& frontiers | Frontiers in Cell Death

’ @ Check for updates

OPEN ACCESS

EDITED BY
Olivier Micheau,
Université de Bourgogne, France

REVIEWED BY
Victor J. Yuste,

Autonomous University of Barcelona,
Spain

Hui Xiao,

Shaanxi Normal University, China

*CORRESPONDENCE
Kelly Ai-Sun Tseng,
kelly.tseng@unlv.edu

SPECIALTY SECTION
This article was submitted to Apoptosis,
a section of the journal
Frontiers in Cell Death

RECEIVED 18 January 2023
ACCEPTED 13 February 2023
PUBLISHED 27 February 2023

CITATION
Hack SJ, Beane WS and Tseng KA-S
(2023), Biophysics at the edge of life and
death: Radical control of

apoptotic mechanisms.

Front. Cell. Death 2:1147605.

doi: 10.3389/fceld.2023.1147605

COPYRIGHT

© 2023 Hack, Beane and Tseng. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell Death

TYPE Mini Review
PUBLISHED 27 February 2023
Dol 10.3389/fceld.2023.1147605

Biophysics at the edge of life and
death: Radical control of
apoptotic mechanisms

Samantha J. Hack?!, Wendy S. Beane® and Kelly Ai-Sun Tseng?*

Department of Biological Sciences, Western Michigan University, Kalamazoo, MI, United States, *School
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Recent studies have furthered our understanding of how dying and living cells
interact in different physiological contexts, however the signaling that initiates and
mediates apoptosis and apoptosis-induced proliferation are more complex than
previously thought. One increasingly important area of study is the biophysical
control of apoptosis. In addition to biochemical regulation, biophysical signals
(including redox chemistry, bioelectric gradients, acoustic and magnetic stimuli)
are also known yet understudied regulators of both cell death and apoptosis-
induced proliferation. Mounting evidence suggests biophysical signals may be key
targets for therapeutic interventions. This review highlights what is known about
the role of biophysical signals in controlling cell death mechanisms during
development, regeneration, and carcinogenesis. Since biophysical signals can
be controlled spatiotemporally, bypassing the need for genetic manipulation,
further investigation may lead to fine-tuned modulation of apoptotic pathways to
direct desired therapeutic outcomes.
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1 Introduction

A fundamental property of cells is the ability to physiologically respond to environmental
stimuli, where outcomes are cell type and state dependent. Thus, a central biological concept is
understanding intracellular responses to different environmental cues. While progress has been
made in uncovering the traditional cellular signaling (ie., protein, lipid, hormone, carbohydrate,
RNA, and other small molecule signals) that controls cell fate decisions, it is underappreciated that
biophysical forces such as mechanical, magnetic, acoustic, redox, and bioelectrical forces shape
biology at the individual cell and whole tissue level [reviewed in (Costa et al., 2012; Sun et al,
2022)]. Biophysical signals are often discussed in terms of effects on stem cells in development and
regeneration, yet mounting evidence indicates these forces also regulate cell death decisions
(Morbidelli et al.,, 2005; Shuryak et al., 2007; Nanayakkara et al., 2019). Since dying cells actively
participate in physiological processes including tissue morphogenesis, stem cell proliferation, and
immune responses (Gregory and Pound, 2011; Elliott and Ravichandran, 2016; Medina et al., 2020;
Guerin et al,, 2021; Riley and Bock, 2022), the use of biophysical signaling to modulate cell death
may be a complementary therapeutic approach for a variety of diseases.

Apoptosis is one of the most well-studied forms of regulated cell death; cell destruction
involves DNA fragmentation, cell shrinkage, and membrane blebbing. Apoptosis proceeds
through well-defined signaling mechanisms (both intrinsic and extrinsic), where caspase proteins
are the main executioners of the death responses. Generally, death stimuli result in activation of
initiator caspases (Caspases -2, -8, -9, and -10), where exposure of the catalytic domain allows for
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activation of executioner pro-caspases -3, -6, or -7 [reviewed in-depth in
(Galluzzi et al., 2018; Green, 2022)]. Downstream signaling leads to the
formation of apoptotic bodies and extracellular vesicles [reviewed in
(Kakarla et al., 2020)], which are quickly engulfed by macrophages or
taken up by surrounding cells (Budai et al,, 2019).

