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Kriuppel-like Factor 2 (KLF2) Regulates Autophagy, Mitophagy,
Mitochondrial Health, and Function During Foam Cell Formation

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

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

USA

Backgrounds: Foam cell (FC) formation is a hallmark of early atherosclerosis, driven by dysregulated lipid uptake, impaired mi-
tochondrial clearance, and metabolic reprogramming in myeloid cells. However, the precise role of KLF2 in modulating auto-
phagy, mitophagy, and glycolysis during FC formation remains inadequately explored.

Methods: This study uncovers the critical regulatory role of Kriippel-like factor 2 (KLF2) during foam cell formation of myel-
oid cells (RAW264.7) using quantitative real-time PCR, immunocytochemistry, confocal microscopy, and glycolysis stress test
methods.

Results: Exposure to oxidized low-density lipoprotein (ox-LDL) suppressed autophagy and mitophagy markers in myeloid cells.
It also increased glycolytic activity in myeloid cells during FC formation. A well-known chemical suppressor of KLF2, GGPP,
further amplified these changes, highlighting the importance of endogenous KLF2 in maintaining mitochondrial health and meta-
bolic functions during formation. To confirm the role of KLF2 in this process, when a chemical inducer of KLF2, GGTI298, was
added during FC formation, it restored autophagic and mitophagic machinery, including the expression of Beclinl, LC3B, Par-
kin, and Pink1, and reversed the abnormal increase in glycolysis during FC formation.

Conclusion: These findings demonstrate that KLF2 is a key transcriptional regulator that limits FC formation by preserving mi-
tochondrial health and reducing excessive glycolysis. Furthermore, these results suggest KLF2 could be a target for future devel-

opment of therapeutics for preventing FC formation, which is an early event in atherosclerosis development.
Keywords: Foam cell; Kruppel-like factor 2; Autophagy; Mitophagy; Glycolysis.

Introduction

Atherosclerosis remains a leading cause of morbidity and mortal-
ity worldwide, primarily through complications such as myocar-
dial infarction and stroke. However, atherosclerotic pathogenesis
is rooted in chronic inflammation and lipid accumulation within
the intima of large and medium-sized arteries, leading to the
formation of atherosclerotic plaques. A hallmark of early lesion
development is the formation of macrophage-derived foam cells
(FC), which emerge from the uncontrolled uptake of oxidized
low-density lipoprotein (ox-LDL) and a failure to effectively
manage intracellular lipid overload and cellular debris!.
Autophagy is an evolutionarily conserved cellular process that
plays a pivotal role in maintaining intracellular homeostasis by
degrading and recycling damaged organelles, misfolded proteins,
and excess lipids through the lysosomal pathway. This catabolic
mechanism is essential for cellular survival under conditions of
metabolic stress, nutrient deprivation, and oxidative injury”™. Mi-
tophagy, a selective form of autophagy targeting dysfunctional
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mitochondria, is particularly important for preserving mitochon-
drial quality control and reducing mitochondrial-derived reactive
oxygen species (ROS), which can otherwise exacerbate inflam-
mation and cellular injury™”. In the context of foam cell (FC)
formation, a marked suppression of autophagic and mitophagic
activities has been observed, contributing to lipid accumulation,
impaired mitochondrial dynamics, and the persistence of dam-
aged organelles, which collectively promote a pro-atherogenic
environment'®”, Furthermore, defective autophagy impairs cho-
lesterol efflux and enhances inflammasome activation, thereby
driving plaque progression and instability®™. The importance of
these clearance pathways is further underscored by findings
showing that pharmacological or genetic restoration of auto-
phagy/mitophagy in monocytes not only reduces lipid burden but
also suppresses inflammatory responses, preserves mitochondrial
function, and stabilizes atherosclerotic plaques™'”. Therefore,
elucidating the regulatory networks that govern autophagy and
mitophagy during FC development is crucial for identifying nov-
el therapeutic targets aimed at modulating metabolic stress and
immune dysfunction in the context of atherosclerosis.

