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Figure 1: Flow chart of AOP#432 from deposition of energy to bone loss. The molecular initiating
event (MIE) is the first interaction between a stressor and a biomolecule within an organism.
Subsequent key events (KEs) leading to the adverse outcome (AQ) were identified. Both adjacent
key event relationships (KERs) and non-adjacent KERs are included in this pathway. Adjacent
KERs demonstrate the causal relationship between two KEs. Non-adjacent KERs can be used to
support the weight of evidence (WOE) of the whole AOP by bypassing KEs with less evidence.
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Abstract

The present AOP describes Key Events (KEs) from deposition of energy, the moleculare initiating event (MIE), to bone loss, the adverse outcome (AO) and is part
of a broader network to three other AOs relevant to radiation exposures: impaired learning and memory, cataracts, and vascular remodeling. The AOP begins with
the deposition of energy (KE#1686) that can lead directly to oxidative stress (KE#1392), defined as an imbalance of oxidants and antioxidants. Oxidation of key
functional amino acids can alter signaling proteins, resulting in downstream effects in bone-regulating signaling pathways (KE#2066), specifically the Wnt/B-catenin
pathway and the receptor activator of nuclear factor kappa B ligand (RANK-L) pathway. Concurrently, oxidative damage to vital cellular components, such as the
nucleus, mitochondria or cell membrane, can induce oxidative stress-driven cell death (KE#1825), such as apoptosis, autophagy, and necrosis. Cell death can
reduce osteocyte and osteoblast cell numbers or initiate the secretion of osteoclast-stimulatory molecules that can alter bone cell homeostasis (KE#2089). Impaired
activity and differentiation of osteoblasts decreases bone formation, while increased activity and differentiation of osteoclasts increases bone destruction.
Subsequent bone remodeling (KE#2090) is then altered, defined by bone resorption being increased above bone formation. Bone density and quality can then be
changed, leading to bone loss (KE#2091), the AO. The overall evidence for this AOP is moderate based on the literature to support the pathway. Although
biological plausibility is well established and the evidence supporting the essentiality of most KEs is high or moderate, the quantitative understanding of the AOP is
weak. Modulating factors for this relationship include age and genotype. Overall, the AOP identifies data gaps that can inform new experiments to improve
quantitative understanding and could serve as a basis for developing strategies mitigating the risks of long duration spaceflight and radiotherapy treatments.

Background

Bone loss, as observed in a variety of conditions such as osteopenia and osteoporosis, is a skeletal disorder characterized by decreased bone density and quality
resulting in porous, fracture-prone bones (Rachner, Khosla, and Hofbauer, 2011). In the United States, it has been estimated that 2 million fractures per year are
due to osteoporosis, costing $57 billion per year from direct medical costs combined with productivity losses and informal caregiving (Lewiecki et al., 2019). Bone

1/100



AOP482

loss is more common in Caucasians, women, and older people (Sozen, Ozisik, and Basaran, 2017). Risk factors for fractures include low body mass index,
previous fractures, glucocorticoid treatment, and other conditions like rheumatoid arthritis and type 1 diabetes mellitus (Sozen, Ozisik, and Basaran, 2017).

Growing evidence suggests that acute and chronic radiation exposure can contribute to the loss of bone mass (Donaubauer et al., 2020; Willey et al., 2011;
Wissing, 2015). Clinical studies have shown that skeletal sites receiving high doses of ionizing radiation (25 Gy or higher) have increased fracture risk (Baxter et al.,
2005; Oeffinger et al., 2006; Willey et al., 2011). For example, radiotherapy for pelvic malignancies causes an increased risk of hip fractures (Baxter et al., 2005;
Williams and Davies, 2006). Similarly, radiotherapy for breast cancer or rectal carcinoma has been shown to increase the risk of fracture to the ribs or
pelvis/femoral neck, respectively (Holm et al., 1996; Overgaard, 1988). Low to moderate doses of radiation as received during long-term spaceflight contribute to
bone loss (Stavnichuk et al., 2020; Willey et al., 2011), but is the focus of fewer studies. Therefore, identifying essential early endpoints relevant to radiation-
induced bone loss through the development of AOPs can inform mitigation strategies to reduce the risks from radiation exposures.

Summary of the AOP
Events

Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO)

Sequence Type EventID Title Short name
MIE 1686 Deposition of Energy Energy Deposition
KE 1392 Oxidative Stress Oxidative Stress

KE 2066 Altered Signaling Pathways Altered Signaling

KE 1825 Increase, Cell death Increase, Cell death

KE 2089 Altered Bone Cell Homeostasis Altered Bone Cell Homeostasis
KE 2090 Increase, Bone Remodeling Bone Remodeling

AO 2091 Occurrence. Bone Loss Bone Loss

Key Event Relationships

Upstream Event Relationship Type Downstream Event Evidence Quantitative Understanding
Deposition of Energy adjacent Oxidative Stress High Moderate
Oxidative Stress adjacent Increase, Cell death Moderate Low
Oxidative Stress adjacent Altered Signaling Pathways High Low
Increase, Cell death adjacent Altered Bone Cell Homeostasis High Low
Altered Signaling Pathways adjacent Altered Bone Cell Homeostasis High Moderate
Altered Bone Cell Homeostasis adjacent Increase, Bone Remodeling Moderate Low
Increase, Bone Remodeling adjacent Occurrence, Bone Loss Moderate Low
Oxidative Stress non-adjacent Altered Bone Cell Homeostasis Moderate Low
Deposition of Energy non-adjacent Altered Bone Cell Homeostasis High Low
Deposition of Energy non-adjacent Increase, Bone Remodeling High Low
Deposition of Energy non-adjacent Occurrence, Bone Loss High Moderate

Stressors
Name Evidence

lonizing Radiation

Overall Assessment of the AOP

This AOP collates peer-reviewed published data in the space field and studies from other radiation exposure scenarios that are not encountered during space
travel to strengthen the evidence. The search priotized chronic low- to moderate-dose radiation emitted from high linear energy transfer (LET) particles, which is
most applicable to long-term spaceflight. High doses from low-LET acute radiation studies were included as well; thus, AOP is also relevant to bone loss from
radiotherapy. Other stressors that are space-relevant but not radiation-related like microgravity are also used to strengthen the AOP. However, not all KERs are
equally supported by the multitude of stressors encountered during space travel, as some KERs have different responses dependent on the stressor. A few studies
show additive effects when combining radiation and microgravity stressors in animal models, demonstrating that these stressors may encourage bone loss through
separate pathways (Willey et al., 2021). However, particularly in studies using chronic or fractionated exposures, radiation did not exacerbate the effects of
microgravity (Kondo et al., 2010; Willey et al., 2021). This could be because the identical components of each mechanism are saturated by the individual stressor
(Kondo et al., 2010).

Biological Plausibility

Overall, each KER in the AOP is well understood mechanistically and biological plausibility is high. Mechanisms such as altered bone cell homeostasis and bone
remodeling are well accepted biological events contributing to bone loss (details provided in tables). The deposition of energy (MIE) causes the ionization of water
molecules within cells, producing free radicals that combine to more stable reactive oxygen species (ROS) (Eaton, 1994; Padgaonkar et al., 2015; Rehman et al.,
2016; Varma et al., 2011). Additionally, deposited energy can directly upregulate enzymes involved in reactive oxygen and nitrogen species (RONS) production (de
Jager, Cockrell and Du Plessis, 2017). This, along with positive feedback loops that further generate RONS, contributes to oxidative stress as RONS overwhelm the
cells’ antioxidant defense systems and subsequently damage macromolecules and organelles (Balasubramanian, 2000; Ganea and Harding, 2006; Karimi et al.,
2017; Zigman et al., 2000).
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It is well established that oxidative damage can cause both cell death and altered signaling. Oxidation of key amino acids in proteins from major signaling pathways
will cause conformational and functional changes to these signaling molecules, inducing changes in the activity of the entire pathway (Ping et al., 2020; Schmidt-
Ullrich et al., 2000; Valerie et al., 2007). Oxidative stress can indirectly affect signaling through oxidative DNA damage, which influences the expression and activity
of signaling molecules, such as the molecules involved in the MAPK pathway (Nagane et al., 2021; Ping et al., 2020; Schmidt-Ullrich et al., 2000; Valerie et al.,
2007). Additionally, extensive damage to DNA, mitochondria, or the cell membrane can induce cell death (Jilka, Noble and Weinstein, 2013).

In bones, the combined influence of altered signaling pathways and increased cell death will alter bone cell homeostasis, characterized by an increase in
osteoclasts (bone resorbing cells) and a decrease in osteoblasts (bone forming cells). Upregulated signaling from the RANK-L pathway will increase
osteoclastogenesis, while impaired Wnt/B-catenin signaling will decrease osteoblastogenesis (Arfat et al., 2014; Bellido, 2014; Boyce and Xing, 2007; Chatziravdeli,
Katsaras and Lambrou, 2019; Chen, Deng and Li, 2012; Donaubauer et al., 2020; Maeda et al., 2019; Manolagas and Almeida, 2007; Smith, 2020a; Smith, 2020b;
Willey et al., 2011). Osteoblast death will reduce osteoblast numbers, while osteocyte death will free osteoclast-stimulating molecules (Jilka, Noble, and Weinstein,
2013; Komori, 2013; Li et al., 2015; O’Brien, Nakashima, and Takayanagi, 2013; Plotkin, 2014; Wang et al., 2020; Xiong and O’Brien, 2012). As bone cells are
dysregulated, subsequent bone remodeling results in a greater rate of resorption than formation of bone (Bikle and Halloran, 1999; Donaubauer et al., 2020;
Morey-Holton et al., 1991; Smith, 2020b; Tian et al., 2017). Consequently, bones exhibit reduced volume, density, mineralization, and strength as bone loss occurs
(Bikle and Halloran, 1999; Donaubauer et al., 2020; Morey-Holton and Arnaud, 1991; Tian et al., 2017). A complete understanding of the relationship across
taxonomy and sex is lacking at the time of AOP development; this is an area that requires further research.

Temporal, Dose, and Incidence Concordance

Evidence for time, dose, and incidence concordance in this AOP is moderate, as evidence to support the modified Bradford Hill criteria is often limited due to space
travel conditions, where there are restrictions on the number of animals, doses and timepoints represented. For this reason, data from other exposure scenarios
are used to help strengthen the adjacent relationships, in keeping with the principles of AOP development. In contrast, there was a larger evidence base for the
non-adjacent relationships that were directly linked to the MIE, as there is much radiobiological research to support MIE’s causal association to each of the KEs in
the AOP.

In general, many studies demonstrated that the upstream KEs occurred earlier than the downstream KEs in time course experiments. It is well accepted that
deposition of energy occurs immediately following irradiation, and downstream changes will always occur later in a time course. The subsequent radical formation
occurs within microseconds (Azzam, Jay-Gerin, and Pain, 2012), and studies have observed the resulting oxidative stress as early as 2 minutes post-irradiation
(Wortel et al., 2019). Altered signaling is a molecular-level KE like oxidative stress, and both KEs occur with a similar time course, making the assessment of time
concordance difficult between these KEs. However, oxidative stress can still be observed slightly earlier than altered signaling (Wortel et al., 2019). The ensuing cell
death due to oxidative stress often occurs within days post-irradiation, while altered bone cell homeostasis owing to both altered signaling and cell death is
subsequently observed about a week after irradiation (Liu et al., 2018). Then, from multiple weeks to a month post-irradiation, bone remodeling is observed to
favor resorption over formation (Alwood et al., 2010; Chandra et al., 2017; Chandra et al., 2014; Zhai et al., 2019). The resulting bone loss presents after this, with
the greatest bone loss and risk of fractures observed months to years following irradiation (Holm et al., 1996; Nishiyama et al., 1992; Oest et al., 2018; Zou et al.,
2016).

Radiation at any dose and dose rate will deposit energy. Extensive evidence shows that upstream KEs can be observed at the same doses or lower doses as
downstream KEs. For example, Kondo et al. (2009) and Kondo et al. (2010) showed that ROS levels and osteoclastogenesis were increased by both 1 and 2 Gy of
gamma radiation, while bone loss and remodeling endpoints occurred at 2 Gy but not 1 Gy. In another study, X-ray irradiation at both 2 and 24 Gy led to increased
osteoclast activity, while only 24 Gy led to consistent decreases in areal bone mineral density (aBMD) and mineral apposition rate (MAR) (Zhai et al., 2019). Dose
concordance is not consistently observed across studies, but this may be due to different models, timepoints, and radiation types used.

A few studies support incidence concordance. Although many studies demonstrate equal changes between the two KEs, less than half of the studies across KERs
show that the upstream KE produces a greater change than the downstream KE following a stressor. One KER showing strong incidence concordance is altered
signaling leading to altered bone cell homeostasis. For example, Sambandam et al. (2016) showed that tumor necrosis factor receptor-associated factor 6 (TRAF6)
and tumor necrosis factor-related apoptosis inducing ligand (TRAIL) signaling molecules were increased 6 and 14.5-fold, respectively, while tartrate-resistant acid
phosphatase (TRAP) staining (indicative of bone cell homeostasis) was just increased 1.7-fold by microgravity.

Uncertainties and Inconsistencies

There are some notable knowledge gaps in the understanding of the biological mechanism involved in the deposition of energy leading to bone loss. In the space
environment, both microgravity and radiation stressors are present. However, the differences in the underlying molecular changes following each stressor are
currently uncertain (Willey et al., 2021). More research should be focused on understanding differential effects of microgravity and radiation on bone loss.
Furthermore, studies using multi-ion radiation and chronic radiation exposure in addition to microgravity could better represent the space environment (Willey et al.,
2021).

Some studies also show conflicting results. For example, a few studies demonstrate bone cell differentiation and activity at doses of ionizing radiation at 2 Gy or
below (Li et al., 2020b), while others show no effects (Kook et al., 2015; He et al., 2019). Differences may be due to experimental designs related to timepoints,
histology measurements, models, radiation quality, doses, and dose rates. This often complicates the ability to evaluate the strength of the evidence due to
inconsistent results. Studies were also limited in the range of doses or timepoints used, which challenged the identification of dose and time concordance data.
Often studies measured KEs at a single dose or timepoint. Furthermore, no single study evaluated all KEs in the AOP, which would have provided ideal evidence to
determine the weight of evidence supporting this AOP.

Other aspects for consideration are interspecies differences. During the first few months of spaceflight, bone resorption increases greatly in humans (Stavnichuk et
al., 2020). In rats, however, resorption does not change during spaceflight (Fu et al., 2021). Mouse models are more representative of the altered bone cell
homeostasis KE than rat models, as they show consistent increases in resorption during spaceflight (Vico and Hargens, 2018). In addition, there are differences in
measurements used to assess the resorption of bone in humans and experimental animals (Fu et al., 2021).

Lastly, the bone remodeling KE includes endpoints to measure changes in the bone formation rate but has fewer endpoints to measure bone resorption.
Resorption endpoints are often cell-level and are included in the altered bone cell homeostasis KE. Changes to resorption in the bone remodeling KE are
determined indirectly through changes to bone formation and bone volume. Consequently, it is difficult to quantify bone resorption in the bone remodeling KE, even
though it is an important contributor to bone loss. Further efforts could be directed to developing mthods that are able to assess bone resorption at the tissue level.

Domain of Applicability

Life Stage Applicability
Life Stage Evidence

All life stages High
Taxonomic Applicability

Term Scientific Term Evidence Links
human Homo sapiens High NCBI
mouse Mus musculus High NCBI
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Sex Applicability

Sex Evidence

Male High

Female High

This AOP is relevant to vertebrates, such as humans, mice, and rats. The taxonomic evidence supporting the AOP is derived from studies in human (Homo
sapiens) and human-derived cell lines, mouse (Mus musculus), rat (Rattus orvegicus), and rhesus monkey (Macaca mulatta) (Chandra et al., 2014; Nishiyama et
al., 1992; Willey et al., 2011; Zerath et al., 2002). Across all species, most available data was from adult and adolescent models with less available data from
preadolescent models.

The AOP is applicable to both sexes, with most studies using either male or female animal models but not both. In humans, spaceflight-induced bone loss has also
been observed in both sexes (Smith et al., 2014).

The AOP is applicable to all life stages, with extensive studies in adult humans and animals and fewer studies in adolescent and preadolescent animals. However,
bone loss can be more prevalent in the aging population (>~50 years) (Riggs, Khosla, and Melton, 1998; Pacheco and Stock, 2013).

Essentiality of the Key Events

Modulation of upstream KEs often influences the occurrence or extent of downstream KEs, making the evidence of essentiality moderate for the KEs in the AOP.
Below are a few examples showing how downstream KEs are affected by upstream modulation.

Essentiality of the Deposition of Energy (MIE#1686
e The effect of radiation shielding on altered bone cell homeostasis (KE#2089)

e Increased osteoclast numbers were not observed in shielded contralateral bones following irradiation (Wright et al., 2015). However, a few studies show
equal changes to osteoblast and osteoclast number in vivo in irradiated and contralateral limbs, possibly due to the abscopal effects of radiation (Zhang et al.,
2019; Zou et al., 2016).

e The effect of radiation shielding on increased bone remodeling (KE#2090)
o Shielded limbs show a higher bone formation rate than directly irradiated limbs (Wright et al., 2015; Zhai et al., 2019).
e The effect of radiation shielding on occurrence of bone loss (AO#2091)

e Multiple studies measuring bone loss in shielded limbs contralateral to the irradiation show a greater loss of bone in the irradiated limb (Baxter et al., 2005;
Oest et al., 2018; Wright et al., 2015). Although a few studies find equal changes in irradiated and contralateral limbs, this may be due to the abscopal effects
of radiation (Zhang et al., 2019; Zou et al., 2016).

Essentiality of Oxidative Stress (KE#1392)
e The effect of antioxidants on altered signaling pathways (KE#2066)

e Antioxidants including N-acetyl cysteine, curcumin, melatonin, polyphenol S3, and hydrogen water restore signaling in the Wnt/B-catenin pathway and inhibit
signaling in the RANK/RANK-L pathway (Diao et al., 2018; Kook et al., 2015; Sun et al., 2013; Xin et al., 2015; Yoo, Han & Kim, 2016).

e The effect of antioxidants on increased cell death (KE#1825).

e Antioxidants including a-2-macroglobulin (a2M), semaphorin 3A (sema3a), amifostine (AMI), and melatonin reduce apoptosis levels induced by radiation or
microgravity (Huang et al., 2019; Huang et al., 2018; Liu et al., 2018; Li et al., 2018a; Yoo, Han and Kim, 2016).

e The effect of antioxidants on altered bone cell homeostasis (KE#2089)

e Antioxidants including N-acetyl cysteine, a2M, AMI, curcumin, cerium (IV) oxide, and hydrogen water restore osteoblastogenesis and reduce
osteoclastogenesis following radiation or microgravity (Diao et al., 2018; Huang et al., 2019; Huang et al., 2018; Kook et al., 2015; Liu et al., 2018; Sun et al.,
2013; Wang et al., 2016; Xin et al., 2015; Zhang et al., 2020).

Essentiality of Altered Signaling Pathways (KE#2066)
e The effect of modulated signaling on altered bone cell homeostasis (KE#2089)
e Modulation of osteoclastogenesis-related signaling — Inhibitors of the RANK/RANK-L pathway or other osteoclast-stimulating molecules reduce osteoclast
activity after it is increased by exposure to gamma rays, X-rays, and microgravity (He et al., 2019; Li et al., 2018b; Rucci et al., 2007; Sambandam et al.,

2016; Zhang et al., 2019; Zhou et al., 2008).

e Modulation of osteoblastogenesis-related signaling — Activation of pathways leading to runt-related transcription factor 2 (Runx2) activation or the Wnt/B-
catenin pathway restored osteoblast activity after it is decreased by exposure to X-rays and microgravity (Chandra et al., 2017; Chen et al., 2020; Li et al.,
2020b; Li et al., 2018b; Liu et al., 2018). In contrast, direct inhibition of the Wnt/B-catenin pathway impairs osteoblast activity (Chen et al., 2020).

Essentiality of Incr Il Death (KE#182
e The effect of modulating cell death on altered bone cell homeostasis (KE#2089)

e Osteoblast cell death decreases the number of osteoblasts, while osteocyte cell death can stimulate osteoclastogenesis. Inhibition of cell death by using
drugs that promote cell survival or by inhibiting autophagy restores osteoblast numbers and activity as well as reducing osteoclast numbers and activity
(Chandra et al., 2014; Huang et al., 2019; Li et al., 2020b; Liu et al., 2018; Wang et al., 2020; Wu et al., 2020; Yang et al., 2020).

Essentiality of Altered Bone Cell Homeostasis (KE#2089)

e No study directly modulating the changes to osteoblasts and osteoclasts and observing the results on downstream KEs was identified in the literature search.
Essentiality of Increase, Bone Remodeling (KE#2090

e The effect of modulated bone remodeling on bone loss (AO#2091)

e Bone remodeling blocked by knockout of osteopontin, a mediator of bone remodeling, restores the bone volume after microgravity (Ishijima et al., 2001).
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Similarly, inhibition of Calponin h1, an inhibitor of bone formation, increases BMD following microgravity (Yotsumoto, Takeoka, and Yokoyama, 2010).

Weight of Evidence Summary

Defining Question High (Strong) Moderate Low (Weak)
1. Support Irseltarl_eorssi_mizrtlag:::c Extensive understanding of
for : b betw the KER based on extensive |KER is plausible based on analogy to ) - - .
Biological KEupstream and . ) ) . ) . There is empirical support for statistical association
ologica previous documentation and |[accepted biological relationships, but .
PI ibilit KEdownstream . S o between KEs, but the structural or functional
ausibility . . broad acceptance; scientific understanding is not . . .
consistent with ) . ) relationship between them is not understood
of KERs . o Established mechanistic completely established
established biological -
basis
knowledge?
MIE#1686 —

KE#1392:  [High

Deposition of |[There is strong evidence of the biological plausibility of deposition of energy leading to oxidative stress. It is well understood that when deposited
Energy leads |energy reaches a cell it reacts with water and organic materials to produce free radicals such as ROS. If the ROS cannot be eliminated quickly and
to Oxidative |[efficiently enough by the cell’'s defense system, oxidative stress may ensue.

Stress
KE#1392 -
KE#1825: High
Oxidative ’ — . .
It is well known that oxidative stress can lead to cell death. ROS lead to the release of pro-apoptotic factors, and enough ROS accumulation can

stress leads L . - s ;
i Increase lead to necrosis. Lipid and protein oxidation of key structures within the cell will also lead to cell death.
cell death
KE#1392 —» .
KE#2os6: | 9N

I There is much evidence demonstrating the biological plausibility of the link between oxidative stress and altered signaling pathways. The direct and
Oxidative - ; o ; . ' ; o e -
I— - indirect mechanisms of oxidative stress leading to altered signaling are well known. Directly, oxidative stress conditions can lead to oxidation of
i Altered amino acid residues. This can cause conformational changes, protein modifications, protein degradation, and impaired activity, leading to changes
Signalin in the activity and level of signaling proteins. Indirectly, oxidative stress can damage DNA causing changes in the expression of signaling proteins
Pagthwa);qs as well as the activation of DNA damage response signaling.

Non-adjacent

KE#1392 -
KE#2089: High

Oxidative It is well understood that an increase in cellular oxidative stress indirectly leads to altered bone cell homeostasis. An increase in oxidative stress
stress leads |land the resulting decrease in osteoblast activity and increase in osteoclast activity have been discussed and well documented, in several reviews.
to — Altered

Bone Cell
Homeostasis
KE#1825 - .
High
KE#2089: =
It is well understood that the induction of different forms of cell death of osteoblasts, osteoclasts, and osteocytes leads to an increase in bone
Increase, Cell ) ) . . .
Death leads resorption and decrease in bone deposition. Osteocyte apoptosis results in rupture of the plasma membrane as phagocytes are unable to engulf
these cells, allowing for the release of osteoclast-stimulatory molecules. Apoptotic osteocytes also signal to viable osteocytes in the vicinity to
to Altered . . A
Bone Cell express osteoclast-stimulatory signals. Osteoblast death reduces the overall pool of active osteoblasts. Autophagy can also lead to cell death, and
. |a few studies associate it with cell death in bone cells.
Homeostasis
KE#2066 —
KE#2089:
Altered High
Signaling
Pathways It is very well understood that changes in osteoblast and osteoclast signaling pathways lead to decreased bone deposition and increased bone
leads to resorption. A few highly characterized pathways that are important for osteoblast and osteoclast differentiation are the Wnt/B-catenin pathway and

Altered Bone |the RANK/RANK-L pathway, respectively. Alterations in signaling from these pathways will alter bone cell numbers and activity.
Cell
Homeostasis
KE#2089 -
KE#2090:

Altered Bone [High
Cell
Homeostasis
leads to
Increase,
Bone
Remodeling

KE#2090 -
AO#2091:

Review papers strongly support the structural and functional relationship between altered bone cell homeostasis and bone remodeling. Decreased
activity and differentiation of osteoblasts and increased activity and differentiation of osteoclasts lead to increased overall destruction of bone. Bone
remodeling is therefore imbalanced to favor bone resorption over formation.

Increase, High
Bone
Remodeling
leads to
Occurrence,
Bone Loss

The structural and functional relationship between bone remodeling and bone loss is well supported by review articles. Current literature on the
subject establishes bone loss due to a decrease in bone formation and an increase in bone resorption by bone remodeling cells.

Non-adjacent

MIE#1686 -

Hiah
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Deposition of
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The structural and functional relationships connecting energy deposition to the loss of homeostasis among bone cells is well supported by several
reviews on the subject related to space travel and clinical treatment. More specifically, reviews on ionizing radiation exposure have defined the
biological mechanisms by which these stressors can indirectly induce the loss of homeostasis among bone cells.

Non-adjacent

MIE#1686 —
KE#2090:

Deposition of
Energy leads
to Increase,
Bone
Remodeling

High

The biological plausibility for the indirect relationship between deposition of energy and imbalanced remodeling is strong. Reviews describe the
impact of radiation on bone formation and resorption as well as the mechanisms involved.

Non-adjacent

MIE#1686 -
AO#2091:

Deposition of
Energy leads
to Bone Loss

High

There is a high level of structural and functional evidence for the indirect relationship between deposition of energy and bone loss.

Defining Question High (Strong) Moderate Low (Weak)
Direct evidence from LG ed
2. Support " . that sufficient
for Are downstream KEs specifically designed e
. . ) modification of an . . . .

Essentiality and/or the AO prevented if [experimental studies ——— No or contradictory experimental evidence of the essentiality of any of
of KEs an upstream KE is illustrating essentiality for at m:dulatin FoGiar the KEs

blocked? least one of the important 9

KEs attenuates or
augments a KE

MIE#1686: Moderate
Deposition of . . - . .

Numerous studies show that physical shielding or attenuating the amount of deposited energy can modulate the downstream KEs. However, some
energy studies still show significant bone loss in shielded limbs, possibly due to the abscopal effects of radiation.

High
KE#1392:
Oxidative Essentiality of oxidative stress is well-supported within literature. Many studies have shown that adding or withholding antioxidants such as catalase
Stress and glutathione peroxidase will decrease and increase the level of oxidative stress, respectively. Studies using antioxidants to attenuate oxidative

stress show restored signaling and bone cell homeostasis, as well as reduced apoptosis.
KE#2066: High
Altered
Signaling Studies strongly support the essentiality of altered signaling pathways on downstream effects. Studies have used inhibitors or activators of various
Pathways signaling pathways and observed attenuation of downstream KEs, particularly altered bone cell homeostasis.

High
KE#1825:
Increase, Cell|Essentiality of increased cell death is well supported within literature through evidence that inhibiting cell death attenuates downstream KEs.
Death Multiple studies inhibit osteoblast and osteocyte cell death by preventing apoptosis or autophagy and find restored osteocyte numbers as well as

restored osteoblast numbers and activity.
KE#2089: Low

Altered Bone
Cell

There were no studies found on the essentiality of this event; i.e., there were no studies that inhibited the alteration of bone cell homeostasis and

Homeostasis |measured the downstream KE.
KE#2090: Moderate
Increase,
Bone Essentiality of bone remodeling is moderately supported within literature. A small number of studies that inhibit bone resorption or induce bone
Remodeling [formation show a reduction in bone loss.
Defining Question High (Strong) Moderate Low (Weak)
Does KEupstream occur
at lower doses and There is a dependent There is demonstrated dependent There are limited or no studies reporting dependent
earlier timepoints change in both events change in both events following change in both events following exposure to a
3. Empirical [than KEdownstream;is |following exposure to a wide |exposure to a small number of specific stressor (i.e., endpoints never measured in
support for the incidence or range of specific stressors |specific stressors and some evidence |[the same study or not at all), and/or lacking
KERs frequency (extensive evidence for inconsistent with the expected pattern |evidence of temporal or dose-response
of KEupstream greater  [temporal, dose-response that can be explained by factors such concordance, or identification of significant
than that and incidence concordance) |as experimental design, technical inconsistencies in empirical support across taxa and
for KEdownstream for the |and no or few data gaps or |considerations, differences among species that don’t align with the expected pattern for
same dose of tested conflicting data. laboratories, etc. the hypothesized AOP.
stressor?
MIE#1686 — |High
KE#1392:

Deposition of
Energy leads

There is a large body of evidence that supports an understanding of the time and dose relationship from deposition of energy leading to oxidative
stress. The evidence collected to support this relationship was gathered from various studies using in vitro and in vivo rat, mice, rabbit, squirrel,
bovine and human models. Various stressors were applied, including ultraviolet (UV) light (UV-B and UV-A) and ionizing radiation (gamma rays, X-

to Oxidative |rays. protons, photons, neutrons, and heavy ions). Studies that examined the effects of range of ionizing radiation doses (0-10 Gy) discovered that
Stress oxidative stress increases in a dose-dependent matter.

KE#1392 -

KE#1825: Moderate

Oxidative There is moderate empirical evidence to support the relationship between oxidative stress and increased cell death. Many studies demonstrate
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incidence concordance, dose concordance, and time concordance. However, there are limited data pertaining to low doses of the radiation

to Increase, |stressors (X-rays, gamma rays, '2C ions) used to investigate the relationship.

Cell Death

KE#1392 -

KE#2066: High

Oxidative There is strong empirical evidence for this relationship. A number of studies demonstrated incidence concordance. Most studies that examined the

Stress leads |effects of a range of stressor doses showed dose concordance, and most studies that analyzed oxidative stress and signaling pathways over

to Altered multiple timepoints supported temporal concordance. This evidence was collected from studies using a variety of stressors, including ionizing

Signaling radiation in doses as low as 0.125 Gy, in in vitro cell and in vivo mouse, rat, and pig models.

Pathways

Non-adjacent
Moderate

KE#1392 -

KE#2089: There is a moderate body of evidence showing concordance between oxidative stress and altered bone cell homeostasis. A few studies
demonstrated incidence concordance, most studies that examined the effects of a range of doses demonstrated dose concordance, and most

Oxidative studies that examined oxidative stress and bone cell dysfunction over multiple timepoints provided evidence in support of temporal concordance.

Stress leads |However, the evidence for dose concordance is weak as only a single study measured the KEs at multiple doses. lonizing radiation (X-rays and

to Altered gamma rays) in doses as low as 1 Gy and microgravity were the stressors used in studies. The models used included in vitro cells and in vivo rats

Bone Cell and mice.

Homeostasis

KE#1825 -

KE#2089: High

Increase, Cell . . o . . .

Death leads There is a Iargg body of ewden_cellndlcatlng concordance l?gtween lln(':reased cell death to altered bpne cell homeostasis. Most studlgs .
demonstrated time, dose, and incidence concordance. lonizing radiation (X-rays and gamma rays) in doses as low as 0.5 Gy and microgravity

to Altered ; . : P L .

Bone Cell were the stressors used in studies. The models used included in vitro cells and in vivo rats and mice.

Homeostasis

KE#2066 —

KE#2089:

Altered High

Signaling

Pathways There is strong evidence showing concordance to support the KER. Evidence in most of the studies collected supported time, dose, and incidence

leads to concordance. lonizing radiation (X-rays and gamma rays) at doses as low as 0.5 Gy and microgravity were the stressors used in studies. The

Altered Bone ||[models used included in vitro cells and in vivo rats and mice.

Cell

Homeostasis

KE#2089 -

KE#2090: Moderate

Altered Bone
Cell
Homeostasis
leads to

Dose and time concordance between altered bone cell homeostasis and bone remodeling are currently supported by moderate evidence. A
number of studies demonstrate incidence concordance and most studies that analyzed altered bone cell homeostasis and bone remodeling over
multiple timepoints demonstrated time concordance. However, some studies showed changes to one or more endpoints that were inconsistent with
the change expected following the stressors. Also, there were no studies that could be used to evaluate the dose concordance of the KEs at

Increase, multiple doses. The relationship was demonstrated using X-rays at doses as low as 2 Gy and microgravity in in vitro cell and in vivo rat and mouse
Bone models.
Remodeling
KE#2090 -
AO#2091:
Moderate
Increase,
Bone There is moderate evidence for concordance between bone remodeling and bone loss. Most studies demonstrate time and incidence
Remodeling |[concordance. However, no studies measured both KEs at multiple doses of the stressor. The relationship was demonstrated using X-rays at doses
leads to as low as 2 Gy and microgravity in in vitro cell and in vivo rat, mouse, and monkey models.
Occurrence,
Bone Loss

Non-adjacent

MIE#1686 —
KE#2089:

Deposition of
Energy leads
to Altered
Bone Cell
Homeostasis

High

A strong body of evidence shows dose- and time-response effects of ionizing radiation. Data from studies show that radiation exposure indirectly
increases osteoclast activity and decreases osteoblast activity in a dose-dependent manner. X-rays and gamma rays in doses ranging from 0-30
Gy were used to study the effects of radiation on bone cells in in vitro and ex vivo cell models, in vivo mouse and rat models, and human models.
About a week after radiation exposure, with increasing radiation doses, numbers and activity of osteoblasts decrease, while numbers of osteoclasts
increase.

Non-adjacent

MIE#1686 -
KE#2090:

Deposition of
Energy leads
to Increase,
Bone
Remodeling

High

The empirical evidence for deposition of energy leading to bone remodeling is high. Imbalanced bone remodeling caused by ionizing radiation is
directly related to the absorbed dose. Bone remodeling is affected after exposure of mice and rats to 0.5-24 Gy of X-ray, gamma ray, proton, and

56Fe ion radiation. Few studies examine the time course of this KER, but changes to bone remodeling occur from 7 to 60 days post-irradiation.

Non-adjacent

MIE#1686 —
AO#2091:

Deposition of
Energy leads
to

High

There is strong evidence for the deposition of energy leading to bone loss. X-rays, gamma rays, protons, and heavy ions from 0.05 to 64 Gy
delivered to rat, mouse, and human models were used to assess this relationship. By comparing the results of studies using either high or low dose
radiation, there is a consensus that bone loss from low dose exposure is less than that from high dose exposure. Studies also show that bone loss

can be observed from 1 week to years after irradiation but is mostly found in the first few months after exposure.
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Quantitative

Consideration

There is a low quantitative understanding for the KERs in this AOP. Many studies have quantified the changes in consecutive KEs after a specific stressor dose.
However, due to varying experimental parameters, including experimental model, radiation type, doses, dose rate, and timepoints, a quantitative relationship is
difficult to determine between most adjacent KEs in the pathway. KERs between the MIE and downstream KEs are readily quantified, as changes to the upstream
KE, in this case the dose, dose rate, and radiation type applied to the model, are determined in the experimental method and can be more easily standardized
across studies. KERs that do not include the MIE are more difficult to quantify, as the perturbation to the upstream KE cannot be standardized to determine its
effects on a downstream KE, as it is the product of the applied stressor and the resulting changes to KEs that came before it in the pathway.

Review of the
Quantitative
Understanding
for each KER

Defining Question High (Strong) Moderate Low (Weak)

Only a qualitative or semi-
quantitative prediction of the
change in KEdown can be
determined from a measure
of KEup. Known modulating
factors and
feedback/feedforward
mechanisms are not
accounted for. Quantitative
relationship has only been
demonstrated for a narrow
subset of the overall
applicability domain of the
KER.

To what extent can a change in
KEdownstream be predicted
from KEupstream? With what
precision can the uncertainty in
the prediction of KEdownstream
be quantified? To what extent
are the known modulating
factors of feedback mechanisms
accounted for? To what extent
can the relationships described
be reliably generalized across
the applicability domain of the
KER?

Change in KEdownstream can be
precisely predicted based on a relevant
measure of KEupstream; uncertainty in
the quantitative prediction can be
precisely estimated from the variability
in the relevant KEupstream measure.
Known modulating factors and
feedback/feedforward mechanisms are
accounted for in the quantitative
description. Evidence that the
quantitative relationship between the
KEs generalizes across the relevant
applicability domain of the KER.

Change in KEdownstream can be
precisely predicted based on a relevant
measure of KEupstream; uncertainty in
the quantitative prediction is influenced
by factors other than the variability in the
relevant KEupstream measure.
Quantitative description does not
account for all known modulating factors
and/or known feedback/feedforward
mechanisms. The quantitative
relationship has only been demonstrated
for a subset of the overall applicability
domain of the KER.

MIE#1686 -
KE#1392:

Deposition of
Energy leads to

Moderate

The quantitative understanding of the MIE leading to oxidative stress is moderate. The most common dose of radiation applied to models when
examining the effects of energy deposition on oxidative stress is 2 Gy. In general, exposure to 2 Gy of low LET radiation, such as X-rays, gamma
rays, or protons, resulted in increased ROS production compared to high LET radiation, such as heavy ions. 2 Gy of low LET radiation results in
increases of ~15-200% to ROS production and ~136-433% to levels of other oxidative stress markers, as well as decreases of ~9-70% to levels

Stress leads to
Altered
Signaling
Pathways

Oxidative P . ) . P s . . - .
of antioxidants, with some studies not demonstrating significant changes to any oxidative stress endpoints. 2 Gy of high LET radiation results in
Stress ) )
increases of ~120-125% to ROS production.
KE#1392 -
KE#1825: Low
Oxidative The quantitative understanding of oxidative stress leading to cell death is low. Increases of ~20-400% in ROS levels and ~100% in other oxidative
Stress leads to |stress markers as well as decreases of ~34-75% in antioxidants cause a ~60-440% increase in apoptosis and a ~125% increase in autophagy.
Increase, Cell [Some studies show significant changes to one or more endpoints that are inconsistent with the expected effect of the stressor.
Death
KE#1392 -
L.
KE#2066: ow
Oxidative The quantitative understanding of oxidative stress leading to altered signaling pathways is low. A ~35-260% increase in RONS, a ~20-110%

increase in oxidative stress markers (such as malondialdehyde (MDA), protein carbonylation, p67 levels), and/or a ~10-76% decrease in
antioxidants results in a ~20-500% increase in expression and activity of osteoclast differentiation signaling molecules and/or a ~10-96%
decrease in expression and activity of osteoblast differentiation signaling molecules. Some studies show significant changes to one or more
endpoints that are inconsistent with the expected effect of the stressor.

Non-adjacent

KE#1392 -
KE#2089:

Oxidative
Stress leads to
Altered Bone
Cell
Homeostasis

Low

The quantitative understanding of oxidative stress leading to altered bone cell homeostasis is low. Many studies quantify oxidative stress and
altered bone cell homeostasis following a stressor; however, studies often measure different endpoints in different experimental models and the
change to bone cell homeostasis cannot be precisely predicted from the level of oxidative stress. Furthermore, the effect of modulating factors is
not well quantified in studies.

KE#1825 —»
KE#2089:
Increase, Cell
Death leads to
Altered Bone
Cell

Low

The quantitative understanding of increased cell death leading to altered bone cell homeostasis is low. Increases of ~100-600% in osteoblast
apoptosis and/or ~50-1500% osteocyte apoptosis result in decreases of ~30-63% in osteoblastogenesis markers and ~47-73% in
osteoblast/osteocyte number, as well as increases of ~200-250% in osteoclastogenesis markers and ~50-1100% in osteoclast number.

Pathways leads
to Altered Bone
Cell
Homeostasis

Homeostasis

KE#2066 —

KE#2089: LZEEED

g!terelc‘i The quantitative understanding of altered signaling pathways leading to altered bone cell homeostasis is moderate. Altered bone cell
ignaling

homeostasis can be roughly predicted from measures of the protein expression and activity of key signaling molecules for osteoblasts and
osteoclasts. Decreases of ~40-90% to expression and activity of osteoblast differentiation signaling molecules result in decreases of ~48.2-93.9%
in osteoblastogenesis markers. Increases of ~30-300% to expression and activity of osteoclast differentiation signaling molecules result in
increases of ~30-460% in osteoclastogenesis markers.

KE#2089 —
KE#2090:
Altered Bone
Cell
Homeostasis
leads to
Increase, Bone
Remodeling

Low

The quantitative understanding of altered bone cell homeostasis to bone remodeling is low. Decreases of ~17-75% in osteoblastogenesis
markers and/or increases of ~22-300% in osteoclastogenesis markers resulted in decreases of ~16-100% in bone formation and increases of ~6-
26% in the structural modeling index (SMI). Both microgravity and ionizing radiation exposure have the same effect on altered bone cell
homeostasis and bone remodeling markers. However, these effects are more significant for ionizing radiation exposure.
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KE#2090 —»

po#2091:  [FOW

Increase, Bone |i1y,5 o,antitative understanding of bone remodeling leading to bone loss is low. There is an abundance of quantitative data pertaining to the
Remodeling effects of stressor-induced bone remodeling on bone loss. However, the decreases in bone formation do not precisely predict the resulting bone
leads to loss. Decreases of ~20-100% in bone formation and increases of ~6-26% in SMI, cause decreases of ~9-82% in bone structure. Some studies
ggﬁ:rlr_i:ze' showed changes to one or more endpoints that are inconsistent with the expected effect of the stressor.

Non-adjacent

MIE#1686 »  |Low

KE#2089:
The quantitative understanding of the deposition of energy leading to altered bone cell homeostasis is low. Many studies quantify altered bone

Deposition of  |cell homeostasis following radiation exposure; however, it is difficult to compare results and quantify relationships as each study uses different
Energy leads to [models, stressors, doses and time points. In addition, the influence of modulating factors has not been completely assessed. Thus, no model has
Altered Bone  |Ibeen established to predict the changes in bone cell homeostasis after the deposition of energy.

Cell
Homeostasis

Non-adjacent

MIE#686 » | -OW

KE#2090: The quantitative understanding of the deposition of energy leading to bone remodeling is low. Many studies quantify bone remodeling; however,

it is difficult to compare results and quantify relationships as each study uses different stressors, doses and time points. In addition, the influence
of modulating factors such as sex have not been completely assessed. Thus, no model has been established to predict the changes in bone
remodeling after the deposition of energy.

Deposition of
Energy leads to
Increase, Bone

Remodeling

Non-adjacent

MIE#1686 » |Moderate

AC#2091: The quantitative understanding of the deposition of energy leading to bone loss is moderate. Bone loss can be partially predicted by the dose of

deposited energy. For example, a 2 Gy dose of 56F¢ jons will consistently reduce BV/TV by about 20-30%. However, these changes depend on
the bone studied, the dose, the radiation type, and the time point. No model has been established to precisely predict the changes in bone loss
after the deposition of energy.

Deposition of
Energy leads to
Occurrence,
Bone Loss

Considerations for Potential Applications of the AOP (optional)

The present AOP is one of four built to describe the causal connectivity of KEs leading to adverse health outcomes relevant to space travel and radiotherapy. In
constructing the AOP, critical and well-understood biological events and data gaps in empirical evidence were identified. The evidence summary for this AOP can
thus be used to justify areas for future work. For example, studies using multi-ion radiation at sustained deliveries and at chronic low doses under microgravity
conditions would better represent the space environment and could clarify uncertainties observed in current studies. In addition, a standard range of stressor doses
and measurement timepoints would allow for more dose and time response/concordance data and would facilitate more accurate comparisons of evidence
between KEs. This should include low doses, as existing low-dose evidence is often inconsistent. Quantitative understanding of each KER could be improved
through experiemtns designed to measure mulitple endpoints across dose- and time-ranges. Future studies should also strive to use models that are more
applicable for assessing the risks of human space flight, as the proportion of human studies for each KER ranged from 0-33.3%, with only a few KERs containing
human studies. In addition, further investigations are needed to consider sex differences in the study design, thereby strengthening the understanding of the sex
differences within the AOP. An uncertainty in the bone remodeling KE is that changes to the rate of resorption are not directly determined and are instead assumed
based on changes to the bone formation rate and bone volume. Future work should identify a direct tissue-level measure of the bone resorption rate. The
modulating factors and domain of applicability of this AOP can be used to develop risk mitigation strategies.
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Appendix 1
List of MIEs in this AOP

Event: 1686: Deposition of Energy

Short Name: Energy Deposition

AOPs Including This Key Event

AOP ID and Name Event Type
Aop:272 - Deposition of energy leading to lung cancer MolecularlnitiatingEvent
Aop:432 - Deposition of Energy by lonizing Radiation leading to Acute Myeloid Leukemia MolecularinitiatingEvent
Aop:386 - Deposition of ionizing energy leading to population decline via inhibition of photosynthesis MolecularlnitiatingEvent
Aop:387 - Deposition of ionising energy leading to population decline via mitochondrial dysfunction MolecularlnitiatingEvent
Aop:388 - Deposition of ionising energy leading to population decline via programmed cell death MolecularlnitiatingEvent
Aop:435 - Deposition of ionising energy leads to population decline via pollen abnormal MolecularlnitiatingEvent
Aop:216 - Deposition of energy leading to population decline via DNA strand breaks and follicular atresia MolecularInitiatingEvent
Aop:238 - Deposition of energy leading to population decline via DNA strand breaks and oocyte apoptosis MolecularinitiatingEvent
Aop:311 - Deposition of energy leading to population decline via DNA oxidation and oocyte apoptosis MolecularlnitiatingEvent
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AOP482

Aop:299 - Deposition of energy leading to population déRRIRARANBMEAtion and follicular atresia MolecEMEMiTEYRE Event

Aop:441 - lonizing radiation-induced DNA damage leads to microcephaly via apoptosis and premature cell differentiation MolecularinitiatingEvent

Aop:444 - lonizing radiation leads to reduced reproduction in Eisenia fetida via reduced spermatogenesis and cocoon hatchability MolecularlnitiatingEvent

Aop:470 - Deposition of energy leads to vascular remodeling MolecularlnitiatingEvent
Aop:473 - Energy deposition from internalized Ra-226 decay lower oxygen binding capacity of hemocyanin MolecularlnitiatingEvent
Aop:478 - Deposition of energy leading to occurrence of cataracts MolecularlnitiatingEvent
Aop:482 - Deposition of energy leading to occurrence of bone loss MolecularlnitiatingEvent
Aop:483 - Deposition of Energy Leading to Learning and Memory Impairment MolecularlinitiatingEvent
Stressors

Name

lonizing Radiation
Biological Context

Level of Biological Organization

Molecular

Evidence for Perturbation by Stressor

Overview for Molecular Initiating Event

It is well documented that ionizing radiation( (eg. X-rays, gamma, photons, alpha, beta, neutrons, heavy ions) leads to energy deposition on the atoms and molecules of the substrate. Many studies, have
demonstrated that the type of radiation and distance from source has an impact on the pattern of energy deposition (Alloni, et al. 2014). High linear energy transfer (LET) radiation has been associated with higher-
energy deposits (Liamsuwan et al., 2014) that are more densely-packed and cause more complex effects within the particle track (Hada and Georgakilas, 2008; Okayasu, 2012ab; Lorat et al., 2015; Nikitaki et al.,
2016) in comparison to low LET radiation. Parameters such as mean lineal energy, dose mean lineal energy, frequency mean specific energy and dose mean specific energy can impact track structure of the
traversed energy into a medium (Friedland et al., 2017). The detection of energy deposition by ionizing radiation can be demonstrated with the use of fluorescent nuclear track detectors (FNTDs). FNTDs used in
conjunction with fluorescent microscopy, are able to visualize radiation tracks produced by ionizing radiation (Niklas et al., 2013; Kodaira et al., 2015; Sawakuchi and Akselrod, 2016). In addition, these FNTD chips
can quantify the LET of primary and secondary radiation tracks up to 0.47 keV/um (Sawakuchi and Akselrod, 2016). This co-visualization of the radiation tracks and the cell markers enable the mapping of the
radiation trajectory to specific cellular compartments, and the identification of accrued damage (Niklas et al., 2013; Kodaira et al., 2015). There are no known chemical initiators or prototypes that can mimic the MIE.

Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
human Homo sapiens Moderate NCBI
rat Rattus norvegicus Moderate NCBI
mouse Mus musculus Moderate NCBI
nematode Caenorhabditis elegans High NCBI
zebrafish Danio rerio High NCBI
thale-cress Arabidopsis thaliana High NCBI
Scotch pine Pinus sylvestris Moderate NCBI
Daphnia magna Daphnia magna High NCBI

Chlamydomonas reinhardtii Chlamydomonas reinhardtii Moderate NCBI

common brandling worm eisenia fetida Moderate NCBI
Lemna minor Lemna minor High NCBI
Salmo salar Salmo salar Low NCBI

Life Stage Applicability
Life Stage Evidence

All life stages High
Sex Applicability
Sex Evidence

Unspecific Low
Energy can be deposited into any substrate, both living and non-living; it is independent of age, taxa, sex, or life-stage.
Taxonomic applicability: This MIE is not taxonomically specific.
Life stage applicability: This MIE is not life stage specific.

Sex applicability: This MIE is not sex specific.

Key Event Description
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Deposition of energy refers to events where energetic subatomic particles, nuclei, or electromagnetic radiation deposit energy in the media through which they
transverse. The energy may either be sufficient (e.g. ionizing radiation) or insufficient (e.g. non-ionizing radiation) to ionize atoms or molecules (Beir et al.,1999).

lonizing radiation can cause the ejection of electrons from atoms and molecules, thereby resulting in their ionization and the breakage of chemical bonds. The
energy of these subatomic particles or electromagnetic waves mostly range from 124 KeV to 5.4 MeV and is dependent on the source and type of radiation (Zyla et
al., 2020). To be ionizing the incident radiation must have sufficient energy to free electrons from atomic or molecular electron orbitals. The energy deposited can
induce direct and indirect ionization events and this can be via internal (injections, inhalation, or absorption of radionuclides) or external exposure from radiation
fields -- this also applies to non-ionizing radiation.

Direct ionization is the principal path where charged particles interact with biological structures such as DNA, proteins or membranes to cause biological damage.
Photons, which are electromagnetic waves can also deposit energy to cause direct ionization. lonization of water, which is a major constituent of tissues and
organs, produces free radical and molecular species, which themselves can indirectly damage critical targets such as DNA (Beir et al., 1999; Balagamwala et al.,
2013) or alter cellular processes. Given the fundamental nature of energy deposition by radioactive/unstable nuclei, nucleons or elementary particles in material,
this process is universal to all biological contexts.

The spatial structure of ionizing energy deposition along the resulting particle track is represented as linear energy transfer (LET) (Hall and Giaccia, 2018
UNSCEAR, 2020). High LET refers to energy mostly above 10 keV um* which produces more complex, dense structural damage than low LET radiation (below 10
keV um'1). Low-LET particles produce sparse ionization events such as photons (X- and gamma rays), as well as high-energy protons. Low LET radiation travels
farther into tissue but deposits smaller amounts of energy, whereas high LET radiation, which includes heavy ions, alpha particles and high-energy neutrons, does
not travel as far but deposits larger amounts of energy into tissue at the same absorbed dose. The biological effect of the deposition of energy can be modulated
by varying dose and dose rate of exposure, such as acute, chronic, or fractionated exposures (Hall and Giaccia, 2018).

Non-ionizing radiation is electromagnetic waves that does not have enough energy to break bonds and induce ion formation but it can cause molecules to excite
and vibrate faster resulting in biological effects. Examples of non-ionizing radiation include radio waves (wavelength: 100 km-1m), microwaves (wavelength: 1m-
1mm), infrared radiation (wavelength: 1mm- 1 um), visible light (wavelengths: 400-700 nm), and ultraviolet radiation of longer wavelengths such as UVB
(wavelengths: 315-400nm) and UVA (wavelengths: 280-315 nm). UVC radiation (X-X nm) is, in contrast to UVB and UVA, considered to be a type of ionizing
radiation.

How it is Measured or Detected

Radiation ey
T Assay Name References Description Approved
yp! Assay
lonizing Monte Carlo Douglass et al., 2013;

Douglass et al. 2012; Monte Carlo simulations are based on a computational algorithm that mathematically models the deposition of energy into materials. No

radiation = Simulations (Geant4) Zyla et al,, 2020

Fluorescent Nuclear = Sawakuchi, 2016; Niklas, FNTDs are biocompatible chips with crystals of aluminium oxide doped with carbon and magnesium; used in conjuction with fluorescent

lonizin

radiatiogn Track Detector 2013; Koaira & microscopy, these FNTDs allow for the visualization and the linear energy transfer (LET) quantification of tracks produced by the No
(FNTD) Konishi, 2015 deposition of energy into a material.

lonizing Tissue equivalent

radiation proportional counter Straume et al, 2015 Measure the LET spectrum and calculate the dose equivalent. No
(TEPC)

lonizing alanine Lind et al. 2019; Xie et al., No

radiation = dosimeters/NanoDots 2022

. Nf)r.li UV meters or N UVA/UVB (irradiance intensity), UV dosimeters (accumulated irradiance over time), Spectrophoto meter (absorption of UV by a

ionizing . Xie et at., 2020 . No

- radiameters substance or material)
radiation
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Event: 1392: Oxidativ r
Short Name: Oxidative Stress
Key Event Component

Process Object Action

oxidative stress increased
AOPs Including This Key Event

AOP ID and Name

Aop:220 - Cyp2E1 Activation Leading to Liver Cancer

Aop:284 - Binding of electrophilic chemicals to SH(thiol
oxidative stress leads to chronic kidney disease

Aop:377 - Dysregulated prolonged Toll Like Receptor 9 (TLR9) activation leading to Multi Organ Failure involving Acute Respiratory

Distress Syndrome (ARDS)
Aop:411 - Oxidative stress Leading to Decreased Lung Function
Aop:424 - Oxidative stress Leading to Decreased Lung Function via CFTR dysfunction

Aop:425 - Oxidative Stress Leading to Decreased Lung Function via Decreased FOXJ1

42
plausible MIE's plug-ins for environmental neurotoxicants

Aop:452 - Adverse outcome pathway of PM-induced respiratory toxicity

Aop:464 - Calcium overload in dopaminergic neurons of the substantia nigra leading to parkinsonian motor deficits

Aop:470 - Deposition of energy leads to vascular remodeling
Aop:478 - Deposition of energy leading to occurrence of cataracts

Aop:479 - Mitochondrial complexes inhibition leading to heart failure via increased myocardial oxidative stress

Aop:481 - AOPs of amorphous silica nanoparticles: ROS-mediated oxidative stress increased respiratory dysfunction and diseases.

Aop:482 - Deposition of energy leading to occurrence of bone loss
Aop:483 - Deposition of Energy Leading to Learning and Memory Impairment

Stressors

Name
Acetaminophen
Chloroform
furan
Platinum
Aluminum
Cadmium
Mercury
Uranium
Arsenic
Silver
Manganese
Nickel
Zinc

nanoparticles
Biological Context

Level of Biological Organization

Molecular

Evidence for Perturbation by Stressor

Event Type

KeyEvent

KeyEvent
KeyEvent

KeyEvent

MolecularlnitiatingEvent
MolecularinitiatingEvent

MolecularlnitiatingEvent
KeyEvent

KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent
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Platinum

Kruidering et al. (1997) examined the effect of platinum on pig kidneys and found that it was able to induce significant dose-dependant ROS formation within 20
minutes of treatment administration.

Aluminum

In a study of the effects of aluminum treatment on rat kidneys, Al Dera (2016) found that renal GSH, SOD, and GPx levels were significantly lower in the treated
groups, while lipid peroxidation levels were significantly increased.

Cadmium

Belyaeva et al. (2012) investigated the effect of cadmium treatment on human kidney cells. They found that cadmium was the most toxic when the sample was
treated with 500 uM for 3 hours (Belyaeva et al., 2012). As this study also looked at mercury, it is worth noting that mercury was more toxic than cadmium in both
30-minute and 3-hour exposures at low concentrations (10-100 uM) (Belyaeva et al., 2012).

Wang et al. (2009) conducted a study evaluating the effects of cadmium treatment on rats and found that the treated group showed a significant increase in lipid
peroxidation. They also assessed the effects of lead in this study, and found that cadmium can achieve a very similar level of lipid peroxidation at a much lower
concentration than lead can, implying that cadmium is a much more toxic metal to the kidney mitochondria than lead is (Wang et al., 2009). They also found that
when lead and cadmium were applied together they had an additive effect in increasing lipid peroxidation content in the renal cortex of rats (Wang et al., 2009).

Jozefczak et al. (2015) treated Arabidopsis thaliana wildtype, cad2-1 mutant, and vic7-1 mutant plants with cadmium to determine the effects of heavy metal
exposure to plant mitochondria in the roots and leaves. They found that total GSH/GSG ratios were significantly increased after cadmium exposure in the leaves of
all sample varieties and that GSH content was most significantly decreased for the wildtype plant roots (Jozefczak et al., 2015).

Andjelkovic et al. (2019) also found that renal lipid peroxidation was significantly increased in rats treated with 30 mg/kg of cadmium.
Mercury

Belyaeva et al. (2012) conducted a study which looked at the effects of mercury on human kidney cells, they found that mercury was the most toxic when the
sample was treated with 100 uM for 30 minutes.

Buelna-Chontal et al. (2017) investigated the effects of mercury on rat kidneys and found that treated rats had higher lipid peroxidation content and reduced
cytochrome c content in their kidneys.

Uranium

In Shaki et al.’s article (2012), they found rat kidney mitochondria treated with uranyl acetate caused increased formation of ROS, increased lipid peroxidation, and
decreased GSH content when exposed to 100 uM or more for an hour.

Hao et al. (2014), found that human kidney proximal tubular cells (HK-2 cells) treated with uranyl nitrate for 24 hours with 500 uM showed a 3.5 times increase in
ROS production compared to the control. They also found that GSH content was decreased by 50% of the control when the cells were treated with uranyl nitrate
(Hao et al., 2014).

Arsenic

Bhadauria and Flora (2007) studied the effects of arsenic treatment on rat kidneys. They found that lipid peroxidation levels were increased by 1.5 times and the
GSH/GSSG ratio was decreased significantly (Bhadauria and Flora, 2007).

Kharroubi et al. (2014) also investigated the effect of arsenic treatment on rat kidneys and found that lipid peroxidation was significantly increased, while GSH
content was significantly decreased.

In their study of the effects of arsenic treatment on rat kidneys, Turk et al. (2019) found that lipid peroxidation was significantly increased while GSH and GPx renal
content were decreased.

Silver

Miyayama et al. (2013) investigated the effects of silver treatment on human bronchial epithelial cells and found that intracellular ROS generation was increased
significantly in a dose-dependant manner when treated with 0.01 to 1.0 pM of silver nitrate.

Manganese

Chtourou et al. (2012) investigated the effects of manganese treatment on rat kidneys. They found that manganese treatment caused significant increases in ROS
production, lipid peroxidation, urinary HoOo levels, and PCO production. They also found that intracellular GSH content was depleted in the treated group

(Chtourou et al., 2012).
Nickel

Tyagi et al. (2011) conducted a study of the effects of nickel treatment on rat kidneys. They found that the treated rats showed a significant increase in kidney lipid
peroxidation and a significant decrease in GSH content in the kidney tissue (Tyagi et al., 2011).

Zinc

Yeh et al. (2011) investigated the effects of zinc treatment on rat kidneys and found that treatment with 150 uM or more for 2 weeks or more caused a time- and
dose-dependant increase in lipid peroxidation. They also found that renal GSH content was decreased in the rats treated with 150 uM or more for 8 weeks (Yeh et
al., 2011).