There are many different types of stimuli that initiate and regulate
apoptotic pathways, and we are only beginning to uncover all the
mechanisms involved. Perhaps the most well studied are the
biochemical regulators such as the BCL-2 family, which includes
both anti-apoptotic and proapoptotic genes (Warren et al, 2019).
Increasingly, biophysical regulators have been shown to play an
equally important role in controlling apoptosis and apoptosis-
induced proliferation (AiP). This dance between regulated cell death
and proliferation is delicate; misregulation of either process at any
developmental stage can result in debilitating diseases including
neurodegenerative disorders (Ghavami et al, 2014), autoimmune
conditions (Lleo et al, 2008), and carcinogenesis (Mohamed et al,
2017). Thus, modulation of apoptosis by broad spectrum manipulation
has been proposed as a treatment strategy for these ailments [reviewed
in (Liu et al,, 2019; Carneiro and El-Deiry, 2020)]. To effectively use
apoptotic modulation as a means to treat disease, the field will benefit in
acquiring a better understanding of both biophysical and biochemical
cell death initiation mechanisms and how these two interact. Genetic
modulation of apoptosis has been well characterized, but our
understanding of biophysical modulation of cell death is limited. In
this review, we focus on key biophysical controls of apoptosis such as:
redox, quantum (sub-atomic). Ionizing radiation, and bioelectric, and
highlight how signaling thresholds guide physiological outcomes.

2 Redox regulation of cell death

Reactive oxygen species (ROS), including the hydroxyl radical
(®#OH), superoxide anion (O,"), and hydrogen peroxide (H,0,), are
essential regulators of many cell processes. Intracellular and
extracellular ROS are generated following cellular stress and
during homeostasis, where mitochondria, membrane-associated
NADPH oxidases, and dual oxidases are major sources (Geiszt
et al, 2003; Bedard and Krause, 2007; Murphy, 2009). While
ROS (<100 nM
required for proliferation signaling (Tan and Suda, 2018), higher
ROS levels (>100 nM intracellularly) often trigger cell death (Sies
and Jones, 2020). ROS can initiate apoptosis directly through DNA

low-intermediate levels intracellularly) are

damage or regulation of caspase cysteine catalytic sites (Katoh et al.,
2004; Barbouti et al., 2007). Cell death occurs indirectly when ROS
act as intracellular messengers (Circu and Aw, 2010) and through
oxidation of regulatory pro-apoptotic proteins (Redza-Dutordoir
and Averill-Bates, 2016). For example, ROS-activated p53 can
downregulate pro-survival genes (like BCL-2 and IAPs) or
facilitate apoptosis through transcriptional activation of Apaf-1
and death ligands (Yoshida and Miki, 2010).

A dependency for ROS and ROS-mediated signaling has also
arisen as a common theme in models of AiP in regeneration and
disease [reviewed in (Diwanji and Bergmann, 2018)]. For example,
ROS accumulate at the injury site following zebrafish fin amputation
(Gauron et al, 2013) and after Xenopus tadpole tail amputation
(Love et al., 2013) where a wave of apoptosis follows (Tseng et al.,
2007). In these models, proliferation of neighboring stem cells is
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likely initiated by ROS-induced apoptosis. This phenomenon is
most well characterized in Drosophila, where ROS, JNK signaling,
and apoptosis are required for eye and wing imaginal disc
regeneration (Fan et al, 2014; Fogarty et al, 2016). Similarly,
ROS generated in dying cells stimulates production of signaling
molecules. Apoptotic hepatocytes in the regenerating mammalian
liver generate ROS, which facilitates the expression of interleukin-11
(IL-11). JAK/STAT activation by IL-11 is then followed by liver
regrowth (Nishina et al,, 2012).

ROS-dependent AiP appears to be conserved across several
models, highlighting potential therapeutic benefits of modulating
relative ROS concentrations, particularly in regenerative medicine.
Although high ROS levels are associated with cancer cell death in
successful treatment [reviewed in (Moloney and Cotter, 2018; Wang
etal, 2021)], ROS-dependent AiP may also drive carcinogenesis. For

example,  hepatocytes  treated  with  the  carcinogen
diethylnitrosamine  undergo cell death following ROS
accumulation, where a JNK signaling cascade results in

proliferation and survival of remaining hepatocytes. This ROS-
dependent AiP promotes formation of hepatocellular carcinoma
(Maeda et al., 2005). The clear mechanistic links between ROS, cell
death, proliferation, and carcinogenesis underscore the need to
further investigate the role of oxidative stress-induced cell death
in both growth inducing and prevention scenarios, and to determine
how differing ROS levels effect cellular outcomes in different
physiological contexts.

