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KLF2 Promotes Ellagic Acid-Mediated Osteogenic Differentiation of Dental
Pulp-Derived Stem Cells via Autophagy and Mitochondrial Regulation

Prathyusha Naidu', Md Sariful Islam Howlader', Surajit Hansda', Manjusri Das', Hiranmoy Das'”

' Department of Pharmaceutical Sciences, Jerry H. Hodge School of Pharmacy, Texas Tech University Health Sciences Center, Amarillo, Texas 79106,

USA

Backgrounds: Kriippel-like factor 2 (KLF2), a zinc-finger transcription factor of the Kruppel-like factor family, plays a crucial
role in regulating various cellular processes, including differentiation, autophagy, and metabolism. However, it is not clear
whether it has any role in the ellagic acid (EA)-mediated osteoblastic differentiation of dental pulp-derived stem cells (DPSCs).
To investigate any regulatory role of KLF2 during EA-induced osteoblastic differentiation of DPSC, we have evaluated the path-
ways emphasizing autophagy, mitophagy, and mitochondrial bioenergetics.

Methods: We used induction and reduction of KLF2 approaches using chemical compounds, such as geranylgeranyl transferase
inhibitor 298 (GGTI298), a known inducer of KLF2, and geranylgeranyl pyrophosphate (GGPP), a known inhibitor of KLF2.
The key osteogenic, autophagy, and mitophagy markers were assessed via RT-qPCR and Western blotting, intracellular and mi-
tochondrial ROS, along with mitochondrial membrane potential using high-resolution confocal microscopy, and cellular bioener-
getics using Seahorse XF methods.

Results: We found that EA alone significantly upregulated osteogenic markers, along with enhanced expression of autophagy
and mitophagy-related molecules, and mitochondrial biogenetics. However, when we induced the KLF2, it amplified the expres-
sion of these markers and improved mitochondrial bioenergetics, suggesting a distinct relation between EA and KLF2. On the
other hand, inhibition of KLF?2 led to a significant downregulation of these markers.

Conclusion: This supports the notion that KLF2 is a pivotal transcriptional regulator involved in mediating the pro-osteogenic
effects of EA. It’s activation enhanced autophagy, and improved mitochondrial bioenergetics, thereby facilitating EA-induced os-
teogenic differentiation of DPSCs. These findings refine our understanding of molecular mechanisms underlying polyphenol-me-

diated osteogenesis and show the pivotal role of KLF2 for regeneration via osteogenic differentiation of DPSCs.
Keywords: DPSC; Transcription factor KLF2; Osteogenic differentiation; GGTI298; GGPP.

Introduction

Ellagic acid (EA), C;sH,,0,, is a polyphenolic compound found
predominantly in plants. It is mainly present in fruits and nuts,
with the highest levels reported in berries, pomegranates, and cer-
tain nuts such as walnuts. EA exhibits antioxidant, anti-inflam-
matory, and antimicrobial properties, contributing to human
health™. When combined with hydroxyapatite, EA has been
shown to stimulate bone growth in models of bone defects, indic-
ating a synergistic effect that promotes bone regeneration™. Ad-
ditionally, EA has been studied for its potential to prevent bone
loss associated with postmenopausal osteoporosis”. In ovariec-
tomized mice, a model for postmenopausal osteoporosis, EA sup-
pressed bone resorption and enhanced osteoblast differentiation.
This activity was linked to bone health by regulating the balance
between osteoclasts and osteoblasts'™™”. However, the upstream
transcriptional regulators through which EA mediates these ef-
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fects are not fully understood.

Bone regeneration is a complex process that involves the de-
velopment of osteoblast differentiation, osteoclast activity, form-
ation of the extracellular matrix to maintain bone homeostasis,
and repair in case of injury™®. On the other hand, it is essential to
comprehend the molecular and cellular processes that govern
bone physiology and pathology to create treatments for any bone
disease!”. Bone has a special characteristic that makes it different
from many other tissues; it possesses a capability to fully regen-
erate rather than form a scar following an injury™.,

Upon an injury after the initial inflammatory phase, mesen-
chymal stem cells (MSCs) and blood vessels are activated at the
site of injury and start to regenerate into osteoblasts or chondro-
cytes”. One of the most commonly used cells for regenerative
therapies is the stem cells, which are the MSCs, because they can
be easily isolated, with multipotency and differentiability to the
bone-forming cells"”. It is possible to culture MSCs and direct
them to undergo osteogenic differentiation in a controlled envir-
onment, for instance, under the administration of natural com-
pounds, BMPs, dexamethasone, ascorbic acid, and [-glycero-
phosphate!'l. Among various MSCs, Human DPSCs are prom-
ising for regenerative medicine, as they are extracted from the
soft tissue within teeth. These MSCs are notable for their multi-
potent differentiation and regenerative therapeutic potential>'*,
Moreover, the development of these MSCs into various lineages,
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such as osteoblasts, adipocytes, is strictly controlled by transcrip-
tional regulators like Kruppel-like factor 2 (KLF2)!"*. These tran-
scription factors are of great importance in directing the lineage
commitment of MSCs towards the osteogenic differentiation
while inhibiting them towards adipogenesis!'.

Bone growth and homeostasis are controlled by the equilibri-
um of the osteocytes (the mature cells of the bone in the matrix),
the osteoclasts (cells that resorb the bones), and the osteoblasts
(bone-forming cells). Bone repair, generation, and formation are
all founded on the process of osteogenesis, where the MSCs are
converted to osteoblasts. Imbalances in this equilibrium may give
rise to skeletal system diseases like osteoporosis, which causes
the bones to lose their mass and have a greater chance of fractur-
ing!""l. KLF2 plays a role in bone formation, as well as its main-
tenance through the regulation of osteoblast differentiation, os-
teoclastogenesis, and the formation of bone matrix through differ-
ent mechanisms'. Among the pathways through which KLF2
regulates the homeostasis of bones, the regulation of the Wnt sig-
naling pathway, which is vital for osteoblast differentiation and
the formation of bones. KLF2 can resultantly induce the expres-
sion of RUNX2 (Runt-related transcription factor 2), a singled-
out transcription factor, which can be improved toward enhanced
commitment for MSCs""*,

