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Effects of spironolactone on cytotoxic damage in osteoblasts

SO YOUNG PARK'?, KWANG SIK SUH?, HYUN-SOOK KIM?>,
SOO JIN YUN'?, HYUNJI SANG'*? and SANG OUK CHIN'*

lDepartment of Endocrinology and Metabolism, Kyung Hee University College of Medicine, Seoul 02447, Republic of Korea;

2Department of Endocrinology and Metabolism, Kyung Hee University Hospital, Seoul 02447, Republic of Korea; 3Department of

Biomedical Laboratory Science, College of Health Sciences, Cheongju University, Cheongju, Chungcheongbuk 28503, Republic of Korea

Received August 11,2025; Accepted December 12,2025

DOI: 10.3892/etm.2026.13117

Abstract. Chronic hyperglycemia in diabetes elevates
oxidative stress, damaging pancreatic 3-cells and worsening
complications. Oxidative stress also disrupts osteoblast
function, suppresses their maturation and triggers apoptosis,
thereby contributing to bone fragility. Spironolactone, an
aldosterone receptor antagonist prescribed for the treatment
of hypertension and heart failure, has potential protective
effects on skeletal health. The present study examined whether
spironolactone could protect osteoblasts from damage and
restore their differentiation under oxidative conditions caused
by 2-deoxy-D-ribose (dRib). MC3T3-El pre-osteoblastic
cells were incubated with spironolactone (0-100 yM) and
15 mM dRib. Cell toxicity (through lactate dehydrogenase
release), markers of differentiation (collagen content, alkaline
phosphatase activity and mineral deposition), inflammatory
cytokine levels (TNF-a and IL-6), reactive oxygen species
(ROS), mitochondrial superoxide levels, endoplasmic
reticulum (ER) stress markers (activating transcription factor
6 and inositol-requiring enzyme 1), mitochondrial integrity
(mitochondrial membrane potential and ATP levels), glyoxa-
lase I activity and reduced glutathione (GSH) levels were
analyzed by ELISA. Pretreatment with spironolactone reduced
dRib-induced toxicity and improved differentiation markers
in MC3T3-El cells. It also lowered the elevated cytokine
levels, ROS production, mitochondrial oxidative burden and
ER stress responses caused by dRib. Furthermore, spirono-
lactone preserved mitochondrial performance and enhanced
antioxidant defenses by increasing GSH levels and glyoxalase
I activity, thereby promoting the detoxification of harmful
byproducts. These findings suggested that spironolactone may
protect osteoblasts by mitigating oxidative and inflammatory

Correspondence to: Professor Sang Ouk Chin, Department of
Endocrinology and Metabolism, Kyung Hee University College
of Medicine, 26 Kyungheedae-ro, Dongdaemun, Seoul 02447,
Republic of Korea

E-mail: jan27th@khu.ac.kr

Key words: oxidative
2-deoxy-D-ribose

spironolactone, osteoblasts, stress,

stress, stabilizing mitochondrial function and enhancing
differentiation. Overall, this highlights the possible benefits
of spironolactone in the management of diabetes-related bone
fragility.

Introduction

A recent large-scale study reported that fracture risk was
markedly increased in patients with type 1 diabetes, with an
approximately threefold higher risk, and modestly but signifi-
cantly increased in those with type 2 diabetes (20-30% higher
risk), compared with non-diabetic individuals (1). In addition,
recommendations for bone health management in diabetic
patients have been added to the American Diabetes Association
guidelines published in 2024 (2). Low bone mineral density
in type 1 diabetes mellitus (3), low bone turnover, defects in
microarchitecture, alterations in vitamin D regulation and
diabetes-related complications, such as neuropathy and reti-
nopathy, are associated with an increased risk of fractures in
diabetic patients (4-6). Oxidative stress, advanced glycation
end products (AGEs), homocysteine, and the reduction in
insulin and insulin-like growth factor 1 activity can contribute
to diabetes-related bone fragility (7). Research on osteoporosis
treatments specifically for patients with diabetes is lacking,
with the same osteoporosis treatment being recommended for
both the general population and diabetic patients (8).

