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SHLP2 restores pre-osteoblastic
cells against oxidative stress-
induced inflammaging

Jeong-Hyun Ryu¥27, Utkarsh Mangal®’, Jae-Hyung Kim?, Dong Joo Yang*, Kee-Joon Lee?,
Yun-Hee Choi*, Dong Min Shin*5, Sung-Hwan Choi%>¢* & Ki Woo Kim*5**

This study aimed to evaluate the cytoprotective effects of the mitochondrial-derived peptide, Small
Humanin-Like Peptide-2 (SHLP2), on pre-osteoblastic cells exposed to sub-toxic oxidative stress, with
the aim of preserving bone homeostasis under conditions of inflammaging. Pre-osteoblastic MC3T3-E1
cells were cultured under sub-toxic oxidative stress induced by 600 uM H,0,. The study evaluated the
effects of SHLP2 (at 10 pM concentration) through assays for mitochondrial activity, reactive oxygen
species (ROS) generation, apoptosis markers, and osteogenic differentiation. Quantitative polymerase
chain reaction, alkaline phosphatase (ALP) staining, and Alizarin Red S biomineralization assays were
performed to assess gene expression, osteogenic activity, and biomineralization. Oxidatively stressed
but untreated cells served as the positive control (PC), while oxidative stress-free cells were used as
the mock control. Statistical analyses were performed using one-way ANOVA and t-tests. SHLP2
treatment significantly (p <0.001) improved cell viability and reduced ROS activity in oxidatively
stressed cells. A significant (p <0.001) decrease in apoptotic markers, including p53 and BAX, and an
increase in anti-apoptotic BCL-2 levels, were observed. Additionally, SHLP2 treatment upregulated
key osteogenic markers, including RUNX2, OSX, and ALP, compared to PC. When compared to the
mock group, SHLP2 restored ALP activity to 95.6% by day 14. By day 21, the biomineralization assay
demonstrated 94.92% activity following SHLP2 treatment. SHLP2 treatment effectively mitigates
oxidative stress in pre-osteoblastic cells, providing apoptosis protection and preserving osteogenic
activity. These findings underscore the potential of SHLP2 as an adjuvant therapeutic agent for
enhancing the tissue microenvironment in conditions such as periodontitis and inflammaging.
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The alveolar bone is a specialized connective tissue in the maxillofacial skeleton forming the periodontal
structure that supports the teeth. The dynamic structure is subjected to continuous mechanical stress and
undergoes constant remodeling, maintaining bone integrity and functionality. Periodontitis, a multifactorial
chronic inflammatory disease, disrupts this balance!. While controlling the microbial causes of periodontitis
helps to restore bone remodeling balance, the strong association between periodontitis and systemic factors
presents a significant challenge. Particularly, in aged cohorts with periodontitis, alterations in the resident cell
population have been linked to increased disease severity?.

Among the diverse aging phenotypes, the tissue microenvironment has emerged as a critical factor influencing
disease progression®. Notably, an imbalance between immune and nonimmune cell populations contributes to
a steady state of elevated pro-inflammatory cytokine levels®. This phenomenon is well-known as inflammaging
and is characterized by chronic low-grade systemic inflammation that exacerbates oxidative stress’. The
persistent inflammatory state creates a negative feedback loop that impairs bone homeostasis, possibly even after
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the microbial etiology of periodontitis has been addressed?. Consequently, additional therapeutic strategies that
factor minimization of dysregulation at the formative cellular level are required to address local tissue damage®.

Chronic inflammation and oxidative stress, as observed in periodontitis, can trigger senescence®. Given
the high prevalence of excessive reactive oxygen species (ROS) in the pathogenesis of periodontal disease and
senescence-related comorbidities, mitigating oxidative stress may restore the tissue microenvironment”. In
the context of alveolar bone turnover, under oxidative stress the competitive metabolic demands for aerobic
glycolysis between immune cells and osteoblasts can further undermine osteogenic capacity®. Therefore,
addressing these underlying mechanisms is important in restoring tissue homeostasis.

