa, A.; Batool, A.; Ahmad, S.; Amjad, M.; Chaudhry, S.N.; Asad, J.; Ghuman, HE; Khan, HM.; Naeem, M.; Ghani,
U. Humanin: A Mitochondrial-Derived Peptide in the Treatment of Apoptosis-Related Diseases. Life Sci. 2021, 264, 118679.
[CrossRef] [PubMed]


http://doi.org/10.3390/ijms21197047
http://www.ncbi.nlm.nih.gov/pubmed/32987946
http://doi.org/10.3390/molecules27092675
http://doi.org/10.3390/ijms222111401
http://www.ncbi.nlm.nih.gov/pubmed/34768832
http://doi.org/10.1093/nar/gkl667
http://www.ncbi.nlm.nih.gov/pubmed/16998183
http://doi.org/10.3390/biom8010004
http://www.ncbi.nlm.nih.gov/pubmed/29351202
http://doi.org/10.1073/pnas.1608623113
http://www.ncbi.nlm.nih.gov/pubmed/27688760
http://doi.org/10.3390/ijms221810156
http://doi.org/10.7150/jca.50835
http://doi.org/10.1186/s13568-018-0606-3
http://doi.org/10.1007/s11274-017-2337-z
http://doi.org/10.1038/s41580-019-0173-8
http://www.ncbi.nlm.nih.gov/pubmed/31636403
http://doi.org/10.1186/s13046-019-1047-9
http://doi.org/10.3390/cancers11020171
http://doi.org/10.1016/j.redox.2022.102355
http://www.ncbi.nlm.nih.gov/pubmed/35660629
http://doi.org/10.1038/74994
http://www.ncbi.nlm.nih.gov/pubmed/10802706
http://doi.org/10.1007/s10989-021-10297-7
http://doi.org/10.3892/etm.2020.9558
http://www.ncbi.nlm.nih.gov/pubmed/32509168
http://doi.org/10.3389/fcimb.2021.668632
http://www.ncbi.nlm.nih.gov/pubmed/34195099
http://doi.org/10.3390/ijms21228526
http://www.ncbi.nlm.nih.gov/pubmed/33198325
http://doi.org/10.3390/molecules25153513
http://doi.org/10.1016/j.lfs.2020.118679
http://www.ncbi.nlm.nih.gov/pubmed/33130077

Int. . Mol. Sci. 2022, 23, 12732 11 0f12

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

Morris, D.L.; Kastner, D.W.; Johnson, S.; Strub, M.-P; He, Y.; Bleck, C.K.E.; Lee, D.-Y.; Tjandra, N. Humanin Induces Confor-
mational Changes in the Apoptosis Regulator BAX and Sequesters It into Fibers, Preventing Mitochondrial Outer-Membrane
Permeabilization. J. Biol. Chem. 2019, 294, 19055-19065. [CrossRef]

Bankell, E.; Liu, X.; Lundqvist, M.; Svensson, D.; Swird, K.; Sparr, E.; Nilsson, B.-O. The Antimicrobial Peptide LL-37 Triggers
Release of Apoptosis-Inducing Factor and Shows Direct Effects on Mitochondria. Biochem. Biophys. Rep. 2022, 29, 101192.
[CrossRef]

Zhou, H.; Forveille, S.; Sauvat, A.; Sica, V.; Izzo, V.; Durand, S.; Miiller, K; Liu, P; Zitvogel, L.; Rekdal, &.; et al. The Oncolytic
Peptide LTX-315 Kills Cancer Cells through Bax/Bak-Regulated Mitochondrial Membrane Permeabilization. Oncotarget 2015, 6,
26599-26614. [CrossRef]

Niklison Chirou, M.V.; Minahk, C.J.; Morero, R.D. Antimitochondrial Activity Displayed by the Antimicrobial Peptide Microcin
J25. Biochem. Biophys. Res. Commun. 2004, 317, 882-886. [CrossRef] [PubMed]