KLF2 is a transcription factor from the KLF family that plays
important roles in many biological processes such as develop-
ment, differentiation, homeostasis, and disease pathogenesis. Ini-
tially identified for its role in endothelial function, KLF2 is also
expressed in several other cell types, including MSCs, osteo-
blasts, and osteoclasts, which are involved in bone development
and maintenance'”. KLF2 is essential for maintaining the integ-
rity of various tissues and organs by regulating gene expression
in response to environmental stimuli. Its activity is controlled
through multiple mechanisms, such as interactions with cofactors,
phosphorylation, and regulation of expression levels depending
on environmental signals”®”. Understanding KLF2's function in
bone biology could reveal the molecular basis of bone diseases,
such as osteoporosis, and may lead to new therapeutic strategies
for enhancing bone repair®'’. Bone growth is closely linked to an-
giogenesis, the formation of new blood vessels, and KLF2 has
been shown to regulate genes involved in both angiogenesis and
osteogenesis™. By regulating endothelial cell functions and con-
tributing to vascular stability, KLF2 facilitates oxygen and nutri-
ent delivery to growing and regenerating bone tissue''”. Besides
its role in osteoblasts, KLF2 also affects osteoclasts, which re-
sorb bone material through processes regulated by signals such as
Receptor activator of nuclear factor kappa-B ligand (RANKL)™,
KLF2 influences osteoclastogenesis, and by modulating auto-
phagy, it regulates osteoclast differentiation and activity, helping
maintain the balance between bone resorption and formation™*,
KLF2's ability to regulate both osteoclasts and osteoblasts places
it at a central point in skeletal homeostasis regulation. Addition-
ally, KLF2's role in osteogenesis has been extensively studied.
Modulating KLF2 expression either through induction or inhibi-
tion affects osteoblast differentiation and bone matrix develop-
ment, highlighting its importance in bone formation™. Despite
these insights, there are no studies that have examined whether
EA could modulate KLF?2 signaling to direct osteogenic differen-
tiation of DPSCs, nor whether KLF2 serves only as the mechan-
istic link between EA’s cytoprotective effects and the metabolic
remodeling that is required for osteogenesis. This knowledge gap

is important to understand as the given emerging evidence indic-
ates that KLF2 regulates autophagy-related gene networks and
mitochondrial quality control, processes that are increasingly re-
cognized as determinants of osteogenic differentiation™".

Among many intracellular processes during osteoblast differ-
entiation, two of the most important are autophagy and mito-
phagy, along with maintaining proper mitochondrial dynamics.
Autophagy functions as a quality-control mechanism that de-
grades and recycles damaged organelles and proteins. This helps
preserve homeostasis during both basal and stressful conditions.
Thus, differentiation is a tightly regulated process that requires
high energy and active organelles. During this process, auto-
phagy supports metabolic remodeling essential for lineage com-
mitment by maintaining the availability of precursors needed for
bioenergetics and biosynthesis”**”. Studies have shown that in-
hibiting autophagy hampers osteoblast differentiation and miner-
alization, underscoring its vital role in bone formation™™. Simil-
arly, mitophagy helps eliminate damaged mitochondria, prevent-
ing reactive oxygen species (ROS) buildup and facilitating the
proper shift from glycolysis to oxidative phosphorylation, which
is critical for osteoblast maturation'~ "), Conversely, disruption of
these processes can cause dysregulation in differentiation, lead-
ing to bone loss. Mitochondrial dynamics, comprising fission, fu-
sion, and biogenesis, are essential for the bioenergetic reprogram-
ming of stem cells during osteogenesis. An increase in mitochon-
drial activity provides the ATP necessary for matrix production
and mineralization.

Although KLF2 has been implicated in stem-cell osteogenesis
by regulating mitophagy, and EA is known for its antioxidative
and osteogenic actions, those properties have been independently
reported. But there are no prior studies that have examined
whether EA and KLF2 have any relationship that aids the osteo-
genesis process. So, our study aims to explore how the osteogen-
ic differentiation of DPSC mediated by EA influences the level of
KLF2 and how changes in KLF2 expression levels impact the
levels of autophagy, mitophagy, and mitochondrial functions. We
emphasized establishing that KLF2 is a target molecule for the
EA-mediated osteoblast differentiation of DPSCs and showed
that modulating KLF?2 levels elevated osteogenesis.

Materials and Methods

Chemicals and reagents

Various reagents and materials used in this study were sourced
from well-established suppliers. a-Modified Essential Medium (a-
MEM, #M8042-500 ML) and Dulbecco’s Modified Eagle Medi-
um (DMEM, #D6046-500 ML), GGTI-298 (#G5169), geranyl-
geranyl pyrophosphate (GGPP, #G6025), Ponceau S (#P7170),
bovine serum albumin (BSA, #A9418-100), DCFDA dye
(#D6883), and ellagic acid (#E2250-1G) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS,
#PS-FB3) was obtained from Peak Serum (Wellington, CO,
USA). Additional cell culture reagents, including penicillin-strep-
tomycin  (#10378-016),  Antibiotic-Antimycotic  solution
(#15240062), L-glutamine (#25030081), trypsin (#25200-056),
Cell Dissociation Buffer (#13151014), and phosphate-buffered
saline (PBS, #70013-032) were procured from Fisher Scientific,
Gibco (Waltham, MA, USA).
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RNA extraction and fluorescent staining reagents such as TRI-
zol reagent (#15596018), JC-1 dye (#T3168), MitoSOX Red
(#M36008), and antifade mounting medium (#¥P36931) were pur-
chased from Invitrogen, a division of Fisher Scientific (Waltham,
MA, USA). The cDNA synthesis kit (#4387406) and SYBR
Green PCR kit (#4309155) were obtained from Applied Biosys-
tems (Waltham, MA, USA). For protein analysis, Pierce RIPA
lysis buffer (#89901) and SuperSignal West Pico PLUS chemilu-
minescent substrate (#34578) were purchased from Thermo Fish-
er Scientific (Waltham, MA, USA).

Materials required for SDS-PAGE and Western blotting, in-
cluding TEMED (#161-0800), Bradford reagent (#500-0006), ni-
trocellulose membranes (0.45 pm, #1620115), and filter paper
(#1650962), were obtained from Bio-Rad Laboratories (Hercules,
CA, USA). Protogel (#EC-890) was sourced from National Dia-
gnostics (Atlanta, GA, USA). Additional chemicals such as SDS
(#BP1311-1), DMSO (#BP231-100), and methanol (#A412P-4)
were acquired from Fisher Scientific (Hampton, NH, USA). Elec-
trophoresis and blotting buffers, including separating buffer (#BP-
90), stacking buffer (#BP-95), running buffer (#BP-150), transfer
buffer (#BP-190), and TBST (#IBB-180) were purchased from
Boston Bioproducts (Milford, MA, USA). Nonfat dry milk
(#M0841) was obtained from LabScientific (Highlands, NJ,
USA), and paraformaldehyde (#sc-281692) was procured from
Santa Cruz Biotechnology (Dallas, TX, USA). A molecular
weight marker (#RPN8OOE) was obtained from Sigma, St. Louis,
MO, USA.

Hanks’ Balanced Salt Solution (#HBSS, 21-020-CV) was pur-
chased from Mediatech Inc. (Manassas, VA, USA), while DEPC-
treated water (#AM9922) was obtained from Ambion, a division
of Thermo Fisher Scientific. Seahorse XF assay reagents includ-
ing the Cell Mito Stress Test Kit (#103035-100), Glycolysis
Stress Test Kit (#103020-100), XF Base Medium (#102353-100),
Glucose Solution (#103577-100), Pyruvate Solution (#103578-
100), Glutamine Solution (#103579-100), and XF Calibrant
(#100840-000) were all obtained from Agilent Technologies
(Santa Clara, CA, USA).