It should be noted that Hao et al. (2014) found that rat kidneys exposed to lower concentrations of zinc (such as 100 uM) for short time periods (such as 1 day),
showed a protective effect against toxicity induced by other heavy metals, including uranium. Soussi, Gargouri, and El Feki (2018) also found that pre-treatment
with a low concentration of zinc (10 mg/kg treatment for 15 days) protected the renal cells of rats were from changes in varying oxidative stress markers, such as
lipid peroxidation, protein carbonyl, and GPx levels.
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nanoparticles

Huerta-Garcia et al. (2014) conducted a study of the effects of titanium nanoparticles on human and rat brain cells. They found that both the human and rat cells
showed time-dependant increases in ROS when treated with titanium nanoparticles for 2 to 6 hours (Huerta-Garcia et al., 2014). They also found elevated lipid
peroxidation that was induced by the titanium nanoparticle treatment of human and rat cell lines in a time-dependant manner (Huerta-Garcia et al., 2014).

Liu et al. (2010) also investigated the effects of titanium nanoparticles, however they conducted their trials on rat kidney cells. They found that ROS production was
significantly increased in a dose dependant manner when treated with 10 to 100 pg/mL of titanium nanoparticles (Liu et al., 2010).

Pan et al. (2009) treated human cervix carcinoma cells with gold nanoparticles (Au1.4MS) and found that intracellular ROS content in the treated cells increased in
a time-dependant manner when treated with 100 pM for 6 to 48 hours. They also compared the treatment with Au1.4MS gold nanoparticles to treatment with
Au15MS treatment, which are another size of gold nanoparticle (Pan et al., 2009). The Au15MS nanoparticles were much less toxic than the Au1.4MS gold
nanoparticles, even when the Au15MS nanoparticles were applied at a concentration of 1000 uM (Pan et al., 2009). When investigating further markers of oxidative
stress, Pan et al. (2009) found that GSH content was greatly decreased in cells treated with gold nanoparticles.

Ferreira et al. (2015) also studied the effects of gold nanoparticles. They exposed rat kidneys to GNPs-10 (10 nm particles) and GNPs-30 (30 nm particles), and
found that lipid peroxidation and protein carbonyl content in the rat kidneys treated with GNPs-30 and GNPs-10, respectively, were significantly elevated.

Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
rodents rodents High NCBI
Homo sapiens Homo sapiens  High NCBI

Life Stage Applicability
Life Stage Evidence

All life stages High
Sex Applicability
Sex Evidence

Mixed High

Taxonomic applicability: Occurrence of oxidative stress is not species specific.
Life stage applicability: Occurrence of oxidative stress is not life stage specific.
Sex applicability: Occurrence of oxidative stress is not sex specific.

Evidence for perturbation by prototypic stressor: There is evidence of the increase of oxidative stress following perturbation from a variety of stressors
including exposure to ionizing radiation and altered gravity (Bai et al., 2020; Ungvari et al., 2013; Zhang et al., 2009).

Key Event Description

Oxidative stress is defined as an imbalance in the production of reactive oxygen species (ROS) and antioxidant defenses. High levels of oxidizing free radicals can
be very damaging to cells and molecules within the cell. As a result, the cell has important defense mechanisms to protect itself from ROS. For example, Nrf2 is a
transcription factor and master regulator of the oxidative stress response. During periods of oxidative stress, Nrf2-dependent changes in gene expression are
important in regaining cellular homeostasis (Nguyen, et al. 2009) and can be used as indicators of the presence of oxidative stress in the cell.

In addition to the directly damaging actions of ROS, cellular oxidative stress also changes cellular activities on a molecular level. Redox sensitive proteins have
altered physiology in the presence and absence of ROS, which is caused by the oxidation of sulfhydryls to disulfides (2SH aSS) on neighboring amino acids
(Antelmann and Helmann 2011). Importantly Keap1, the negative regulator of Nrf2, is regulated in this manner (ltoh, et al. 2010).

ROS also undermine the mitochondrial defense system from oxidative damage. The antioxidant systems consist of superoxide dismutase, catalase, glutathione
peroxidase and glutathione reductase, as well as antioxidants such as a-tocopherol and ubiquinol, or antioxidant vitamins and minerals including vitamin E, C,
carotene, lutein, zeaxanthin, selenium, and zinc (Fletcher, 2010). The enzymes, vitamins and minerals catalyze the conversion of ROS to non-toxic molecules such
as water and Op. However, these antioxidant systems are not perfect and endogenous metabolic processes and/or exogenous oxidative influences can trigger
cumulative oxidative injuries to the mitochondria, causing a decline in their functionality and efficiency, which further promotes cellular oxidative stress
(Balasubramanian, 2000; Ganea & Harding, 2006; Guo et al., 2013; Karimi et al., 2017).

However, an emerging viewpoint suggests that ROS-induced modifications may not be as detrimental as previously thought, but rather contribute
to signaling processes (Foyer et al., 2017).

Protection against oxidative stress is relevant for all tissues and organs, although some tissues may be more susceptible. For example, the brain possesses
several key physiological features, such as high O2 utilization, high polyunsaturated fatty acids content, presence of autooxidable neurotransmitters, and low
antioxidant defenses as compared to other organs, that make it highly susceptible to oxidative stress (Halliwell, 2006; Emerit and al., 2004; Frauenberger et al.,
2016).

Sources of ROS Production

Direct Sources: Direct sources involve the deposition of energy onto water molecules, breaking them into active radical species. When ionizing radiation hits
water, it breaks it into hydrogen (H*) and hydroxyl (OH*) radicals by destroying its bonds. The hydrogen will create hydroxyperoxyl free radicals (HO2*) if oxygen is
available, which can then react with another of itself to form hydrogen peroxide (HoO2) and more O (Elgazzar and Kazem, 2015). Antioxidant mechanisms are
also affected by radiation, with catalase (CAT) and peroxidase (POD) levels rising as a result of exposure (Seen et al. 2018; Ahmad et al. 2021).

Indirect Sources: An indirect source of ROS is the mitochondria, which is one of the primary producers in eukaryotic cells (Powers et al., 2008). As much as 2% of
the electrons that should be going through the electron transport chain in the mitochondria escape, allowing them an opportunity to interact with surrounding
structures. Electron-oxygen reactions result in free radical production, including the formation of hydrogen peroxide (H2O») (Zhao et al., 2019). The electron
transport chain, which also creates ROS, is activated by free adenosine diphosphate (ADP), O», and inorganic phosphate (P;) (Hargreaves et al. 2020; Raimondi et
al. 2020; Vargas-Mendoza et al. 2021). The first and third complexes of the transport chain are the most relevant to mammalian ROS production (Raimondi et al.,
2020). The mitochondria have its own set of DNA and it is a prime target of oxidative damage (Guo et al., 2013). ROS are also produced through nicotinamide
adenine dinucleotide phosphate oxidase (NOX) stimulation, an event commenced by angiotensin Il, a product/effector of the renin-angiotensin system (Nguyen
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Dinh Cat et al. 2013; Forrester et al. 2018). Other ROS producers include xanthine oxidase, immune cells (macrophage, neutrophils, monocytes, and eosinophils),
phospholipase As (PLA2), monoamine oxidase (MAQ), and carbon-based nanomaterials (Powers et al. 2008; Jacobsen et al. 2008; Vargas-Mendoza et al. 2021).

How it is Measured or Detected

Oxidative Stress. Direct measurement of ROS is difficult because ROS are unstable. The presence of ROS can be assayed indirectly by measurement of
cellular antioxidants, or by ROS-dependent cellular damage. Listed below are common methods for detecting the KE, however there may be other comparable
methods that are not listed

L]
L]
L]

Detection of ROS by chemiluminescence (https:/www.sciencedirect.com/science/article/abs/pii/S0165993606001683)

Detection of ROS by chemiluminescence is also described in OECD TG 495 to assess phototoxic potential.

Glutathione (GSH) depletion. GSH can be measured by assaying the ratio of reduced to oxidized glutathione (GSH:GSSG) using a commercially available kit
(e.g., http://www.abcam.com/gshgssg-ratio-detection-assay-kit-fluorometric-green-ab138881.html).

TBARS. Oxidative damage to lipids can be measured by assaying for lipid peroxidation using TBARS (thiobarbituric acid reactive substances) using a
commercially available kit.

8-ox0-dG. Oxidative damage to nucleic acids can be assayed by measuring 8-oxo-dG adducts (for which there are a number of ELISA based commercially
available kits),or HPLC, described in Chepelev et al. (Chepelev, et al. 2015).

Molecular Biology: Nrf2. Nrf2’s transcriptional activity is controlled post-translationally by oxidation of Keap1. Assay for Nrf2 activity include:

L]
L]
L]
L]

Immunohistochemistry for increases in Nrf2 protein levels and translocation into the nucleus

Western blot for increased Nrf2 protein levels

Western blot of cytoplasmic and nuclear fractions to observe translocation of Nrf2 protein from the cytoplasm to the nucleus

qPCR of Nrf2 target genes (e.g., Ngo1, Hmox-1, Gcl, Gst, Prx, TrxR, Srxn), or by commercially available pathway-based qPCR array (e.g., oxidative stress
array from SABiosciences)

Whole transcriptome profiling by microarray or RNA-seq followed by pathway analysis (in IPA, DAVID, metacore, etc.) for enrichment of the Nrf2 oxidative
stress response pathway (e.g., Jackson et al. 2014)

OECD TG422D describes an ARE-Nrf2 Luciferase test method

In general, there are a variety of commercially available colorimetric or fluorescent kits for detecting Nrf2 activation

Assay Type & Dose Assay
Measured Description Range |Characteristics (Length
Content Studied ||/ Ease of use/Accuracy)
“The mitochondrial ROS measurement was performed flow cytometry using DCFH-DA. Briefly, isolated kidney
ROS mitochondria were incubated with UA (0, 50, 100 and 200 pM) in respiration buffer containing (0.32 mM
Formation in [SUcrose, 10 mM Tris, 20 mM Mops, 50 uM EGTA, 0.5 mM MgCl2, 0.1 mM KH2PO4 and 5 mM sodium 0, 50,
the succinate) [32]. In the interval times of 5, 30 and 60 min following the UA addition, a sample was taken and 100 and |Long/ Easy
Mitochondria DCFH-DA was added (final concentration, 10 uM) to mitochondria and was then incubated for 10 min. Uranyl |200 uM ]
 |acetate-induced ROS generation in isolated kidney mitochondria were determined through the flow cytometry |of Uranyl [High accuracy
preny (el (Partec, Deutschland) equipped with a 488-nm argon ion laser and supplied with the Flomax software and the |Acetate
etal., 2012) signals were obtained using a 530-nm bandpass filter (FL-1 channel). Each determination is based on the
mean fluorescence intensity of 15,000 counts.”
Mitochondrial
Antioxidant |, ) ) - )
GSH content was determined using DTNB as the indicator and spectrophotometer method for the isolated
Content mitochondria. The mitochondrial fractions (0.5 mg protein/ml) were incubated with various concentrations of thiElth
Assay ) uranyl acetate for 1 h at 30 °C and then 0.1 ml of mitochondrial fractions was added into 0.1 mol/l of ;00’ or
Measuring phosphate buffers and 0.04% DTNB in a total volume of 3.0 ml (pH 7.4). The developed yellow color was 00 kM
GSH content  |l,o54 at 412 nm on a spectrophotometer (UV-1601 PC, Shimadzu, Japan). GSH content was expressed as g;g’tle
(Shaki et al,, |M9/mg protein.”
2012)
H202
Production
Assay ; - Lo - , 0,10, 30
Measuring Effect of CdClp and antimycin A (AA) on HoO» production in isolated mitochondria from potato. o
Ho05 H202 production was measured as scopoletin oxidation. Mitochondria were incubated for 30 min in the HM Cd
Production in |measuring buffer (see the Materials and Methods) containing 0.5 mM succinate as an electron donor and 2 UM
isolated 0.2 pM mesoxalonitrile 3-chlorophenylhydrazone (CCCP) as an uncoupler, 10 U horseradish peroxidase and antimycin
mitochondria |5 UM scopoletin.” ( A
(Heyno et al.,
2008)
Flow
Cytometry “For determination of ROS, samples taken at the indicated time points were directly transferred to FACScan
ROS & Cell tubes. Dih123 (10 mM, final concentration) was added and cells were incubated at 37°C in a humidified Strong/easy
Viability atmosphere (95% air/5% CO2) for 10 min. At ¢ 5 9, propidium iodide (10 mM, final concentration) was added,
and cells were analyzed by flow cytometry at 60 ml/min. Nonfluorescent Dih123 is cleaved by ROS to medium
(Kruiderig et |fluorescent R123 and detected by the FL1 detector as described above for Dc (Van de Water 1995)”
al., 1997)
DCFH-DA
Assay
Detection of  lintracellular ROS production was measured using DCFH-DA as a probe. Hydrogen peroxide oxidizes DCFH Long/ Easy
hydrogen to DCF. The probe is hydrolyzed intracellularly to DCFH carboxylate anion. No direct reaction with HoOpto | 0-400
peroxide form fluorescent production. kM High accuracy
production
(Yuan et al.,
2016)
H2-DCF-DA
SZtse?:ion of This dye is a stable nonpolar compound which diffuses readily into the cells and yields H2-DCF. Intracellular
OH or ONOO- react with H2-DCF when cells contain peroxides, to form the highly fluorescent compound 0-600 ey By
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B

superoxide DCF, which effluxes the cell. Fluorescence intensity of DCF is measured using a fluorescence UM

production spectrophotometer. High accuracy
(Thiebault et

CM-H2DCFDA

Assay **Come back and explain the flow cytometry determination of oxidative stress from Pan et al. (2009)**

Direct Methods of Measurement

Method of Measurement References | Description OECD-
Approved
Assay
Chemiluminescence (Lu, C. et ROS can induce electron transitions in | No
al., 2006; molecules, leading to electronically
excited products. When the electrons
Griendling, | transition back to ground state,
K K. etal, |chemiluminescence is emitted and
2016) can be measured. Reagents such
as uminol and lucigenin are commonly
used to amplify the signal.
Spectrophotometry (Griendling, [NO has a short half-life. However, if it | No
K. K., etal., [hasbeen reduced to nitrite (NO2-),
2016) stable azocompounds can be formed
via the Griess Reaction, and further
measured by spectrophotometry.
Direct or Spin Trapping-Based (Griendling, | The unpaired electrons (free radicals) | No
Electron Paramagnetic Resonance K. K., etal., [foundin ROS can be detected with
(EPR) Spectroscopy 2016) EPR, and is known as electron
paramagnetic resonance. A variety of
spin traps can be used.
Nitroblue Tetrazolium Assay (Griendling, [ The Nitroblue Tetrazolium assay is No
KK, etal, |ysed to measure O+~ levels. 0o~
20lE) reduces nitroblue tetrazolium (a
yellow dye) to formazan (a blue dye),
and can be measured at 620 nm.
Fluorescence analysis of (Griendling, [ Fluorescence analysis of DHE is used | No
dihydroethidium (DHE) K. K, etal, |is measure 0o+~ levels. O+~ is
arltllesait Auiel reduced to O2 as DHE is oxidized to
2-hydroxyethidium, and this reaction
can be measured by fluorescence.
Similarly, hydrocyans can be oxidized
by any ROS, and measured via
fluorescence.
Amplex Red Assay (Griendling, | Fluorescence analysis to measure No
K. K., etal., [extramitochondrial or extracellular
2016) H205 levels. In the presence of
horseradish peroxidase and
H205, Amplex Red is oxidized to
resorufin, a fluorescent molecule
measurable by plate reader.
Dichlorodihydrofluorescein Diacetate | (Griendling, | An indirect fluorescence analysis to No
(DCFH-DA) K. K., etal., [measure intracellular HoO» levels.
2016) Ho0> interacts with peroxidase or
heme proteins, which further react
with DCFH, oxidizing it
to dichlorofluorescein (DCF), a
fluorescent product.
HyPer Probe (Griendling, [ Fluorescent measurement of No
K. K., etal., [intracellular HoO» levels. HyPer is a
2016) genetically encoded fluorescent
sensor that can be used for in
vivo and in situ imaging.
Cytochrome ¢ Reduction Assay (Griendling, | The cytochrome c reduction assay is | No
K. K. etal, |ysed to measure Op-~ levels. 0o+~ is
2016) reduced to O2 as ferricytochrome c is
oxidized to ferrocytochrome ¢, and
this reaction can be measured by an
absorbance increase at 550 nm.
Proton-electron double-resonance (Griendling, | The redox state of tissue is detected | No
imagine (PEDRI) K. K., etal., [through nuclear magnetic
2016) resonance/magnetic resonance
imaging, with the use of a nitroxide
spin probe or biradical molecule.
Glutathione (GSH) depletion (Biesemann, | A downstream target of the Nrf2 No
N. et al,, pathway is involved in GSH synthesis.
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2018) As an indication of oxidation status,
GSH can be measured by assaying
the ratio of reduced to oxidized
glutathione (GSH:GSSG) using a
commercially available kit

(e.g., http://www.abcam.com/gshgssg-
ratio-detection-assay-kit-fluorometric-
areen-ab138881.html).

Thiobarbituric acid reactive (Griendling, | Oxidative damage to lipids can be No
substances (TBARS) K. K., etal., | measured by assaying for lipid
2016) peroxidation with TBARS using a

commercially available kit.

Protein oxidation (carbonylation) (Azimzadeh | Can be determined with enzyme- No
etal., 2017; |linked immunosorbent assay (ELISA)
Azimzadeh | or a commercial assay kit. Protein
etal., 2015; | oxidation can indicate the level of

Ping et al., oxidative stress.
2020)

Seahorse XFp Analyzer Leung et al. | The Seahorse XFp Analyzer provides | No
2018 information on mitochondrial function,

oxidative stress, and metabolic
dysfunction of viable cells by
measuring respiration (oxygen
consumption rate; OCR) and
extracellular pH (extracellular
acidification rate; ECAR).

Molecular Biology: Nrf2. Nrf2’s transcriptional activity is controlled post-translationally by oxidation of Keap1. Assays for Nrf2 activity include:

Method of References Description OECD-
Measurement Approved
Assay
Immunohistochemistry | (Amsen, D., de | Immunohistochemistry for No
Visser, K. E., increases in Nrf2 protein levels
and Town, T., [and translocation into the
2009) nucleus
Quantitative (Forlenza et gPCR of Nrf2 target genes No
polymerase chain al., 2012) (e.g., Ngo1, Hmox-
reaction (QPCR) 1, Gcl, Gst, Prx, TrxR, Srxn), or

by commercially available
pathway-based gPCR array
(e.g., oxidative stress array
from SABiosciences)

Whole transcriptome (Jackson, A. F. | Whole transcriptome profiling No
profiling via microarray | et al., 2014) by microarray or RNA-seq
or via RNA-seq followed by pathway analysis
followed by a pathway (in IPA, DAVID, metacore, etc.)
analysis for enrichment of the Nrf2
oxidative stress response
pathway
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AOPs Including This Key Event

AOP ID and Name Event Type
Aop:470 - Deposition of energy leads to vascular remodeling KeyEvent
Aop:482 - Deposition of energy leading to occurrence of bone loss KeyEvent

Aop:483 - Deposition of Energy Leading to Learning and Memory Impairment KeyEvent

Biological Context

Level of Biological Organization
Molecular
Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Moderate NCBI
rat Rattus norvegicus Moderate NCBI
mouse Mus musculus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

All life stages Moderate
Sex Applicability
Sex Evidence

Unspecific Low

Taxonomic applicability: Altered signaling is applicable to all animals as cell signaling occurs among animal cells. This includes vertebrates such as humans,
mice and rats (Nair et al., 2019).

Life stage applicability: This key event is not life stage specific.
Sex applicability: This key event is not sex specific.

Evidence for perturbation by a stressor: Multiple studies show that signaling pathways can be disrupted by many types of stressors including ionizing radiation
and altered gravity (Cheng et al., 2020; Coleman et al., 2021; Su et al., 2020; Yentrapalli et al., 2013).

Key Event Description

Cells receive, process, and transmit signals to respond to their environment via signaling pathways. Signaling pathways are groups of molecules that work together
in a cell to control physiological and metabolic processes. Kinases, for example, are important signaling molecules that can phosphorylate other proteins (Svoboda
& Reenstra, 2002). Initiation of signaling pathways is an important component of cellular homeostasis including normal cell development and the response to
cellular damage from exposure to external stressors (Esbenshade & Duzic, 2006). Signaling pathways are themselves activated by signals and the same signal can
lead to different responses depending on the tissue type (Hamada, et al. 2011; Svoboda & Reenstra, 2002). Examples of signals include the activation of receptors
to activate transcriptional targets, induction of receptor-ligand interactions and the initiation of cell-cell contact, or cell-extracellular matrix contact (Hunter, 2000).
Many signalling pathways are crucial to intercellular communication via membrane receptors that transduce signals into the cell, while others are activated in an
intracellular manner (Svoboda & Reenstra, 2002). Altered signalling (i.e., increase/decrease) can lead to different physiological outcomes, meaning that the
directionality of the signaling response, determines the end outcome. For example, increase of the PI3K/Akt/mTOR pathway, which under physiological conditions
is responsible for regulating the cell cycle, can lead to increased proliferation and decreased apoptosis. However, a decrease expression of this pathway can lead
to an increase in apoptosis and decreased proliferation (Porta et al., 2014; Venkatesulu et al., 2018).

How it is Measured or Detected

Method of Reference Description OECD Approved
Measurement Assay
Kinase assays (Svoboda & Block kinase with inhibitors | No

Reenstra, 2002) [ to monitor the activity of a
kinase of interest.

Cell behaviour assays (Svoboda & Signal transduction events | No
Reenstra, 2002) | of cells are monitored.
Cells are exposed to
varying levels of signaling
proteins and the resulting
actions of a cell are
observed (changes in
structure, cell shape,
matrix binding etc.).

Ratiometric or single- (Svoboda & Detects alterations in No
wavelength dyes Reenstra, 2002) | signal-transduction
activities via monitoring
changes in detectable
wavelengths.
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Fluorescence (Oksvold et al., [ Measures cell localization, | Yes
microscopy/spectroscopy | 2002) protein interactions, signal

propagation, amplification,

and integration in the cell

in real-time, or upon

stimulation.
Green Fluorescent (Zaccolo and GFP assays act as No
Protein (GFP) Pozzan, 2000) fluorescent reporters but

also as a marker of

intracellular signalling

events i.e. second

messengers Ca2+ and

cAMP, or for pH in

different various cell

compartments
Fluorescence Resonance | (Bunt and Assay helps illuminate the | No
Energy Transfer (FRET) | Wouters, 2017) | interactions between

biological molecules
Fluorescence recovery (Svoboda & Determines mobility and No
after photobleaching Reenstra, 2002) | diffusion of small
(FRAP) molecules.
Immunoprecipitation (Svoboda & Involves isolating and Chromatin

Reenstra, 2002)

concentrating a particular
protein from mixed
samples to detect changes

immunoprecipitation
approved for
analyzing histone

in signalling molecule modifications
activity.
Immunohistochemistry (Kurien et al., Northern, western and No
2011; Svoboda | southern blotting
& Reenstra, techniques can be used to
2002) visualize signal
transduction events. For
example, antibodies with
recognition epitopes can
be used to locate active
configurations or
phosphorylated proteins
within a cell or cell lysate.
Reverse transcription- (Veremeyko et Measures mRNA No
quantitative polymerase | al., 2012; Alwine | expression of the gene of
chain reaction (RT-qPCR) | et al, 1977) interest.
Enzyme-linked (Amsen et al., Plate-based assay No

immunosorbent assay
(ELISA)

2009; Engvall &
Perlmann, 1972)

technique using antibodies
to detect presence of a
protein in a liquid sample.
Can be used to identify
presence of a protein of
interest especially in when
in low concentrations
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Event: 1825: Increase, Cell death

Short Name: Increase, Cell death

AOPs Including This Key Event

AOP ID and Name

Aop:291 - Mitochondrial ATP synthase antagonism leading to growth inhibition (2)

Aop:287 - Mitochondrial complex Ill antagonism leading to growth inhibition (2)

Aop:368 - Cytochrome oxidase inhibition leading to olfactory nasal lesions

Aop:377 - Dysregulated prolonged Toll Like Receptor 9 (TLR9) activation leading to Multi Organ Failure involving Acute Respiratory Distress
Syndrome (ARDS)

Aop:410 - GSK3beta inactivation leading to increased mortality via defects in developing inner ear

Aop:418 - Aryl hydrocarbon receptor activation leading to impaired lung function through AHR-ARNT toxicity pathway

Aop:464 - Calcium overload in dopaminergic neurons of the substantia nigra leading to parkinsonian motor deficits

Aop:468 - Binding of SARS-CoV-2 to ACE2 leads to hyperinflammation (via cell death)

Aop:482 - Deposition of energy leading to occurrence of bone loss

Stressors

Name
Food deprivation

Gentamicin
Biological Context

Level of Biological Organization

Cellular
Cell term

Cell term

cell
Organ term

Organ term

organ

Evidence for Perturbation by Stressor

Event
Type

KeyEvent
KeyEvent
KeyEvent

KeyEvent

KeyEvent
KeyEvent
KeyEvent
KeyEvent
KeyEvent
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Food deprivation

Autophagy can be initiated by a variety of stressors, most notably by nutrient deprivation (caloric restriction) or can result from signals present during cellular differentiation and
embryogenesis and on the surface of damaged organelles (Mizushima et al., 2008).

Gentamicin
Gentamicin causes significant inner ear sensory hair cell death and auditory dysfunction in zebrafish (Uribe et al., 2013).
Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

zebrafish Danio rerio High NCBI
human  Homo sapiens High NCBI
rat Rattus norvegicus High NCBI
mouse Mus musculus High NCBI

Life Stage Applicability
Life Stage Evidence

All life stages High
Sex Applicability
Sex Evidence

Unspecific High

The process of cell death is highly conserved within multi-cellular organisms. (Lockshin & Zakeri, 2004).

Taxonomic applicability: Increased cell death is applicable to all animals. This includes vertebrates such as humans, mice and rats (Alberts et al., 2002).
Life stage applicability: There is insufficient data on life stage applicability of this KE
Sex applicability: This key event is not sex specific (Forger and de Vries, 2010; Ortona Matarrese, and Malorni, 2014)

Evidence for perturbation by a stressor: Multiple studies show that cell death can be increased or disrupted by many types of stressors including ionizing radiation and altered gravity (Zhu et al., 2016).
Key Event Description

Cell death is part of normal development and maturation cycle, and is the component of many response patterns of living tissues to xenobiotic agents (i.e.. micro organisms and
chemicals) and to endogenous modulations, such as inflammation and disturbed blood supply (Kanduc et al., 2002). Many physiological processes require cell death for their
function (e.g.., embryonal development and immune selection of B and T cells) (Bertheloot et al., 2021). Defects in cells that result in their inappropriate survival or untimely death
can negatively impact development or contribute to a variety of human pathologies, including cancer, AIDS, autoimmune disorders, and chronic infection. Cell death may also
occur following exposure to environmental toxins or cytotoxic chemicals. Although this is often harmful, it can be beneficial in some cases, such as in the treatment of cancer
(Crowley et al., 2016).

Cell death can be divided into: programmed cell death (cell death as a normal component of development) and non-programmed cell death (uncontrolled death of the cell).
Although this simplistic view has blurred the intricate mechanisms separating these forms of cell death, studies have and will uncover new effectors, cell death pathways and
reveal a more complex and intertwined landscape of processes involving cell death (Bertheloot et al., 2021).

Programmed cell death:is a form of cell death in which the dying cell plays an active part in its own demise (Cotter & Al-Rubeai, 1995).

Apoptosis At a morphological level, it is characterized by cell shrinkage rather than the swelling seen in necrotic cell death. It is characterized by a number of characteristic
morphological changes in the structure of the cell, together with a number of enzyme-dependent biochemical processes. The result of it being the clearance of cells from the
body, with minimal damage to surrounding tissues. An essential feature of apoptosis is the release of cytochrome ¢ from mitochondria, regulated by a balance between
proapoptotic and antiapoptotic proteins of the BCL-2 family, initiator caspases (caspase-8, -9 and -10) and effector caspases (caspase-3, -6 and -7). Apoptosis culminates in the
breakdown of the nuclear membrane by caspase-6, the cleavage of many intracellular proteins (e.g., PARP and lamin), membrane blebbing, and the breakdown of genomic DNA
into nucleosomal structures (Bertheloot et al., 2021). Mechanistically, two main pathways contribute to the caspase activation cascade downstream of mitochondrial cytochrome
c release:

e |Intrinsic pathway is triggered by dysregulation of or imbalance in intracellular homeostasis by toxic agents or DNA damage. It is characterized by mitochondrial outer
membrane permeabilization (MOMP), which results in the release of cytochrome c into the cytosol.

e Extrinsic pathway is initiated by activation of cell surface death receptors. Proapoptotic death receptors include TNFR1/2, Fas and the TNF-related apoptosis-inducing
ligand (TRAIL) receptors DR4 and DR5.

Other pathways of programmed cell death are called »non-apoptotic programmed cell-death« or »caspase-independent programmed cell-death« (Blank & Shiloh, 2007).

Necroptosis: This type of regulated cell death, occurs following the activation of the tumor necrosis receptor (TNFR1) by TNFa. Activation of other cellular receptors triggers
necroptosis. These receptors include death receptors (i.e., Fas/FasL), Toll-like receptors (TLR4 and TLR3) and cytosolic nucleic acid sensors such as RIG-I and STING, which
induce type | interferon (IFN-I) and TNFa production and thus promote necroptosis in an autocrine feedback loop. Most of these pathways trigger NFKB- dependent
proinflammatory and prosurvival signals.

Pyroptosis is a type of cell death culminating in the loss of plasma membrane integrity and induced by activation of so-called inflammasome sensors. These include the Nod-like
receptor (NLR) family, the DNA receptor Absent in Melanoma 2 (AIM2) and the Pyrin receptor.

Autophagy: is a process where cellular components such as macro proteins or even whole organelles are sequestered into lysosomes for degradation (Mizushima et al., 2008;
Shintani & Klionsky, 2004). The lysosomes are then able to digest these substrates, the components of which can either be recycled to create new cellular structures and/or
organelles or alternatively can be further processed and used as a source of energy (D'Arcy, 2019).

Anoikis is apoptosis induced by loss of attachment to substrate or to other cells (anoikis). Anoikis overlaps with apoptosis in molecular terms, but is classified as a separate
entity because of its specific form od induction (Blank & Shiloh, 2007). Induction of anoikis occurs when cells lose attachment to ECM, or adhere to an inappropriate type of ECM,
the latter being the more relevant in vivo (Gilmore, 2005).

Cornification: is programmed cell death of keratinocytes. Cell death in the context of cornification involves distinct enzyme classes such as transglutaminases, proteases,
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DNases and others (Eckhart et al., 2013).
Non-programmed cell death: occurs accidentally in an unplanned manner.

Necrosis is generally characterized to be the uncontrolled death of the cell, usually following a severe insult, resulting in spillage of the contents of the cell into surrounding
tissues and subsequent damage thereof (D’Arcy, 2019).

How it is Measured or Detected

Assays for Quantitating Cell Death:

o Cell death can be measured by staining a sample of cells with trypan blue, assay is described in protocol: Measuring Cell Death by Trypan Blue Uptake and Light
Microscopy (Crowley, Marfell, Christensen, et al., 2015d). Or with propidium lodide, assay is described in protocol: Measuring Cell Death by Propidium lodide (P1) Uptake
and Flow Cytometry (Crowley & Waterhouse, 2015a)

® TUNEL technique: in situ terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling can be used to detect apoptotic cells (Bever & Fekete, 1999; Uribe
et al., 2013).

Assays for Quantitating Cell Survival

Colony-forming assay can be used to define the number of cells in a population that are capable of proliferating and forming large groups of cells. Described in Protocol:
Measuring Survival of Adherent Cells with the Colony-Forming Assay (Crowley, Christensen, & Waterhouse, 2015c); Measuring Survival of Hematopoietic Cancer Cells with the
Colony-Forming Assay in Soft Agar (Crowley & Waterhouse, 2015b).

ASSAYS TO DISTINGUISH APOPTOSIS FROM NECROSIS AND OTHER DEATH MODALITIES

Detecting Nuclear Condensation: The nucleus is generally round in healthy cells but fragmented in apoptotic cells. Dyes such as Giemsa or hematoxylin, which are purple in
color and therefore easily viewed using light microscopy, are commonly used to stain the nucleus. Other features of apoptosis and necrosis, such as plasma membrane blebbing
or rupture, can be identified by staining the cytoplasm with eosin. Eosin is pinkish in color and can also be viewed using light microscopy. Hematoxylin and eosin are, therefore,
commonly used together to stain cells. Assay is described in Protocol: Morphological Analysis of Cell Death by Cytospinning Followed by Rapid Staining (Crowley, Marfell, &
Waterhouse, 2015c); Analyzing Cell Death by Nuclear Staining with Hoechst 33342 (Crowley, Marfell, & Waterhouse, 2015a).

Detection of DNA Fragmentation: Apoptotic cells with fragmented DNA can be identified and distinguished from live cells by staining with Propidium lodide (P1) and measuring
DNA content by flow cytometry. This assay is described in Protocol: Measuring the DNA Content of Cells in Apoptosis and at Different Cell-Cycle Stages by Propidium lodide
Staining and Flow Cytometry (Crowley, Chojnowski, & Waterhouse, 2015a)._ TUNEL technique can also be used: in situ terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick-end labeling can be used to detect apoptotic cells (Bever & Fekete, 1999; Crowley, Marfell, & Waterhouse, 2015b; Uribe et al., 2013).

Detecting Phosphatidylserine Exposure: Apoptosis is also characterized by exposure of phosphatidylserine (PS) on the outside of apoptotic cells, which acts as a signal that
triggers removal of the dying cell by phagocytosis. Annexin V, can selectively bind to PS to label apoptotic cells in which PS is exposed. Purified annexin V can be conjugated to
various fluorochromes, which can then be visualized by fluorescence microscopy or detected by flow cytometry. This assay is described in protocol: Quantitation of Apoptosis
and Necrosis by Annexin V Binding, Propidium lodide Uptake, and Flow Cytometry (Crowley, Marfell, Scott, et al., 2015e).

Detecting Caspase Activity: antibodies that specifically recognize the cleaved fragments of caspases and their substrates can be used to specifically detect caspase activity in
apoptotic cells by immunocytochemistry. Flow cytometry (using primary antibodies conjugated to fluorescent molecules, or by counter staining with fluorescently labeled
antibodies against the primary antibody) can then be used to quantitate the number of apoptotic cells. This assay is described in protocol: Detecting Cleaved Caspase-3 in
Apoptotic Cells by Flow Cytometry (Crowley & Waterhouse, 2015a).

Detecting Mitochondrial Damage: flow cytometry can be used to quantitate the number of cells that have reduced mitochondrial transmembrane potential, which is commonly
associated with cytochrome c release during apoptosis. For this assay see protocol: Measuring Mitochondrial Transmembrane Potential by TMRE Staining (Crowley, Christensen,
& Waterhouse, 2015b).

Listed below are common methods for detecting the KE, however there may be other comparable methods that are not listed.

Measures of apoptotic cytomorphological alterations:

Apoptotic cells exhibit electron dense nuclei, nuclear fragmentation, intact cell membrane up to the disintegration phase, disorganized cytoplasmic organelles, large clear vacuoles, blebs at cell surface, and apoptotic bodies.
which can be visualized with various methods. (Elmore, 2007; Watanabe et al., 2002)

OECD

Method of Measurement Reference Description Approved
Assay

. . Martinez, Reif, and Pappas,
Transmission electron microscopy (TEM) / Scannin .
! Py ( ) 9 2010; Watanabe et al., TEM and SEM can image the cytomorphological alterations caused by apoptosis. No

electron microscopy (SEM)/ Fluorescence microscopy 2002

Stains:

Hematoxylin with eosin Elmore, 2007 Hematoxylin stains nuclei blue and eosin stains the cytoplasm/extracellular matrix pink, allowing for the visualization of the No

cytomorphological alterations of cells

Toluidine blue stains cellular nuclei, and identifies malignant tissue, which has an increased DNA content and a higher
nuclear-to-cytoplasmic ratio.

Toluidine blue or methylene blue Watanabe et al., 2002 No
Methylene blue stain applied to a healthy cell sample results in a colorless stain. This is due to the cell's enzymes, which
reduce the methylene blue, thereby, reducing its color. Methylene blue stain applied to a dead cell sample tumns blue.

Crowley, Marfell, and Binds strongly to adenine—thymine-rich regions in the DNA. DAPI can stain live and fixed cells. It passes less efficiently

DAPI " Yes
Waterhouse, 2016 through the membrane in live cells.

Hoescht 33342 [z, MENEL) el Binds to DNA in live and fixed cells, used to measure DNA condensation Yes
Waterhouse, 2016

Acridine Orange (AO) Watanabe et al.. 2002 Interacts with DNA/RNA through intercalation/electrostatic interaction, is able to penetrate cell membranes. Stains live cells No

green and dead cells red

Nile blue sulfate Watanabe et al., 2002 Stains cell nuclei and lysosomes, indicating apoptotic bodies No

Neutral red Watanabe et al., 2002 Measures lysosomal membrane integrity No

LysoTracker Red Watanabe et al., 2002 Measures phagolysosomal activity that occurs due to the engulfment of apoptotic bodies. No

DNA damage/fragmentation assays:
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Assay Reference Description D cokaREicyet
Assay
Yes
Terminal deoxynucleotidyl transferase-mediated dUTP nick end- ||Kressel and Apoptosis is detected with the TUNEL method to assay the endonuclease cleavage products by enzymatically
labeling (TUNEL) assay Groscurth, 1994 end-labeling the DNA strand breaks.
Nicoletti Assay (SubG1 cell fragment measurement) Nicoletti et al., 1991 Measures DNA content in nuclei at the pre-G1 phase of the cell cycle (apoptotic nuclei have less DNA than nuclei No
in healthy cells).
Gell Death Detection ELISA kit Parajuli, 2014 Apoptotic nucleosurr!es are detected using the Cell Death Detection ELISA kit, which were calculated as No
absorbance subtraction at 405 nm and 490 nm.
Measurement of apoptotic markers through immunochemistry:
OECD
Method of Measurement Reference Description Approved
Assay
Western blot / Elmore 2007; Martinez, Reif, [Apoptosis can be detected with the expression of various apoptotic markers by westem blotting using antibodies. Markers can include:
immunofluorescence microscopy [land Pappas, 2010; Parajuli et [lcytosolic cytochrome-c; caspases 2, 3, 6, 7, 8, 9, 10; Bax; Bcl-2 (apoptosis inhibitor); BIRC2; BIRC3; GAPDH; PARP; CDK2; CDK4; cyclin D1; |[[No
/ immunohistochemistry al, 2014 p53; p63; p73; cytokeratin-18

Measures of altered caspase activity:

OECD
Method of Measurement Reference Description Approved
Assay
Caspase-3 and caspase-9 activity is measured with the
enzyme-catalyzed release of p-nitroanilide (pNA) and Wu, 2016 Visualizes caspase-3 and caspase-9 activity No
quantified at 405 nm
i Watanabe et T2 P P
PhiPhiLux Assay 2l 2002 The PhiPhiLux molecule becomes fluorescent once it is cleaved by caspase-3, indicating caspase activity. No
Martinez, Reif, [|[An electrochemical method to detect apoptosis. Ferrocene is attached to a peptide. The peptide sequence is a caspase 3 cleavage
Ferrocene reporter and Pappas, |[site and the ferrocene acts as the electrochemical reporter. The more caspase cleavage that occurs, the more ferrocene molecules are [[No
2010 cleaved, the stronger the signal.
Self-assembled monolayers for matrix assisted laser Martinez, Reif,
desorption ionization time-of-flight mass spectrometry and Pappas, [[This assay detects caspase activity. No
(SAMDI-MS) assay 2010
Measures of altered mitochondrial physiology:
OECD
Method of Measurement Reference Description Approved|
Assay
No

Laser scanning confocal microscopy
(LSCM)

Watanabe et al., 2002

LCSM can monitor many mitochondrial events following staining of cells, such as: mitochondrial permeability transition, depolarization of the
inner mitochondrial membrane, which may be indicative of apoptosis.

Fluorescent, cationic, lipophilic
mitochondrial dyes, such as: JC-1
dye, Rhodamine, DiIOC6, Mitotracker
red

Martinez, Reif, and Pappas,
2010; Sivandzade,
Bhalerao, and Cucullo,
2019

These mitochondrial dyes can indicate disintegration of the mitochondrial outer membrane’s electrochemical gradient, as different
fluorescence is observed between healthy and apoptotic cells. In healthy cells the dye accumulates in aggregates, but in apoptotic cells No
missing the electrochemical membrane, the dye will spread out into the cytoplasm providing different fluorescent signals.

Other measures:

OECD
Method of measurement Reference Description Approved
Assay
|Apoptosis PCR microamay Eimore, 2007 A method to profile the gene expression of many apoptotic-related genes, for example: ligands, receptors, intracellular modulators, and No
transcription factors.
Fluorescence correlation spectroscopy (FCS) or dual-[[Martinez, Reif,
colour fluorescence cross-correlation spectroscopy  [land Pappas, |[Used to measure protease activity. No
(dcFCCS) 2010
Elmore, /A measure of apoptotic membrane alterations. Annexin-V detects extenalized phosphatidylserine residues, a result of apoptosis. Can be

Apoptosis is measured with Annexin V-FITC probes [|2007; Wu et

al., 2016

conducted in conjunction with propidium iodide (Pl) staining. The relative percentage of Annexin V-FITC-positive/Pl-negative cells is Yes
analyzed by flow cytometry.
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Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
rat Rattus norvegicus Moderate NCBI
mouse Mus musculus Moderate NCBI

Life Stage Applicability

Life Stage Evidence

All life stages Moderate
Sex Applicability
Sex Evidence

Unspecific Moderate

Taxonomic applicability: Altered bone cell homeostasis is applicable to all vertebrates such as humans, mice, and rats (Donaubauer et al., 2020; Smith, 2020).
Life stage applicability: There is insufficient data on life stage applicability of this KE.

Sex applicability: Osteoblast/osteoclastogenesis is sexually dimorphic and influenced by genetic factors (Lorenzo J. 2020; Zanotti et al., 2014; Steppe et al., 2022;
Mun et al., 2021).

Evidence for perturbation by a stressor: Multiple studies show that bone cell homeostasis can be disrupted by many types of stressors including ionizing
radiation and altered gravity (Donaubauer et al., 2020; Smith, 2020).

Key Event Description

Osteogenesis is the process by which new bone is formed through the balanced action of bone depositing osteoblasts and bone resorbing osteoclasts.
Osteogenesis is regulated by the differentiation and activity of osteoblasts/clasts. Dysregulation of bone cell differentiation and functional activity leads to
imbalanced osteogenesis and altered bone matrix (Smith, 2020).

Osteoclast precursors are of hematopoietic origin and differentiated into mature, multi-nucleated osteoclasts based on external signals in the microenvironment, of
which the cytokine macrophage colony stimulating factor (M-CSF, also known as CSF-1) and receptor activator of NF-kB ligand (RANKL, aka TNFSF11) are key
components (Donaubauer et al., 2020; Smith, 2020). Osteoclasts bone resorbing activity is a result of enzymes expressed in cellular lysosomes that are involved in
the degradation extracellular components, including tartrate-resistant acid phosphatase (TRAP), cathepsin K (CTSK), and matrix metalloproteinases (MMPs),
among others. Cellular lysosomes are shuttled to the resorption lacunae, located under the ruffled osteoclast membrane, from which they begin degrading the
bone matrix (Lacombe, Karsenty, and Ferron, 2013; Smith, 2020).

Osteoblasts differentiate from precursors of mesenchymal origin through various differentiation pathways activated by growth factors and signaling proteins such as
bone morphogenic protein 2 (BMP-2) and transforming growth factor B (TGF-B), among others. Pre-osteoblasts migrate to the site of bone resorption, where they
become fully functioning osteoblasts capable of depositing new bone matrix (Donaubauer et al., 2020). Osteoblasts will synthesize and secrete bone matrix, most
importantly collagen, and participate in the mineralization of bone to regulate the balance of calcium and phosphate ions in bone. Key molecular components
involved in bone formation are alkaline phosphatase (ALP), osteocalcin (OCN), and procollagen type | C- and N-terminal propeptides (PICP and PINP), among
others (Chen, Deng, and Ling, 2012; Rowe et al., 2021).

How it is Measured or Detected

Listed below are common methods for detecting the KE; however, there may be other comparable methods that are not listed.

Markers of Osteoblast differentiation and activity:

Method(s) of o OECD-
References |Description / Marker Approved

Measurement

Assay

Abe et al.,

L-type Wako ALP J2 5019

assay

Iso-ALP assay These assays measure a mineralization protein produced by osteoblasts, Alkaline phosphatase (ALP). No
Calvo, Eyre,

Tandem-R Ostase assay and y

Alkphase-B assay Gundberg,
1996

Tandem- Broyles et  ||This assay measures a mineralization protein produced by osteoblasts, bone-specific alkaline phosphatase No

MP Ostase immunoassay (al., 1998 (BAP)

Bovine assays:

Ostk-PR assay

NovoCalcin assay

Human assays:

OSCAtest osteocalcin Ca(livo, Eyre,

assay ér:mdberg These assays measure a mineralization protein produced by osteoblasts, osteocalcin (OCN). No

Intact osteocalcin assay ||1996
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ELISA-OST-NAT assay
ELIS-OSTEO assay
Mid-Tact osteocalcin
assay
Calvo, Eyre, . ) . .
Procollagen PICP assay " Type | collagen (COL1A1 gene) is the most common form of collagen found in bone. During osteoblastic
Gundber collagen production and processing, procollagen type | N-terminal peptide (PINP) and procollagen | C- No
Prolagen-C assay 1995 9 lterminal (PICP) are generated and released into the blood stream.
Proliferation assay:
- Bodine and
Bromodeoxyuridine . .
f Komm, Measures cell proliferations. No
(BrdU) labeling
2006
Osteoblast numbers and |Willey et al., |Osteoblast formation can be determined by comparing the number of osteoblasts before and after a stressor No
surface 2011 in cell culture and histological bone samples.
Alizarin red staining can be used to visualize calcified elements of the bone, the final step of osteoblastic
Alizarin red stain for Huang et al., |[bone formation and mineralization activity. N
. " o
calcium deposition 2019
Markers of Osteoclast differentiation and activity:
Method(s) of e OECD-
References |Description / Marker Approved
Measurement
Assay
Calvo, Eyre,
and
Gundberg,
BoneTRAP assay 1996 Measures tartrate-resistant acid phosphatase (TRAP), an osteoclast specific bone-resorbing molecule. No
Wu et al.,
2009
Pirijinorin ICTP via Abe et al.,
RIA2 antibody 2019
assay
Calvo, Eyre,
ICTP assay and Measures C-terminal type | collagen telopeptide (ICTP or CTX), a product of bone collagen degradation. No
Gundberg,
Crosslap assay 1996
CTX assays Seibel, 2005
Calvo, Eyre,
Osteomark Ntx urine |[and
or serum ELISA Gundberg,
assay 1996 Measures N-terminal type | collagen telopeptide (NTX), a product of bone collagen degradation. No
NTX assays Seibel,
2005
Colorimetric assays Calvo, Eyre,
and ' .
HPLC-UV Gundberg, Measures hydroxyproline, a product of bone collagen degradation. No
Hypronosticon assay 1996
Measures hydroxylysine glycosides, products of bone collagen degradation.
HPLC - Hydroxylysine glycosides include:
ELISA 2005 e Galactosyl hydroxylysine (GHYL or GHL) PO
e Glycosyl-galactosyl-hydroxylysine (GGHL)
Pyrilinks assay
Pyrilinks D assay Seibel
2005 ’ Measures deoxypyridinoline (dpy), a product of bone collagen degradation. No
Total Dpy assay
Free Dpy assay
Immunocytochemical || .
" |[Seibel, . .
assays for cathepsin 2005 Measures cathepsin K, a collagen cleaving molecule. No
K
Immunoassays for . Non-collagenous matrix proteins, such as bone sialoprotein (BSP), osteonectin, osteopontin, and
Seibel, h ) L ) .
non-collagenous 2005 matrix gla protein (MGP) can be measured via immunoassays. Changes in the amount of non-collagenous matrix |No
matrix proteins proteins before and after a stressor indicate alterations in bone formation.
OEEeBER MUIRISSE ||illo) Ol Osteoclast formation can be determined by comparing the number of osteoclasts before and after a stressor. No
and surface 2011
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Event: 2090: Increase, Bone Remodeling

Short Name: Bone Remodeling

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:482 - Deposition of energy leading to occurrence of bone loss KeyEvent

Biological Context

Level of Biological Organization
Tissue
Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Moderate NCBI
rat Rattus norvegicus Moderate NCBI
mouse Mus musculus Moderate NCBI

Life Stage Applicability

Life Stage Evidence

All' life stages Moderate
Sex Applicability
Sex Evidence

Unspecific Moderate

Taxonomic applicability: Bone remodeling is applicable to all vertebrates such as humans, mice and rats (Bikle and Halloran, 1999; Donaubauer et al., 2020).
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Life stage applicability: There is insufficient data on life stage applicability of this KE.
Sex applicability: There is insufficient data on sex applicability of this KE.

Evidence for perturbation by a stressor: Multiple studies show that bone remodeling can be disrupted by many types of stressors including ionizing radiation and
altered gravity (Bikle and Halloran, 1999; Donaubauer et al., 2020).

Key Event Description

Bone remodeling is a lifelong process where mature bone tissue is removed by bone resorbing osteoclasts and new bone is formed by bone forming osteoblasts.
Each local remodeling event involves a team called the basic multicellular unit (BMU) (Slyfield et al., 2012). Each BMU consists of several morphologically and
functionally different cell types, mainly osteoblasts and osteoclasts, that act in coordination on the bone remodeling compartment to replace old bone by new bone.

Physiological bone remodeling, responsible for repairing damaged bone and for mineral homeostasis, is a highly coordinated process that requires balance
between bone resorption and bone formation (Raggatt and Partridge, 2010). This tight regulation is necessary to maintain skeletal size, shape, and structural
integrity (Raggatt and Partridge, 2010). Mechanical strain or stimulation of bone cells by hormones activates bone remodeling and causes the recruitment of
osteoclast precursors, like hematopoietic stem cells (HSCs), to the remodeling site to initiate resorption (Raggatt and Partridge, 2010). Osteocytes,
mechanosensory cells that regulate bone homeostasis, basally produce transforming growth factor beta (TGF-B) which inhibits osteoclastogenesis. TGF-p levels
are lowered following damage to the bone matrix through osteocyte apoptosis, removing this inhibitory signal (Raggatt and Partridge, 2010). Osteoblasts recruit
osteoclast precursors to the remodeling site through the production of monocyte chemoattractant protein-1 (MCP-1). Osteoblasts can then induce
osteoclastogenesis through the increased expression of colony stimulating factor 1 (CSF-1) and the receptor activator of nuclear factor kappa B ligand (RANK-L),
as well as the decreased expression of osteoprotegerin (OPG), the inhibitor of RANK-L (Donaubauer et al., 2020; Raggatt and Partridge, 2010). Mature osteoclasts
produce resorption pits also called resorption bays or Howship’s lacunae (Slyfield et al., 2012). Matrix metalloproteinases (MMPs) secreted by osteoblasts degrade
the osteoid lining the bone surface, exposing the bone for osteoclast attachment. A resorption cavity is formed as mature osteoclasts degrade the matrix (Raggatt
and Partridge, 2010; Slyfield et al., 2012). The acidic environment produced by osteoclasts dissolves the mineralized matrix, while enzymes like Cathepsin K
(CTSK) degrade the organic matrix. Reversal cells then remove the undigested demineralized collagen matrix to prepare for bone formation by osteoblasts. TGF-
acts as the signal for the recruitment of osteoblast progenitor mesenchymal stem cells (MSCs). Osteocytes also basally secrete sclerostin, which inhibits the Wnt
pathway for osteoblastogenesis. Mechanical strain and parathyroid hormone (PTH) signaling contribute to suppression of sclerostin and subsequent
osteoblastogenesis (Raggatt and Partridge, 2010). Mature osteoblasts create the osteoid (unmineralized) matrix with collagen and subsequently mineralize new
bone tissue with hydroxyapatite, involving various enzymes including alkaline phosphatase (ALP) (Donaubauer et al., 2020; Raggatt and Partridge, 2010).

Disruption to this process results in an imbalance in bone remodeling. For example, increased resorption by osteoclasts and increased mineralization by
osteoblasts will increase the rate of bone resorption and decrease the rate of bone formation.

How it is Measured or Detected

Bone remodeling can be measured by the detection of biochemical markers of bone formation and bone resorption in blood serum, dynamic bone
histomorphometry in bone biopsies, or via X-ray imaging techniques in vivo. Listed below are common methods for detecting the KE; however, there may be other
comparable methods that are not listed.

OECD
Method of Measurement References |Description Approved
Assay
X-ray and imaging options:
e Single-energy x-ray
absorptiometry (S[EJXA) |carter
Bouxsein
e Dual-energy x-ray and
absorptiometry (D[E]XA) Mar’cus
e Single-photon 1992 ' Recurrent imaging of the same bone region in a specific time interval and subsequent overlay of these No
. images, allows for the identification of bone remodeling units and state of bone remodeling.
absorptiometry (SPA)
e Dual-photon Cummings
absorptiometry (DPA) et al., 2002
e Quantitative computed
tomography (QCT)
Measurements of bone
minerals in bodily fluids:
e Calcium stable isotope
tracers Measurement of inorganic skeletal matrix markers such as calcium, phosphorus which, above all, reflect
Smith et al., |calcium-phosphorus homeostasis and are indicators for the status of bone mineralization. No
e Spectrophotometry 2005

e lon-sensitive electrode
techniques for ionized
calcium

Dynamic bone
histomorphometry (2D and 3D
kinetic measurements)
include:

e Mineral apposition rate
e MAR

e Mineral formation rate
e Mineralization lag time

e Adjusted apposition rate

32/100



AOP482

e Osteoid apposition rate
e Osteoid maturation time

e Bone formation rate

¢ Double-labeled formation Dynamic histomorphometry comprised the evaluation of bone mineralization from fluorochrome labeled
events samples. Thus, it is a quantitative measure of bone remodeling in addition to evaluation of bone structure

Dempster et . . . f
o Fametim per al. 2013 over time. Dynamic histomorphometry can be performed in trabecular and cortical bone. No

e Bone resorption rate
e Resorption period

e Reversal period

e Remodeling period
e Quiescent period

e Total period

e Activation frequency

e Structural modeling index
(SMI)

e Serial block imaging (also
known as serial block-
face scanning electron
microscopy)

Trabeculae measurements:

e Rod volume density
(Ro.BV/TV)

e Plate volume density
(PL.BV/TV) % rod volume
fraction (Ro.BV/BV)

® % plate volume fraction
(PL.LBV/BV)

e Rod volume (Ro.V)
e Rod surface (Ro.S) . o . .
Stauber et |Rods and plates forming the trabecular can indicate bone remodeling by altering the bone turnover states
e Rod thickness (Ro.Th) al., 2006 (bone formation and resorption) and microarchitecture (Compston, 2016). No
e Rod orientation (Ro.6)

e Rod slenderness (Ro.Sl)

® Rod mean curvature (Ro.
<H>)

e Plate volume (PL.V)
e Plate surface (PL.S)
e Plate thickness (PI.Th)

e Plate mean curvature (PI.
<H>)
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List of Adverse Outcomes in this AOP

Event: 2091: Occurrence, Bone Loss

Short Name: Bone Loss

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:482 - Deposition of energy leading to occurrence of bone loss AdverseOutcome

Biological Context

Level of Biological Organization
Organ
Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Moderate NCBI
rat Rattus norvegicus Moderate NCBI
mouse Mus musculus Moderate NCBI

Life Stage Applicability

Life Stage Evidence

All' life stages Moderate
Sex Applicability
Sex Evidence

Unspecific Moderate

Taxonomic applicability: Bone loss is applicable to all vertebrates such as humans, mice and rats.
Life stage applicability: There is insufficient data on life stage applicability of this KE.

Sex applicability: According to a study of astronauts who spent 170 days living in the international space station, women demonstrated greater preservation of
their musculoskeletal tissues during the mission compared to males, (33 men, 9 women) (Lang et al., 2017). However, other studies have indicated that the rates
of regional and whole-body bone loss were similar in male and female astronauts (Lang et al., 2017).

Evidence for perturbation by a stressor: Multiple studies showed that many types of stressors including ionizing radiation and altered gravity (Bikle and Halloran,
1999; Donaubauer et al., 2020) can interfere with bone remodeling.

Key Event Description

Bone loss describes the reduction in bone mass or density, which can be caused by various processes and is a characteristic of osteopenia, and osteoporosis, and
can lead to bone fracture. An imbalance between bone resorption and formation towards higher bone abrasion contributes to bone loss (Bikle and Halloran, 1999).
A decline of bone mineralization and bone density over time or a significant deviation from established reference ranges are direct indicators of bone loss
(Cummings, Bates, and Black, 2002). In addition, bone loss can lead to increased risk of bone fractures as bone loss interferes with overall bone integrity and its
capacity to withstand mechanical load (Cummings, Bates, and Black, 2002).