Mitochondrial-derived peptides (MDPs) are a family of small bioactive polypeptides encoded by distinct
open reading frames within the mitochondrial genome. Humanin (HN), the first MDP to be discovered and the
best characterized to date, has been shown to counteract mitochondrial dysfunction and promote cell survival,
establishing it as a prototype mitokine involved in stress adaptation and age-related disease models. Building
on these insights, recent research has highlighted the crucial role of mitokines, particularly the small humanin-
like peptides (SHLPs), in regulating inflammatory response and cellular metabolism'’. Among these peptides,
SHLP?2 has been shown to enhance cell viability, reduce apoptosis, and regulate processes such as metabolism,
inflammation, and programmed cell death!!. Beyond its antioxidant and anti-apoptotic activities, SHLP2
exhibited broad therapeutic potential in age-related or degenerative conditions, where persistent oxidative
stress and impaired mitochondrial signaling contribute to tissue dysfunction'!. It has been shown to enhance
mitochondrial respiration and antioxidant defense through activation of AMPK and P13K/Akt signaling
pathways - key regulators of osteoblast differentiation, energy metabolism, and survival'?. By reinforcing
mitochondrial resilience, SHLP2 may mitigate the harmful effects of ROS accumulation and inflammaging,
thereby contributing to a supportive tissue healing microenvironment.

Despite advances in understanding the role of inflammation in periodontitis, there is a notable lack of research
on the role of mitokines. This gap is especially important considering their potential to influence the healing
microenvironment and the critical role of aerobic glycolysis in bone remodeling'®. Moreover, the beneficial
effects of SHLP2 on cellular metabolism in osteoblastic cells have been sparsely investigated. To address this
gap, the present study evaluates the effects of SHLP2 on pre-osteoblasts under oxidative stress induced by H,0,
treatment. Specifically, we investigate whether SHLP2 can promote pre-osteoblast proliferation, differentiation,
and activity in an oxidatively stressed environment through apoptosis regulation (Fig. 1).

Results

Effect of SHLP2 treatment on viability and ROS activity in oxidatively stressed cells

The sub-toxic oxidative stress threshold for pre-osteoblast cells was determined using a cell viability assay with
increasing H,O, concentrations. A dose of 600 uM H,O,, resulting in 71% cell viability, was selected (Fig. S1A).
Screening with 5 pM, 10 pM, and 20 uM SHLP2 showed improved viability up to 10 uM, while 20 uM exhibited
effects similar to untreated controls (Fig. S1B). These findings established 600 uM H,O, as the sub-toxic oxidative
stress condition for subsequent experiments.
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Fig. 1. Schematic illustration of small humanin-like peptide 2 (SHLP2) for recovering the impaired bone
homeostasis with downregulation of the apoptotic pathway induced by reactive oxygen species (ROS) and
promoting osteoblastic functional recovery.
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Assessment of cellular metabolic activity indicated no significant effect of SHLP2 treatment after 24 h
(Fig. 2A). However, after 3 days, treatment with 10 uM SHLP2 resulted in an 11.6% increase in metabolic activity
compared to the PC group (p<0.001; Fig. 2B). Immunofluorescence analysis revealed a significant reduction
in ROS levels (p<0.001) following treatment with 10 uM SHLP2 (Fig. 2C-D). In summary, 10 uM SHLP2
demonstrated notable cellular proliferative activity and effectively inhibited ROS generation. Consequently,
10 uM SHLP2 was selected for comparison with the PC group in subsequent analyses of anti-apoptotic and
osteogenic activities.

