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This paper represents the first assessment of agent-induced hormetic dose responses in induced pluripotent stem cells and their
derived cells. The hormetic dose responses were induced by a broad range of chemicals, including pharmaceuticals (eg,
metformin), dietary supplements/extracts from medicinal plants (eg, curcumin), and endogenous agents (eg, melatonin). The
paper assesses the mechanistic foundations of these induced hormetic dose responses, their therapeutic implications and
comparison with hormetic responses in multiple adult and embryonic stem cells.
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Introduction

In 2007, Okita et al' reported that fully differentiated fibro-
blasts could be transformed into pluripotent cells with the
same potential as embryonic cells of the inner mass of the
blastocyst. These findings revolutionized the stem cell re-
search domain with Yamanaka receiving the Nobel Prize in
2012 for this discovery. While the area of induced pluripotent
stem cells (IPSC) research has vastly expanded since the
discovery by Yamanaka and his colleagues, the present paper
offers a unique assessment on IPSCs and cells derived from
IPSCs with respect to the capacities of chemical and physical
agents to induce hormetic dose responses in these cells. These
responses will also be compared with hormetic responses from
other stem cell types, principally various adult stem cells but
also embryonic stem cells as well.>'® While the extent of the
hormetic dose responses reported with IPSCs and their derived
cells is modest at the present time, the findings are nonetheless
important to report as a complement to extensive findings in
other stem cells, especially those of adipose, bone marrow,
embryonic and neural origin.

Hormesis Overview

Hormesis is a biphasic dose/concentration response. It dis-
plays a low-dose/concentration stimulation and a high-dose/
concentration inhibition.'""'* Tt exhibits specific quantitative
characteristics with a maximum stimulatory response typically
between 30% and 60% greater than the control group (Figure 1).

The hormetic stimulatory dose/concentration range is approxi-
mately 10-20-fold but may show considerable variability
not uncommonly exceeding 50-fold. The hormetic response
results from a direct subtoxic (hormetic) dose, a subtoxic
(hormetic) preconditioning dose, and a subsequent toxic
dose,'®!” or a modest overcompensation stimulation following
an initial disruption in homeostasis.'® The hormetic dose/
concentration response exhibits broad generality, being in-
dependent of biological model (eg, microbes, plants, animal
models and humans), endpoint, level of biological organi-
zation (i.e., cell, organ, organism), in vitro and in vivo
evaluations, inducing agent, and mechanism.'**' Compre-
hensively, integrated evaluations of hormetic dose responses
for both chemicals and ionizing radiation provide historical
foundations of hormesis beginning very early in the ex-
perimental literature, from the 1880s to the present.”*®
As a result of the general lack of linkage between hormesis
as a phenomenon and stem cells in the literature, including
IPSCs, it was necessary to develop a broader and more general
search strategy for this review. Using principally PubMed and
Web of Science databases, key words such as “stem cells,”
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Figure 2. Effects of a-bungarotoxin on muscle excitation in IPSC-
derived myotube motor neurons (modified from: Santhanam
et al.?).
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“IPSCs,” “cell proliferation,” “cell differentiation,” “biphasic
dose responses,” “bimodal dose responses,” “low dose stim-
ulation,” as well as “hormesis” and “hormetic” and various
combinations were used in this search. In addition, all papers
obtained were cross-referenced. Further, all relevant papers
were assessed for each article that cited these papers (using Web
of Science), and were evaluated for relevance. Finally, all active
research groups in the area were followed for all their relevant
publications.