FC formation involves a significant metabolic reprogramming,
where myeloid cells in atherosclerotic environments show in-
creased glycolytic activity, similar to the metabolic profile of
classically activated M1 macrophages'"!. This shift promotes pro-
inflammatory gene expression while reducing mitochondrial res-
piration, collectively fostering a pro-atherogenic phenotype. Ad-
ditionally, autophagy and mitophagy, essential processes for lip-
id breakdown and maintaining mitochondrial health, are de-
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creased in foam cells, leading to lipid buildup through efficient
uptake, ROS production, and the development of ineffective cel-
lular clearance mechanisms, which drive plaque progression!®'”.

Kriippel-like factor 2 (KLF2), a zinc-finger transcription
factor, plays a crucial role in maintaining cellular homeostasis,
especially in endothelial and immune cells. Initially, KLF2’s role
was recognized for its vasoprotective effects in endothelial cells,
mediating anti-inflammatory, anti-thrombotic, and anti-oxidative
signaling. KLF2 expression is also tightly regulated in myeloid
cells during inflammation"*'¥). Notably, KLF2 levels are down-
regulated during myeloid cell differentiation, and its loss has
been linked to enhanced ox-LDL uptake, leading to increased FC
formation'"”. Conversely, statins and other agents have been
found to reduce the atherosclerotic burden, partly through the res-
toration of autophagic flux and endothelial integrity!'®'"). Unlike
the statin-KLF2-autophagy relationship described in endothelial
cells, our study demonstrates this regulation for the first time in
monocyte-derived foam cells. Emerging reports suggest that
KLF?2 serves as a crucial molecular link between metabolic regu-
lation and intracellular clearance mechanisms in various cell
types. For example, KLF2 has been shown to induce the expres-
sion of Beclinl and LC3 in vascular smooth muscle cells, facilit-
ating autophagy under various oxidative stress conditions'"*'"* >,
However, the precise role of KLF2 in modulating glycolysis,
autophagy, and mitophagy during FC formation remains inad-
equately explored.

In this study, we hypothesize that KLF2 may act as a master
regulator of myeloid cell metabolism and mitochondrial homeo-
stasis during FC formation. Previous studies have established that
pharmacological modulation of the isoprenoid metabolic path-
way strongly influences KLF2 expression. For example, statins
induce KLF2 and exert vasculoprotective effects”®*’]. In contrast,
geranylgeranyl pyrophosphate (GGPP) suppresses KLF2 expres-
sion, whereas geranylgeranyl transferase inhibitors, such as GGTI-
298, enhance KLF2 expression by inhibiting protein
prenylation””. Beyond vascular contexts, KLF2 has been identi-
fied as a critical transcription factor regulating endothelial inflam-
matory activation'”, monocyte proinflammatory responses'*,
and autophagy-mediated osteoclastogenesis™!. These studies
provide a solid foundation for investigating how modulation of
KLF2 with GGPP and GGTI-298 impacts glycolysis, autophagy,
and mitophagy during ox-LDL—induced FC formation.

Materials and Methods

Reagents and antibodies

The RAW264.7 murine myeloid cell line was obtained from the
American Type Culture Collection (ATCC, #TIB-71). Antibod-
ies specific to DRP1 (#ab184247), and ATGS5 (#ab12994) were
purchased from Abcam. Additional autophagy and mitophagy-re-
lated antibodies, including Beclinl (#4122S), ATG7 (#8558S),
LC3B (#12741S), PINKI1 (#6946S), and PARKIN (#2132S),
were obtained from Cell Signaling Technology. The FIS1 anti-
body (#10956-1-AP) was sourced from Proteintech. Biochemical
reagents used in the study included the BCA Protein Assay Kit
(#23225) and Oxidized Low-Density Lipoprotein (ox-LDL,
#L34357), both from Thermo Fisher Scientific. Paraformalde-
hyde (4%, #sc-281692) was purchased from Santa Cruz Biotech-

nology, while Triton X-100 (#T8787), RIPA lysis buffer (#20-
188), and bovine serum albumin (BSA, 5%, #A4737) were ac-
quired from Sigma-Aldrich. Additional molecular biology re-
agents included TRIzol reagent (#15596026) and DAPI nuclear
stain (#D1306) from Invitrogen, and the High-Capacity RNA-to-
c¢DNA Kit (#4387406) and SYBR Green PCR Kit (#4309155)
from Applied Biosystems.