The environment of osteoblasts under hyperglycemic
conditions can be experimentally reproduced using
2-deoxy-D-ribose (dRib), a deoxy-sugar derived from the
pentose sugar ribose. dRib has a high reactivity with proteins
and readily generates reactive oxygen species (ROS) through
autoxidation and glycation reactions, thereby mimicking oxida-
tive and glycative stress under diabetic conditions (9). Previous
study has demonstrated that dRib induces mitochondrial
dysfunction, endoplasmic reticulum (ER) stress and apoptosis
in MC3T3-El osteoblastic cells (10), suggesting that dRib is a
reliable in vitro model for investigating diabetes-related oxida-
tive damage during bone metabolism.

Spironolactone, a well-known mineralocorticoid receptor
(MR) antagonist used to treat hypertension, heart failure
and primary aldosteronism, has attracted attention due to
the diverse biological actions it exhibits, extending beyond
cardiovascular effects (11). Beyond its mineralocorticoid
receptor-blocking properties, spironolactone exerts a range of
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additional biological actions, such as attenuating fibrotic and
inflammatory processes, reducing thrombotic activity and
tissue congestion, and enhancing vascular function (11). Our
previous study demonstrated that spironolactone mitigates
methylglyoxal (MG)-induced oxidative injury in osteoblasts
by reducing intracellular ROS levels (12). Considering that
both MG and dRib are reactive carbonyl compounds that
contribute to AGE formation and oxidative stress, it was
hypothesized that spironolactone could also protect osteo-
blasts from dRib-induced cytotoxicity.

Therefore, the present study aimed to investigate the
protective effects of spironolactone on bone metabolism by
mitigating oxidative and glycative stress in osteoblasts, thereby
providing mechanistic insight into its potential as a therapeutic
option to prevent diabetes-related bone fragility.

Materials and methods

Materials and reagents. Spironolactone was obtained from
MilliporeSigma. Culture media and antibiotics were supplied
by Gibco (Thermo Fisher Scientific, Inc.), whereas all other
reagents were sourced from MilliporeSigma, unless otherwise
stated.

Cell culture. The osteoblastic MC3T3-El subclone 4 cell line
was purchased from the American Type Culture Collection.
Cells were grown in o-modified minimal essential medium
(a-MEM; Gibco; Thermo Fisher Scientific, Inc) at 37°C
in a humidified incubator with 5% CO,. The medium was
supplemented with 10% FBS, penicillin (100 U/ml), strepto-
mycin (100 pg/ml) and amphotericin B (25 ug/ml). Once the
cultures reached 100% confluence, they were switched to an
osteogenic differentiation a-MEM containing 10% FBS, peni-
cillin (100 U/ml), streptomycin (100 pg/ml), amphotericin B
(25 pg/ml), 5 mM (-glycerophosphate and 50 pg/ml ascorbic
acid containing 5 mM f-glycerophosphate and 50 pg/ml
ascorbic acid. Spironolactone treatment was administered
for 48 h at 37°C in a humidified incubator with 5% CO, after
6 days [for collagen measurement and alkaline phosphatase
(ALP) activity] or 14 days (for mineralization analysis).

Cell viability. A preliminary study was conducted prior to the
main experiments to assess the effects of a number of spirono-
lactone and dRib concentrations on the viability of MC3T3-El
osteoblastic cells. MC3T3-El cells were plated in 24-well plates
ata density of 2x10* cells/well. After 48 h, the cells were exposed
at 37°C for 1 h to a-MEM containing 0.1% FBS and spironolac-
tone (0, 10, 20, 50, 100, 200, 300 and 500 xM) and then treated
with dRib (0, 5, 10, 15,20 and 30 mM) for an additional 48 h. Cell
viability was determined using the water-soluble tetrazolium
(WST) assay (Dojindo Molecular Technologies, Inc.). Briefly,
WST reagent was added to each well and incubated at 37°C for
2 h before measurement. Absorbance was read at 570 nm with
a Multiskan microplate reader (Thermo Fisher Scientific, Inc.).
Untreated control cells cultured in medium alone were set as
100% viable and the percentage survival of treated cells was
calculated relative to this control.