3 Bioelectric signaling: A cell death
modulator

A cell’s resting potential, or membrane voltage, is governed by
the endogenous flow of ions through membrane channels and gap
junctions. Changes in membrane electrical potential, driven by
fluctuations in ion flow, can dynamically regulate cell activities
such as migration, proliferation, differentiation, and cell death.
Bioelectric signaling has been shown to alter gene expression
during embryogenesis, regeneration, homeostasis, and disease
[reviewed in (Levin, 2021)], making electrochemical control of
cell fate a prime area for therapeutic development. For a
comprehensive review of bioelectric signaling mechanisms that
regulate cell fate (including cell death) in various contexts, we
direct readers to (Mclaughlin and Levin, 2018; George and Bates,
2022). Cell death is tightly linked to ion flux, where cell shrinkage
observed during apoptosis results from a net efflux of intracellular
K* and CI” and an influx of Na* (Bortner and Cidlowski, 1998;
Arrebola et al., 2005). Changes in ion flux (in particular, Ca®") are
activators of apoptotic programs [reviewed in (Kondratskyi et al,
2015)]. Increased cytosolic Ca** concentrations can promote
ER-stress
(Nakagawa et al, 2000; Morishima et al, 2002), changes in

apoptosis  through (mitochondria-independent)
mitochondrial outer-membrane permeability (Rapizzi et al., 2002;
De Stefani et al,, 2012), Fas-induced apoptosis mediated by transient
receptor potential (TRP) channels (Xu et al,, 2013), and through
inhibition of voltage-gated calcium channels that activates pro-
apoptotic p53 and p38-MAPK signaling (Dziegielewska et al,
2014). Thus, it is clear that a cell’s decision to die is sensitive to
changes in intracellular ion concentrations, where bioelectric
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signaling must be tightly regulated to elicit desired cellular
outcomes.

Studies in models of development and regeneration highlight
that bioelectric signaling can act cooperatively with both apoptosis
and proliferation to promote new growth. For example, apoptosis
and proliferation during Xenopus CNS development is controlled by
bioelectric signaling (Pai et al., 2015). Perturbation of voltage-gated
potassium channels by injection of Kv1.5 mRNA in developing
embryos resulted in increased apoptotic levels and reduced
proliferation in the neural tube, while interrupting signaling in
the tadpole brain resulted in the opposite effect of reduced
apoptosis and increased proliferation (Pai et al., 2015). Both
bioelectrical signaling and apoptosis have been shown to be
required for regenerative growth, for example during Xenopus
eye and limb regeneration (Tseng et al., 2007; Kha et al, 2018;
Kha et al, 2023). During planarian head regeneration, the H'K"-
ATPase has been shown to be required for regenerative apoptosis to
occur (Beane et al., 2011; Beane et al., 2013). During Xenopus limb
regeneration, bioelectric signaling has been implicated in inducing
apoptosis in uninjured control limbs following amputation of
contralateral limbs (Busse et al, 2018), supporting a role for
modulation of membrane voltage and apoptosis in regulating the
regenerative response in a whole organism.

The current data indicate that bioelectrical signaling is upstream
of apoptosis, but this relationship is likely context-dependent and
may not be conserved in all regenerative contexts. For instance,
while both apoptosis and chloride channel activation occur during
axolotl regeneration, pharmacological inhibition of chloride
channels did not affect cell death levels as measured by TUNEL
(Franklin et al., 2017). Regardless, this is still an important area of
focus considering the body of literature linking misregulation of
intracellular ion concentrations and induction of apoptosis, as well
as genome-wide analyses revealing that upregulation of cell death
genes is a conserved response to depolarization in embryogenesis,
spinal cord regeneration, and human stem cells (Pai et al., 2016).
Based on literature findings, it is possible that, like other biophysical
mechanisms, bioelectric signaling may dictate cellular outcomes in a
threshold dependent manner. Given that bioelectric signals can
potentiate injury information to distant tissues, are critical
regulators of apoptosis, and are required for regeneration in most
models, investigations into the effects of bioelectricity on cell death
and apoptotic machinery in governing new growth may be a ripe
new area of study.