Assessment of Hormesis in induced
pluripotent stem cells (IPSCs) or
Derivative Cells

Bungarotoxin—IPSC-Derived Myotubule-Motor Neuron
System Displays Hormesis
Motoneuron diseases (MNDs) such as amyotrophic lateral

sclerosis (ALS) are being assessed with progressive intensity,
but significant clinical and therapeutic progress has been very

I. General representation of the hormetic dose response (modified from: Calabrese and Baldwin'®).

limited. As part of an overall research framework for ad-
dressing MNDs, such as ALS, there is a need for high content
screening of in vitro neuron muscular junctions. Within this
context, Santhanam et al*’ used mouse IPSCs-derived my-
otubes and motor neurons (MNs) from functional neuro-
muscular junctions (NMJs) in a manner comparable to
endogenous MNs and their embryonic stem cell (ESC)-MN
counterpart. In light of this recognition, these researchers
developed an experimental system whereby human MNs
derived from IPSCs were co-cultured, becoming an integrative
biological system. This system is made up of twin chambers,
joined together via micro-tunnels which permit axonal out-
growth to the muscle chamber that permits the stimulation of
tissue in either chamber. This system permitted muscle con-
traction to be induced by motoneuron activation. This system
was then administered various synapse blocking drugs. Of
particular interest was that the agent a-bungarotoxin (a-BTX)
induced a hormetic-biphasic dose response. At low concen-
trations the a-BTX showed a potential excitatory effect, while
at higher concentrations inhibition became evident (Figure 2).
Similar experimentation with BOTOX showed only an in-
hibitory effect. The authors noted that this system permits the
assessment of NMJs for conditions such as ALS. This is of
particular interest since the use of the IPSC technology permits
functional assessment of the affected patient.

Curcumin—IPSC-Derived Retinal Pigment Epithelial
(RPE) Cells Show Hormesis

Following the development of human IPSC technology, ef-
forts have been made to generate IPSCs from patients with
various diseases, for evaluation of possible clinical applica-
tions. Retinal diseases are of particular interest since these
tissues are not candidates for routine biopsy and use in ex-
perimental systems. However, several groups have shown that
human IPSCs can differentiate into retinal progenitors, retinal
pigment epithelial (RPEs), and photoreceptors. As a result of
these developments, expandable experimental platforms have
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been created for in vitro screening of candidate drugs that may
reduce reactive oxygen species (ROS) production and protect
RPE cells from age-related macular degeneration (AMD).
Since curcumin is effective as an anti-inflammatory agent in
multiple systems, Chang et al’® employed AMD patient-
specific IPSCs with a drug screening platform to assess the
capacity of curcumin to enhance the viability of RPEs using
reprogramed T-cells from patients with dry-type AMD. The
T—cell-derived IPSCs were then differentiated to RPEs via the
use of differentiation medium and targeted experimental
protocols. The IPSCs that were obtained were morphologi-
cally indistinguishable from human ESCs and showed plu-
ripotent potential. RPE is a single layer of pigmented cells.
These cells form part of the blood-retina barrier (BRB) and are
quite susceptible to oxidative stress due to high in vivo oxygen
exposure. The accompanying chronic oxidative stress induces
RPE damage and AMD pathogenesis. Initial screening of
eight possible antioxidant treatments (e.g., B-carotene, cur-
cumin, resveratrol, Q10) indicated that curcumin showed the
most chemoprotective potential, leading to further study of
that agent. Chang et al*” showed that curcumin enhanced the
cell viability and cell proliferation of AMD-RPE cells in an
hormetic biphasic manner (Figure 3). In follow-up studies to
assess the protective effects of curcumin on H,O,-induced cell
death, the AMD-RPE cells were preconditioned with 10 uM
curcumin at (.0, .5, 1.0, 2.0, 4.0, 8.0, 12, 24, 36, and 48 hours)
prior to 200 uM H,O, for six hours. Of interest is that the
protective effects induced by curcumin only occurred for
pretreatments of <12 hours. The mechanisms of curcumin
protection were related to its blocking of H,O,-induced ROS
formation. The protective curcumin pretreatment was asso-
ciated with an increase in the expression of antioxidant genes
(e.g., HO-1, SOD-2, GPX-1). In addition, the curcumin
pretreatment blocked the effects of HO, on platelet-derived
growth factor (PDGF) and the c-Jun N-terminal kinase (JNK)
signaling pathways which also contributed to the chemo-
protective effects. These findings suggest that IPSC-derived
RPE-like cells have considerable chemotherapeutic potential
for drug and dietary supplement screening.