Cell culture and FC induction

The murine macrophage cell line RAW264.7 was obtained from
the American Type Culture Collection (Cat # TIB-71, ATCC)
and cultured in Dulbecco’s Modified Eagle Medium (DMEM,;
Gibco, Cat # 11-965-092) supplemented with 10% fetal bovine
serum (FBS; Cat # A3840001, Thermo Fisher Scientific, HyC-
lone), 1% penicillin-streptomycin, Cat # 15140122, Invitrogen),
and maintained at 37 °C in a humidified atmosphere of 5% CO,.
For FC induction, cells were seeded at a density of 1 x 10°
cells/well in 6-well plates and incubated with oxidized low-dens-
ity lipoprotein (ox-LDL, 50 pg/mL; Cat # L34358 Thermo Fish-
er Scientific) for six days unless otherwise specified.

Chemical modulation during FC formation

To examine the effects of pharmacological modulation during FC
formation, chemical agents targeting the geranylgeranylation
pathway were employed. For suppression of geranylgeranylation-
dependent signaling, cells were treated with GGPP (10 pM; CAS
No. 313263-08-0; Cayman Chemical). GGPP was added 1 hour
before ox-LDL exposure and maintained throughout the experi-
mental period. Foam cell formation was induced by treatment
with oxidized low-density lipoprotein (ox-LDL; 50 pg/mL),
which was maintained for six days.

For inhibition of protein geranylgeranyltransferase activity,
cells were treated with GGTI298 (20 uM; CAS No. 1217457-86-
7; Cayman Chemical) during ox-LDL-induced foam cell forma-
tion. All treatments were maintained for the duration of the ex-
periment unless otherwise specified. This experimental design al-
lowed assessment of transcriptional and protein-level changes as-
sociated with foam cell formation under conditions of pharmaco-
logical modulation of the geranylgeranylation pathway, without
directly manipulating KLF2 expression or activity.

Quantitative real-time PCR

Total RNA was extracted from cells using the RNeasy Mini Kit
(Qiagen) following the manufacturer’s instructions. The purity
and concentration of RNA were determined using a NanoDrop
spectrophotometer (Thermo Scientific). Complementary DNA
(cDNA) was synthesized from 1 pg of total RNA using the High-
Capacity cDNA Reverse Transcription Kit (#4387406, Applied
Biosystems).

Quantitative real-time PCR was performed using SYBR Green
Master Mix (#4309155, Applied Biosystems) on a Quant Studio
5 Real-Time PCR System (Thermo Fisher Scientific). Target
genes included key autophagy markers (ATGS, ATG7, Beclinl,
LC3B) and mitophagy-related genes (Drpl, Fisl, Parkin, and
Pink1) (Primers were shown in Supplementary Table 1). GAP-
DH was used as the internal control for normalization. All reac-
tions were run in triplicate, and relative gene expression levels
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were calculated using the 2**“ method. Results were expressed
as fold changes relative to the control group.