Ugarte-Alvarez, O.; Muiioz-Lépez, P.; Moreno-Vargas, L.M.; Prada-Gracia, D.; Mateos-Chavez, A.A.; Becerra-Baez, E.I; Luria-
Pérez, R. Cell-Permeable Bak BH3 Peptide Induces Chemosensitization of Hematologic Malignant Cells. . Oncol. 2020, 2020,
€2679046. [CrossRef] [PubMed]

Diaz-Achirica, P.; Prieto, S.; Ubach, J.; Andreu, D.; Rial, E.; Rivas, L. Permeabilization of the Mitochondrial Inner Membrane by
Short Cecropin-A-Melittin Hybrid Peptides. Eur. |. Biochem. 1994, 224, 257-263. [CrossRef] [PubMed]

Lemeshko, V.V. Potential-Dependent Membrane Permeabilization and Mitochondrial Aggregation Caused by Anticancer
Polyarginine-KLA Peptides. Arch. Biochem. Biophys. 2010, 493, 213-220. [CrossRef] [PubMed]

Kerkhofs, M.; La Rovere, R.; Welkenhuysen, K.; Janssens, A.; Vandenberghe, P.; Madesh, M.; Parys, J.B.; Bultynck, G. BIRD-2, a
BH4-Domain-Targeting Peptide of Bcl-2, Provokes Bax/Bak-Independent Cell Death in B-Cell Cancers through Mitochondrial
Ca2+-Dependent MPTP Opening. Cell Calcium 2021, 94, 102333. [CrossRef]

Risso, A.; Braidot, E.; Sordano, M.C.; Vianello, A.; Macri, F,; Skerlavaj, B.; Zanetti, M.; Gennaro, R.; Bernardi, P. BMAP-28, an
Antibiotic Peptide of Innate Immunity, Induces Cell Death through Opening of the Mitochondrial Permeability Transition Pore.
Mol. Cell. Biol. 2002, 22, 1926-1935. [CrossRef]

Li, C. Preliminary Study on the Mechanism of Mitochondrial Membrane Potential by Antimicrobial Peptide CGA-N12. Master’s
Thesis, Henan University of Technology, Zhengzhou, China, 2017.

Hua, X.; Wang, T.; Bi, Y.; Tao, Y.; Kong, D.; Tang, R.; Wu, ]J. Activity and mechanism of the antibacterial peptide Mt6-21DLeu
derived from a Musca domestica antifungal peptide against Candida albicans. ]. Pathog. Biol. 2020, 15, 761-767. [CrossRef]

Liu, S.; Aweya, ].J.; Zheng, L.; Wang, F.; Zheng, Z.; Zhong, M.; Lun, J.; Zhang, Y. A Litopenaeus Vannamei Hemocyanin-Derived
Antimicrobial Peptide (Peptide B11) Attenuates Cancer Cells’ Proliferation. Molecules 2018, 23, 3202. [CrossRef]

Lee, H.; Hwang, ].-S.; Lee, D.G. Scolopendin, an Antimicrobial Peptide from Centipede, Attenuates Mitochondrial Functions and
Triggers Apoptosis in Candida Albicans. Biochem. J. 2017, 474, 635-645. [CrossRef]

Yang, Y.; Chen, H.-Y,; Hao, H.; Wang, K.-J. The Anticancer Activity Conferred by the Mud Crab Antimicrobial Peptide Scyreprocin
through Apoptosis and Membrane Disruption. Int. J. Mol. Sci. 2022, 23, 5500. [CrossRef]

Yuan, C.-H.; Ma, Y.-L.; Shih, P.-C.; Chen, C.-T.; Cheng, S.-Y.; Pan, C.-Y; Jean, Y.-H.; Chu, Y.-M.; Lin, S.-C ; Lai, Y.-C.; et al. The
Antimicrobial Peptide Tilapia Piscidin 3 Induces Mitochondria-Modulated Intrinsic Apoptosis of Osteosarcoma Cells. Biocherm.
Pharmacol. 2020, 178, 114064. [CrossRef]