How it is Measured or Detected

Listed below are common methods for detecting the KE; however, there may be other comparable methods that are not listed

Measurement method Reference Description Approved

OECD
Assay

X-ray and imaging options: )
Bouxsein, and

Marcus, 1992

Carter,
e Single energy x-ray absorptiometry (S[E]XA)

e Dual-energy x-ray absorptiometry (D[E]XA)
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All listed chemicals stain calcium.

calcium, alizarin red reacts with calcium cation to form a
chelate.

e Single-photon absorptiometry (SPA) Cummings,
) Bates, and
¢ Dual-photon absorptiometry (DPA) Black, 2002  [Bone mineral density (BMD) is a direct measurement of bone
matrix composition. Less mineral dense bones indicate bone No
e Quantitative computed tomography (QCT) [ B
e Radiographic absorptiometry Russo, 2009
e Ultrasound (quantitative bone ultrasonography)
e Magnetic resonance imaging (MRI) Rho, Ashman,
and Turner,
1993
Measurement of bone minerals via staining methods: ;Z?gﬁgli::’fg::'on aleor e e el eon for
Xylenol f i ki
* Xylenol orange (bone formation marker) Kulak and Comment: xylenol orange, calcein green, and tetracycline are
e Calcein green (bone formation marker) Dempster, calcium binding fluorescent dyes that are used to label new bone
2010 deposition.
e Tetracycline (bone formation marker) No
Von Kossa method is based on the binding of silver ions to
e Von Kossa (calcium salt stain, non-specific) Wang et al anions (phosphates, sulfates, or carbonates) of calcium salts
o ) ) ) 20069 v and the reduction of silver salts to form dark brown or black
® Alizarin red (calcium cation stain) metallic silver staining. Unlike the non-specificity of von Kossa for

Static bone histomorphometry of an intact iliac crest bone biopsy
(2D and 3D Structural measurements):

e Marrow diameter

e Connectivity density (Conn. D)

decrease in connective bone tissue.

e Marrow area
e Marrow volume
e Trabecular number, spacing, width, diameter, thickness . . . .
Static bone histomorphometry with structural measurements is
e Cortical thickness, area, and porosity (bone-specific surface) the quantitative measure of bone structure at a fixed time point.
Bone histomorphometry is most useful when interpreted in the
e Cancellous bone volume context with other data such as structural analysis (CT, DEXA),
serum markers of bone turnover etc.
o Mineralized volume, thickness gt e No
al., 2013
e Osteoid surface, volume, thickness
e |Interstitial thickness
e Bone volume fraction (BV/TV)
e Wall width, thickness
e Percent eroded surface
e Serial block imaging (aka serial block-face scanning electron
microscopy)
Measurements of bone mechanical resistance:
e Energy-absorbing bone capacity. Bones that cannot absorb as
much energy after trauma are more likely to fracture.
e Stress-strain curve. Measures the strain exhibited on a bone |[Fonseca et al., e TS 6f e aeslrnfe] reens hlteies Chemes
according to increasing applied stress until fracture. 2013; Sharir, |. . . ) 9
Barak. and in bone |ntegr|ty possibly due to bone Io_ss, as weaker bones are
e Three-point bending test. Is a structural mechanical test where |ghahar, 2008; unable to withstand to as mUCP} mechanical force as healthy No
the entire bone is hold in a fixture attached to a material Walker et al., bones. Often IEEEITES Young’s modulus (E) whlch |n.d|cates the
testing machine and the mid-diaphysis is loaded until broken. | 2015: Turner, [PrOPe™Y of an object to stretch and deform and is defined as the
3PB measures applied load and corresponding bone 5002 ratio of applied stress to measured strain on an object.
displacement indicating bone mechanical properties.
Combination of 3PB and microCT data of the mid-diaphysis
allows to calculate bone material properties.
Measurements of bone connectivity:
o Euler's characteristic Odgaard and |1 hese mathematical models allow for the 3D reconstruction of
Gundersen, connectivity in cancellous bone. Bone loss, as seen as a
e Betti numbers 1993 decrease in strength and bone stiffness, can result from a No
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Appendix 2
List of Key Event Relationships in the AOP
List of Adjacent Key Event Relationships

Relationship: 2769: Energy Deposition leads to Oxidative Stress

AOPs Referencing Relationship

AOP Name Adjacency Weight of Evidence Quantitative Understanding
Deposition of energy leads to vascular remodeling adjacent High High
Deposition of Energy Leading to Learning and Memory Impairment adjacent High Moderate
Deposition of energy leading to occurrence of bone loss adjacent High Moderate
Deposition of energy leading to occurrence of cataracts adjacent High High

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
human Homo sapiens Moderate NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus High NCBI
rabbit  Oryctolagus cuniculus Low NCBI

Life Stage Applicability
Life Stage Evidence
Juvenile High
Adult Moderate

Sex Applicability

Sex Evidence
Male High
Female Moderate
Unspecific High

Most evidence is derived from in vitro studies, predominately using rabbit models. Evidence in humans and mice is moderate, while there is considerable available
data using rat models. The relationship is applicable in both sexes, however, males are used more often in animal studies. No studies demonstrate the relationship
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in preadolescent animals, while adolescent animals were used very often, and adults were used occasionally in in vivo studies.
Key Event Relationship Description

Energy deposited onto biomolecules stochastically in the form on ionizing and non-ionizing radiation can cause direct and indirect molecular-level damage. As
energy is deposited in an aqueous solution, water molecules can undergo radiolysis, breaking bonds to produce reactive oxygen species (ROS) (Ahmadi et al.,
2021; Karimi et al., 2017) or directly increase function of enzymes involved in ROS generation (i.e. catalaze). Various species of ROS can be generated with
differing degrees of biological effects. For example, singlet oxygen, superoxide, and hydroxyl radical are highly unstable, with short half-lives and react close to
where they are produced, while species like HoO2 are much more stable and membrane permeable, meaning they can travel from the site of production, reacting
elsewhere as a much weaker oxidant (Spector, 1990). In addition, enzymes involved in reactive oxygen and nitrogen species (RONS) production can be directly
upregulated following the deposition of energy (de Jager, Cockrell and Du Plessis, 2017). Although less common than ROS, reactive nitrogen species (RNS) can
also be produced by energy deposition resulting in oxidative stress (Cadet et al., 2012; Tangvarasittichai & Tangvarasittichai, 2019), a state in which the amount of
ROS and RNS, collectively known as RONS, overwhelms the cell’s antioxidant defense system. This loss in redox homeostasis can lead to oxidative damage to
macromolecules including proteins, lipids, and nucleic acids (Schoenfeld et al., 2012; Tangvarasittichai & Tangvarasittichai, 2019; Turner et al., 2002).

Evidence Supporting this KER

Overal weight of evidence: High
Biological Plausibility

A large body of literature supports the linkage between the deposition of energy and oxidative stress. Multiple reviews describe the relationship in the context of
ROS production (Marshall, 1985; Balasubramanian, 2000; Jurja et al., 2014), antioxidant depletion (Cabrera et al., 2011; Fletcher, 2010; Ganea & Harding, 2006;
Hamada et al., 2014; Spector, 1990; Schoenfeld et al., 2012; Wegener, 1994), and overall oxidative stress (Eaton, 1994, Tangvarasittichai & Tangvarasittichain,
2019). This includes investigations into the mechanism behind the relationship (Ahmadi et al., 2021; Balasubramanian, 2000; Cencer et al., 2018; Eaton, 1994;
Fletcher, 2010; Jiang et al., 2006; Jurja et al., 2014; Padgaonkar et al., 2015; Quan et al., 2021; Rong et al., 2019; Slezak et al., 2015; Soloviev & Kizub, 2019; Tian
et al., 2017; Tahimic & Globus, 2017; Varma et al., 2011; Venkatesulu et al., 2018; Wang et al., 2019a; Yao et al., 2008; Yao et al., 2009; Zigman et al., 2000).

Water radiolysis is a main source of free radicals. Energy ionizes water and free radicals are produced that combine to create more stable ROS, such as hydrogen
peroxide, hydroxide, superoxide, and hydroxyl (Eaton, 1994; Rehman et al., 2016; Tahimic & Globus, 2017; Tian et al., 2017; Varma et al., 2011; Venkatesulu et
al., 2018). ROS formation causes ensuing damage to the body, as ~80% of tissues are comprised of water (Wang et al., 2019a). lonizing radiation (IR) is a source
of energy deposition, it can also interact with molecules, such as nitric oxide (NO), to produce less common free radicals, including RNS (Slezak et al., 2015;
Tahimic & Globus, 2017; Wang et al., 2019a). Free radicals can diffuse throughout the cell and damage vital cellular components, such as proteins, lipids, and
DNA, as well as dysregulate cellular processes, such as cell signalling (Slezak et al., 2015; Tian et al., 2017).

ROS are also commonly produced by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX). Deposition of energy can activate NOX and induce
expression of its catalytic and cytosolic components, resulting in increased intracellular ROS (Soloviev & Kizub, 2019). Intracellular ROS production can also be
initiated through the expression of protein kinase C, which in turn activates NOX through phosphorylation of its cytosolic components (Soloviev & Kizub, 2019).
Alternatively, ROS are often formed at the electron transport chain (ETC) of the mitochondria, due to IR-induced electron leakage leading to ionization of the
surrounding O2 to become superoxide (Soloviev & Kizub, 2019). Additionally, energy reaching a cell can be absorbed by an unstable molecule, often NADPH,
known as a chromophore, which leads to the production of ROS (Balasubramanian, 2000; Cencer et al., 2018; Jiang et al., 2006; Jurja et al., 2014; Padgaonkar et
al., 2015; Yao et al., 2009; Zigman et al., 2000).

Energy deposition can also weaken a cell’s antioxidant defense system through the depletion of certain antioxidant enzymes, such as superoxide dismutase (SOD)
and catalase (CAT). Antioxidants are consumed during the process of neutralizing ROS, so as energy deposition stimulates the formation of ROS it begins to
outpace the rate at which antioxidants are replenished; this results in an increased risk of oxidative stress when their concentrations are low (Belkacémi et al.,
2001; Giblin et al., 2002; Ji et al., 2014; Kang et al., 2020; Karimi et al., 2017; Padgaonkar et al., 2015; Rogers et al., 2004; Slezak et al., 2015; Tahimic & Globus,
2017; Wang et al., 2019a; Wegener, 1994; Weinreb & Dovrat, 1996; Zhang et al., 2012; Zigman et al., 1995; Zigman et al., 2000). When the amount of ROS
overwhelms the antioxidant defense system, the cell will enter oxidative stress leading to macromolecular and cellular damage (Tangvarasittichai &
Tangvarasittichai, 2019).

Empirical Evidence

The relationship between energy deposition and oxidative stress is strongly supported by primary research on the effects of IR on ROS and antioxidant levels (Bai
et al.,, 2020; Cervelli et al., 2017; Hatoum et al., 2006; Huang et al., 2018; Huang et al., 2019; Karam & Radwan, 2019; Kook et al., 2015; Liu et al., 2018; Liu et al.,
2019; Mansour, 2013; Philipp et al., 2020; Ramadan et al., 2020; Sharma et al., 2018; Shen et al., 2018; Soltani et al., 2016; Soucy et al., 2010; Soucy et al., 2011;
Ungvari et al., 2013; Wang et al., 2016; Wang et al., 2019b; Zhang et al., 2018; Zhang et al., 2020). Of note is that the relationship is demonstrated across studies
conducted using various cell types, models and using broad dose-ranges as summarized below. Much evidence is available and described to help discern the
quantitative understanding of the relationship, since it is well established.

Dose Concordance

It is well-accepted that any dose of radiation will deposit energy onto matter. Doses as low as 1 cGy support this relationship (Tseung et al., 2014). Following the
deposition of energy, markers of oxidative stress are observed in the form of RONS, a change in levels of antioxidants, and oxidative damage to macromolecules.
These effects have been shown across various organs/tissues and cell types as described below.

RONS

Cardiovascular tissue:

There is a considerable amount of evidence to support this relationship in cell types and tissues of relevance to the cardiovascular system. Recent studies have
shown a linear increase in ROS in human umbilical vein endothelial cells (HUVECs) following 0-5 Gy gamma irradiation (Wang et al., 2019b). HUVECs irradiated
with 0.25 Gy X-rays (Cervelli et al., 2017) and 9 Gy 250kV photons (Sharma et al., 2018) show increased ROS. Gamma ray irradiated rats at 5 Gy display
increased ROS levels in the aorta (Soucy et al., 2010). A study using cerebromicrovascular endothelial cell (CMVECs) showed a dose-dependent increase in ROS
from 0-8 Gy gamma irradiation (Ungvari et al., 2013). Additionally, telomerase-immortalized coronary artery endothelial (TICAE) and telomerase-immortalized
microvascular endothelial (TIME) cells irradiated with 0.1 and 5 Gy of X-rays displayed increased ROS production (Ramadan et al., 2020). Gut arterioles of rats
showed increased ROS following multiple fractions of 2.5 Gy X-ray rat irradiation (Hatoum et al., 2006). Additionally, rats irradiated with 1 Gy of 56Fe expressed
increased ROS levels in the aorta (Soucy et al., 2011).

Brain tissue:
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Markers of oxidative stress have also been consistently observed in brain tissue. Human neural stem cells subjected to 1, 2 or 5 Gy gamma rays showed a dose-
dependent increase in RONS production (Acharya et al., 2010). A dose-dependent increase in ROS was observed in rat brains following 1-10 Gy gamma rays
(Collins-Underwood et al., 2008). Neural precursor cells exposed to 0-10 Gy of X-irradiation showed increased ROS levels (Giedzinski et al., 2005; Limoli et al.,
2004). Mice brain tissue displayed increased ROS following proton irradiation (Baluchamy et al., 2012; Giedzinski et al., 2005). Neural processor cells expressed
linearly increased ROS levels following doses of 56Fe (Limoli et al., 2007). A dose-dependent increase in RONS was also observed after exposure to 1-15 cGy
56Fe irradiation in mice neural stem/precursor cell (Tseng et al., 2014). Human neural stem cells exposed to 5-100 cGy of various ions demonstrated a dose-
dependent increase in RONs (Baulch et al., 2015).

Eye tissue:

The eye is also sensitive to the accumulation of free radicals, in a state of antioxidant decline. It has been shown in human lens epithelial cells (HLECs) and HLE-B3
following gamma irradiation of 0.25 and 0.5 Gy that ROS levels are markedly increased (Ahmadi et al., 2021). Exposure to non-ionizing radiation, such as
ultraviolet (UV)-B, has also led to increased ROS in HLECs and mice lenses (Ji et al., 2015; Kubo et al., 2010; Rong et al., 2019; Yang et al., 2020)

Bone tissue:

Rat bone marrow-derived mesenchymal stem cell (bomMSCs) irradiated with 2, 5 and 10 Gy gamma rays and Murine MC3T3-E1 osteoblast cells irradiated with 2,
4, and 8 Gy of X-rays have shown a dose-dependent increase in ROS levels (Bai et al., 2020; Kook et al., 2015). Murine RAW264.7 cells and rat bmMSC irradiated
with 2 Gy of gamma rays displayed increased ROS levels (Huang et al., 2019; Huang et al., 2018; hang et al., 2020). Human bone marrow-derived mesenchymal
stem cell ((BMMSCs) irradiated with 2 or 8 Gy X-rays showed increased ROS (Liu et al., 2018; Zhang et al., 2018). Similarly, murine MC3T3-E1 osteoblast-like
cells irradiated with 6 Gy of X-rays also displayed increased ROS (Wang et al., 2016). Finally, whole-body irradiation of mice with 2 Gy of 31.6 keV/mm LET 12C
heavy ions showed increased ROS (Liu et al., 2019)

Antioxidants
Blood:

Workers exposed to X-rays at less than 1 mSv/year for an average of 15 years showed around 20% decreased antioxidant activity compared to unexposed
controls (Klucinski et al., 2008). Similarly, adults exposed to high background irradiation of 260 mSv/year showed about 50% lower antioxidant activity power
compared to controls (Attar, Kondolousy and Khansari, 2007).

Cardiovascular tissue:

Heart tissue of rats following gamma irradiation of rats at 5 and 6 Gy resulted in a decrease in antioxidant levels (Karam & Radwan, 2019; Mansour, 2013).
Similarly, HUVECs (Soltani, 2016) and TICAE cells (Philipp et al., 2020) irradiated at 2 Gy and 0.25-10 Gy gamma rays, respectively, displayed decreased
antioxidant levels. Mice exposed to 18 Gy of X-ray irradiation showed decreased antioxidants in the aorta (Shen et al., 2018).

Brain tissue:

Mice brain tissue following 2, 10 and 50 cGy whole-body gamma irradiation revealed a dose-dependent change in SOD2 activity (Veeraraghan et al., 2011). Mice
brain tissue showed decreased glutathione (GSH) and SOD levels following proton irradiation (Baluchamy et al., 2012)

Eye tissue:

Rats exposed to 15 Gy gamma rays demonstrated decreased antioxidants in the lens tissue (Karimi et al, 2017). Neutron irradiation of rats at 3.6 Sv resulted in a
decrease in antioxidants in lens (Chen et al., 2021). A few studies found a dose concordance between UV irradiation and decreased antioxidant levels (Hua et al,
2019; Ji et al, 2015; Zigman et al., 2000; Zigman et al, 1995). HLECs following UVB exposure from 300 J/m2 to 14,400 J/m2 in HLECs showed linear decreases in
antioxidant activity (Ji et al., 2015). Similarly, HLEC exposed to 4050, 8100 and 12,150 J/m2 found decreased antioxidant levels (Hua et al., 2019). Following UV
irradiation of rabbit and squirrel lens epithelial cells (LECs) showed a linear decrease of antioxidant level, CAT (Zigman et al., 2000; Zigman et al., 1995). Mice
exposed to UV irradiation found decreased antioxidant levels in lens (Zhang et al., 2012). Similarly, SOD levels decreased following 0.09 mW/cm 2 UVB exposure
of HLECs (Kang et al., 2020).

Bone tissue:
Rat bmMSCs irradiated with 2, 5 and 10 Gy gamma rays and Murine MC3T3-E1 osteoblast cells irradiated with 2, 4, and 8 Gy of X-rays showed a dose-dependent

decrease in antioxidant levels (Bai et al., 2020; Kook et al., 2015). hBMMSCs irradiated with 8 Gy X-rays also showed a decrease in antioxidant, SOD, levels (Liu et
al., 2018).

Oxidative Damage
Cardiovascular tissue:

HUVECGCs and rat hearts irradiated by gamma rays at 2 and 6 Gy, respectively, resulted in increased levels of oxidative stress markers, such as malondialdehyde
(MDA), and thiobarbituric reactive substances (TBARS) (Mansour, 2013; Soltani, 2016).

Brain tissue:
Mice brain tissue were shown to have increased lipid peroxidation (LPO) as determined by MDA measurements, following proton irradiation at 1 and 2 Gy

(Baluchamy et al., 2012). Neural precursor cells from rat hippocampus exposed to 0, 1, 5 and 10 Gy of X-irradiation resulted in increased lipid peroxidation (Limoli
et al., 2004).
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Eye tissue:

Rats exposed to 15 Gy gamma rays demonstrated increased MDA in lens tissue (Karimi et al, 2017). Neutron irradiation of rats at 3.6 Sv resulted in an initial
decrease, followed by an increase in MDA in lens (Chen et al., 2021). Following UV irradiation at 300 4050, 8100 and 12,150 J/m2, there was an increase in LPO in
in human lens (Chitchumroonchokchai et al, 2004; Hua et al, 2019). Similarly, LPO increased following 0.09 mW/cm 2 UVB exposure of HLECs (Kang et al., 2020).

Time Concordance

It is well-accepted that deposition of energy into matter results in immediate vibrational changes to molecules or ionization events. Deposition of energy is therefore
an upstream event to all follow-on latent events like oxidative stress.

RONS

Cardiovascular tissue:

In TICAE and TIME cells, ROS increased at 45 mins after X-ray irradiation (Ramadan et al., 2020). Superoxide and peroxide production were increased 1 day after
2-8 Gy of gamma irradiation in CMVECs (Unvari et al., 2013).

Bone tissue:

hBMMSCs irradiated with X-rays at 2 Gy showed peak ROS production at 2-8h post-irradiation (Zhang et al., 2018). Murine RAW264.7 cells (can undergo
osteoclastogenesis) irradiated with 2 Gy of gamma rays showed increased ROS at 2-8h post-irradiation (Huang et al., 2018).

Brain tissue:

In human lymphoblast cells exposed to 2 Gy of X-rays, ROS were increased at various times between 13 and 29 days post-irradiation (Rugo and Schiestl, 2004).
RONS were increased in human neural stem cells at 12-48h post-irradiation with 2 and 5 Gy of gamma rays (Acharya et al., 2010). ROS levels were increased in
rat neural precursor cells at 6-24h after irradiation with 1-10 Gy of protons (Giedzinksi et al., 2005). Both 56Fe (1.3 Gy) and gamma ray (2 Gy) irradiation of mice
increased ROS levels after 2 months post-irradiation in the cerebral cortex (Suman et al., 2013). ROS were also increased 12 months after 56Fe irradiation
(Suman et al., 2013). RONS increased as early as 12h post-irradiation continuing to 8 weeks with 2-200 cGy doses of 56Fe irradiation of mouse neural
stem/precursor cells (Tseng et al., 2014). The same cell type irradiated with 1 and 5 Gy of 56Fe irradiation showed increased ROS at 6h post-irradiation, with the
last increase observed 25 days post-irradiation (Limoli et al., 2004).

Eye tissue:

Mice exposed to 11 Gy of X-rays showed increased ROS at 9 months post-irradiation in lenses (Pendergrass et al., 2010). In human lens cells, ROS were found
increased at 1h after 0.25 Gy gamma ray irradiation (Ahmadi et al., 2021), 15 minutes after 30 mJ/cm2 UV radiation (Jiang et al., 2006), 2.5-120 minutes after
0.014 and 0.14 J/cm2 UV radiation (Cencer et al., 2018), and 24h after 30 mJ/cm2 UVB radiation (Yang et al., 2020).

Antioxidants
Cardiovascular tissue:

CAT antioxidant enzyme was decreased in mice aortas as early as 3 days post-irradiation, remaining decreased until 84 days after irradiation with 18 Gy of X-rays
(Shen et al., 2018). The antioxidant enzymes peroxiredoxin 5 (PRDX5) and SOD were both shown to have the greatest decrease at 24h after 2 Gy gamma
irradiation of TICAE cells (Philipp et al., 2020).

Eye tissue:

Bovine lenses irradiated with 44.8 J/cm2 of UVA radiation showed decreased CAT levels at 48-168h post-irradiation (Weinreb and Dovrat, 1996). UV irradiation of
mice at 20.6 kJ/m2 led to decreased GSH at both 1 and 16 months post-irradiation in the lens (Zhang et al., 2012). Bovine lens cells exposed to 10 Gy of X-rays
showed decreased levels of the antioxidant GSH at 24 and 120h after exposure (Belkacemi et al., 2001).

Oxidative damage markers
Cardiovascular tissue:

Oxidative damage markers 4-hydroxynonemal (4-HNE) and 3-Nitrotyosine (3-NT) were both significantly increased in the aorta of mice at 3 days post-irradiation,
remaining increased until 84 days after irradiation with 18 Gy of X-rays (Shen et al., 2018).

Essentiality

Radiation has been found to induce oxidative stress above background levels. Many studies have shown that lower doses of ionizing radiation resulted in
decreased levels in markers of oxidative stress in multiple cell types (Acharya et al., 2010; Ahmadi et al., 2021; Bai et al., 2020; Baluchamy et al., 2012 Chen et al.,
2021; Collins-Underwood et al., 2008; Giedzinski et al., 2005; Kook et al., 2015; Kubo et al., 2010; Philipp et al., 2020; Ramadan et al., 2020; Ungvari et al., 2013;
Veeraraghan et al., 2011; Wang et al., 2019b; Zigman et al., 2000; Zigman et al., 1995). The essentiality of deposition of energy can be assessed through the
removal of deposited energy, a physical stressor that does not require to be metabolized in order to elicit downstream effects on a biological system. Studies that
do not deposit energy are observed to have no downstream effects.

Uncertainties and Inconsistencies
There are several uncertainties and inconsistencies in this KER.

e Chen et al. (2021) found that radiation can have adaptive responses. The study used three neutron radiation doses, 0.4 and 1.2 Sv, and 3.6 Sv. After 0.4 and
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1.2 Sv, the activity of antioxidant enzymes GSH and SOD increased, and the concentration of malondialdehyde, a product of oxidative stress, decreased.
After 3.6 Sv, the opposite was true.

e While the concentration of most antioxidant enzymes decreases after energy deposition, there is some uncertainty with SOD. Certain papers have found that
its concentration decreases with dose (Chen et al., 2021; Hua et al., 2019; Ji et al., 2015; Kang et al., 2020) while others found no difference after irradiation
(Rogers et al., 2004; Zigman et al., 1995). Several studies have also found that higher levels of SOD do not increase resistance to UV radiation (Eaton, 1994;

Hightower, 1995).

e At 1-week post-irradiation with 10 Gy of 60Co gamma rays, TICAE cells experienced a significant increase in levels of the antioxidant, PRDX5, contrary to the
decrease generally seen in antioxidant levels following radiation exposure (Philipp et al., 2020).

e Various studies found an increase in antioxidant SOD levels within the brain after radiation exposure (Acharya et al., 2010; Baluchamy et al., 2012; Baulch et
al., 2015; Veeraraghan et al., 2011).

Quantitative Understanding of the Linkage

The table below provides some representative examples of quantitative linkages between the two key events. It was difficult to identify a general trend across all
the studies due to differences in experimental design and reporting of the data. All data is statistically significant unless otherwise stated.

Response-response relationship

Dose Concordance

Reference

Experiment Description

Result

Attar, Kondolousy and
Khansari, 2007

In vivo. One hundred individuals between 20
and 50 years old in two villages in Iran
exposed to background IR at 260 mSv/year
had antioxidant levels measured. The control
group was from two villages not exposed to
the high background radiation. The total
antioxidant levels in the blood were
determined by the ferric reducing/antioxidant
power assay.

The total antioxidant level was significantly reduced from 1187199 umol in the control to
6861170 umol in the exposed group.

Klucinski et al., 2008

In vivo. A group of 14 men and 31 women
aged 25-54 years working X-ray equipment
(receiving doses of less than 1 mSv/year) for
an average of 15.3 years (range of 2-33
years) were compared to a control group for
antioxidant activity. Antioxidant activity of
SOD, glutathione peroxidase (GSH-Px), and
CAT in erythrocytes were measured in U/g of
hemoglobin.

All three enzymes showed significantly decreased antioxidant activity in the workers.
In the controls (U/g of Hb):

e SOD: 1200 * 300

o GSH-Px:39%7

e CAT: 300 + 60
In the workers (U/g of Hb):

e SOD: 1000 * 200

o GSH-Px:29 +4

e CAT:270 +50

Limoli et al., 2007

In vitro. Neural precursor cells isolated from
rat hippocampi was exposed to 0.25-5 Gy of
56Fe irradiation at dose rates of 0.5-1.0
Gy/min. ROS were measured 6h post-
irradiation.

At a low dose of 0.25 Gy and 0.5 Gy, relative ROS levels were significantly elevated and
showed a linear dose response (from ~1 to ~2.25 relative ROS levels) until 1 Gy, where it
reached its peak (~3 relative ROS levels). At higher doses, the relative ROS levels
decreased.

Tseng et al., 2014

In vitro. Neural stem/precursor cells isolated
from mouse subventricular and hippocampal
dentate subgranular zones were exposed to
1-15 cGy of 56Fe irradiation at dose rates
ranging from 5-50 cGy/min. RONS levels
were measured.

A dose-dependent and significant rise in RONS levels was detected after 56Fe irradiation.
12 h post-irradiation, a steady rise was observed and reached a 6-fold peak after 15 cGy.

Limoli et al., 2004

In vitro. Neural precursor cells from rat
hippocampus were exposed to 0, 1, 5 and
10 Gy of X-irradiation at a dose rate of 4.5
Gy/min. ROS levels were measured.

In vivo. MDA was used to quantify oxidative
stress.

A dose-dependent increase in ROS levels was seen in the first 12 h post-irradiation, with
relative maximums at 12 h after 5 Gy (35% increase) and 24 h after 1 Gy (31% increase).
ROS levels measured 1 week after 5 Gy were increased by 180% relative to sham-irradiated
controls. MDA levels increased significantly (approximately 1.3-fold) after exposure to 10
Gy.

Collins-Underwood et
al., 2008

In vitro. Immortalized rat brain microvascular
endothelial cells were exposed to 1-10 Gy of
137Cs-irradiation at a dose rate of 3.91
Gy/min. Intracellular ROS and O2-
production were both measured.

Irradiation resulted in a significant dose-dependent increase in intracellular ROS generation
from 1-10 Gy. At 5 Gy, there was an approximate 10-fold increase in ROS levels, and at 10
Gy there was an approximate 20-fold increase.

Giedzinski et al., 2005

In vitro. Neural precursor cells were
irradiated with 1, 2, 5 and 10 Gy of 250 MeV
protons (1.7-1.9 Gy/min) and X-irradiation
(4.5 Gy/min). ROS levels were measured.

There was a rapid increase in ROS at 6, 12, 18 and 24h after proton irradiation, with an
exception at the 1 Gy 18h point. Most notably, at 6h post-irradiation, a dose-dependent
increase in relative ROS levels from 1 to 10 Gy was seen that ranged from 15% (at 1 Gy) to
65% (at 10 Gy). Linear regression analysis showed that at <2 Gy, ROS levels increased by
16% per Gy. The linear dose response obtained at 24h showed that proton irradiation
increased the relative ROS levels by 3% per Gy.

Veeraraghan et al.,
2011

In vivo. Adult mice were exposed to 2, 10 or
50 cGy of whole-body gamma irradiation at
0.81 Gy/min. Brain tissues were harvested

Compared to the controls, the levels of SOD2 expression increased in the brain after 2, 10
and 50 cGy. Analysis revealed a significant and dose-dependent change in SOD2 activity.
More specifically, SOD2 activity showed significant increases after 10 (~25% increase above

40/100



24h post-irradiation. SOD2 levels and activity

\were measured

AOP482

control) and 50 cGy (~60% increase above control), but not 2 cGy.

Baluchamy et al.,
2012

In vivo. Male mice were exposed to whole-
body irradiation with 250 MeV protons at
0.01, 1 and 2 Gy and the whole brains were
dissected out. ROS, LPO, GSH and total
SOD were measured.

Dose-dependent increases in ROS levels was observed compared to controls, with a two-
fold increase at 2 Gy. A 2.5 to 3-fold increase in LPO levels was also seen at 1 and 2 Gy,
respectively, which was directly correlated with the increase in ROS levels. Additionally,
results showed a significant reduction in GSH (~70% decrease at 2 Gy) and SOD activities
(~2-fold decrease) following irradiation that was dose-dependent.

Acharya et al., 2010

In vitro. Human neural stem cells were
subjected to 1, 2 or 5 Gy of gamma
irradiation at a dose rate of 2.2 Gy/min.
RONS and superoxide levels were
determined.

Intracellular RONS levels increased by approximately 1.2 to 1.3-fold compared to sham-
irradiated controls and was found to be reasonable dose-responsive.

At 12h, levels of superoxide increased 2 and 4-fold compared to control for 2 and 5 Gy,
respectively. At 24h and 48h, there was a dose-dependent increase in RONS levels. At 7
days, levels of RONS increased approximately 3 to 7-fold for 2 and 5 Gy, respectively.

Baulch et al., 2015

In vitro. Human neural stem cells were
exposed to 5-100 cGy of 160, 28Si, 48Ti or
56Fe particles (600 MeV) at 10-50 cGy/min.
RONS and superoxide levels were
determined.

3 days post-irradiation, oxidative stress was found to increase after particle irradiation. Most
notably, exposure to 56Fe resulted in a dose-dependent increase with 100% increase in
RONS levels at 100 cGy. Dose-dependent increase was also seen in superoxide levels after
56Fe irradiation. At 7 days post-irradiation, 56Fe irradiation induced significantly lower nitric
oxide levels by 47% (5 cGy), 55% (25 cGy) and 45% (100 cGy).

In vitro. bnMSCs were taken from 4-week-
old, male Sprague-Dawley rats. After
extraction, cells were then irradiated with 2,
5, and 10 Gy of 137Cs gamma rays.

Cellular ROS levels increased significantly in a dose-dependent manner from 0-10 Gy.

Compared to sham-irradiated controls, ROS levels increased by ~15%, ~55%, and ~105%
after exposure to 2, 5, and 10 Gy, respectively. Antioxidant mRNA expression decreased in
a dose-dependent manner from 0-10 Gy, with significant increases seen at doses 2 Gy for

Bai et al., 2020 ) SOD1 and CAT2 and 5 Gy for SOD2. Compared to sham-irradiated controls, SOD1
Intracellular ROS levels and relative mRNA .
. . expression decreased by ~9%, ~18%, and ~27% after exposure to 2, 5, and 10 Gy,
expression of the antioxidants, SOD1, SOD2, . i
respectively. SOD2 expression decreased by ~31% and ~41% after exposure to 5 and 10
and CAT2, were measured to assess the . )
o . Gy, respectively. CAT2 expression decreased by ~15%, ~33%, and ~58% after exposure to
extent of oxidative stress induced by IR. :
2, 5, and 10 Gy, respectively.
In vitro. hBMMSCs were irradiated with 8 Gy
of X-rays at a rate of 1.24 Gy/min. Compared to sham-irradiated controls, hBMMSCs irradiated with 8 Gy of X-rays
Liu et al., 2018 Intracellular ROS levels and SOD activity experienced a significant increase to intracellular ROS levels. h(BMMSCs irradiated with 8 Gy

were measured to analyze IR-induced
oxidative stress.

of X-rays experienced a ~46% reduction in SOD activity.

Kook et al., 2015

In vitro. Murine MC3T3-E1 osteoblast cells
were irradiated with 2, 4, and 8 Gy of X-rays
at a rate of 1.5 Gy/min. Intracellular ROS
levels and the activity of antioxidant
enzymes, including GSH, SOD, CAT, were
measured to assess the extent of oxidative
stress induced by IR exposure.

Compared to sham-irradiated controls, irradiated MC3T3-E1 cells experienced a dose-
dependent increase in ROS levels, with significant increases at 4 and 8 Gy (~26% and
~38%, respectively). Antioxidant enzyme activity initially increased by a statistically negligible
amount from 0-2 Gy and then decreased in a dose-dependent manner from 2-8 Gy. SOD
activity decreased significantly at 4 and 8 Gy by ~29% and ~59%, respectively. GSH activity
similarly decreased significantly at 4 and 8 Gy by ~30% and ~48%, respectively. CAT activity
did not change by a statistically significant amount.

Liu et al., 2019

In vivo. 8—10-week-old, juvenile, female SPF
BALB/c mice underwent whole-body
irradiation with 2 Gy of 31.6 keV/um 12C
heavy ions at a rate of 1 Gy/min. ROS levels
were measured from femoral bone marrow
mononuclear cells of the irradiated mice to
analyze IR-induced oxidative stress.

Compared to sham-irradiated controls, irradiated mice experienced a ~120% increase in
ROS levels.

Zhang et al., 2020

In vitro. Murine RAW264.7 osteoclast
precursor cells were irradiated with 2 Gy of
60Co gamma rays at a rate of 0.83 Gy/min.
ROS levels were measured to determine the
extent of oxidative stress induced by IR
exposure.

Compared to sham-irradiated controls, ROS levels in irradiated RAW264.7 cells increased
by ~100%.

Wang et al., 2016

In vitro. Murine MC3T3-E1 osteoblast-like
cells were irradiated with 6 Gy of X-rays.
Intracellular ROS production was measured
to assess oxidative stress from IR
exposure.

Compared to sham-irradiated controls, Intracellular ROS production increased by ~81%.

Huang et al., 2018

In vitro. Murine RAW264.7 osteoblast-like
cells were irradiated with 2 Gy of gamma
rays at a rate of 0.83 Gy/min. ROS levels
were measured to analyze IR-induced
oxidative stress.

Compared to sham-irradiated controls, ROS levels in RAW264.7 cells increased by ~138%
by 2 h post-irradiation.

Zhang et al., 2018

In vitro. hBMMSCs were irradiated with 2 Gy
of X-rays at a rate of 0.6 Gy/min. Relative
ROS concentration was measured to assess
the extent of oxidative stress induced by IR.

Compared to sham-irradiated controls, irradiated hBMMSCs experienced a maximum
increase of ~90% to ROS levels at 3 h post-irradiation.

Huang et al., 2019

In vitro. Rat bmMSC were irradiated with 2
Gy of 60Co gamma rays at a rate of 0.83
Gy/min. ROS levels were measured to
assess IR-induced oxidative stress.

Compared to sham-irradiated controls, ROS levels in irradiated bone marrow stromal cells
increased by approximately 2-fold.

Soucy et al., 2011

In vivo. 7- to 12-month-old, adult, male
Wistar rats underwent whole-body irradiation
with 1 Gy of 56Fe heavy ions. ROS
production in the aorta was measured along
with changes in activity of the ROS-
producing enzyme xanthine oxidase (XO) to

Compared to sham-irradiated controls, irradiated mice experienced a 74.6% increase in
ROS production (from 4.84 to 8.45) and XO activity increased by 36.1% (6.12 to 8.33).
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T VIVO. 4-month-old, aduft, malé Sprague-
Dawley rats underwent whole-body
irradiation with 5 Gy of 137Cs gamma rays.
Changes in XO activity and ROS production
were measured in the aortas of the mice to
assess IR-induced oxidative stress.

Compared to sham-irradiated controls, irradiated mice experienced a ~68% increase in ROS
production and a ~46% increase in XO activity.

Karam & Radwan,
2019

In vivo. Adult male Albino rats underwent
irradiation with 5 Gy of 137Cs gamma rays
at a rate of 0.665 cGy/s. Activity levels of the
antioxidants, SOD and CAT, present in the
heart tissue were measured to assess IR-
induced oxidative stress.

Compared to the sham-irradiated controls, SOD and CAT activity decreased by 57% and
43%, respectively, after irradiation.

Cervelli et al., 2017

In vitro. HUVECs were irradiated with 0.25
Gy of X-rays at a rate of 91 mGy/min. ROS
production was measured to analyze IR-
induced oxidative stress.

Compared to the sham-irradiated controls, irradiated mice experienced a ~171% increase in
ROS production (not significant).

Mansour, 2013

In vivo. Male Wistar rats underwent whole-
body irradiation with 6 Gy of 137Cs gamma
rays at a rate of 0.012 Gy/s. MDA was
measured from heart homogenate, along
with the antioxidants: SOD, GSH, and GSH-
Px.

Compared to sham-irradiated controls, MDA increased by 65.9%. SOD, GSH-Px, and GSH
decreased by 33.8%, 42.4%, and 50.0%, respectively.

Soltani, 2016

In vitro. HUVECs were irradiated with 2 Gy of
60Co gamma rays at a dose rate of 0.6
Gy/min. Markers of oxidative stress,
including reduced GSH and TBARS, were
measured to assess GSH depletion and
LPO, respectively.

Compared to non-irradiated controls, sham-irradiated cells experienced a ~28% decrease in
GSH and a ~433% increase in TBARS.

Wang et al., 2019b

In vitro. HUVECs were irradiated with 0.2,
0.5, 1, 2, and 5 Gy of 137Cs gamma rays.
ROS production was measured to assess IR-
induced oxidative stress.

Compared to sham-irradiated controls, ROS production saw a significant, ~32% increase at
5 Gy. While changes to ROS production were insignificant at doses <2 Gy, they followed a
linear increase from 0-5 Gy.

Sharma et al., 2018

In vitro. HUVECs were irradiated with 9 Gy of
photons. ROS production was measured to
determine the effects of IR on oxidative
stress.

Compared to sham-irradiated controls, irradiated HUVECs saw a significant, ~133%
increase in ROS production.

Hatoum et al., 2006

In vivo. Sprague-Dawley rats were irradiated
with 9 fractions of 2.5 Gy of X-rays for a
cumulative dose of 22.5 Gy at a rate of 2.43
Gy/min. Production of the ROS superoxide
and peroxide in gut arterioles were
measured to determine the level of oxidative
stress caused by irradiation.

ROS production started increasing compared to the sham-irradiated control after the second
dose and peaked at the fifth dose. By the ninth dose, superoxide production increased by
161.4% and peroxide production increased by 171.3%.

Phillip et al., 2020

In vitro. Human TICAE cells were irradiated
with 0.25, 0.5, 2, and 10 Gy of 60Co gamma
rays at a rate of 0.4 Gy/min. Levels of the
antioxidants, SOD1 and PRDX5 were
measured to assess oxidative stress from IR
exposure.

While SOD1 levels did not follow a dose-dependent pattern. At 2 Gy, SOD1 decreased about
0.5-fold. At 1-week post-irradiation, PRDX5 remained at approximately control levels for
doses <2 Gy but increased by ~60% from 2-10 Gy. PRDX5 only decreased at 2 Gy and 24h
post-irradiation.

Ramadan et al., 2020

In vitro. Human TICAE/TIME cells were
irradiated with 0.1 and 5 Gy of X-rays at a
dose rate of 0.5 Gy/min. Intracellular ROS
production was measured to determine the
extent of IR-induced oxidative stress.

ROS production saw a dose-dependent increase in both TICAE and TIME cells. By 45 mins

post-irradiation, 0.1 Gy of IR had induced increases to ROS production of ~3.6-fold and ~8-

fold in TICAE and TIME cells, respectively, compared to sham-irradiated controls. 5 Gy of IR
caused more significant increases to ROS production of ~18-fold and ~17-fold in TICAE and
TIME cells, respectively, compared to sham-irradiated controls.

Shen et al., 2018

In vivo. 8-week-old, female, C57BL/6 mice
were irradiated with 18 Gy of X-rays. Levels
of the oxidative markers, 4-HNE and 3-NT,
and the antioxidants, CAT and heme
oxygenase 1 (HO-1) were measured in the
aortas of the mice.

Compared to sham-irradiated controls, irradiated mice saw maximum increases of ~1.75-
fold on day 14 and ~2.25-fold on day 7 to 4-HNE and 3-NT levels, respectively. While CAT
levels decreased up to 0.33-fold on day 7, HO-1 levels increased by ~1.9-fold on day 7.

Ungvari et al., 2013

In vitro. The CMVECs of adult male rats
were irradiated with 2, 4, 6, and 8 Gy of
137Cs gamma rays. Production of the
reactive oxygen species, peroxide and O2.-,
were measured to assess the extent of IR-
induced oxidative stress.

Compared to sham-irradiated controls, production of peroxide in CMVECs of irradiated mice
1 day-post exposure increased in a dose-dependent manner from 0-8 Gy, with significant
changes observed at doses >4 Gy. At 8 Gy, peroxide production had increased ~3.25-fold.
Production of O2.- followed a similar dose-dependent increase with significant observed at
doses >6 Gy. At 8 Gy, O2.- production increased ~1.6-fold. 14 days post-exposure, IR-
induced changes to ROS production were not significant for either peroxide or O2.- and did
not show a dose-dependent pattern. ROS production progressively decreased from 0-4 Gy
and then recovered from 6-8 Gy back to control levels.

Ahmadi et al., 2021

In vitro. HLEC and HLE-B3 cells were
exposed to 0.1, 0.25 and 0.5 Gy of gamma
irradiation at 0.3 and 0.065 Gy/min.
Intracellular ROS levels were measured.

In HLE-B3 cells, there were about 7 and 17% ROS-positive cells 1 h after exposure to 0.25
and 0.5 Gy respectively at 0.3 Gy/min.

24 h after exposure there were about 10% ROS-positive cells after 0.5 Gy at 0.3 Gy/min.

1 h after exposure there were about 13 and 17% ROS-positive cells at 0.25 and 0.5 Gy and
0.065 Gy/min.

24 h after exposure there were 8% ROS-positive cells after 0.5 Gy and 0.065 Gy/min.

In human lens epithelial cells 1 h after exposure there were about 10 and 19% ROS-positive
cells after 0.25 and 0.5 Gy at 0.3 Gy/min.

After exposure to 0.5 Gy at 0.065 Gy/min there were about 16 and 9% ROS-positive cells
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one and 24 h after exposure.

Ji et al, 2015

In vitro. HLECs were exposed to UVB-
irradiation (297 nm; 2 W/m2) for 0 — 120
min. Total antioxidative capability (T-AOC),
ROS levels, MDA, and SOD were measured
at various time points at 5-120 min.

HLECs exposed to 1 W/m2 UVB for 0 - 120 min (representative of dose) showed a gradual
increase in ROS levels that began to plateau 105 min post-irradiation at an ROS level 750
000x control.

Hua et al, 2019

In vitro. HLECs were exposed to 4050, 8100
and 12,150 J/m2 of UVB-irradiation at 1.5,
3.0 and 4.5 W/m2. MDA, SOD, GSH-Px, and
GSH were measured.

MDA activity as a ratio of the control increased about 1.5 at 3.0 W/m2 and about 3 at 4.5
W/m2.

SOD activity as a ratio of the control decreased about 0.1 at 1.5 W/m2, 0.2 at W/m2, and 0.3
at 4.5 W/m2.

GSH-Px activity as a ratio of the control decreased about 0.02 at 3.0 W/m2 and 0.2 at 4.5
W/m2.

GSH activity .as a ratio of the control decreased about 0.2 at 3.0 W/m2 and 0.7 at 4.5
W/m2.

Chen et al, 2021

In vivo. Male rats were irradiated with 0, 0.4,
1.2 and 3.6 Sv of neutron-irradiation at 14,
45 and 131 mSv/h. In rat lenses, MDA, GSH,
and SOD, were measured.

MDA concentration decreased by about 1.5 nmol/mg protein at 1.2 Sv and increased by
about 7.5 nmol/mg protein relative to the control at 3.6 Sv.

GSH concentration increased by about 3.5 pg/mg protein and decreased by about 1 pg/mg
protein relative to the control at 3.6 Sv (neutron radiation).

SOD activity decreased by about 0.08 U/mg protein relative to the control at 3.6 Sv.

It should be noted that Sv is not the correct unit when investigating animals and cultured
cells, radiation should have been measured in Gy (ICRU, 1998).

Zigman et al., 2000

In vitro. Rabbit LECs were exposed to 3-12
J/cm2 of UVA-irradiation (300-400 nm range,
350 nm peak). CAT activity was assayed to
demonstrate oxidative stress.

Rabbit LECs exposed to 3 — 12 J/cm2 UVA showed an approximately linear decrease in
catalase activity (indicative of increased oxidative stress) with the maximum dose displaying
a 3.8x decrease.

Chitchumroonchokchai
et al, 2004

In vitro. HLECs were exposed to 300 J/m2 of
UVB-irradiation at 3 mW/cm2. MDA and HAE
were used to measure oxidative stress.

The concentration of MDA and HAE increased by about 900 pmol/mg protein compared to
the control after irradiation with 300 J/m2 UVB.

Zigman et al, 1995

In vitro. Rabbit and squirrel LECs were
exposed to 6, 9, 12, 15 and 18 J/m2 of UV-
irradiation at 3 J/cm2/h (300-400 nm range,
350 nm peak). CAT was used to measure
oxidative stress levels.

The CAT activity was 10% of the control activity at 6 J/cm2, and then decreased to 0% of the
control activity at 18 J/cm2 (99.9% UV-A and 0.1% UV-B).

Karimi et al, 2017

In vivo. Adult rats were exposed to 15 Gy of
gamma 60Co-irradiation at a dose rate of
98.5 cGy/min. In lens tissue, MDA,
thiobarbituric acid (TBA), and GSH levels
were used to indicate oxidative stress.

MDA concentration increased from 0.37 +/- 0.03 to 1.60 +/- 0.16 nmol/g of lens after
irradiation.

GSH concentration decreased from 0.99 +/- 0.06 to 0.52 +/- 0.16 pmol/g of lens after
exposure.

Rong et al., 2019

In vitro. HLECs were exposed to UVB-
irradiation (297 nm; 2 W/m?2 for 10 min).
Intracellular HoO2 and superoxide levels
were measured.

The amount of ROS was measured as the dicholofluoroscein (DCFH-DA) fluorescence
density, which increased about 10-fold relative to the control.

A similar test but with dihydroethidium (DHE) staining showed a fluorescence density
increase of about 3-fold relative to the control.

Kubo et al., 2010

In vitro. Lenses isolated from mice were
exposed to 400 or 800 J/m2 of UVB-
irradiation. ROS levels were measured.

The ratio of ROS level/survived LECs increased from about 175 to 250% after exposure to
400 and 800 J/m2 UVB respectively.

Kang et al., 2020

In vitro. HLECs were exposed to 0.09
mW/cm2 UVB-irradiation (275-400 nm
range, 310 nm peak) for 15 mins. MDA and
SOD activity were measured.

MDA activity increased about 30% compared to control after 15 mins of 0.09 mW/cm2 UVB
exposure. SOD activity decreased about 50% compared to control under the same
conditions.

Yang et al., 2020

In vitro. HLECs were irradiated with 30
mdJd/cm2 of UVB-irradiation. ROS levels were
determined.

The level of ROS production in HLECs increased approximately 5-fold as determined by
2’,7-dichlorofluorescein diacetate after exposure to 30 mJ/cm2 UVB.

Zhang et al., 2012

In vivo. Adult mice were exposed to 20.6
kd/m2 UV-irradiation (313 nm peak; 1.6
mW/cm2). GSH levels were measured in

lens homogenates.

Decrease in GSH of about 1 and 2 umol/g wet weight compared to control after 1 and 16
months respectively after 20.6 kd/m2 UV (313 nm peak) at 1.6 mW/cm2.

Time-scale

Time Concordance

Reference

Experiment Description

||Resu It

Tseng et al.,
2014

In vitro. Neural stem/precursor cells isolated from
mouse subventricular and hippocampal dentate
subgranular zones were exposed to 1-200 cGy of 56Fe
irradiation at dose rates ranging from 5-50 cGy/min.

Compared to sham-irradiated controls, a trend toward increasing oxidative stress was seen,
particularly at 1- and 4-weeks post-irradiation where RONS levels showed dose-responsive
increases. The greatest rise was also seen at 10 cGy where relative RONS levels increased
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~2-fold from 1 to 4 weeks, ~3-fold from 4 to 6 weeks and ~2 fold from 6 to 8 weeks. RONS
were also found increased at doses as low as 2 cGy at 12 and 24h post-irradiation.

In vivo. Female mice were exposed to either 1.3 Gy of
56Fe irradiation (1 GeV/nucleon; dose rate of 1 Gy/min)

ROS levels showed statistically significant increases after 56Fe irradiation at both 2 and 12
months, while gamma irradiation led to an increase at only 2 months. The percent

Zun;z:)r; ;t or 2 Gy of gamma irradiation (dose rate of 1 Gy/min). |fluorescence intensity of ROS levels for control, gamma irradiated and 56Fe-irradiated were
N ROS were measured in cerebral cortical cells at 2 and ||approximately 100, 115 and 140 at 2 months, and 100, 90 and 125 at 12 months,
12 months. respectively.
o iz, DUl ;tem/precurgor ezl lealElieel e ROS levels exhibited statistically significant fluctuations, increasing over the first 12h before
mouse subventricular and hippocampal dentate . - ; ]
. dropping at 18h and rising again at 24h. At 5 Gy, ROS levels fluctuated with a peak at 7
Limoli et al., ||subgranular zones were exposed to 1 or 5 Gy of 56Fe )
L . . . days, a decrease at 13 days, an increase at 25 days, and a decrease below control levels
2004 irradiation at dose rates ranging from 4.5 Gy/min.
. : ) ) at 33 days. At 1 Gy, ROS levels peaked at 25 days and also decreased below control at 33
RONS were measured at various time points until 33 -
days post-exposure. ys.
In vitro. Neural precursor cells derived from rats were  ||Proton irradiation led to a rapid rise in ROS levels, with the increase most marked at 6h
Gledzinski et|irradiated with 1, 2, 5 and 10 Gy of proton (1.7-1.9 (approximately 10-70% for 1 and 10 Gy, respectively). The increase in ROS persisted for
al., 2005 Gy/min). ROS levels were determined at 5-25h post-  [[24h, mainly for 10 Gy where the ROS levels were around 30% above control at the 12, 18
irradiation. and 24h mark.
In vitro. Human neural stem cells were subjected to 1, 2 . — )
. L Intracellular RONS and superoxide levels showed significant increase from 2- to 4-fold at
Acharya et |or 5 Gy of gamma irradiation at a dose rate of 2.2 ) )
. ) 12h. At 7 days, levels of RONS increased and were dose-responsive, elevated by ~3- to 7-
al., 2010 Gy/min. RONS and superoxide levels were measured . ) ;
. . X . fold and 3- to 5-fold, respectively, over sham-irradiated controls.
at various time points until 7 days.
In the TK6 E6 clones, there was only a significant ROS increase at day 29 (45.7 DCF
Rugo and In vitro. Human lymphoblast cell lines (TK6 and TK6 fluorescence units). In the TK6 clones, there were significant ROS increases at days 13
Scr?iestl E6) were irradiated with 2 Gy of X-irradiation at a dose ((26.0 DCF fluorescence units), 15 (26.3 DCF fluorescence units) and 20 (38.1 DCF
5004 ’ rate of 0.72 Gy/min. ROS levels were measured at fluorescence units), with a strong trend of increased ROS in the treated group at day 25. On
various time points until 29 days. day 18, ROS levels decreased in the irradiated group, and there was no significant
difference at day 29.
Huang et al., 7 AV AR A5t G T |rra<j|ated s ROS levels in irradiated RAW264.7 cells decreased by ~10% from 2 h post-exposure to 8 h
Gy of gamma rays at a rate of 0.83 Gy/min. ROS levels
2018 ) o post-exposure (from ~138% above control at 2 h to ~98% above control at 8).
were measured at 2 and 8 h post-irradiation.
LR IEL L were |rraq|ated ity Z(E7 X—rays ROS levels increased in time dependent manner until a peak of ~90% above control level at
AWCHES) USIED Rl [ AR O GO 3 h-post irradiation, and then steadily declined back to approximately control levels at 12 h
2018 was measured at 0, 0.5, 2, 3, 6, 8, and 12 h post- p. o ’ Y pp Y
o o post-irradiation.
irradiation.
In vitro. Human TICAE cells were irradiated with 0.25,
0.5, 2, and 10 Gy of 60Co gamma rays at a rate of 400 |[SOD1 levels did not follow a time-dependent pattern. However, SOD1 decreased at 2 Gy
Phillip et al., |[mGy/min. Levels of the antioxidants, SOD1 and PRDX5 (for every timepoint post-irradiation. While PRDX5 levels stayed at approximately baseline
2020 were measured at 4 h, 24 h, 48 h, and 1-week post- levels for the first two days after exposure to 10 Gy of radiation, levels elevated by ~1.6-fold
irradiation to assess oxidative stress from IR after 1 week.
exposure.
7Rk AV TISSLAIS EElD e |rrad'|ated g After irradiation, ROS production saw time-dependent decreases in both TICAE and TIME
Ramadan et |[0.1 and 5 Gy of X-rays at a rate of 0.5 Gy/min. ; ) )
. . cells from 45 mins to 3 h post-exposure. ROS production was elevated at 45 mins but
al., 2020 Intracellular ROS production was measured at 45 mins, . .
; o returned to approximately baseline levels at 2 and 3 h.
2 h, and 3 h post-irradiation.
!n Vivo. 8—w<_eek—old, il O LS T were Significant changes were observed in 4-HNE, 3-NT, CAT, and HO-1 levels of irradiated
irradiated with 18 Gy of X-rays. Levels of the oxidative h ) .
Shen et al., s mice after 3 days. 3-NT and HO-1 levels increased from days 3 to 7 and then progressively
markers, 4-HNE and 3-NT, and the antioxidants, CAT ) .
2018 . decreased, while 4-HNE levels followed the same pattern but with a peak at day 14. CAT
L LCIHID L9 TR (VA 2l ) B el i (e levels were at their lowest at day 3 and followed a time dependent increase until day 84
at 3, 7, 14, 28, and 84 days post-irradiation. y P yos
In. UL UL (013 2075 C ELIB LD D WD (A e ROS production was generally higher at day 1 than day 14, with the difference becoming
. with 2, 4, 6, and 8 Gy of 137Cs gamma rays. - . . )
Ungvari et . : . . progressively more significant from 2-8 Gy. Peroxide production was reduced from a ~3.25-
Production of the reactive oxygen species, peroxide . . .
al., 2013 ) fold increase compared to controls at day 1 back to baseline levels at day 14. Superoxide
and superoxide, were measured at 1- and 14-days ’ . )
. o production had a ~1.6-fold increase at day 1 recover to baseline levels at day 14.
post-irradiation.
In vitro. HLEC and HLE-BS3 cells were exposed to 0.1,
0.25 and 0.5 Gy of gamma irradiation at 0.3 and 0.065
Ahmadi et [ Gy/min. ROS levels were measured. In human LECs immediately exposed to 0.25 Gy gamma rays, the level of ROS positive
al., 2021 cells increased by 5%, relative to control, 1 h post-irradiation.
Jiang et al., L citre. [RIUBEE LG Craeees fo WAl 2 £ Approximately 10-fold increase in ROS generation 15 mins after exposure to 30 mJ/cm2
5006 wavelength over 290 nm (30 mJ/cm2). ROS levels were uv
measured. ’
9 months after irradiation with 11 Gy X-rays at 2 Gy/min there’s 2250% cortical ROS relative
to the control.
3 months after there was no significant change.
Penderarass In vivo. Female mice were irradiated with 11 Gy of X-
9 irradiation at a dose rate of 2 Gy/min. ROS levels in the
etal., 2010 -
lenses were used to represent oxidative stress.
. . . The intracellular GSH pool was measured by a decrease of about 15% monobromobimane
el ennl i [ viie. |20tilne (B Gall$ st ©1esee o 1016 6l i fluorescence relative to the control 24 h after exposure to 10 Gy X-rays at 2 Gy/min and
al., 2001 irradiation at 2 Gy/min. GSH levels were measured. P Y 4 Y

there was a decrease of about 40% relative to the control by 120 h.

Weinreb and

In vitro. Bovine lenses were irradiated with 22.4 J/cm2

CAT activity decreased from 1.75 (control) to 0.5 U/mg protein at 48-168 h after exposure
to 44.8 J/cm2 UV-A.
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Dovrat, (10 min) and 44.8 J/cm2 (100 min) of UVA-irradiation at
1996 8.5 mW/cm2. CAT levels were determined.

About 5 min after exposure to both 0.09 and 0.9 mW/cm2 UVB for 2.5 mins there is an
increase of about 4 average brightness minus control (densitometric fluorescence scanning
for ROS, mostly indicating H2O»).

In vitro. HLECs were exposed to 0.014 and 0.14 Jlem?2
of UVB-irradiation at 0.09, 0.9 mW/cm2 for 2 and 5 min. ||About 90 and 120 min after exposure to 0.9 mW/cm? the average brightness minus control

Cenceret  |ROS levels (mainly HO5) were measured. is about 35 and 20 respectively.

al., 2018

Yang et al., |In vitro. HLECs were irradiated with 30 mJ/cm2 of UVB- | The level of ROS production in HLECs increased approximately 5-fold as determined by
2020 irradiation. Intracellular ROS levels were measured. 2’,7’-dichlorofluorescein diacetate 24 h after exposure to 30 mJ/cm2 UVB.

In vivo. Adult mice were exposed to 20.6 kJ/m2 UV-

irradiation (313 nm peak: 1.6 mW/cm2). GSH levels Decrease in GSH of about 1 and 2 pmol/g wet weight compared to control after 1 and 16

Zhang et al.,

2012 ) months respectively after 20.6 kdJ/m2 UV (313 nm peak) at 1.6 mW/cm2.
were measured in lens homogenates.
Known modulating factors
Modulating |MF details Effects on the KER (References
Factors
Antioxidants  [CAT, GSH-Px, SOD, |Adding or withholding |Zigman et al., 1995;
PRDX, vitamin E, C, antioxidants will Belkacémi et al., 2001;
carotene, lutein, decrease or increase |Chitchumroonchokchai et

zeaxanthin, selenium, [the level of oxidative |al., 2004; Fatma et al.,
zinc, alpha-lipoic acid, [stress respectively 2005; Jiang et al., 2006;

melatonin, gingko Fletcher, 2010; Karimi et
biloba leaf, fermented al., 2017; Hua et al.,
gingko biloba leaf, 2019; Kang et al., 2020;
Nigella sativa oil, Yang et al., 2020; Manda
thymoquinone, and et al., 2008; Limoli et al.,
ferulic acid 2007; Manda et al.,

2007; Taysi et al., 2012;
Ismail et al., 2016; Demir
et al., 2020; Chen et al.,

2021

Age Increased age Antioxidant levels are |Marshall, 1985; Spector,
lower and show a 1990; Giblin et al., 2002;
greater decrease Kubo et al., 2010;
after radiation in older |Pendergrass et al., 2010;
organisms. This Zhang et al., 2012;
compromises their Hamada et al., 2014;
defense system, Tangvarasittichai &

resulting in ROS Tangvarasittichai, 2019
increases and
therefore, an
increased likelihood of]
oxidative stress

Oxygen Increased oxygen Higher oxygen Hightower et al., 1992;
levels concentrations Eaton, 1994; Huang et
increase sensitivity to |al., 2006; Zhang et al.,
ROS 2010; Schoenfeld et al.,
2012

Known Feedforward/Feedback loops influencing this KER

The relationship between deposition of energy and increased oxidative stress leads to several feedforward loops. Firstly, ROS activates the transforming growth
factor beta (TGF)-B, which increases the production of ROS. This process is modulated in normal cells containing PRDX-6, or cells with added MnTBAP, which will
both prevent TGF-B from inducing ROS formation (Fatma et al., 2005). Secondly, ROS can damage human mitochondrial DNA (mtDNA), this can then cause
changes to the cellular respiration mechanisms, leading to increased ROS production (Turner et al., 2002; Zhang et al., 2010; Tangvarasittichai &
Tangvarasittichai, 2019, Ahmadi et al., 2021; Yves, 2000). Some other feedback loops through which deposition of energy causes oxidative stress are discussed by
Soloviev & Kizub (2019).
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Relationship: 2716: Oxidative Stress leads to Increase, Cell death

AOPs Referencing Relationship

. Weight of Quantitative
AOP Name Adjacenc
) 4 Evidence Understanding
Call<:|‘um overload in dopaminergic neurons of the substantia nigra leading to parkinsonian motor adjacent Not Specified Not Specified
deficits
Deposition of energy leading to occurrence of bone loss adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

Adult Moderate

Juvenile Moderate
Sex Applicability
Sex Evidence

Male Moderate

Female Moderate

The evidence for the taxonomic applicability to humans is low as majority of the evidence is from in vitro human-derived cells and in vitro animal-derived cells. The
relationship is supported by mice and rat models using male and female animals. The relationship is plausible at any life stage. However, most studies have used
adolescent and adult animal models.

Key Event Relationship Description

Oxidative stress can cause cellular damage and activate signalling cascades that result in programmed cell death, including apoptosis and autophagy. Increased
production of free radicals, such as reactive oxygen species (ROS) and reactive nitrogen species (RNS), collectively RONS, and a weakened antioxidant defense
system can be detrimental. When free radicals overwhelm antioxidants, the resulting oxidative stress can cause damage to DNA, including base damage; strand
breaks; and mutation, as well as damage to vital cellular components, such as lipid peroxidation within the cellular and mitochondrial membranes. Sufficient
oxidative damage to the cell can result in programmed cell death (Pacheco and Stock, 2013; Tian et al., 2017). Overwhelming DNA damage from oxidative stress
can result in cell damage and death.