Hypoxia-IPSCs Showed Hormesis for Cell Proliferation
and for Differentiation to Neurons and
Oligodendroglial Cells

Proliferation and differentiation of neural stem cells (NSCs)
are markedly affected by aging processes. Numerous exper-
imental approaches have been reported to blunt or reverse the
decline in such NSC functions. Cultured cells of multiple
types of stem cells display enhanced resilience to hypoxic
stress.>'*? Santilli et al* assessed the effects of hypoxic stress
(1.0, 2.5, 5.0, and 20.0% O;) on both proliferation and dif-
ferentiation of a human IPSC line. Optimal concentrations
ranged from 2.5% to 5.0% for cell proliferation whereas 1%
and 20% O, adversely affected cell survival. Differentiation
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Figure 3. The effects of curcumin on IPSC-derived age-related
macular degeneration (AMD)—retinal pigment epithelial (RPE) cell
viability (modified from: Chang et al*®) *= P < .05.
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Figure 4. Effects of low-intensity pulsed ultrasound (LIPUS) on the
viability of IPSC-NCSC at 2 days (MTS assay) (modified from: Lv
et al®®) *= P < .05.

was also enhanced at low O, concentrations with multiple
biomarkers optimized at 2.5% O, at 17 days in vitro. Since
mild hypoxia can promote human IPSC proliferation and
neuronal and oligodendroglial differentiation, it suggested
numerous therapeutic possibilities. The findings with human
IPSCs by Santilli et al** were consistent with a series of studies
with similar findings in mouse NSCs showing hypoxia in-
duced proliferation and astrocyte differentiation with hormetic
dose responses, again with optimal responses at similar ox-
ygen concentrations (2.0%).>!

Low-Intensity Pulsed Ultrasound (LIPUS)—IPSC-Derived
Neural Crest Stem Cells Showed Hormesis

Since the use of low-intensity pulsed ultrasound (LIPUS) is a
non-invasive therapeutic modality with an excellent clinical
record, it has generated considerable interest in its capacity to
enhance peripheral nerve repair. The fact that several studies
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showed that LIPUS enhanced cell proliferation and differ-
entiation of mesenchymal stem cells (MSCs)**** led Lv et al*”
to hypothesize that LIPUS may act on IPSC-derived neural
crest stem cells (IPSCs-NCSC) to promote nerve regeneration,
restoring function. In the case of NCSCs, they are multipotent
undifferentiated stem cells with the capacity to differentiate
into numerous cell types, including neurons, Schwann cells,
smooth muscle cells, glia melanocytes, endocrine cells,
chondrocytes, and axons. In their study, Lv et al*> assessed the
effects on cell viability and cell proliferation as well as neural
differentiation. A hormetic-biphasic dose response was re-
ported for cell viability (Figure 4). Subsequent experiments
using only a single stimulatory and inhibitory dose showed the
low dose stimulation and high dose inhibition for cell pro-
liferation, displaying the consistent hormetic concentration
response pattern. Differentiation biomarker experiments, us-
ing only doses in the low dose stimulatory zone for cell vi-
ability, showed consistent hormetic stimulatory differentiation
patterns for the expression of neurons (NF-M and Tujl), and
Schwann cells (S100 B and GFAP).

Melatonin-IPSC Derived neural stem cells (NSCs)
Showed Hormesis

In 2018, Shu et al*® evaluated the capacity of melatonin (MT)
to protect mouse IPSC-derived NSCs from H,O,-induced
damage. This research was based on previous studies showing
that cell proliferation and differentiation could be stimulated
by several neurotrophic factors’’>® as well as findings
showing that luzindole reduced MT-induced proliferative
effects of IPSC-derived NSCs that were mediated by the
P13 K/Akt pathway.>’ Using mouse IPSCs, Shu et al*® noted
that MT enhanced cell viability (CCK-8 assay) in IPSC-
derived NSCs at one and three days in an hormetic manner
with 1 uM being the optimal concentration (Figure 5). Sub-
sequent studies indicated that the MT (1 pM) pretreatment
(3 days) of IPSC-derived NSCs prevented the occurrence of
H,0,-induced cytotoxicity (CCK-8 assay).