Su, B.-C,; Liu, Y.-C.; Ting, C.-H.; Lyu, P.-C.; Chen, J.-Y. Antimicrobial Peptide TP4 Targets Mitochondrial Adenine Nucleotide
Translocator 2. Mar. Drugs 2020, 18, 417. [CrossRef]

Candé, C.; Cohen, I; Daugas, E.; Ravagnan, L.; Larochette, N.; Zamzami, N.; Kroemer, G. Apoptosis-Inducing Factor (AIF): A
Novel Caspase-Independent Death Effector Released from Mitochondria. Biochimie 2002, 84, 215-222. [CrossRef]

Hiittemann, M.; Pecina, P.; Rainbolt, M.; Sanderson, T.H.; Kagan, V.E.; Samavati, L.; Doan, ].W.; Lee, I. The Multiple Functions
of Cytochrome c and Their Regulation in Life and Death Decisions of the Mammalian Cell: From Respiration to Apoptosis.
Mitochondrion 2011, 11, 369-381. [CrossRef]

Waterhouse, N.J.; Goldstein, J.C.; von Ahsen, O.; Schuler, M.; Newmeyer, D.D.; Green, D.R. Cytochrome C Maintains Mitochon-
drial Transmembrane Potential and Atp Generation after Outer Mitochondrial Membrane Permeabilization during the Apoptotic
Process. J. Cell Biol. 2001, 153, 319-328. [CrossRef]

Green, D.R.; Kroemer, G. The Pathophysiology of Mitochondrial Cell Death. Sciernice 2004, 305, 626—-629. [CrossRef]

Czabotar, P.E.; Westphal, D.; Dewson, G.; Ma, S.; Hockings, C.; Fairlie, W.D.; Lee, E.F,; Yao, S.; Robin, A.Y.; Smith, B.].; et al. Bax
Crystal Structures Reveal How BH3 Domains Activate Bax and Nucleate Its Oligomerization to Induce Apoptosis. Cell 2013, 152,
519-531. [CrossRef]

Salvador-Gallego, R.; Mund, M.; Cosentino, K.; Schneider, J.; Unsay, J.; Schraermeyer, U.; Engelhardt, J.; Ries, J.; Garcia-Saez,
A.]. Bax Assembly into Rings and Arcs in Apoptotic Mitochondria Is Linked to Membrane Pores. EMBO J. 2016, 35, 389-401.
[CrossRef] [PubMed]

Qi, H,; Jiang, Y.; Yin, Z; Jiang, K.; Li, L.; Shuai, J. Optimal Pathways for the Assembly of the Apaf-1-cytochrome ¢ Complex into
Apoptosome. Phys. Chem. Chem. Phys. 2018, 20, 1964-1973. [CrossRef] [PubMed]

Giampazolias, E.; Zunino, B.; Dhayade, S.; Bock, F.; Cloix, C.; Cao, K.; Roca, A.; Lopez, J.; Ichim, G.; Proics, E.; et al. Mitochondrial
Permeabilization Engages NF-KB-Dependent Anti-Tumour Activity under Caspase Deficiency. Nat. Cell Biol. 2017, 19, 1116-1129.
[CrossRef] [PubMed]