Evidence Supporting this KER

Overall weight of evidence: Moderate
Biological Plausibility

High concentrations of ROS induce cell death by activating apoptosis pathways and causing oxidative damage to lipids, proteins, and DNA, including base damage,
strand breaks, and mutations. In addition, ROS cause damage to vital cellular components, including the mitochondria and cellular membrane, resulting in
programmed cell death (Pacheco and Stock, 2013; Valko et al., 2007). When the hydroxyl radical interacts with DNA it can cause damage to both purine and
pyrimidine bases, as well as the deoxyribose backbone. A common DNA lesion that has been extensively researched is the bonding of hydroxyl radicals to the
guanine nucleotide base, known as the 8-hydroxyguanine (8-OH-G) bond (Glasauer & Chandel, 2013; Halliwell & Gutteridge, 1999; Valko et al., 2007; Valko et al.,
2006). ROS can damage the cellular membrane by oxidizing the polyunsaturated fatty acids residues of the phospholipid bilayer, in a process known as lipid
peroxidation. The final product of lipid peroxidation is malondialdehyde (MDA), a common marker of oxidative stress. Another aldehyde product of lipid peroxidation
is 4-hydroxynonenal (4-HNE) (Siems, Grune, & Esterbauer, 1995; Valko et al., 2007). Proteins undergo oxidative damage through the interaction of ROS with its
amino acid monomers. All amino acid side chains can be oxidized by RONS, with cysteine and methionine being particularly susceptible. A common measure of
oxidative damage to proteins is the concentration of carbonyl groups (Stadtman, 2004; Valko et al., 2007).

Programmed cell death is regulated by the balance of positive signals involved in cell survival, such as growth factors, and negative signals that can harm to the
cell, including increased RONS concentration and oxidative damage to DNA (Hengartner, 2000; Valko et al., 2007). The redox environment of cells is regulated in
large part by the intracellular concentration of the antioxidant, glutathione (GSH). When GSH drops below a certain level, the cellular environment becomes too
oxidizing, and apoptosis occurs. Apoptosis begins to occur after moderate oxidation, with overwhelming oxidation resulting in necrosis (Cai & Jones, 1998; Evens,
2004; Valko et al., 2007; Voehringer et al, 2000). Intracellular damage to the cell via oxidative stress causes Bcl-2 to activate the pro-apoptotic Bcl-2 associated
protein x (Bax) (Jezek et al., 2019; Memme et al., 2021; Pistilli, Jackson, & Alway, 2006; Philchenkov et al., 2004; Valko et al., 2007). Alternatively, ROS
accumulation in the mitochondria can cause the mitochondrial permeability transition pore (mPTP) to open, allowing for an influx of solutes to enter the
mitochondria, creating a hypotonic environment, and subsequently inducing apoptosis (Bauer & Murphy, 2020; Memme et al., 2021).

Accumulation of ROS in the mitochondria can also lead to activation of the ion channel, transient receptor potential cation channel (TRPML1), which facilitates the
release of Ca2* from the lysosome into the cytosol, resulting in swelling of the endo-lysosomal structures and stimulation of transcription factor EB (TFEB)-
mediated signalling cascade that culminates in increased autophagy (Erkhembaatar et al., 2017; Johnson et al., 2020; Todkar, llamathi, & Germain, 2017).
Alternatively, an accumulation of NADPH oxidase (NOX)-generated ROS in endosomal compartments can lead to activation of autophagy. NOX2 enzymes, found in
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the endosome, induce oxidative damage to mitochondrial and nuclear DNA through reduction of NADPH, resulting in apoptosis. NOX-generated ROS can also
increase signalling from endocytosed receptors that are responsible for inducing mitochondrial dysfunction induced-apoptosis (Davis Volk & Moreland, 2014;
Harrison et al., 2018; Johnson et al., 2020; Karunakaran et al., 2019; Li et al., 2015; Ran et al., 2016; Tsubata, 2020).

Empirical Evidence

The empirical evidence for this KER provides moderate support for a linkage between increased oxidative stress and increased cell death. Most of the evidence
supporting this relationship come from studies that examine the effects of low linear energy transfer (LET) radiation, such as X-rays and gamma rays. However,
one study examined the effects of high LET carbon ions and another exposed its model to simulated microgravity conditions. These studies observed dose and
time concordant responses (Huang et al., 2019; Huang et al., 2018; Kondo et al., 2010; Li et al., 2020; Li et al., 2018; Liu et al., 2019; Liu et al., 2018; Yoo, Han &
Kim, 2016).

Incidence Concordance

Few studies demonstrate a greater oxidative stress than cell death following a stressor. Human bone marrow-derived mesenchymal stem cells (hBMMSCs)
irradiated with 8 Gy demonstrated greater increases to ROS levels than to apoptosis (Li et al., 2020). Similarly, rats irradiated with 35 Gy showed greater increases
to ROS levels than to osteocyte apoptosis (Li et al., 2018).

Dose Concordance

Current literature on the impact of oxidative stress on cell death provides moderate evidence for a dose concordant link between the two key events. Studies that
examined the effects of ionizing radiation (IR) and microgravity conditions on bone cells have observed both stressors induce significant increases in ROS and
oxidative stress markers, as well as decreases in antioxidants, followed by subsequent increases in markers of cell death.

Studies that apply IR to their experimental models provide the strongest support for dose concordance as they clearly demonstrate variances in oxidative stress
and cell death following exposure to a range of doses. Oxidative stress was observed at the same or lower doses than cell death across all studies. Kondo et al.
(2010) irradiated C57BL/6J mice with 1 or 2 Gy of 137¢s gamma rays and observed significant increases to ROS production and the oxidative stress markers, MDA
and 4-HNE, at 1 Gy, while apoptosis only experienced a significant increase at 2 Gy. Bai et al. (2020) irradiated the bone marrow derived mesenchymal cells
(bmMSCs) of Sprague-Dawley rats with 2, 5, and 10 Gy of 137¢s gamma rays and observed significant changes to levels of ROS, superoxide dismutase (SOD)1
and catalase (CAT)2, as well as cell viability at 22 Gy. The one study that applied high LET radiation, in this case 2 Gy of calcium ions, observed more significant
increases to oxidative stress and cell death on average than studies that applied 2 Gy of a lower LET radiation type. Liu et al. (2019) observed ~2.2-, ~5.4-, and
~4.2-fold increases to ROS levels, early apoptosis, and late apoptosis/necrosis, respectively, after exposure to 2 Gy of carbon ions (LET=31.6 KeV/um), while other
studies that applied 2 Gy of lower LET radiation types, including X-rays and gamma rays, observed increases of ~1.2-fold to ~2.5-fold in ROS levels and increases
of ~1.6-fold to 5.26-fold in apoptosis (Huang et al., 2019; Huang et al., 2018; Kondo et al., 2010; Liu et al., 2019). Furthermore, microgravity as a stressor also
supports the relationship between oxidative stress and cell death. Yoo, Han & Kim (2016) did observe significant increases to both oxidative stress and cell death
after exposing MC3T3-E1 murine pre-osteoblast cells to microgravity conditions.

Time Concordance

There is moderate evidence in the current literature to support a time concordant relationship between oxidative stress and cell death. All of the studies that
measured oxidative stress and cell death endpoints at multiple time points observed significant changes to oxidative stress earlier or at the same time as changes
to cell death (Huang et al., 2018; Kondo et al., 2010; Li et al., 2020; Li et al., 2018). Huang et al. (2018) irradiated murine RAW264.7 osteoclast precursor cells with
2 Gy of gamma rays and observed a significant increase in ROS levels at 2 hours post-irradiation, while increases to apoptosis were not reported until 24 hours.
Kondo et al. (2010) irradiated C57BL/6J mice with 1 and 2 Gy of 137¢s gamma rays and observed significant increases to both ROS levels and apoptosis by day 3
post-irradiation. Li et al. (2020) irradiated hLBMMSCs with 8 Gy of radiation and observed significant increases to both ROS levels and cell apoptosis by 24 hours
post-exposure. Li et al. (2018) observed significant increases to ROS activity, as well as significant decreases to SOD activity, at 1 day post-irradiation, while
significant increases to empty lacunae were not reported until 4 months post-irradiation. Lastly, Wang et al. (2016) irradiated murine MC3T3-E1 cells with 6 Gy of
X-rays and observed significant increases to ROS production at 24 hours post exposure and extracellular hydrogen peroxide levels at 3 hours post exposure, while
significant decreases to cell viability did not occur until day 4.

Essentiality

Several studies have investigated the essentiality of the relationship, where the blocking or attenuation of the upstream KE causes a change in frequency of the
downstream KE. The increase in oxidative stress can be modulated by certain drugs and antioxidants. Treatment with a-2-macroglobulin (a2M) decreased SOD
activity and reduced the rate of apoptosis and autophagy in human bone marrow mesenchymal stem cells hBMMSCs (Liu et al., 2018). This countermeasure also
showed the same influence on SOD activity and a decrease in osteocyte apoptosis (Li et al., 2018). Sema3a was found to reduce ROS and promote the apoptosis
of the Raw264.7 cells post-adiation (Huang et al., 2018). Treatment with Amifostine (AMI) reversed the radiation-induced effects on ROS levels and reduced the
percentage of apoptotic cells and DNA damage (Huang et al., 2019; Zhang et al., 2020). Cerium oxide (CeOg) nanoparticles significantly reduced increases to ROS
production and hydrogen peroxide, as well as causing cell viability to recover significantly by day 4 post-irradiation (Wang et al., 2016). Lastly, the antioxidant
melatonin was shown to reverse the effect of microgravity on Bcl-2, Bax, Cu/Zn-SOD and manganese superoxide dismutase (Mn-SOD) to control levels (Yoo, Han
& Kim, 2016).

Uncertainties and Inconsistencies
e When MC3T3-E1 murine preosteoblast cells underwent microgravity conditions in a 3D clinostat, CAT expression increased by ~1.25-fold. This response was
the opposite of the other antioxidants that were measured and is contrary to the decrease in antioxidant expression normally seen after microgravity

exposure (Yoo, Han & Kim, 2016).

e Kondo et al. (2010) did not observe any significant effects to MDA+4-HNE levels or apoptosis after subjecting their C57BL/6J mice to hindlimb unloading.
Quantitative Understanding of the Linkage

The following are a few examples of quantitative understanding of the relationship. All data is statistically significant unless otherwise indicated.
Response-response relationship

Dose/Incidence Concordance

HReference HExneriment Descrintion HResuIt H
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In vitro. hBMMSCs were irradiated with 8

Gy of X-rays at a rate of 1.24 Gy/min. SOD

SOD activity decreased by ~0.5-fold compared to the non-irradiated control at 24 hours post-irradiation.

SUctEl, | e Ol [P e expression MnSOD protein expression decreased by ~0.4-fold. This decrease in antioxidant defense resulted in a
2018 levels were measured to assess oxidative ~3-fold increase in the rate of apoptosis
stress. hBMMSCs were stained for Annexin :
V to determine cell death.
In vitro. Murine RAW264.7 macrophage
el e el alioel vl 2_Gy Ol 2L ROS levels had a maximum increase of ~2.5-fold compared to the non-irradiated control at 2 hours post-
Huang et |rays at a rate of 0.83 Gy/min. ROS levels | e o ) o : ] ) -
o irradiation. This increase in oxidative stress was accompanied by a 5.3-fold increase in apoptotic cells
al., 2018  |were measured to assess oxidative stress. ) -
o (from 1.9% to 9.8%) at 24 hours post-irradiation.
Levels of Annexin binding was measured to
determine cell death.
In vivo. 8-10-week-old, female, SPF
BALB/c mice underwent whole-body
irradiation with 2 Gy of carbon ions
) (LET=.31 DL TS S TR ROS levels increased by ~2.2-fold, compared to the non-irradiated control. This increase in oxidative
Liu etal., ||Gy/min. Femoral bone marrow . ) ) ) . .
stress was accompanied by a ~5.4-fold increase in early apoptosis and a ~4.2-fold increase in late
2019 mononuclear cells were then extracted and . .
apoptosis/necrosis.
ROS levels were measured to assess
oxidative stress, while Annexin binding was
used to measure the number of apoptotic
cells.
Ex vivo. A single 2 Gy dose of 69Co
gamma radiation was administered to
Huang et bmMSCs of S_prague Dawleylrats atarate |png production increased by ~2-fold compared to the non-irradiated control. This increase in oxidative
al., 2019 of 0.83 Gy/min. ROS prlodu.cnon EH stress was accompanied by a ~4-fold increase in osteoblast apoptosis.
measured to assess oxidative stress and
apoptosis was determined by Annexin V
staining.
In vivo. Male C57BL/6J mice at 17 weeks
of age were hindlimb unloaded or normally
loaded, 4 days later they were exposed to
1 or 2 Gy of 137Cs gamma rays or sham-  |Following irradiation under normal loading, ROS production increased by ~1.3-fold at 1 Gy by day 3 post-
Kondo et |lirradiated. Intracellular ROS and apoptotic |irradiation and a ~1.2-fold at 2 Gy by day 3. The cumulative levels of MDA and 4-HNE increased by ~2-
al., 2010  |[cell numbers in the bone marrow cells of  |[fold under exposure to both 1 and 2 Gy by day 10. This increase in oxidative stress was associated with a
the right femora were assessed to ~1.6-fold increase in bone marrow cell apoptosis at 2 Gy by day 3.
determine oxidative stress and cell death,
respectively. To assess oxidative damage
MDA and 4-HNE were measured.
In vitro. Murine MC3T3-E1 osteoblast-like
cells were irradiated with 6 Gy of X-rays. . . )
Intracellular ROS production and Intracellularl F\‘QS productlon and extracellular hydrogen .peerX|de Ievel§ increased by ~1.75-fold at 24
p
Wang et ) hours post-irradiation and ~1.5-fold at 3 hours post-irradiation, respectively, compared to the non-
al., 2016 P ATl ol perqmde LU irradiated control. This increase in oxidative stress was accompanied by a significant ~0.3-fold decrease
measured to assess oxidative stress and | o ) o o
L in cell viability at 4 days post-irradiation (no significant decrease at 1 day).
cell viability was measured to assess cell
death.
Ex vivo. bmMSCs were taken from 4-week- [Cellular ROS levels increased significantly in a dose-dependent manner from 0-10 Gy. Compared to
old, male Sprague-Dawley rats. After sham-irradiated controls, ROS levels increased by ~15%, ~55%, and ~105% after exposure to 2, 5, and
extraction, cells were then irradiated with 2,10 Gy, respectively. Antioxidant mRNA expression decreased in a dose-dependent manner from 0-10
5, and 10 Gy of 137¢g gamma rays. Gy, with significant decreases seen at doses as low as 2 Gy for SOD1 and CAT2 and 5 Gy for SOD2.
Bai et al., |Intracellular ROS levels and relative mRNA Compared to sham-irradiated controls, SOD1 expression decreased by ~9%, ~18%, and ~27% after
2020 expression of the antioxidants, SOD1, exposure to 2, 5, and 10 Gy, respectively. SOD2 expression decreased by ~31% and ~41% after
SOD2, and CAT2, were measured to exposure to 5 and 10 Gy, respectively. CAT2 expression decreased by ~15%, ~33%, and ~58% after
assess the extent of oxidative stress exposure to 2, 5, and 10 Gy, respectively. This increase in oxidative stress was associated with
induced by IR. Cell death was measured by|/decreases in cell viability of ~33% and ~44% after 1 day post-exposure to 5 and 10 Gy, respectively, and
a viability assay. ~3%, ~45%, and ~65% after 3 days post-exposure to 2, 5, and 10 Gy.
In vitro. hBMMSCs were exposed to 8 Gy
of X-ray radiation at a rate of 2.75 Gy/min.
To assess IR-induced oxidative stress,
ROS levels were measured. h(BMMSC At 24 hours post-irradiation, ROS levels increased by ~3.3-fold and ~1.5-fold when measured with
Lietal, apoptosis was then measured using fluorescent microscopy and flow cytometry, respectively. At 24 hours post-irradiation, cell apoptosis
2020 terminal deoxynucleotidyl transferase increased by ~1.8-fold. TUNEL-positive cells experienced a maximum increase of ~1.75-fold compared to
dUTP nick end labeling (TUNEL) staining | the non-irradiated control at 7 days post-irradiation.
and an Annexin V-FITC/PI apoptosis
detection kit to assess cell subsequent cell
death.
In vivo. The mandibles of Sprague-Dawley
rats were exposed to a cumulative dose of
35 Gy of X-ray radiation fractionated into 7 |[ROS activity increased significantly at days 1, 14, and 28, with a maximum increase of ~5-fold at day 28.
Lietal, Gy daily for 5 days. ROS activity was SOD activity decreased significantly at days 1 and 14, with a maximum decrease of ~0.66-fold at day 1.
2018 measured along with SOD activity to The % of empty lacunae increased ~1.8-fold compared to the non-irradiated control at 4 months-post
assess oxidative stress and empty lacunae |irradiation.
were measured to assess cell death
among osteocytes.
In vitro. MC3T3-E1 murine pre-osteoblast
cells underwent microgravity conditions in a
3D clinostat. The expression of the
antioxidants, Cu/Zn-SOD; Mn-SOD; and After 72 hours, expression of Cu/Zn-SOD and Mn-SOD decreased by ~0.25-fold and ~0.6-fold,
Yoo, Han &||CAT, were measured to assess oxidative |respectively, while CAT expression increased by ~1.25-fold. LC3 Il levels increased by ~2.25-fold
Kim, 2016 |stress. The expression of the compared to the normally loaded control. Bax levels increased by ~2.4-fold, while Bcl-2 levels decreased

apoptosis/autophagy regulators, Bax and

by ~0.6-fold.
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Bcl-2, were measured along with the
autophagy marker, LC3 Il, to assess IR-
i th

Time-scale

Time Concordance

Reference |[Experiment Description Result

In vitro. Murine RAW264.7 macrophage cells were irradiated with 2 Gy |ROS levels increased by ~2.5-fold at 2 hours post-irradiation and ~2-fold at
Huang et |lof gamma rays (6000 isotope) at a rate of 0.83 Gy/min. ROS levels were|8 hours. The increase in oxidative stress was followed by a ~5.26-fold

al., 2018  |measured to assess oxidative stress. Levels of Annexin binding was increase in apoptotic cells (from 1.86% to 9.78%) at 24 hours post-
measured to determine the effects of IR on cell death. irradiation.
In vivo. Male C57BL/6J mice at 17 weeks of age were hindlimb Following irradiation under normal loading, ROS production increased by
unloaded or normally loaded, 4 days later they were exposed to 1 or 2 |~1.3-fold at 1 Gy by day 3 post-irradiation and a ~1.2-fold at 2 Gy by day 10.
Kondo et |Gy of 137Cs gamma rays or sham-irradiated. Intracellular ROS and The cumulative levels of MDA and 4-HNE increased by ~2-fold under

al., 2010  |apoptotic cell numbers in the bone marrow cells of the right femora were [exposure to both 1 and 2 Gy by day 10. This increase in oxidative stress
assess to determine oxidative stress and cell death, respectively. To was associated with a ~1.6-fold increase in bone marrow cell apoptosis at 2
assess oxidative damage, MDA and 4-HNE levels were measured. Gy by day 3.

ROS levels increased significantly at 24 hours post-irradiation. Cell
apoptosis also increased significantly at 24 hours post-irradiation. IR-
induced changes to the % of TUNEL-positive cells decreased over time, with
increases of ~1.75-fold compared to the non-irradiated control at 7 days
post-irradiation, ~1.35-fold at 14 days, and ~1.33-fold at 28 days.

ROS activity increased by ~4.9-fold compared to the non-irradiated control

In vitro. hBMMSCs were exposed to 8 Gy of radiation. To assess IR-
Lietal., induced oxidative stress, ROS levels were measured. h(BMMSC
2020 apoptosis was then measured using TUNEL staining and Annexin V-
FITC/PI staining to assess cell subsequent cell death.

In vivo. The mandibles of Sprague-Dawley rats were exposed to a at day 1 post-irradiation, ~3.7-fold at day 14, and ~5-fold at day 28. SOD
) cumulative dose of 35 Gy of radiation fractionated into 7 Gy daily for 5 |activity experienced a maximum decrease of ~0.66-fold at day 1 and
Liet al., . .
2018 days. Empty lacunae were measured to assess cell death among recovered over time with a ~0.78-fold decrease at day 14, and a non-
osteocytes and ROS activity was measured along with SOD activity to  |[significant increase at day 28. The % of empty lacunae increased
oxidative stress. significantly compared to the non-irradiated control at 4 months-post
irradiation.
In vitro. Murine MC3T3-E1 osteoblast-like cells were irradiated with 6 Gy |ROS production increased by ~1.75-fold at 24 hours post-irradiation and
Wang et |[of X-rays. Intracellular ROS production and extracellular hydrogen hydrogen peroxide levels increased by ~1.5-fold at 3 hours-post irradiation,
al., 2016 |peroxide levels were measured to assess oxidative stress and cell while cell viability did not decrease significantly until 4 days post-exposure
viability was measured to assess cell death. (~0.3-fold).
Known modulating factors
pCLHIEULE Details Effects on the KER References
Factor
a2M T . Liu et al.,
Treatment reversed the radiation-induced effects on SOD activity, reduced autophagy, reduced osteocyte cell death, s
Drug . 2018; Li et
and reduced the rate of apoptosis in hBMMSCs.
al., 2018
Sema3a Huang et al.
Drug Treatment with 50 ng/mL partially reduced ROS levels and promoted Raw264.7 cell apoptosis after irradiation. 2018 ’
Treatment with 30 mg/kg reversed the radiation-induced effects on ROS levels and reduced the percentage of apoptotic |[Huang et al.,
Drug AMI
cells and DNA damage. 2019
Cerium oxide acts can switch between a fully reduced and fully oxidized state, allowing it to mimic antioxidants to Wang et al
Nanoparticle |CeO2 mediate oxidative stress. Treatment with 100nM significantly attenuated IR-induced increases to ROS production and 201 Gg v
extracellular hydrogen peroxide, as well as causing cell viability to significantly recover.
Melatonin
L Treatment with 200nM melatonin reversed the effect of microgravity on Bcl-2, Bax, Cu/Zn-SOD and Mn-SOD to control [Yoo, Han &
Drug (antioxidant) levals Kim. 2016

Known Feedforward/Feedback loops influencing this KER

None identified
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Relationship: 2771: Oxidative Stress leads to Altered Signaling

AOPs Referencing Relationship

AOP Name Adjacency Weight of Evidence Quantitative Understanding
Deposition of energy leads to vascular remodeling adjacent High Low
Deposition of Energy Leading to Learning and Memory Impairment adjacent High Low
Deposition of energy leading to occurrence of bone loss adjacent High Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus High NCBI
Pig Pig Moderate NCBI

Life Stage Applicability

Life Stage Evidence
Adult Moderate

Juvenile Moderate
Sex Applicability
Sex Evidence

Male High
Female Low

Unspecific Low

Based on the prioritized studies presented here, the evidence of taxonomic applicability is low for humans despite there being strong plausibility as the evidence
only includes in vitro human cell-derived models. The taxonomic applicability for mice and rats is considered high as there is much available data using in vivo
rodent models that demonstrate the concordance of the relationship. The taxonomic applicability was determined to be moderate for pigs as only one in vivo study
provided meaningful support to the relationship. In terms of sex applicability, all in vivo studies that indicated the sex of the animals used male animals, therefore,
the evidence for males is high and females is considered to be low for this KER. The majority of studies used adolescent animals, with a few using adult animals.
Preadolescent animals were not used to support the KER; however, the relationship in preadolescent animals is still plausible.

Key Event Relationship Description

Oxidative stress occurs when the production of free radicals exceeds the capacity of cellular antioxidant defenses (Cabrera & Chihuailaf, 2011). Reactive oxygen
species (ROS) and reactive nitrogen species (RNS) are both free radicals that can contribute to oxidative stress (Ping et al., 2020); however, ROS are more
commonly studied than RNS (Nagane et al., 2021). ROS can mediate oxidative damage to biomacromolecules as they react with DNA, proteins and lipids, resulting
in functional changes to these molecules (Ping et al., 2020). For example, ROS acting on lipids creates lipid peroxidation (Cabrera & Chihuailaf, 2011).

Many signaling pathways control and maintain physiological balance within a living organism, and these can be impacted by oxidative stress. Excessive reactive
oxygen and nitrogen species (RONS) during oxidative stress can modify biological molecules and directly cause DNA damage, which can lead to altered signal
transduction pathways (Hughson, Helm & Durante, 2018; Lehtinen & Bonni, 2006; Nagane et al., 2021; Ping et al., 2020; Ramadan et al., 2021; Schmidt-Ullrich et
al., 2000; Soloviev & Kizub, 2019; Wang, Boerma & Zhou, 2016; Venkatesulu et al., 2018; Zhang et al., 2016). Different cell types can express distinct cellular
pathways that can have varied response to an increase in oxidative stress. For example, oxidative stress in endothelial cells has been shown to inhibit the insulin-
like growth factor 1 receptor (IGF-1R) and phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt) pathway and to activate the mitogen-activated protein kinase
(MAPK) pathway, which can then have downstream detrimental effects (Ping et al., 2020). The MAPK family pathway is also activated in the central nervous system
(CNS) in response to oxidative stress through calcium-induced phosphorylation of several kinases. These include phosphoinositide 3-kinase (PI3K), protein kinase
A (PKA) and protein kinase C (PKC) and calcium/calmodulin-dependent protein kinase Il (CaMKIl) (Lehtinen & Bonni, 2006; Li et al., 2013; Ramalingam & Kim,
2012). Oxidative stress in bone cells can lead to increased expression of the receptor activator of nuclear factor kappa B ligand (RANKL) and Nrf2 activation
(Tahimic & Globus, 2017; Tian et al., 2017). Following activation, Nrf2 then interferes with the activation of runt-related transcription factor 2 (Runx2), and
depending on the level of oxidative stress, this may result in altered bone cell function (Kook et al., 2015).

Evidence Supporting this KER

Overall weight of evidence: High
Biological Plausibility

Many reviews describe the role of oxidative stress in altered signaling. The mechanisms through which oxidative stress can contribute to changes in various
signaling pathways are well-described. For example, oxidative stress can directly alter signaling pathways through protein oxidation (Ping et al., 2020; Schmidt-
Ullrich et al., 2000; Valerie et al., 2007). Oxidation of cysteine and methionine residues, which are particularly sensitive to oxidation, can cause conformational
change, protein expansion, and degradation, leading to changes in the protein levels of signaling pathways (Ping et al., 2020). Furthermore, oxidation of key
residues in signaling proteins can alter their function, resulting in altered signaling. For example, oxidation of methionine 281 and 282 in the Ca2*/calmodulin
binding domain of Ca2*/calmodulin-dependent protein kinase Il (CaMKIl) leads to constitutive activation of its kinase activity and subsequent downstream
alterations in signaling pathways (Li et al., 2013; Ping et al., 2020). Similarly, during oxidative stress, tyrosine phosphatases can be inhibited by oxidation of a
catalytic cysteine residue, resulting in increased phosphorylation of proteins in various signaling pathways (Schmidt-Ullrich et al., 2000; Valerie et al., 2007).
Particularly relevant to this are the MAPK pathways. For example, the extracellular signal-regulated kinase (ERK) pathway is activated by upstream tyrosine
kinases and relies on tyrosine phosphatases for deactivation (Lehtinen & Bonni, 2006; Valerie et al., 2007).
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Furthermore, oxidative stress can indirectly influence signaling pathways through oxidative DNA damage which can lead to mutations or changes in the gene
expression of proteins in signaling pathways (Ping et al., 2020; Schmidt-Ullrich et al., 2000; Valerie et al., 2007). DNA damage surveillance proteins like ataxia
telangiectasia mutated (ATM) kinase and ATM/Rad3-related (ATR) protein kinase phosphorylate over 700 proteins, leading to changes in downstream signaling
(Nagane et al., 2021; Schmidt-Ullrich et al., 2000; Valerie et al., 2007). For example, ATM, activated by oxidative DNA damage, phosphorylates many proteins in
the ERK, p38, and Jun N-terminal kinase (JNK) MAPK pathways, leading to various downstream effects (Nagane et al., 2021; Schmidt-Ullrich et al., 2000).

The response of oxidative stress on signaling pathways has been studied extensively in various diseases. Herein presented are examples relevant to a few cell
types related to vascular disease, impaired learning and memory, and bone loss. Many other pathways are plausible but available research has highlighted these
to be critical to disease.

Endothelial cells: Endothelial cells can normally produce ROS. Antioxidant enzymes and the glutathione redox buffer control the redox state of vascular tissues.
However, the dysregulation of signaling pathways can occur in the endothelium when oxidative stress is favored (Soloviev & Kizub, 2019). Oxidative stress can
activate the acidic sphingomyelinase (ASMase)/ceramide pathway, the MAPK pathways, the p53/p21 pathway, and the signaling proteins p16 and p21, as well as
inhibit the PI3K/Akt pathway (Hughson, Helm & Durante, 2018; Nagane et al., 2021; Ping et al., 2020; Ramadan et al., 2021; Soloviev & Kizub, 2019; Wang,
Boerma & Zhou, 2016).

Bone cells: oxidative stress can induce signaling changes in the Wnt/B-catenin pathway, the RANK/RANKL pathway, the Nrf2/HO-1 pathway, and the MAPK
pathways (Domazetovic et al., 2017; Manolagas & Almeida, 2007; Tian et al., 2017).

Brain cells: oxidative stress can induce alterations to various pathways such as the PI3K/Akt pathway, cCAMP response element-binding protein (CREB) pathway,
the p53/p21 pathway, as well as the MAPK family pathways, including JNK, ERK and p38 (Lehtinen & Bonni, 2006; Ramalingam & Kim, 2012).

Additionally, the electron transport chain in the mitochondria is an important source of ROS, which can damage mitochondria by inducing mutations in mitochondrial
DNA. These mutations lead to mitochondrial dysfunction due to alterations in cellular respiration mechanisms that perpetuates oxidative stress and can then induce
the release of signaling molecules related to apoptosis from the mitochondria. Pro-apoptotic markers (Bax, Bak and Bad) and anti-apoptotic markers (Bcl-2 and
Bcl-xL) can regulate the caspase pathway that ultimately mediate apoptosis (Annunziato et al., 2003; Wang & Michaelis, 2010; Wu et al., 2019).

The mechanisms of oxidative stress leading to altered signaling may be different for each pathway. For example, although both the PI3K/Akt and MAPK pathways
can be regulated by insulin-like growth factor (IGF)-1, ROS results in selective inhibition of the IGF-1R/PI3K/Akt pathway by inhibiting the IGF-1 receptor (IGF-1R)
activation of IRS1 (Ping et al., 2020). Additionally, ROS-induced MAPK activation can be done through Ras-dependent signaling. Firstly, oxygen radicals mediate
the phosphorylation of upstream epidermal growth factor receptors (EGFRs) on tyrosine residues, resulting in increased binding of growth factor receptor-bound
protein 2 (Grb2) and subsequent activation of Ras signaling (Lehtinen & Bonni, 2006). Direct inhibition of MAPK phosphatases with hydroxyl radicals also activates
this pathway (Li et al., 2013). In another mechanism, ROS competitively inhibit the Wnt/B-catenin pathway through the activation of forkhead box O (FoxO), which
are involved in the antioxidant response and require binding of B-catenin for transcriptional activity (Tian et al., 2017).

Empirical Evidence

Evidence for this relationship was collected from studies using in vivo mouse, rat, and pig models, as well as in vitro mouse-derived, rat-derived, bovine-derived,
and human-derived models. The stressors used to support this relationship include gamma rays, X rays, microgravity, hydrogen peroxide, chronic cold stress,
heavy ion radiation, simulated ischemic stroke and growth differentiation factor (GDF) 15 overexpression. These stressors were shown to increase levels of
oxidative stress and induce changes within relevant signaling pathways (Azimzadeh et al., 2021; Azimzadeh et al., 2015; Fan et al., 2017; Xu et al., 2019; Suman et
al., 2013; Limoli et al., 2004; Tian et al., 2020; Hladik et al., 2020; Diao et al., 2018; Hasan, Radwan & Galal, 2019; Xin et al., 2015; EI-Missiry et al., 2018;
Kenchegowda et al., 2018; Kook et al., 2015; Sun et al., 2013; Yoo, Han & Kim, 2016, Zhao et al., 2013; Bai et al., 2020; Chen et al., 2009; Carvour et al., 2008;
Wortel et al., 2019; Azimzadeh et al., 2017; Park et al., 2016; Sakata et al., 2015; Ruffels et al., 2004; Crossthwaite et al., 2002).

Incidence concordance

A few studies demonstrate greater changes to oxidative stress than to altered signaling. Human umbilical vein endothelial cells (HUVECS) irradiated with 10 Gy of
X-rays showed a 20-fold increase in ROS and a 0.5-fold decrease in the ratio of p-Akt/Akt (Sakata et al., 2015). Microgravity exposure to preosteoblast cells
showed a 0.24-fold decrease to the antioxidant Cu/Zn-superoxide dismutase (SOD) and a 0.36-fold decrease to p-Akt (Yoo, Han & Kim, 2016). It was also shown in
rats that MDA levels increased by 1.5-fold while angiotensin and aldosterone increased by 1.4-fold after 6 Gy of gamma rays (Hasan, Radwan & Galal, 2020). Bai
et al. (2020) demonstrated with multiple endpoints that ROS levels increased, and antioxidant enzyme levels decreased more than signaling pathways were
altered.

Dose Concordance

Many studies demonstrate dose concordance for this relationship, at the same doses. Low-dose (0.5 Gy) X-ray irradiation of human coronary artery endothelial
cells (HCAECs) show increased protein carbonylation with decreased glutathione S-transferase omega-1 (GSTO1) antioxidant levels and a simultaneous alteration
of signaling proteins Rho GDP-dissociation inhibitor (RhoGDI), p16, and p21 (Azimzadeh et al., 2017). A dose of about 2 Gy of gamma rays showed decreased
antioxidants as well as decreased protein levels and activation of the PI3K/Akt pathway in pig cardiac tissue (Kenchegowda et al., 2018). Similarly, gamma
irradiation at 6 Gy resulted in reduced levels of the antioxidant glutathione (GSH) and increased levels of the lipid peroxidation marker MDA as well as an increase
in the renin angiotensin aldosterone system (RAAS) measured in rat heart tissue and blood serum, respectively (Hasan, Radwan & Galal, 2020). HUVECs
irradiated with 10 Gy of X-rays demonstrated increased ROS while p-Akt decreased and p-ERK1/2 increased (Sakata et al., 2015). Gamma radiation at 15 Gy led
to both increased ROS as well as attenuated p38 MAPK and Nrf2 signaling pathways in murine cardiac tissue (Fan et al., 2017). In contrast, 16 Gy X-ray exposure
led to decreased levels of the antioxidant SOD, increased MDA as well as increased MAPK signaling in murine heart tissue (Azimzadeh et al., 2021). After
simulated microgravity, changes to signaling pathways, increased ROS and MDA, and decreased antioxidants were found both in in vitro mouse-derived bone cells
and in in vivo rat femurs. Increased ROS levels and decreased antioxidants were found with changes in the RANK/RANKL pathway, Wnt/B-catenin pathway, Runx2,
PI3K/Akt pathway, and MAPK pathways (Diao et al., 2018; Sun et al., 2013; Xin et al., 2015; Yoo, Han & Kim, 2016).

A few studies also find that oxidative stress often occurs at lower doses than altered signaling pathways. Bai et al. (2020) measured oxidative stress, shown by
increased ROS and decreased antioxidant expression, at 2, 5, and 10 Gy of gamma rays. They also found Runx2 increased at the same doses, but the p53/p21
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pathway was only significantly altered at 5 and 10 Gy (Bai et al., 2020). At similar doses, X-ray irradiated mouse osteoblast-like cell line MC3T3-E1 cells showed
increased ROS and decreased antioxidants both 4 and 8 Gy (Kook et al., 2015). While HO-1 also increased at both 4 and 8 Gy, Nrf2 and Runx2 were measured
altered at 8 Gy (Kook et al., 2015). In another study, X-ray irradiation at 16 Gy resulted in decreased SOD and increased MDA and protein carbonylation, which
were associated with decreased PI3K/Akt pathway activity and protein levels, decreased ERK activity and protein levels, increased p38 activity, and increased p16
and p21 protein levels in heart tissue (Azimzadeh et al., 2015). Azimzadeh et al. (2015) also showed that at 8 Gy oxidative stress was still observed, but fewer
signaling molecule levels and activity were altered at this. Particularly, no changes to MAPK pathways were observed.

Within the rat hippocampus, El-Missiry et al. (2018) demonstrated that exposure to 4 Gy of X-irradiation results in increased 4-HNE (oxidative stress marker) levels,
reduced antioxidant activity and an increase in p53 expression. In the cerebral cortex of mice, Suman et al. (2013) reported that 1.6 Gy of 56Fe and 2 Gy of
gamma rays increased ROS levels, consequently increased p21 and p53 levels. Limoli et al. (2004) also reported increased ROS levels in mice and rat neural
precursor cells after exposure to X-irradiation (1-10 Gy), accompanied by increased expression of p21 and p53. Hladik et al. (2020) exposed female mice to 0.063,
0.125 or 0.5 Gy of gamma-radiation, which resulted in increases of protein carbonylation, as well as increased phosphorylation of CREB, ERK1/2 and p38.
Radiation-induced changes in apoptotic markers were also reported. More specifically, there was a significant rise in pro-apoptotic markers Bax and caspase 3,
with significant reduction in anti-apoptotic marker Bcl-xL (Hladik et al., 2020). Furthermore, middle cerebral artery occlusion (MCAO) surgery known to simulate
ischemic stroke in C57BL/6J mice was shown to increase ROS levels, as well as the phosphorylation of ERK1/2, p38 and JNK (Tian et al., 2020).

Other studies that have used hydrogen peroxide (HoO») to induce oxidative stress within cell cultures, have also observed alterations in signaling pathways. Zhao
et al. (2013) exposed mouse hippocampal-derived HT22 cells to varying concentrations of HoO2 and found a dose-dependent increase in ROS production from
250-1000 pM. Additionally, treating the cells to HoO» resulted in a concentration-dependent increase of ERK1/2, JNK1/2 and p38 phosphorylation. Ruffels et al.
(2004) incubated human neuroblastoma cells (SH-SY5Y) to varying concentrations of HoO» that ranged from 0.5-1.25 mM and found a dose-dependent increase
in JNK1/2, ERK1/2 and Akt phosphorylation. Another study exposed SH-SY5Y and rat pheochromocytoma (PC12) cells to 0.05-2 mM H»>O» and found a dose-
dependent increase in ROS from 0-1 mM in SH-SY5Y cells, and from 0-2 mM in PC12 cells with a concentration-dependent increase in ERK1/2, p38 and JNK
phosphorylation (Chen et al., 2009). Furthermore, Crossthwaite et al. (2002) incubated neuronal cultures from 15- to 16-day-old Swiss mice to 100, 300 and 1000
pum H>O»2 and showed increased levels of ROS. A corresponding increase in ERK1/2 and Akt activation was observed at 100-300 um, and for JNK1/2 the
observation was observed at 1000 pm. Carvour et al. (2008) treated N27 cells (rat dopaminergic cell line) to 3-30 uM H>O» and measured increased ROS levels,
as well as increased apoptotic signaling molecules caspase 3 and proapoptotic kinase protein kinase C-6 (PKCb) cleavage.

Time Concordance

Limited evidence shows that oxidative stress leads to altered signaling pathways in a time concordant manner. When irradiated with X-rays, HCAECs, BAECs and
MCT3T3-E1 osteoblast-like cells show increase in ROS or levels of protein carbonylation, or a decrease in the levels of superoxide dismutase (SOD), catalase
(CAT), GSTOT1 or GSH at earlier timepoints than alterations in the signaling molecules p16, p21, Ceramide, Runx2, and HO-1 (Azimzadeh et al., 2017; Kook et al.,
2015; Wortel et al., 2019). As the key events are both molecular-level changes, both can occur quickly after irradiation. Wortel et al. (2019) found that increased
hydrogen peroxide levels could be observed in vitro as early as 2 minutes post-irradiation, while ASMase activity and ceramide levels were only increased 5
minutes post-irradiation.

When exposed to HoO2, PC12 cells show an increase production of ROS with a corresponding increase in phosphorylation of MAPK proteins in a time-dependent
fashion. An increase in ERK1/2, JNK and p38 phosphorylation was observed within 5-15 minutes and sustained for over 2 hours (Chen et al., 2009). When
exposed to cold stress for 1, 2 and 3 weeks, MDA levels increased in a time-dependent manner from 1-3 weeks within the brain tissue isolated from C57BL/6 mice.
The expressions of JNK, ERK and p38 phosphorylation levels were all also significantly upregulated in chronic cold-stressed groups for all time-points (Xu et al.,
2019). After gamma irradiation (2 Gy), ROS increased 2 months post-irradiation, while increased p21 and decreased Bcl-2 were only observed at 12 months
(Suman et al., 2013). However, other signaling molecules were increased at both times.

Essentiality

Several studies have investigated the essentiality of the relationship, where the blocking or attenuation of the upstream KE causes a change in frequency of the
downstream KE. The increase in oxidative stress can be modulated by certain drugs, antioxidants and media. L-carnitine injections decreased ROS and increased
p-p38/p38 and p-Nrf2/Nrf2 signaling (Fan et al., 2017). Fenofibrate was found to return SOD, phosphorylated MAPK signaling proteins and increase Nrf2 levels
(Azimzadeh et al., 2021). Antioxidants (N-acetyl cysteine, curcumin) were shown to restore or reduce ROS levels closer to control levels following radiation or
microgravity exposure, respectively. Signaling proteins in the Nrf2/HO-1 pathway and the RANKL/osteoprotegerin (OPG) ratio were decreased and brought closer
to control levels (Kook et al., 2015; Xin et al., 2015). Hydrogen rich medium showed reduced ROS with restoration of OPG and RANKL signaling levels to controls
(Sun et al., 2013). Polyphenol S3 (60 mg/kg/d) treatment was found to reverse the effect of microgravity on CAT, SOD and MDA, returning the levels to near
control values. Meanwhile, Runx2 mRNA levels and B-catenin/B-actin levels increased following treatment (Diao et al., 2018). Sildenafil is another drug that was
found to reduce ROS generation by inhibiting O»™ production and intracellular peroxynitrite levels in bovine aortic endothelial cells (BAECs) after gamma irradiation.
As well, ASMase activity and ceramide levels were inhibited by sildenafil (Wortel et al., 2019).

Within brain cells, several antioxidants have been found to attenuate oxidative stress-induced alterations in signaling pathways. These antioxidants include
Melandrii Herba extract, N-acetyl-L-cysteine (NAC), gallocatechin gallate/epigallocatechin-3-gallate, Cornus officinalis (CC) and fermented CC (FCC), L-165041,
fucoxanthin, and edaravone. These antioxidants were shown to reduce ROS and subsequently decrease phosphorylation of MAPKs such as ERK1/2, JNK1/2 and
p38 after exposure to radiation, H202 or LPS (Lee et al., 2017; Deng et al., 2012; Park et al., 2021; Tian et al., 2020; Schnegg et al., 2012; Zhao et al., 2017; Zhao
et al., 2013; El-Missiry et al., 2018). Another documented modulator is mesenchymal stem-cell conditioned medium (MSC-CM), which was able to alleviate
oxidative stress in HT22 cells and restore levels of p53 (Huang et al., 2021).

Uncertainties and Inconsistencies
e MAPK pathways can exhibit varied responses after exposure to oxidative stress. The expected response is an increase in the activity of the ERK, JNK, and
p38 pathways as protein phosphatases, involved in the inactivation of MAPK pathways, are deactivated by oxidative stress (Valerie et al., 2007). Although

some studies observe this (Azimzadeh et al., 2021; Sakata et al., 2015), others show a decrease (Fan et al., 2017; Yoo, Han & Kim, 2016) or varying
changes (Azimzadeh et al., 2015) in the MAPK pathways.

Quantitative Understanding of the Linkage

The tables below provide representative examples of quantitative linkages between the two key events. It was difficult to identify a general trend across all the
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studies due to differences in experimental design and reporting of the data. All data that is represented is statistically significant unless otherwise indicated.

Response-response relationship

Dose/Incidence Concordance

Reference

Experiment Description

Result

Azimzadeh et

In vitro. HCAECs were irradiated with 0.5 Gy of X-rays (0.5
Gy/min). Protein carbonylation and GSTO1 antioxidant levels were
measured with a carbonylation assay and immunoblotting,

After 0.5 Gy, carbonyl content increased a maximum of 1.2-fold and GSTO1
decreased a maximum of 0.78-fold. After 0.5 Gy, p-RhoGDI decreased a

al., 2017 . X . 4 A . . maximum of 0.7-fold, p16 increased a maximum of 1.5-fold, and p21 increased
respectively. Proteins from various signaling pathways including 2 maximum of 1.2-fold
RhoGDI, p16, and p21 were measured with immunoblotting. ’ ’
In vivo. Male 3- to 5-month-old Gottingen minipigs and Sinclair
minipigs were whole-body irradiated with 1.7-2.3 Gy of 80Co
gamma rays (0.6 Gy/min). Both survivors (n=23) and euthanized |Compared to survivors, radiation induced a 2.1-fold increase in p67, 0.87-fold
K moribund animals (n=17) had measurements taken for oxidative decrease in SOD, and a 0.83-fold decrease in CAT (non-significant, ns) in the
enchegowda . 4 . . R
ctal 2018 |stress and altered signaling taken from the heart. SOD, CAT, and deceased group. Compared to survivors, th? ratio Of activated
’ p67 (subunit of NADPH oxidase/NOX, involved in producing (phosphorylated) to total IGF-1R and the ratio of activated (phosphorylated) to
superoxide) levels were determined with western blot. ELISA and  |[total Akt both decreased 0.5-fold in the deceased group.
western blot were used to measure altered signaling in the
IGF/PI3K/Akt pathway.
In vitro. MC3T3-E1 osteoblast-like cells were irradiated with 2, 4, |ROS increased linearly at 2 and 4 Gy up to 1.4-fold at 8 Gy (significant
and 8 Gy of X-rays (1.5 Gy/min). ROS were measured with a changes at 4 Gy and 8 Gy). GSH and SOD were decreased 0.7-fold at 4 Gy
Kook et al., |[fluorescent probe, and SOD, CAT, and GSH antioxidant activities [and 0.5-fold at 8 Gy (insignificant increases at 2 Gy). CAT was also decreased
2015 were determined with assay kits. Protein levels in the Nrf2/HO-1 but not significantly. HO-1 increased 3.3-fold after 4 Gy and 4.9-fold after 8 Gy
signaling pathway were determined by either western blot or RT-  ||(insignificant increase at 2 Gy). Nrf2 increased 2.3-fold after 8 Gy. Runx2
PCR. mRNA was decreased 0.5-fold after 8 Gy.
In vitro. Rat-derived bone marrow-derived mesenchymal stem cells Mitc;)czhgr;dll;;al tR%S(;ncgilseld 1;;;;'_(‘ at2 Gﬁ (:c;nf—sligni{i;agt), f—;o:dlgt ‘:’ ?y,
L . and 2.3-fold a y. Cellular increased 1.2-fold a y, 1.5-fold a
. (bmMSCs) were irradiated with 2, 5, and 10 Gy of 13Cs gamma |5 "2 45 4 {516 2t 10 Gy. Antioxidants SOD1, SOD2, and CAT all decreased
Bai et al., rays. Mitochondrial and cellular ROS levels were determined with bout 0.9-fold (ns for SOD2) after 2 Gy, 0.8- to 0.7-fold at 5 Gy, and 0.7 to
2020 fluorescent probes. RT-qPCR was performed to measure el Ok Uk ) Uk )
L . } S . 0.4-fold at 10 Gy. Runx2 decreased 0.9-fold at 2 and 5 Gy and 0.6-fold at 10
alntloxl|dant e S O groteinleXpreseionl DlVariots Gy. p21 increased 1.6-fold at 5 Gy and 2.5-fold at 10 Gy. p53 increased 1.6-
signaling pathways was measured by western blot. fold at 5 Gy and 1.7-fold at 10 Gy. p16 remained unchanged.
In vivo. 10-week-old male C57BL/6J mice were irradiated with
gg?ft 2 60Co gamma rays at 3 Gy/day for 5 days. Left ventricular cardiac  |Following irradiation, ROS production increased by 3.6-fold.
tissue was harvested for analysis. ROS was detected by
dihydroethidium (DHE) staining. MAPK and Nrf2 signaling p-p38/p38 decreased by 0.36-fold and p-Nrf2/Nrf2 decreased by 0.14-fold.
molecules were measured by western blot.
. ) . . . Following irradiation, MDA levels increased by 1.5-fold and GSH levels
In vivo. 6-week-old male Wistar rats were irradiated with 6 Gy decreased by 0.5-fold. Angll and aldosterone increased 1.4-fold compared to
Hasan, 137Cs gamma rays. Oxidative stress was measured by MDA and  |control.
Radwan & GSH in heart tissue. Angiotensin Il (Angll) and aldosterone, key
Galal, 2020 ||molecules in the RAAS pathway, were measured with ELISA kits in

serum.

Azimzadeh et

In vivo. Male 10-week-old C57BL/6 mice were irradiated with 8 and
16 Gy of X-rays. SOD, MDA, and protein carbonylation levels were
determined with immunoblotting, lipid peroxidation, and protein

SOD decreased 0.7-fold at both 8 and 16 Gy and MDA increased 1.4-fold after
8 Gy and 2.1-fold after 16 Gy. Protein carbonylation increased 1.4-fold after 16
Gy. Levels and activity of proteins in the PI3K/Akt pathway were decreased
between 0.5- and 0.1-fold at both 8 and 16 Gy. The ERK/MAPK pathway was

al, 2015 sz:iinsyls?t'sgliissaztsr;vrvzsze;g\rlzhr/r’]ér;:frig t/lvsltsr:J ?&]:3:28; tltr:n in found decreased 0.5-fold at 16 Gy and the p38/MAPK pathway was found
heart tisst?e 9P 4 9 increased 1.3-fold at 16 Gy. p16 was increased 1.6-fold at both 8 and 16 Gy.
’ p21 was increased 2.4-fold at both 8 and 16 Gy.
Following 10 Gy irradiation, the intensity representing ROS generation
increased 20- and 30-fold at the 24 and 72 h timepoints, respectively.
In vitro. HUVECs were irradiated with 10 Gy X-rays at a dose rate
Sakata et al of 5 Gy/min. Measurements were performed 0-72 h post- MAPK, p38 and JNK remained unchanged for the 72 h measured following 10
5015 ” |lirradiation. ROS were detected by fluorescence microscopy. Gy irradiation.
MAPK, Akt, p-p38, JNK and ERK1/2 signaling molecules were
measured by western blot.
p-Akt/Akt in HUVECs after 10 Gy irradiation showed an initial decrease at 5 min
and a delayed decrease of 0.5-fold at 6-24 h. p-ERK1/2 decreased at 5 min
then increased to a maximum 1.75-fold change.
In vitro. BAEC irradiated with 10 Gy 137C; t
rgt: ::1 66 G;/xier:eér;tarafeﬁuI::IH202 V\)//as mezgjrzénsyriﬁ;ej Following 10 Gy irradiation, intracellular HoO» increased to a maximum 1.35-
Red Assay, intracellular HoO» levels were determined by HyPer (fold- Extracellular HoOz increased by 1.75-fold. Peroxynitrite increased by
Wortel et al. |sensor and peroxynitrite was quantified by chemiluminescence 2._86—fo|d after 10 Gx (Figl 5).' Superoxide Iev‘ells i_ncreased over 350% at2
0019 " |lassay. Superoxide levels were quantified by luminescence after | Minutes after 10 Gy irradiation. ASMase activity increased to a maximum 5.6-

treatment with Diogenes Complete Enhancer Solution. The
activation of the ASMase enzyme and the levels of ceramide were
quantified by radioenzymatic assay to deter mine the changes on
the ASMase/ceramide pathway.

fold at 5 min after irradiation, then decreased and remained unchanged until
the 30 min time-point. Ceramide increased from -500 to over 3000 pmol/106
cells. The significance of these changes was not indicated against a control.

Azimzadeh et
al., 2021

In vivo. Male C57BL/6J mice 8 weeks of age were irradiated with
16 Gy of X-rays to the heart. SOD antioxidant activity and MDA in
heart tissue were determined with an assay kit and lipid
peroxidation assay, respectively. The level of proteins in MAPK
pathways were determined by ELISA in heart tissue.

After 16 Gy, SOD decreased 0.8-fold and MDA increased 1.3-fold. After 16 Gy,
p-ERK increased 1.5-fold, p-p38 increased 1.3-fold, and p-JNK increased 1.3-
fold.

In vitro and in vivo.
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In vitro. MC3T3-E1 osteoblast-like cells were exposed to
microgravity for 96 hours. ROS were determined with a fluorescent
probe and the RANK/RANKL pathway was measured using RANKL

In vitro. ROS increased 1.5-fold and the RANKL/OPG ratio increased 1.6-fold.

Xin et al., and OPG assay kits.
2015
In vivo. Serum and femur MDA increased 1.4-fold and femur sulfhydryl
decreased 0.6-fold. The RANKL/OPG ratio increased 3.5-fold.
In vivo. Male 8-week-old Sprague-Dawley rats were exposed to
hind-limb suspension for 6 weeks. Femur and plasma MDA and
femur sulfhydryl levels were measured with assay kits and the
RANK/RANKL pathway was measured in the femur using RANKL
[A0itrS. e PY-EfSosteoblast-like cells were exposed to
Sun et al., g’y'céofﬁ;;";tsycg?;g)bg"TghGeh;;,'\lskggﬁgr;‘:;(‘fw;'; ‘(’j":tsemizzrgs ROS increased 1.5-fold. The RANKL/OPG ratio increased 1.6-fold. Runx2
AUl assay kit and Runx2 mRNA expression was determined by RT- expression decreased 0.4-fold.
gPCR
In vitro. Preosteoblast MC3T3-E1 cells were exposed to . . .
microgravity conditions by a 3D clinostat at a speed from 1-10 rpm. Following microgravity exposure, Cu/Zn—SQD and Mn-SOD levels decreased
Yoo, Han &  [Oxidative stress was measured by Cu/Zn-SOD, Mn-SOD and by 0.24 and 0.65-fold, respectively. Signaling molecules p-Akt decreased by
Kim, 2016 catalase activity. Signaling molecules, p-Akt, phosphorylation of the 0.36-fold. p-mTOR and p-ERK decreased by 0.58-fold.
mechanistic target of rapamycin p-(mTOR), and p-ERK were
measured by western blot.
In vivo. The left femur of rats was studied after exposure to
Diao etal., |simulated microgravity. Oxidative stress was measured by MDA,
SOD, and CAT levels. RANK/RANKL signaling pathway was .
2018 measured in rat femur by enzyme_”nkegd imnfu‘r’loassa’; dotoction MDA increased by 1.4-fold. SOD and CAT levels decreased by 0.4-fold.
of OPG/RANKL molecules. Signaling molecule, Runx2, mRNA OPG/RANKL decreased by 0.6-fold. Runx2 mRNA levels decreased 0.04-fold
levels were measured by quantitative real time PCR. The Wnt/B- (7l 2. (e mn EloETeEae el
catenin pathway was measured by western blot for B-catenin
protein levels.
In vivo. Male Wistar rats were irradiated with gamma rays ('37Cs
source, 4 Gy, 0.695 cGy/s) and measurements were taken from
El-Missiry et the hippocampus. Assay kits were used to assess levels of After 4 Gy, 4-HNE increased 2.4-fold, protein carbonylation increased 3.2-fold,
al. 2018 oxidative stress for marker 4-HNE (4-hydroxy-2-nonenal) and GSH decreased 0.4-fold, GPx decreased 0.3-fold, GR decreased 0.2-fold, and
b antioxidant markers GSH, glutathione peroxidase (GPx) and p53 increased 2.7-fold.
glutathione reductase (GR). Levels of p53 were determined using
an assay kit.
In vivo. Female adult C57BL/6J mice were irradiated with 1.6 Gy of [ROS increased a maximum of 1.2-fold after gamma rays and 1.4-fold after
56F¢ or 2 Gy of 137Cs gamma irradiation at 1 Gy/min, then 56Fe radiation. The number of 4-HNE+ cells increased a maximum of 4.4-fold
Suman et al., |measurements were taken from the cerebral cortex. ROS levels after gamma radiation and 14-fold after 56Fe radiation. p21 increased a
2013 were determined with flow cytometry and 4-HNE levels were maximum of 1.5-fold after gamma rays and 3-fold after 56Fe radiation. p53
assessed with immunohistochemical staining. p21 and p53 levels  |lincreased a maximum of 8.4-fold after gamma rays and 9-fold after 56Fe
were determined with immunoblotting. inti
radiation.
In vivo. Adult male C57BL/6J mice were irradiated with 1-10 Gy of
X-ray at 1.75 Gy/min. MDA levels in the hippocampus were
measured using an assay kit and western blot was used to
determine p53 and p21 levels. MDA levels increased about 30% at 10 Gy. ROS increased a maximum of 31%
Limoli et al., at 1 Gy and 35% at 5 Gy, after 24 and 12 hours, respectively. At 5 Gy, p53
2004 levels increased a maximum of 4-fold, while p- p21 also increased at this
In vitro. Neural precursor cells from the rat hippocampus were dose.
irradiated with 1-10 Gy of X-ray at 4.5 Gy/min. ROS levels were
measured using CM-H2DCFDA dye and Western blot was used to
measure p53 and p21 levels.
In vivo. C57BL/6J mice (including miR-137-/- and Src-/- models) ) )
underwent middle cerebral artery occlusion (MCAO) to simulate ROS mgreased 1.8-fold. ERK1/2, p38 and JNK mRNA mcregsed 2- to 3- fold.
Tian et al., ischemic stroke and measurements were taken 7 days later in the The ratios of phosphorylated to total ERK1/2, p38 and JNK increased 2- to 3-
2020 cerebral cortex. ROS levels were measured with DGFH-DA el e ol
fluorescent dye. Signaling molecules were measured with western
blotting or RT-qPCR.
Carbonylated proteins (indicative of ROS levels) were elevated in the 0.125
and 0.5 Gy group by approximately 25% and 30%, respectively. CREB
In vivo. Female B6C3F1 mice were exposed to total body 69Co phosphorylation increased by approximately 20% and 25% at 0.063 and 0.125
gamma irradiation at 0.063, 0.125, or 0.5 Gy and at a dose rate of Gy, respectively. Phosphorylated p38 increased by approximately 100% and
0.063 Gy/min. Measurements from the hippocampus were taken 80% at 0.063 and 0.125 Gy, respectively. Phosphorylated ERK1/2 increased
Hiadik etal., | ] T 0 oo by approximately 100% and 90% at 0.063 and 0.125 Gy, respectivel
0020 up to 24 months post-irradiation. Protein levels in various signaling [[°Y 8PP Yy g OB 2 Y, resp Vo

pathways (CREB, p38, ERK1/2, pro-apoptotic Bax and cleaved
caspase 3, anti-apoptotic Bcl-xL) were determined with
immunoblotting.

Anti-apoptotic BCL-xL decreased by 1.7-fold at 0.5 Gy, whereas pro-apoptotic
Bax increased by approximately 2-fold at this dose. Caspase 3 also increased
by approximately 2-fold at 0.5 Gy.

Carvour et al.,
2008

In vitro. Mesencephalic dopaminergic neuronal cell line (N27)
derived from rat mesencephalon were exposed to 3, 10, or 30 uM
of HoO2. ROS levels were detected using dihydroethidine dye and
flow cytometry. Western blot was used to detect cleaved PKC6 and
Sytox fluorescence was used to measure caspase-3 enzyme
activity.