Isolation and culture of human DPSCs

Human DPSCs were isolated and expanded following a previ-
ously published protocol™. Third molars were collected from a
healthy adolescent donor under approved Institutional Review
Board guidelines and with informed consent. The extracted teeth
were rinsed thoroughly three times with PBS containing 1% anti-
biotic-antimycotic solution to minimize contamination. Dental
pulp tissue was extracted by sectioning the teeth, finely minced
into ~ 1 mm fragments, and plated onto 60 mm culture dishes.
The cells were grown in o-MEM supplemented with 20% FBS
and 1% antibiotic-antimycotic solution at 37 °C in a humidified
atmosphere with 5% CO,. The culture medium was replaced
every three days with new medium. Once cells migrated from the
pulp tissue and reached confluency, they were detached using a
cell dissociation buffer and subcultured at passage 1. Experiment-
al procedures were carried out using cells between passages 2 and 7.

Osteogenic differentiation of DPSCs
Osteogenic differentiation of DPSCs were performed following
the previously published protocol®. DPSCs were cultivated in

10 cm culture dishes, employing «MEM medium that contains
20% FBS, 1% antibiotic-antimycotic solution, and 1% a-glutam-
ine, to support their growth and proliferation. The cells were
grown until they reached confluency at 37 °C in an incubator
with 5% CO,. After attaining at least 80% confluency, the cul-
tured DPSCs were trypsinized and then plated into a 12-well
plate and grown until confluence for osteogenic differentiation
with DMEM plus 10% FBS, 1% antibiotic-antimycotic solution,
and 1% a-glutamine (osteogenic differentiation basic media). The
control group received osteogenic differentiation basic media
containing DMSO (the vehicle), whereas the experimental groups
were treated with DMEM media containing a total concentration
of 5 uM of EA dissolved in DMSO. Subsequently, the samples
were then incubated at 37 °C with 5% CO, for seven days. The
media was replaced every third day.

Induction and reduction of KLF2

To induce KLF2 expression, human DPSCs were grown until
they reached confluency at 37 °C in an incubator with 5% CO,.
After attaining at least 80% confluency, the media was replaced
with DMEM basic media containing 2.5 uM GGTI298. Then, the
medium was replaced with DMEM basic media containing the
same concentration of GGTI298 and 5 uM EA throughout the dif-
ferentiation process for 7 days. Similarly, for the reduction of
KLF2 expression, the cells were cultured with 10 uM GGPP in
DMEM after 24 h, the medium was replaced with DMEM basic
media containing the same concentration of GGPP and 5 uM EA
for 7 days!"®.

Quantitative RT-PCR analysis

DPSCs were exposed to EA along with GGTI298 or GGPP for 7
days, then the cells underwent total RNA extraction using the
TRIzol method and performed RT-qPCR according to our previ-
ous protocol®™. Briefly, complementary DNA (cDNA) was gen-
erated from the extracted mRNA utilizing a cDNA synthesis kit.
The cDNA produced was used as a template for quantitative PCR
(qPCR), performed with SYBR Green chemistry on a Bio-Rad
CFX96 Real-Time System™. Gene-specific primers targeting
SPARC (osteonectin), BGLAP (osteocalcin), SPP1 (osteopontin),
SP7 (osterix), and the housekeeping gene -Actin were obtained
from Integrated DNA Technologies. The sequences of the
primers were provided in Supplementary Table S1. Quantifica-
tion cycle (Cq) values were analyzed using the AACt method,
with B-Actin as the internal control gene, and we assessed relat-
ive gene expression levels.

Protein analysis

DPSCs were maintained under standard culture conditions, while
the treatment groups were exposed to a total concentration of 5
uM EA along with KLF2 inducer or KLF2 inhibitor in DMEM
for 7 days. At the end of the treatment period, whole-cell lysates
were collected, and total proteins were estimated using the Brad-
ford assay and performed western blotting analysis according to
our previous protocol™™. Briefly, an equal quantity of total pro-
tein (20 pg) was denatured, loaded onto polyacrylamide gels, and
resolved by SDS-PAGE. A molecular weight protein ladder was
loaded as a marker for reference. Following electrophoresis, pro-
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teins were transferred onto 0.45 pm nitrocellulose membranes at
4 °C. Membranes were incubated with a blocking solution con-
taining 5% nonfat dry milk for one hour at room temperature in
Tris-buffered saline with Tween-20 (TBST) to prevent nonspecif-
ic binding. After blocking, membranes were rinsed with TBST
and incubated overnight at 4 °C with the primary antibodies spe-
cific for SPARC, BGLAP, KLF2, SP7, RUNX2, or GAPDH. The
antibodies used and their dilutions are provided in the Supple-
mentary Table S2. Every primary antibody was diluted to a ratio
of 1:1000 in TBST, supplemented with 5% BSA.

Following the incubation period with the primary antibody, the
membranes were washed at least three times and then treated with
HRP-conjugated secondary antibodies diluted 1:3000 in 5% milk
in TBST for 2 hours at room temperature. After final washes,
protein bands were visualized using a chemiluminescent detec-
tion reagent, and films were developed using a film exposure ma-
chine. The band intensities were assessed utilizing ImageJ soft-
ware from the NIH, and expression levels were normalized to
GAPDH.

Intracellular ROS assessment

To measure the ROS levels within cells, the fluorescent probe
DCFDA (2',7'-dichlorodihydrofluorescein diacetate) was em-
ployed. This compound is non-fluorescent until it is oxidized by
ROS inside the cell, at which point it becomes fluorescent. For
the experiment, DPSCs (8 x 10 cells) were seeded on the sterile
cover glasses in six-well plates and allowed to attach overnight.
The next day, the culture medium was replaced with fresh osteo-
genic differentiation medium containing vehicle, EA alone, or
EA along with GGTI298 or GGPP, and cells were incubated for 7
days. Every 3" day medium was replaced with appropriate fresh
medium. Cells were then washed with 1 x PBS and incubated
with a 5 uM solution of DCFDA diluted in 1 x PBS for 20
minutes at 37 °C. Post-incubation, cells were rinsed again with
PBS at least 3 times, and fluorescence images were captured us-
ing a Leica Stellaris 8 Falcon STED confocal microscope. The
fluorescence was measured at an excitation wavelength of 495
nm and an emission wavelength of 529 nm.

Mitochondrial ROS measurement

To measure ROS produced by mitochondria, MitoSOX™ Red
fluorescent dye was utilized. This dye is very specific to mito-
chondria and selectively reacts with mitochondrial superoxide,
emitting red fluorescence when oxidized. For the experiment,
DPSCs were transferred to each well at a density of 8 x 10* on
the sterile coverslips in six-well plates and incubated overnight.
The following day, the culture medium was replaced with osteo-
genic differentiation medium containing vehicle, EA alone, or
EA along with GGTI298 or GGPP, and the cells were cultured
for seven days. Following the incubation period, the cells were
rinsed with 1 x PBS and treated with a 5 uM solution of Mi-
toSOX Red prepared in Hanks' Balanced Salt Solution (HBSS).
The cells were incubated with the dye for 15 minutes at 37 °C.
Subsequently, they were washed with 1 x PBS for at least 3
times, and fluorescence imaging was performed using a Leica
Stellaris 8 Falcon STED confocal microscope, with excitation at
510 nm and emission measured at 588 nm.