http://doi.org/10.1074/jbc.RA119.011297
http://doi.org/10.1016/j.bbrep.2021.101192
http://doi.org/10.18632/oncotarget.5613
http://doi.org/10.1016/j.bbrc.2004.03.127
http://www.ncbi.nlm.nih.gov/pubmed/15081422
http://doi.org/10.1155/2020/2679046
http://www.ncbi.nlm.nih.gov/pubmed/33312200
http://doi.org/10.1111/j.1432-1033.1994.tb20019.x
http://www.ncbi.nlm.nih.gov/pubmed/8076647
http://doi.org/10.1016/j.abb.2009.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19900399
http://doi.org/10.1016/j.ceca.2020.102333
http://doi.org/10.1128/MCB.22.6.1926-1935.2002
http://doi.org/10.13350/j.cjpb.200704
http://doi.org/10.3390/molecules23123202
http://doi.org/10.1042/BCJ20161039
http://doi.org/10.3390/ijms23105500
http://doi.org/10.1016/j.bcp.2020.114064
http://doi.org/10.3390/md18080417
http://doi.org/10.1016/S0300-9084(02)01374-3
http://doi.org/10.1016/j.mito.2011.01.010
http://doi.org/10.1083/jcb.153.2.319
http://doi.org/10.1126/science.1099320
http://doi.org/10.1016/j.cell.2012.12.031
http://doi.org/10.15252/embj.201593384
http://www.ncbi.nlm.nih.gov/pubmed/26783362
http://doi.org/10.1039/C7CP06726G
http://www.ncbi.nlm.nih.gov/pubmed/29299551
http://doi.org/10.1038/ncb3596
http://www.ncbi.nlm.nih.gov/pubmed/28846096

Int. . Mol. Sci. 2022, 23, 12732 12 0of 12

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Qi, H.; Li, Z.; Shi, Z. The roles of mitochondrial membrane integrity in the regulation of cell fate. Prog. Biochem. Biophys. 2021,
1-11. [CrossRef]

McArthur, K.; Whitehead, L.W.; Heddleston, ].M.; Li, L.; Padman, B.S.; Oorschot, V.; Geoghegan, N.D.; Chappaz, S.; Davidson, S.;
San Chin, H.; et al. BAK/BAX Macropores Facilitate Mitochondrial Herniation and MtDNA Efflux during Apoptosis. Science
2018, 359, eaa06047. [CrossRef] [PubMed]

White, M.].; McArthur, K.; Metcalf, D.; Lane, R.M.; Cambier, ].C.; Herold, M.].; van Delft, M.E,; Bedoui, S.; Lessene, G.; Ritchie,
M.E; et al. Apoptotic Caspases Suppress MtDNA-Induced STING-Mediated Type I IFN Production. Cell 2014, 159, 1549-1562.
[CrossRef]

Li, Y;; Cui, S;; Meng, W.; Hu, H.; Wang, C. Mitochondrial DNA and cGAS-STING Innate Immune Signaling Pathway: Latest
Research Progress. J. Sichuan Univ. Med. Sci. Ed. 2021, 52, 387-395. [CrossRef]

Riley, J.S.; Quarato, G.; Cloix, C.; Lopez, J.; O'Prey, J.; Pearson, M.; Chapman, J.; Sesaki, H.; Carlin, L.M.; Passos, J.E,; et al.
Mitochondrial Inner Membrane Permeabilisation Enables MtDNA Release during Apoptosis. EMBO . 2018, 37, €99238. [CrossRef]
[PubMed]

Martin, S.J.; Henry, C.M.; Cullen, S.P. A Perspective on Mammalian Caspases as Positive and Negative Regulators of Inflammation.
Mol. Cell 2012, 46, 387-397. [CrossRef]

Liu, X.; Wang, Y.; Zhang, M. Mitochondria-mediated apoptosis:a review of recent studies. J. Environ. Health 2013, 30, 182-185.
[CrossRef]

Cai, X.; Chen, G.; Chen, Z.; Wang, Z. Mitochondrial Transmembrane Potential and Cell Apoptosis. Prog. Biochem. Biophys. 2001,
12, 3-6.