Exposure to 10 and 30 pM of HoO» resulted in 34 and 58% increases in ROS

production, respectively, compared to untreated N27 cells. Exposure to 3, 10,
and 30 puM hydrogen peroxide resulted in 2-, 10-, and 9-fold increases in
caspase-3 enzyme activity. Lastly, exposure to 10 and 30 uM of HoO» dose-
dependently induced proteolytic cleavage of PKCb.

Al a1

In vitro. PC12 and SH-SY5Y human cells were incubated with

Treatment with HoO» for 24 h resulted in a concentration-dependent increase

of ROS production at the concentrations of 0—-1 mM in PC12 and SH-SY5Y
cells. In comparison with PC12, SH-SY5Y cells appeared to be more sensitive
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;(')'gé' OER Hzorz_f-rhé proicriurctiion of éosfwa; m’éaéurédrby detectlng the to HoOo, thereby showing a decreased ROS production at 2 mM. Additionally,
fluorescent intensity of oxidant-sensitive probe CM-H2DCFDA. treatment of PC12 cells with HO» for 2 h increased phosphorylation of Erk1/2
Western blot analysis was used to assess activation of MAPKs. and p38 in a concentration-dependent manner. Noticeably, HoO»-activation of
JUNK resulted in a robust (5—10-fold) increase of protein expression and
phosphorylation of c-Jun at 0.3—1 mM. Similar results were also seen in SH-
Time-scale SY5Y cells (data not shown).
Time Concordance
Reference |Experiment Description Result
In v:tr.o. HCAEC.;S were |rrad.|ated i 08 €y of.X-lrays (0.5 After 7 and 14 days, carbonyl content increased 1.2-fold (insignificant increase at 1 day
Gy/min). Protein carbonylation and GSTO1 antioxidant level . - o
) ) . post-irradiation). After 1-14 days, GSTO1 decreased 0.78-fold (significant decreases at
Azimzadeh |were measured with a carbonylation assay and ) ) L
| ) ) . . . . [all timepoints). After 1 and 7 days, p-RhoGDI decreased 0.7-fold (non-significant
et al., immunoblotting, respectively. Proteins from various signaling . o )
. ) decrease at 14 days post-irradiation). p16 increased 1.2-fold after 7 days and 1.5-fold
2017 pathways including RhoGDI, p16 and p21 were measured I : - )
o . after 14 days (non-significant increase at 1 day post-irradiation). p21 increased 1.2-fold
with immunoblotting. Measurements were taken at 1, 7, and U . . L
. e after 7 and 14 days (insignificant increase at 1 day post-irradiation).
14 days after irradiation.
In vitro. BAECs were irradiated with 10 Gy 137Cs gamma
HERES a;.a ratelof 1,'66 Gy/mm.fSuperomde Ievglhs I\:/)s{ere Superoxide increased by over 350% at 2 minutes post-irradiation. ASMase activity
Wortel et (éuantllled Eyhumlnesscelnc_e a t_ﬁ: treatlmefn W'tf " |oggr’\1/|es increased to a maximum 5.6-fold at 5 min post-irradiation. Ceramide increased from -
al., 2019 SRS dn han::er | u L;non. ,g SEEIEN @ tf ed b as€ 1500 to over 3000 pmol/106 cells at 5 minutes post-irradiation. The significance of these
enzyme an t_ PIXEBE ceraml. & were quantified by changes was not indicated against a control.
radioenzymatic assay to deter mine the changes on the
ASMase/ceramide pathway.
In vitro. MC3T3-E1 osteoblast-like cells were irradiated with
X-rays (1.5 Gy/min). ROS were measured with a fluorescent |After 1 day and 8 Gy, ROS increased 1.4-fold, GSH decreased 0.5-fold, and SOD
Kook et al., |[probe, and SOD, CAT, and GSH antioxidant activities were |decreased 0.5-fold. CAT was also decreased but not significantly. After 1 day and 8 Gy,
2015 determined with assay kits. Protein levels in the Nrf2/HO-1 Nrf2 increased 2.3-fold. After 2 days and 8 Gy, HO-1 increased 4.9-fold. After 3 days
signaling pathway were determined by either western blot or [and 8 Gy, Runx2 mRNA was decreased 0.5-fold.
RT-PCR.
In vivo. Female adult C57BL/6J mice were irradiated with 1.6 0 - ) -
Gy of 56Fg or 2 Gy of 137Cs gamma irradiation at 1 Gy/min, /’\\AII changes ‘after Fe Irad!z‘mon were founi gfter bo_th Zfa“d 1.2 months pgst—lr_ralchatlon.
Suman et then measurements were taken from the cerebral cortex until h ost endp02|r11ts V\I'efe B |n;rea152ed at b:t btln;ef pl(()jmtt)s S ovgng gahmmar:rllradla.t(;onl,
5 more up to 12 months. ROS levels were determined with flow owever, p21 only increased at mont. s by 3-fold, but not 2 months, while oxidative
- cytometry and 4-HNE levels were determined with stress was shown at 2 months (0.2-fold increase).
immunohistochemical staining. p21 and p53 levels were
determined with immunoblotting.
MDA levels increased in a time-dependent manner. At 1 week, there was an
I vitro, Adult male G57BL/6 mice experienced chronic cold approximate 3-fold increase, at 2 wgeks was _an approx. 4-fold increase and for 3
. L weeks, there was an approx. 5-fold increase in response to cold stress. Phosphorylated
Xu et al., |stress for various lengths (1, 2 and 3 weeks). Brain tissue X
JNK increased by ~10% (1 week) and ~30% at 2 and 3 weeks compared to room
2019 was then collected, and Western blot was used to measure )
MDA and proteins of MAPK (JNK, ERK and p3s) temperature control. Phosphorylated ERK increased by ~60% at 1 week, ~150% at 2
P ’ p3g). weeks and ~140% at 3 weeks. Phosphorylated p38 increased by ~50% at 1 week,
~100% at 2 weeks and ~150% at 3 weeks.
r’]” (;/itro. PC12 ap: S_';';]SYSYdh“”_'a” cfeg{sOVéere incubated ‘é"ith They observed that HoO, induced phosphorylation of MAPKs in a time-dependent
Chen et al., Y rogen. peroxige. The pro. uctlor.1 0 ) was meaﬁure fashion. Within 5-15 min, H>O» increased phosphorylation of Erk1/2, JNK and p38, and
2009 by detecting the fluorescent intensity of oxidant-sensitive . . . .
probe CM-H2DCFDA. Western blot analysis was used to such phosphorylatlonl was sustained for over 2 h. Consistently, high levels of c-Jun and
assess activation of MAPKSs. phospho-c-Jun were induced.

Known modulating factors

Modulating Details Effects on the KER References
factor
Fenofibrate (PPARa activator, Treatment of mice with 100 mg/kg of body weight daily for 2 weeks before and 2 weeks after -
Drug PPARa is a transcription factor that |radiation restored SOD activity, returned the level of phosphorylated MAPK proteins and 4l 2021
can activate antioxidant response) increased Nrf2 levels. N
Dru L-carnitine (antioxidant) L-carnitine injections (100 mg/kg) following irradiation resulted in decreased DHE staining, Fan et al,,
9 indicating ROS, and increased p-p38/p38 and p-Nrf2/Nrf2. 2017
Dru N-acetyl cysteine (antioxidant) Treatment of osteoblast-like cells with 5 mM restored ROS levels, SOD activity, and the level of |[Kook et al.,
9 Yoy proteins in the Nrf2/HO-1 pathway. 2015
Treatment of osteoblast-like cells with 4 uM reduced ROS levels and the RANKL/OPG ratio. Xin et al
Drug Curcumin (antioxidant) Treatment of rats with 40 mg/kg of body weight reduced oxidative stress and the RANKL/OPG 5015 N
ratio.
- Bradykinin potentiating factor (BFP) Treatment with BFP (1ug/g) after irradiation showed decreased Angll and aldosterone levels ggze\j‘gn &
(antioxidant) compared to irradiation alone. Galal, 2020
Media Hydrogen-rich Osteoblasts in a medium consisting of 75% H2, 20% 02, and 5% COj (vol/vol/vol) showed a  [Sun et al.,
i L ) . . '
(antioxidant) reduction in ROS production and restoration of normal signaling. 2013
Drug Melatonin Treatment with 200 nM melatonin reversed the effect of microgravity on Cu/Zn-SOD and Mn- Yoo, Han &
(antioxidant) SOD to control levels. Kim, 2016
Polyphenol S3 treatment reverses the effect of microgravity on CAT, SOD and MDA, returning Diao et al
Drug Polyphenol S3 the levels to near control values when S3 is used at high dose (60mg/kg/d). Runx2 mRNA levels 5018 v
and B-catenin/B-actin levels increased following treatment and simulated microgravity.
Dru Sildenafi Sildenafil (5 uM) inhibits O2- production and attenuates intracellular peroxynitrite in BAECs after |Wortel et al.,
9 10 Gy irradiation. As well, ASMase activity and ceramide generation was inhibited. 2019
DPI
Drug Inhibits O2™ production and intracellular HoO» in BAECs after 10 Gy irradiation. Z\éc:r;el Gl
(NOX-inhibitor)
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Dru Edaravone (EDA) which acts as a EDA treatment was able to reduce the levels ot ROS and consequently decrease the expression [Zhao et al.,
9 free radical scavenger levels of phosphorylated JNK, p38 and ERK1/2. 2013
Th tract ble to red the HoOo-induced phosphorylati f ERK1/2, JNK1/2 and p38
Drug Melangril Herbal extract (anfioxidant) || e extract was able to reduce the HoO»-induced phosphorylation o , and p Lee et al,,
in human neuroblastoma SH-SY5Y cells. 2017
Dru N-acetyl-L-cysteine (NAC) Attenuated the effects of HoOp in BV-2 murine microglial cells as treatment with NAC reduced c- |Deng et al.,
9 (antioxidant) Jun and ERK1/2 phosphorylation. 2012
SailIc;cl:lif:tzz]h?na-?teaI(Igt(;(?l)E(OErCG) GCG and EGCG inhibits ROS accumulation in mouse hippocampal-derived HT22 cells and gg; ?;Eil"
Drug Pig ) g o ’ |Wistar rats, respectively. This consequently reduced glutamate-induced phosphorylation of L
both of which have antioxidant Missiry et al.,
. MAPKs (ERK and JNK) and returned p53 to control levels.
properties 2018
Cornus officinalis (CC) and Both CC and FCC were able to reduce intracellular ROS generation in H202-induced Tian et al
Drug fermented CC (FCC), both of which ||neurotoxicity in SH-SY5Y human neuroblastoma cells. This was accompanied with a decrease in 2020 v
have antioxidant properties ERK1/2, JNK and p38 phosphorylation.
L-165041, a PPARS ist (PPAR
Drug is a6t?a(1)nsc’r?ption factirg?;;?tc(an a 10 Gy of 137Cs irradiation resulted in an increase in intracellular ROS and c-Jun, MEK1/2 and  ||Schnegg et
activate antioxidant response). ERK1/2 phosphorylation in BV-2 cells, all of which were attenuated with L-165041 treatment. al., 2012
Dru Fucoxanthin (antioxidant) Fucoxanthin was able to inhibit the LPS-induced increase in intracellular ROS and Zhao et al.,
9 phosphorylation of JNK, ERK and p38. 2017
Media Mesenchymal stem-cell conditioned |[MSC-CM was able to inhibit the X-ray-induced increase in ROS and MDA levels and decrease in|Huang et al.,
medium (MSC-CM) SOD and GSH levels, resulting in activation of PI3/Akt. 2021

Known Feedforward/Feedback loops influencing this KER

ROS can upregulate protein kinase C, which stimulates the production of ceramide from sphingomyelinase. Ceramide activates NADPH oxidase, which can then
produce more ROS (Soloviev & Kizub, 2019). Another feedback loop exists between the Nrf2/HO-1 signaling pathway and oxidative stress. The Nrf2/HO-1 signaling
pathway is involved in negative feedback of oxidative stress, activating transcription of anti-oxidative enzymes to regulate cellular ROS and maintain a redox
balance (Tahimic & Globus, 2017; Tian et al., 2017). Lastly, the MAPK pathway also exhibits a feedback loop. ERK can regulate ROS levels indirectly through
p22phox, which increases ROS and upregulates antioxidants by Nrf2 activation. JNK activation can lead to FoxO activation, thereby resulting in antioxidant
production (Arfin et al., 2021; Essers et al., 2004).
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Relationship: 2842: Increase, Cell death leads to Altered Bone Cell Homeostasis

AOPs Referencing Relationship

AOP Name Adjacency Weight of Evidence Quantitative Understanding

Deposition of energy leading to occurrence of bone loss adjacent High Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

Adult Moderate

Juvenile Low
Sex Applicability
Sex Evidence

Male Low
Female Low

Unspecific Moderate

The evidence for the taxonomic applicability to humans is low as majority of the evidence is from in vitro human-derived cells. The relationship is supported by mice
and rat models using male and female animals. The relationship is plausible at any life stage. However, most studies have used adult animal models.

Key Event Relationship Description

With respect to bone, an increase in cell apoptosis can overwhelm bone homeostasis leading to the release of pro-inflammatory factors, such as tumor necrosis
factor (TNF)-a, interleukin (IL)-6, and IL-1, that can promote disbalance of bone homeostasis (Fadeel & Orrenius, 2005). For example, increased apoptosis of
osteocytes can lead to increased bone resorption and decreased bone deposition. Although the exact mechanism is still debated, it is believed that apoptotic
osteocytes release various osteoclast stimulatory factors, such as the receptor activator of nuclear factor kappa B ligand (RANKL), upon death. Neighbouring viable
osteocytes also release signals to recruit macrophages/pre-osteoclasts to stimulate osteoclastogenesis, leading to increased bone resorption locally (Jilka, Noble,
and Weinstein, 2013; Komori et al., 2013; Plotkin, 2014). Additionally, some studies suggest osteoblast apoptosis may augment bone resorption as the pool of
active osteoblasts is reduced and unable to counteract the activity of osteoclasts (Xiong et al., 2013).

Evidence Supporting this KER

Overall weight of evidence: High
Biological Plausibility

The biological rationale for the connection of cell death and altered bone cell homeostasis is well-supported in the literature. Bone homeostasis is regulated by the
balanced action of bone-forming osteoblasts and bone-resorbing osteoclasts and by the action of osteocytes, the “mechano-sensing cells” in the compact bone.
Research has shown that osteocyte apoptosis-induced bone resorption plays a role in regulating bone homeostasis/bone mass (Komori, 2013). Briefly, apoptotic
osteocytes release of osteoclast stimulatory factors that recruit pre-/osteoclasts locally to the apoptotic cell (Jilka, Noble, and Weinstein, 2013; Komori, 2013;
O’Brien, Nakashima, and Takayanagi, 2013; Plotkin, 2014; Xiong and O’Brien, 2012). Further osteoblast death may impair bone formation as the pool of active
bone-forming osteoblasts decreases.

Regardless of if cells undergo apoptosis or autophagy, death is completed with the removal of the cells through engulfment by scavengers. In these cases, the cells
are quietly removed without inflammation, because the integrity of the cytoplasmic membranes is maintained when phagocytosis occurs. In the case of apoptotic
osteocytes, scavengers cannot reach osteocytes that are embedded in the compact bone and, thus, any type of osteocyte death will end in the rupture of the
cytoplasmic membrane (Komori, 2013). After cell rupture, immunostimulatory factors are released to the bone surface and vascular channels and facilitate the
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recruitment and activation of macrophages, thereby promoting the production of proinflammatory cytokines that in turn facilitates osteoclastogenesis and bone
resorption (Komori, 2013). The relationship between osteocyte apoptosis and increased local bone resorption has been verified by studies showing co-localization
of apoptotic osteocytes and recruited osteoclasts, blockade of osteocyte apoptosis reduced bone resorption, and osteocyte apoptosis preceding osteoclast
recruitment (Jilka, Noble, and Weinstein, 2013; O’'Brien, Nakashima, and Takayanagi, 2013; Plotkin, 2014; Xiong et al., 2013). However, the exact mechanism how
apoptotic osteocytes recruit osteoclasts is still debated.

It has been shown that after rupture of the plasma membrane of dead osteocytes immunostimulatory factors such as high-mobility group box 1 (HMGB1) are
released, facilitating the recruitment and activation of macrophages, thereby promoting the production of proinflammatory cytokines such as TNF-a, IL-6 and IL-1.
IL-6 and IL-1 induce RANKL expression, that in turn facilitates osteoclastogenesis and bone resorption (Jilka, Noble, and Weinstein, 2013; Komori, 2013). Other
studies, however, propose that apoptotic osteocytes signal to viable osteocytes in their vicinity to express high ratios of RANKL/OPG (RANKL being the main
stimulator of osteoclastogenesis and OPG, osteoprotegerin, its inhibitor) and other pro-osteoclastogenic factors that directly stimulate osteoclast recruitment and
enhance the production of mature osteoclasts (O’Brien, Nakashima, and Takayanagi, 2013; Plotkin, 2014).

Autophagy is part of the regulation process of osteoclast differentiation and function and thus linked to bone resorption. Regarding bone resorption, osteoclasts
encounter a low oxygen tension in their local environment as they are living at the surface and interior parts of the bone (Shapiro et al., 2014). Different studies
have reported that hypoxia via activation of HIF-1a (hypoxia inducing factor-1a) enhances osteoclast differentiation and activity along with autophagic flux
(Knowles and Athanasou, 2009). HIF-1a induces the expression of its downstream target BNIP3, which stimulates Beclin-1 release, increases the expression level
of autophagic-related genes such as ATG5 and ATG12, recruits LC3 to autophagosome, and enhances the expression of osteoclast genes (nuclear factor of
activated T cells 1 (NFATc1), tartrate-resistant acid phosphatase (TRAP), Cathepsin K (CTSK), and matrix-metalloproteinases (MMPs)) (Zhao et al., 2012). It also
has been shown that upon activation of the osteoclast receptor RANK, by osteoblast-secreted and osteocyte-secreted RANKL, leads to the recruitment of TRAF6
and an increase of Beclin-1 and ATG5/7/12 with enhanced activation of LC3. Further, formed autophagosomes and lysosomes are directed to the ruffled border
where bone resorption takes place (Chatziravdeli et al., 2019; Lacombe, Karsenty, and Ferron, 2013).

Empirical Evidence

The empirical data obtained for this KER strongly supports a link between apoptosis and altered bone cell homeostasis. This evidence comes from studies
examining the effects of microgravity exposure and various forms of ionizing radiation, including gamma rays and X-rays, which directly induced apoptosis of bone
cells and resulted in a dose-dependent increase in bone resorption and a dose-dependent decrease in bone formation (Aguirre et al., 2009; Chandra et al., 2017;
Chandra et al., 2014; Huang et al., 2019; Huang et al., 2018; Li et al., 2020; Li et al., 2015; Liu et al., 2018; Wright et al., 2015).

Incidence concordance

There is some evidence that cell death increases more than bone cell homeostasis is altered following a stressor. In vivo osteoblast apoptosis in rats increased 7-
fold while osteoblast numbers decreased 0.25-fold after irradiation with 8 Gy of X-rays (Chandra et al., 2014). Similarly, mice irradiated with 8 Gy of X-rays showed
a 4-fold increase in osteoblast apoptosis and a 0.5-fold decrease in osteoblast number (Chandra et al., 2017). In vitro, human bone marrow-derived mesenchymal
stem cells (hnBMMSCs, osteoblast precursors) irradiated with 8 Gy of X-rays showed a 3-fold increase in apoptosis and osteoblasts subsequently had a 0.5-fold
decrease in alkaline phosphatase (ALP) activity (Liu et al., 2018). Huang et al. (2019) showed very similar results in rats with a 4-fold increase in osteoblast
apoptosis and a 0.3-fold decrease in ALP activity after irradiation with 2 Gy of gamma rays. Osteoblast irradiated with gamma rays at 10 Gy showed a 3-fold
increase in caspase-3 and a 0.7-fold decrease in ALP activity (Li et al., 2015).

Dose Concordance

Current literature provides evidence suggesting a dose concordance relationship between cell death of bone cells and altered bone cell homeostasis. Studies
examining the effects of microgravity exposure on osteocytes in vivo have found a significantly increased number of empty lacunae suggesting significantly
enhanced osteocyte apoptosis; which coincided with increased osteoclast number/activity and decrease osteoblast number/activity (Aguirre et al., 2009; Yang et
al., 2020).

A similar trend was observed in radiation studies of 2-10 Gy X-rays, finding dose-dependent increases in empty lacunae, indicating enhanced osteocyte apoptosis
under radiation exposure. The increased apoptosis of osteocytes was accompanied by significant dose-dependent increases in measures of osteoclastogenesis
and decreased measures of osteoblastogenesis (Chandra et al., 2014; Wright et al., 2015).

Many studies also examine the dose-concordance relationship between apoptosis of osteoblasts/osteoclasts and altered bone cell homeostasis under microgravity
and radiation exposure. Evidence from microgravity exposures, although limited, also support the relationship. Studies show profound increases in osteoblast
apoptosis in vitro, as examined by various measures, including Annexin V with FITC/PI and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
stain, as well as significant increases in cleaved caspases, in-situ nick-end labeling (ISEL) or the ratio of B-cell lymphoma (Bcl)-2 to Bcl-2 associated X protein
(Bax). Following microgravity, an increase in cell death in addition to an increase in osteoclast number (Aguirre et al., 2006) or TRAP-positive cells (Wu et al., 2020)
and a decrease in ALP activity, a marker of bone deposition, as well as increases in measures of osteoclast bone resorption were observed (Yang et al., 2020).
Data on gamma and X-ray radiation-induced osteoblast apoptosis is plentiful, with most studies examining the effects of high doses of ionizing radiation (> 2 Gy).
Murine models exposed to high-dose X-ray radiation have shown increased osteoblast apoptosis under 8-12 Gy with accompanying decreased osteoblast and
increased osteoclast activity (Chandra et al., 2017; Chandra et al., 2014; Liu et al., 2018). Relatively lower dose studies (0.25-4 Gy) have found significant
increases in osteoblast apoptosis resulting in a decrease in ALP activity (Huang et al., 2019; Li et al., 2020; Li et al., 2015).

One study of osteoclast apoptosis under radiation exposure has also revealed interesting results, observing significantly increased apoptosis of osteoclasts, but
with enhanced osteoclast activity and bone resorption (Huang et al., 2018). It is proposed that osteoclast apoptosis results in the recruitment macrophages that
release inflammatory molecules that directly activate osteoclasts and induce RANK-L expression, ultimately increasing the overall pool of osteoclasts in bone
(Huang et al., 2018).

A study performed in osteoblasts observed significant increases in autophagy induction under ionizing radiation exposure, with decreased osteoblast activity (Li et
al., 2020).

Time Concordance
A moderate amount of evidence exists in the current literature suggesting a time concordance relationship between apoptosis and altered bone cell homeostasis.
Increases in osteoblast and osteocyte apoptosis has been observed as early as 24-72 hours post-irradiation, and as early as day 3 of microgravity exposure. The

resulting effects on bone cell homeostasis under microgravity exposure have been observed by days 3-7, and under radiation exposure as early as 3 days post-
exposure, indicating a slight delay in the loss of homeostasis after onset of apoptosis (Aguirre et al., 2006; Li et al., 2020; Wright et al., 2015; Yang et al., 2020).

Essentiality

Studies examining the effects of various countermeasures to apoptosis and autophagy of osteoblasts, osteoclasts, and osteocytes suggest a strong relationship
between the occurrence of cell death and altered bone cell homeostasis. 1-34 amino-terminal fragment of parathyroid hormone (PTH)1-34 is used to treat
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osteoporosis by stimulating both osteoblast and osteoclast activity, but with greater stimulation of osteoblasts; it can increase bone deposition by suppressing
apoptosis of mature osteoblasts. In a study of the effects of PTH1-34 treatment in mouse tibial bones exposed to 8 Gy X-ray radiation, PTH1-34 was found to fully
reverse the effect of radiation on both osteoblast and osteocyte cell death and enhance overall osteoblast number under radiation exposure to vehicle-treated
unirradiated controls (Chandra et al., 2014).

a-2-macroglobulin (a2M) is a macromolecular glycoprotein found in plasma that possesses a wide range of biological functions, including radioprotective and anti-
inflammatory effects. Treatment of 12 Gy X-ray irradiated hBMMSCs (osteoblast precursors), with 0.25-0.5 mg/mL of a2M was found to dose-dependently
decrease cell apoptosis rate of h(BMMSCs, as well as dose-dependently increased ALP activity, indicating increased induction of osteoblastogenesis in these cells,
and bone deposition, as demonstrated by Alizarin red staining for calcium nodule formation (Liu et al., 2018). Another radioprotective compound known to promote
healing in bone fractures is Amifostine (AMI), which protects cells from radiation-induced DNA damage by preventing interaction with reactive oxygen species. In
vitro research with bone marrow-derived mesenchymal stem cells (omMSCs) found that treatment with AMI fully reversed apoptosis induction under 2 Gy gamma
radiation, as measured by Annexin V FITC/PI double staining, and ultimately restored ALP activity and calcium deposition by osteoblasts to control levels (Huang et
al., 2019).

Glucocorticoids (GCs) are known to induce devastating effects on bone mass and density by decreasing bone remodeling; the mechanism by which this occurs is
through suppression of osteoblast differentiation and induction of osteoblast apoptosis. In a study examining transgenic mice, blocking GC signaling of hindlimb
unloaded mice was found to fully reverse the effect of microgravity on osteoblast and osteocyte apoptosis, as well as decreasing the production of RANK-L by
osteocytes. GC signaling blockade was also found to fully protect the decrease in osteoblast number observed in unloading and restore markers of osteoblast
activity, as well as diminish markers of osteoclastogenesis and osteoclast number (Yang et al., 2020).

MicroRNAs (miRNA) are a well-known tool for epigenetically modifying gene expression; many studies have shown that miRNAs may be implicated in bone cell
differentiation and suppression of disuse osteopenia through various mechanisms. MiR-655-3p is a miRNA that has been proposed to prevent the induction of
osteopenia in simulated microgravity. Inhibition of miR-655-3p was found to profoundly enhance osteoblast apoptosis and decrease ALP activity; microgravity-
exposed cells treated with miR-655-3p were fully protected against microgravity-induced apoptosis, and had ALP activity fully restored, indicating microgravity-
induced apoptosis of osteoblasts may play a role in decreased bone deposition (Wang et al., 2020b).

One study found that inhibition of autophagy after microgravity reduces osteoclast activity. Both 4-acetylantroquinonol B (4-AAQB) and 3-methyladenine (3-MA) can
inhibit autophagy induction. Treatment of osteoclasts with these autophagy inhibitors results in reduced osteoclast activity (Wu et al., 2020).

Treatment of irradiated osteoblasts with doxycycline, an antibiotic compound that inhibits autophagy, was found to fully reverse the increased expression of
autophagy proteins ATGS5, Beclin-1, and LC3-1I/LC3-I, while also substantially increasing ALP activity under 0.25-4 Gy radiation (Li et al., 2020). Similarly, treatment
with a-2-macroglobulin, a glycoprotein with diverse cellular functions, was found to reverse radiation-induced autophagy induction and increase ALP activity,
restoring them to near-control levels (Liu et al., 2018). These results suggest autophagy induction in osteoblasts may also play a role in the suppression of bone
deposition observed under radiation exposure.

Uncertainties and Inconsistencies

e The exact mechanism by which apoptotic osteocytes recruit osteoclasts is disputed. Some studies support the notion that apoptotic osteocytes in bone cannot
be engulfed by phagocytes, due to physical restriction, and thus allow for rupture of the cell membrane; this allows for the release of a variety of osteoclast
stimulatory factors that directly enhance bone resorption (Jilka, Noble, and Weinstein, 2013; Komori et al., 2013). Other studies, however, propose that dying
osteocytes signal to viable osteocytes in their vicinity to release osteoclast stimulatory molecules, which then enhance osteoclast activity (O’'Brien, Nakashima,
and Takayanagi, 2013; Plotkin, 2014). Further research in this area may aid in elucidating the mechanisms of osteoclast recruitment directed to apoptotic
osteocytes.

Quantitative Understanding of the Linkage

The following are a few examples of quantitative understanding of the relationship. All data is statistically significant unless otherwise indicated.
Response-response relationship

Dose/Incidence Concordance- Apoptosis

Reference |Experiment Description Result

Following tail suspension of mice, significant increases in osteocyte and osteoblast
apoptosis were observed by day 3. There was a maximum increase of ~2.3-fold and
~1.8-fold in cortical and cancellous osteocyte apoptosis, respectively, on day 7. A ~2.6-

In vivo. Female swiss Webster mice (C57BL/6 genetic
background) were suspended via their tail to stimulate
microgravity conditions. Bone resorption was determined by

Aguirre et A fold increase in osteoblast apoptosis was measured at day 3 and sustained until day 7.
al., 2006 evaluatlpg osteoclast number. Osteocyte and osteoblast This was associated with a significant 0.53-fold decrease in osteoblast number on day
apoptosis were detected. 3, which was restored to above controls on day 18 as it increased by 1.9-fold
compared to the group without tail suspension. A 4.6-fold increase was observed in
osteoclast number on day 18 relative to controls.
Hindlimb unloaded wildtype mice had an overall ~2.7-fold increase in osteocyte
apoptosis, as well as a 3-fold increase in osteoblast apoptosis after 7 days of
In vitro. Male 14-week-old wildtype and transgenic mice (CD1 lunloading.
background) were unloaded using tail suspension. Apoptosis
was measured by TUNEL staining. Bone blood serum At day 7 and 28, significantly reduced number of osteoblasts (~0.3-fold and ~0.7-fold)
Yang et al., |[markers were measured via enzyme-linked immunosorbent [was found in conjunction with reduced ALP (~0.4-fold and ~0.6-fold) gene expression.
2020 assay (ELISA) for osteocalcin (OCN) as an indicator for bone |Further, serum marker OCN was significantly reduced (~0.5-fold and ~0.6-fold) at both

formation, and TRAP-5b as an indicator for bone resorption. [time points indicating impaired bone formation. In contrast, at day 7 and 28,

In bone sections, osteoclasts and osteoblasts were identified [significantly increased number of osteoclasts (~13-fold and ~2.1-fold) was found in
by hematoxylin, eosin and TRAP staining. conjunction with increased cathepsin K (~8-fold and ~4.3-fold) gene expression.
Further, serum marker TRAP5b was significantly increased (~3.5-fold and ~2-fold,
respectively) at day 7 and 28 indicating increased bone resorption.

In vivo. 2 Gy X-ray exposure resulted in a 2.5-fold increase in percentage of apoptotic
In vivo. The right hindlimbs of 20-week-old male C57BI/6 osteocytes in trabecular bone. Osteoclast number increased significantly by ~1.8-fold

mice were irradiated with 2 Gy of X-rays at a rate of 1.6 after 2 Gy irradiation in the right hindlimb.

Gy/min. Apoptotic osteocytes were measured by TUNEL.
Osteoclast number was determined by TRAP stain.
Wright et . i In vitro, exposure to increasing doses of radiation from 0-20 Gy led to a linear dose-
al., 2015 |In vitro. Osteocyte-ll!(e cells. (ko e osteoblas.t G dependent increase in osteocyte apoptosis (MLO-Y4 cell culture) up to ~13.7-fold
LS v [l vl 0 G,y DR (TER Y TRE above controls at 20 Gy. Osteoblast apoptosis (MC3T3 cell culture) similarly increased
used as a marker of cellular apoptosis. in a dose-dependent fashion from 4-20 Gy, with a maximum increase of ~2.5-fold at 20
Gy (only significant increase). Osteoclasts increased significantly in MLO-Y4 coculture
at 8 Gy, and calvarial osteoblasts decreased by ~0.5-fold at 10 Gy.
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Chandra et
al., 2014

In vivo. 4-month-old female rats were irradiated with 16 Gy of
small animal radiation research platform (SARRP) X-rays,
fractionated into two 8 Gy doses at a rate of 1.65 Gy/min.
TUNEL staining in tibial trabecular bone was performed to
determine osteoblast apoptosis. Osteoblast number was
determined using static histomorphometry.

Exposure to 16 Gy X-rays increases osteoblast apoptosis by ~7-fold and resulted in a
~0.25-fold decrease in osteoblast number. A significant decrease in osteoclast surface
was also observed and is inconsistent with other radiation studies. The authors
suggest the imbalance of radiation effects may lead to relatively higher osteoclast
activity compared to osteoblast activity, leading to overall bone resorption.

Chandra et
al., 2017

In vivo. Male C57BL/6 mice (8—10 weeks) were exposed to 8
Gy X-ray radiation at a rate of 1.65 Gy/min. Apoptosis was
determined with a TUNEL assay. Osteoblast number was
determined by static histomorphometry.

8 Gy radiation exposure led to a ~3.9-fold increase in the number of TUNEL-positive
osteoblasts and a ~0.5-fold decrease in osteoblast number.

Liu et al.,
2018

In vitro. hBMMSCs were irradiated with 8 Gy of X-rays at a
rate of 1.24 Gy/min. Apoptosis was measured with using an
Annexin V-FITC staining kit. ALP activity was determined with
a kit, and bone deposition was determined by Alizarin red
staining.

Apoptosis rate of osteoblast precursor cells (nBMMSCs) exposed to 8 Gy X-ray
radiation increased ~3-fold, resulting in a ~0.5-fold decrease in ALP activity and bone
deposition, as measured by optical density of calcium nodules.

Huang et
al., 2019

Ex vivo. bmMSCs from the tibiae and femur of rats were
irradiated with 2 Gy of 0Co gamma rays at a rate of 0.83
Gy/min. Apoptosis was determined with Annexin V staining.
bmMSCs were analyzed for changes in bone cell function
following irradiation through measuring levels of ALP.

Exposure to 2 Gy gamma radiation resulted in a ~4-fold increase in osteoblast
apoptosis and led to a significant ~0.3-fold decrease in ALP activity.

Lietal.,
2020

In vitro. Osteoblastic MC3T3-E1 cells of mice were irradiated
with 0.25, 0.5, 1, 2, or 4 Gy of X-ray radiation. Apoptosis was
determined by the Bcl-2/Bax ratio through western blot as
well as caspase-3 activity with an assay kit. ALP activity was
determined with an assay kit.

X-ray radiation exposure resulted in a significant, dose-dependent decrease in the Bcl-
2/Bax ratio at 0-4 Gy with a maximum decrease of ~0.6-fold below controls at 4 Gy,
indicating a significant shift of osteoblasts towards apoptosis. There was also a dose-
dependent increase in caspase-3 activity at 0.5-4 Gy with significant increases at 0.5
Gy and greater and a maximum increase of 1.6-fold above controls at 4 Gy. This was
accompanied by a dose dependent linear decrease in ALP activity with significant
decreases at 0.5 Gy and greater, and a maximum decrease of ~0.3-fold below controls
at 4 Gy.

Lietal.,
2015

In vitro. Calvarial osteoblasts of Male rats were irradiated
using 0, 1, 2, 5, 10 Gy of 137Cs gamma rays at a rate of 0.76
Gy/min. Reverse transcription quantitative polymerase chain
reaction (RT-qPCR) was used to determine caspase-3 levels
and apoptosis was measured by Annexin v fluorescence. ALP
activity was determined to measure osteoblastogenesis.

Osteoblasts exposed to 1-10 Gy radiation observed an exponential dose-dependent

increase in caspase-3 with significant increases at 5 and 10 Gy and a maximum
increase of 3-fold above controls at 10 Gy. A maximum increase in osteoblast
apoptosis was observed under 2 Gy at ~1.6-fold above control, with the first significant
increase at 1 Gy. This resulted in a roughly inverse-exponential dose-dependent
decrease in ALP activity down to ~0.7-fold below controls at 10 Gy, with the first
significant increase at 5 Gy.

Huang et
al., 2018

In vitro. Murine RAW264.7 macrophage cells were irradiated
with 2 Gy of gamma rays at a rate of 0.83 Gy/min. Annexin V-
FITC/PI was used as a measure for apoptosis. TRAP staining
was used to determine osteoclast differentiation.

Exposure of RAW264.7 osteoclast cells to 2 Gy gamma radiation had a 5.26-fold
increase in apoptosis percentage, from 1.86% to 9.78%. This resulted in a 2-fold
increase in TRAP-stained cell number and 2.4-fold increase in total resorption area.

Dose/Incidence concordance- Autophagy

Reference

Experiment Description Result

In vitro. Osteoblastic MC3T3-E1 cells of
mice were irradiated with 0.25, 0.5,1,2,

X-ray irradiation of osteoblasts linearly and dose-dependently increased LC3II/LC3I protein expression up
to ~2.5-fold above controls under 1 Gy, after which it remained consistently elevated under 2 and 4 Gy.

Time Concordance

Lietal, and 4 Gy of X-ray radiation. Autophagy |(There were also dose-dependent increases in ATG5 and Beclin-1 up to ~1.75- and 3-fold above controls
2020 markers were determined by western under 4 Gy, respectively. These increases in markers of autophagy induction were accompanied by
blot. ALP activity was determined by an |substantial, dose-dependent inverse-exponential decrease in ALP activity down to 0.3-fold below control
assay kit. levels under 2 Gy
Time-scale

Reference

Experiment Description

Result

Aguirre et
al., 2009

In vivo. Female swiss Webster mice (C57BL/6 genetic
background) were suspended via their tail to stimulate
microgravity conditions. Bone homeostasis (biomechanical
testing, bone histomorphometry) was assessed in lumbar
vertebra (L1-L5). Bone resorption was determined by
evaluating osteoclast number. Osteocyte and osteoblast
apoptosis were detected by ISEL.

Hindlimb unloading of mice led to significant increase in cortical and trabecular
osteocyte apoptosis and osteoblast apoptosis on day 3 of unloading, which remained
increased up to day 18. Control mice had an increase in osteoblast apoptosis on day 18
such that the increased apoptosis under unloading conditions was non-significant on
that day. Osteoblast number was significantly decreased by day 3 of unloading,
returned to control levels by day 7, and surpassed controls by 2-fold on day 18.
Significantly increased osteoclast number was not observed until day 18 of unloading.

Yang et al.,
2020

In vitro. Male 14-week-old wildtype and transgenic mice
(CD1 background) were unloaded using tail suspension. The
tibia were scanned via micro-CT at 28 days after un-loading.
Apoptosis was measured by TUNEL staining. Bone blood
serum markers were measured via ELISA for OCN as
indicator for bone formation, and TRAP-5b as indicator for
bone resorption. In bone sections osteoclasts and
osteoblasts were identified by hematoxylin, eosin and TRAP
staining.

On day 7 of unloading, ALP decreased ~0.4-fold and OCN decreased ~0.5-fold, while
TRAP-5b increased ~3.5-fold, indicating enhanced osteoclast activity and decreased
osteoblast activity. This was further shown by a ~13-fold increase in osteoclast number
and 3.7-fold decrease in osteoblast number on day 7 of unloading.

On day 28 of unloading, there were further decreases in osteoblastogenesis markers
(~0.6-fold decrease in ALP activity and 0.6-fold decrease in OCN expression), and an
overall 3-fold decrease in osteoblast number.

Osteocyte and osteoblast apoptosis under in vitro simulated microgravity was increased
by ~2-3-fold by day 7 of unloading. Significant decreases in several markers of
osteoblastogenesis were observed on day 7, which were attenuated relative to
contemporaneous controls on day 28. A similar trend was observed for
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osteoclastogenesis.
In vivo. The right hindlimbs of 20-week-old male C57BI/6
mice were irradiated with 2 Gy of X-rays at a rate of 1.6 In vitro radiation exposure of osteocytes (MLO-Y4) resulted in significant increases in
Gy/min. Apoptotic osteocytes were measured by TUNEL. apoptosis by 24 hours post-exposure, which increased several-fold by 48 hours.
Osteoclasts and osteoblasts as measures of altered bone | ogteoblast (MC3T3) apoptosis was also increased by 24 hours post-irradiation and
Wright et [cell homeostasis were determined by TRAP. remained increased up to 48 hours. Calvarial osteocyte apoptosis was not increased
al., 2015 . n K until 10 days post-irradiation. /n vivo radiation exposure resulted in significant increase
(I:Agg.?é?vs\:ee;ciyrt;g;?e%ec;t9"2%(2)02) ;??ao:ti&t:i;tnc\e}llvsvas in hindlimb trabecular osteocyte apoptosis at 7 days post-irradiation. Significantly
e e & coprter of eeiEr e tosi); ys. increased osteoclast number was observed at around the same time at 1 week post-
[elg : irradiation, however, no significant changes in osteoblast number were observed.
\1,6711:?5505(;650?‘32“2Dﬂfgw:f;(.f:”S}:(:i;:gi wAers |tr(r)a:ijs|a\1::c; X-ray radiation exposure from 0.25-4 Gy led to a dose-dependent decrease in the Bcl-
) S Y -ray - Apop 2/Bax ratio down to 40% below controls, indicating a significant shift of osteoblasts
Lietal, determined by the Bcl-2/Bax ratio through western blot as } : . .
L . - towards apoptosis. There was also a dose-dependent increase in caspase-3 activity
2020 well as caspase-3 activity with an assay kit. ALP activity was . )
. ) . f from 0.5-4 Gy up to 1.6-fold above controls. This was accompanied by a dose
determined with an assay kit. All endpoints were measured I ) .
; . dependent linear decrease in ALP activity down to 0.3-fold below controls under 4 Gy.
72h post-irradiation.
. . ) . Exposure to 16 Gy X-rays increases osteoblast apoptosis by ~7-fold at 2 weeks post-
V72 SHITIIT L 'female r.ats SO ML T D7) irradiation and resulted in a ~0.25-fold decrease in osteoblast number by day 28 post-
SARRP X-rays, fractionated into two 8 Gy doses at a rate of |. o I .
Chandra et ) P irradiation. A significant decrease in osteoclast surface was also observed on day 28
1.65 Gy/min. TUNEL staining in tibial trabecular bone was ) o . : . L .
al., 2014 T 6 (i R Frmrae, O post-irradiation and is inconsistent with other radiation studies. The authors suggest the
P . . . p' P ’ imbalance of radiation effects may lead to relatively higher osteoclast activity compared
number was determined using static histomorphometry. . : .
to osteoblast activity, leading to overall bone resorption.
In vivo. An experiment was conducted on male C57BL/6
Chandra et mice (8—10 weeks) exposed to 8 Gy X-ray radiation at a rate |8 Gy radiation exposure led to a ~3.9-fold increase in the number of TUNEL-positive
al. 2017 of 1.65 Gy/min. Apoptosis was determined with a TUNEL osteoblasts 2 weeks after irradiation and a 0.5-fold decrease in osteoblast number 4
v assay. Osteoblast number was determined by static weeks after irradiation.
histomorphometry.
In vitro. h(BMMSCs were irradiated with 12 Gy of X-rays at a
rate Of_ U2 Gy/mm..Apoptqss s meas.ulred g5|ng &l .. ||Apoptosis rate of osteoblast precursor cells (human bone marrow mesenchymal stem
Liu et al., (e V-fl.uoresc_:em |spthlocyanate stamlqg Wi, (LI QI cells) exposed to 12 Gy X-ray radiation increased 3-fold after 24h, resulting in a 0.5-fold
2018 was de'termlnedAl\fwth'a kit, andl k?one deposition was decrease in ALP activity after 1 week and bone deposition after 3 weeks, as measured
determined by Alizarin red staining. by optical density of calcium nodules.

Known modulating factors

LM Details HEffects on the KER References
factor
Transgenic mice showed no effect of Microgravity effect on TRAP-5b was partially reversed in transgenic mice. Microgravity effect |Yang et al.,
Genotype ) ) . L ) Co
microgravity on apoptosis. on OCN activity was fully reversed in transgenic mice. 2020
Treatment at 0.25 and 0.5 mg/mL slightly restored ALP activity and decreased the rate of Liu et al.,
Drug o2M .
apoptosis. 2018
I ) - Huang et
Drug Amifostine Treatment returned both apoptosis and ALP activity to control levels. Al 2018
) R Treatment slightly reduced the increase in apoptosis and autophagy and slightly increased Lietal.,
Drug Doxycycline autophagy inhibitor ALP activity. 5020
Treatment after 2 Gy irradiation stimulated an increase in cell apoptosis and decreased bone |[Huang et
Drug Sem3a .
resorption. al., 2018
Wu et al.,
Drug 4-AAQB Treatment reduced autophagy and decreased the number of TRAP+ cells. 2020
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Relationship: 2843: Altered Signaling leads to Altered Bone Cell Homeostasis

AOPs Referencing Relationship
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Deposition of energy leading to occurrence of bone loss adjacent High Moderate
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Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability

Life Stage Evidence
Adult Moderate

Juvenile Moderate
Sex Applicability
Sex Evidence

Male High
Female Low

Unspecific High

The evidence for the taxonomic applicability to humans is low as majority of the evidence is from in vitro human-derived cells and in vivo animal models. The
relationship is supported primarily by studies from mice models and rat models. The relationship has been shown in both male and female animal models and
plausible at any life stage. However, majority of studies use preadolescence and adolescence animal models.

Key Event Relationship Description

Signaling pathways involved in cellular differentiation are important in the maintenance of bone cell homeostasis. This process refers to the deposition and
resorption of bone matrix by osteoblasts and osteoclasts, respectively. The Wnt/B-catenin pathway is activated in osteoblasts and the receptor activator of nuclear
factor kappa B ligand/osteoprotegerin (RANK-L/OPG) pathway regulates osteoclast differentiation. Osteoclasts originate from hematopoietic stem cells, RANK-L
stimulates these progenitor cells to differentiate into pre-osteoclasts (Donaubauer et al., 2020; Smith, 2020b). Binding of RANK-L to its receptor on the osteoclast
surface, RANK,; triggers the expression of genes associated with osteoclastic bone resorption (Donaubauer et al., 2020). Newly formed mature osteoclasts are
multi-nucleated and secrete resorptive proteins and molecules, including hydrochloric acid, tartrate-resistant acid phosphatase (TRAP), Cathepsin K (CTSK), and
matrix metalloproteinase (MMP), among others, which degrade bone tissue and can be used as indicators of osteoclast activity (Smith, 2020b). As such, pathways
involved in RANK-L activation are important to increased bone resorption.

Mesenchymal stem cells (MSCs) are the precursors to osteoblasts and these cells differentiate upon stimulation by signalling molecules such as tumor growth
factor (TGF)-B, Wnt, and bone morphogenic protein (BMP) (Chen, Deng and Li, 2012; Maeda et al., 2019). Alterations in these signaling pathways result in altered
differentiation of MSCs and pre-osteoblasts. Early maturation of osteoblasts is regulated by runt-related transcription factor 2 (Runx2) as well as the Wnt/B-catenin
signaling pathway; altered signaling in these pathways ultimately leads to decreased production of osteoblast markers of bone deposition, including alkaline
phosphatase (ALP), osteocalcin (OCN), and collagen, among others (Chatziravdeli, Katsaras and Lambrou, 2019; Manolagas and Almeida, 2007).

Tight regulation of osteoblast and osteoclast differentiation as well as bone deposition and resorption are crucial to homeostatic bone turnover. Under stress the
aforementioned signaling pathways become dysregulated both internally and by external signals, resulting in altered bone cell homeostasis as measured by
production of bone depositing/resorbing proteins and their by-products leading to increased osteoclast number and activity and a decrease in osteoblast number
(Chatziravdeli, Katsaras and Lambrou, 2019; Donaubauer et al., 2020; Smith, 2020a; Smith, 2020b; Tian et al., 2017).

Evidence Supporting this KER

Overall weight of evidence: High
Biological Plausibility

The biological rationale for linking altered signaling pathways to altered bone cell homeostasis is strongly supported by a number of review articles published on the
subject. A recent review by Donaubauer et al. (2020) discusses internal and external signaling pathways in osteoblasts and osteoclast that are influenced from
exposure to a multitude of stressors. A number of reviews also discuss signaling pathways affecting osteoblast and osteoclast differentiation as well as the integral
role osteoblasts play in the differentiation of osteoclasts through the RANK-L/OPG pathway (Arfat et al., 2014; Bellido, 2014; Boyce and Xing, 2007; Chatziravdeli,
Katsaras and Lambrou, 2019; Chen, Deng and Li, 2012; Donaubauer et al., 2020; Maeda et al., 2019; Manolagas and Almeida, 2007; Smith, 2020a; Smith, 2020b;
Willey et al., 2011).

The RANK/RANK-L pathway plays a central role in the differentiation of osteoclasts, as both RANK-L and OPG, an inhibitor of RANK-L, are secreted by osteoblasts
and osteocytes (Boyce and Xing, 2007; Donaubauer et al., 2020). The upregulation of RANK-L and downregulation of OPG secretion by osteoblasts indirectly
affect osteoclasts and ultimately increase the resorption of bone matrix (Chatziravdeli, Katsaras and Lambrou, 2019; Donaubauer et al., 2020).

RANK-L, upon binding to its receptor on the osteoclast surface, RANK, internally activates cytokine NF-kB in osteoclasts, as well as growth and survival signaling
cascades of extracellular signal-regulated kinase (ERK), TNF, and IL-6, preventing apoptosis and promoting differentiation of osteoclasts (Donaubauer et al., 2020;
Tian et al., 2017). Over-expression of RANK-L will over-stimulate these downstream pathways leading to the activation of the master transcription factor of
osteoclasts, nuclear factor of activated T cells 1 (NFATc1). NFATc1 is responsible for the transcription of genes specific to osteoclastic bone resorption including
TRAP and CTSK (Donaubauer et al., 2020; Smith, 2020b). Over expression of RANK-L results in increased transcription of TRAP and CTSK genes and ultimately,
increased bone resorption.

Osteoblastogenesis itself is also tightly regulated by external signals, of which Wnt (activator of Wnt/B-catenin pathway) is often discussed in the literature (Arfat et
al., 2014; Chen, Deng and Li, 2012; Maeda et al., 2019; Smith, 2020b). The canonical Wnt/B-catenin pathway plays a central role in osteoblast differentiation, as
Wnt stimulation preserves B-catenin from ubiquitination/ degradation, allowing it to translocate to the nucleus and induce expression of key osteoblast genes
(Maeda et al., 2019; Manolagas and Almeida, 2007). Dysregulation of key components in this pathway result in significantly depressed protein expression/activity of
ALP and OCN, implicating this pathway in the depression of osteoblastic bone deposition (Arfat et al., 2014; Maeda et al., 2019; Manolagas and Almeida, 2007;
Tian et al., 2017). As such, Wnt signaling is of paramount importance for preservation of bone mass, as B-catenin commits precursors to the osteoblast lineage
(Manolagas and Almeida, 2007; Tian et al., 2017). Runx2 and Osterix (OSX), among others, are also key transcription factors involved in the early maturation
osteoblasts, as they advance the progressive differentiation of MSCs and coordinate the expression of key proteins essential to osteoblast function; downregulation
of Runx2 and OSX in osteoblasts is concordant with decreases in ALP and OCN activity (Arfat et al., 2014; Chatziravdeli, Katsaras and Lambrou, 2019).

Although less direct, altered osteocyte signaling also plays a key role in the loss of homeostasis among bone cells as osteocytes are the most abundant cell type in
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bones and are key regulators of bone metabolism. Osteocytes can stimulate osteoclastogenesis by increasing production and release of high mobility group box 1
(HMGB1) and elevating the RANK-L/OPG ratio, inducing the maturation of osteoclast precursors and promoting bone resorption (Arfat et al., 2014; Donaubauer et
al., 2020; He et al., 2019). Further, osteocytes with increased expression of Dkk1 and sclerostin result in potent antagonization of bone morphogenic proteins
(BMPs) and diversion of LRP5/6 (coreceptors in the Wnt pathway) from Wnt signaling, ultimately inhibiting osteoblast differentiation (Bellido, 2014; Chandra et al.,
2017).

Empirical Evidence

The empirical data obtained for this KER strongly supports a link of altered signaling pathways leading to altered bone cell homeostasis. The majority of empirical
evidence is derived from research using various stressors including X-rays and gamma rays as well as microgravity. These exposures are both known to
directly/indirectly induce alterations in relevant signaling pathways of bone cells leading to the deposition and resorption of bone in a dose-dependent manner (Bai
et al., 2020; Chandra et al., 2017; Chen et al., 2020; Goyden et al., 2015; He et al., 2019; He et al., 2020; Kook et al., 2015; Li et al., 2020; Liu et al., 2018; Rucci et
al., 2007; Sambandam et al., 2016; Saxena et al., 2011; Yang et al., 2019; Zhang et al., 2019).

Incidence concordance

There is some evidence that signaling pathways demonstrate greater changes following a stressor than altered bone cell homeostasis. He et al. (2019)
demonstrated this in osteocytes irradiated with 4 and 8 Gy of gamma rays through increases to HMGB1 and the RANK-L/OPG ratio that were greater than the
increases to osteoclast numbers. X-ray irradiation of mice at 16 Gy resulted in a 2.5-fold increase in sclerostin (Wnt/B-catenin pathway inhibitor) and a 0.5-fold
decrease in osteoblast number (Chandra et al., 2017). After 8 Gy of X-ray irradiation of human bone marrow mesenchymal stem cells (nBMMSCs) Sox2 and
Nanog decreased to less than 0.1-fold, while ALP activity decreased 0.5-fold (Liu et al., 2018). Microgravity exposure to mice increased the RANK-L/OPG ratio 3.5-
fold while osteoblast markers decreased a maximum of 0.3-fold and osteoclast markers increased a maximum of 2-fold (He et al., 2020). Microgravity exposure to
rats also led to decreases in osteoblast signaling molecules between 0.4- and 0.1-fold and a 5-fold increase in the RANK-L/OPG ratio (Li et al., 2018). This led to a
0.5-fold decrease in osteoblast markers and a 1.5-fold increase in osteoclast markers (Li et al., 2018). Also under microgravity, osteoclast cells showed 6-fold
increased TRAF6 and 14.5-fold increased TRAIL, while the osteoclast marker TRAP increased 1.7-fold (Sambandam et al., 2016).

Dose Concordance

Strong evidence exists in the current literature suggesting a dose concordance between alterations of signaling pathways and altered bone cell homeostasis.
Exposure to radiation (X-rays and gamma rays) ranging from 0.25-12 Gy and microgravity in mice, rat, and osteoblast cell models shows significant linear dose-
dependent diminishment of signaling molecules essential to osteoblast differentiation, including Runx2, Sox2/Nanog, H>S and B-catenin. Studies observing
diminishment of these signaling molecules present significant dose-dependent linear decreases in ALP and OCN activity/expression as well, indicating depressed
osteoblast function as a result (Bai et al., 2020; Chen et al., 2020; Li et al., 2020; Liu et al., 2018). Further signaling changes in osteoblasts occur under low-to-high
dose radiation (0.25 to >2 Gy) and microgravity, with significant increases in osteoblast production of sclerostin, inhibitor of the Wnt/B-catenin pathway. These
changes result in significant linear dose-dependent decreases in ALP activity and osteoblast number at radiation doses greater than 0.25 Gy and/or microgravity
exposure (Chandra et al., 2017; Goyden et al., 2015; Li et al., 2020).

One study showed dysregulation of the nuclear factor erythroid 2-related factor/ heme oxygenase-1 (Nrf2/HO-1) pathway and downstream effects on bone
metabolism. Dose-dependent increases in protein expression of both Nrf2 and HO-1 were observed following high doses of radiation exposure (>2 Gy) with linear
dose-dependent decreases in ALP activity in osteoblasts (Kook et al., 2015). Another study examined hydrogen sulfide level, a known gasotransmitter (a class of
neurotransmitters) serving many physiological and pathophysiological functions. Decreased levels of this transmitter by microgravity exposure similarly reduced
OCN activity and ALP expression in osteoblasts (Yang et al., 2019).

Osteoblasts and osteocytes have also been shown to upregulate the production of cytokines (interleukin (IL)-6 and RANK-L, an osteoclastogenic cytokine) following
low and high doses of radiation or microgravity exposure. Alterations in these signalling molecules resulted in upregulation in bone resorption and expression of
TRAP (He et al., 2019; He et al., 2020; Rucci et al., 2007). Further, production of OPG, a RANK-L inhibitor, by osteoblasts is significantly diminished under radiation
and microgravity exposure, strengthening the stimulatory effect of RANK-L on osteoclasts leading to enhanced expression of TRAP and bone resorption pit area
(He et al., 2019; He et al., 2020; Rucci et al., 2007; Yang et al., 2019).

Osteocytes irradiated with gamma rays >2 Gy showed significant linear dose-dependent upregulation in HMGB1, a signalling molecule released by apoptotic
osteocytes involved in osteoclast recruitment. Upregulation of HMGB1 resulted in a similar dose-dependent increase in osteoclast count, along with upregulation in
the RANK-L/OPG ratio indicating increased resorptive activity (He et al., 2019). Osteoclastogenesis pathways downstream to RANK-L-induced activation also show
significant dysregulation under microgravity or ionizing radiation exposure. Microgravity exposure resulted in the upregulation of tumor necrosis factor receptor-
associated factor 6 (TRAF6), an osteoclastogenic signaling molecule activated by RANK, and tumor necrosis factor-related apoptosis inducing ligand (TRAIL), an
inhibitor of OPG, resulting in significantly enhanced osteoclast count and osteoclastogenesis (Sambandam et al., 2016). Osteoclasts exposed to microgravity, or 2
Gy X-rays show significant upregulation in NFATc1, the master transcription factor for osteoclastogenesis, and nuclear factor kappa B (NF-kB), an inducible
cytokine transcription factor. Upregulation of NFATc1 and NF-kB results in severely enhanced TRAP expression, osteoclast area, and resorption pit area, indicating
increased bone resorption (Saxena et al., 2011; Zhang et al., 2019). Further, phosphorylation of intracellular signaling components, ERK and phospholipase C
(PLCy2), involved in cell survival and proliferation are upregulated in microgravity-exposed osteoclasts. Enhanced ERK and PLCy2 results in an enhanced count of
TRAP-positive multinucleated osteoclasts, indicating increased bone resorption (Saxena et al., 2011).

With the exception of the study by Rucci et al. (2007), studies that examined the effects of a range of doses of radiation on a single model found that significant
changes to signaling pathways occurred at lower or equal doses than increases in altered bone cell homeostasis, thus providing evidence for dose concordance
between the upstream and downstream KEs (Bai et al., 2020; He et al., 2019; Kook et al., 2015; Li et al., 2020). For example, Bai et al. (2020) showed in vitro that
both signaling molecule Runx2 and osteoblast activity significantly decreased at all doses from 2-10 Gy of gamma irradiation. Similarly, osteocytes irradiated with
gamma rays showed changes in the expression of multiple signaling molecules after 4 and 8 Gy but not after 2 Gy, while TRAP-positive osteoclasts increased at 4
and 8 Gy as well, but also not after 2 Gy (He et al., 2019). Kook et al. (2015) used X-rays at the same doses and found altered signaling at 4 and 8 Gy but not at 2
Gy. Osteoblast activity decreased at 4 and 8 Gy, but not at 2 Gy (Kook et al., 2015). Using slightly lower doses, Li et al. (2020) found that altered expression of
signaling molecule Runx2 and decreased osteoblast activity both occurred at the same dose of 0.5 Gy, but neither changed at 0.25 Gy.

Time Concordance

Many studies using in vitro mouse and human as well as in vivo mouse models exposed to microgravity and X-ray irradiation from 2 to 8 Gy show that bone cell
altered bone cell homeostasis occurs at the same time or after altered signaling in a time-course. Altered signaling molecules including Runx2, RANK-L, OPG and
Nrf2 were mostly found altered 1 to 3 days after a stressor (Goyden et al., 2015; Kook et al., 2015; Li et al., 2020; Liu et al., 2018). Bone cell markers were
frequently found decreased weeks after a stressor (Kook et al., 2015; Li et al., 2020; Liu et al., 2018; Zhang et al., 2019).

Essentiality

Studies examining the inhibition or knock-down of signaling molecules strongly support the relationship between altered signaling pathways and bone cell altered

69/100



AOP482

bone cell homeostasis. In one study, treatment with OPG, an inhibitor for RANK-L, reversed the effect of microgravity on osteoclast activity, decreasing it to well-
below control levels, suggesting a role for RANK-L in microgravity-induced osteoclastogenesis (Rucci et al., 2007). Treatment with doxycycline, known to inhibit

autophagy in osteoclasts, reversed the effect of irradiation on the osteoblastogenic transcription factor Runx2, ultimately restoring ALP activity at X-ray doses of
0.25-4 Gy completely to control levels (Li et al., 2020).