Immunocytochemistry and confocal microscopy

For immunofluorescence analysis, RAW264.7 cells were seeded
on sterile glass coverslips placed in 6-well plates and treated as
described in experimental conditions. Following incubation, cells
were fixed with 4% paraformaldehyde for 15 minutes at room
temperature to preserve cellular architecture. After fixation, cells
were permeabilized using 0.1% Triton X-100 for 10 minutes and
then blocked with 5% bovine serum albumin (BSA) for 1 hour to
reduce non-specific binding. Cells were incubated overnight at
4 °C with primary antibodies targeting autophagy (AtgS, Atg7,
Beclinl, and LC3B), mitochondrial fission (Drpl and Fisl) and
mitophagy-related proteins, including Parkin and Pink1 (Supple-
mentary Table 2). The following day, coverslips were washed
thoroughly with 1 x PBS and incubated in the dark for 45
minutes at room temperature with species-appropriate Alexa
Fluor-conjugated secondary antibodies, either Alexa Fluor 488
(#A11001) or Alexa Fluor 647 (#A21235) from Invitrogen, at a
dilution of 1:2000. After secondary antibody incubation, cells
were washed three times with PBS and counterstained with DAPI
to visualize nuclei. Coverslips were mounted onto glass slides us-
ing ProLong Gold Antifade Reagent (Thermo Fisher) and sealed.
High-resolution fluorescence images were captured using a Leica
Stellaris 8 Falcon STED super-resolution confocal microscope
(Germany) equipped with a 100 x oil immersion objective. For
quantitative analysis, five randomly selected fields per coverslip
were imaged, and fluorescence intensity was quantified using Im-
age] (NIH) following background subtraction. Mean fluores-
cence intensity was measured on a per-cell basis, normalized to
the control group, and averaged across three independent biolo-
gical experiments to ensure reproducibility.

Glycolysis stress test
Glycolytic function in RAW264.7 macrophages was assessed us-
ing the Seahorse XF Glycolysis Stress Test Kit (#103020-100,
Agilent Technologies) following the manufacturer’s protocol.
Cells were seeded at a density of 25,000 cells per well in XF96
cell culture microplates and allowed to adhere overnight. Before
the assay, cells were treated with experimental compounds as re-
quired, then washed and incubated for 1 hour at 37 °C in a non-
CO, incubator with Seahorse XF assay medium - glucose-free
DMEM supplemented with 2 mM glutamine.

The assay measured extracellular acidification rate (ECAR) as
a proxy for glycolytic flux. This was done through sequential in-
jections of: D-glucose (10 mM) to initiate glycolysis, Oligomy-
cin A (1 pM) to inhibit ATP synthase and force cells to rely
solely on glycolysis for energy, thereby revealing glycolytic ca-
pacity, and 2-deoxy-D-glucose (2-DG, 50 mM), a glucose analog
that inhibits glycolysis, to assess non-glycolytic acidification. The
doses of oligomycin were chosen based on prior dose—response
optimization (range tested: 0.125-2 pM), and the minimum dose
that achieved a maximal ECAR response was selected for this
study. ECAR values obtained from the Seahorse XF glycolysis
stress test was normalized per well based on cell number (25,000
cells per well) to account for differences in cell density across
conditions. The assay was designed to capture key glycolytic

parameters as follows: Basal glycolysis = ECAR after glucose in-
jection — ECAR after 2-DG. Glycolytic capacity = ECAR after
oligomycin injection — ECAR after 2-DG. Glycolytic reserve =
ECAR after oligomycin — ECAR after glucose. After completing
the assay, the protein content in each well was quantified using a
bicinchoninic acid (BCA) protein assay, and the ECAR values
were normalized accordingly. All data were analyzed using the
Seahorse Wave software version 2.6.1 (Agilent Technologies).

Statistical analysis

All experiments were performed in triplicate (n = 3), and data
were presented as mean + standard deviation (SD). Statistical
comparisons between groups were performed using one-way AN-
OVA, followed by Tukey's multiple comparison test using
GraphPad Prism 9 software. A p-value of <0.05 was considered
statistically significant.

Results

Effect of reduced KLF2 on autophagy and mitophagy-re-
lated gene expressions during FC formation

To evaluate the role of KLF2 in regulating autophagy and mito-
phagy during FC formation, we measured mRNA levels of auto-
phagy-related genes such as ATGS, ATG7, Beclinl (BECN), and
microtubule-associated protein 1 light chain 3 beta (LC3B), as
well as mitochondrial fission such as dynamin-related protein 1
(Drpl) and Fisl, and mitophagy-related genes (Parkin, and
Pink1l) in RAW264.7 cells. These proteins are essential for de-
tecting, isolating, and removing damaged mitochondria. GGPP
further reduced the expression of most autophagy and mitophagy
markers, including Beclinl, LC3B, Parkin, and Pink1, whereas
DRP1 expression remained unchanged (Fig. 1). Notably, co-treat-
ment with the KLF2 inhibitor GGPP caused a further reduction in
the expression levels of most of the markers mentioned above
(P < 0.05), suggesting that KLF2 helps maintain mitochondrial
function during FC formation (Fig. 1).