The MT studies by Shu et al*® are of particular interest since
the survival of IPSCs-NSCs subjected to hyperoxic exposure
is markedly compromised.*”*' The MT findings show the
potential to lessen oxidative stress while enhancing overall
cellular resilience. In fact, Shu et al*® showed that MT en-
hanced the formation of spheres and prevented the increase of
neuronal apoptosis-induced by H,O,. These responses were
mediated in large part by enhancing the stabilization of the
mitochondrial membrane potential, reducing DNA fragmen-
tation and enhancing the Bcl2/BAX ratio. Blockage of the MT
receptors MT1 and MT2 prevented MT-induced chemo-
prevention. These findings therefore established that MT can
promote IPSC-derived NSC survival and protect these cells
from damage due to excessive ROS exposure, creating the
possibility of therapeutic staging needed for unfavorable,
inflammatory environments.
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Figure 5. Effects of melatonin on IPSC-derived neural stem cell
proliferation (CCK-8 assay) (modified from: Shu et al*®) *= P < 05,
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Figure 6. Effects of metformin on IPSC-derived cardiomyocyte
respiration (modified from: Emelyanova et al*¢) *= P < .05.

Metformin—IPSC-Derived Cardiomyocytes Showed
Hormesis

Among the multiple beneficial effects of metformin (MF) are
those showing a diminished risk of damage resulting from
myocardial infarction. MF also prevents cardiovascular
mortality while enhancing positive clinical outcomes of pa-
tients with diabetes and heart failure.**** In an effort to better
discern how MF is cardioprotective, Emelyanova et al*®
evaluated the effects of MF on human cardiac mitochondria
in vitro using a broad concentration range (100 to 20 000 uM).
These researchers found that low doses of MF increased
cellular respiration due to AMP-activated protein kinase A
(AMPK)-mediated mitochondrial biogenesis, while showing
inhibitory effects at higher concentrations. MF was used to
treat cardiomyocytes derived from human IPSCs for 24 hours.
The MF induced consistent hormetic-biphasic concentration
responses under multiple respiratory conditions (e.g., basal,
ATP-linked, maximal, and spare capacity) but not within a
non-mitochondrial system (Figure 6). Subsequent experiments
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showed that the low-dose stimulatory responses enhanced the
occurrence of mitochondrial biogenesis. Such stimulatory
effects of MF were blocked by compound C, a specific in-
hibitor of AMPK. These observations indicate that the MF-
induced cardio-protection observed in epidemiological studies
may have been due to the hormetic effects of MF on mito-
chondria. The protective effects at low doses were mediated, at
least in part, via mitochondrial biogenesis via AMPK and
increases in oxygen consumption rate. Higher doses of MF
inhibited mitochondrial respiration by directly affecting
complex I, reducing oxidative stress, and delaying the for-
mation of mitochondrial permeability transition pores. The high
dose treatment affected a type of metabolic reprogramming by
increasing glycolysis and glutaminolysis, effects that can help
patients improve their endogenous cardioprotective and car-
diorepair mechanisms. The upregulation of glycolysis and
glutaminolysis represented an additional dose-dependent
compensatory mechanism in response to the inhibition of the
mitochondrial oxidative phosphorylation by MF.

Neurotoxic Agents—IPSC-Derived Sensory Neurons
Showed Hormesis

Patients undergoing chemotherapy commonly may experi-
ence peripheral neuropathy side effects. These often include
altered sensation, sensory loss, and neuropathic pain. In fact,
nearly 70% of patients who are administered cytotoxic
treatments develop the chemotherapy-induced peripheral
neuropathy. Trying to find ways to reduce the occurrence and
severity of this chemotherapy-induced peripheral neuropathy
has been an important priority. Of interest, in this regard have
been efforts to use IPSC-derived sensory neurons as a disease
model of chemotherapy-induced neurotoxicity. Schinke et al*’
have addressed this issue with a focus on whether neurotoxin
chemotherapy in clinically relevant steady-state concentra-
tions affects cell viability of IPSC-derived sensory neurons. In
their experimental protocol, 40 days were required for neu-
rogenic differentiation to achieve morphologically pure
neuronal cultures with ganglia and extensive axons. At this
time the cultures were exposed to the different agents (i.e.,
bortezomib, cisplatin, doxorubicin, vincristine) over a 10°-
fold concentration range. While each agent reduced cell vi-
ability at the higher concentrations, all enhanced cell viability
at the lower concentrations (Figure 7). Despite the fact that
hormetic effects were observed in cultures after 40 days,
hormesis was not observed when tested at Day 13, during a
more immature stage of cell development.