Lactate dehydrogenase (LDH) cytotoxicity assay.
MC3T3-E1 cells were plated in 24-well dishes at a density

of 2x10* cells/well. After 48 h, the cells were pretreated
at 37°C with varying spironolactone concentrations (0, 10, 20,
50, 70 and 100 uM) for 1 h, followed by exposure to dRib
15 mM for an additional 48 h. Cell injury was assessed by
measuring plasma membrane disruption. As LDH is a stable
enzyme released upon membrane damage, its leakage into the
culture medium was quantified using the LDH Cytotoxicity
Assay Kit (BioVision, Inc.; Abcam) according to the manu-
facturer's protocol. Results were normalized against both
positive controls (cells treated with 1% Triton X-100) and
negative controls, with the Triton-treated samples defined as
representing 100% cytotoxicity.

Collagen content assay. Osteoblast cultures were first
rinsed with Dulbecco's PBS and subsequently fixed in
Bouin's solution at room temperature for 1 h. After fixation,
the dishes were washed under running tap water for 15 min,
air-dried and then stained at room temperature with Sirius
red for 1 h with gentle agitation. Excess dye was removed
with 0.01N HCI and the bound stain was solubilized in 0.1IN
NaOH. Absorbance was recorded at 550 nm and collagen
content was quantified using a calibration curve prepared
from known concentrations of commercial collagen
(MilliporeSigma). Absorbance was measured at 540 nm
with a Zenyth 3100 multimode detector (Anthos Labtec
Instruments GmbH).

ALP activity assay. ALP activity was determined from cell
lysates using the ALP Activity Assay Kit (BioVision, Inc.;
cat. no. K412-500) according to the supplier's protocol. ALP
activity was normalized to total protein content. Total protein
content was quantified using the Bio-Rad protein assay reagent
(Bio-Rad Laboratories, Inc.). Absorbance was measured with a
Zenyth 3100 multimode detector (Anthos Labtec Instruments
GmbH).

Mineralization assay. Mineralization was evaluated by
assessing calcium deposition. After fixation with 70% ethanol,
cells were stained with Alizarin Red S at room temperature
for 10 min and the extracted dye was quantified by measuring
absorbance at 561 nm. Absorbance was measured at 540 nm
with a Zenyth 3100 multimode detector (Anthos Labtec
Instruments GmbH).

Measurement of TNF-a and IL-6 levels. TNF-a (cat. no.
ELM-IL6) and IL-6 (cat. no. ELM TNF a) concentrations
in the culture supernatants were determined using enzyme
immunoassay kits (R&D Systems, Inc.) according to the manu-
facturer's guidelines. Culture supernatants were obtained from
centrifugation and determined. Absorbance was measured
with a Zenyth 3100 multimode detector (Anthos Labtec
Instruments GmbH).

Measurements of glyoxalase I activity and glutathione (GSH)
levels. Glyoxalase I activity was assessed according to a previ-
ously reported protocol (13). The intracellular GSH content
from cell lysates was quantified using a GSH Assay Kit
(BioAssay Systems) according to the manufacturer's instruc-
tions. Catalog numbers were glyoxalase I activity (DGLO-100)
and GSH (EGTT-100).
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Determination of the mitochondrial membrane potential
(MMP). Cells were plated in black 96-well plates at a density
of 1x10* cells/well and cultured for 24 h. The cells were
pretreated with numerous spironolactone concentrations
(0, 50, 70 and 100 uM) at 37°C for 1 h, followed by exposure
to dRib (15 mM) for 48 h. MMP was assessed using the JC-1
MMP Assay Kit (Cayman Chemical Company). JC-1 is a
cationic, lipophilic dye that accumulates in intact mitochon-
dria and emits red fluorescence. In depolarized mitochondria,
it remains monomeric and fluoresces green. Cells were incu-
bated with JC-1 for 20 min at 37°C, washed twice with PBS
and analyzed with a fluorescence microplate reader (Molecular
Devices, LLC) at 550/600 nm (red) and 485/535 nm (green). A
reduction in the red/green fluorescence ratio indicated mito-
chondrial depolarization.