Effect of induced KLF2 on autophagy and mitophagy-related
gene expressions during FC formation

To explore the effect of KLF2 activation, we added GGTI298 to
the myeloid cells during the formation of FCs. Results recapitu-
lated that the cells exposed to ox-LDL alone displayed signific-
ant suppression of autophagy and mitophagy-related gene expres-
sions. However, after the addition of GGTI298, we found that the
significantly increased (P < 0.05) the transcript levels of ATGS,
ATG7, Beclinl, LC3B, Drpl, Fisl, Parkin, and Pinkl compared
to the ox-LDL-added cells (Fig. 2). These results suggest that the
activation of KLF2 can reestablish disrupted mitochondrial main-
tenance mechanisms and support cellular responses, reinforcing its
protective function in limiting foam cell-associated dysfunction.

Effect of reduced KLF2 on autophagy-related markers dur-
ing FC formation

To assess the impact of KLF2 on autophagic activity during FC
formation, we conducted immunocytochemical analysis to meas-
ure the levels of key autophagy markers, such as Atg5, Atg7, Be-

56 Diseases & Research, 2026, vol. 6: 53-64


https://dr.clintile.com/article/exportSupplementary?id=a986f3e0-dca5-40ea-8767-52185ad66f11&pageType=en
https://dr.clintile.com/article/exportSupplementary?id=a986f3e0-dca5-40ea-8767-52185ad66f11&pageType=en

Diseases & Research

C ATG5 C ATG7 c Beclin1 . LC3B
o

S 42 IP<00sllP<00sl 812 lP<0.0sllP<00sl %12 lP<0.05llP<00sl 8412 [P<0.05P<005

§1-0 21.0 ‘::;1.0 §1.0

%08 $o08 308 X08

§ 0.6 § 0.6 £06 g 0.6

< 04 < 0.4 & 04 2 0.4

202 202 202 202

3 0% $ 0% § ol g 0L

00 )(O C)o Xo 00 )(o OO Xo

& & &L &

c DRP1 Fis1 c Parkin C Pink1

2127 P<o0sll Ns | 812 P<oosllP<o0sl 242 [P<ooslP<oosl 2 4lp<oosliP<00s

8 210 o 3

5 1.0 g_ 5 5 3

o 0.8 % 0.8 o 0.8 P

$ 0.6 g 0.6 3 <2

& iy 5 <

3 0.4 0.4 ¢ 04 T

o o 1

202 202 2 2

3 0—% 2 § 08 p T oM 2 Sol e

R S O @ g @ e g @ ¢ g

P Xo P x(g cP ng P XO

& & & &

Fig. 1. Suppression of KLF2 further decreased autophagy and mitophagy-related gene expressions.

Gene expression analysis by qRT-PCR showing the fold changes of ATGS ( ~ 0.65-fold), ATG7 ( ~ 0.52-fold), Beclinl ( ~ 0.68-fold), LC3B ( ~ 0.74-fold), Drp1 ( ~ 0.60-fold),
Fisl ( ~ 0.57-fold), Parkin ( ~ 0.48-fold), and Pink1 ( ~ 3.5-fold) in oxLDL-treated RAW264.7 macrophages + GGPP (KLF2 downregulation). Values are normalized to control
(1.0). Data are expressed as mean + SEM of three independent experiments (n = 3), each in triplicate. Statistical significance was assessed by one-way ANOVA with Tukey's
post hoc test.
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Fig. 2. Induction of KLF2 elevated autophagy and mitophagy-related gene expressions.