Radiation/Gene Editing-IPSCs Showed Hormesis in
Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) Methodologies

This section concerns the role of hormesis in enhancing the
efficiency and accuracy of gene editing and its capacity to
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Figure 7. Effects of cytotoxic drugs on cell viability (24 hour
treatment) on human IPSC-derived sensory neurons (modified
from: Schinke et al.*).
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Figure 8. Effects of radiation on the formation of correctly targeted
clones (GFP+/Puro colonies) by zinc finger nuclease (ZFN) on
human IPSCs (modified from: Hatada et al*®) *= P < .05.

improve technologies such as clustered regularly interspaced
short palindromic repeats (CRISPR). This section assessed
these developments via the use of human embryonic stem cells
and with human IPSCs.

The long-standing assumption that all doses of ionizing
radiation are harmful to organisms is undergoing reconsid-
eration. While higher linear energy transfer (LET) radiation
with o and neutron particles priming can induce DNA double
strand breaks (DSBs), low LETy and X-ray ionizing radiation
at low dose (.1-.5 Gy) do not frequently induce DNA DSBs
but, in contrast, may reduce DNA damage, eliminate cells with
DNA damage, activate tumor-suppressor genes, and enhance
detoxification.*®>° Reinforcing the above findings are studies
with mouse spermatogenia stem cells administered at low dose
of y- and X-rays, showing a reduced mutation frequency
compared with a substantial control group.’' Likewise, nu-
merous studies have shown that low doses of X-rays in an-
imals induced a therapeutic effect by reducing the occurrence
of lung metastases.>>
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Within the context of the capacity of low dose radiation to
enhance homologous chromosome recombination (HR) fre-
quency, most likely due to the induction of DNA repair
processes in IPSCs, Hatada et al>® assessed whether y- and X-
rays may be employed in IPSCs for gene targeting. This re-
search was of particular interest since it sought to enhance the
efficiency/success of gene editing methods such as zinc finger
nucleases, (ZFNs), transcription activator-like effector nu-
cleases (TALENSs), and CRISPR for HRs with viral donor
vectors which have often had low success, being very time
consuming and expensive.

Hatada et al> reported an enhanced HR frequency fol-
lowing the induction of DNA DSBs via the use of specific
types of endonucleases. For example, ZFNs, TALENs, and
CRISPR can significantly enhance gene targeting by gener-
ating site-specific DSB in a specific locus. Transcription
activator-like effector nucleases (TALENs) and CRISPR are
quite efficient for non-homologous end joining and producing
insertion/deletion (indel) mutations. However, such genome
engineering has been much less effective with respect to HR
frequency when used to replace DNA with a donor vector,
especially for human IPSCs.

Building upon these observations and insights, Hatada
et al’® reported that engineered nuclease-mediated HR was
significantly increased in a hormetic fashion by low-dose ionizing
radiation. For example, using ZFN along with low dose radiation
yielded a 51% target frequency with ZFNs by itself yielding only
4%. The results followed the features of the hormetic dose re-
sponse. The low dose radiation also enhanced the frequency of
correctly targeted clones (GFF+/Pun) (Figure 8). This enhanced
efficiency was shown to occur in human ESCs and human IPSCs
at the same optimal radiation hormetic dose. A similar enhanced
efficiency was also seen in the TALENs and CRISPR gene
targeting systems. Follow-up research with the optimal IR
showed that the 0.4 Gy treatment enhanced the correctly targeted
recombination efficiency of gene targeting by the TALENSs and
CRISPR methods in a similar manner as seen with ZFNs. A
follow-up assessment of the occurrence of genomic mutations in
the irradiated human IPSCs at the hypoxanthine-guanine phos-
phoribosyltransferase (HPRT) locus revealed a hormetic dose
response with mutation frequency suggesting a reduction at 0.13
and 0.4 Gy, but increasing at 1.26 and 4 Gy.