Measurement of ATP levels. Cells were plated in 24-well
dishes at a density of 2x10* cells/well. After 48 h of culture,
the cells were pretreated at 37°C with numerous concentra-
tions of spironolactone (0, 50, 70 and 100 #M) for 1 h and
then exposed to dRib (15 mM) for 48 h. The cells were
then lysed using cell lysis buffer II (cat. no. FNN0021;
Thermo Fisher Scientific, Inc.) and homogenized in PBS.
The homogenates were centrifuged at 13,000 x g for 15 min
at 4°C and the resulting supernatants were collected for
ATP and protein analyses. ATP levels were quantified by
luciferase-based bioluminescence using the EnzyLight™
ATP Assay Kit (cat. no. EATP-100, BioAssay Systems)
according to the manufacturers protocol and total protein
content was measured with the Bio-Rad Protein Assay Kit.
Absorbance was measured with a Zenyth 3100 multimode
detector (Anthos Labtec Instruments GmbH). ATP levels
were normalized to total protein content.

Measurement of intracellular ROS levels. Cells were seeded
in black 96-well plates at a density of 1x10* cells per/well.
After 24 h, the cells were pretreated with spironolactone
(50-100 uM) at 37°C for 1 h, followed by the addition of
dRib and incubation at 37°C for another 48 h. Subsequently,
the cells were incubated with 5 yM 2'.7'-dichlorofluorescein
diacetate with spironolactone (50-100 yM) at 37°C for 1 h.
Following three PBS washes, intracellular ROS levels were
quantified by detecting fluorescence at 485 nm excitation
and 530 nm emission using a fluorescence microplate
reader (13).

Measurement of mitochondrial superoxide levels. Cells were
seeded in black 96-well plates at a density of 1x10* cells
per/well. After 24 h, the cells were pretreated with spirono-
lactone at 37°C for 1 h, followed by the addition of dRib and
incubation for another 48 h. Mitochondrial superoxide produc-
tion was measured with the MitoSOX Red probe (Invitrogen;
Thermo Fisher Scientific, Inc.). This fluorogenic dye specifi-
cally targets the mitochondria and exhibits fluorescence
(excitation 510 nm; emission 580 nm) upon reacting with
superoxide radicals (14). The cells were incubated with 2 mM
MitoSOX Red at 37°C for 20 min, in accordance with the
manufacturer's instructions. After washing the cells, the levels
of MitoSOX Red fluorescence were measured by microplate
reader.
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Measurements of inositol-requiring enzyme 1 (IREI) and
activating transcription factor 6 (ATF-6) levels. IRE1 and
ATF-6 are ER stress markers. Cytosolic concentrations were
quantified using ELISA kits (MyBioSource, Inc.) following
the supplier's protocols. Catalog numbers were IREI
(MBS728814) and ATF-6 (MBS2533467).

RNA isolation and reverse transcription-quantitative PCR
(qPCR). MC3T3-El osteoblastic cells were plated in 100-mm
culture dishes at a density of 2x10° cells/well and maintained
in growth medium. After 48 h, the cells were pretreated with
spironolactone (100 zM) for at 37°C for 1 h, followed by expo-
sure to 100 nM dRib for 24 h. Total RNA was isolated using
the RNeasy Mini Kit (Qiagen GmbH) and cDNA was synthe-
sized with the PrimeScript First Strand cDNA Synthesis Kit
(Takara Bio, Inc.) according to the manufacturer's protocol.
gPCR was performed using the SYBR® Premix Ex Taq™
Kit (Takara Bio, Inc.) on an ABI Prism 7500 system (Applied
Biosystems; Thermo Fisher Scientific, Inc.) to evaluate gene
expression. The thermal cycling protocol comprised an initial
denaturation at 95°C for 10 min, followed by 40 cycles of 94°C
for 10 sec and 60°C for 30 sec. Reactions were performed in
20-p1 mixtures containing 0.8 ul each primer (10 gM), 10 ul
SYBR Premix, 0.4 ul ROX reference dye, 6 pl distilled water
and 2 ul cDNA template. Table I lists the primer sequences
used. All assays were conducted in quadruplicate and relative
expression levels were analyzed using the 2244 method (15)
with glucose-6-phosphate dehydrogenase as the reference
gene, with results expressed as fold change relative to controls.