Quantitative RT-PCR analysis was performed to evaluate gene expression changes in RAW264.7 cells during foam cell formation induced by ox-LDL in the presence of GGTI-
298. Treatment with GGTI-298 upregulated autophagy-related genes (ATGS5: 2.1-fold; ATG7: 1.8-fold; Beclinl: 1.6-fold; LC3B: 2.3-fold), mitochondrial fission markers
(Drpl: 1.5-fold; Fisl: 1.4-fold), and mitophagy-related genes (Parkin: 3.2-fold; Pink1: 3.9-fold), compared to ox-LDL-only treatment. Data represent mean + SEM from three
independent experiments (n = 3), with statistical analysis performed using one-way ANOVA followed by Tukey’s post hoc test (P < 0.05).
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clinl, and LC3B, in RAW264.7 cells. Cells treated with ox-LDL
for FC differentiation showed a significant decrease in fluores-
cence intensity for all four autophagy marker proteins (P < 0.05)
compared to untreated controls, indicating impaired autophagic
flux. This impairment may lead to the buildup of damaged organ-
elles and lipids, promoting FC development. Notably, co-treat-
ment with GGPP intensified the reduction in autophagy maker

Control FC

FC + GGPP
/

levels (P < 0.05) (Fig. 3). The more pronounced downregulation
with GGPP suggests that endogenous KLF2 helps protect auto-
phagy-related proteins. This suppression of autophagy could im-
pair the cell’s ability to clear lipid droplets and dysfunctional mi-
tochondria, fostering lipid overload, increasing oxidative stress,
and ultimately causing dysfunction in myeloid cells, which are
hallmarks of early plaque formation.

ATG5
['P<0.05!'P<0.05

ATG7
[1P<0.051P<0.05

- a
-
N

Mean fluorescence intensity
Mean fluorescence intensity

Beclin1 LC3B
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=N

O =~ NWHMOOO N

Mean fluorescence intensity
Mean fluorescence intensity

Fig. 3. Suppression of KLF2 further decreased the fluorescence intensity of the autophagy-related molecules.

Confocal microscopy images and quantitative fluorescence intensity were performed for autophagy markers, including ATGS, ATG7, Beclinl, and LC3B. Ox-LDL-induced
foam cell formation is associated with reduced fluorescence intensity of ATGS, ATG7, Beclinl, and LC3B compared with control cells. GGPP treatment further decreases the
relative fluorescence intensity of these autophagy-related markers under FC conditions and may indirectly influence KLF2-dependent pathways. Representative images were
shown, and data were represented as mean + SEM from three independent experiments with 1 x 10° cell numbers. Statistical significance was determined using one-way AN-

OVA followed by Tukey’s post hoc test.

Effect of induced KLF2 on fluorescence intensity of auto-
phagy-related molecules during FC formation

To determine whether activation of KLF2 can counteract the sup-
pression of autophagy during FC formation, we examined the
protein levels of ATGS, ATG7, BECLIN1, and LC3Bin
RAW264.7 cells after adding GGTI298 to the myeloid cells. We
observed that the addition of GGTI298 caused a significant in-
crease (P < 0.05) in the protein expression levels of all four auto-
phagy markers compared to FCs alone, as shown by enhanced
fluorescence signals (Fig. 4). This restoration indicates that KLF2
activation not only restores autophagic capacity but also en-
hances the cells’ ability to handle intracellular lipid load and re-
move damaged cytoplasmic components. The upregulation of
LC3B, a key autophagosome formation marker, suggests a reviv-
al of autophagy, while the increase in Beclinl, an essential regu-
lator of autophagosome initiation, highlights a coordinated react-
ivation of the autophagy machinery at the marker level (Fig. 4).
These findings support the idea that KLF2 acts as a transcription-
al regulator of autophagy-related genes, and activating KLF2
through GGTI298 may help maintain myeloid cell homeostasis.