Sclerostin is a protein known to inhibit the Wnt/B-catenin canonical pathway by competing for the Wnt receptor. Chandra et al. (2017) observed that sclerostin
knock-out increased osteoblast activity and decreased osteoclast activity, by replenishing B-catenin protein expression, thereby strongly favouring
osteoblastogenesis. Further, overexpression of B-catenin in osteoblasts has been shown to reverse the effect of simulated microgravity on B-catenin protein
expression, and partially reversing its effect on ALP staining area; B-catenin knockdown had the opposite effect under microgravity (Chen et al., 2020). Knockdown
of TRAIL, which induces osteoclastogenesis by sequestering the RANK-L inhibitor OPG, reversed the effect of microgravity on osteoclast numbers (Sambandam et
al., 2016). HMGBI1 is a protein released by apoptotic osteocytes that mediates RANK-L-induced osteoclastogenesis by interacting with receptor for advanced
glycation end-products (RAGE); He and associates confirmed this under gamma radiation-induced osteoclastogenesis, as treatment with HMGB1 antibody fully
reversed the effect of radiation on osteoclast count (He et al., 2019; Zhou et al., 2008). A role for hydrogen sulfide in osteoblast and osteoclast differentiation under
microgravity has also been suggested, as treatment with H2S donor GYY4137 leads to decreased RANK-L/OPG production ratio by osteoblasts and increased ALP
activity (Yang et al., 2019).

a-macroglobulin (a2M) is a glycoprotein known to exert radioprotective effects on cells, and treatment of osteoblasts with a2M was shown to significantly reverse
the effect of radiation on protein expression of transcription factors Runx2 and Sox2, and osteoglycin (OGN), while also reversing its effect on ALP activity,
returning the values to control levels (Liu et al., 2018). A significant role for iron in the induction of osteoclastogenesis under both radiation and non-radiation
conditions was posited, as treatment with iron chelator deferoxamine mesylate (DFO) fully decreased serum ferritin and iron levels, while also decreasing
osteoclast and resorption pit area by 100% in both irradiated and non-irradiated groups (Zhang et al., 2019).

Exposure to pulsed electromagnetic fields (PEMFs) has also shown promise in improving the effects of modeled microgravity on measures of bone cell function. In
one study, PEMF exposure together with hindlimb suspension of rats showed significant improvement in protein expression related to bone cell function, with
increased expression of Runx2 and OSX (involved in early osteoblast maturation), and BMP-2 (an osteoblast stimulatory molecule), along with significant decrease
in the RANK-L/OPG ratio (osteoclast stimulatory molecule and its inhibitor) relative to the hindlimb suspension alone group. A role of the sAC/cAMP/PKA/CREB
signaling pathway was also implicated in these improvements, as phosphorylation of its key components, including protein kinase A (PKA) and (cAMP response
element-binding protein) CREB, and expression of soluble adenylyl cyclases (sAC) and cAMP were significantly improved in comparison to the hindlimb suspended
group. These changes were ultimately accompanied by significant improvements in bone deposition markers osteocalcin and propeptide of type | procollagen
(PIPN) and decreases in bone resorption markers TRAP5b and collagen C-terminal telopeptide (CTX)-1 (Li et al., 2018).

Uncertainties and Inconsistencies

e Some studies suggest radiation exposure at doses at or below 2 Gy result in no significant changes in osteoblast and osteoclast activity, as measured by ALP
and TRAP expression, respectively (Kook et al., 2015; He et al., 2019). These studies, however, are inconsistent with other studies examining the effects of
radiation doses from 0.25-2 Gy, which report significant, dose-dependently diminished ALP activity, and enhanced count of TRAP-positive osteoclasts (Li et
al., 2020; Zhang et al., 2019). Further research is needed to elucidate the effects of lower doses of ionizing radiation on osteoblasts and osteoclasts, as well
as their dose-dependent effects.

Quantitative Understanding of the Linkage

The following are a few examples of quantitative understanding of the relationship. All data is statistically significant unless otherwise indicated.

Response-response relationship

Dose/Incidence Concordance

Reference

Experiment Description

Result

Lietal.,
2020

In vitro. Mouse pre-osteoblastic MC3T3-E1 was irradiated with X-rays at
0.25, 0.5, 1, 2, and 4 Gy. Runx2 transcription factor was measured to
determine signaling. ALP5 activity was measured to determine
osteoblastogenesis.

All endpoints changed dose-dependently. Runx2 expression and ALP5
activity both decreased a maximum of 0.4-fold after 4 Gy. Runx2
expression and ALP activity both first decreased significantly at 0.5 Gy.

Zhang et al.,
2019

In vivo. 4-week-old male C57BL/6J mice were irradiated with 2 Gy X-rays
at 0.23 Gy/s. Levels of NFATc1 and NF-kB transcription factors in the
RANK-L/RANK pathway of osteoclastogenesis were determined. A TRAP
stain was performed to determine osteoclast area.

NFATc1 increased 2.9-fold and NF-kB increased 1.5-fold after 2 Gy.
TRAP-positive surface area increased 2.3-fold after 2 Gy.

He et al,,
2019

In vitro. Osteocyte-like MLO-Y4 cells were irradiated with 137Cs gamma
rays at 2, 4, and 8 Gy. HMGB1 and the RANK-L/OPG ratio (OPG inhibits
RANK-L) protein and mRNA levels were determined to measure altered
signaling. Osteoclast differentiation was measured in preosteoclast
RAW264.7 cells co-cultured with irradiated MLO-Y4 cells using TRAP
staining.

No significant changes were observed at 2 Gy. HMGB1 protein and mRNA
levels both increased, with protein levels increasing 2.5-fold at 4 Gy and 4-
fold after 8 Gy. RANK-L increased and OPG decreased shown by both
protein and mRNA levels, with the RANK-L/OPG ratio of mRNA levels
increasing 1.8-fold at 4 Gy and 2.5-fold at 8 Gy. The number of TRAP-
positive cells increased 1.3-fold at 4 Gy and 1.8-fold at 8 Gy.

Chandra et
al., 2017

In vivo. An experiment was conducted on male C57BL/6 mice (8-10
weeks) exposed to 16 Gy X-ray radiation at a rate of 1.65 Gy/min.
Sclerostin, an inhibitor of the Wnt/B-catenin pathway. Osteoblast number
was determined.

16 Gy radiation exposure led to a 2.5-fold increase in sclerostin and a 0.5-
fold decrease in osteoblast number.

Bai et al.,
2020

In vitro. Bone marrow derived MSCs (bmMSCs), osteoblast precursors
from 4-week-old male Sprague—Dawley rats were irradiated with 2, 5,
and 10 Gy of '37Cs gamma rays. The Runx2 transcription factor part of
osteoblastogenic pathways was measured. ALP (osteoblastogenesis
marker) activity was measured.

Runx2 decreased significantly after 2, 5, and 10 Gy, reaching a maximum
0.6-fold decrease at 10 Gy. ALP activity decreased significantly at 2, 5,
and 10 Gy, following a linear trend to a maximum decrease of 48.2%
(from 218 U/mg protein to 113 U/mg protein) at 10 Gy.

Liu et al.,
2018

In vitro. ABMMSCs were irradiated with 8 Gy of X-rays at 1.24 Gy/min.
The Runx2 transcription factor part of osteoblastogenic pathways and
OGN (inhibits osteoclasts) were measured. Sox2 and Nanog (cytokine
markers of stem cell pluripotency) were measured. ALP
(osteoblastogenesis marker) activity was measured.

Runx2 and OGN both decreased about 0.5-fold at 8 Gy. Sox2 and Nanog
both decreased more than 0.1-fold at 8 Gy. ALP activity decreased about
0.5-fold at 8 Gy.

Kook et al.,
2015

In vitro. MC3T3-E1 osteoblast cells were irradiated with 2, 4, and 8 Gy of
X-rays at 1.5 Gy/min. The Runx2 transcription factor mRNA levels as well
as proteins in the Nrf2/HO-1 pathway were measured. ALP activity was
measured to determine osteoblast function.

Runx2 mRNA decreased 0.5-fold after 8 Gy. HO-1 was increased 3-fold
after 4 Gy and 5-fold after 8 Gy (non-significant increase at 2 Gy). Nrf2
increased 2.3-fold after 8 Gy. ALP activity decreased 0.3-fold after 8 Gy
(non-significant decrease at 2 Gy).

Goyden et

In vitro. The MC3T3-E1 pre-osteoblast cells were subject to microgravity.
RANK-L, OPG, and sclerostin mRNA levels were measured to determine

RANK-L was increased 1.3-fold, OPG decreased 0.8-fold, and sclerostin
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al., 2015 Hgltered signaling. OCN and collagen a1 mRNA levels (osteoblast increased 1.7-fold. OCN and collagen a1 were decreased 0.6-fold.
[TRATR Shy 5Re/ MEaRIER 0-week-old C57BL/6J mice were subject to In the hind-limb suspended mice, RANK-L/OPG ratio increased 3.5-fold,
He et al hind-limb suspension. MC3T3-E1 cells were exposed to modeled ALP decreased 0.3-fold, OCN decreased 0.5-fold, TRAP increased 2-fold.
5020 v microgravity. The RANK-L/OPG ratio of signaling molecules was In MC3T3-E1 cells, RANK-L expression was increased 75% and OPG
determined. ALP and OCN for osteoblasts and TRAP for osteoclasts decreased 33%. This was accompanied by a ~50% in ALP mRNA
were determined. expression and a 0.4-fold decrease in ALP activity.
In vivo. Female 3-month-old Wistar rats were subJe_ctedlto mmro_gravny Runx2 decreased 0.3-fold, OSX 0.4-fold, BMP-2 0.1-fold, OPG/RANK-L
. for 4 weeks. Runx2, OSX, BMP-2, RANK-L, OPG signaling proteins and
Lietal., ) A 0.2-fold. Phosphorylated PKA and CREB both decreased more than 0.5-
components of the sSAC/cAMP/PKA/CREB signaling pathway were )
2018 N fold. Osteoblast markers decreased about 0.5-fold, while osteoclast
measured. OCN and PIPN were measured for osteoblastogenesis and S N
TRAP5b and CTX-1 were measured for osteoclastogenesis in serum. ’ ’
l'? vitro. Qalvalna Sl T CERSVER ST (oI 7—day—o!d (AR LED TS The RANK-L/OPG ratio showed a nonsignificant 1.4-fold increase after
. differentiated into osteoblasts and osteoclasts, respectively, and exposed ) .
Rucci et al., . . ) 0.08 G and a 4-fold increase after 0.008 G. TRAP increased 2.4-fold after
to microgravity at 0.08 G or 0.008 G for 24 h. The RANK-L/OPG ratio - . .
2007 . . 0.08 G and 5.6-fold after 0.008 G. ALP activity and expression did not
was determined. ALP activity (osteoblast marker) and TRAP level S
. significantly change.
(osteoclast marker) were determined.
::a‘z::)o. r::; A\QIZ?:(.;ZrZ;rrsmvieTeaZ;o%Zz%etger:isc?;dr;/(i)tuseAllbggI‘IasTvae:reow Phosphorylated ERK, PLCy2, and p38 as well as NFATc1 were increased
Saxena et P g p ) p 9 Y. after microgravity. TRAP and CTSK increased 3.5-fold in RAW264.7 cells.
al., 2011 EOIERITAD (RS UMD E R [IOISRIES 341 (oS L Ae, et TRAP increased 3-fold and CTSK increased 7.5-fold in mouse bone
N PLCy2 were measuredt. TRAP and CTSK mRNA levels (osteoclast :
marrow macrophages.
markers) were measured.
In vivo and in vitro. Rats were exposed to microgravity conditions by
hindlimb suspension. An in vitro model used MC3T3-E1 (osteoblast-like |[Concentration of RANK-L increased significantly by 1.5—fold, while OPG
cells) in a bone cell differentiation media exposed to microgravity concentration decreased by 0.71—fold. Endogenous H2S production by
conditions. osteoblasts and concentration in plasma were decreased 0.66-fold. ALP
Yang et al., ) ' activity decreased 0.53-fold after microgravity simulation in rats. OCN
2019 RANK-L and OPG were measured as part of RANK signaling pathway. |ievels in sera of rats exposed to hindlimb suspension decreased 0.6-fold.
Plasma H2S concentration, a gasotransmitter serving many
physiological/pathophysiological roles, and endogenous H2S produced |Rats experienced a 3-fold increase in tibia IL-6, while osteoblasts
by osteoblasts were monitored. Osteoblastogenesis was measured by  |supernatant had a 4-fold increase in IL-6.
serum OCN and ALP.
Following hindlimb unloading, PCR analysis of B-catenin showed
In vivo and in vitro. 2-month-old mice were subject to hindlimb unloading [decreased expression by 0.45-fold in both in vivo mice after 28 days and
to simulate microgravity. An in vitro model of primary osteoblasts isolated |1 Vitro primary osteoblasts after 48 h.
Chen et al., |from murine femurs were exposed to microgravity for 48-hours. B- . ) ) ) . :
2020 catenin mRNA and protein expression were determined. ALP, an TS (R S SPEEEstn CEFrAEtl 5y il
osteoblast marker., and collagen type 1 alpha-1 were measured as The mRNA expressions of ALP and collagen type 1 alpha-1 were
osteoblastogenesis markers. downregulated by 93.9% and 62.4%, respectively, in vivo, and were both
downregulated by 60% in vitro.
In vitro. Osteoclast cells were taken from the bone marrow of 6- to 8-
week-old C57BL/6 mice and exposed to 0.008 G for 24h. The mRNA of
Sambandam [TRAF6 signaling molecule downstream of RANK was measured. The Following 0.008G, signaling molecules TRAF6 and TRAIL increased 6-fold
et al.,, 2016 |mRNA of TRAIL (proliferative signaling molecule) was also measured. and 14.5-fold, respectively. TRAP increased 1.7-fold after 0.008G.
TRAP staining was performed to measure osteoclastogenesis. Western
blots were also performed to confirm changes in mRNA levels.
Time-scale
Time Concordance
Reference |Experiment Description Result
. i i 1 Ve ol el s s WEETEHE vie [Glelesl il MeyB el i oo oy oy o activity both decreased a maximum of 0.4-fold after 72 h.
Lietal., various doses. Runx2 transcription factor was measured to determine .
) ) . : ALP5 activity was also observed decreased the same amount after 1 and 2
2020 signaling. ALP5 activity was measured to determine weeks
osteoblastogenesis. ’
In vivo. 4-week-old male C57BL/6J mice were irradiated with 2 Gy X-
Zhang et |rays at 0.23 Gy/s. Levels of NFATc1 and NF-kB transcription factors in |[NFATc1 increased 2.9-fold and NF-kB increased 1.5-fold after 28 days.
al., 2019  [the RANK-L/RANK pathway of osteoclastogenesis were determined. A |TRAP-positive surface area increased 2.3-fold after 28 days.
TRAP stain was performed to determine osteoclast area.
) In vitro. hBMMSCs'w.ere IMERIHCRITIG ) Gl SEVD el 1 . felllin, Sox2 and Nanog both decreased more than 0.1-fold after 24h. Runx2
Liu etal., [The Runx2 transcription factor was measured. Sox2 and Nanog s
. . decreased about 0.5-fold at 1 week. ALP activity decreased about 0.5-fold at
2018 (cytokine markers of stem cell pluripotency) were measured. ALP rpeuy
(osteoblastogenesis marker) activity was measured. )
In vitro. MCST3-E1 osteoblast cells were irradiated with X-rays at 1.5 g 1 0 BNA decreased 0.5-fold at 1-3 days after 8 Gy irradiation. HO-1
Kook et al., |Gy/min. The mRNA of Runx2 transcription factor well as proteins in the ) :
o was increased 4.5-fold at 2 days. Nrf2 increased 2.3-fold at 1 day. ALP
2015 Nrf2/HO-1 pathway were measured. ALP activity and mRNA level were -
. . activity decreased 0.3-fold after 7 days.
measured to determine osteoblast function.
In vitro. The MC3T3-E1 pre-osteoblast cells were subject to microgravity|RANK-L was increased 1.3-fold, OPG decreased 0.8-fold, and sclerostin
Goyden et [lat 0 G. The mRNA of RANK-L, OPG, and sclerostin was measured to increased 1.7-fold after 48 h of microgravity. OCN and collagen a1 were
al., 2015 |determine altered signaling. The mRNA of OCN and collagen o1 decreased 0.6-fold after 48 h of microgravity. IL-6 increased 2-fold after 48
(osteoblast markers) was measured to determine osteoblast function.  ||h, where the maximum change in OCN was observed, but not after 12 h.
Known modulating factors
N aetng Details Effects on the KER References
factor
Treatment partially restored the radiation-induced decreases in autophagy markers as Lietal
Drug Doxycycline (autophagy inhibitor) well as increased Runx2 signaling protein and ALP5 (osteoblastogenesis marker) 2020 N
levels.
Drug Anti-HMGB1 neutralizing antibody Trea.atment with 0.5 pg/ml complgtely prevented the increased RANK-L/OPG ratio and He et al.,
the increased osteoclastogenesis. 2019
Drua a2M Treatment with 0.25 and 0.5 ma/mL sliahtlv restored all endpoints of altered sianalina asliLiu et al..
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2018

well as ALP activity.
. L L Kook et al.,
Drug N-acetyl cysteine (antioxidant) Treatment reduced Nrf1 and HO-1 levels and restored Runx2 levels and ALP activity. 2015
Drug GYY4137 (25mglkg per day) Treatment on rats exposed to hindlimb suspension found increased levels of osteocalcin||Yang et al.,
close to control levels. 2019
Pulsed e !
. |50 Hz, 0.6 mT pulsed electromagnetic field . . Lietal.,
electromagnetic . - ) Treatment restored signaling pathways as well as osteoblast markers to control levels.
field for 1.5 h/day during hind-limb suspension 2018
Drug 1 nM r-irisin Treatment after simulated microgravity slightly restored ALP and collagen type 1 alpha- |Chen et al.,
1 al levels. 2020
Drug DFO Can completely inhibit osteoclast formation and bone resorption in vitro. gg?gg e
Genetic IL-6 knockdown IL-6 knockdownlwnh‘an IL-6 antibody partially reversgd microgravity effect on_all He et al,,
parameters of signaling pathways, osteoblastogenesis, and osteoclastogenesis 2020

Known Feedforward/Feedback loops influencing this KER
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References

Arfat, Y. et al. (2014), "Physiological Effects of Microgravity on Bone Cells", Calcified Tissue International, Vol. 94/6, Nature, https://doi.org/10.1007/s00223-014-
9851-x

Bai, J. et al. (2020), "Irradiation-induced senescence of bone marrow mesenchymal stem cells aggravates osteogenic differentiation dysfunction via paracrine
signaling"”, American Journal of Physiology - Cell Physiology, Vol. 318/5, American Physiological Society, https://doi.org/10.1152/ajpcell.00520.2019.

Bellido, T. (2014), "Osteocyte-Driven Bone Remodeling", Calcified Tissue International, Vol. 94/1, Nature, htitps://doi.org/10.1007/s00223-013-9774-y.

Boyce, B. F. and L. Xing. (2007), "The RANKL/RANK/OPG pathway", Current Osteoporosis Reports, Vol. 5/3, Nature, https://doi.org/10.1007/s11914-007-0024-y

Chandra, A. et al. (2017), "Suppression of Sclerostin Alleviates Radiation-Induced Bone Loss by Protecting Bone-Forming Cells and Their Progenitors Through
Distinct Mechanisms", Journal of Bone and Mineral Research, Vol. 32/2, Wiley, htips://doi.org/10.1002/jbmr.2996.

Chatziravdeli, V., G. N. Katsaras and G. |. Lambrou. (2019), "Gene Expression in Osteoblasts and Osteoclasts Under Microgravity Conditions: A Systematic
Review", Current Genomics, Vol. 20/3, Bentham Science Publishers, htips://doi.org/10.2174/1389202920666190422142053.

Chen, G., C. Deng and Y.-P. Li. (2012), "TGF-B and BMP Signaling in Osteoblast Differentiation and Bone Formation", International Journal of Biological Sciences,
Vol. 8/2, lvyspring International Publisher https:/doi.org/10.7150/ijbs.2929.

Chen, Z. et al. (2020), "Recombinant irisin prevents the reduction of osteoblast differentiation induced by stimulated microgravity through increasing B-catenin
expression", International Journal of Molecular Sciences, Vol. 21/4, MDPI, Basel, https://doi.org/10.3390/ijms21041259.

Donaubauer, A. J. et al. (2020), "The influence of radiation on bone and bone cells—differential effects on osteoclasts and osteoblasts", International Journal of
Molecular Sciences, Vol. 21/17, MDPI, Basel, https://doi.org/10.3390/ijms21176377

Goyden, J. et al. (2015), "The effect of OSM on MC3T3-E1 osteoblastic cells in simulated microgravity with radiation", PLoS ONE, Vol. 10/6, PLOS, San Francisco,
https://doi.org/10.1371/journal.pone.0127230.

He, B. et al. (2020), "Blockade of IL-6 alleviates bone loss induced by modelled microgravity in mice", Canadian Journal of Physiology and Pharmacology, Vol.
98/10, Canadian Science Publishing, https://doi.org/10.1139/cipp-2019-0632.

He, F. et al. (2019), "Irradiation-Induced Osteocyte Damage Promotes HMGB1-Mediated Osteoclastogenesis In Vitro", Journal of Cellular Physiology, Vol. 234/10,
Wiley, New York City, hitps://doi.org/10.1002/jcp.28351.

Kook, S. H. et al. (2015), "Irradiation inhibits the maturation and mineralization of osteoblasts via the activation of Nrf2/HO-1 pathway", Molecular and Cellular
Biochemistry, Vol. 410/1-2, Nature, https://doi.org/10.1007/s11010-015-2559-z.

Kozbenko, T. et al. (2022), “Deploying elements of scoping review methods for adverse outcome pathway development: a space travel case
example”, International Journal of Radiation Biology, Vol. 98/12. https://doi.org/10.1080/09553002.2022.2110306

Li, R. et al. (2020), "Effect of autophagy on irradiation-induced damage in osteoblast-like MC3T3-E1 cells", Molecular Medicine Reports, Vol. 22/4, Spanditos
Publications, https://doi.org/10.3892/mmr.2020.11425.

Li, W. Y. et al. (2018), "Pulsed electromagnetic fields prevented the decrease of bone formation in hindlimb-suspended rats by activating sAC/cAMP/PKA/CREB
signaling pathway", Bioelectromagnetics, Vol. 39/8, Wiley, https://doi.org/10.1002/bem.22150.

Liu, Y. et al. (2018), "Protective Effects of a-2-Macroglobulin on Human Bone Marrow Mesenchymal Stem Cells in Radiation Injury”, Molecular Medicine Reports,
Vol. 18/5, Spanditos Publications, htips://doi.org/10.3892/mmr.2018.9449.

Maeda, K. et al. (2019), "The Regulation of Bone Metabolism and Disorders by Wnt Signaling", International Journal of Molecular Sciences, Vol. 20/22,
https://doi.org/10.3390/ijms20225525.

Manolagas, S. C. and M. Almeida. (2007), "Gone with the Wnts: B-Catenin, T-Cell Factor, Forkhead Box O, and Oxidative Stress in Age-Dependent Diseases of
Bone, Lipid, and Glucose Metabolism", Molecular Endocrinology, Vol. 21/11, MDPI, Basel, https://doi.org/10.1210/me.2007-0259.

Rucci, N. et al. (2007), "Modeled microgravity stimulates osteoclastogenesis and bone resorption by increasing osteoblast RANKL/OPG ratio", Journal of Cellular
Biochemistry, Vol. 100/2, Wiley, https://doi.org/10.1002/jcb.21059.

Sambandam, Y. et al. (2016), "Microgravity Induction of TRAIL Expression in Preosteoclast Cells Enhances Osteoclast Differentiation", Scientific Reports, Vol. 6,
Nature, https://doi.org/10.1038/srep25143.

Saxena, R. et al. (2011), "Modeled microgravity and hindlimb unloading sensitize osteoclast precursors to RANKL-mediated osteoclastogenesis”, Journal of Bone
and Mineral Metabolism, Vol. 29/1, Nature, https://doi.org/10.1007/s00774-010-0201-4.

Smith, J. K. (2020a), "Microgravity, Bone Homeostasis, and Insulin-Like Growth Factor-1", Applied Sciences, Vol. 10/13, MDPI, Basel,
https://doi.org/10.3390/app10134433.

72/100


https://doi.org/10.1007/s00223-014-9851-x
https://doi.org/10.1152/ajpcell.00520.2019
https://doi.org/10.1007/s00223-013-9774-y
https://doi.org/10.1007/s11914-007-0024-y
https://doi.org/10.1002/jbmr.2996
https://doi.org/10.2174/1389202920666190422142053
https://doi.org/10.7150/ijbs.2929
https://doi.org/10.3390/ijms21041259
https://doi.org/10.3390/ijms21176377
https://doi.org/10.1371/journal.pone.0127230
https://doi.org/10.1139/cjpp-2019-0632
https://doi.org/10.1002/jcp.28351
https://doi.org/10.1007/s11010-015-2559-z
https://doi.org/10.3892/mmr.2020.11425
https://doi.org/10.1002/bem.22150
https://doi.org/10.3892/mmr.2018.9449
https://doi.org/10.3390/ijms20225525
https://doi.org/10.1210/me.2007-0259
https://doi.org/10.1002/jcb.21059
https://doi.org/10.1038/srep25143
https://doi.org/10.1007/s00774-010-0201-4
https://doi.org/10.3390/app10134433

AOP482

Smith, J. K. (2020b), "Osteoclasts and microgravity", Life, Vol. 10/9, MDPI, Basel, https://doi.org/10.3390/life10090207.

Tian, Y. et al. (2017), "The impact of oxidative stress on the bone system in response to the space special environment", International Journal of Molecular
Sciences, Vol. 18/10, MDPI, Basel, htips://doi.org/10.3390/ijms18102132.

Willey, J. S. et al. (2011), "lonizing Radiation and Bone Loss: Space Exploration and Clinical Therapy Applications", Clinical Reviews in Bone and Mineral
Metabolism, Vol. 9, Nature, htips:/doi.org/10.1007/s12018-011-9092-8.

Yang, M. et al. (2019), "Treatment with hydrogen sulfide donor attenuates bone loss induced by modeled microgravity", Canadian Journal of Physiology and
Pharmacology, Vol. 97/7, Canadian Science Publishing, https://doi.org/10.1139/cjpp-2018-0521.

Zhang, J. et al. (2019), "Lowering iron level protects against bone loss in focally irradiated and contralateral femurs through distinct mechanisms", Bone, Vol.
120/October 2018, Elsevier, Amsterdam, https://doi.org/10.1016/j.bone.2018.10.005.

Zhou, Z. et al. (2008), "HMGB1 Regulates RANKL-Induced Osteoclastogenesis in a Manner Dependent on RAGE", Journal of Bone and Mineral Research, Vol.
23/7, Wiley, https://doi.org/10.1359/jbmr.080234.

Relationship: 2844: Altered Bone Cell Homeostasis leads to Bone Remodeling

AOPs Referencing Relationship

AOP Name Adjacency Weight of Evidence Quantitative Understanding

Deposition of energy leading to occurrence of bone loss adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus High NCBI

Life Stage Applicability
Life Stage Evidence

Adult High

Juvenile Moderate
Sex Applicability
Sex Evidence

Male High

Female Moderate

Unspecific Low

Considerable evidence is available in mice and rats. The relationship has been demonstrated in vivo for both males and females, with more available evidence for
males. In vivo evidence is derived from adolescents and adult models, with considerable evidence for adults.

Key Event Relationship Description

The bone microenvironment is defined as a complex structural and biological system containing mesenchymal cells from different lineages; bone resident cells,
such as osteoclasts, osteoblasts, and osteocytes; and the bone extracellular matrix. For bone structure to remain at a homeostatic level, osteoclasts and
osteoblasts must act in unison so that bone resorption does not outpace bone formation, and vice versa. Osteoblasts differentiate from mesenchymal stem cells
(MSCs) into pre-osteoblasts, then pre-osteoblasts migrate to the site of bone resorption where they become fully functioning osteoblasts capable of depositing new
bone matrix (Donaubauer et al., 2020). Osteoclasts originate from hematopoietic stem cells (HSCs) in the bone marrow and their differentiation into pre-osteoclasts
is stimulated by the release of cytokines by osteocytes, osteoblasts, and immune cells (Donauabauer et al., 2020). Imbalances in the regulation of osteoblast and
osteoclast differentiation and proliferation results in altered bone cell homeostasis and consequent disruption to bone remodeling (Chatziravdeli et al., 2019;
Donaubauer et al., 2020; Smith, 2020a; Smith, 2020b; Tian et al., 2017).

Altered bone cell homeostasis can be defined by an increase in osteoclast number and activity and a decrease in osteoblast number and activity, resulting in an
imbalance in bone formation and resorption. Altered cell processes can increase osteoclast activity and decrease osteoblast activity and the production of the
organic and inorganic components of the bone matrix. As a result of altered bone cell homeostasis, bone remodeling processes may be impacted. Each
remodeling event, known as a basic multicellular unit (BMU), consists of osteoclasts, bone resorption cells, osteoblasts, and bone-forming cells (Raggatt &
Partridge; Slyfield et al., 2012, Frost, 1966). The BMU activity can be assessed by examining parameters of dynamic bone histomorphometry. The structural model
index (SMI) of bone tissue, which measures the proportion of rods and plates in trabecular bone, also serves as an important marker of bone structural changes
(Shahnazari et al., 2012). A disruption in the activity of bone remodeling cells, such as bone MSCs, osteoblasts and osteoclasts, leads to dysfunction of bone cells
and downstream altered bone remodeling (Wright et al., 2015; Zhang et al., 2018). The strict regulation of differentiation pathways that define
osteoblast/osteoclastogenesis is essential for the maintenance of osteogenic balance and functioning of bone cells to bone remodeling.

Evidence Supporting this KER
Overall weight of evidence: Moderate
Biological Plausibility

The biological basis for linking the loss of homeostasis among bone cells to bone remodeling is well-supported by literature, as illustrated by multiple review articles
on the subject. (Bartell et al., 2014; Donaubauer et al., 2020; Manolagas et al., 2007; Maeda et al., 2019; Tahimic and Globus, 2017; Tian et al., 2017).

Under normal conditions, osteoblasts make new bone by secreting collagen and proteoglycans, which make up the unmineralized organic bone matrix, and
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hydroxyapatite crystals, which form the mineralized, inorganic component. As osteoblasts are responsible for bone formation and mineralization, a reduction in
osteoblast numbers has been shown to decrease bone formation rate and mineral apposition rate, which are important measures of bone remodeling (Bikle and
Halloran, 1999; Donaubauer et al., 2020; Morey-Holton and Arnaud, 1991).

Disrupted bone cell function includes activation of osteoclasts by upregulation of HSC differentiation, resulting in promotion of bone resorption (Donaubauer et al.,
2020). The osteoclast-specific gene, tartrate-resistant acid phosphatase (TRAP)-5b, is expressed during osteoclastogenesis and is commonly used as a marker of
osteoclast activity due to its role in osteoclast function (Donaubauer et al. 2020; Willey et al., 2011; Smith, 2020b). Osteoclasts break down the bone matrix by
attaching to the surface of the bone, forming a sealed resorption pit, and secreting hydrochloric acid to dissolve hydroxyapatite crystals, as well as proteases such
Cathepsin K (CTSK) and matrix metalloproteinases (MMP9 and MMP14) to degrade matrix proteins (Smith, 2020b; Stavnichuk et al., 2020). The removal and
resorption of organic matrix derivatives and mineral components, such as calcium and phosphorus, from the bone surface results in increased demineralization
and resorption of bone matrix. (Bikle and Halloran, 1999; Morey-Holton and Arnaud, 1991). High levels of osteoclasts in the bone microenvironment results in
increased bone resorption rate and decreased bone formation rate (BFR) and mineral apposition rate (MAR) (Donaubauer et al., 2020; Smith, 2020a; Willey et al.,
2011; Xiao et al., 2016). Review papers on bone remodeling during spaceflight cite numerous studies indicating that a loss of homeostasis in bone cells towards
resorption is a factor leading to impaired bone remodeling (Bikle and Halloran, 1999; Morey-Holton and Arnaud, 1991).

Empirical Evidence

The empirical data relevant to this KER provides strong support for the linkage between altered bone cell homeostasis and bone remodeling. The majority of the
evidence supporting this relationship is derived from studies examining the effect of microgravity and radiation, on the skeletal system. Both stressors induce a
dose- and time-dependent loss of homeostasis in bone cells towards increased bone remodeling (Chandra et al., 2017; Chandra et al., 2014; Hui et al., 2014;
Lloyd et al., 2015; Matsumoto et al. 1998; Shahnazari et al., 2012; Wright et al. 2015; Wronski et al., 1987).

Incidence Concordance

There is moderate support in current literature for an incidence concordance relationship between altered bone cell homeostasis and increased bone remodelling.
Seven of the primary research studies used to support this AOP demonstrated an average change to endpoints of altered bone cell homeostasis that was greater
or equal to that of bone remodelling (Chandra et al., 2017; Wright et al., 2015; Yang et al., 2020; Lloyd et al., 2015; Shahnazari et al., 2012; Dehority et al., 1999;

Wronski et al., 1987).

Dose Concordance

The evidence for a dose-dependent relation between altered bone cell homeostasis and bone remodeling is moderate. Studies on the effects of space-related
stressors such as ionizing radiation and microgravity on bone development have found that these stressors produce significant changes in bone cell function, which
are linked to subsequent bone remodeling. Microgravity exposure, whether through simulated methods like hindlimb unloading and tail suspension or authentic
means like spaceflight, resulted in significant reductions in bone formation markers. Examples include a 40-50% reduction in osteocalcin (OCN) and significant
increases in bone resorption markers, such as a 3-4-fold increase in TRAP-5b (Yang et al., 2020; Lloyd et al., 2015; Yotsumoto, Takeoka, and Yokoyama, 2010).
Microgravity also has been shown to result in significant dose dependent changes in bone remodeling markers such as MS, MAR, and BFR. Studies on mice and
rats exposed to microgravity for 1-5 weeks found dramatic reductions in bone remodeling parameters compared to control or baseline values, ranging from 33-80%
for BFR, 23-75% for MAR, and 29% for mineralizing surface (MS/BS). (Dehority et al., 1999; Iwaniec et al., 2005; Lloyd et al., 2015; Matsumoto et al. 1998;
Shahnazari et al., 2012; Wronski et al., 1987; Yang et al., 2020; Yotsumoto, Takeoka, and Yokoyama, 2010).

Studies that use ionizing radiation provide the best support for dose-dependence, as they support the relationship at a range of radiation doses. Studies that
examined the effects of low doses (<2 Gy) of low linear energy transfer (LET) radiation (X-rays and protons) on mice found that there was a dose-dependent
relationship between osteoblast and osteoclast markers and bone remodeling markers. 2 Gy of low LET radiation resulted in a significant linear decrease in levels
of osteoblast markers, such as OCN by 52% and ALP by 75%, and increased levels of osteoclast markers, such as osteoclast number by 44% and TRAP-5b levels
by 14%. As a result, bone remodeling factors, such as BFR and MS/BS, were decreased after exposure to 2 Gy (Bandstra et al., 2008; Wright et al., 2015). Studies
with higher doses (>8 Gy) of low LET radiation have shown the similar linear relationship; however, the changes to markers of osteoblasts, osteoclasts, and bone
remodeling were more significant (Chandra et al., 2017; Chandra et al., 2014; Hui et al., 2014).

Time Concordance

There is limited evidence for a time-dependent link between altered bone cell homeostasis and bone remodeling in the existing literature. Few research articles
examined the long-term consequences of microgravity or ionizing radiation-induced loses in bone cell homeostasis on bone remodeling (Dehority et al., 1999; Hui
et al., 2014; Shahnazari et al., 2012). Hui et al. (2014) irradiated mice with 16 Gy and found C-terminal telopeptide (CTX), a marker of osteoclast activity, to
increase 3 days post-irradiation, while MAR was measured increased 12 to 29 days post-irradiation. Shahnazari et al. (2012) showed that hindlimb unloading for 2
and 4 weeks increased TRAP-positive osteoclasts after 1 week, while decreasing the BFR/BS in DBA/2 mice. Similarly, Dehority et al. (1999) found that osteoblast
surface decreased starting at 1 week of microgravity, while BFR was decreased when measured over 0-2 weeks of microgravity.

Essentiality
No study was found that blocked bone cell homeostasis following a stressor and observed the resulting effects on bone remodeling.
Uncertainties and Inconsistencies

None identified
Quantitative Understanding of the Linkage

The following are a few examples of quantitative understanding of the relationship. All data that is represented is statistically significant unless otherwise indicated.
Response-response relationship

Dose/Incidence Concordance

Reference |Experiment Description ”Result

In vivo. An experiment was conducted on male C57BL/6 mice

(8—10 weeks old) exposed to 8 Gy X-ray radiation at a rate of |[The group without the sclerostin with a monoclonal antibody (Scl-Ab) injections
1.65 Gy/min to analyze suppression of Sclerostin on irradiated |lexperienced a 52% decrease in osteoblast number, and 26% increase in SMI.
bones. Osteoblast number over bone surface (Ob.N/BS), and

structural model index (SMI) (bone remodeling markers) were

Chandra et
al., 2017
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measured.
In vivo. 3-month-old female rats were irradiated with 16 Gy of
X-rays, fractionated into two 8 Gy doses at a rate of 1.65 Ob.N/BS and Oc.N/BS was 75% and 50% lower in the irradiated group compared to
Chandra et |Gy/min. To analyze the effects of ionizing radiation-induced (the non-irradiated group, respectively. lonizing radiation exposure also resulted in a
al., 2014 |bone remodeling, histometric measurements of Ob.N/BS and ||[~100% decrease in both BFR and MAR, as well as a ~20% increase in SMI, at 28 days
osteoclast number over bone surface (Oc.N/BS) and BFR, post-irradiation relative to non-irradiated controls.
MAR, and SMI (bone remodeling markers) were measured.
) Ir} iz, ZLREleele U UEmiEl S nlleD Lo ©getet o) 2 Compared to the non-irradiated controls, CTX levels increased 38.2% by 3 days after
Hui et al., |single 16 Gy dose of X-rays. CTX (osteoclast marker), OCN L ) o .
f radiation and OCN levels increased by 18.3% by 30 days after radiation. Mice
2014 (osteoblast marker) and MAR (bone remodeling marker) of o . ) L
) . ) . experiencing a 16% decrease per day in MAR by 12-29 days post irradiation.
the distal femurs of irradiated mice were measured.
In vivo. The right hindlimbs of 20-week-old male C57BL/6 Compared to the control group, and contralateral group, bone marrow adiposity was
mice were irradiated with 2 Gy of X-rays at a rate of 1.6 increased in the irradiated group. Mineralized bone surface decreased in the
Wright et |[Gy/min. Ob.N/BS and Oc.N/BS were measured to assess irradiated group and unmineralized osteoid surface area was increased. Irradiation led
al., 2015 |altered bone cell homeostasis and osteoid volume (OV/BV), |to 46% increase in Oc.N/BS, a (n.s.) 15% increase in Ob.N/BS, a 33% decrease in
osteoid surface (OS/BS), BFR, and MS/BS were measured to |BFR and a 20% decrease in MS/BS. In irradiated femurs OV/BV and OS/BS were
assess bone remodeling. increased compared to controls.
In vivo. Male 14-week-old transgenic mice were unloaded
Yang et al., |using tail suspension. The tibia of wildtype and transgenic Analysis showed a 50% decrease in ALP activity, 47.5% decrease in OCN activity, and
2020 mice were scanned at 28 days after un-loading. Bone cell 4-fold increase in TRAP-5b by day 7. This was accompanied by a 23% decrease in
markers including ALP activity, OCN, and TRAP-5b levels and |[MAR, a 33% decrease in BFR, and a 50% decrease in MS/BS under microgravity
bone remodeling markers such as MAR, BFR, and MS/BS relative to control.
were measured.
In vivo. 77-day-old female C57BL/6J mice were exposed to 12 ||OCN was decreased by 40% in control groups and by nearly 50% in the spaceflight
days of microgravity conditions during spaceflight. Histological |group. TRAP-5b levels were unchanged in the control group and were increased by
Llovd et al measurements were taken from the femur and proximal tibiae [[200% in the spaceflight group. There was a 33% decrease in periosteal BFR, a 32%
201y5 "’||lof the mice to study the effects of microgravity. These decrease in periosteal MS/BS, and a 40% decrease in periosteal MAR. There was also
measurements consisted of indicators of bone cell function a 40% decrease in endocortical BFR, a 29% decrease in endocortical MS/BS, and a
such as TRAP-5b and OCN and bone remodeling markers 33% decrease in endocortical MAR. Lastly, there was a 50% decrease in trabecular
including MS/BS, MAR, BFR, and SMI BFR and a 6% increase in SMI.
In vivo. 6-month-old adult male C57BL/6 and DBA/2 mice Compared to normally loaded controls, TRAP-positive osteoclasts increased by ~3.5-
underwent hindlimb unloading for 1, 2, and 4 weeks to fold by week 1 of unloading and became non-significant after a week. By 1 week of
Shahnazari|simulate the effects of microgravity. Measurements of calcified [unloading, there was a 70% and 60% decrease in calcified nodules in C57BL/6 and
et al, nodules and histological parameters were taken from cultured |[DBA/2 mice, respectively. While there was no significant change to BFR/BS in
2012 bone marrow cells and murine femurs, respectively. Levels of |[C57BL/6 mice, there was a ~33% decrease in DBA/2 mice at 2 weeks post-exposure.
TRAP-positive cells (osteoclast marker) and BFR, MAR, After 2 and 4 weeks, DBA/2 mice experienced significant decreases in MS/BS and
MS/BS, and SMI (bone remodeling markers) were analyzed. |MAR. SMI did not significantly change following unloading in either model.
Yotsumoto, In vivo. Eight-week-old male mice were tail-suspended
Takeoka, - SIgNW P ) Tail suspension resulted in a 50% decrease in OCN and 25% increase in DPD. This
Deoxypyridinoline (DPD, osteoclast marker) and MAR, and . . : .
and X . |was accompanied by a 75% decrease in MAR and a 50% decrease in BFR under tail
BFR (bone remodeling markers) were measured to determine .
'Yokoyama, . . ’ suspension.
2010 the effects of microgravity on bone remodeling.
. In vivo. Fifty-six 6-month-old virgin male Sprague-Dawley rats |, 1 \yeek of unloading, there was a 62.5% decrease in osteoblast surface,
Dehority et |were unloaded using the hindlimb elevation model for 5 : . e . .
. accompanied by an 80% decrease in BFR at the tibiofibular junction and a 33%
al.,, 1999 |weeks. Osteoblast surface, BFR, and MAR (bone remodeling . . g .
decrease in MAR in the tibia after 2 weeks of unloading.
markers) levels were measured.
I vivo. §—week—old luvenile ‘male rats lunderwgnt tail - Osteoclast number was 30% higher after tail suspension relative to controls at the
Matsumoto |suspension for 14 days to simulate microgravity conditions. ) ) ) ) .
- . . ) same time point. Osteoblast surface was ~28% lower after tail suspension relative to
et al, Histological measurements including osteoclast number, . . ) . - A
) controls. Tail suspension also resulted in a 48% decrease in periosteal MAR in the
1998 osteoblast surface and bone remodeling marker, MAR, of the .
. femur compared to baseline levels.
femur and tibiae were measured.
In vivo. 84-day-old adult male, five large and six small, rats
\Wronski et were exposed to microgravity conditions for 7 days during Osteoclast surface increased 22% and osteoblast surface decreased 51% in large rats
spaceflight. Osteoblast and osteoclast surface were measured |after spaceflight relative to controls. This was associated with a 34% decrease in BFR
al., 1987 : X
along with BFR to assess altered bone cell homeostasis and |[compared to the ground controls.
bone remodeling, respectively.
i . ek e, e e e, R L it e AII IF.{.—lnduced changes to serum OCN and TRAP levels, along thh BFR were non-
. - . significant compared to the control. TRAP-5b levels decreased in the 0.5 and 1 Gy
exposed to whole-body irradiation with 0.5, 1, and 2 Gy of 250 . ) .
. ’ ’ group by 6% and 10%, respectively, and increased in the 2 Gy group by 2%. OCN
Bandstra et|MeV protons at a rate of 0.7 Gy/min. Histological A )
. . levels were the same in the 1 Gy group and decreased in the 0.5 Gy and 2 Gy groups
al., 2008 |measurements, including TRAP-5b, OCN (osteoclast markers) . .
) by 4%, and 18%, respectively. Ps.BFR increased by 5% and 14% after 0.5 and 1 Gy
and periosteal BFR (Ps.BFR) and endosteal BFR (Ec.BFR) i Lo . )
e reee i M) T memsed radiation, respectively; however, it remained unchanged post-2 Gy exposure. Ec.BFR
9 : decrease by 19%, 27%, and 21% after 0.5, 1, and 2 Gy, respectively.
In vivo. 70-day-old female C56BL/6 F1 and DBA/2 mice
underwent 1 week of hindlimb unloading to simulate
microgravity conditions. Histological measurements were . o
Iwaniec et (taken from the distal femur to study the effects of ?;:/eo(;tlastsucrjfl?cg wals |r;9reasec|1 b);4 8 A’TT:d osteoblast_ stugacihwaig;c;eased by_
al., 2005 |microgravity-induced bone remodeling. These measurements BFF:? efld Itn im .un 0acing. udntoa 'n?' | s was assoclated with a o decrease in
include BFR, an indicator of bone remodeling, and osteoblast In'wild type mice compared 1o controf groups.
and osteoclast surface, indicators of altered bone cell
homeostasis.
Time-scale

Time Concordance

Reference

Experiment Description

||Resu It

Shahnazari

In vivo. 6-month-old adult male C57BL/6 and DBA/2 mice
underwent hindlimb unloading for 1, 2, and 4 weeks to
simulate the effects of microgravity. Measurements of

Compared to normally loaded controls, TRAP-positive osteoclasts increased by ~3.5-fold at
week 1 of unloading but became non-significant after a week. Calcified nodule formation in
calcified nodules and histological parameters were taken [poth unloaded mouse models decreased significantly at all time points but progressively
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et al., from cultured bone marrow cells and murine femurs, recovered from 1 to 4 weeks. C57BL/6 and DBA/2 mice saw maximum decreases of ~69%
2012 respectively. Levels of TRAP-positive cells (osteoblast and ~61%, respectively, at 1 week of unloading. DBA/2 mice only experienced a significant
marker) and BFR, MAR, and MS (bone remodeling decrease in BFR/BS at 2 weeks. BFR/BS in C57BL/6 mice did not change significantly at
markers) were analyzed. any time point. MS/BS and MAR both showed significant decreases in DBA/2 mice at 2 and
4 weeks.

In vivo. Fifty-six 6-month-old male Sprague-Dawley rats
were unloaded using the hindlimb elevation model for 5

Dehority et ks. O bl f is indi BFR Initial decrease in osteoblast surface at week 1 followed by a slight recovery at week 3 in
al., 1999 we:ja I\;AF{SEO ast surdatlz'e (osteigenelss Iln icator), ’ lunloaded rats; controls remained constant. At week 5 control rats showed a decrease in
an d( one remodeling markers) levels were osteoblast surface and unloaded rats decreased to week 1 levels. BFR showed maximal
SISk decrease at week 2 of unloading and remained constant until week 4.
In vivo. 20-week-old adult female mice were exposed to a
Hui et al single 16 Gy dose of X-rays. CTX (osteoclast marker), Compared to non-irradiated controls, CTX levels increased by 38.2% by 3 days after
5014 ” |OCN (osteoblast marker) and MAR (bone remodeling radiation. Irradiation resulted in the mice experiencing a 16% decrease per day in MAR by
marker) of the distal femurs of irradiated mice were 12-29 days post irradiation.
measured.
Known modulating factors
eanatng Details Effects on the KER References
Factors
Sclerostin
(Wnt Sclerostin, a Wnt antagonist, expression in adults is primarily restricted to osteocytes. The suppression of sclerostin was
Drug antagonist) |examined using Scl-Ab. Scl-Ab was found to completely reverse the effects of radiation on bone tissue. Scl-Ab injections Chandra et

suppression|not only blocked any structural deterioration, but also increased bone mass and improved bone quality in the radiated area |al., 2017
to the same levels as in a non-radiated area with Scl-Ab treatment.

Parathyroid |Rats were given daily injections of human recombinant PTH (PTH1-34) to avoid the effects of ionizing radiation after being

Drug hormone |exposed to 16 Gy of X-rays. Compared to the irradiated group, rats treated with PTH1-34 had a 70.6% decrease in ;ha;g1ri el
(PTH)1-34 |apoptotic osteoblasts (from 34 percent to 10 percent) and a 53% decrease in apoptosis in osteocytes. v
Pacheco
Age Old age Lower estrogen at old age is thought to contribute to higher osteoclast activity and increased bone resorption. and Stock,
2013

Known Feedforward/Feedback loops influencing this KER
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Relationship: 2845: Bone Remodeling leads to Bone Loss

AOPs Referencing Relationship

AOP Name Adjacency Weight of Evidence Quantitative Understanding

Deposition of energy leading to occurrence of bone loss adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links

rhesus monkeys Macaca mulatta  Moderate NCBI

human Homo sapiens Low NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus High NCBI

Life Stage Applicability
Life Stage Evidence
Adult High

Juvenile High
Sex Applicability
Sex Evidence

Male High
Female High
Evidence for this relationship has been demonstrated in vivo for monkeys, mice, and rats, with considerable evidence from mice and rats. The relationship has

been demonstrated in vivo for both males and females, with considerable evidence for both. There is in vivo evidence in adolescent and adult animals, with
considerable evidence for both.

Key Event Relationship Description

An imbalance in bone remodeling towards increased resorption of the organic and inorganic components of the bone matrix can lead to an increase in bone loss.
Bone remodeling can facilitate bone loss through either stimulating the natural process of resorbing bone matrix back into the blood to facilitate vital processes, or
by decreasing the deposition of replacement bone matrix, both of which result in increased bone loss. Changes to bone structure and the subsequent loss of bone
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results in changes to the portion of bone surface that is actively being mineralized (mineralizing surface, MS/BS). This can lead to measurable changes in the rate
at which osteoid seams are mineralized (mineral apposition rate, MAR), and the amount of new bone formed per unit time in relation to the mineralizing surface
(bone formation rate, BFR) (Dempster et al., 2013). The structural model index (SMI) of bone tissue, which measures the proportion of rods and plates in
trabecular bone, is an important indicator of bone restructuring, with increased rod-like geometry being associated with reduced bone strength (Shahnazari et al.,
2012). The resulting bone loss from dysregulated bone remodelling is characterized by deteriorated bone matrix, which is evident in measures of bone structure,
including trabecular microarchitecture, cortical microarchitecture, and other measures of static bone histomorphometry, as well as measures of bone strength.

Evidence Supporting this KER

Overall weight of evidence: Moderate
Biological Plausibility

The biological plausibility supporting the link between bone remodelling and bone loss is highly supported and described well in review papers on the subject (Bikle
and Halloran, 1999; Donaubauer et al., 2020; Morey-Holton and Arnaud, 1991; Smith, 2020; Tian et al., 2017). Bone loss is the result of inducing a decrease in
bone formation and/or an increase in bone resorption by bone remodelling cells (Willey et al., 2011; Zhang et al., 2008). Osteoblasts generate new bone by
secreting collagen and proteoglycans to form the unmineralized, organic bone matrix, and hydroxyapatite crystals to form the mineralized, inorganic component of
the matrix (Donaubauer et al., 2020). The organic matrix, or osteoid, contribute strength and stability to bone, while hydroxyapatite crystals provide stiffness
(Morey-Holton and Arnaud, 1991). Osteoclasts degrade bone matrix by attaching to the bone surface, forming a sealed resorption pit, and secreting hydrochloric
acid to dissolve the hydroxyapatite crystals, as well as proteases such as Cathepsin K (CTSK) and matrix metalloproteinases (MMP9 and MMP14), to degrade the
matrix proteins (Smith, 2020; Stavnichuk et al., 2020). Increased demineralization and resorption of bone matrix results in bone mineral density decreasing as
organic matrix derivatives and mineral components, such as calcium and phosphorus, are stripped from the bone surface and resorbed into the blood stream (Bikle
and Halloran, 1999; Morey-Holton and Arnaud, 1991).

Empirical Evidence

The empirical data relevant to this KER provides strong support for the linkage between bone remodeling and bone loss. Most of the evidence supporting this
relationship comes from studies examining the effect of microgravity and X-ray radiation on the skeletal system. Both stressors induce a dose- and time-dependent
imbalance in bone remodeling towards increased resorption that results in bone loss (Chandra et al., 2017; Chandra et al., 2014; Hefferan et al., 2003; Hu et al.,
2020; Hui et al., 2014; lwaniec et al., 2005; Iwasaki et al., 2002; Lloyd et al., 2015; Matsumoto et al., 1998; Shahnazari et al., 2012; Wang et al., 2020; Wright et al.,
2015; Wronski et al., 1987; Zerath et al., 2002; Zerath et al., 2000).

Incidence Concordance

There is moderate support in current literature for an incidence concordance relationship between bone remodelling and bone loss. Many studies demonstrate an
average change to endpoints of bone remodelling that are greater than or equal to that of bone loss (Chandra et al., 2017; Chandra et al., 2014; Hefferan et al.,
2003; Hu et al., 2020; Hui et al., 2014; Ishijima et al., 2001; lwaniec et al., 2005; Lloyd et al., 2015; Willey et al., 2010; Wright et al., 2015; Wronski et al., 1987;
Yotsumoto, Takeoka, and Yokoyama, 2010; Zerath et al., 2002; Zerath et al., 2000).

Dose Concordance

Current literature on bone deterioration provides moderate evidence that bone remodeling occurs at lower or the same doses as bone loss. Studies that examine
imbalances in bone remodeling caused by space-related stressors, namely ionizing radiation and microgravity, have observed both stressors induce significant
decreases in bone formation that are associated with subsequent increases in bone loss. Exposure to microgravity conditions through simulated means, such as
hindlimb unloading and tail suspension, or through authentic means, such as spaceflight, resulted in significant decreases in MS, MAR, and BFR, associated with
diminished bone volume fraction (BV/TV) and bone mineral density (BMD). Studies that examined the effects of 1-4 weeks of microgravity exposure on mice
observed significant decreases in bone remodeling parameters compared to control or baseline levels, from 33-75% for BFR, 33-90% for MAR, and 29% for
MS/BS, as well as increases of 0-6% to SMI. These decreases in bone formation were accompanied by degradation to bone structure, as demonstrated by
reduced BV/TV (26-82%) and volumetric BMD (vBMD) (12-28%) (Hu et al., 2020; Ishijima et al., 2001; lwaniec et al., 2005; Lloyd et al., 2015; Shahnazari et al.,
2012; Wang et al., 2020; Yotsumoto, Takeoka, and Yokoyama, 2010). Studies that examined microgravity-induced changes in rats after 1-4 weeks of exposure
observed decreased MS/BS (70%), BFR (34-80%), MAR (20-50%), as well as increased SMI (9%). These decreases in bone formation were accompanied by bone
loss, including 11-69% less BV/TV and 25-45% less BMD (Hefferan et al., 2003; lwasaki et al., 2002; Matsumoto et al., 1998; Wronski et al., 1987; Zerath et al.,
2000).

Studies that utilize ionizing radiation provide the best support for dose-dependence, as they show the variances in bone remodelling and bone loss when exposed
to a range of radiation doses. Chandra et al. (2017; 2014) observed significant increases in SMI (~20% and 26%) following irradiation with 8 and 16 Gy of small
animal radiation research platform (SARRP) X-rays, indicating a shift in trabecular geometry towards the weaker rod-like trabeculae. This change in the proportion
of plates and rods in trabecular bone was associated with decreases to BMD (30% and 14.3%), BV/TV (31% and 17.7%), and trabecular number (Tb.N) (13% and
17.7%), as well as increases in trabecular separation (Tb.Sp) (19% and ~25%), indicating that rod-like trabeculae are more susceptible to bone loss (Chandra et
al., 2017; Chandra et al., 2014).

Time Concordance

In the current literature there is limited evidence for a time-dependent relationship between bone remodelling and bone loss. Certain studies examined the effects
of microgravity or ionizing radiation-induced bone remodelling on bone loss over a span of time (Hui et al., 2014; Shahnazari et al., 2012). Each study found that
changes to their measurement of interest generally increased over time. When examining MAR Hui et al. (2014) observed a decrease by 15.7% per day when
measured 12-29 days post-irradiation. They also found a significant decrease in BV/TV at day 30 after exposure to 16 Gy of ionizing radiation (Hui et al., 2014).

After hindlimb unloading, Shahnazari et al. (2012) found that their C57BL/6 and DBA/2 mice both displayed a linear, time-dependent decrease in BV/TV when
measured at 1, 2, and 4 weeks, with C57BL/6 mice also exhibiting the same trend in total bone mineral density (BMD/TV). Both bone loss and remodeling showed
the first significant decrease after 2 weeks of microgravity (Shahnazari et al., 2012). Bone remodeling and bone loss generally occur at similar time points, with
bone remodelling being observed to substantially decrease as early as 1 week of exposure, as demonstrated by the reduction in calcium nodule formation (Hui et
al., 2014; Shahnazari et al., 2012).

Essentiality

Few studies were found that blocked bone remodeling following a stressor and observed the resulting effects on bone loss. Mice exposed to microgravity showed
reduced bone formation through decreased MAR and BFR as well as bone loss through decreased BV/TV (Ishijima et al., 2001). Bone remodeling blocked by
knockout of osteopontin, a protein that mediates bone remodeling following mechanical stress, resulted in restoration of bone formation and BV/TV (Ishijima et al.,
2001). Similarly, inhibition of Calponin h1, a negative regulator of bone formation, restored the indices of bone formation and subsequently increased BMD
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following microgravity (Yotsumoto, Takeoka, and Yokoyama, 2010).

Uncertainties and Inconsistencies

e Following exposure to 16 Gy of radiation, mice experienced a significant increase in trabecular BV/TV on day 8 post-irradiation relative to the non-irradiated
controls, contrary to the expected outcome of decreased BV/TV (Hui et al., 2014).

Quantitative Understanding of the Linkage

The following are a few examples of quantitative understanding of the relationship. All data represented is statistically significant unless otherwise indicated.