Statistical analysis. Experiments were carried out in at
least three independent experiments. Data are presented as
the mean + standard error of the mean. Statistical compari-
sons were performed using one-way ANOVA, followed by
Dunnett's post-hoc test. Analyses were conducted using PASW
software (version 20.0; IBM Corp.) and P<0.05 was considered
to indicate a statistically significant difference.

Results

Cytoprotective effects of spironolactone on dRib-induced
cytotoxicity in osteoblasts. After treating MC3T3-El osteo-
blastic cells with spironolactone alone for 48 h, cell viability
was measured. Cell viability decreased in response to
200-500 M viability, whereas concentrations <100 yM did
not significantly affect cell viability (Fig. S1A). Therefore, in
the present study, spironolactone was used at concentrations
<100 M, which did not affect cell viability. After treating
MC3T3-El osteoblastic cells with dRib (0-30 mM) alone for
48 h, cell viability was reduced in a concentration-dependent
manner (Fig. S1B). dRib was then applied to the cells at a
concentration of 15 mM, which reduced the cell viability to
50%.

Osteoblasts were treated with spironolactone at concentra-
tions ranging between 0 and 100 #M and cultured 1 h later
with 15 mM dRib for 48 h. Treatment with 15 mM dRib
for 48 h significantly decreased cell viability to 19.4% of
control (P<0.05), whereas pretreatment with spironolactone
(70 and 100 uM) restored viability to 32.5+5.6 and 79.2+12.8%,
respectively (Fig. S1C). LDH release increased to 69.1+3.9%
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Table I. Primer sequences used for reverse transcription-quantitative PCR.

Genes Forward primer Reverse primer

ALP 5'-GGC CAG CTA CAC CACAACA-3 5'-CTG AGC GTT GGT GTT ATA TGT
CTT-3'

Collagen 5'-AGA CAT GTT CAG CTT TGT GGA C-3' 5'-CAT CCC TGA AGT CAG CTG C-3'

Osteocalcin 5'-CAC CAT GAG GAC CCT CTC TC-3' 5'-TGG ACA TGA AGG CTT TGT CA-3'

G6PD 5'-TGC AGC AGC TGT CCT CTATG-3' 5-ACT TCA GCT TTG CGC TCATT-3'

ALP, alkaline phosphatase; G6PD, glucose-6-phosphate dehydrogenase.

of control after dRib exposure, but 50 and 100 uM spirono-
lactone reduced LDH leakage to 19.1+1.7 and 21.2+3.9%,
respectively (P<0.05; Fig. S1D). Morphological changes were
photographed under an inverted microscope. Morphologically,
dRib-treated cells showed marked shrinkage and detachment,
whereas spironolactone treatment (100 M) largely restored
the normal polygonal morphology (Fig. S2).

Effect of spironolactone on dRib-induced osteoblast differ-
entiation. To examine the effect of spironolactone on the
differentiation of the MC3T3-El osteoblast cell line, collagen
content, ALP activity and calcium deposition were measured.
Collagen content was decreased to 65.3+2.4% compared with
that in the control group after dRib treatment; however, it
increased again to between 140.6+1.5 and 142.3+6.8% after
spironolactone treatment (50-100 xM; P<0.05; Fig. 1A). ALP
activity showed a similar pattern, declining to 61.3+5.3%
compared with the control group, then recovering to
143.2+8.5% with 100 uM spironolactone treatment (P<0.05;
Fig. 1B). Calcium deposition, measured by Alizarin Red
S, fell to 52.4+4.5% after dRib treatment, but was restored
to between 129.1+2.6 and 188.1+15.4% of the control levels
following spironolactone treatment (20-100 xM; P<0.05,
Fig. 1C). Considering that collagen synthesis and ALP activity
reflect the early stages of osteoblast differentiation, whereas
mineralization represents the late stage, it is suggested
that spironolactone promotes osteoblast differentiation,
which is suppressed by dRib, from the early to late phase of
differentiation.