Effect of decreased KLF2 activity on mitophagy-related mo-
lecule expression during FC formation

We further examined the expression levels of mitophagy-related
marker proteins, including DRP1, FIS1, PARKIN, and PINK1, in
RAW264.7 cells under foam cell-inducing conditions. We found
that the exposure to ox-LDL alone led to a substantial reduction
(P < 0.05) in the levels of these key mitophagy regulators
(Fig. 5), suggesting a potential suppression of mitophagy and mi-
tochondrial turnover. When KLF2 was inhibited using GGPP,
this decline in the expression was further exacerbated (P < 0.05),
highlighting a deeper disruption in mitochondrial function. The
diminished expression of PARKIN and PINKIpoints to an im-
paired mitochondrial damage-sensing and clearance pathway,
which can result in the accumulation of dysfunctional mitochon-
dria and increased ROS production®®*”. Similarly, downregula-
tion of DRP1 and FIS1suggests defective mitochondrial fission, a
prerequisite for mitophagy"”. These findings emphasize the es-
sential role of KLF2 in sustaining mitochondrial integrity in my-
eloid cells by regulating gene expression and translating it to pro-
teins that engage in the regulation of mitophagy.

58 Diseases & Research, 2026, vol. 6: 53-64



Diseases & Research

Control FC FC + GGTI298 ? ATG5 % ATG7
18 P<005][P<005 & 16 [P<0051[P<0.05
£16 €14
814 g 12
212 210
© 10 o) 8
O 8 o
(] » 6
L 6 o
c 4 c 4
2 2 2 2
g 0 O > & 0 A O o)

o ) O o)
= 000\& ¢ & 2 006\« ¢ K
© )
x x
& &
= 2
[ Beclin1 2 LC3B
%15 p<oosllp<oosl & 20 p <005 MP<0.05]
é é 16
e 8 < 12
[0] 6 o
? 3 8
o 4 o
ER S 4
5 ° O © & 0 O »
O ) e
§ 0 eFl @ Cg
O 00 &
x x
&L &

Fig. 4. Induction of KLF2 increased fluorescence intensity of autophagy-related molecules.

Confocal microscopy images and quantitative fluorescence intensity were performed for autophagy markers, including ATGS, ATG7, BECLINI, and LC3B, and shown as im-
ages and graphically during FC formation with ox-LDL in the presence of GGTI298. Representative images were shown, and data were represented as mean + SEM from three
independent experiments with 1*¥10"5 cell numbers. Brackets indicate pairwise comparisons between Control vs FC and FC vs FC + GGTI298, with P < 0.05 considered statist-
ically significant. Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test.
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Fig. 5. Decreased KLF2 further reduced fluorescence of mitophagy-related molecules.

Confocal images were acquired from RAW264.7 macrophages using a confocal laser-scanning microscope equipped with a 100 x oil-immersion objective. Autophagy/mito-
phagy-related molecules were visualized in red, nuclei were counterstained with DAPI (blue), and all images were captured using identical acquisition settings across experi-
mental groups. Scale bar = 20 pm. Confocal microscopy images were acquired, and fluorescence intensities quantified for mitochondrial fission (DRP1 and FIS1), and mito-
phagy markers, includingPARKIN and PINK1, and shown as images and graphically during FC formation with ox-LDL in the presence of GGPP. Representative images were
shown, and data were represented as mean + SEM from three independent experiments. The measurements were obtained from multiple randomly selected fields and cells per
condition. Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test.
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Effect of increased KLF2 on autophagy-related molecules
during FC formation

To determine whether enhancing KLF2 activity could reverse mi-
tophagy suppression, we added GGTI298 to the ox-LDL-chal-
lenged RAW264.7 cells, and examined the expression of DRPI,
FIS1, PARKIN, and PINK1levels using confocal microscopy and
evaluated the staining intensity. Immunocytochemical analysis
revealed a significant restoration (P < 0.05) in the levels of all
four proteins compared to the ox-LDL-added cells (Fig. 6). In
many cases, the levels returned to those observed in untreated
control macrophages, indicating that KLF2 activation reinitiates
the mitophagy pathway. The re-expression of Pinkl and Parkin