4 Cell death induced by radiotherapy

Ionizing radiation (IR), (including particle radiation, ultraviolet
light, X-rays, and gamma rays) are known to damage biological
macromolecules like DNA, RNA, lipids, and proteins, where cellular
insults often result in the induction of apoptosis through both
intrinsic and extrinsic mechanisms, and ER stress pathways
(Maier et al., 20165 Sia et al., 2020). While cell death due to IR
exposure is generally viewed as a negative consequence, low doses of
IR are used as a successful treatment to induce cancer cell apoptosis.
Radiotherapy with IR leads to shrinkage of primary tumors in a
number of cases (Surucu et al, 2016), yet disease re-emergence
following treatment is a widespread issue (Jiang et al, 2020).
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Somewhat counterintuitively, high levels of tumor apoptosis are
associated with poor prognoses and patient outcomes for a variety of
cancers (Ichim and Tait, 2016), highlighting apoptotic signaling as a
potential mechanism for tumor re-emergence after radiotherapy.
Two possible explanations for this seeming paradox are
potential AiP of remaining tumor cells or sublethal activation of
apoptotic machinery (mainly caspases) that leads to cancer cell
survival and genomic instability [reviewed in (Eskandari and Eaves,
2022)]. In support of the former, many studies have implicated a role
for AiP in driving tumor repopulation following either radiotherapy
or chemotherapy (Huang et al., 2011; Donato et al,, 2014; Cheng
etal., 2019). For instance, radiation treatment in a murine xenograft
breast cancer model led to production of the cancer cell mitogen
prostaglandin E2 (PGE2) (Huang et al., 2011). Stimulation of this
“phoenix-rising” pathway was later associated with wound healing
and inducing mammalian liver regeneration (Li et al, 2010). In
support of the latter explanation, apoptotic machinery activation
(such as caspase activation) can mediate tumor cell survival and
contribute to increased genomic instability in remaining cells. For
example, caspase-3 knockout in lung cancer cells treated with X-rays
in vitro had lower DNA damage responses, which reduced the
growth capacity of dying tumor cells (Zhao et al, 2020).
Similarly, non-lethal activation of caspase-3 caused persistent
DNA damage
acquired oncogenic properties (Liu et al., 2015). These examples

following irradiation, where damaged cells
demonstrate that IR-induced apoptosis can contribute to tumor
repopulation, supporting the need to investigate the effects of both
dying and wundead «cells on the surrounding tumor
microenvironment to improve therapeutic outcomes. Studies on
the effects of IR dosage may also shed light on potential tumor

repopulation mechanisms governed by dying cells.

5 Quantum effects on cell death

The use of weak static magnetic fields (MFs), radiofrequency
MFs, and electromagnetic fields have a long therapeutic history,
where recently they have been proposed as treatments for arthritic
pain (Ross et al, 2019) and potential modulators of cellular
inflammatory responses that contribute to disease (Ross and
Harrison, 2013; Kubat et al,, 2015). However, the use of MFs is
also gaining traction as a non-invasive method to control cellular
activities (proliferation, differentiation, and apoptosis) and to
modulate tissue growth (Zadeh-Haghighi and Simon, 2022).
Weak MFs (<1 mT) have been shown to alter apoptosis and cell
activities, such as in several tumor cell lines (lung cancer, gastric
cancer, pancreatic cancer, and nephroblastoma) where exposure to
MFs resulted in increased levels of ROS, DNA damage, and
apoptosis, with reductions in cell proliferation (Yuan et al,
2020). Similarly, exposure to 400 uT weak MFs increased ROS
levels in mouse embryonic stem cells (Bekhite et al., 2010). While
changes in ROS levels due to MF exposure appear to be a driver of
apoptosis, MFs can also induce apoptosis through non-redox
mechanisms [reviewed in (Xu et al, 2021)], mainly by
modulating pathways like p53 and MAPK.

MEF effects are context dependent, which is not surprising as all
cell signaling is context dependent. For example, hypomagnetic
fields (<5 uT) increased ROS levels in fibrosarcoma cells, but
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reduced cell survival of mouse skeletal muscle (Martino and
Castello, 2011; Fu et al,, 2016). It is important to recognize that
different MF strengths can have different (and even opposite) effects
on ROS levels, even in the same context; 200 uT inhibits while
500 uT increases superoxide levels and regenerative proliferation
during planarian regeneration (Kinsey et al., 2023). These effects are
consistent with the theoretical model for how MFs exert control at
the quantum level to produce cellular changes in intracellular and
extracellular ROS generation [mechanisms reviewed in (Zadeh-
Haghighi and Simon, 2022)].