Effect of spironolactone on ER stress and inflammatory
cytokine production in dRib-treated MC3T3-EI cells. After
dRib administration, ATF-6 and IRE1 activities increased
to 268.4+17.8 and 221.1+13.3% of the control levels, respec-
tively, indicating increased ER stress (P<0.05; Fig. 2A and B).
Pretreatment with 100 yM spironolactone significantly
decreased the dRib-induced increase in ATF-6 and IRE1
activities to 127.4+7.7 and 142.6+12.4%, respectively (P<0.05;
Fig. 2A and B), suggesting that spironolactone mitigated ER
stress stimulated by dRib.

Furthermore, dRib treatment (15 mM) led to a signifi-
cant increase in TNF-a and IL-6 production to 206.6+16.3
and 325.5+12.3% of the control levels, respectively (P<0.05;
Fig. 3A and B). Increased TNF-a and IL-6 production was
significantly reduced to 46.3+8.0 and 176.9+16.7%, respec-
tively, by 100 M spironolactone pretreatment (P<0.05;

Fig. 3A and B), suggesting that the mechanism by which
spironolactone prevents osteoblast damage caused by dRib
involves a reduction in inflammatory cytokine levels.

Effect of spironolactone on glyoxalase I activity and GSH
levels in dRib-treated cells. dRib is detoxified by the glyoxa-
lase enzyme system. Measurement of glyoxalase I activity
revealed a significant decrease to 27.7+2.4% of the control after
dRib treatment (15 mM), whereas glyoxalase I activity was
increased to 57.5+8.3% when the osteoblasts were pretreated
with 50 yM spironolactone (P<0.05; Fig. 4A). Additionally,
GSH levels were increased to 162.5+4.3% in dRib-treated
osteoblasts after 70 uM spironolactone treatment (P<0.05;
Fig. 4B). These results indicated that spironolactone may
detoxify dRib by increasing GSH and glyoxalase I activity.

Inhibitory effect of spironolactone on dRib-induced oxidative
stress in cells. dRib exposure markedly increased intracellular
ROS generation to 205.3+14.2% of the control. Spironolactone
pretreatment progressively and dose-dependently reduced
ROS levels to 142.4+9.6% (50 uM), 136.4+7.8% (70 uM)
and 130.3+9.3% (100 pM) (P<0.05; Fig. 5A). Similarly, mito-
chondrial superoxide production rose to 148.0+8.2% of the
control after dRib treatment, but was gradually suppressed by
spironolactone to 120.5+7.8, 110.4+5.5 and 105.1+5.8% at 50,
70 and 100 uM, respectively (P<0.05; Fig. 5B). These find-
ings indicated that spironolactone reduced dRib-induced ROS
production and oxidative stress in mitochondria.

Effect of spironolactone on the dRib-induced mitochondrial
dysfunction in osteoblastic MC3T3-EI cells. When osteo-
blasts were treated with dRib, MMP decreased to 55.3+7.7%
of the control, whereas it increased to 66.4+3.8, 85.1+11.9 and
92.5+9.8% in response to 50, 70 and 100 yM spironolactone
pretreatment, respectively. (P<0.05 in 70 and 100 yM spirono-
lactone; Fig. 6A). In addition, ATP production was reduced
to 54.3+6.8% of the control following dRib treatment, but
was restored to 68.4+14.3, 72.4+12.6 and 103.7+6.9% after
50, 70 and 100 xM spironolactone treatment, respectively
(P<0.05 in 100 uM spironolactone; Fig. 6B). These findings
suggested that spironolactone may have reduced dRib toxicity
by increasing mitochondrial biogenesis.