While the Nobel Prize in chemistry in 2021 was awarded
for the development and application of CRISPR technology,
the research of Hatada et al> indicated that low dose radiation
can markedly enhance its efficiency. Further, the low dose
radiation enhanced gene targeting therapy in a traditional gene
targeting protocol with the involvement of engineered nu-
cleases. The low dose radiation did not increase mutations in
the human IPSCs, based on exome sequences. The authors
suggested that correction of genetic defects by HR will
profoundly improve cell replacement therapies by the use of
autologous transplantation of a patient’s own corrected cells.
They argued that the simple approach of combining low dose
radiation with current gene editing can significantly improve
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Figure 9. Effects of rotenone on the cell viability on human IPSCs
(modified from: Pistollato et al*®) *= P < .05.

targeting frequency in human IPSCs, markedly enhancing the
therapeutic applications.

Rotenone—IPSC-Derived NSCs Showed Hormesis

Rotenone is a crystalline isoflavone that has been widely
employed as a broad spectrum pesticide. It can induce oxi-
dative stress via inhibiting the transfer of electrons from iron-
sulfur centers in mitochondrial complex 1 and ubiquinone.
Prolonged exposure to rotenone has been associated with the
induction of Parkinson’s-like symptoms with toxicity reported
in dopaminergic neurons. Of relevance to the present as-
sessment is that Zagoura et al>* reported that acute rotenone
exposure (24 hours) can activate the Nrf2 pathway in a
neuronal and astrocyte model derived from human IPSCs.
These findings were extended by Pistollato et al’®> who as-
sessed the expression and activation of Nrf2 signaling in
human IPSC-derived NSCs undergoing differentiation. This
research indicated that under control group settings the Nrf2
pathway activation is enhanced during the differentiation
process which leads to neurons and glia. When repeated
dosing with rotenone is superimposed on the differentiation
process, there is progressive enhancement of Nrf2. In a
toxicity study during the differentiation process, rotenone was
administered after day 7 for the next 7 days at six different
concentrations (.1, 1.0, 5.0, 10.0, 50.0, 100.0 and 500.0 nM).
The findings indicate that rotenone displayed a striking
hormetic-biphasic concentration response, with the lowest 4
concentrations enhancing viability (Figure 9). Thus, the
hormetic response occurred over a 100-fold concentration
range. It would have been of value explore whether these
protective effects occurred at even lower concentrations.

Silicate—IPSC-Derived Pluripotent Embryoid Bodies
Showed Hormesis

Since silicate-based biomaterials, including various bio-
activated glucose and calcium silicate bioceramics, have
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Figure 10. Expression of osteogenic marker genes in human
embryoid body cells in osteogenic medium with extracts of
akermanite in medium (14 days) (modified from: Dong et al*®) *= P <
.05.

displayed the capacity to stimulate osteogenesis and angio-
genesis, Dong et al’® sought to assess the capacity of aker-
manite bioceramics to affect osteogenic differentiation of
embryoid bodies. Embryoid bodies (EBs) are aggregates of
pluripotent stem cells. The pluripotent cell types that comprise
embryoid bodies include ESCs that are derived from the
blastocyst stage of the embryo. Akermanite (Ca,MgSi,O7), a
Ca-, Mg-, and Si-containing bioceramic, has been previously
shown to stimulate the proliferation and osteogenic differ-
entiation of multiple stem cells, including osteoblasts, human
MSCs, and human adipose-derived stem cells. Of relevance to
the work of Dong et al’® is that when IPSCs are grown in a
suspension without the differentiation inhibitory factor, an EB
was formed. Using the EB from human IPSCs, the cells were
then placed in osteogenic medium with a broad concentration
range of akermanite extracts. The akermanite biphasically
enhanced the expression of multiple osteogenic biomarkers
including alkaline phosphatase (ALP) activity, bone morpho-
genic protein-2 (BMP-2), COL-1, OCN, and RUNX2 (gene
member of the RUNX family of transcription factors) (Figure
10). Of further interest is that the akermanite affected an in-
crease in osteogenic biomarkers, again showing a hormetic
concentration increase with the same optimal concentration
with and/or without the osteogenic media. It is also interesting
to note that the hormetic biphasic concentration response was
strongly associated with changes in the concentration of Si in
the media but not with changes of Ca, Mg, and P.