SHLP2 modulation effect on oxidative stress and apoptotic pathway

To investigate ROS-induced apoptosis inhibition, mRNA expression levels of oxidative stress response and
apoptotic signaling genes were analyzed (Fig. 3A). On day 1, SHLP2 treatment significantly increased early
response marker SOD1 expression (p<0.001), while SOD2 levels also showed an increase. Markers of the
apoptotic cascade exhibited marked reductions, including a significant decrease in p53 expression (p<0.01).
Although anti-apoptotic BCL-2 levels increased with SHLP2 treatment, the change was not statistically
significant (Fig. 3B). By day 3, SHLP2-treated cultures demonstrated significantly lower fold changes in both
oxidative stress and apoptotic markers, suggesting enhanced resistance to sub-lethal oxidative stress (Fig. 3B,
Table S2).

Enhancement of osteogenic activity with SHLP2 treatment

The functional recovery of pre-osteoblast cells was evaluated by comparing the expression of osteogenic markers
in 3-day and 7-day cultures. After 3 days of treatment, significant enhancement of key osteogenic markers, OSX,
and RUNX2 was observed with the highest upregulation. A marked and significant increase was also observed
in BSP, ALP, SPARC, and OCN (Fig. 4A). In 7-day cultures, SHLP2 treatment consistently resulted in statistically
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Fig. 2. Effects of SHLP2 treatment on cell viability and ROS detection in H,O,-induced oxidative stress from
MC3T3-E1 cells. Cell viability after SHLP2 treatment for (A) 1 day and (B) 3 days, performed by WST-1
assay following 24 h exposure to 600 uM H,O, (n=5;** p<0.01; *** p<0.001). (C) Quantitative fluorescence
intensity of intracellular ROS after 24 h exposure to 600 pM H,0, (n=3;** p<0.01, ** p<0.001). (D)
Representative fluorescence microscopy images showing ROS distribution in each group. Scale bar: 200 um.
Data are presented as mean + SD. Mock, untreated pre-osteoblastic cells cultured by growth medium; PC,
H,0,-treated pre-osteoblastic cells cultured by growth medium. 5 uM SHLP2, H,0,-treated pre-osteoblastic
cells cultured by growth medium containing 5 uM SHLP2; 10 uM SHLP2, H,O,-treated pre-osteoblastic cells
cultured by growth medium containing 10 pM SHLP2. WST-1; water soluble tetrazolium-1; ROS, reactive
oxygen species.
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Fig. 3. Apoptosis expression assay of the oxidatively stressed MC3T3-E1 cells. (A) Schematic representation
of oxidative stress response marker and the subsequent apoptotic signaling cascade. (B) Relative gene
expression of apoptotic gene markers following treatment with 10 uM SHLP2 in H,O,-induced oxidative stress
from MC3T3-E1 cells after 1 day and 3 days (n=3;* p <0.05; **p <0.01; ***p <0.001). Data are presented as
mean +SD. PC, H,O -treated pre-osteoblastic cells cultured by growth medium. 10 uM SHLP2, H,0,-treated
pre-osteoblastic cells cultured by growth medium containing 10 uM SHLP2.

significant upregulation of all markers, with multi-fold increases particularly in ALP, BSP, and OSX expression
(Fig. 4B).

The 7-day ALP upregulation was corroborated by ALP staining (Fig. 5A). SHLP2 treatment significantly
promoted osteoblastic activity, achieving 85.6% of the mock group’s activity compared to 50% in the PC group.
Furthermore, after 14 days of culture, the optical density (OD) levels indicative of ALP activity reached 95.6% of
the mock group in the SHLP2-treated cells, compared to only 61.8% in the PC group (Fig. 5B).

These results indicate that 10 uM SHLP2 substantially enhances osteogenic marker expression, demonstrating
its potential to restore cellular activity in oxidatively stressed MC3T3-E1 cells.