Assessment of mitochondrial membrane potential

To measure the mitochondrial membrane potential (Aym), the
5,5',6,6 ' -tetrachloro-1,1",3,3 ' -tetracthylbenzimidazolocarbocyan-
ine iodide (JC-1) fluorescent dye was used. JC-1 is a lipophilic
cationic dye that accumulates in mitochondria in a potential-de-
pendent manner. In its monomeric form, JC-1 produces green
fluorescence (~ 525 nm), whereas, at elevated mitochondrial
membrane potential, JC-1 aggregates to form J-aggregates that
produce red fluorescence (~ 590 nm). Thus, healthy mitochon-
dria with intact membrane potential appear as red-stained aggreg-
ates, whereas cells with diminished Aym predominantly produce
green fluorescence.

To assess the Aym assessment, DPSC at a density of (8 x 10%)
were seeded onto glass coverslips and allowed to adhere
overnight. The culture medium was replaced with osteogenic dif-
ferentiation medium containing vehicle, EA alone, or EA along
with GGTI298 or GGPP, and the cells were cultured for seven
days. After the incubation period, cells were incubated with
freshly prepared 5 pM concentration of JC-1 dye for 15 minutes
at 37 °C in the dark. Following incubation, cells were washed
with 1 x PBS at least 3 times. Fluorescence imaging was per-
formed using a Leica Stellaris 8 Falcon STED confocal micro-
scope. Quantitative analysis of Aym was performed using LAS X
image analysis software. The mitochondrial membrane potential
was expressed as the ratio of mean fluorescence intensity of JC-1
aggregates (red, polarized mitochondria) to JC-1 monomers
(green, depolarized mitochondria).

Cellular energy metabolism assessment

To evaluate mitochondrial function and glycolytic activity dur-
ing the osteogenic differentiation of DPSCs, we utilized an XF24
Extracellular Flux Analyzer. This instrument measures the oxy-
gen consumption rate (OCR) as an indicator of mitochondrial res-
piration, and the extracellular acidification rate (ECAR) as a
readout of glycolysis. Differentiated DPSCs were non-enzymatic-
ally detached and reseeded equally to ensure normalization of cell
number at a density of 5 x 10* cells per well into XF24 cell cul-
ture microplates, depending on the experimental condition. Cells
were grown for 24 hours before conducting the assay. Mean-
while, the sensor cartridge was hydrated overnight in Seahorse
calibrant solution in a non-CO, incubator at 37 °C. Before the as-
say, the cultures were washed twice with Seahorse XF base medi-
um, supplemented with pyruvate, glutamine, and glucose to sup-
port cellular metabolism. Each well received 500 pL of the sup-
plemented medium, and plates were incubated for 1 hour at 37 °C
in a non-CO, environment. Subsequently, the hydrated sensor
cartridge was loaded with metabolic inhibitors: oligomycin (1.5
uM) to inhibit ATP synthase, FCCP (1 uM) as a mitochondrial
uncoupler, and rotenone plus antimycin A (0.5 uM each) to block
electron transport at complex III. Instrument calibration was per-
formed using the Seahorse Wave software version 2.6.1. After
calibration, the test plate was inserted, and OCR measurements
were obtained to assess parameters such as ATP-linked respira-
tion, maximal respiration, and spare respiratory capacity. All the
parameters were automatically corrected for non-mitochondrial
oxygen consumption and background signal using the Seahorse
Wave software. For glycolytic function, a glycolysis stress test
was performed by sequentially injecting glucose (1 mM), oligo-
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mycin (1 pM), and 2-deoxyglucose (10 mM). ECAR values were
analyzed using the same Seahorse Wave software 2.6.1.

Statistical analysis

Each experiment was performed at least three times, and each
data point was measured in triplicate. Data are presented as
mean + SEM from three independent experiments. Statistical sig-
nificance was determined using one-way ANOVA followed by
Tukey’s post hoc test, with P < 0.05 considered significant.

Results

Effect of KLF2 on osteogenic marker expressions
To clarify the regulatory role of KLF2 in the osteogenic differen-

tiation of DPSCs, we stimulated DPSCs with GGTI298 and cul-
tured them in osteogenic differentiation medium for 7 days. Our
RT-gPCR analysis demonstrated that DPSCs treated with
GGTI298 showed a significantly higher expression of KLF2
compared to the control or EA-added DPSCs. Similarly, the
mRNA levels of several osteoblast-specific markers, including
BGLAP (Osteocalcin), SP7 (Osterix), RUNX2, SPARC (Os-
teonectin), and SPP1 (Osteopontin), were markedly increased
after the addition of GGTI298 to the DPSCs (Fig. 1A). Similarly,
western blot analysis confirmed the increased expression of sev-
eral osteogenic markers, such as BGLAP, RUNX2, SP7, and
SPARC, along with KLF2, when GGTI298 was added to the
DPSCs compared to control or EA-added DPSCs (Fig. 1B and
Supplementary Fig S1), indicating that induction of KLF2 accel-
erated osteogenic differentiation-related molecules at the mRNA
and protein levels.
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Fig. 1. Induction of KLF2 enhanced osteogenic marker expressions.

A. The mRNA expression level of BGLAP, SP7, RUNX2, KLF2, SPARC, and SPP1 was determined by qRT-PCR at 7 days of differentiation of DPSC after the addition of

GGTI298 to the cells.

B. Western blot images of BGLAP, RUNX2, SPARC, SP7, and KLF2 at 7 days of osteoblastic differentiation using similar experimental conditions.
GAPDH was used as an internal loading control. Comparisons were conducted between control and EA and between EA and GGTI298 which were presented as fold change
and shown as mean + SEM from three independent experiments. Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test and the ex-

act p-values are shown on the graph.

Effect of KLF2 on autophagy/mitophagy marker expressions

To study the induction of KLF2 in the modulation of autophagy-
related markers, we evaluated the expression of key markers at
both the gene and protein levels. RT-qPCR revealed a significant
increase in the levels of autophagy-related genes, such as ATG3,
ATG7, LC3B, and BECNI after the addition of GGTI298 to the
DPSCs compared to the control and EA-treated cells (Fig. 2A). In
addition, western blot analysis supported these findings, showing
elevated protein levels of autophagy markers ATG3, ATGS, Be-
clin-1, and LC3A/B, suggesting that induction of KLF2 might in-
duce autophagy to protect cells (Fig. 2B). Next, we examined
whether KLF2 also influences mitophagy, the selective clearance
of dysfunctional mitochondria, which is crucial during stem cell
differentiation and energy remodeling. Induction of KLF2 led to
an elevated level of mRNA of mitophagy-related genes such as
DRP1, FIS1, and PARKIN compared to control and EA-treated
cells (Fig. 2C). Similarly, at the protein level, a significant in-

crease in signal intensity for DRP1, FIS1, and PINK1 was ob-
served in KLF2-induced DPSCs (Fig. 2D and Supplementary Fig. S2).