Effect of spironolactone on the mRNA expression levels of
ALP, type I collagen and osteocalcin in dRib-treated cells. In
osteoblasts treated with 15 mM dRib, the mRNA expression
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Figure 1. Effects of SP on the differentiation in dRib-treated MC3T3-E1 cells. (A) Collagen content, (B) ALP activity and (C) mineralization were assessed in
cells exposed to dRib (15 mM) with or without spironolactone (20-100 #M) pretreatment. All data are presented as percentages relative to the untreated control
group, which was set to 100%. Data are expressed as mean = SEM from independent in vitro experiments. “P<0.05 vs. untreated cells; “P<0.05 vs. cells treated
with dRib alone. ALP, alkaline phosphatase; SP, spironolactone; dRib, 2-deoxy-D-ribose.
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Figure 2. Effects of SP on endoplasmic reticulum stress in dRib-treated MC3T3-El1 cells. Osteoblasts were pre-incubated with spironolactone before treatment
with 15 mM dRib for 24 h. The control values for (A) ATF-6 and (B) IRE1 were 49.35+0.354 and 2.845+0.154 ng/mg, respectively. "P<0.05 vs. untreated
cells; "P<0.05 vs. cells treated with dRib alone. ATF-6, activating transcription factor 6; IREI, inositol-requiring enzyme 1; SP, spironolactone; dRib,

2-deoxy-D-ribose.

levels of ALP, collagen and osteocalcin were significantly
reduced (0.3x£0.1, 0.2+0.1 and 0.42+0.1 fold of control,
respectively; P<0.05), whereas treatment with spironolactone
restored their expression (0.8+0.2, 0.9+0.1 and 1.1+0.1 fold of
control, respectively; P<0.05) (Fig. S3).

Discussion

Within the present study, the mechanism by which spironolac-
tone protects osteoblastic MC3T3-El cells from dRib-induced
oxidative and glycative stress was examined. Rather than
reversing cytotoxicity, spironolactone was shown to modulate
numerous interlinked stress-response pathways, including
redox balance, ER stress, mitochondrial function and inflam-
mation, ultimately preserving osteoblast differentiation
capacity.

In our previous study, antioxidants such as N-acetyl-L-
cysteine and a-lipoic acid were revealed to reverse dRib-induced
cytotoxicity (16), indicating that oxidative stress is a key
contributor to this damage. Consistent with these findings, the
present study further demonstrated this mechanism by exhib-
iting that dRib exposure markedly increased intracellular ROS

and mitochondrial superoxide levels, implicating mitochondrial
dysfunction as a key source of oxidative stress. ROS, while
being important in normal cellular processes (17), can cause
notable damage under oxidative stress, leading to DNA, lipid
and protein damage, and enhanced apoptosis (18). The observed
reduction in ROS and mitochondrial superoxide, coupled with
the restoration of MMP and ATP production, implies that
spironolactone stabilizes mitochondrial integrity, likely by
limiting ROS-driven damage and supporting biogenesis.

The ER, which is responsible for protein synthesis and
folding, also serves a role in protein quality surveillance and
degradation (19). Unresolved ER stress caused by misfolded
proteins activates the unfolded protein response mediated by
IREI and ATF-6 (20-22). In the present study, both ATF-6 and
IREI levels were elevated following dRib treatment, indicating
an increase in ER stress. ER stress and mitochondrial dysfunc-
tion are associated, forming a cycle that promotes apoptosis
and oxidative stress (23). Spironolactone may affect this cycle
by reducing ROS accumulation, restoring MMP and ATP
synthesis, and attenuating ER stress, thereby improving cell
survival and osteogenic capacity. The present findings suggest
that spironolactone acts as an antioxidant.
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Figure 4. Effects of SP on glyoxalase I activity and reduced GSH levels in dRib-treated cells. Osteoblasts were pre-incubated with SP before treatment with
15 mM dRib for 48 h. The control values for (A) glyoxalase I activity and (B) GSH were 0.32+0.004 AOD/min/mg and 68.05+7.47 ug/mg, respectively.
“P<0.05 vs. untreated cells; “P<0.05 vs. cells treated with dRib alone. SP, spironolactone; dRib, 2-deoxy-D-ribose; GSH, glutathione.

dRib also increased inflammatory markers TNF-a and
IL-6, contributing to oxidative damage (24). By contrast,
spironolactone suppressed the production of these inflamma-
tory cytokines, thus reinforcing its role as an anti-inflammatory
modulator. A previous in vitro study demonstrated that spirono-
lactone inhibits the stimulated release of TNF-o and IL-6 from
human peripheral blood mononuclear cells (25). Experimental
studies have shown that spironolactone protects myocar-
dial and endothelial cells by reducing oxidative stress and
inflammatory responses, thereby ameliorating diabetic cardio-
myopathy and endothelial dysfunction through mechanisms
involving suppression of reactive oxygen species generation
and inhibition of the AGE/RAGE signaling pathway (26-28).