Discussion

The present paper provides an evaluation of the hormetic dose
response features of IPSCs or cells differentiated from IPSCs.
With the exception of hypoxia, ionizing radiation and silicate,
all agents that were assessed for hormetic dose responses in
cells differentiated from IPSCs, with all but one (i.e.,
melatonin-mouse) being derived from human IPSCs. The
derived cells included a range of cell types, including

myocytes, NSCs and highly differentiated neurons, car-
diomyocytes, and RPEs. Regardless of the cell type (IPSC or
derived), or inducing agent, the quantitative features of the
dose responses were similar with the stimulatory amplitude
being 133% median (120-210% range) while the width of the
stimulatory concentration was 10-fold (median). These values
were within the range reported for the Hormetic Data Base®’
for a vast range of biological models, cell types, inducing
agents and endpoints and consistent with hormetic responses
reported in a broad range of adult and embryonic stem
cells.>'” In studies using cells derived from IPSCs, the re-
search that concerned hormesis had a considerably different
focus than the papers published on hormesis and specific adult
stem cells (adipose-derived stem cells (ADSCS), apical pa-
pilla (APSCs), bone marrow stem cells (BMSCs), dental pulp
stem cells (DPSCs), embryonic stem cells (ESCs), endothelial
stem cells, muscle stem cells (MSCs), neural stem cells
(NSCs), and periodontal ligament stem cells (PDLSCs). In
each of these adult stem cell papers, a major research theme
was the evaluation of whether and to what extent each stem
cell type could be induced to show cell proliferation/
differentiation. In about 1/3 of the studies, the stem cells
were also assessed for the capacity to upregulate adaptive
mechanism to enhance resilience to oxidative stress. However,
in the studies published on cells derived from IPSCs, a more
diverse series of study endpoints/applications were presented.
The present paper indicates that these studies do not yet follow
an apparent systematic scheme. It is not uncommon for the
investigations to use the IPSCs to go directly to an advanced
application of interest. For example, RPE cells were derived
from IPSCs to be tested for the capacity of curcumin to en-
hance resilience to oxidative stress.’” Induced pluripotent
stem cells were used to derive cardiomyocytes to assess the
effects of metformin on various respiratory functions.*® As a
third example, highly differentiated sensory neurons over a
40-day period were then tested with a series of chemother-
apeutic agents for toxicological evaluations.*” Only in a
limited number of cases were studies undertaken that assessed
the capacity for cell proliferation and differentiation as seen
with MT for IPSCs and NSCs, respectively. There was also a
more apparent effort made to discern underlying molecular
mechanism pathways in the collective individual stem cell-
hormesis areas where such efforts have been substantial.
However, given the extensive diversity of research questions
focused in the IPSCs-derived cell area, any underlying
mechanism efforts became unique to that area, with less ca-
pacity for generalization. Such area-specific mechanisms that
were assessed are therefore addressed within the specific
content areas of this paper rather than reintegrated for gen-
eralized discussion purposes in this section. Finally, it should
be noted that even though IPSCs have been viewed as being
essentially the same as embryonic inner mass, this question
was not able to be addressed with respect to the issue of
chemically induced cell proliferation and differentiation due to
a lack of research in that area.
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Conclusion

The present paper represents the first integrated assessment of
the occurrence of hormetic dose responses in IPSCs and cells
derived from IPSCs. The quantitative features of hormetic
dose responses were commonly reported for a wide range of
inducing agents and are fully consistent with hormetic re-
sponses reported with organ-specific adult stem cell types and
embryonic stems cells as well as non-stem cell types. These
findings further extend the generality of the hormesis concept.
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