Effect of KLF2 on the production of intracellular and mito-
chondrial ROS

To evaluate the functional impact of KLF2 on cellular and mito-
chondrial ROS, we analyzed intracellular ROS levels via DCF-
DA staining and mitochondrial superoxide levels using Mi-
toSOX staining in DPSCs. Interestingly, intracellular ROS pro-
duction was significantly reduced after the induction of KLF2 by
GGTI298 compared to controls and EA-treated DPSC (Fig. 3A
and 3B). Similarly, the mitochondrial ROS production was also
significantly attenuated after the induction of KLF2 compared to
controls and EA-treated DPSC (Fig. 3C and 3D), suggesting that
KLF2 may exert a protective role against oxidative stress by re-
ducing them.

6 Diseases & Research, 2026, vol. 6: 1-16


https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en

Diseases & Research

>
w

6 ‘ I \
P=0.034 4 P=0.0214

5 <

w
4 T
3 ATG3
2
] ATGS5 | s nn S
0

[ P=00432 | P=00183 |

Ll

EA+GGTI298

g
c
Q
O

Relative BECLIN1 expression

Relative ATG3 expression
O —_2NWHAOTON®OO

Control EA+GGTI298 Control EA+GGTI298 Becling | === wen w—-
6 1 , : 9 9 P=00098 || P=00008 |
s P=00193 |l P=00353 | S 8-
2 5] S :
271 Losare [
S 44 § 6 4
) v 5 4
5 34 ] .
g § 4 GAPDH [F S S —
o 29 0 31
= = 2 ©
5] 5] &
g 217 _ 5
04 04 g o}
Control EA+GGTI298 Control EA+GGTI298 D é 5 é
C DRP1| = N
8 y ‘ 6 p=00120 lP=0.0255 ' S 8 p c ‘
c 1P=00020pP=00036 - 2 P=00456 | P=00001 !
2 7 S 5 a7
7] (0]
%6 2 56 FIST [ -
S 5 4 3
H 5 X - 5
S 4 2 3 E 4 :’ o
g @ g PINK1
Q3 L < 3 z
° o 2 N a
Z 2 = o 2
© 1 =
g1 & § 1 GAPDH | s S S
0 0 0
Control EA EA+GGTI298 Control EA+GGTI298 Control EA EA+GGTI298

Fig. 2. Induction of KLF2 enhanced autophagy/mitophagy marker expressions.

A. Graphically shown are the qRT-PCR values of autophagy-associated markers BECN1, ATG3, ATG7, and LC3B at 7 days of differentiation of DPSC after the addition of
GGTI298 to the cells.

B. Images of western blot autophagy molecules ATG3, ATGS5, Beclinl, and LC3A/B were shown after 7 days of osteoblastic differentiation, keeping GAPDH as an internal
loading control.

C. Graphically shown are the qRT-PCR values of mitophagy-associated markers PARKIN, DRP1, and FIS1 at 7 days of differentiation of DPSCs after the addition of GGTI298
to the cells.

D. Western blot images of DRP1, FIS1, and PINK1 molecules were shown after 7 days of osteoblastic differentiation, keeping GAPDH as an internal loading control.
Comparisons were conducted between control and EA and between EA and GGTI298 which were presented as fold change and shown as mean + SEM from three independent
experiments. Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test and the exact p-values are shown on the graph.
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Fig. 3. Induction of KLF2 reduced the production of intracellular and mitochondrial ROS.
A. Representative confocal microscopy images of DCFDA-stained cells are shown after the induction of KLF2 using GGTI298 in the DPSCs for 7 days.

B. The right panel graphically shows the quantified data.

C. Representative confocal microscopy images of MitoSOX-stained cells are shown after the induction of KLF2 using GGTI298 in the DPSCs for 7 days.

D. The right panel graphically shows the quantified data. Each experiment was performed at least three times, and each slide was captured in at least five different areas.

For graphical data, Comparisons were conducted between con-trol and EA and between EA and GGTI298 shown as mean +SEM from three independent experiments. Statistic-
al signific-ance was determined using one-way ANOVA followed by Tukey’spost hoc test and the exact p-values are shown on the graph.

Effect of KLF2 on mitochondrial membrane potential and
mitochondrial functions

Then we evaluated the alterations of mitochondrial membrane
potential (A¥m) during this KLF2-modulated EA-mediated os-
teogenic differentiation using JC-1 staining, where the dye is a
cationic and lipophilic that forms J aggregates to give red fluores-
cence in the polarized mitochondria, whereas in monomeric form,
depolarized mitochondria give green fluorescence. We found that
after addition of EA the red fluorescence level was significantly
enhanced and further increased after the induction of KLF2,
whereas in control cells, JC-1 dye predominantly exhibited green
fluorescence, indicating a higher proportion of depolarized mito-
chondria (Fig. 4A). Quantitative analysis of the red/green fluores-
cence ratio further confirmed that induction of KLF2 enhanced
mitochondrial the membrane potential (Fig. 4B), suggesting im-
proved mitochondrial integrity.

To further investigate how the induction of KLF2 affects mito-
chondrial activity, we evaluated oxygen consumption rate (OCR)
in DPSCs using Seahorse XF analysis. We found that the basal
respiration, spare respiratory capacity, ATP production, and max-
imal respiration were significantly elevated after the addition of
GGTI298 to the DPSCs, indicating enhanced oxidative phos-
phorylation capacity (Fig.4C, and Supplementary Fig. S3 and
Fig. S4). This increase in mitochondrial respiration aligns with
the high energy demand of osteogenic differentiation. Similarly,
significant improvement was also observed in the levels of glyco-
lysis capacity, glycolytic reserve, non-glycolytic acidification,
and glycolysis in cells after the induction of KLF2 compared to
control and EA-treated DPSCs, determined by an extracellular
acidification rate (ECAR) analysis under similar experimental
conditions (Fig. 4D, and Supplementary Fig. S3, Fig. S4).

Effect of decreased KLF2 on osteogenic marker expressions
We next evaluated the effect of the reduction of KLF2 in DPSCs
after the addition of GGPP to the DPSCs during the osteogenic
differentiation for 7 days. Our RT-qPCR analysis showed that
DPSCs treated with GGPP revealed a significant reduction of
KLF2 expression level compared to the control or EA-added
DPSCs. Similarly, the mRNA levels of several osteoblast-specif-
ic markers, including BGLAP (Osteocalcin), SP7 (Osterix),
RUNX2, SPARC (Osteonectin), and SPP1 (Osteopontin), were
also markedly reduced after the addition of GGPP to the DPSCs
(Fig. 5A). Similarly, western blot analysis confirmed the reduced
expression of the osteogenic markers, such as RUNX2, SPARC,
BGLAP, and SPP1, along with KLF2, when GGPP was added to
the DPSCs compared to control or EA-added DPSCs (Fig. 5 and
Supplementary Fig. S4), indicating that reduction of KLF2 inhib-
ited osteogenic differentiation-related molecules both at the
mRNA and protein levels.