These data demonstrate that many diverse cell types are
responsive to MFs in physiologically meaningful ways. Thus, sub-
atomic control of apoptosis and apoptosis-induced proliferation
through quantum effects has been proposed as an exciting new
avenue of therapeutic research (Hack et al, 2021). Likely the
strongest benefit of this approach is the potential to tune
applications of MFs to use some field strengths to remove
and different field strengths to
proliferation in regenerative or growth promoting settings.

unwanted cells increase

6 Discussion

How biophysical signals modulate apoptotic responses is a fertile
research area that deserves more attention. Filling in this knowledge gap
will not only help to fine-tune current therapeutic strategies but has the
potential to lead to novel approaches. Manipulating biophysical control of
apoptosis in vivo may confer select advantages over genetic manipulation,
in part due to the possibilities for non-invasive approaches. For example,
high intensity focused ultrasound has been used to thermally ablate soft
tissue tumors in the clinic for decades [reviewed in (Zhou, 2011)]. While
largely successtul, these treatments can lead to fibrosis (Peek et al,, 2015),
therefore understanding how dying tumor cells communicate with
neighboring tissue following thermal ablation may help to improve
patient outcomes. Vibroacoustic stimuli offer other promising non-
invasive methods to modulate cell death and proliferation, such as the
use of infrasound to inhibit neurogenesis in the rat dentate gyrus (Liu et
al, 2010) or induce apoptosis of cardiomyocytes (Pei et al, 2011).
Additionally, while biophysical therapies have been studied widely in
the context of cancer and regeneration, the known roles of apoptosis in
neurodegenerative disorders and autoimmune conditions [reviewed in
(Singh et al, 2019)] provide abundant areas for further investigation.
Given that redox and bioelectric signaling are known modulators of
neurogenesis and neurodegeneration, investigation into biophysical
modulation of cell death mediated effects in the nervous system
would be an interesting research avenue.

One essential question in need of answering is how biophysical
signals are translated into apoptotic responses. One potential
mediator could be non-coding RNAs (ncRNAs). Biophysical
signals can modulate expression of ncRNAs (Aryankalayil et al,
2018; Zuo et al., 2022), which have emerged as modulators of
apoptosis in cancer (Lima et al, 2011; Zhou et al,, 2018; Zhang
et al,, 2020). These raise the possibility that biophysical signaling
could be used to control expression of ncRNAs in dying cells. If true,
ncRNA could represent a general mediator of biophysical signals,
linking biophysical signaling with canonical cell signaling pathways.

An interesting aspect to the biophysical control of apoptosis and
downstream cellular activities is that the different biophysical
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mechanisms are often integrated with each other, leading to a
stronger response. This is supported by evidence that biophysical
mechanisms work via a threshold model. For example, bioelectrical
signals have been shown to regulate morphogen gradients, such as
during Xenopus regeneration (T'seng et al., 2010). Furthermore, ROS
signaling is a classic threshold example, with lower levels required
for homeostasis and high levels driving cell death (Sies and Jones,
2020). MFs can increase or decrease ROS levels through quantum
effects, such as during regeneration where exposure to variable weak
MEF strengths has been shown to increase or decrease ROS-mediated
tissue growth (Van Huizen, 2019).

The use of MFs to control cell activities has exciting clinical
implications. For instance, non-invasive application of MFs in
combination with radiotherapy was able to reduce ROS levels
and enhance tumor cell specific apoptosis in vivo (Iwamoto et al.,
2021). Similarly, ex vivo application of high-frequency electric fields
to modulate ion flow has the potential to induce cancer cell death
with reduced off-target effects (Fukushiro-Lopes et al, 2018;
Berkelmann et al, 2019), as malignant cell types are often
enriched in ion channels and have different membrane voltages
than surrounding tissues (Ko et al., 2013; Williams et al,, 2013).
Lastly, we note apoptosis is a complex process with points of
regulation at a variety of stages (onset of death signaling, cell
destruction, phagocytosis of cell debris, etc.) and that biophysical
stimuli have the potential to mediate apoptosis in different ways at
each of the different stages. While most studies focus on signaling
upstream of cell destruction, we posit that a comprehensive
characterization of the biophysical mechanisms governing cell
death at all stages will be fundamental to establishing and
refining therapeutic strategies utilizing manipulation of apoptosis.
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