SHLP2 enhanced mineralization in differentiating pre-osteoblastic cells

The late-stage osteogenic differentiation, assessed through the ARS biomineralization assay, demonstrated
marked osteoblastic activity in SHLP2-treated groups as early as day 14, achieving 94.9% of the mock group’s
response, compared to 68.5% in the PC group (Fig. 6A). By day 21, ARS staining intensity increased in both the
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Fig. 4. Osteogenic expression assay of the oxidatively stressed MC3T3-E1. Relative gene expression of
osteogenic gene markers following treatment with 10 uM SHLP2 in H,O,-induced oxidative stress from
MC3T3-E1 cells after (A) 3 days and (B) 7 days (n=3;* p<0.05; **p <0.01; ***p <0.001). Data are presented
as mean +SD. PC, H,O-treated pre-osteoblastic cells cultured by osteogenic medium. 10 uM SHLP2,
H,0,-treated pre-osteoblastic cells cultured by osteogenic medium containing 10 uM SHLP2. ALP, alkaline
phosphatase; RUNX2, runt-related transcription factor 2; OSX, osterix; OCN, osteocalcin; BSP, bone
sialoprotein; SPARC, secreted protein acidic and cysteine rich.
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PC and SHLP2-treated groups, indicating enhanced mineral deposition over time. However, relative to the mock
group, the PC group exhibited significantly lower expression (72.1%) compared to the SHLP2-treated group,
which maintained a high response at 94.9% (Fig. 6B).

Discussion

Mitochondrial-derived peptides, such as SHLP, exhibit cytoprotective properties that have been extensively
studied in systemic degenerative disease models'®!4-16. Therefore, the present study investigates the cytoprotective
effects of SHLP2 on sub-toxic oxidative stress, a key factor contributing to periodontal degeneration through
cellular damage and premature senescence®®!”.

We modeled the murine pre-osteoblastic cell line under sub-toxic oxidative stress by treating cells with 600
uM H,O; to evaluate the mitigative effects of SHLP2 on osteoblast-lineage cell types. Our findings confirmed
that exogenously administered SHLP2 did not adversely affect the viability of normal, stress-free cells. A recent
study has proposed the existence of a feedback loop that exerts a counterbalancing effect to maintain the balance
of mitochondrial peptides within the cell'®. This observation aligns with our results, which demonstrated
that increasing concentrations of SHLP2 did not compromise cellular viability. In addition, SHLP2 at 10 uM
effectively activates AMPK and ERK signaling through receptor-dependent mechanisms to regulate the cellular
energy metabolism and oxidative balance in neuronal cells'%. Our own dose-response screening experiments
(5 and 10 pM) in pre-osteoblastic cells confirmed that SHLP2 at the 10 uM concentration showed higher cell
viability and cytoprotective effects under oxidative stress.

Considering the improved viability of cells up to 10 uM SHLP2 treatment, we investigated the effect on sub-
toxic oxidative stress-induced MC3T3-E1'°. Here, we confirmed a reversal of oxidative stress with the reduction in
the ROS with SHLP2, specifically after treatment for 3 days?. A similar protective role of humanin and its analog
has been shown in earlier studies for smooth muscle cells, cortical neurons, macrophage, and hepatocytesl3'16.
However, it is important to note that SHLP2 is structurally smaller than humanin'!, and in comparison, to the
humanin analog, the effect of SHLP2 was significantly more pronounced at low concentrations (10 uM)?.

Accumulated sub-toxic oxidative stress is a contributor to inflammation dysregulation and periodontal
disease pathogenesis?!. Additionally, heightened ROS reaction triggers a cascade of intracellular response
which subsequently trigger danger-associated molecular patterns (DAMPs)>?2. Given the role of DAMPs in
activating the inflammaging state, we investigated the SHLP2 treatment effect on the apoptotic pathway under
the sub-toxic ROS levels?>. Our findings confirmed an effective early response on day 1, which peaked before
day 3 showing a near reversal of the oxidative stress. Broadly, the ROS-associated apoptotic cascade is linked to
mitochondrial DAMPs at three stages: the early reaction related to mitochondrial damage, the stage following
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Fig. 5. Alkaline phosphatase staining assay of the oxidatively stressed MC3T3-E1 cells. Alkaline phosphatase
staining in protein level following treatment with 10 pM SHLP2 in H202-induced oxidative stress from
MC3T3-E1 cells after (A) 7 days and (B) 14 days (n=3; * p<0.05; **p <0.001). Scale bar: 200 um. Data are
presented as mean + SD. Mock, untreated pre-osteoblastic cells cultured by osteogenic medium; PC, H,O,-
treated pre-osteoblastic cells cultured by osteogenic medium; 10 uM SHLP2, H,O,-treated pre-osteoblastic
cells cultured by osteogenic medium containing 10 uM SHLP2.