Response-response relationship

Dose/Incidence Concordance

Reference |Experiment Description Result
In vivo. The femoral metaphyseal osteoblasts and osteocytes of 8-
to 10-week-old male mice were irradiated with 8 Gy of focal SARRP|Irradiated mice experienced an 86% decrease in MS, a 100% decrease in BFR,
Chandra et [X-ray radiation at a rate of 1.65 Gy/min. Histomorphometric and a 26% increase in SMI. The reduction in bone formation and increase in
al., 2017 |parameters including MS, BFR, and SMI for bone remodeling and |bone resorption was accompanied by a 30% decrease in vBMD, a 31% decrease
vBMD, BV/TV, Tb.N, and trabecular separation (Tb.Sp) for bone |in BV/TV, a 13% decrease in Tb.N, and a 19% increase in Tb.Sp.
loss were measured.
In vivo. 3-month-old female rats were irradiated with 16 Gy of lonizing radiation exposure resulted in a ~100% decrease in both BFR and MAR,
SARRP X-rays, fractionated into two 8 Gy doses at a rate of 1.65 |as well as a ~20% increase in SMI, at 28 days post-irradiation relative to non-
Chandra et . ) o ! s b . s } .
al. 2014 Gy/min. Measurements in rat tibiae consisted of indicators of bone |jirradiated controls. The reduction in bone formation was accompanied by a
N remodeling, including MS, BFR, and SMI, and indicators of bone 14.3% decrease in BMD, a 17.7% decrease in BV/TV, a 17.7% decrease Tb.N,
loss, including BMD, BV/TV, Tb.N, and Tb.Sp. and a ~25% increase in Tb.Sp.
In vivo. 20-week-old adult female mice were irradiated with a single |[X-ray irradiation resulted in the mice experiencing a 15.7%/day decrease in MAR
Hui et al., |dose of 16 Gy. Measurements in the distal femur included MAR, an [from day 12-29 post-irradiation compared to non-irradiated controls. The
2014 indicator of bone remodeling, as well as BV/TV and cortical reduction in bone formation was accompanied by a 0.5-fold decrease in
thickness (Ct.Th), indicators of bone loss. trabecular BV/TV by day 30.
!n V“./O' The.hmdhmbs of 20-week-old adult male m.lce were . By 1-week post-irradiation, there was a ~30% and ~52% decrease in BFR and
. irradiated with 2 Gy of X-rays at a rate of 1.6 Gy/min, respectively. . . . :
Wright et ) L . L MS, respectively. The decrease in bone formation was accompanied by a 14%
Measurements in the tibia and femur consisted of indicators of ] ) : ) o .
al., 2015 A ) . and 22% decrease in BV/TV in the distal femur and proximal tibia, respectively,
bone remodeling, including MS and BFR, and the indicator of bone .
compared to baseline levels.
loss, BV/TV.
lo vz, 20_V\.’eek_.°|.d’ adglt, UERELS), GIAELS led T Gpeses (3 Following irradiation, the BFR decreased dramatically by 92% after 1 week of
whole body irradiation with 2 Gy of 140 kVp X-rays at a rate of 1.36 | o . ) )
) . h ) e irradiation. However, it reached 50% below baseline levels after 3 weeks. This
Willey et Gy/min. Histological measurements were taken from the tibiae to L i . o .
) ) reduction in bone formation was accompanied by a 13% decrease in Tb. N after
al., 2010 [examine the effects of bone remodeling on bone loss. These . R .
’ ) - . 1 week, a 15% increase in Tb. Sp after 1 week, and a 21% decrease in vBMD
measurements included BFR, indicator of bone remodeling, and L . -
o " N after 3 weeks. There was no significant change in Tb. Th. Additionally, 30%
BV/TV, connectivity density (Conn.D), Tb. N, trabecular thickness . ) . ) e
o decrease in BV/TV and a 53% decrease in Conn.D in the proximal tibiae after 3
(Tb. Th), Th. Sp, vBMD, and Marrow volume (Ma.V), indicators of -
rore s weeks. Ma.V was decreased by 5% at the end of week 3 (non-significant).
In vivo. 6-month-old male C57BL/6J mice were subjected to 3
e hmdhmp UrEEE. Hlstologlcal MCEENEENS UEE Following hindlimb unloading, mice experienced a 67% decrease in MAR
Wang et |taken from the distal femurs of the mice to study the effects bone ) ) .
) ) compared to 1G controls. The decrease in bone formation was accompanied by
al., 2020 |remodelling on bone loss. These measurements included MAR, an 2 75% decrease in BV/TV
indicator of bone remodelling, and BV/TV, an indicator of bone ° '
loss.
In vivo. 6-month-old adult male mice underwent hindlimb unloading
for 3 weeks to simulate the effects of microgravity. Histological Following hindlimb unloading, mice experienced a ~90% decrease in MAR and a
Hu etal.,, |measurements were taken from the femurs of the mice to study the [~75% decrease in BFR compared to baseline levels. The decrease in bone
2020 effects of bone remodelling on bone loss. These measurements  |formation was accompanied by a ~28% decrease in BMD and a ~82% decrease
consisted of indicators for bone remodelling, including MAR and in BV/TV.
BFR, and indicators for bone loss, including BMD and BV/TV.
In vivo. 77-day-old female C57BL/6J mice were exposed o 12 days The histology of the spaceflight group wag compared against the control and ‘Fhe
) ) ) authors found there was a 33% decrease in periosteal BFR, a 32% decrease in
of spaceflight. Histological measurements were taken from the . . )
) el ) periosteal MS/BS, and a 40% decrease in periosteal MAR. There was also a 40%
femur and proximal tibiae of the mice to study the effects of bone ’ ) . .
Lloyd et al., . R decrease in endocortical BFR, a 29% decrease in endocortical MS/BS, and a
remodelling on bone loss. These measurements consisted of ) . .
2015 g L ) 33% decrease in endocortical MAR. Lastly, there was a 50% decrease in
indicators of bone remodelling, including MS, MAR, BFR, and SMI, ) ; ) o .
- . . . trabecular BFR and a 6% increase in SMI. This reduction in bone formation was
and indicators of bone loss, including BV/TV, cortical volume (Ct.V), . : .
accompanied by a 26% decrease in BV/TV, a 7% decrease in femur Ct.V, and a
and vBMD. )
12% decrease in vBMD.
e e While there was no significant change to BFR in C57BL/6 mice, there was a
underwent hindlimb unloading for 1, 2, and 4 weeks to simulate the ] .
. . - ~33% decrease in DBA/2 mice at 2 weeks post-exposure. After 2 and 4 weeks,
effects of microgravity. Measurements of calcified nodules and ) . Lo . .
A - DBA/2 mice experienced significant decreases in MS/BS and MAR. SMI did not
Shahnazari[histological parameters were taken from cultured bone marrow S . L . o
; . significantly change following unloading in either model. This reduction in bone
et al., cells and murine femurs, respectively, to study the effects of bone . ) . ) ) )
remodslling on bone loss. Thess hisiclogical measurements formation was accompanied by a progressive decrease in BV/TV, with maximum
2012 . . : A 5 decreases of 44% and 35% in C57BL/6 and DBA/2 mice, respectively, and
consisted of indicators of bone remodelling, including BFR, MAR, L . .
o . . significant decreases of ~25% and ~20% at 2 weeks in C57BL/6 and DBA/2 mice,
MS, and SMI, and indicators of bone loss, including BMD, Ct.V, and ) o . ;
BV/TV respectively. There was no significant change to Ct.V following unloading.
In vivo. 70-day-old female C56BL/6 F1 and DBA/2 mice underwent
. ! ‘week (.)f el IT s gl T m|crogr§V|ty Rl Hindlimb unloading resulted in wild type mice experiencing a 43% decrease in
Iwaniec et |Histological measurements were taken from the distal femur to } }
) BFR compared to control groups. The decrease in bone formation was
al., 2005 |study the effects of bone remodelling on bone loss. These . )
. A ' accompanied by a 33% decrease in cancellous bone volume.
measurements included BFR, an indicator of bone remodelling,
and bone volume, an indicator of bone loss.
In vivo. 6-month-old adult rats underwent 14 days of hindlimb Following hindlimb unloading, there was a ~50% and 33% decrease in MAR in
unloading to simulate the microgravity conditions. Histological female and male rate, respectively, compared to control groups. There was an
Haffaran at
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‘|measurements were taken from the tibiae to study the effects of

80% decrease in BFR in both male and female rats. This reduction in bone

al., 2003 > ) ) ) : )
bone remodelling on bone loss. These measurements included formation was accompanied by an 11% and 18% decrease in BV/TV in female
BFR and MAR, indicators of bone remodelling, as well as BV/TV and male mice, respectively. There was no significant change to cortical area
and-cortical area, indicators of boneloss. 1 urloaded-and-ground-controls-in-cither-male-or-femalerats
In vivo. 3- to 4-year-old male rhesus monkeys spent 14 days in
spaceflight. Histological measurements of their iliac bone were Following microgravity exposure, the monkeys experienced a 33% decrease in
Zerath et |taken upon landing to study the effects of bone remodelling on MAR, a 53% decrease in BFR, and a 32% decrease in MS/BS compared to pre-
al., 2002 |bone loss. These measurements consisted of indicators of bone flight values. This reduction in bone formation was accompanied by a 35%
remodelling, including BFR, MAR, and MS, and cancellous bone decrease in BV/TV.
volume, an indicator of bone loss.
In vivo. 13-week-old adult male rats underwent 4 weeks of tail
suspension to simulate microgravity conditions. Histological Following tail suspension, there was a 20% decrease in MAR and a 39%
lwasaki et |measurements were taken from the tibiae of the rats to study the |decrease in BFR in rat tibiae compared to non-suspended controls. This
al., 2002 |effects of bone remodelling on bone loss. These measurements reduction in bone formation was accompanied by a 45% decrease in tibiae BMD
consisted of indicators of bone remodelling, including BFR and and a 69% decrease in BV/TV.
MAR, and indicators of bone loss, including BV/TV and BMD.
In vivo. 9-week-old juvenile male rats were exposed to 17 days of
spaceflight and histological measurements were taken from pelvic [Microgravity exposure resulted in a 52% decrease in BFR and a 34% decrease in
Zerath et |[tissue upon landing to study the effects of bone remodeling on MAR compared to the animal enclosure model (AEM) ground control. This
al., 2000 |bone loss. These measurements included BFR and MAR, reduction in bone formation was accompanied by a 12% decrease in BV/TV
indicators of bone remodelling, and BV/TV, an indicator of bone compared to the AEM ground control.
loss.
In vivo. 6-week-old juvenile male rats underwent tail suspension for
14 days to simulate microgravity conditions. Histological Tail suspension resulted in a 48% decrease in periosteal MAR in the femur
Matsumoto L ) . L . .
ot al measurements of the femur and tibiae were taken to study the compared to baseline levels. This reduction in bone formation was accompanied
1995‘ effects of bone remodeling on bone loss. These measurements by a 67% decrease in tibial BV/TV compared to baseline levels. The average of
included MAR, an indicator of bone remodelling, as well as BMD BMD levels across multiple regions of the femur were also significantly reduced.
and BV/TV, indicators of bone loss
In vivo. 84-day-old adult male rats were exposed to 7 days of
) s_pgcefllght and histological measuremen'gs were taken from their Microgravity resulted in a 34% decrease compared to the ground controls. The
Wronski et |[tibiae to study the effect of bone remodeling on bone loss. These L . ) )
) . . reduction in bone formation was accompanied by a 28% decrease in trabecular
al., 1987 |measurements included periosteal BFR, an indicator of bone
) . bone volume compared to ground controls.
remodelling, and trabecular bone volume, an indicator of bone
loss.
In vivo. Male 14-week-old transgenic mice were unloaded using tail
\vang et al suspension. The tibia of wildtype and transgenic mice were Following hindlimb unloading, there was a 23% decrease in MAR, a 33%
2028 “|lscanned at 28 days after un-loading. Bone remodeling markers decrease in BFR, and a 50% decrease in MS/BS under microgravity relative to
such as MAR, BFR, and MS/BS were measured. BV/TV was used |[control. This was accompanied by a 58% decrease in BV/TV.
as a bone loss marker.
'Yotsumoto,
Takeoka, /n vivo. Eight-week-old male mice were tail-suspended. MAR, and o5, 000066 in MAR and 50% decrease in BFR under tail suspension was
and BFR as bone remodeling markers and BV/TV and BMD as bone . : )
accompanied by a 50% decrease in BV/TV and a 25% decrease in BMD.
'Yokoyama, |loss markers were measured.
2010
Ishijima et In vivo. Female 12-week-old mice were tail-suspended. MAR, and a0 4o eoco in BFR and a 40% decrease in MAR in tail-suspended mice. This
BFR as bone remodeling markers and BV/TV as bone loss marker . :
al., 2001 was accompanied by a 50% decrease in BV/TV.
were measured.
Time-scale
Time Concordance
References |[Experiment Description Result
In vivo. 16-week-old adult female mice were irradiated with a single
. dqse @i e G [l iallogleal] MER LIS ©7ihe d'Sta.l e e i X-ray irradiation resulted in the mice experiencing a 15.7%/day decrease in
Hui et al., mice were taken to study the effects of bone remodelling on bone ) - . .
: - MAR from day 12-29 post-irradiation compared to non-irradiated controls.
2014 loss. These measurements included MAR, an indicator of bone Trabecular BV/TV decreased 0.5-fold at day 30
remodelling (upstream KE), and BV/TV, an indicator of bone loss ’ y 30.
(downstream KE).
In vivo. 6-month-old adult male C57BL/6 and DBA/2 mice underwent |DBA/2 mice only experienced a significant decrease in BFR at 2 weeks. BFR
hindlimb unloading for 1, 2, and 4 weeks to simulate the effects of in C57BL/6 mice did not change significantly at any time point. MS/BS and
microgravity. Measurements of calcified nodules and histological MAR both showed significant decreases in DBA/2 mice at 2 and 4 weeks.
Shahnazari |parameters were taken from cultured bone marrow cells and murine ||Both BV/TV and BMD/TV decreased in a linear, time-dependent manner in
et al., 2012 |femurs, respectively, to study the effects of bone remodelling on bone |[C57BL/6 mice with significant decreases at 2 and 4 weeks. Reductions in the
loss. The histological measurements consisted of indicators of bone |[BV/TV of DBA/2 mice also followed a linear, time-dependent trend, with
remodelling, including BFR, MAR, and MS, and indicators of bone significant decreases at 2 and 4 weeks. DBA/2 mice only saw a significant
loss, including BMD and BV/TV. decrease in BMD/TV at 2 weeks.
Known modulating factors
Modulating Details Effects on the KER References
factor
Genetic Sclerostin Schrqstm knockout mice blocked structural deterioration and improved bone quality after Chandra et al., 2017
knockout radiation.
Parathyroid . . . . .
Drug T 6Y) Treatment led to a full recovery of all static bone histomorphometric parameters after irradiation. |Chandra et al., 2014
Drug ODSM Treatment partially recovered MAR and BV/TV in tibia. Wang et al., 2020
Drug Antagomir-132  |Partially reversed MAR, BFR and BV/TV and completely reversed BMD. Hu et al., 2020
Drug Osteoprotegerin | Treatment reversed spaceflight-induced bone loss. Lloyd et al., 2015
Yotsumoto, Takeoka, and
Genetic Calponin h1 Calponin h1 knockout mice showed attenuated bone loss and no significant changes in bone 'Yokoyama, 2010
knockout remodeling markers under tail suspension.
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. Osteopontin Osteopontin knockout mice showed no significant changes in bone loss and bone remodeling
Genetic : . Ishijima et al., 2001
knockout markers when exposed to a tail suspension model.
Age 0ld age Lower estrlogen at old gge is thought to contribute to the detrimental effects of radiotherapy on Pacheco and Stock, 2013
bone loss in elderly patients.

Known Feedforward/Feedback loops influencing this KER
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List of Non Adjacent Key Event Relationships

Relationship: 2846: Oxidative Stress leads to Altered Bone Cell Homeostasis

AOPs Referencing Relationship

AOP Name Adjacency Weight of Evidence Quantitative Understanding

Deposition of energy leading to occurrence of bone loss non-adjacent Moderate Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

Adult Moderate

Juvenile Moderate
Sex Applicability
Sex Evidence

Male Moderate

Female Low

The evidence for the taxonomic applicability to humans is low as majority of the evidence is from in vitro human-derived cells. The relationship is supported by mice
and rat models using male and female animals. The relationship is plausible at any life stage. However, most studies have used adolescent and adult animal
models

Key Event Relationship Description

The tight regulation of differentiation pathways leading to bone-forming osteoblasts (osteoblastogenesis) and bone-resorbing osteoclasts (osteoclastogenesis) is
essential for the maintenance of osteogenic balance, i.e., the deposition and resorption of bone matrix. As such, perturbations by the overproduction of reactive
oxygen species (ROS) during oxidative stress can have devastating effects on the delicate balance of bone cell (i.e., osteocyte, osteoclast, and osteoblast)
differentiation and function.

Oxidative stress disrupts the homeostatic balance of osteoblastic bone deposition and osteoclastic bone resorption by altering the
osteoblastogenic/osteoclastogenic differentiation pathways through the overproduction of ROS (Tian et al., 2017). Briefly, ROS produced in pre-osteoblasts and
pre-osteoclasts will affect the activities of different signaling molecules in the respective cell types. In osteoblasts, ROS naturally upregulate expression of the
transcription factor forkhead box O (FoxO) which enhances cell antioxidant status. FoxO requires B-catenin binding, which sequesters B-catenin from the main
osteoblast differentiation pathway, the Wnt/B-catenin pathway, ultimately downregulating osteoblastogenesis and the expression of alkaline phosphatase (ALP) and
osteocalcin (OCN) (Manolagas and Aimeida, 2007; Tian et al., 2017). Further, ROS upregulate the receptor activator of nuclear factor kappa B ligand (RANK-L),
which is the main regulator of osteoclastogenesis. By increasing RANK-L production, ROS inhibits osteoclast apoptosis and promotes osteoclastogenesis and the
expression of tartrate-resistant acid phosphatase (TRAP), Cathepsin K (CTSK), and HCI (Tian et al., 2017).

Evidence Supporting this KER

Overall weight of evidence: Moderate
Biological Plausibility

The biological rationale for connection of increased oxidative stress to altered bone cell homeostasis is well-supported by research. Tian et al. (2017) reviewed the
influence of oxidative stress on osteoblasts and osteoclasts by the increased production of ROS and its resulting effect on bone resorption and deposition in the
space environment. Several other papers evaluated the impact of oxidative stress on osteoclastogenesis and osteoblastogenesis and the crucial role of ROS in up
and downregulation of bone resorption and deposition (Bartell et al., 2014; Donaubauer, et al., 2020; Maeda et al., 2019; Manolagas et al., 2007; Tahimic and
Globus, 2017).

Increased ROS production during oxidative stress plays crucial and opposing roles in osteoclast and osteoblast differentiation, activation and inhibition,
respectively. Cells use FoxO transcription factors to defend against oxidative stress by upregulating production of antioxidant enzymes. In osteoblasts, FoxO-
mediated transcription differs between mature osteoblasts and differentiating osteoblasts precursors (Aimeida 2011). In mature osteoblasts FoxO directly regulates
the transcription of genes involved in cell survival and proliferation (Almeida 2011). During differentiation of osteoblasts precursors FoxO requires binding of B-
catenin before translocating into the nucleus and regulating gene expression (Almeida 2011). B-catenin is also a well-known component of the Wnt/B-catenin
signaling pathway which is essential to osteoblast differentiation. Thus, increased FoxO production under oxidative stress divert B-catenin, directly downregulating
osteoblast differentiation and deposition of bone matrix (Maeda et al., 2019; Manolagas et al., 2007; Tian et al., 2017).

The opposite effect was found in osteoclasts. Increased ROS production in osteoblasts enhances the production of RANK-L, a ligand for RANK, the main regulator
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of osteoclast differentiation. Upon RANK-RANK-L interaction, transcription and translation of osteoclast-specific genes involved in bone matrix resorption by nuclear
factor of activated T cells 1 (NFATc1), the master transcription factor for osteoclastogenesis, occurs (Donaubauer et al., 2020; Tahimic and Globus, 2017; Tian et
al., 2017). Further, RANK-RANKL interaction supresses FoxO transcription in osteoclasts feeding osteoclastogenesis (Bartell et al., 2014). Accumulation of H202,
the most abundant form of ROS, is pivotal for osteoclastogenesis as it stimulates osteoclast progenitor proliferation and prolongs survival of mature osteoclasts; the
enhanced production of RANK-L by ROS feeds into this by suppressing FoxO transcriptional activity, thereby preventing ROS-scavenging by antioxidant enzymes
and creating a positive feedback loop for osteoclast stimulation (Bartell et al., 2014).

Empirical Evidence

Empirical data obtained for this KER moderately supports the link of increased oxidative stress resulting in altered bone cell homeostasis. Most of the evidence is
derived from work in bone cells or rodent animal models studying multiple space-relevant radiation sources and microgravity, indicating a direct induction of
oxidative stress in bone cells and increase resorption and decrease deposition of bone matrix in a dose-dependent manner (Diao et al., 2018; Huang et al., 2018;
Huang et al., 2019; Kondo et al., 2009; Kook et al., 2015; Liu et al., 2018; Sun et al., 2013; Wang et al., 2016; Xin et al., 2015; Zhang et al., 2020).

Incidence concordance

Limited studies demonstrate that oxidative stress increases more than bone cell homeostasis is altered. A few studies demonstrate equal changes to both KEs
following gamma irradiation in vitro (Huang et al., 2018; Xin et al., 2015; Zhang et al., 2020). /n vivo, it was shown that rats subject to microgravity had 0.3- to 0.4-
fold decreases in antioxidant enzyme activities and a 1.5-fold increase in malondialdehyde (MDA), while osteoclast markers increased a maximum of 1.3-fold (Diao
etal., 2018).

Dose Concordance

Moderate evidence exists in the current literature for dose concordance between oxidative stress and altered bone cell homeostasis. Studies have shown that
oxidative stress occurs at the same radiation doses as altered bone cell homeostasis (Huang et al., 2019; Huang et al., 2018; Kook et al., 2015; Liu et al., 2018;
Wang et al., 2016; Zhang et al., 2020). Very few studies find oxidative stress at lower doses than altered bone cell homeostasis. Mice showed increased ROS at 1
Gy, while osteoclast numbers were only measured increased at 2 Gy (Kondo et al., 2010).

Moderate documentation are available documenting effects of microgravity on oxidative stress-induced changes in osteoblast/osteoclast activity. Mouse and rat
models of microgravity, often simulated via hindlimb suspension, have shown significant increases in ROS production and down-regulation of the antioxidant
defense system, resulting in decreased osteoblast activity and increased osteoclast activity (Diao et al., 2018; Sun et al., 2013; Xin et al., 2015). However, only
limited data exists on dose-dependent effects of microgravity on oxidative stress response and altered bone cell homeostasis.

Time Concordance

A moderate amount of evidence in the current literature suggests a time response between oxidative stress and altered bone cell homeostasis in vivo and in vitro.
Increased production of ROS in cells can be observed as early as 1-2 hours post-irradiation with a sustained response for several days; significant changes in
osteoblast and osteoclast activity measures are generally observed later than this, often a few days post-irradiation (Huang et al., 2018; Kondo et al., 2010; Kook et
al., 2015; Liu et al., 2018).

Essentiality

The strong relationship between increased oxidative stress and altered bone cell homeostasis is further verified by studies examining the use of antioxidants to
inhibit oxidative stress in bone cells. Radiation studies with bone cells pre-treated with antioxidants such as N-acetyl cysteine, Amifostine (AMI), a-2-macroglobulin
(a2M) and cerium (1V) oxide showed full reversals of the radiation effect on oxidative stress response and led to partial reversals on altered bone cell homeostasis
(Huang et al., 2019; Kook et al., 2015; Liu et al., 2018; Wang et al., 2016; Zhang et al., 2020). One study showed that pre-treatment with curcumin, a strong
antioxidant, of osteoblast/osteoclast cell models and rodent animal model undergoing microgravity exposure, resulted in a full reversal of both oxidative stress
response and altered bone cell homeostasis (Xin et al., 2015). Another study showed that treatment of osteoblast/osteoclast cell models with hydrogen water
simultaneously to microgravity exposure, inhibited microgravity-induced ROS formation and cell differentiation in osteoblastic cells while aggravated ROS
production and differentiation/function was found in osteoclastic cells (Sun et al., 2013). The same study showed in a rodent animal model, alleviated microgravity-
induced reduction of bone mass with hydrogen water in conjunction with improved bone formation and inhibited bone resorption. These data indicate that full
removal of oxidative stress via treatment with antioxidants results in partial-to-full reversal of radiation- and microgravity-induced changes of osteoblast and
osteoclast activity.

Uncertainties and Inconsistencies

e One study suggests X-ray radiation results in a dose-dependent increase in oxidative stress and bone resorption parameters only at doses above 2 Gy (Kook
et al., 2015). This, however, is inconsistent with other studies performed at doses of 1-2 Gy, which indicate a significant effect of radiation on ROS production,
TRAP expression, and ALP activity at lower doses (<2 Gy) (Huang et al., 2018; Huang et al., 2019; Kondo et al., 2010; Zhang et al., 2020). Further research
is needed to elucidate the effects of low doses, as well as the dose-dependent effect of increasing doses of ionizing radiation (IR).

Quantitative Understanding of the Linkage

The following are a few examples of quantitative understanding of the relationship. All data is statistically significant unless otherwise indicated.
Response-response relationship

Dose/Incidence concordance

Reference |Experiment Description Result

In vitro. A single dose of 2 Gy 69Co gamma radiation by
linear accelerator was administered to murine RAW264.7
Huang et |osteoclast-like cells at a rate of 0.83 Gy/min. ROS production |2-fold increase in ROS production accompanied by a ~2-fold increase in the number of
al., 2018  |\was measured to assess oxidative stress and TRAP staining [TRAP-positive cells in cells exposed to 2 Gy 89Co gamma radiation relative to controls.
was used to measure subsequent osteoclastogenic
changes.

Ex vivo. A single dose of 2 Gy 69Co gamma radiation was
administered to bone marrow stromal stem cells of Sprague-

Dawley rats at a rate of 0.83 Gy/min. ROS production was ~2-fold increase in ROS production with a 0.33-fold decrease in ALP activity in cells

Huana et
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al, 2019 |measured to assess oxidative stress and ALP activity was  |exposed to 2 Gy 89Co gamma rays relative to unirradiated controls.
measured to determine subsequent imbalances in
osteoblastogenesis.

AT RA\.N2.64'7 eeliie |rrad|ated.wnh ey o.f .SOCO 2-fold increase in ROS production in RAW264.7 cells and a 2-fold increase in the

Zhang et [93Mma radiation at a rate of 0.83 Gy/min was administered. |\ o ot TRAP-positive osteoclasts when exposed to 2 Gy gamma radiation.

p p y g

al.. 2020 ROS production was measured to assess oxidative stress
and TRAP staining was used to measure subsequent
changes to osteoclastogenesis.

In normally loaded mice, there was a ~1.3-fold increase in ROS at 1 Gy by day 3 and a
In vivo. Male C57BL/6J mice at 17 weeks of age were ~1.2-fold increase in ROS at 2 Gy by day 10. There was a 2-fold increase in MDA and
hindlimb unloaded or normally loaded, 4 days later they were |4.HNE under exposure to either 1 or 2 Gy gamma radiation relative to control in

Kondo et |exposed to 1 or 2 Gy of 137Cs or sham irradiated. Oxidative [normally loaded models by day 10. There was a 46%, 47% and 64% increase in tibiae

al., 2010 |[stress markers including, ROS production, MDA, and 4- osteoclast surface as a result of 2 Gy irradiation, hindlimb unloading and the
hydroxynonenal (4-HNE) were measured along with tibial combination of irradiation and hindlimb unloading, respectively.
osteoclast surface.

Roughly linear dose-dependent increase from 0-8 Gy (significant increases at 4 and 8
In vitro. MC3T3-E1 cells were exposed to various doses of X- Gy) in intracellular ROS accumulatioln up to 1.39-fold of the control at 8 Gy.lDose
ray irradiation (0-8 Gy) at a rate of 1.5 Gy/min. Levels of dependeln.t decrease from 2-8 Gy (significant decreases at 4 Gy and 8 Gy) in SOD and

Kook et al., |[ROS, superoxide dismutase (SOD), and glutathione (GSH) GSH activity to half at 8 Gy.

2015 were measured to assess oxidative stress and ,ALP activity Following 8 Gy of IR, OCN mRNA expression decreased 48% compared to the non-
was measured to gssess subsequent changes in irradiated control. Irradiation at 4 Gy showed similar decrease in OCN mRNA
osteoblastogenesis. expression. Mouse bone marrow stromal cell ALP activity saw a significant, 0.62-fold

decrease following 8 Gy irradiation.
Following irradiation at 8 Gy, there was a ~0.5-fold decrease in osteoblast SOD activity.
In vitro. Human bone marrow-derived mesenchymal cells
. (hBMMSCs) were irradiated with X-rays at a dose of 2, 4, 8 |There was a dose-dependent decrease in hBMMSC proliferation following irradiation

Liuetal, and 12 Gy and a dose rate of 1.24 Gy/min. SOD levels were |with 2, 4, 8, and 12 Gy, compared to the non-irradiated control. Changes in cell

2018 measured to assess oxidative stress. ALP activity, calcium proliferation became significant at doses 28 Gy, with a maximum decrease of ~0.60-fold
deposition and hBMMSCs proliferation were determined. at 1 week-post irradiation with 12 Gy. 8 Gy of IR resulted in a 0.46 decrease in both

ALP activity and calcium deposition compared to non-irradiated controls.
1.5-fold increase in H202 accumulation and 1.75-fold increase in ROS staining intensity
Wang et In vitro. MC3T3-E1 cells were exposed to X-ray irradiation at |[under 6 Gy X-rays. Measured at 1-week post-irradiation, f_oIIowing 6 Gy of IR, there was
al 2016 a dose of 6 Gy. Levels of ROS and H202 were measured a 0.54-fold decrease in ALP activity compared to the non-irradiated controls. Measured
N along with ALP activity and calcium deposition. at 3 weeks post-irradiation, Alizarin Red staining revealed a ~0.1-fold decrease in
calcium deposition following exposure to 6 Gy of IR.
:gn‘g:;2nsC:Jg;g:;%dssgzg::e?zy\?v);;i: (oexi\gz:\ljz g::ie)sv;/ere Rat femur MDA increased by ~1 .4—f0ld. Rat femurs showed a ~2.5-fold increase in

Xin et al. markers and altered bone cell homeostasis were measured. [RAP G RN et & ~0i-eleeieess [ OIEhY i

2015 " [MC3T3-Et lcells anq BAW264'7 cells wgre exposed to MC3T3-E1 cells found a ~1.3-fold increase in ROS formation and a ~0.75-fold decrease
modeled microgravity in the NASA rotating wall vessel in ALP activity. RAW264.7 found a 2-fold increase in intracellular ROS and a 2-fold
bioreactor (RWVB). Intracellular ROS and ALP and TRAP increase in TRAP positive osteoclasts.
levels were measured.

In vivo and in vitro. Male Sprague—Dawley rats were Rats exposed to microgravity via unloading of hindlimbs showed a 2.5-fold increase in
subjected to hindlimb suspension for 6 weeks. RAW264.7 femoral peroxynitrite (OONO-) and a 1.3-fold increase in femoral MDA. This was
and MC3T3-E1 cells were exposed to modeled microgravity accompanied by a roughly 1.8-fold increase in DPy excretion (biomarker of bone

Sun et al., [by RWVB (0.01xg). Femoral peroxynitrite (OONO-), MDA, resorption) and 0.4-fold decrease in femoral ALP expression. Exposure to modeled

2013 and intracellular ROS were measured to assess oxidative microgravity in MC3T3-E1 (osteoblast cell line) led to a ~1.4-fold increase in
stress and deoxypyridinoline (DPy), ALP levels, and TRAP- |intracellular ROS and a 0.75-fold decrease in osteoblast ALP activity. RAW264.7
positive cells were subsequently measured to assess bone |(preosteoclast cell line) found a ~2-fold increase in ROS and a ~5-fold increase in TRAP!
cell function. mRNA expression.

Rats under hindlimb suspension showed a ~0.4-fold decrease in SOD, ~0.3-fold
In vivo. 50 Male Sprague-Dawley rats (6 weeks) were decrease in CAT activity, and a ~1.5-fold increase in MDA relative to unloaded controls

Diao et al. hindlimb suspended for 72 hours. _SOI?, catalase (CAT), and |in rat femur. This was accompanied by ~1.14-fold increase in serum TRAP-5b and

5018 " IMDA were measured to assess oxidative stress and TRAP- |[~1.3-fold increase in NTX.
5b, OCN and N-terminal type 1 collagen telopeptide (NTX)
were measured to assess subsequent bone cell function. Relative mRNA OCN levels and mRNA collagen | alpha 1 in rat femur decreased

significantly.

Time-scale

Time concordance

Reference

Experiment Description

Result

In vitro. A single dose of 2Gy 60Co gamma radiation was
administered to murine RAW264.7 osteoclast-like cells at a

2-fold increase in ROS production after 2h accompanied by a ~2-fold increase in the

:uazrg Zt rate of 0.83 Gy/min. ROS production was measured to number of TRAP-positive cells after 7 days in cells exposed to 2 Gy gamma radiation
? oxidative stress and TRAP staining was used to relative to controls.
measure subsequent changes in osteoclastogenesis.
In vivo. Male C57BL/6J at 17 weeks of age were hindlimb In normally loaded mice, at day 3, ROS in the 1 Gy group increased significantly. By day
unloaded or normally loaded, 4 days later they were 10, however, ROS in the 1 Gy group had dropped relative to day 3, while ROS in the 2
Kondo et 137 X . L N
al. 2010 exposed to 1 or 2 Gy of Cs or sham irradiated. Oxidative |Gy grogp reached S|gn|f|c_ant levels compared _to the gontrol. Also, by d'ay 10, MDA and
’ stress markers including, ROS production, MDA, and 4-HNE [4-HNE increased ~2-fold in normally loaded mice. This was accompanied by a 46%
were measured along with tibial osteoclast surface. increase in tibiae osteoclast surface due to irradiation at day 3.
Roughly linear dose-dependent increase (after 2 Gy X-ray radiation) in intracellular ROS
accumulation up to 1.39-fold of the control at 8 Gy after 1 day. Dose dependent
In vitro. MC3T3-E1 cells were exposed to various doses of | jecrease (after 2 Gy) in SOD and GSH activity to half at 8 Gy after 1 day.
X-ray radiation (0-8 Gy) at a rate of 1.5 Gy/min. Levels of
gg:’g etal,, |ROS, SOD, and GSH were measured to assess oxidative Markers for altered bone cell homeostasis were measured at 7 days post-irradiation.

stress and ALP activity was measured to assess subsequent
changes in osteoblastogenesis.

Following 8 Gy of IR, OCN mRNA expression decreased 48% compared to the non-
irradiated control. Irradiation at 4 Gy showed similar decrease in OCN mRNA
expression. Mouse bone marrow stromal cell ALP activity saw a significant, 0.62-fold
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decrease following 8 Gy irradiation.
In vitro. hBMMSCs were irradiated with X-rays at dose of 2,
Liu et al., 2 G Ce A e, Ehlel EIERED rgte .Of s (Cp il SOD I 0.5-fold decrease in osteoblast SOD activity after 1 day with 0.46-fold decrease in ALP
5018 were measured to assess oxidative stress. ALP activity, activity after 1 week
calcium deposition and hBMMSCs proliferation were ¥ ’
determined.
Known modulating factors
Modulating o415 Effects on the KER References
factor
Drug o2M Treatment reversed the radiation-induced effects on ALP and SOD activity Liu et al., 2018
N-acetyl cysteine
Drug 2.5 and 5 mM reversed the effects of 8 Gy radiation on ROS levels and ALP activity Kook et al., 2015
Dru AMI Treatment with 30 mg/kg reversed the radiation-induced effects on ROS levels, ALP activity Huang et al., 2019; Zhang et
9 and TRAP-5b levels al., 2020
i CeOs Tr'eatrnent with'1 00 nM !owered dihydroethidium (DHE) and HoO» levels and partially restored Wang et al., 2016
Alizarin red optical density
Drug Semasa Treatment with 50 ng/mL partially reduced ROS levels and reversed TRAP stain to below Huang et al., 2018
controls
Drug Curgumln Fully reversed all oxidative stress and altered bone cell homeostasis Xin et al., 2015
(antioxidant)
Drug Hydrogen water |Reversed microgravity-induced effects on oxidative stress and altered bone cell homeostasis  [Sun et al., 2013
Drug Polyphenol S3 Fully reversed mn(_:rogravny-lnduced oxidative stress, osteoblastogenesis and Diao et al., 2018
osteoclastogenesis

Known Feedforward/Feedback loops influencing this KER
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AOPs Referencing Relationship

AOP Name Adjacency Weight of Evidence Quantitative Understanding

Deposition of energy leading to occurrence of bone loss non-adjacent High Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links

human Homo sapiens Moderate NCBI
mouse Mus musculus Moderate NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability

Life Stage Evidence
Adult Moderate

Juvenile Low
Sex Applicability
Sex Evidence

Male Moderate

Female Moderate

The evidence for the taxonomic applicability to humans is moderate as majority of the evidence is from in vitro human-derived cells, but one study performed a
meta-analysis of astronauts. The relationship is supported in vivo mainly by mouse models with a few studies looking at rat models. The relationship has been
shown in both male and female animal models. The relationship is plausible at any life stage. However, majority of studies have used adult animal models.

Key Event Relationship Description

Energy deposition in the form of ionizing radiation (IR) exposure can result in a loss of homeostasis among the osteocyte, osteoclast, and osteoblast bone cells.
The severity of the irradiation effects is influenced by dose, dose rate, and the level of linear energy transfer (LET) between IR and bone tissue. The energy
deposited into cells causes ionization events that can lead to oxidative stress, which may induce cell death and alter signalling pathways in the bone
microenvironment that regulate the differentiation and activity of bone remodeling cells (Willey et al., 2011). Bone cells can be dysregulated by deposited energy
from a variety of IR types, including X-rays, gamma rays, and heavy ions, and has been observed at a wide range of doses from 0-30 Gy. IR-induced changes to
bone cell homeostasis are defined by progenitor cell proliferation, markers for osteoblast and osteoclast activity, and the number and surface area of both cell
types on a sample.

Evidence Supporting this KER

Overall weight of evidence: High
Biological Plausibility

The biological rationale for linking direct deposition of energy to altered bone cell homeostasis is strongly supported in the literature, as documented by several
review articles published on the subject (Donaubauer et al., 2020; Pacheco and Stock, 2013; Smith, 2020; Willey et al., 2011). These articles are of particular
relevance, as they discuss the effects of environmental perturbations in the form of deposition of energy on osteoblast and osteoclast differentiation pathways.
Deposition of energy in the form of IR has been shown to have a wide range of effects on osteoclasts, ranging from increased to decreased number and activity.
Irradiated bone has an increased amount and activity of osteoclasts when compared to osteoblasts. Recent research suggests that low-dose (<1Gy) radiation can
cause osteoclastogenesis in the acute phase due to inflammatory cytokines that stimulate osteoclastogenesis in the surrounding irradiated tissue. Increased bone
resorption and increased bone turnover occur from increased osteoclast and decreased osteoblast activity (Pacheco and Stock, 2013; Sakurai et al., 2007; Willey
etal., 2011; Willey et al., 2010).

Deposition of energy into bone cells results in osteoclast activation by upregulating the differentiation of precursors and increasing bone resorption. Osteoclast
precursors are recruited to bone remodeling units (BRUs) to differentiate into mature osteoclast by binding macrophage colony-stimulating factor (M-CSF) and
receptor activator of nuclear factor kappa B ligand (RANKL) secreted in the bone microenvironment by osteoblasts and osteocytes (Donaubauer et al., 2020;
Smith, 2020). Upregulation of osteoclastogenesis signaling pathways downstream to RANKL and M-CSF by radiation significantly enhanced osteoclast activity.
Deposition of energy can also induce osteocyte apoptosis, resulting in proinflammatory signaling that upregulates the recruitment of osteoclasts to the area. In vitro
experiments on osteoblast/osteoclast activity have shown enhanced osteoclastogenesis under exposures to radiation, as the deposition of energy in osteoblasts
and osteocytes decreased their secretion of osteoprotegerin (OPG), a RANKL inhibitor, ultimately enhancing osteoclast stimulation (Donaubauer et al., 2020;
Smith, 2020). The RANKL/OPG ratio is necessary for normal osteoclast activity, as increasing the proportion of RANKL to its inhibitor, OPG, results in stimulation of
osteoclastogenesis. In addition, deposition of energy in bone cells results in upregulation of osteoclast stimulatory molecules, such as interleukin (IL)-6, high
mobility group box 1 (HMGB1), and TNF-a, leading to enhanced osteoclast formation. Enhanced osteoclast formation leads to enhanced bone resorption
(Donaubauer et al., 2020; Pacheco and Stock, 2013; Smith, 2020; Willey et al., 2011).

Radiation-induced damage to osteoblasts and osteocytes within the bone microenvironment is considered a significant factor and an exemplary instance of the
effect of deposition of energy on bone cell function. Both in vivo and in vitro data suggest that radiation reduces osteoblast proliferation and differentiation, causing
cell cycle arrest, reducing collagen production, and increasing apoptotic sensitivity. Radiation-induced oxidative stress likely damages osteoblast precursors,
reducing cell viability and differentiation. Under energy deposition, osteoblast numbers and activity remain relatively unchanged, while significant bone degradation
occurs, therefore, suggesting enhanced osteoclast activity as part of the altered bone cell homeostasis observed (Willey et al., 2011). Directly irradiated bone
shows reduced mesenchymal stem cell (MSC) numbers and reduced colony formation when directed to bone cell precursors, which delays the recovery of
damaged osteoblasts (Willey et al., 2011). Osteoclasts can degrade the bone matrix through the release of amino acids such as hydroxyproline (HP), fragments of
collagen type I, including C- and N-terminal telopeptides (CTX and NTX), pyridinoline (PYD) and deoxypyridinoline (DPD) as well as proteases, including Cathepsin
K (CTSK) and matrix metalloproteinases (MMP9 and MMP14) (Smith, 2020; Stavnichuk et al., 2020). Bone morphogenic protein 2 (BMP-2), a transcription factor
regulating osteoblast differentiation can indicate impaired osteoblast differentiation following irradiation (Sakurai et al., 2007).

Empirical Evidence

The empirical data relevant to this KER provides strong support for the linkage between deposition of energy and altered bone cell homeostasis. The evidence
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supporting this link comes from literature on radiation exposure directly or indirectly increasing osteoclast activity and decreasing osteoblast activity in a dose
and/or time concordant manner. Radiation-specific studies examined the effects of irradiation with doses ranging from 0-30 Gy of X-rays, gamma rays, and heavy
ions irradiation (da Cruz Vegian et al., 2020; Huang et al., 2019; Kook et al., 2015; Li et al., 2020; Liu et al., 2018; Sakurai et al., 2007; Wang et al., 2016; Willey et
al., 2008; Willey et al., 2010; Wright et al., 2015; Zhang et al., 2020).

Dose Concordance

Current literature on the effects of radiation on bone cell function provided strong evidence for a dose concordance relationship between deposition of energy and
altered bone cell homeostasis. Once energy is deposited into matter at all doses, follow-on downstream events are immediately initiated. In humans after
spaceflight, where the time of flight is used as proxy for the dose of radiation received, osteoclast markers increased hyperbolically with a t1/2 of 11 days and a
plateau at 113% increased, while osteoblast markers increased linearly at 7% per month (Stavnichuk et al., 2020). Relevant primary research shows that indicators
of osteoblastogenesis, including osteoblast number and surface area, MSC proliferation, alkaline phosphatase (ALP) and osteocalcin (OCN) expression, and levels
of calcium deposition, all decrease in response to IR exposure (Huang et al., 2019; Kook et al., 2015; Li et al., 2020; Liu et al., 2018; Sakurai et al., 2007; Wang et
al., 2016; Wright et al., 2015. Studies also show that indicators of osteoclastogenesis, including osteoclast number and surface area as well as tartrate-resistant
acid phosphatase (TRAP) expression increase in response to IR exposure (da Cruz Vegian et al., 2020; Kondo et al., 2009; Li et al., 2020; Willey et al., 2008;
Willey et al., 2010; Wright et al., 2015; Zhang et al., 2020). At an irradiation dose less than or equal to 2 Gy X-rays or gamma rays, various models consistently
showed a significant increase in the number of osteoclasts/mm2 of bone surface, as well as the bone surface area covered by osteoclasts (Kondo et al., 2009;
Willey et al., 2008; Willey et al., 2010; Wright et al., 2015; Zhang et al., 2020). A few studies also reported a decrease in osteoblasts following a 2 Gy irradiation
dose (Sakurai et al., 2007; Wright et al., 2015). IR-induced changes in osteoclast histology appear to be dose-dependent, as Kondo et al. (2009) found that 3 days
after irradiation with gamma rays there was a greater increase in the number of osteoclasts in samples exposed to 2 Gy of gamma rays than to 1 Gy. Li et al.
(2020) observed that exposure to 8 Gy resulted in a greater increase in osteoclast number than that to lower dose. At higher doses, such as a total dose of 30 Gy,
an even greater fold increase in TRAP was observed (Da Cruz Vegian et al., 2020). This dose-dependent relationship between IR and altered bone cell
homeostasis is further supported by measurements of osteoblast markers across a range of radiation doses. Studies that analyzed ALP levels across multiple
doses of X-rays, found that expression decreased in a dose-dependent manner (Kook et al., 2015; Sakurai et al., 2007). Kook et al. (2015) also observed a dose
dependent decrease in the osteoblast marker, OCN, following exposure to 0-8 Gy of X-rays. Lastly, after irradiation with 2, 4, 8, and 12 Gy of X-rays, Liu et al.
(2018) found that human bone marrow MSC (hBMMSC) proliferation experienced a dose-dependent decrease.

Time Concordance

Moderate evidence exists in the current literature suggesting a time concordance relationship between the deposition of energy and altered bone cell homeostasis.
When energy is deposited into biological models it immediately causes ionization events which directly lead to downstream events occurring at later time points. In
general, data collected from experiments show that overall changes in osteoblast and osteoclast activity occur primarily in the first week post-exposure. At 3 days
post-exposure, osteoblast surface was decreased (Willey et al., 2008), TRAP levels increased (Swift et al., 2015; Willey et al., 2008; Zhang et al., 2020) and
osteoclast number and surface were increased (Willey et al., 2008). OCN levels decreased on day 3 after radiation exposure, indicating a decrease in osteoblast
markers (Swift et al., 2015).

10 days post-exposure revealed decreased osteoblasts in calvarial bone that was not significantly shown at earlier timepoints (Wright et al., 2015), Increased
osteoclast surface and number was observed at 3 days, 1 week, and 10 days after irradiation (Kondo et al., 2009; Willey et al., 2010; Willey et al., 2008), however
no further changes occurred after 2 and 3 weeks (Willey et al., 2010).

Da Cruz Vegian et al. (2020) found that both TRAP and OCN levels increased at day 3 post-irradiation of rats with a total of 30 Gy gamma rays. Chen et al. (2014)
found that OCN protein levels increased at day 10 and continued onto day 14 in the 0.5 Gy MC3T3-E1 cells irradiated group. MC3T3-E1 cells irradiated with 0.5 or
5 Gy X-rays revealed an increase in ALP level at day 7 and day 10, then decreased at day 14 (Chen et al., 2014). As well, the in vivo models showed decreased
osteoclast number as early as day 7, increased OCN protein levels at day 14 in the 5 Gy group (Chen et al., 2014).

Essentiality

Studies examining the effects of different methods of prevention or treatment of bone resorption under IR suggest a strong relationship between deposition of
energy and altered bone cell homeostasis. Altered bone cell homeostasis mainly occurs in the bone tissue directly receiving radiation. Contralateral bone tissue
(bone tissue that was shielded from radiation but was removed from irradiated rats) was extracted and compared to bone tissue that was directly exposed to
radiation in several studies. Analysis of the shielded bone tissue indicated changes in osteoblast and osteoclast markers such as ALP and TRAP5b were less
significant in contralateral bone compared to irradiated bone tissue (Wright et al., 2015).

Uncertainties and Inconsistencies

e Not all radiation qualities and doses of radiation will alter bone cell homeostasis in the same way. Low doses (<1 Gy) of low LET electromagnetic radiation (X-
rays and gamma rays) are shown to increase osteoblasts and decrease osteoclasts, while high doses do the opposite (Donaubauer et al., 2020). This is in
contrast with particle irradiation, where osteoblasts are decreased and osteoclasts are increased at low and high doses (Donaubauer et al., 2020).

e There are differences in the mechanisms of altered bone cell homeostasis between humans and animals during spaceflight. In humans, increased osteoclast
activity is the main cause of bone loss, while in rats, resorption was unchanged (Fu et al., 2021; Stavnichuk et al., 2020). However, microgravity is also a
stressor in this case and not just radiation, and there are differences in how this is measured between humans and animals.

e At 3 days post-irradiation, da Cruz Vegian et al. (2020) found that, in addition to an IR-induced increase in TRAP levels (osteoclastogenesis marker), rats that
underwent 30 Gy irradiation also experienced a significant, ~8-fold increase in levels of the osteoblastogenesis marker, OCN, compared to non-irradiated
controls. In addition, TRAP levels experienced a time-dependent decrease. This is contrary to the increase in osteoclastogenesis and decrease in
osteoblastogenesis generally seen post-irradiation.

e Chen et al. (2014) showed increased OCN mRNA expression and protein activity after 0.5 or 5 Gy X-ray irradiation, which is contrary to the decrease in
osteoblastogenesis following irradiation observed in other studies. This may be explained by the survival strategy of osteoblasts to retain cell division for DNA
repair as opposed to undergoing programmed death (Chen et al., 2014).

Quantitative Understanding of the Linkage

The following are a few examples of quantitative understanding of the relationship. All data is statistically significant unless otherwise indicated.
Response-response relationship

Dose Concordance

Reference |Experiment Description Result
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astronauts from articles from 1971 to 2019. The longer the spaceflight,
the higher dose of ionizing radiation the astronauts received, although
ionizing radiation was not the only stressor that the astronauts would
have received. Markers for osteoblast activity included serum ALP and
C-terminal cleaved collagen type 1 propeptide (PICP). Markers for
osteoclast activity included urine HP, NTX, CTX, and DPD.

Early increases in resorption markers and early decreases in formation
markers were observed, with late increases in formation markers. Bone
resorption markers increased hyperbolically with a t1/2 of 11 days and a
plateau at 113%. Formation markers increased linearly at 7% per month.
Resorption markers dropped to pre-flight levels after flight, while formation
markers continued to increase at 84% per month for 3-5 months.

Kook et al.,
2015

In vitro. Mouse bone marrow stromal cells and the MC3T3-E1 murine
osteoblast cell line were both irradiated with 0-8 Gy of X-rays at a rate of
1.5 Gy/min. Levels of the osteoblast mineralization proteins, ALP and
OCN, were measured 7 days post-irradiation to observe changes to
osteoblast activity.

Following 8 Gy of IR, OCN mRNA expression decreased 48% compared to
the non-irradiated control. Irradiation at 4 Gy showed similar decrease in
OCN mRNA expression. Mouse bone marrow stromal cell ALP activity saw a
significant, 0.62-fold decrease following 8 Gy irradiation.

da Cruz
Vegian et
al., 2020

In vivo. Sixty male Wistar rats were implanted with grade V titanium
femur implants and were separated into four groups: (a) no-irradiation
group (N-Ir); (b) early-irradiation group (E-Ir); (c) late-irradiation group
(L-Ir); and (d) previous-irradiation group (P-Ir). The animals in the E-Ir,
L-Ir, and P-Ir groups were irradiated in two fractional stages of 15 Gy of
60Co gamma rays for a total of 30 Gy. Blood samples were collected at
the time of euthanasia. Cells were measured for TRAP and OCN levels.

At 3-days post-irradiation, rats observed significant, ~8-fold increase in
TRAP levels compared to the non-irradiated control.

Zhang et
al., 2020

In vitro and in vivo. Male Sprague-Dawley rats and the RAW264.7 cell
line were irradiated with 2 Gy of 60co gamma rays at a rate of 0.83
Gy/60 seconds. TRAP staining was used to determine changes to
osteoclast numbers following IR exposure.

Following exposure to IR, there was a ~2-fold and ~2.7-fold increase in the
number of TRAP-positive osteoclasts in RAW264.7 and rat femur samples,
respectively, compared to the non-irradiated control.

Huang et
al., 2019

In vitro. Bone marrow MSCs (bmMSCs) from the tibiae and femur of rats
were irradiated with 2 Gy of 80Co gamma rays at a rate of 0.83 Gy/min.
bmMSCs were analyzed for changes in bone cell function through
measuring levels of ALP, calcium deposition and proliferation of the
bmMSCs.

Following IR exposure, there was a ~0.6-fold decrease in bnMSC
proliferation compared to non-irradiated controls. Levels of ALP activity and
calcium deposition saw a 0.33-fold 0.66-fold decrease, respectively, from 0
Gy to 2 Gy.

Liu et al.,
2018

In vitro. hBMMSCs were irradiated with 2, 4, 8, and 12 Gy of X-rays at a
rate of 1.24 Gy/min. Cells were analyzed for progenitor cell proliferation,
ALP activity, and calcium deposition to determine the effect of IR on
osteoblast function.

There was a dose-dependent decrease in hBMMSC proliferation following
irradiation with 2, 4, 8, and 12 Gy, compared to the non-irradiated control.
Changes in cell proliferation became significant at doses >8 Gy, with a
maximum decrease of ~0.60-fold at 1 week-post irradiation with 12 Gy. 8 Gy
of IR resulted in a 0.46 decrease in both ALP activity and calcium deposition
compared to non-irradiated controls.

Lietal.,
2020

In vitro. hBMMSCs were exposed to 8 Gy of X-rays. To determine the
effects of IR on bone cell function, TRAP staining was used to determine
the number of osteoclasts/mmz2 of bone surface and the CCK-8 assay
was used to measure hBMMSC proliferation.

Following exposure to 8 Gy of IR, there was a ~3-fold increase in osteoclast
number at 7 days post-irradiation, compared to the non-irradiated control.
There was a 0.77-fold decrease in hBMMSC proliferation after 72 hours
post-irradiation, compared to the non-irradiated control.

Wang et
al., 2016

In vitro. The MC3T3-E1 osteoblast-like cell line was irradiated with 6 Gy
of X-rays. Following irradiation, ALP activity and calcium deposition were
measured to determine the effects of IR on osteoblast activity.

Measured at 1-week post-irradiation, 6 Gy of IR resulted in a 0.54-fold
decrease in ALP activity compared to the non-irradiated controls. Measured
at 3 weeks post-irradiation, Alizarin Red staining revealed a ~0.1-fold
decrease in calcium deposition following exposure to 6 Gy of IR.

Wright et
al., 2015

In vivo and ex vivo. the right hindlimbs of 20-week-old male C57BI/6
mice were irradiated with 2 Gy of X-rays at a rate of 1.6 Gy/min. In
addition, the calvariae of 4-day-old Swiss White mice were extracted
and irradiated with 2 and 10 Gy of X-rays at a rate of 0.244 Gy/min. The
number of TRAP5b-positive osteoclasts and osteoblasts/ mm2 of bone
surface were measured in models.

In vitro. Osteocyte-like cells (MLO-Y4) and osteoblast cells (MC3T3)
were irradiated with 0-20 Gy X-rays.

Following in vivo irradiation of the right hindlimb of C57BI/6 mice with 2 Gy of
IR, there was a ~1.7-fold increase in osteoclast number over bone surface
compared to the non-irradiated control. There was no significant difference
in osteoblast number following irradiation. While 2 Gy of IR did not lead to a
significant change in osteoblast number, exposure to 10 Gy eventually
resulted in a significant, ~0.4-fold decrease in calvarial bone-derived
osteoblasts at 10 days post-irradiation, compared to the non-irradiated
control.

Willey et
al., 2008

In vivo. Thirty-two 13-week-old C57BL/6 mice were either irradiated by 2
Gy X-rays or served as controls. Osteoclast surface, osteoblast surface,
osteoclast number and TRAP-5b levels were measured after 3 days to
determine the effects of IR on bone cell function.

The stained bone sections of the irradiated mice showed a 44% increase in
the number of osteoclasts/mm2 of bone surface, a 14% increase in serum
levels of TRAP5b, and a 213% increase in osteoclast-covered bone surface
area compared to the control. The irradiated bone sections were also tested
for changes in serum levels of OCN (osteoblast activity marker), showing a
non-significant radiation-induced decrease.

Willey et
al., 2010

In vivo. 20-week-old female C57BL/6 mice were irradiated with 2 Gy X-
rays, and left/right hind limbs, along with the vertebral column trabecular
bone was analyzed, in addition to blood samples taken for serum
analysis. Osteoblast marker OCN and osteoclast marker TRAP-5b was
measured with enzyme-linked immunosorbent assay (ELISA).
Osteoblast and osteoclast surfaces were determined as well.

Osteoblast surface did not change, but osteoclast surface increased 1.6-
fold. Analysis of blood serum samples showed a 21% increase in the serum
levels of TRAP-5b at 1 week post-irradiation compared to the control group.
Serum levels of OCN were also measured, but no significant differences
were found at 1, 2, or 3 weeks post-irradiation.

Osteoclast number relative to bone surface increased 218% in the irradiated
group, compared to the non-irradiated group.

Kondo et
al., 2009

In vivo. 17-week-old male mice were exposed to 1 and 2 Gy of 137Cs
gamma-rays and their trabecular bone tissue was analyzed at 3- and
10-days post-irradiation. The number of osteoclasts was measured with
TRAP staining.

At 3 days post-irradiation, the number of osteoclasts/square mm of bone
surface area was ~2-fold higher than the control (0 Gy) under 1 Gy of
radiation and ~2.5-fold higher under 2 Gy of radiation. At 10 days post-
irradiation, the number of osteoclasts was ~3-fold higher than the control
under 1 Gy of radiation and ~2.5-fold higher under 2 Gy of radiation.

Sakurai et
al., 2007

In vitro. To evaluate the effects of radiation on osteoblast differentiation,
murine C2C12 myoblast cells (osteoblast-like cells) were irradiated in
vitro with 2 and 4 Gy of X-rays, differentiation was induced with BMP-2
and heparin over the course of 3 days. Collagen type 1 and ALP were
used as markers of osteoblast differentiation.

When exposed X-rays, ALP activity of the C2C12 cells showed a significant,
dose-dependent response. C2C12 cells experienced a ~0.3-fold decrease in
ALP activity from 0 Gy to 4 Gy, and a 0.5-fold decrease from 0 Gy to 2Gy.
Collagen type | was significantly reduced at both doses.

Time-scale
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In vivo. Sixty male Wistar rats were implanted with grade V titanium
femur implants and were separated into four groups: (a) N-Ir; (b) E-
Ir; (c) L-Ir; and (d) P-Ir. The animals in the E-Ir, L-Ir, and P-Ir groups
were irradiated in two fractional stages of 15 Gy 60Co gamma
radiation for a total of 30 Gy. Blood samples were collected at the
time of euthanasia. Cells were measured for TRAP and OCN

levels.

da Cruz
Vegian et
al., 2020

OCN levels in the irradiated groups increased greater than non-irradiated levels
at 3 days, By the second week, only P-Ir OCN levels were greater than the N-Ir

group. TRAP was greater than N-Ir in all irradiated group at day 3. At week 2, L-
Ir TRAP levels fell below control levels, followed by a slight increase in TRAP in

all irradiated groups by week 7.

In vivo and in vitro. 2 Gy of 80Co gamma rays were given to male
rats and the RAW264.7 cell line. To detect changes in osteoclast
activity following IR exposure, the number of osteoclasts and levels
of TRAP5b were measured 1, 3, 5, and 7 days after exposure.

Zhang et
al., 2020

Samples of blood from rat tail vein were obtained and TRAP5b levels in the
serum were measured. In the 2 Gy irradiated group, TRAPSDb levels in serum
increased 1.7-fold after 3 days and 2.6-fold after 5 days, followed by a slight
decrease to a 2.4-fold change at day 7 (Fig. 6).

In vivo. Thirty-two C57BL/6 mice were either irradiated by 2 Gy X-
rays or served as controls. Osteoclast surface, osteoblast surface,
osteoclast number and TRAP-5b levels were measured after 3 days
to determine the effects of IR on bone cell function.

Willey et al.,
2008

In the radiated group, osteoclast surface, osteoclast number, and TRAP-5b
level increased after 3 days by 213%, 44%, and 14%, respectively, compared to
the control group. Osteoblast surface was decreased by 3% after 3 days
compared to the non-radiated group.

In vitro and in vivo. In vitro MC3T3-E1 cells were exposed to a
single 0.5 Gy or 5 Gy dose of X-ray irradiation at a rate of 200
cGy/min. In vivo male Sprague-Dawley rats were exposed to 0.5 Gy
or 5 Gy dose of X-ray irradiation. Rats were euthanized 7, 14, 21
and 28 days after irradiation. Osteoblast differentiation markers,
such as OCN and ALP, were measured post-irradiation by western
blot. TRAP positive cells were used to determine osteoclast counts.

Chen et al.,
2014

In vitro. ALP levels in all three groups (control, 0.5 Gy, and 5 Gy) were roughly
the same levels relative to each other at day 4 and day 14. Irradiation-induced
increases in ALP occurred on day 7 and 10 post-irradiation in both irradiated
groups. OCN protein level was increased at day 10 in both irradiated groups,
with the increases in the 0.5 Gy group continuing onto day 14 post-irradiation.