Effect of decreased KLF2 on autophagy/mitophagy marker
expressions

Next, we evaluated the effect of reduced KLF2 on autophagy-re-
lated markers. We measured the expression of key markers at the
gene level using RT-qPCR. A significant decrease in the levels of
autophagy-related genes, such as ATG3, ATG7, LC3B, and
BECNI1 after the addition of GGPP to the DPSCs compared to
the control and EA-treated cells (Fig. 6A). In addition, Western
blot analysis supported our findings, showing decreased protein
levels of autophagy markers ATG3, ATG5, ATG7 Beclin-1, and
LC3I/11, suggesting that reduction of KLF2 might lower auto-
phagy molecules (Fig. 6B and Supplementay Fig. S5). Next, we
examined whether reduced KLF2 also influenced mitophagy,
which is crucial during stem cell differentiation and energy
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Fig. 4. Induction of KLF2 changed the mitochondrial membrane potential and mitochondrial functions.

A. Representative confocal microscopy images of JC1-stained cells are shown after the induction of KLF2 using GGTI298 in the DPSCs for 7 days.

B. The bar graph represents the quantification of the mean fluorescence intensity in the aggregate/monomer ratio.

C. The bar graph represents the calculated data for the stated parameters of oxygen consumption rate (OCR) in DPSCs using Seahorse XF analysis.

D. The bar graph represents the calculated data for the stated parameters of extracellular acidification rate (ECAR) in DPSCs using Seahorse XF analysis.

Comparisons were conducted between control and EA and between EA and GGTI298 which were shown as mean + SEM from three independent experiments. Statistical signi-
ficance was determined using one-way ANOVA followed by Tukey’s post hoc test and the exact p-values are displayed on the graph.
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Fig. 5. Reduction of KLF2 reduced osteogenic marker expressions.
A. The mRNA expression level of KLF2, BGLAP, RUNX2, SPP1, SPARC, and SP7 was determined by qRT-PCR at 7 days of differentiation of DPSC after the addition of

GGPP to the cells.
B. Western blot images of KLF2, RUNX2, SPARC, BGLAP, and SPP1 at 7 days of osteoblastic differentiation using similar experimental conditions. GAPDH was used as an

internal loading control.
Comparisons were conducted between control and EA and between EA and GGPP which were presented as fold change and shown as mean + SEM from three independent ex-

periments. Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test and the exact p-values are shown on the graph.
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remodeling. Reduction of KLF2 led to a lower expression of
mitophagy-related genes such as FIS1 and PARKIN compared to
control and EA-treated cells (Fig. 6C). Similarly, at the protein

level, a significant reduction in the signal intensity for DRPI,
FIS1, and PINK1 was observed in KLF2-reduced DPSCs
(Fig. 6D and Supplementay Fig. S5).

A

3.0 4 404 !P=001241P=00171!
c [P=001101P=00093] c
S 254 S 351 B &
2 2 < %
S 20 g 30 £ 9
s £ 2.5+ § & &
3 1.5+ % 2.0 -
';: = ATG3
0 1.0 S 151
2 g
5 £ 1.0+
L 054 S 054 ATGS |
0 04
Control EA+GGPP Control EA+GGPP
ATG7
35- 35.
c
304 !pP=oot96!p=00208! < ,,] [P=00235/P=00305]
@ % : Beclin1
é_ 2.5 4 @ 2.5 4
c 20 g
= U= [0} -
% Q 20 LC3 11
Ej 1.5 4 S 154
© 1.0 2y -
2 s GAPDH | M
B (5. 2 0 ; x
x
0 -
Control EA+GGPP Control EA+GGPP
o
- 0
2 1)
C D < e
16 - 3.0 S & &
14 [P=00118 !lP=0.000 03! [p=0.0087 ! P=00023!
s 1 2.5+ DRP1
s c
8 1.2 4 ®
g £ 20
o 1.0 - 53 FIS1
hay [0}
Z o
% 0.8 + z} 1.5
[T
< 064
% 06 2104 PINK1
2 044 k)
2 0. o
§ 0.2 © 051
' GAPDH
0- 04

Control A+GGPP

Control

A+GGPP

Fig. 6. Reduction of KLF2 reduced autophagy/mitophagy marker expressions.
A. Graphically shown are the qRT-PCR values of autophagy-associated markers ATG3, ATG7, BECNI, and LC3B at 7 days of differentiation of DPSC after the addition of

GGPP to the cells.

B. Images of western blot autophagy molecules ATG3, ATGS, ATG7, Beclinl, and LC3B were shown after 7 days of osteoblastic differentiation, keeping GAPDH as an intern-

al loading control.

C. Graphically shown are the qRT-PCR values of mitophagy-associated markers PARKIN and FIS1 at 7 days of differentiation of DPSCs after the addition of GGPP to the cells.
D. Western blot images of DRP1, FIS1, and PINK1 molecules were shown after 7 days of osteoblastic differentiation, keeping GAPDH as an internal loading control.
Comparisons were conducted between control and EA and between EA and GGPP which were presented as fold change and shown as mean + SEM from three independent ex-
periments. Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test and the exact p-values are shown on the graph.

Effect of decreased KLF2 on production of intracellular and
mitochondrial ROS

We next assessed the functional impact on cellular and mitochon-
drial ROS after reduction of KLF2, by evaluating intracellular
ROS levels via DCFDA and mitochondrial superoxide levels via
MitoSOX staining in DPSCs. The intracellular ROS production

was significantly increased after the reduction of KLF2 com-
pared to controls and EA-treated DPSC (Fig. 7A and Fig. 7B).
Similarly, the mitochondrial ROS production was also signific-
antly enhanced after the reduction of KLF2 compared to controls
and EA-treated DPSC (Fig. 7C and 7D), suggesting that KLF2
exerts a protective role against oxidative stress.
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Fig. 7. Reduction of KLF2 enhanced the production of intracellular and mitochondrial ROS.
A. Representative confocal microscopy images of DCFDA-stained cells are shown after the reduction of KLF2 using GGPP in the DPSCs.

B. The right panel graphically shows the quantified data.

C. Representative confocal microscopy images of MitoSOX-stained cells are shown after the reduction of KLF2 using GGPP in the DPSCs for 7 days.

D. The right panel graphically shows the quantified data. Each experiment was performed at least three times, and each slide was captured in at least five different areas.

For graphical data, Comparisons were conducted between control and EA and between EA and GGPP shown as mean = SEM from three independent experiments. Statistical
significance was determined using one-way ANOVA followed by Tukey’s post hoc test and the exact p-values are shown on the graph.