mitochondrial permeabilization, and the late stage near irreversible cellular damage?*?. The findings in the
present study confirm the retrograde signaling mechanism against ROS akin to other mitochondrial peptides?.

The exogenously added SHLP2 demonstrated anti-apoptotic activity, accompanied by increased expression
of antioxidant genes such as SOD1 and SOD2 and reduces ROS accumulation, similar to the protective effect
reported for Humanin in reperfusion injury of intestinal cells?”. SHLP2 treatment also led to a reduction in BAX
expression. Given the established role of the BAX-Humanin complex in apoptosis protection, these findings
are consistent with SHLP2 influencing the osteoblast lineage via related pathways?®. The marked reduction in
Cytochrome C expression, which is typically released from mitochondria following permeabilization, is also
consistent with protection against mitochondrial-driven apoptosis®®. Nevertheless, protein-level validation is
required; at transcriptional level, the observed changes indicate that SHLP2 is associated with reduced markers
of mitochondrial stress and apoptosis under oxidative conditions.

In the context of natural bone healing, inflammaging can lead to altered functional activity, characterized by
increased expression of pro-apoptotic markers and suppression of osteogenic markers*. The early anti-apoptotic
effect of SHLP2 was demonstrated by its ability to promote favorable expression of both early and mature
osteogenic differentiation markers. Notably, the significant improvement in ALP expression observed in day-14
markers, validated through PCR and staining, mirrored the levels seen in mock cells not exposed to oxidative
stress. The functional expression of ALP is a vital step during the initial phase of the calcification mechanism
driving the pyrophosphate formation®!. Given the upregulation of ALP expression in oxidatively stressed
pre-osteoblastic cells, it can be inferred that the SHLP2 treatment not only mitigated the apoptotic cascade
but also promoted a restoration of physiological activity’®. With an expression of genes at distinct temporal
sequence, MC3T3-E1 differentiates into mature osteoblasts and contributes to bone matrix mineralization. The
SHLP2-treated group demonstrated upregulated expression of early-stage pro-osteogenic markers RUNX2 and
OSX at day 3, along with a marked increase in BSP expression at day 7, further confirming the restoration
of normalized osteogenic activity. These findings were similar to the rescue effect displayed by humanin on
MC3T3-El cells with 400 uM H,0,%. However, in the present study sub-toxic oxidative effect was achieved
at higher concentrations for a longer duration, indicating a strong efficacy with SHLP2 treatment. Subsequent
observations of the biomineralization with ARS confirmed the above functional restoration of the oxidatively
stressed pre-osteoblast cells with SHLP2 at 10 uM concentration.

This study differs from previous investigations by demonstrating the osteogenic restorative capacity of SHLP2
in, bone-forming cells exposed to chronic, sub-toxic oxidative stress conditions that mimic inflammaging. While
prior research on Humanin analogs has primarily addressed short-term cytoprotection, the present findings add
to the evidence with SHLP2 supporting osteogenic recovery and mitochondrial redox homeostasis.
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Fig. 6. Biomineralization assay of the oxidatively stressed MC3T3-E1 cells. Alizarin Red S staining in protein
level following treatment with 10 uM SHLP2 in H,O,-induced oxidative stress from MC3T3-E1 cells after (A)
14 days and (B) 21 days (n=3; * p<0.05; ***p <0.001). Scale bar: 200 pm. Data are presented as mean + SD.
Mock, untreated pre-osteoblastic cells cultured by osteogenic medium; PC, H,O,-treated pre-osteoblastic cells
cultured by osteogenic medium; 10 uM SHLP2, H,0,-treated pre-osteoblastic cells cultured by osteogenic
medium containing 10 uM SHLP2.