In vivo. TRAP staining indicated an increase in the number of osteoclasts in the
0.5 Gy irradiated group at day 14, followed by a decrease to below control
levels on day 21. Meanwhile, in the 5 Gy irradiated group, number of
osteoclasts were decreased as early as 7 days post-irradiation. ALP mRNA
expression increased in both irradiated group at day 14 and remained above
control levels at day 21 in the 5 Gy group. OCN mRNA expression was
increased as early as day 14 and remained increased at day 21 and 28. OCN
positive cells in calluses indicated that OCN protein levels increased at day 14 in
the 0.5 and 5 Gy groups.

In vivo. Female, B6D2F1/J mice were divided into 4 groups: Sham
(0 Gy), Wound (W; 15% total body surface area), Radiation Injury
(RI, 8 Gy 89Co gamma rays), or Combined Injury (Cl; Rl + W). Mice
were euthanized after irradiation at days 3, 7 and 30. The radiation
group received a single whole-body dose of 8 Gy gamma rays at a
rate of 0.4 Gy/min. Osteoblast surface, osteoclast surface, and
osteoclastogenesis markers such as TRAP-5b and OCN were
measured post-irradiation to determine the effects of IR on bone
cell function.

Swift et al.,
2015

Irradiated mice showed an increase in TRAP-5b from 38% to 83% from days 3-
30. OCN in serum was decreased from —35% to —83% compared to sham mice
on day 3.

In vivo. 18-week-old male mice were exposed to 1 and 2 Gy of
137Cs gamma rays at a dose of 0.915 Gy/min and their trabecular
bone tissue was analyzed at 3- and 10-days post-irradiation. The
number of osteoclasts was measured with TRAP staining.

Kondo et
al., 2009

Exposure to 1 Gy led to a ~2-fold increase in osteoclast number at day 3, and
~3-fold increase by day 10 post-irradiation. ~2.5-fold increase in osteoclast
number by day 3 which remained constant up to day 10 post-irradiation. A
marked ~150% increase in osteoclast number and surface were observed at
day 3 and day 10 and at doses 1 and 2 Gy.

In vivo. 20-week-old female mice were irradiated with 2 Gy of X-
rays, and bone and blood samples were taken to analyze levels of
markers for osteoclast and osteoblast activity. Osteoblast marker
OCN and osteoclast marker TRAP5b were measured with ELISA.
Osteoclast and osteoblast surfaces were measured as well.

Willey et al.,
2010

Osteoblast surface did not change. Osteoclast surface increased 1.6-fold after 1
week, but no change was observed after 2 and 3 weeks. A 21% increase in the
levels of TRAP5b was observed within the irradiated group compared to the
control group at week 1, but no further differences were observed between the
irradiated and non-irradiated groups at weeks 2 and 3. The serum level of OCN
did not change. A 218% increase in osteoclast number over bone surface was
found at 1-week post-irradiation.

In vivo and ex vivo. the right hindlimbs of 20-week-old male C57BI/6
mice were irradiated with 2 Gy of X-rays at a rate of 1.6 Gy/min. In
addition, the calvariae of 4-day-old Swiss White mice were extracted
and irradiated with 2 and 10 Gy of X-rays at a rate of 0.244 Gy/min.
The number of TRAP5b-positive osteoclasts and osteoblasts/ mm2
of bone surface were measured in models.

Wright et
al., 2015

In vitro. Osteocyte-like cells (MLO-Y4) and osteoblast cells (MC3T3)

Following irradiation, a significant ~0.4-fold decrease in calvarial bone-derived
osteoblasts was found at 10 days post-irradiation compared to the non-
irradiated control. Earlier time points, such as day 4 and day 7, showed non-
significant decreases in osteoblasts.

were irradiated with 0-20 Gy X-rays.

Known modulating factors

Modulating e tails Effects on the KER References

factor
Risedronate (osteoporosis drug that blocks |Returned TRAP5b levels to near baseline and reduced the osteoclast count after|, ,,.

Drug o o Willey et al., 2010
osteoclast activity) radiation

Drug a-2-macroglobulin (a2M); a radio-protective | o1 4t 0,25 and 0.5 mg/mL slightly restored ALP activity. Liu et al., 2018
macromolecule

Age Old age Lower estrogen at old age is thought to increase osteoclast activity, Pacheco and

9 9 compounding with the effects of radiation. Stock, 2013

Known Feedforward/Feedback loops influencing this KER

Not Identified
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Relationship: 2848: Energy Deposition leads to Bone Remodeling

AOPs Referencing Relationship

AOP Name Adjacency Weight of Evidence Quantitative Understanding

Deposition of energy leading to occurrence of bone loss non-adjacent High Low

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links

human Homo sapiens Low NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus Moderate NCBI

Life Stage Applicability
Life Stage Evidence
Adult High

Juvenile High
Sex Applicability
Sex Evidence

Male High
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Uniine B

Supporting evidence for this relationship has been demonstrated in vivo for mice and rats, with considerable evidence for mice. The relationship has been
demonstrated in vivo for both males and females, with considerable evidence for males. In vivo evidence is derived from preadolescents, adolescents, and adults,
with strong evidence for adolescents and adults.

Key Event Relationship Description

Bone and bone remodeling cells, like all other tissues and cells, are vulnerable to deposited energy, but with varying radiosensitivity. lonizing radiation (IR) can
indirectly disrupt bone remodeling by depositing energy into bone cells, including osteoblasts, osteoclasts, and osteocytes, resulting in ionization events that can
lead to oxidative stress and loss of homeostasis in the bone microenvironment. Changes to bone remodeling cell homeostasis are expressed as a decrease in
bone formation and an increase in bone resorption. Bone remodelling can be affected by variety of IR sources, including low linear energy transfer (LET) radiation,
such as X-rays, gamma rays, and protons, and high LET radiation, such as heavy ions. These changes can be observed through dynamic bone histomorphometry
measurements that quantify the destruction of the organic and inorganic bone matrix by osteoclasts and its replacement by osteoblasts (Dempster et al., 2013). As
bone tissue is remodelled, shifts in the proportion of stronger, plate-like trabeculae to more brittle, rod-like trabeculae can be observed through changes to the
structural model index (SMI) (Shahnazari et al., 2012).

Evidence Supporting this KER

Overall weight of evidence: High
Biological Plausibility

Typically, bone remodeling regulates mineral homeostasis and adapts to everyday stresses by repairing or removing damaged bone to keep it structurally sound
(Raggatt & Partridge, 2010). Deposition of energy can indirectly disrupt bone remodeling so that bone resorption and formation do not occur in coordination.

Radiation can cause an imbalance in physiological bone remodeling to favor bone resorption over formation. The activator of nuclear factor kappa B ligand (RANK-
L) and Wnt pathways can be influenced by the deposition of energy, leading to increased resorption and decreased formation of bone, respectively (Tian et al.,
2017). Irradiated osteocytes contribute to increased bone resorption through the release of osteoclastogenesis-stimulating molecules. Osteocyte apoptosis can
also occur due to irradiation of bone, further contributing to increased activity of osteoclasts (Donaubauer et al., 2020). The outcome of these radiation-induced
changes is an imbalance in bone remodeling, favoring bone resorption and diminishing bone formation (Donaubauer et al., 2020; Zhang et al., 2018).

In addition to the effects on bone remodeling cells, immune-mediated cytokine response in bone marrow is triggered by IR. IR has been shown to increase the
expression of pro-osteoclastogenic proteins such as RANK-L in both mineralized and marrow tissue. Expression of pro-inflammatory and pro-osteoclastogenic
factors, such as tumor necrosis factor (TNF), interleukin (IL)-6, and chemoattractant protein (MCP)-1 also induced by IR in bone marrow tissue leading to build-up
of osteoclasts in the bone marrow which will stimulate maturation of osteoclasts (Donaubauer et al., 2020).

Empirical Evidence

The empirical data relevant to this KER provides support for the linkage between deposition of energy and bone remodeling. The empirical evidence supporting this
KER is gathered from research utilizing in vivo models experimenting on radiation exposure and the resulting changes in the SMI, bone formation rate (BFR),
mineral apposition rate (MAR) and mineralizing surface normalized to the bone surface (MS/BS). Radiation studies examined these endpoints using X-rays,
gamma rays, and heavy ions (Alwood et al., 2010; Bandstra et al., 2008; Chandra et al., 2017; Chandra et al., 2014; Wright et al., 2015; Xu et al., 2014; Zhang et
al., 2019).

Dose Concordance

Various studies measure the response of remodeling to a given dose of IR. Once energy is deposited into matter at all doses, follow-on downstream events are
immediately initiated. Studies that analyzed the effects of a range of radiation doses on bone remodeling in the same model found that higher doses generally
resulted in greater changes to bone remodeling, providing support for a dose-dependent relationship between the two KEs (Alwood et al., 2010; Bandstra et al.,
2008; Zhai et al., 2019). Alwood et al. observed significant bone remodeling after exposure to 2 Gy of 56F¢ heavy ions and no significant change after 0.5 Gy
(Alwood et al., 2010). Zhai et al. observed a similar trend, as there was no significant change to MAR after exposure to 2 Gy of X-rays, but MAR decreased by 50%
at 30 days after 3 fractions of 8 Gy (3 x 8 Gy) irradiation (Zhai et al., 2019). MS/BS tends to decrease linearly as the radiation dose increases. Relative to non-
irradiated models, MS/BS was shown to decrease up to 80% after exposure to 2 or 8 Gy of X-ray or gamma radiation (Chandra et al., 2017; Kondo et al., 2010;
Wright et al., 2015; Zhang et al., 2019). After exposure to high doses (4-16 Gy) of low LET X-rays, SMI increased up to 105.3% (Chandra et al., 2017; Chandra et
al., 2014; Xu et al., 2014), while exposure to 2 Gy of high LET 56Fe ions resulted in a 194% increase in SMI (Alwood et al., 2010). Multiple studies measured
changes to the BFR, showing attenuation up to 100% after 8 and 16 Gy and up to 33% after 2 Gy of X-rays (Chandra et al., 2017; Chandra et al., 2014; Wright et
al., 2015; Zhang et al., 2019). However, some studies do not show significant changes to the BFR after irradiation but still show a loss of bone volume (Bandstra et
al., 2008; Kondo et al., 2010), indicating that the imbalanced bone remodeling is due to increased osteoclast activity instead of decreased osteoblast activity
(Kondo et al., 2010).

Time Concordance

Various studies show the response of bone remodeling to deposition of energy over time. When energy is deposited into biological models it immediately causes
ionization events which directly lead to downstream events occurring at later time points. Remodeling was found increased after 1 week as well as 1 and 2 months
after X-ray and 56Fe irradiation (Alwood et al., 2010; Chandra et al., 2017; Wright et al., 2015; Zhai et al., 2019; Zhang et al., 2019). The highest responses
occurred after 1 month, although this could be attributed to the higher LET and dose used when remodeling was measured at this time. Due to the lack of studies
on time response there are no trends identified in the changes of bone remodeling markers.

Essentiality

Essentiality is difficult to show with deposition of energy because it is a physical stressor and cannot be modified by chemicals. However, lead shielding used to
protect the contralateral limbs of animals demonstrated higher bone remodeling in exposed limbs than contralateral limbs (Wright et al., 2015; Zhai et al., 2019).
Wright et al. (2015) irradiated C57BI/6 mice with 2 Gy of X-rays and observed that BFR/BS decreased significantly in the irradiated limb, while the BFR/BS in the
shielded contralateral limb decreased by a statistically negligible amount. Thirty days following irradiation of Sprague Dawley rats with 3 fractions of 8 Gy of X-rays,
Zhai et al. (2019) observed that MAR in shielded contralateral limbs remained at levels similar to the control, while the irradiated limbs experienced a significant
reduction in MAR.

Uncertainties and Inconsistencies
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e The BFR, MAR, and MS/BS are measures of bone formation, and therefore are used as endpoints of bone remodeling. However, studies do not directly
measure bone resorption as the bone resorption rate cannot be directly measured by dynamic histomorphometry (Dempster et al., 2013). Instead, studies
rely on determining the rate of bone resorption indirectly by observing changes to the BFR relative to changes in bone volume. Future work could be done to

identify

a direct tissue-level measure of the bone resorption rate.

Quantitative Understanding of the Linkage

The following are a few examples of quantitative understanding of the relationship. All data is statistically significant unless otherwise indicated.

Response-response relationship

Dose Concordance

Reference |Experiment Description Result
\Wright et In vivo. The right hindlimbs of 20-week-old male C57BL/6 mice were irradiated with |Direct radiation with 2 Gy led to a 33% decrease in BFR/BS and a
L %01 5 2 Gy of X-rays at a rate of 1.6 Gy/min. The bone formation rate normalized to the |[20% decrease in MS/BS. MAR was decreased by 13% (non-

v bone surface (BFR/BS), MS/BS, and MAR were measured 1 week post-irradiation. |[significant).
Chandra et In vivo. The distal metaphyseal region of right femurs of 8- to 10-week-old male SMI was increased by 26% in irradiated group and MS was
al. 2017 mice were irradiated with 8 Gy of X-rays at a rate of 1.65 Gy/min. The SMI, MS, decreased by nearly 80% after radiation exposure. BFR/BS levels

v and BFR/BS were measured. decreased 100% after irradiation.

H (o) H O,
In vivo. Three-month-old female rats were irradiated at the proximal metaphyseal IFIOseens RIS I 6 A OEREREE [ e Clel 007

Chandra et ; . . . : . decrease in both BFR/BS and MAR, as well as a ~20% increase
al. 2014 region of the right tibiae with 16 Gy of X-rays, fractionated into two 8 Gy doses at a in SMI. at 28 davs post-irradiation relative to non-iradiated

v rate of 1.65 Gy/min. The SMI, MS/BS, MAR, and BFR/BS were measured. controis ys P
Zhang et In vivo. The experiments were performed on 4-week-old male C57BL/6J mice MS/BS was reduced by 21% in the irradiated group. There was a
al 231 9 exposed to 2 Gy X-ray radiation at the mid-shaft of the left femur. MS/BS, MAR and|[22% decrease in BFR/BS in the irradiated group. No changes in

BFR/BS were measured.

MAR, BFR/BS and MS/BS were significant.

Bandstra et

In vivo. 58-days old female C57BL/6J mice were exposed to whole-body 0, 0.5,1,
or 2 Gy proton radiation of 250 MeV protons at a rate of 0.7 Gy/min. Endosteal

Ec.BFR decreased by 19%, 27%, and 21% after 0.5, 1, and 2 Gy,

al., 2008 BFR (Ec.BFR) was assessed. respectively. However, the changes in BFR were not significant.
Xu et al., |[In vivo. 8-week-old male Wistar rats were exposed to whole-body 4 Gy X-ray SMI was increased in the irradiated group by 105.3% after 4 Gy
2014 radiation. SMI was measured in the proximal tibia. of X-ray exposure.
In vivo. 4- th-old, adult, le, C57BL/6 mi d to irradiati ith . L
Alwood et " v:(\;o z]onG of 2 uV/ male 56Fe h mlce. wereS('a\;|<|pose olrra IZ |.on ;NI SMI was increased by 194% and 31% (non-significant) after
al., 2010 0'?’ e 2Gyof1Ge YA 9 lER s aclpeastiecinline exposure to 2 Gy and 0.5 Gy radiation, respectively.
mineralized cancellous bone tissue of the fourth lumbar vertebrae.
Hui et al., ) 072 EAOEE,F el BRI EELD S UEE GHpCEsihd BEgl Hoelehensline Compared to non-irradiated controls, irradiation resulted in a 16%
rays to the hindlimbs. The MAR of the distal femurs of irradiated mice was ) R
2014 decrease per day in MAR at 12-29 days after 16 Gy irradiation.
measured.
Kondo et In vivo. 17-week-old C57BL/6J mice were exposed to whole-body 1 or 2 Gy 137Cs |[Compared to sham-radiated controls, 2 Gy irradiation resulted in
al 2010 |9amma radiation. Bone remodeling markers such as BFR, MAR, and MS/BS were |a 7% decrease in MS/BS. Changes to BFR and MAR were non-
? measured in the proximal tibiae. significant.
Zhai et al In vivo. 6-week-old male Sprague-Dawley rats were exposed at the left hindlimb to [MAR did not differ significantly in the 2 Gy irradiated group after
5019 ” |either one single dose of 2 Gy X-ray radiation or fractioned irradiation (3 x 8 Gy) at |30 and 60 days. MAR was decreased by >50% after 30 days and
a dose rate of 185.5 cGy/min. MAR was determined in the irradiated tibia. by 31% (non-significant) after 60 days in the 3 x 8 Gy group.
Time-scale
Time Concordance
Reference |Experiment Description Result
\Wright et In vivo. The right hindlimbs of 20-week-old male C57BL/6 mice were irradiated |Direct radiation with 2 Gy led to a 33% decrease in BFR/BS and a
al 201 5 with 2 Gy of X-rays at a rate of 1.6 Gy/min. BFR/BS, MS/BS, and MAR were 20% decrease in MS/BS after 1 week. MAR was decreased by 13%
N measured after 1 week. (non-significant), also after 1 week.
- v —
In vivo. The distal metaphyseal region of right femurs of 8- to 10-week-old male BN Aol E)) |rradl|at_ed I E I LSS
Chandra et|| . : ) ) ) decreased by nearly 80% 4 weeks after radiation exposure. BFR/BS
mice were irradiated with 8 Gy of X-rays at a rate of 1.65 Gy/min. The SMI, MS, . -
al., 2017 was completely attenuated 4 weeks after irradiation (100%
and BFR/BS were measured.
decrease).
In vivo. Three-month-old female rats were irradiated at the proximal ther 2 dgy:ﬁp(;;t-irragiation, JRdexposurelresulLegli:nRz?Bm%d MAR
Chandra et [metaphyseal region of the right tibiae with 16 Gy of X-rays, fractionated into two ecreﬁse in 23 N S <l & 1(_)0 ngecrease Tteet S an ’
al, 2014 |8 Gy doses at a rate of 1.65 Gy/min. The SMI, MS/BS, MAR, and BFR/BS were |25 Well as a ~20% increase in SMI.
measured.
Zhang et In vivo. The experiments were performed on 4-week-old male C57BL/6J mice |MS/BS was reduced by 21% 28 days post-irradiation. There was a
al 231 9 exposed to 2 Gy X-ray radiation at the mid-shaft of the left femur. MS/BS, MAR [22% decrease in BFR/BS 28 days post-irradiation. No changes in
” and BFR/BS were measured. MAR, BFR/BS and MS/BS were significant.
Awood et In vivo. 4-month-old, adult, male, C57BL/6 mice were exposed to irradiation SMI was increased by 194% and 31% (non-significant) after
Al 2010 |With 0.5 Gy and 2 Gy of 1 GeV/nucleon 56F¢ heavy ions. SMI was measured in |exposure to 2 Gy (after 31 days) and 0.5 Gy (after 28 days)
v the mineralized cancellous bone tissue of the fourth lumbar vertebrae. radiation, respectively.
. in'vivo. 6-week-old male Sprague-Dawley rats were exposed at the left hindlimbly, o i ot difer significantly in the 2 Gy irradiated group after 30
Zhai et al., |[to either one single dose of 2 Gy X-ray radiation or fractioned irradiation (3 x 8
. : ; : ; and 60 days. MAR was decreased by >50% after 30 days and by
2019 Gy) at a dose rate of 185.5 cGy/min. MAR was determined in the irradiated - ;
ibia 31% (non-significant) after 60 days in the 3 x 8 Gy group.
Known modulating factors
I'\:Il:cc:‘lilrztmg Details Effects on the KER References
Chandra et al. (2017) studied the effects of sclerostin on bone remodeling. Sclerostin is a Wnt antagonist, and its
Sclerostin [€xpression in adults is primarily restricted to osteocytes. In this experiment, suppression of sclerostin was examined using
(Wnt a monoclonal antibody against sclerostin (Scl-Ab). Data collected from the experiment shows that Scl-Ab completely Chandra et
Drug antagonist) [reverses the effects of radiation on bone tissue. Scl-Ab injections not only blocked any structural deterioration but also al. 2017
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suppression (increased bone mass and improved bone quality in the irradiated area to the same levels as in a non-irradiated area with
Scl-Ab treatment.

Pacheco
Age Old age Lower estrogen at old age is thought to increase bone resorption, compounding with the effects of radiation. and Stock,
2013

Known Feedforward/Feedback loops influencing this KER
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Relationship: 2849: Energy Deposition leads to Bone Loss

AOPs Referencing Relationship

AOP Name Adjacency Weight of Evidence Quantitative Understanding

Deposition of energy leading to occurrence of bone loss non-adjacent High Moderate

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links
human Homo sapiens High NCBI

mouse Mus musculus High NCBI
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Life Stage Applicability

Life Stage Evidence
Adult High

Juvenile Moderate
Sex Applicability
Sex Evidence

Male High
Female Moderate

Unspecific Moderate

Evidence for this relationship is from human, mice, and rat models, with considerable available evidence in mice and humans. The relationship is well supported in
both males and females using in vivo models. There is in vivo evidence from studies conducted using preadolescent, adolescent, and adult rodent models.

Key Event Relationship Description

Energy deposited onto an organism from ionizing radiation (IR) can result in an increase in bone loss. Bone loss refers to a decrease in bone mass or density as
observed in a variety of conditions such as osteopenia and osteoporosis (Cummings, Bates, and Black, 2002). Energy deposition can interfere with overall bone
integrity and the capacity to withstand mechanical load, leading to an increased risk of fractures (Cummings, Bates, and Black, 2002; Willey et al., 2011). lonizing
energy deposited into an organism is absorbed eliciting breakage of water molecules leading to free radical formation, if this overwhelms the antioxidant capacity,
then oxidative stress ensues. If this occurs in bone tissue cells, including osteoblasts, osteoclasts, and osteocytes, it can dysregulate their activity. The subsequent
increases in bone resorption and decreases in bone formation culminate in increased bone loss. Bone loss can be induced by a variety of radiation sources,
including low linear energy transfer (LET) radiation, such as X-rays, gamma rays, and protons, and high LET radiation, such as heavy ions, at a wide range of
doses and dose rates. IR-induced bone loss can be observed through microarchitectural measurements that show the structural deterioration of affected bones.

Evidence Supporting this KER

Overall weight of evidence: High
Biological Plausibility

Extreme stresses, such as energy deposited by IR, can dysregulate bone resorption from osteoclasts and formation from osteoblasts, resulting in bone loss
(Donaubauer et al., 2020). Numerous studies have shown that skeletally mature adults exposed to radiotherapy have a greater risk of bone fractures, reduced
bone strength, and osteoporosis. Availability of human studies to support this relationship is extensive from both in a clinical and space setting. Bone loss in areas
exposed to clinical radiotherapy have been associated with increased fracture risk (Willey et al., 2011). A substantial body of evidence from spaceflight missions
demonstrates that the space environment, which consists of IR, induces an imbalance between bone production and resorption (Stavnichuk et al., 2020; Willey et
al., 2011). Stavnichuk et al. (2020) performed a meta-analysis using 148 astronauts and found decreased bone density at a rate of 0.8% per month of spaceflight.
Even when appropriate nutrition and enhanced physical activity training are implemented, the concentrations of bone resorption indicators increase in astronauts
during flight (Farris et al., 2020; Yang et al., 2018).

Irradiated bone has a lower number of osteoblasts than non-irradiated bone. Fewer osteoblasts results in a decrease in the bone formation rate leading to bone
loss. This may reduce the synthesis of a new matrix (e.g., collagen) and decrease bone density, which can increase bone loss and the risk of bone fracture (Farris
et al.,, 2020). Increased osteoclast and decreased osteoblast activity following irradiation results in increased bone resorption and trabecular bone turnover.

Bone marrow is among the most radiosensitive tissues in the body. Another outcome of irradiation on bones is the elimination of red (active, hematopoietic) marrow
and the replacement with yellow (or white, inactive, fatty) marrow (Pacheco and Stock, 2013). Yellow marrow is less vascular than red marrow and is therefore
more vulnerable to repetitive physiologic skeletal loads (Pacheco and Stock, 2013).

One contributor to bone loss from deposited energy is an increase in reactive oxygen species (ROS), associated DNA damage, and related apoptosis. In bone
marrow-derived skeletal cell progenitors, radiation reduced osteoblast development and promoted ROS generation (Willey et al., 2011; Yang et al., 2018). Total
body irradiation in rodents increases the production of ROS in marrow cells and accelerates cell death. These findings suggested that irradiation could generate
oxidative stress, inhibiting osteoblast development and differentiation while promoting bone resorption. As a result, radiation may influence key bone cell processes
by promoting the generation of ROS and suppressing osteoblasts. After gamma irradiation, male C57BL/6 mice showed reduced cancellous BV/TV in the proximal
tibia and lumbar vertebrae, higher osteoclast surface in the tibia, and increased ROS generation in marrow cells (Donaubauer et al., 2020; Tian et al., 2017; Willey
etal, 2011; Yang et al., 2018).

The degree of bone mineralization and bone density are direct indicators of bone loss in the body that are depleted following irradiation (Farris et al., 2020; Slyfield
et al., 2012). Changes to trabecular and cortical parameters also indicate bone loss due to the deposition of energy. Indirect measures of bone loss following
radiation can include the incidence of fractures as well as the energy required to fracture the bone (Fonseca et al., 2014; Turner, 2002). In addition, stiffness and
the elastic modulus have been shown to positively correlate with the degree of mineralization of bones (Fonseca et al., 2014; Turner, 2002).

Empirical Evidence

The empirical data relevant to this KER provides support for the linkage between deposition of energy and bone loss. The majority of the evidence supporting this
relationship comes from studies examining the effect of IR sources, including X-rays, gamma rays, protons, and heavy ions, on the skeletal system. Current
literature on the subject explores the deterioration of bone structure under exposure to a wide range of doses (0.05-64 Gy), dose rates (0.1-4 Gy/min), and LET
levels (0.23-175 keV/um). IR exposure consistently resulted in increased bone loss, often in a dose- and time-dependent manner (Alwood et al., 2017; Alwood et
al., 2010; Bandstra et al., 2009; Bandstra et al., 2008; Chandra et al., 2017; Chandra et al., 2014; Ghosh et al., 2016; Green et al., 2012; Hamilton et al., 2006; Hui
et al., 2014; Lloyd et al., 2012; Nishiyama et al., 1992; Stavnichuk et al., 2020; Willey et al., 2010; Wright et al., 2015; Yumoto et al., 2010).

Dose Concordance

Current literature on the effects of IR on bone tissue provides strong evidence for a dose concordance relationship between energy deposition and bone loss. Once
energy is deposited onto matter at all doses, follow-on downstream events are immediately initiated. The models used in these studies, mostly C57BL/6 mice,
generally experienced some degree of degradation in one or more parameters of bone structure or quality, including bone mineral density (BMD), bone volume
fraction (BV/TV), connectivity density (Conn.D), trabecular number (Tb.N), trabecular separation (Tb.Sp), trabecular thickness (Tb.Th), maximum load, stiffness,
the elastic modulus, and the frequency of fractures after irradiation.

A few human studies show the response after a given dose of IR. Patients with uterine cervix carcinoma irradiated with photons (4 MV) showed similar reductions in
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CaCOg3 content by an average of 55 mg after both 22.4 and 45 Gy (Nishiyama et al., 1992). In astronauts exposed to space radiation, bone density is estimated to
be reduced at 0.8% per month in lower limbs and 0.1% per month in upper limbs as longer duration flights lead to a higher dose of IR (Stavnichuk et al., 2020).
Short duration flights (<30 days) led to decreased bone density up to 10%, which could be due to an early onset of increased resorption and late onset of increased
formation (Stavnichuk et al., 2020). However, astronauts are also exposed to microgravity and not just radiation. A follow-up study of the Stockholm | and Il Trials
found a significantly increased incidence of femoral neck or pelvic fractures in rectal carcinoma patients receiving 25 Gy of radiotherapy compared to unexposed
patients (Holm et al., 1996). Multiple clinical studies demonstrate that increasing fractionated doses of photons from ~40-60 Gy during radiotherapy lead to an
increased incidence of bone fractures, likely due to lower bone mass after higher radiation doses (Dickie et al., 2009; Overgaard, 1988).

Of the studies that examined the effects of irradiation in animal models with low LET sources, such as X-rays, gamma rays, and protons, most found that low doses
(<2 Gy) could result in bone loss (Alwood et al., 2017; Bandstra et al., 2008; Lloyd et al., 2012). Similarly, higher LET sources, such as heavy ions, could result in
bone loss at doses as low as 0.1 Gy (Alwood et al., 2017; Alwood et al., 2010; Bandstra et al., 2009; Ghosh et al., 2016; Yumoto et al., 2010). However, changes at
low doses were often non-significant.

Exposure to high doses (>2 Gy) of IR resulted in statistically significant bone loss in almost all cases, regardless of the radiation type, along with greater changes
compared to lower doses (Alwood et al., 2017; Alwood et al., 2010; Bandstra et al., 2008; Chandra et al., 2017; Chandra et al., 2014; Green et al., 2012; Hamilton
et al., 2006; Hui et al., 2014; Willey et al., 2010; Wright et al., 2015; Yumoto et al., 2010). While bone loss was generally significant in all high dose studies,
Hamilton et al. (2006) and Alwood et al. (2017) compared the impact that exposure to the same dose of radiation has on bone structure when multiple sources with
different LET levels are used. They found that changes in BV/TV and Tb.Th were generally LET-dependent, with higher LET sources consistently inducing greater
loss of bone than lower LET sources. However, some measurements, including Tb.N, Tb.Sp, and Conn. D, did not always follow this trend.

Studies that examined the impact of a range of radiation doses on bone structure in the same model provide excellent evidence for a dose-dependent relationship
between energy deposition and bone loss. These studies found that high dose radiation generally resulted in more pronounced bone loss than low dose radiation
(Alwood et al., 2017; Alwood et al., 2010; Bandstra et al., 2008), except for the study by Yumoto et al. (2010), which observed significant dose-dependent
decreases in BV/TV and Conn. D at 0.1 and 0.5 Gy compared to non-irradiated controls, but a non-significant decrease at 2 Gy. Bandstra et al. (2008) observed
linear, dose-dependent decreases in BV/TV and volumetric BMD (vBMD) from 0.5-2 Gy, while Tb.Sp similarly increased in a linear, dose-dependent manner at 0.5-
2 Gy. Alwood et al. (2017) observed proton and 56Fe radiation both induced a decrease in BV/TV and Tb.N at 2 Gy, but not at 0.05 or 0.1 Gy. Alwood et al. (2010)
observed significant changes to BV/TV, Tb.Sp, Tb.N, Conn. D, cancellous bone stress, and the elastic modulus after exposure to 2 Gy of 56Fg heavy ions, while 0.5
Gy did not result in significant changes to any measures of bone structure.

Time Concordance

In the current literature, there is limited evidence of a time-concordance relationship between energy deposition and bone loss. When energy is deposited onto
biological models it immediately causes ionization events which directly lead to downstream events occurring at later time points. In patients with uterine cervix
carcinoma irradiated with protons (4 MV) at 22.5 and 45 Gy, bone CaCOg3 content decreased linearly from 140 mg to 84 mg after 3 months, plateauing at about 70
mg after 6 and 12 months (Nishiyama et al., 1992). A higher incidence of fractures was observed in patients receiving 25 Gy of photons compared to unexposed
patients, measured 5 years after exposure (Holm et al., 1996). Current data in animal models suggests that most bone loss occurs in the first few months after
exposure. At 12 weeks post-exposure to 20 Gy gamma rays, Tb.Sp and the ratio of bone surface to volume (BS/BV) were increased, while BV/TV, Tb.Th, Tb.N,
and maximum loading were decreased (Zou et al., 2016). One week to 1 year after exposure resulted in significant decreases in BMD, BV/TV, Tb.N, Conn.D,
bending strength, the elastic modulus, and stiffness (Alwood et al., 2017; Green et al., 2012; Hui et al., 2014; Oest et al., 2018; Zhang et al., 2019).

Essentiality

In vivo studies show that bone loss mainly occurs in the bone tissue directly receiving radiation. In several experiments, malleable lead shielding was used to
protect the contralateral limbs of mice from the effects of IR. Contralateral bone tissue was harvested and was compared to the bone tissue directly receiving
radiation. Relative to baseline levels, shielding of contralateral limbs consistently attenuated the effects of IR on all markers of bone loss compared to non-shielded
limbs. Shielding reduced the IR-induced changes to various bone loss measures including BV/TV, Conn.D, Tb.N, and Tb.Th (Oest et al., 2018; Wright et al., 2015).
Furthermore, Baxter et al. (2005) found that the risk of osteoporotic fractures in humans exposed to radiotherapy increased only at the irradiated site. However,
some studies still show bone loss in shielded limbs, possibly due to the abscopal effects of radiation (Zhang et al., 2019; Zou et al., 2016).

Uncertainties and Inconsistencies

e At 8 days post-16 Gy irradiation, there was a significant increase in trabecular BV/TV relative to the non-irradiated controls, contrary to the expected reduction
in bone volume usually seen following energy deposition (Hui et al., 2014).

e When exposed to 0.1, 0.5, and 2 Gy of 56Fg heavy ions, mice did not follow the expected dose-dependent response. Compared to non-irradiated controls,
0.1 and 0.5 Gy irradiation resulted in significant 16% and 18% decreases in BV/TV, respectively. 2 Gy radiation did not have a significant effect on trabecular
BV/TV. 0.1 and 0.5 Gy irradiation similarly decreased Tb.N by 7% and 5%, respectively, while changes following 2 Gy irradiation were non-significant (Yumoto
etal., 2010).

e Many clinical studies demonstrate that bone loss occurs following radiotherapy in humans (Willey et al., 2011). However, very few studies specify the dose of
radiation used, reducing the availability of human studies and an understanding of dose-effects.

Quantitative Understanding of the Linkage

The following are a few examples of quantitative understanding of the relationship. All data is statistically significant unless otherwise indicated.
Response-response relationship

Dose Concordance

Reference |Experiment Description Result

In vivo. Patients receiving post-mastectomy photon radiation|The frequency of fractures increased dose-dependently between 40 and 50 Gy (12
(8 MV) had the number of rib fractures evaluated with chest |fractions) and between 50 and 55 Gy (22 fractions), resulting in a maximum of 48% of
radiograms. patients with rib fractures at 50 Gy.

Overgaard,
1988

In vivo. Rectal carcinoma patients received preoperative
radiotherapy with photons at 25 Gy (500 irradiated, 527
Holm et al., lcontrol). The source of photons was either 60Co or a 6-21 Patients irradiated with 25 Gy had an incidence of pelvic fracture of 5.3%, while
1996 MV linear accelerator. The incidence of hospitalizations for [significantly fewer non-irradiated patients were admitted for fracture (2.4%).
femoral neck or pelvic fracture was determined at a 5-year
follow-up.

e Radiotheraov patients that had a bone fracture received an averaae dose of 45 Gv.
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Dickie et
al., 2009

receiving radiotherapy were divided into patients with lower
extremity fractures (n=21) and patients without fractures
(n=53). The average dose received was compared between
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Patients without a fracture had a lower average dose of 37 Gy. In addition, the maximum
dose received by patients with a fracture was 64 Gy, while the maximum dose received
by non-fractured patients was 59 Gy.

Nishiyama
et al.,
1992

In vivo. Patients with uterine cervix carcinoma from 1989 to
1990 with or without 4 MV photon irradiation to lumbar
vertebrae had bone mineral content (measured in mg
CaCO3 eqg/cm3) determined. Radiation was given in 1.8 Gy
fractions over 5 weeks for a total dose of either 22.5 or 45
Gy to the vertebrae (radiation plan dependent).

The control group did not show a change in bone mineral content. Both 22.5 and 45 Gy
reduced bone mineral content by about 55 mg.

Stavnichuk
et al.,
2020

In vivo. A meta-analysis that extracted the percent change
in bone density in 148 astronauts from articles from 1971 to
2019. The longer the spaceflight, the higher dose of IR the
astronauts received, although IR was not the only stressor
that the astronauts would have received.

In missions less than 30 days, bone density was reduced up to 10%. In missions from 30
to 250 days, the estimated reduction in bone density was 0.1% per month in upper limbs
and 0.8% per month in lower limbs.

Bandstra et

In vivo. 58-day-old, female, juvenile, C57BL/6J mice were
exposed to whole-body irradiation with 0.5, 1, and 2 Gy of
250 MeV protons at a rate of 0.7 Gy/min. Microarchitecture
measurements, including trabecular BV/TV, Tb.Sp, and

Following exposure to 2 Gy of proton radiation, mice showed significant changes in bone
structure compared to the non-irradiated controls, including a 20% loss of trabecular
BV/TV, an 11% increase in Tb.Sp, and a 19% decrease in trabecular vBMD. BV/TV also
decreased by 13% at 1 Gy. 0.5 Gy irradiation did not result in significant changes to

L Al vBMD, were measured in the proximal tibiae. Three-point  |trabecular bone structure. BV/TV and vBMD followed a decreasing trend at 1 and 2 Gy,
bending tests on the left femora were performed to assess |and Tb.Sp similarly showed a linear, dose-dependent increase. No significant changes
mechanical parameters. to mechanical strength were observed at any dose.

Compared to non-irradiated controls, mice from all radiation groups experienced
. . . . significant decreases in trabecular BV/TV following exposure to 2 Gy of IR, including
g;;g?éj;gzeé;)xhﬁfg;;ﬁ?gg::{ignségzzggzxere decreases of 29% for gamma rays, 35% for protons, 39% for 12C, and 34% for 56Fe.
) ; 60 Tb.Th showed a LET-dependent difference in IR-induced bone loss, with high LET
arzes), Il LIEr=0.28 ko m ey ?smma rays. sources (12C and 58Fe) showing significant decreases of 10% and 11%, respectively,

Hamilton et [-ET=0-4 keV/um protons, LET=13 keV/um '<C, and while changes caused by low LET sources (gamma rays and protons) were non-

al, 2006 |[LET=148 keV/um 56Fe. 4 months post-exposure, significant. Only proton-irradiated mice experienced significant changes in Tb.N, and
microarchitectural parameters, including trabecular BV/TV, |Tb.Sp, with a 20% decrease in Tb.N and a 22% increase in Tb.Sp. Trabecular Conn.D
Tb.Sp, Tb.Th, Tb.N, cortical porosity (Ct.Po), cortical volume|declined significantly in all radiation groups following exposure, with decreases of 54%
(Ct.V), and Conn.D (integrity), were measured in the for gamma rays, 64% for protons, 54% for 12C, and 46% for 56Fe. Ct.Po and Ct.V did
e IR not change significantly compared to the control after exposure to gamma, proton, 12C,

or 56Fe radiation.
In vivo. 20-week-old, adult, female, C57BL/6 mice were The irradiated group experienced a 30% decrease in BV/TV and a 53% decrease in
exposed to whole body irradiation with 2 Gy of 140 kVp X-  |Conn.D in the proximal tibia after 3 weeks. Similar changes occurred in the distal femur
rays at a rate of 1.36 Gy/min. Microarchitectural and the fifth lumbar vertebrae. Decreases in vBMD and Tb.N and increases in Tb.Sp

Willey et |parameters, including BV/TV, Conn.D, Tb.N, Tb.Th, Tb.Sp, |were observed from 1-3 weeks in the proximal tibia, distal femur, and the fifth lumbar

al., 2010 |Ct.V, Ct.Po, polar moment of inertia (pMOI), the percent vertebrae. vBMD decreased a maximum of 44%, Th.N decreased a maximum of 13%,
eroded surface at the endocortical surface (Ec.ES/Ec.BS), |land Tb.Sp increased a maximum of 15%. There was no significant change in Tb.Th.
vBMD, and marrow volume (Ma.V) were measured in the Neither endocortical or periosteal Ct.V, Ct.Po, Ma.V, or pMOI changed significantly after
tibiae. exposure to X-rays. Ec.ES/Ec.BS increased by 68% at week 3.

In vivo. 16-week-old, adult, male C57BL/6 mice were
Ghosh et :AX:\?/S?: ;%;Vehﬁfaso‘?zn":ji';‘;g: ;It: rLSyo?fOLF;_;ri?n Compared to non-irradiated controls, mice that underwent total body irradiation
al. 2016 Microirchitectural n}:easurements includin BV./TV yTb T‘h experienced a 14% decrease in BV/TV, an 11% increase in Tb.Sp, and a 14% decrease
v ) 9 > 2" lin Tb.N. The resulting change in Tb.Th after irradiation was not significant.
Tb.Sp, and Tb.N, were measured in the cancellous bone of
the tibia.
In vivo. 4-month-old, adult, male, C57BL/6 mice were
exposed to irradiation with 0.5 Gy (low dose) and 2 Gy (high
dose). of 1 GeV/nucIepn %Fe he:avy ions at a rate of 0.45 Compared to non-irradiated controls, mice that were exposed to 2 Gy of heavy ions
‘Gy/njnn‘and 0_'9 Gy/m‘m, respectively. 1-molnth pqst— showed a 14% decrease in cancellous BV/TV, a 9% decrease in Tb.N, and an 18%
Alwood et '_Haag'a“_?g"\r‘n'g::;‘;zr'tﬁz:::]r:;si("gn;ﬁ;ez;r;?g;‘:gg?eBa\fgav’ decrease in Conn.D, as well as a 12% increase in Th.Sp. The average cancellous tissue
al. 2010 (Ct. BF,)A,) aﬁd,Conn D. were measu;'ed i,n the mineralized stress increased by 27% within the centrum following 2 Gy. The centrum elastic modulus
N Ay o (30%) and whole-vertebral body elastic modulus (10%) were decreased at 2 Gy. Mice
cancellous bone tissue of the fourth lumbar vertebra. Stress that received a 0.5 Gy dose did not exhibit a significant degradation in bone structure or
transfer V‘,'as assessed within the fourth lumbar vertebra. mechanical properties. Ct.Th and Ct.BA were not significantly affected.
The elastic modulus of the cancellous centrum compartment;
and whole-vertebral body were determined with an axial
compression test.
In vivo. 8- and 16-week-old (young and mature adult)
C57BL/6J mice were irradiated with 5 Gy of 137Cs gamma o )
Green et |rays at a rate of 0.6 Gy/min. 8 weeks post-irradiation, Compared to non-irradiated controls, mice showed decreases of 45% and 51% for
al. 2012 |microarchitectural parameters, including BV/TV, Tb.N, BV/TV, 34% and 21% for Tb.N, and 81% and 85% for Conn.D, as well as a 56% and

Tb.Sp, and Conn.D, were measured in the proximal tibial
bones of the mice.

28% increase in Tb.Sp, in young and mature adults, respectively.

Bandstra et

In vivo. 16-week-old, adult, male, C57BL/6 mice were
irradiated with 0.47 Gy of LET=151.4 keV/um °6Fe heavy
ions at a rate of 4 Gy/min. Nine weeks after irradiation,
microarchitectural parameters, including BV/TV, Conn. D,

Compared to non-irradiated controls, mice saw a 17% decrease in BV/TV and a 4%
decrease in Tb.Th in the trabecular bone of their proximal humerus. While the changes
to BV/TV and Tb.Th were statistically significant, the changes to the other
microarchitecture parameters were not significant. After exposure to 0.47 Gy radiation,

al., 2009  |Tb.Sp, Th.Th, Tb.N, Ct.V (excluding marrow volume), the proximal humerus experienced a significant decrease in BV (4%), TV (3%), and
cortical total volume (Ct.TV, including marrow volume), pMOI (6%), as well as a significant increase in Ct.Po (6%), compared to the control.
Ct.Po, pMOI and vBMD, were measured in the trabecular  [After exposure to 0.18 Gy radiation, the proximal tibia experienced non-significant
bone of the proximal humerus. changes to all endpoints.
In vivo. 16-week-old, adult, male, C57BL/6 mice were Co:npared tg non-irradiate_:d controls, 0.1 aljld 0.5 Gy irrad'iat_ion rgsulted in signi.ficalr?t
exposed to whole-body irradiation with 0.1, 0.5, and 2 Gy of 16% and 18% decreases in BV/TV, respecnlvely.l 2le rgd_latlon did not have a significant
'Yumoto et LET=150 keV/um 56Fe h ) ; te of 0.2-1 Gy/mi effect on trabecular BV/TV. 0.1 and 0.5 Gy irradiation similarly decreased Tb.N by 7%
al., 2010 evium e heavy lons al a rate ot 9. Y/min-flong 5%, respectively, while changes following 2 Gy irradiation were non-significant.

3 days after irradiation, BV/TV, Tb.Th, Tbh.N, and Conn. D
were measured in the proximal tibiae of the mice.

Following 0.1 and 0.5 Gy irradiation, Conn. D decreased by 21% and 24%, respectively.

Tb.Th was not affected by IR at any of the measured doses.
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In vivo. 16-week-old. adult. male. C57BL/6J mice were At 5 weeks post-exposure, IR affected BV/TV and Tb.N in an identical manner. High
irradiated with 0.05, '0‘1’ O.’5, - 2 Gy of either LET=0.52 doses of 5:3Fe rzdiition (0.5 and 2 Gy) resdulted ina 1((51% ar;d 31% (liecrialse, oot
. respectively, in both parameters compared to non-irradiated controls, while 2 Gy o
Alwood et et [preiois o LIS 78 keV/um %6Fe hgavy fainiz, AL protons similarly caused a 22% reduction in both. 0.5 Gy of protons caused non-
al., 2017 TR £l 1.year e.xfter DT, MIERENE TS ITE significant decreases in BV/TV and Th.N (11 and 13%, respectively). 2 Gy of proton
parame_lt_irs, including BV/T\./’ -I;]b'N’ T?'Thl’ TbISp Ct'BrY’ . |lirradiation also resulted in an increase in Tb.Sp, but it did not affect Tb.Th. Low doses
2??hgtr.nic:ewere et s ) il il stpingelis (0.05 and 0.1 Gy) did not have an effect on bone loss after exposure to either protons or
) 56Fe heavy ions. Ct.BV and Ct.Th were not significantly affected in the femur midshaft.
g)’(;gfé(; (tst;v\\/’veheoklgeollfo’ dildil:::;ieargie\’,vi:?é;eo?:Ssvvﬁzr.? Compared to non-irradiated controls, BV/TV, Conn. D, and Tb.N in the proximal tibiae of
protons at a rate of ~0.6 Gy/min. Microarchitectural the mice decreased significantly by 16%, 28%, and 7.7%, respectively, while Tb.Sp
Lioyd et al.,|parameters, including BV/TV, Conn. D, Tb.N, Tb.Sp, CLBV increased sigqificantly by 9%. Microarchitectu_ral pgra_meters of the distal femur were not
5012 ’ CLTV Ct.P(; and pMOI weré measuréd in ”;e proxi‘mal tibi‘a as affected, with BV/TV and Conn. D decreasing significantly by 22% and 37%,
and di’stal fer’nur of the mice. Three-point bending tests on respectively, while Tb.N and Tb.Sp were unchanged. Ct.BV, Ct.TV, Ct.Po, and pMOI
R e ——— performe;d A A" were not significantly affected by radiotherapy in the femur or tibiae. Mechanical
parameters. strength was not significantly changed by radiation.
In vivo. The distal metaphyseal region of right femurs of 8-
Chandra et ?&?gﬁiﬁg:&:ﬂim;ﬁ;ifr';rse;(iféﬁdpgmfm?{g:;cal Compared to non-irradia_ted controls, irradiated mic_e experienced a 30°_/o decrea;e in
al, 2017 |radiation at a rate of 1.65 Gy/min. vBMD, BV/TV, Tb.N, and vBMD, a 31% decrease in _BV/TV, a 13% decrease in Th.N, and a 19% increase in
Tb.Sp were measured from the femurs of the mice. Linear 283, WEEEBUE [B9TE Siiiliess Coaemel Sz,
elastic analysis was performed to assess stiffness.
In vivo. Three-month-old female Sprague-Dawley rats were
Chandra et irradiated at the proximal metaphyseal region of the right Compared to non-irradiated controls, IR exposure resulted in a 14.3% decrease in BMD,
al. 2014 tibiae with 16 Gy of SARRP X-rays, fractionated into two 8 |[a 17.7% decrease in BV/TV, a 17.7% decrease Tb.N, and a ~25% increase in Tb.Sp at
N Gy doses at a rate of 1.65 Gy/min. Stiffness, BMD, BV/TV, |28 days post-exposure. Trabecular stiffness was decreased 51%.
Tb.N, and Tb.Sp were measured from the tibiae of the rats.
In vivo. 16-week-old adult female BALB/c mice were . . . . . . L
Huietal., [exposed to a single 16 Gy dose of 250 kVp X-rays. The Compared to nop-lrradlated controls, irradiation resulted in the mice gxpenencmg a
2014 BV/TV and Ct.Th of the distal femurs of irradiated mice were ~§57‘f eloeoeRs i lelsesulayr [ el 80 chys [postaieauie, G s eeses
) significantly by ~12% at day 8 post-exposure.
ilrr:ercli'i/gt.ezhv?/ithr:n:g;ti)sf gfziok_rlvie_t;f;d:lrta?;aﬁ T;SCZ;V/‘;:; Compared to baseline levels, 2 Gy of IR resulted in a 22% and 14% (significant only
Wright et o the right hindlimb. 7 days post-irradiation against controls) decrease in BV/TV, a 50% and 45% (significant only against baseline)
al. 2015  |microarchitectural m.easurements includingy BV/TV. Conn. decrease in Conn. D, a 16% (significant only against baseline) and 13% decrease in
’ D, Tb.N, Tb.Th, and Tb.Sp, were ;neasured in the {ibia and Tb.N_, ar:dlte:_ 20%d(zi_gnif|i(f:ant only again_st Ibaseline) and 16% increase in Tbh.Sp in the
fe’mur o} o hindli;nb. proximal tibia and distal femur, respectively.
In metaphyseal trabecular bone at 12 weeks, BV/TV was decreased by 69%, Tb.N by
In vivo. An experiment was done on 6-week-old female 79%, and Conn.D by 93% compared to the sham group. Th.Th was increased compared
BALB/cj mice exposed to 5 Gy X-ray radiation (225 kV beam [to controls until 8 weeks. In the epiphyseal compartment, similar trends were seen.
Oestetal. 11 17 mA) to the femur. Changes in BV/TV, Conn.D, Tb.Th, |BV/TV decreased by 21%, Tb.N decreased by 30%, connectivity density decreased by
2018 Tb.N, Ct.BA and Ct.Th were measured up to 26 weeks after |51%, and Tb.Th increased by 12%. Ct.Th decreased 8.1% and Ct.BA decreased 8.3% in
exposure. Three-point bending tests were used to assess |[the mid-diaphysis after 12 weeks compared to controls. In the metaphyseal region,
the mechanical properties of the whole bone and of cortical |cortical parameters increased. By 12 weeks, bending strength was reduced by 14.1%
bone at the mid-diaphysis of the femur. and bending stiffness was reduced by 13.3%. For cortical bone at 12 weeks, flexural
strength decreased 5.7% and the flexural modulus decreased 4.9%.
In vivo. Male Sprague-Dawley rats were exposed to 20 Gy
radiation (0.8 Gy/min) using 137¢cg gamma ray irradiation Trabecular BMD of the irradiated femur was reduced by 21.2% in comparison with the
chamber for tibia and distal femur. Non-irradiation body control group. Trabecular BV/TV was reduced by 30.8% at the irradiated femur.
parts were shielded, and contralateral sides of the femur Compared to the control group, BS/BV was increased by 32.9% at the irradiated femur.
Zou et al., ) il e elss t‘1arvested BMD. BV/TV. Ct.Po. Tb.Th Both Tb.Th and Tb.N decreased after irradiation 17.5% and 18.1%, respectively. Tb.Sp
2016 e ferr.1Uf we!re deter!min.ed!12 \;vee!ks increased after irradiation by 39% in the irradiated femur. Ct.Po was increased by 13.8%
after exposure. Three-point bending tests were performed and 17.9%. Regarding tibia, BMD decreased 8.5%, and trabecular bone volume did not
on the femur to assess mechanical parameters. change significantly at 2 weeks post irradiation but decreased significantly in both
irradiated and contralateral tibia at 12 weeks. The maximum loading of the femur was
decreased 32.6% after 12 weeks.
o Alexrer e was e aloni A we s akimale 7 days after irradiation, substantial degeneration of trabecular microarchitecture, with
Zhang et |C57BL/6J mice exposed to 2 Gy X-ray radiation at the mid- losses of 19% for BMD, 17% for BV/TV, 16% for Tb.Th, and an increase of 31% for
al, 2019 |'shaft of the left femur. Changes in BMD, BV/TV, Tb.Th Tb.Sp. Irradiated femurs showed further degeneration after 28 days. BMD decreased
’ Tb.N were measured 7 and 28 days aftér expoéure. ’ 15%, BV/TV decreased 42%, Tbh.Th decreased 17%, Tb.N decreased 30%, and Tb.Sp
increased 62%.
Time-scale

Time Concordance

Reference

Experiment Description Result

In vivo. Rectal carcinoma patients received
preoperative radiotherapy with photons at 25 Gy
(500 irradiated, 527 control). The source of

Holm et al., h ither 60C, 6-21 MV i By 5 years post-radiotherapy, 5.3% of irradiated patients were admitted for a fracture, while 2.4% of
1996 photons was el ,er . DErel s L |n‘ear non-irradiated patients were admitted for a fracture.

accelerator. The incidence of hospitalizations for

femoral neck or pelvic fracture was determined

at a 5-year follow-up.

In vivo. Patients with uterine cervix carcinoma

from 1989 to 1990 with or without 4 MV photon
Nishiyama |irradiation to lumbar vertebrae had bone mineral e control group did not show a change in bone mineral content over time. Bone mineral content
?;sa)lz.’ content (measured in mg CaCO3 eq/cm3) was 140 mg in the pre-treatment for the irradiated group. Bone mineral content was 95 mg after

determined. Radiation was given in 1.8 Gy
fractions over 5 weeks for a total dose of either
22.5 or 45 Gy to the vertebrae.

irradiation (5 weeks), 84 mg after 3 months, 74 mg after 6 months, and 71 mg after 12 months.

97/100



AOP482

) W2 16—week—old.adult D [EALEI e Trabecular BV/TV initially increased relative to the non-irradiated control on day 3, but gradually
Hui et al., |were exposed to a single 16 Gy dose of 250 kVp . o . R .
o . declined to day 8 until it was ~55% lower relative to controls on day 30. Ct.Th increased significantly
2014 X-ray radiation. The BV/TV of the distal femurs
) . . by ~12% at day 8 post-exposure.
of irradiated mice were measured.
In vivo. Male Sprague-Dawley rats were exposed
to 20 Gy radiation (0.8 Gy/min) using '37Cs Trabecular BMD of the irradiated femur was reduced by 21.2% after 12 weeks. Trabecular BV/TV
gamma ray irradiation chamber for tibia and was reduced by 30.8% after 12 weeks. Compared to the control group, BS/BV was increased by
Zou et al., [distal femur. Non-irradiation body parts were 32.9% after 12 weeks. Both Tb.Th and Th.N decreased after 12 weeks 17.5% and 18.1%,
2016 shielded, and contralateral sides of the femur respectively. Tb.Sp increased after 12 weeks by 39% in the irradiated femur. Ct.Po was increased
and tibia were also harvested. BMD, BV/TV, by 13.8% and 17.9% after 12 weeks. Regarding tibia, BMD decreased 8.5% after 12 weeks, and
Ct.Po, Tb.Th, and Tb.N of the irradiated femur  [trabecular bone volume did not change significantly at 2 weeks post irradiation but decreased
were determined 12 weeks after exposure. significantly in both irradiated and contralateral tibia at 12 weeks. The maximum loading of the
Three-point bending tests were performed on  [femur was decreased 32.6% after 12 weeks.
the femur to assess mechanical parameters.
. . In metaphyseal trabecular bone BV/TV, Tb.N, and Conn.D increased slightly during the radiation
In vivo. An experiment was done on 6-weeks old . . ) )
o period but declined almost linearly between 1 and 26 weeks, reaching 69%, 79%, and 93% below
female BALB/Cj mice exposed to 5 Gy X-ray N ) : ’
- ; the initial values, respectively, by 12 weeks. Tb.Th was increased. In the epiphyseal compartment,
radiation to the femur. Changes in BV/TV, L . h
Qest et al. similar trends can be seen. By 12 weeks, BV/TV, Tb.N, and Conn.D declined linearly after exposure
’[Conn.D, Tb.Th, Th.N, Ct.BA and Ct.Th were . . .
2018 reaching 21%, 30%, and 51% below the control group, respectively. Tb.Th was increased. All
measured up to 26 weeks after exposure. g . ) . ) )
) . mechanical parameters increased over time up to 26 weeks, but the parameters of irradiated mice
Three-point bending tests were used to assess . ) )
. ) were lower than those for control mice. Both cortical parameters were decreased about 8% in the
the mechanical properties of the whole bone and| "~ . hvsi ks. B K ) h o )
of cortical bone at the mid-diaphysis of the mid-diaphysis by 12 weeks. By 12 weeks, bending strength was reduced by 14.1% and bending
stiffness was reduced by 13.3%. For cortical bone at 12 weeks, flexural strength decreased 5.7%
femur.
and the flexural modulus decreased 4.9%.
In vivo. 16-week-old, male, C57BL6/J mice were
subjected to low LET protons or high LET 56Fe  |In the proximal tibia, 50 and 200 cGy °®Fe induced a reduction in BV/TV (16 percent and 31%,
Alwood et ions using either low (5 or 10 cGy) or high (50 or |respectively) and Tb.N (16 percent, and 31%, respectively) at 5 weeks after irradiation, compared to
al. 2017 200 cGy) doses. Trabecular microarchitectural |the control group. For protons, 200 cGy resulted in a 22% reduction in BV/TV and Tb.N, while 50
? parameters such as BV/TV, and Tb.N were cGy resulted in a trend toward lower BV/TV and Tb.N. After 1 year, no changes in any endpoints
measured in the in the proximal tibial were observed other than a 25% decrease in both BV/TV and Tb.N at 200 cGy (non-significant).
metaphysis.
In vivo. An experiment was done on 4-week-old ) L ) . . . .
male C57BL/6J mice exposed o 2 Gy Xeray 7 days after irradiation, substantial degeneration of trabecular microarchitecture occurred, with
Zhang et . ) losses of 19% for BMD, 17% for BV/TV, 16% for Tb.Th, and an increase of 31% for Tb.Sp.
radiation at the mid-shaft of the left femur. . .
al., 2019 Changes in BMD. BV/TV. Tb.Th. Tb.N were Irradiated femurs showed further degeneration after 28 days. BMD decreased 15%, BV/TV
9 i SPS decreased 42%, Th.Th decreased 17%, Tb.N decreased 30%, and Tb.Sp increased 62%.
measured 7 and 28 days after exposure.
In vivo. Eight-week-old and 16-week-old mice None of the microarchitecture parameters indicated significant bone loss at 2 days post-irradiation.
Greenet |Were irradiated with 5 Gy of 137Cs gamma rays. [BV/TV, Tb.N, Tb.Sp, and Conn.D all demonstrated significant bone loss at 10 days and 8 weeks
al. 2012 BV/TV, Conn.D, Th.Sp, and Tb.N were post-irradiation. By 8 weeks, mice showed decreases of 45% and 51% for BV/TV, 34% and 21% for
N measured 2 days, 10 days, and 8 weeks post Th.N, and 81% and 85% for Conn. D, as well as a 56% and 28% increase in Tb.Sp, in young and
radiation in the proximal tibia. mature mice, respectively.
Known modulating factors
"\:ﬂ:co:slra""g MF details Effects on the KER References
. Led to restored BV/TV and Conn. D levels after Willey et al.,
Drug Risedronate -
radiation. 2010
Loss of function mutations (I|ke in scleros.teoms and van Buchem d!sease) in Radiation did not affect BMD and BV/TV in sclerostin _|Chandra et
Genotype |[the SOST gene for sclerostin (sclerostin is a Wnt receptor antagonist that )
b ) knockout mice. al., 2017
inhibits osteoclastogenesis).
1-34 amino-terminal fragment of parathyroid hormone (osteoporosis treatment Treatment G [ el e P Qa_ys l?d to Chandra et
Drug ) increased BV/TV and BMD after radiation-induced
that attenuates osteoblast apoptosis). al., 2014
decreases.
Lower estrogen at old age is thought to contribute to  |Pacheco
Age Old age the detrimental effects of radiotherapy on bone loss in ||and Stock,
elderly patients. 2013

Known Feedforward/Feedback loops influencing this KER
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