Effect of decreased KLF2 on mitochondrial membrane poten-
tial and mitochondrial functions

We further evaluated the alterations of mitochondrial membrane
potential (A¥Ym) after the reduction of KLF2 during EA-medi-
ated osteogenic differentiation using JC-1 staining. We observed
that after the addition of EA the red fluorescence level was signi-
ficantly increased and after the reduction of KLF2 the red fluor-
escence was significantly decreased in DPSCs, whereas in con-
trol cells, JC-1 dye predominantly exhibited green fluorescence,
indicating a higher proportion of depolarized mitochondria
(Fig. 8A). Quantitative analysis of the red/green fluorescence ra-

tio further confirmed that reduction of KLF2 reduced mitochon-
drial the membrane potential (Fig. 8B), suggesting a comprom-
ised mitochondrial integrity.

To further investigate how the reduction of KLF2 affects mito-
chondrial activity, we evaluated OCR in DPSCs using Seahorse
XF analysis. We found that the basal respiration, spare respirat-
ory capacity, ATP production, and maximal respiration were sig-
nificantly diminished after the addition of GGPP to the DPSCs,
indicating reduced oxidative phosphorylation capacity (Fig. 8C
and Supplementay Fig. S6). Similarly, significant impairment
was also observed in the levels of glycolysis capacity, glycolytic

Diseases & Research, 2026, vol. 6: 1-16 11


https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=d42a1c06-4fd7-493a-b4a4-67d33ff9a308&pageType=en

RESEARCH ARTICLE

reserve, non-glycolytic acidification, and glycolysis in cells after
the reduction of KLF2 compared to control and EA-treated

DPSCs, determined by an ECAR analysis under similar experi-
mental conditions (Fig. 8D and Supplementay Fig. S6).
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Fig. 8. Reduction of KLF2 affected the mitochondrial membrane potential and mitochondrial functions.

A. Representative confocal microscopy images of JC1-stained cells are shown after the reduction of KLF2 using GGPP in the DPSCs.

B. The bar graph represents the quantification of the mean fluorescence intensity in the aggregate/monomer ratio.

C. The bar graph represents the calculated data for the stated parameters of oxygen consumption rate (OCR) in DPSCs using Seahorse XF analysis.

D. The bar graph represents the calculated data for the stated parameters of extracellular acidification rate (ECAR) in DPSCs using Seahorse XF analysis.

Comparisons were conducted between control and EA and between EA and GGPP which were shown as mean + SEM from three independent experiments. Statistical signific-

ance was determined using one-way ANOVA followed by Tukey’s post hoc test.

Discussion

Osteoblast differentiation is a crucial process to maintain bone
homeostasis and regeneration. Any deviations in this process lead
to various skeletal disorders, including osteoporosis, osteoarthrit-
is, and impaired fracture healing due to abnormal regeneration™.
While bone marrow-derived MSC (BMMSCs) are commonly
studied in this context, DPSCs have been emerging as a prom-
ising alternative due to their easy-to-collect, robust proliferative
properties, and multilineage differentiation capabilities™***,
However, the underlying molecular mechanisms during the os-
teogenic differentiation of DPSCs still remain unclear™. Con-
versely, autophagy has been identified as a key regulator in main-
taining the stemness of stem cells, initiating differentiation, and
preserving mitochondrial integrity, which are crucial functions
that are essential to the survival and fate of mesenchymal precurs-
0rs[36,37].

KLF2, a zinc-finger transcription factor that is well known for
its role in many biological processes, has emerged as an import-
ant regulator in deciding the fate of MSCs!"". It modulates osteo-
genesis by transcriptionally activating RUNX2, a master regulat-
or of osteoblast differentiation and repressing adipogenic tran-

12

scription factors such as PPARy and C/EBPa, thereby favoring
osteogenic lineage commitment over adipogenesis!***.

Several studies showed that there is a functional cross-talk
between autophagy, mitophagy, and the transcription factor
KLF2, a well-established essential cellular mechanism involved
in maintaining intracellular homeostasis, particularly during high-
energy processes like osteogenic differentiation. Several studies
demonstrate that KLF2 shares regulatory overlap with auto-
phagic machinerym]. For instance, statins, a class of lipid-lower-
ing agents that have been shown to upregulate both KLF2 and
autophagy in prostate cancer cells'*”. Moreover, regulatory path-
ways involving KLF and autophagy have been linked to aging
and vascular dysfunction across different species''’. These obser-
vations indicate that KLF2 could act as a potential upstream regu-
lator of autophagy, though its precise role in osteogenesis, partic-
ularly in DPSC lineage commitment, has yet to be fully under-
stood.

In the present study, we aimed to investigate the role of KLF2
in EA-mediated osteogenic differentiation of DPSCs, with a fo-
cus on autophagy, mitophagy, and mitochondrial dynamics. From
our previous findings, we demonstrated that EA significantly up-
regulates KLF2 expression in DPSCs undergoing osteogenic in-
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duction®". Additionally, we found that the addition of EA to the
DPSCs led to an increase in the expression of osteogenic mark-
ers such as RUNX2, SP7, SPARC, and BGLAP, supporting pre-
vious studies on its bone-forming effects. Further in our current
study, we showed that the induction of KLF2 further enhanced
this effect, indicating a possible synergistic role of EA and KLF2
in promoting OB differentiation of DPSCs. However, during our
initial experiments, treatment with GGTI298 or GGPP alone did
not show any change in KLF2 expression or osteogenic marker
expression levels in DPSCs (data not shown), and therefore these
groups were not pursued further. These groups showed effects
only in the presence of EA, indicating a possible interaction-de-
pendent role of KLF2 signaling in EA-mediated osteogenic dif-
ferentiation.

In addition to osteogenic enhancement, induction of KLF2 by
the GGTI298 and EA treatment led to a significant increase in
autophagy-associated genes such as ATG3, ATG5, BECNI1, and
LC3B, indicating enhanced autophagy-related signaling during
OB differentiation of DPSCs. Our results are consistent with
earlier findings showing that autophagy supports osteoblast mat-
uration by facilitating matrix mineralization and maintaining in-
tracellular energy balance™**”. Similarly, our results are also con-
sistent with previous studies that showed a connection between
KLF2 expression and increased osteogenesis as well as auto-
phagic activity in mesenchymal stem cells®”. While EA and
KLF2 modulation increased LC3-II and Beclin-1 levels, we un-
derstand that, without autophagic flux assays using lysosomal in-
hibitors (e.g., Bafilomycin Al), these changes may reflect either
enhanced autophagosome formation or impaired autophagosome
clearance. Furthermore, we also observed an increase in mito-
chondrial fission-related proteins such as DRP1, FIS1, and mito-
phagy-associated protein PINK1, along with increased mitochon-
drial membrane potential and reduced ROS, indicating enhanced
mitochondrial dynamics and function. While we observed
changes in FIS1, DRP1, and PINK1 levels, these are associated
with mitochondrial dynamics, but these proteins are not definit-
ive markers of mitophagy and hence require further studies. Sim-
ilar results were also reported when mouse skin-derived MSCs
were differentiated into osteocytes, chondrocytes, and
adipocytes™*¥. These findings emphasize the complex role of
KLF2 in maintaining mitochondrial homeostasis during OB dif-
ferentiation and suggest a coordinated regulatory role of KLF2 in
managing mitochondrial quality control and osteoblast differenti-
ation. Moreover, these results indicate that KLF2 works in syn-
ergy with EA to promote a pro-osteogenic intracellular environ-
ment, probably by maintaining mitochondrial integrity and balan-
cing the energy that is essential for the differentiation of osteo-
blasts from DPSCs.