Here, SHLP2 treatment increased cellular metabolic activity, which we believe is synergistic with enhanced
mitochondrial function and cell proliferation. All groups were seeded at equal densities and maintained
comparable viability, indicating that the observed increases in ALP staining and mineralization represent
functional recovery rather than proliferation-driven effects. Because SHLP2 was administered after oxidative
stress induction, its role in this model appears mainly cytoprotective, restoring osteogenic function impaired by
ROS rather than directly stimulating osteogenesis under basal conditions.

While this study confirmed transcriptional regulation of apoptotic and osteogenic markers, protein-level
validation (e.g., BAX, BCL-2, cytochrome c) will be required to substantiate these findings. Future studies will
also assess SHLP2 activity in the absence of oxidative stress to clarify its osteoinductive potential. This study has
limitations, including the use of a single pre-osteoblastic cell line, whereas the periodontal microenvironment
involves interactions among stem cells, fibroblasts, immune cells, and osteoclasts. Moreover, although this model
captures chronic, low-grade oxidative stress, macrophage-driven inflammation and osteoclast coupling require
further examination.

Given the significant role of SHLP2 identified here, future investigations are needed to explore its effects
on other target cells within the periodontal microenvironment and to elucidate the network of interactions
that drive tissue homeostasis. In addition, in vivo studies are warranted to confirm the therapeutic efficacy
and biological safety of SHLP2 using a periodontitis model in future research. Taken together, targeted SHLP2
therapy may represent a promising strategy to mitigate periodontitis- and inflammaging-associated alveolar
bone loss by restoring osteoblastic function, thereby improving the tissue microenvironment and advancing
periodontal regeneration.

Conclusion

In summary, treatment with 10 uM SHLP2 effectively reversed oxidative stress in pre-osteoblastic cells,
providing apoptosis protection while preserving osteogenic activity. These findings highlight the therapeutic
potential of SHLP2 as an adjuvant strategy for improving the tissue microenvironment in periodontitis and
inflammaging. Nevertheless, this study was limited to a single pre-osteoblastic cell line, whereas the periodontal
microenvironment is inherently complex, involving diverse cellular interactions, immune regulation, and
osteoclast activity. Future investigations should therefore employ multicellular systems and in vivo models
to further elucidate the broader role of SHLP2 in maintaining alveolar bone homeostasis and periodontal
regeneration.
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Methods

Cell culture

MC3T3-E1 osteoblast-like cells (mouse C57BL/6 calvaria, subclone 4; ATCC) were cultured in low-glucose
Dulbecco modified eagle medium (DMEM, Cytiva, Marlborough, MA, United States) with 10% fetal bovine
serum (FBS, Thermo Fisher Scientific, Waltham, MA, United States) and 1% penicillin-streptomycin (PS,
Cytiva) at 37 °C in 5% Co,, hereafter referred to as LG-DMEM. We used LG-DMEM, which contains a glucose
concentration of approximately 5 mM, reflecting physiological levels. This condition was chosen to minimize
the risk of experimental artifacts that may arise under supraphysiological glucose concentration, according to
a previous study®’. The growth medium was refreshed every three days, and subculturing was done at < 80%
confluence using Trypsin/EDTA (Cytiva). Osteogenic medium included 50 pg/mL ascorbic acid and 10 mM
B-glycerophosphate (Sigma-Aldrich, St. Louis, MO, United States) in the growth medium. The medium was
replaced every 2 or 3 days.