Rasheed, M.Z.; Tabassum, H.; Parvez, S. Mitochondrial Permeability Transition Pore: A Promising Target for the Treatment of
Parkinson’s Disease. Protoplasma 2017, 254, 33—42. [CrossRef] [PubMed]

Tang, C.; Wei, J.; Han, Q.; Liu, R.; Duan, X,; Fu, Y,; Huang, X.; Wang, X.; Kang, Z. PsANT, the Adenine Nucleotide Translocase of
Puccinia Striiformis, Promotes Cell Death and Fungal Growth. Sci. Rep. 2015, 5, 11241. [CrossRef]

Reina, S.; Checchetto, V.; Saletti, R.; Gupta, A.; Chaturvedi, D.; Guardiani, C.; Guarino, F.; Scorciapino, M.A.; Magri, A.; Foti, S,;
et al. VDACS3 as a Sensor of Oxidative State of the Intermembrane Space of Mitochondria: The Putative Role of Cysteine Residue
Modifications. Oncotarget 2016, 7, 2249-2268. [CrossRef] [PubMed]

Halestrap, A.P; Richardson, A.P. The Mitochondrial Permeability Transition: A Current Perspective on Its Identity and Role in
Ischaemia/Reperfusion Injury. J. Mol. Cell. Cardiol. 2015, 78, 129-141. [CrossRef] [PubMed]

Zhao, ].; Li, D.; Tao, M.; Shi, W,; Li, R. Antimicrobial Peptide CGA-N12-induced Reactive Oxygen Species Opern the Mitochondrial
Permeability Transition Pores of Candida tropicalis. Chin. J. Biochem. Mol. 2020, 36, 1090-1098. [CrossRef]

Hurst, S.; Hoek, J.; Sheu, S.-S. Mitochondrial Ca2+ and Regulation of the Permeability Transition Pore. |. Bioenerg. Biomembr. 2017,
49, 27-47. [CrossRef]

Pistritto, G.; Trisciuoglio, D.; Ceci, C.; Garufi, A.; D’Orazi, G. Apoptosis as Anticancer Mechanism: Function and Dysfunction of
Its Modulators and Targeted Therapeutic Strategies. Aging 2016, 8, 603—619. [CrossRef]

Zong, W.-X,; Rabinowitz, ].D.; White, E. Mitochondria and Cancer. Mol. Cell 2016, 61, 667—-676. [CrossRef]

Rima, M.; Rima, M.; Fajloun, Z.; Sabatier, ].-M.; Bechinger, B.; Naas, T. Antimicrobial Peptides: A Potent Alternative to Antibiotics.
Antibiotics 2021, 10, 1095. [CrossRef]

Li, D.; Yang, Y.; Li, R;; Huang, L.; Wang, Z.; Deng, Q.; Dong, S. N-Terminal Acetylation of Antimicrobial Peptide L163 Improves
Its Stability against Protease Degradation. J. Pept. Sci. 2021, 27, e3337. [CrossRef] [PubMed]

Liu, B.; Zhang, W.; Gou, S.; Huang, H.; Yao, J.; Yang, Z.; Liu, H.; Zhong, C.; Liu, B.; Ni, J.; et al. Intramolecular Cyclization of the
Antimicrobial Peptide Polybia-MPI with Triazole Stapling: Influence on Stability and Bioactivity. J. Pept. Sci. 2017, 23, 824-832.
[CrossRef] [PubMed]

Yang, Q.-Q.; Zhu, L.-].; Xi, T-K.; Zhu, H.-Y.; Chen, X.-X.; Wu, M; Sun, C,; Xu, C.; Fang, G.-M.; Meng, X. Delivery of Cell Membrane
Impermeable Peptides into Living Cells by Using Head-to-Tail Cyclized Mitochondria-Penetrating Peptides. Org. Biomol. Chem.
2019, 17, 9693-9697. [CrossRef]

Liu, S.; Wang, B.; Sheng, Y.; Dong, S.; Liu, G. Rational Design of Self-Assembled Mitochondria-Targeting Lytic Peptide Conjugates
with Enhanced Tumor Selectivity. Chem.—Eur. . 2022, 28, €202103517. [CrossRef]

Mao, Y. Study on the Structure-Activity Relationship of a-Helix Peptide. Master’s Thesis, China University of Petroleum (East
China), Qingdao, China, 2018.