The enhancement of GSH levels and recovery of glyoxa-
lase I activity further reinforces the antioxidant potential of
spironolactone. As glyoxalase I detoxifies MG, a precursor of
AGEs (29), this mechanism may contribute to the prevention
of diabetes-related bone deterioration. Thus, spironolactone
not only reduces the oxidative burden, but may also improve
osteoblast redox homeostasis and matrix formation through
both direct and enzymatic pathways.

Patients with primary aldosteronism show increased
urinary calcium excretion, leading to secondary hyperpara-
thyroidism, which accelerates bone loss and increases fracture
risk (30). Consistent with these pathophysiological mecha-
nisms, spironolactone treatment has been shown to reduce
bone loss, enhance bone strength and prevent fractures in this
population (30,31). Besides the systemic effects, the present
data suggest that spironolactone could exert direct osteoblastic
protection through integrated antioxidant and anti-inflamma-
tory mechanisms. This dual action underscores its therapeutic
potential as an adjunct strategy for treating diabetes-related
bone fragility.

The present study has some limitations. First, although
bone metabolism involves osteoblasts, osteoclasts and
osteocytes, only osteoblasts were examined. Nevertheless,
the present study demonstrated meaningful qualitative
and quantitative outcomes in terms of osteogenic activity.
Further research using animal models, osteoblast-osteoclast
co-culture systems, and the evaluation of bone mass and
quality is needed. Second, spironolactone was tested without
comparison to other antioxidants or medications, limiting
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Figure 5. Inhibitory effect of SP on dRib-induced oxidative stress in cells. Osteoblasts were pre-incubated with SP before treatment with 15 mM dRib for 48 h.
(A) Changes in levels of ROS, which were measured using the dichlorofluorescein fluorescence method. (B) Mitochondrial superoxide levels were detected
using MitoSOX Red mitochondrial superoxide indicator. “P<0.05 vs. untreated cells; “P<0.05 vs. cells treated with dRib alone. SP, spironolactone; dRib,

2-deoxy-D-ribose; ROS, reactive oxygen species.
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Figure 6. Effects of SP on the dRib-induced mitochondrial dysfunction in osteoblastic MC3T3-EI cells. Osteoblasts were pre-incubated with SP before treat-
ment with 15 mM dRib for 48 h. (A) Mitochondrial depolarization (loss of MMP) and (B) ATP levels were measured. "P<0.05 vs. untreated cells; “P<0.05 vs.
cells treated with dRib alone. SP, spironolactone; dRib, 2-deoxy-D-ribose; MMP, mitochondrial membrane potential.

the ability to evaluate its relative efficacy. For example,
quantitative efficacy analyses through comparisons with
agents such as SGLT2 inhibitors are recommended in
future studies. Third, numerous factors such as hypergly-
cemia, insulin resistance and kidney dysfunction influence
diabetes-related bone fragility and should be considered in
future studies. Lastly, dRib may represent a model closer
to stress-induced premature senescence rather than true
aging and therefore may have limitations in fully reflecting
the physiological aging process. However, considering that
oxidative stress is one of the key mechanisms underlying
diabetes-related bone fragility, the present findings remain
meaningful.

In conclusion, the present study revealed that spironolac-
tone protects osteoblasts from dRib-induced oxidative stress
by suppressing ROS and ER stress, enhancing mitochondrial
integrity and activating the endogenous antioxidant system.
These findings provide mechanistic insights into the non-clas-
sical actions of spironolactone and support its potential as an
adjunctive therapeutic strategy for preventing diabetes-related
bone fragility.
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