Construction of the oxidative stress-induced cellular model

To construct the oxidative-induced cellular model as the sub-toxic threshold associated with cellular aging and
inflammaging in a previous study?, 1 x 10* cells were plated in 96-well plates and treated with H,O, (200, 400,
600, and 800 uM; 30% H,O,, Sigma Aldrich) for 24 h. After discarding the old medium, cytotoxicity was assessed
using a WST-1 assay (EZ-Cytox, DoGenBio, Republic of Korea). Fresh medium with 10% WST-1 was added,
incubated for 1 h at 37 °C, and the optical density was measured at 450 nm (BioTek, Winooski, VT, USA). The
concentration at which cell viability reached the 70% threshold was designated as the sub-toxic threshold dose.

Cytotoxicity of SHLP2 from pre-osteoblastic cells

Small humanin-like peptide 2 was synthesized by AnyGen (Gwangju, Republic of Korea) in a previous study'*.
1 mg of SHLP2 was dissolved in 330 uL of sterile distilled water (Joongwae Pharmaceutical Co., Ltd., Seoul,
Republic of Korea) to achieve a 1 mM concentration of SHLP2. To test SHLP2 cytotoxicity, each concentration
of SHLP2 (5, 10, and 20 pM) was diluted from a 1 mM concentration of SHLP2 based on the growth medium.
After that, MC3T3-E1 cells were treated with SHLP2 (5, 10, 20 uM) for 24 h, followed by the same WST-1 assay.

Mitochondrial activity assay
To assess cellular metabolic activity as an indicator of mitochondrial function, the WST-1 assay was performed.
Cells were seeded at 2 x 10* into the 24-well plate and incubated for 24 h at 37 °C in an atmosphere with 5% CO,
and a humidified environment. After the initial 24 h attachment period, the culture medium was replaced with
fresh growth medium containing 600 uM H,0, and incubated for an additional 24 h to induce oxidative stress.
Following H,O, exposure, the cells were gently rinsed twice with Dulbecco’s phosphate buffer saline without Ca?*
and Mg?* (DPBS; Cytiva) to remove residual peroxide and then treated with fresh growth medium containing
SHLP?2 at the indicated concentrations for 1, 3, and 7 days. Untreated cells cultured in growth medium served as
the mock, whereas H,O,-treated cells cultured in growth medium served as the positive control (PC).

At each time point, each well was treated with a 10%(v/v) WST-1 solution and subsequently incubated at
37 °C for 1 h. Then, the supernatant from each well was moved to 96-well plates. Optical density was measured
at 450 nm by a microplate reader (Biotek, Winooski, VT, USA).

Reactive oxygen species detection assay

Intracellular ROS generation was assessed using the CellROX™ Green reagent (ThermoFisher Scientific).
MC3T3-E1 cells were seeded at 5x 10* cells/well in 24-well plates and incubated for 24 h at 37 °C with 5%
CO,. After the initial 24 h attachment period, the culture medium was replaced with fresh growth medium
containing 600 uM H,0, and incubated for an additional 24 h to induce oxidative stress. Following H,O,
exposure, the cells were gently rinsed twice with Dulbeccos phosphate buffer saline without Ca?* and Mg?*
(DPBS; Cytiva) to remove residual peroxide and then treated with fresh growth medium containing SHLP2 at
the indicated concentrations for 24 h. Untreated cells cultured in growth medium served as the mock, whereas
H,0,-treated cells cultured in growth medium served as the positive control (PC). For the fluorescence assay,
5 uM CellROX working solution was applied to cells for 30 min. After rinsing with DPBS and fixing with 3.7%
paraformaldehyde, cells were examined under a fluorescence microscope (Olympus IX73; x10 magnification).
Fluorescence intensity was quantified using Zen software (version 3.4, Carl Zeiss).