In contrast, to further confirm the function of KLF2's involve-
ment in these processes, we reduce the expression of KLF2 with
GGPP, which has been reported to reduce statin-triggered KLF2
expression and hinder autophagic activities, greatly reducing the
osteogenic impacts of EA™. The reduction of KLF2 led to a de-
crease in the expression of all the studied osteogenic and auto-
phagic markers during EA-mediated osteogenic differentiation,
indicating that KLF2 could be an essential mediator for the dif-
ferentiation effects triggered by EA. These findings support earli-
er research indicating that the knockdown of KLF2 resulted in re-
duced autophagy and hindered differentiation in various cell

modelst’*

Additionally, we found that the reduction of KLF2 led to an in-
crease in the levels of intracellular and mitochondrial ROS dur-
ing EA-mediated osteogenic differentiation, indicating that KLF2
could be an essential mediator for mitochondrial quality and
functions. It was reported that the impaired mitophagy signaling
and increased intracellular and mitochondrial ROS levels in
KLF2-deficient cells further emphasize its importance in main-
taining mitochondrial quality control during EA-mediated differ-
entiation”). The observed decline in autophagic flux and mito-
phagic clearance in the absence of KLF2 supports the idea that
KLF2 acts as an upstream transcriptional regulator of these path-
ways, as shown in models related to the vascular and neuronal
system[48’49].

Other than its function in osteogenic differentiation, KLF2 acts
as a key transcriptional regulator that combines responses to ox-
idative stress, maintenance of mitochondrial balance, and cellular
metabolism. Several prior studies have shown that KLF2 func-
tionally interacts with nuclear factor erythroid 2-related factor 2
(NRF2), which is a principal regulator of antioxidant defense.
This enhances the transcription of redox-protective genes like
heme oxygenase-1 (HO-1)and NAD(P)H quinone oxidore-
ductase-1 (NQO1), thus preserving cellular redox balance during
stressful situations”™™*". Likewise, FOXO3a exhibits overlapping
regulatory roles with KLF2 in regulating autophagy, mitophagy,
and the turnover of mitochondria, all of which are essential for
maintaining and differentiating stem cells®>*. The KLF2 activa-
tion mediated by EA observed in this study might therefore work
together with transcriptional programs dependent on NRF2 and
FOXO3a to enhance antioxidant capacity, manage mitochondrial
quality, and support osteogenic commitment in DPSC. This
potential interaction indicates a wider regulatory network
where KLF2 orchestrates redox and metabolic homeostasis
alongside other transcription factors responsive to stress, thereby
contributing to increased robustness and osteogenic capability in
stem cells.

Studies have reported that GGTI298 acts by inhibiting geranyl-
geranyltransferase-I, which could affect multiple geranylger-
anylated proteins, such as several Rho GTPases, that could lead
to possible off-target effects on other prenylation-dependent pro-
teins and pathways that produce effects other than direct modula-
tion of KLF2P**". Similarly, GGPP restores geranylgeranylation
could alter protein prenylation and can rescue phenotypes caused
by prenylation blockade and also influence pathways beyond
KLF2 regulation™ ", These findings are consistent with prior
work showing that disruptions of the mevalonate RhoA pathway
can alter KLF2 expression””*".

Although our data show that KLF2 mediates EA-induced dif-
ferentiation, we did not perform any rescue experiments. To de-
termine whether restoring KLF2 levels is sufficient to counteract
the inhibitory effects of GGPP, we can overexpress KLF2 in
GGPP-treated DPSCs, which could help confirm the functional
requirement of KLF2 in EA-mediated osteogenic differentiation.
Including such gain-of-function studies could provide stronger
mechanistic clarity and further validate the central role of KLF2
in coordinating the EA-mediated osteogenic response.

Although the present study elucidates a potential mechanistic
role of KLF2 during EA-mediated osteogenic differentiation, cer-
tain limitations still need to be addressed. Firstly, modulating
KLF2 expression using pharmacological agents such as GGTI298
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and GGPP acts indirectly and may show off-target effects on oth-
er prenylation-dependent signaling proteins. Although these com-
pounds effectively altered KLF2 expression and associated osteo-
genic responses, their off-target effects still need further investig-
ation. In order to strengthen the specificity, future studies em-
ploying genetic modulation approaches, such as KLF2 overex-
pression or CRISPR-mediated knockdown, would provide more
direct evidence for the specific role of KLF2 in EA-mediated os-
teogenesis and eliminate potential off-target effects. Additionally,
while our findings in DPSC provide strong in vitro support, they
still require in vivo validation using a bone regeneration or de-
fect repair model to confirm the physiological relevance of the
EA-KLF2-autophagy/mitophagy axis under regenerative condi-
tions.

To confirm the pathway of autophagy regulation in DPSCs, we
will need to perform autophagic flux assays using lysosomal in-
hibitors (e.g., Bafilomycin A1, Chloroquine) and live-cell auto-
phagosome/lysosome tracking to distinguish between increased
initiation of autophagy versus impaired degradation. Addition-
ally, we will perform LC3-mitochondria colocalization or Parkin
translocation assays to directly confirm mitophagic activity in
this experimental system. Also, functional studies involving
DRP1 inhibition or genetic knockdown of PINK1/Parkin could
clarify whether mitochondrial remodeling is necessary for KLF2-
mediated osteogenesis. In order to strengthen the ROS dynamics,
flow cytometry-based validation would offer additional single-
cell resolution; however, this was not performed in the current
study, and we plan to incorporate that in the future to further
strengthen the quantitative evaluation of ROS dynamics in
DPSCs.

Conclusion

Overall, these results indicate that EA promotes osteogenic dif-
ferentiation of DPSCs by upregulating KLF2, which in turn plays
arole in regulating autophagy and mitophagy to facilitate cellu-
lar differentiation and survival. The activation of autophagy may
be essential for degrading and recycling damaged organelles and
macromolecules during lineage commitment, whereas mitophagy
ensures mitochondrial health, a significant factor in determining
the fate of stem cells. Our findings provide a novel perspective on
the relationship between KLF2 and autophagy in bone biology
and suggest that modulation of KLF2 activity may improve the
efficacy of EA or similar polyphenolic compounds for regenerat-
ive applications. From a translational perspective, these findings
have considerably important implications. Induction of KLF2 or
increasing its activity could act as a promising therapeutic ap-
proach to enhance bone regeneration, especially in conditions
marked by impaired osteogenesis, such as osteoporosis or age-re-
lated bone loss. Additionally, KLF2-targeted therapies may en-
hance the efficacy of stem cell-based approaches by promoting a
more favorable metabolic and epigenetic landscape for differenti-
ation.
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