Wang, C.; Hong, T.; Cui, P.; Wang, J.; Xia, J. Antimicrobial Peptides towards Clinical Application: Delivery and Formulation. Adv.
Drug Deliv. Rev. 2021, 175, 113818. [CrossRef] [PubMed]

Zhang, Q.-Y.; Yan, Z.-B.; Meng, Y.-M.; Hong, X.-Y.; Shao, G.; Ma, J.-J.; Cheng, X.-R.; Liu, J.; Kang, J.; Fu, C.-Y. Antimicrobial
Peptides: Mechanism of Action, Activity and Clinical Potential. Mil. Med. Res. 2021, 8, 48. [CrossRef] [PubMed]

Oberst, A.; Bender, C.; Green, D.R. Living with Death: The Evolution of the Mitochondrial Pathway of Apoptosis in Animals. Cell
Death Differ. 2008, 15, 1139-1146. [CrossRef]

Scovassi, A.L; Soldani, C.; Veneroni, P.; Bottone, M.G.; Pellicciari, C. Changes of Mitochondria and Relocation of the Apoptosis-
Inducing Factor during Apoptosis. Ann. N. Y. Acad. Sci. 2009, 1171, 12-17. [CrossRef] [PubMed]

Zhou, L.; Zhang, Y.-F; Yang, F-H.; Mao, H.-Q.; Chen, Z.; Zhang, L. Mitochondrial DNA Leakage Induces Odontoblast Inflamma-
tion via the CGAS-STING Pathway. Cell Commun. Signal. 2021, 19, 58. [CrossRef] [PubMed]


http://doi.org/10.16476/j.pibb.2021.0271
http://doi.org/10.1126/science.aao6047
http://www.ncbi.nlm.nih.gov/pubmed/29472455
http://doi.org/10.1016/j.cell.2014.11.036
http://doi.org/10.12182/20210560501
http://doi.org/10.15252/embj.201899238
http://www.ncbi.nlm.nih.gov/pubmed/30049712
http://doi.org/10.1016/j.molcel.2012.04.026
http://doi.org/10.16241/j.cnki.1001-5914.2013.02.024
http://doi.org/10.1007/s00709-015-0930-2
http://www.ncbi.nlm.nih.gov/pubmed/26825389
http://doi.org/10.1038/srep11241
http://doi.org/10.18632/oncotarget.6850
http://www.ncbi.nlm.nih.gov/pubmed/26760765
http://doi.org/10.1016/j.yjmcc.2014.08.018
http://www.ncbi.nlm.nih.gov/pubmed/25179911
http://doi.org/10.13865/j.cnki.cjbmb.2020.07.1099
http://doi.org/10.1007/s10863-016-9672-x
http://doi.org/10.18632/aging.100934
http://doi.org/10.1016/j.molcel.2016.02.011
http://doi.org/10.3390/antibiotics10091095
http://doi.org/10.1002/psc.3337
http://www.ncbi.nlm.nih.gov/pubmed/33987904
http://doi.org/10.1002/psc.3031
http://www.ncbi.nlm.nih.gov/pubmed/28833783
http://doi.org/10.1039/C9OB02075F
http://doi.org/10.1002/chem.202103517
http://doi.org/10.1016/j.addr.2021.05.028
http://www.ncbi.nlm.nih.gov/pubmed/34090965
http://doi.org/10.1186/s40779-021-00343-2
http://www.ncbi.nlm.nih.gov/pubmed/34496967
http://doi.org/10.1038/cdd.2008.65
http://doi.org/10.1111/j.1749-6632.2009.04707.x
http://www.ncbi.nlm.nih.gov/pubmed/19723032
http://doi.org/10.1186/s12964-021-00738-7
http://www.ncbi.nlm.nih.gov/pubmed/34016129

	Introduction 
	AMPs and Apoptosis 
	AMPs and MOMP 
	AMPs and MIMP 
	AMPs and MPTP 
	Challenges for Antimicrobial Peptides 
	Conclusions 
	References