Quantitative polymerase chain reaction

To examine apoptosis and osteogenic gene expression, quantitative polymerase chain reaction (QPCR) was
conducted. MC3T3-E1 cells were seeded at 1x 10° cells/well in 12-well plates and incubated for 24 h at 37 °C
with 5% CO,. After the initial 24 h attachment period, the culture medium was replaced with fresh growth
medium containing 600 uM H,0, and incubated for an additional 24 h to induce oxidative stress. Following
H,0, exposure, the cells were gently rinsed twice with Dulbecco’s phosphate buffer saline without Ca?* and
Mg** (DPBS; Cytiva) to remove residual peroxide. For the analysis of the apoptotic gene expression, the
oxidative stress-induced cells were subsequently treated with growth medium containing SHLP2 at the
indicated concentrations for 1 and 3 days. H,O,-treated cells cultured in growth medium served as the positive
control (PC). For osteogenic gene expression, the oxidative stress-induced cells were cultured in osteogenic
differentiation medium containing SHLP2 at the indicated concentration for 3 and 7 days. H,O,-treated cells
cultured in osteogenic medium served as the positive control (PC). Total RNA was extracted using Qiazol
(Qiagen, Hilden, Germany) per the manufacturer’s protocol, and cDNA was synthesized using the PrimeScript™
RT kit (Takara Bio, Tokyo, Japan). qPCR was performed on a real-time PCR system with SYBR" Premix Ex Taq™
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II (Takara Bio). Target gene primers (Bioneer, Daejeon, Republic of Korea) are detailed in Table S1. Relative
expression levels were calculated via the 2"2ACT method, with GAPDH as the internal control.

Alkaline phosphatase staining

To evaluate alkaline phosphatase (ALP) expression in oxidative stress-induced MC3T3-E1 cells, ALP staining was
performed. MC3T3-E1 cells were seeded at 1 x 10° cells/well in 24-well plates. After the initial 24 h attachment
period, the culture medium was replaced with fresh growth medium containing 600 uM H,0, and incubated
for an additional 24 h to induce oxidative stress. Following H,O, exposure, the cells were gently rinsed twice
with Dulbecco’s phosphate buffer saline without Ca** and Mg?* (DPBS; Cytiva) to remove residual peroxide and
then treated with fresh growth medium containing SHLP2 at the indicated concentrations for 7 and 14 days.
Untreated cells cultured in osteogenic medium served as the negative control (NC), whereas H,0,-treated cells
cultured in osteogenic medium served as the positive control (PC). After each time point, cells were fixed with
4% paraformaldehyde, washed, and stained with SSIGMAFAST™ BCIP'/NBT reagent (Sigma Aldrich) at 25 °C
for 1 h. Stained cells (purple) were observed under a light microscope at x10 magnification, and the ALP-stained
area percentage was quantified using ImageJ>*.

Biomineralization assay

To evaluate biomineralization in oxidative stress-induced MC3T3-E1 cells, Alizarin Red S (ARS) staining was
performed. MC3T3-El1 cells were seeded at 1 x 10° cells/well in 24-well plates. After the initial 24 h attachment
period, the culture medium was replaced with fresh growth medium containing 600 uM H,O, and incubated
for an additional 24 h to induce oxidative stress. Following H,O, exposure, the cells were gently rinsed twice
with Dulbecco’s phosphate buffer saline without Ca?* and Mg?* (DPBS; Cytiva) to remove residual peroxide and
then treated with fresh growth medium containing SHLP2 at the indicated concentrations for 14 and 21 days.
Untreated cells cultured in osteogenic medium served as the negative control (NC), whereas H,O,-treated cells
cultured in osteogenic medium served as the positive control (PC). After each time point, cells were fixed with
4% paraformaldehyde, washed, and stained with ARS solution (Sigma Aldrich). Mineralized nodules (red) were
observed under a light microscope at x10 magnification. Quantification was performed by dissolving ARS in 10
mM sodium phosphate (pH 7.0) with 10% cetylpyridinium chloride, and optical density was measured at 562
nm using a microplate reader®.

Statistical analysis

Statistical analyses were conducted using SPSS v26 (IBM, Armonk, NY, USA). All experiments were performed
independently at least three times, with each condition tested in triplicate. Data presented as mean + standard
deviation. Multiple-group comparisons were evaluated by one-way ANOVA with Tukey’s post-hoc test, while
differences between the two groups were assessed using a t-test. Significance was defined at p <0.05.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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