FC FC + GGPP

Control

Mean fluorescence intensity

Mean fluorescence intensity

implies a revival of mitochondrial damage recognition and clear-
ance mechanisms, while the increased levels of DRP1 and
FIS1suggest restoration of mitochondrial fission necessary for
mitophagic vesicle formation®™”.. These changes support the hypo-
thesis that KLF2 directly or indirectly enhances transcription
and/or translation of genes critical for mitochondrial surveillance
and autophagy. Altogether, this evidence positions KLF2 as a
central regulator of myeloid cell resilience against lipid-induced
mitochondrial dysfunction, offering therapeutic value in early-
stage management of FC development, which is the causal factor
for atherosclerosis development by preserving mitochondrial dy-
namics and preventing pro-inflammatory activation.
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Fig. 6. Increased KLF2 enhanced fluorescence of mitophagy-related molecules.

Confocal images were acquired from RAW264.7 macrophages using a confocal laser-scanning microscope equipped with a high-magnification objective. Target proteins were
visualized in red, and nuclei were counterstained with DAPI (blue). All images were captured using identical acquisition settings, including exposure and thresholding, across
experimental groups. Scale bar = 20 pm. Confocal images were acquired, and fluorescence intensities quantified for mitochondrial fission (DRP1 and FIS1), and mitophagy
markers, including PARKIN and PINK1, and shown as images and graphically during FC formation with oxidized low-density lipoprotein (ox-LDL) in the presence of
GGTI298. Data are presented as mean + SEM. Statistical significance was assessed using one-way ANOVA followed by Tukey’s multiple-comparisons post hoc test, with
brackets indicating the specific pairwise comparisons between Control vs FC and FC vs FC + GGTI-298. A value of P < 0.05 was considered statistically significant.

Effect of decreased KLF2 on glycolytic parameters during ox-
LDL-induced FC formation

To assess the role of KLF2 in glycolytic metabolism during FC
development, initially, we have inhibited KLF2 levels after
adding GGPP during FC formation of RAW264.7 cells, and
measured the key parameters of glycolysis, such as non-glycolyt-
ic acidification, basal glycolysis, glycolytic capacity, and glyco-
lytic reserve using flux analysis. Results show that the FC forma-
tion after the addition of oxidized LDL (ox-LDL) to the myeloid
cells significantly elevated all four parameters; this metabolic re-
programming was further amplified in myeloid cells after the ad-
dition of GGPP to the culture, suggesting that the inhibition of
KLF2 intensifies the glycolytic flux (Fig. 7). These results indic-
ate that a metabolic shift toward increased glycolytic activity is
associated with FC formation.

60

Effect of increased KLF2 on glycolytic mitochondrial func-
tion during FC formation

To assess the role of KLF2 in glycolytic metabolism during FC
development, we next activated the KLF2 levels after adding
GGTI298 during FC formation of RAW264.7 cells, and meas-
ured the key parameters of glycolysis, such as non-glycolytic
acidification, basal glycolysis, glycolytic capacity, and glycolytic
reserve using flux analysis. In contrast, activation of KLF2 after
the addition of GGTI298 to the culture markedly suppressed
these glycolytic responses (Fig. 8). These exhibited reduced
levels of glycolytic activity, in some cases approaching or falling
below those observed in untreated control cells. These findings
highlight the regulatory function of KLF2 in maintaining meta-
bolic balance during FC formation by limiting excessive glyco-
lysis, which is commonly associated with pro-inflammatory po-
larization of myeloid cells and the progression of FC formation.
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Fig. 7. Decreased KLF2 further increased the glycolysis functions in myeloid cells during FC formation.
A Seahorse XF glycolysis stress test was performed in RAW264.7 macrophages undergoing ox-LDL—induced foam cell formation with or without GGPP. Brackets on the bar
graphs explicitly indicate the pairwise comparisons tested (e.g., Control vs FC; FC vs FC + GGPP), and "NS" is defined as not statistically significant. Data are presented as

mean + SEM, and statistical significance was determined using one-way ANOVA with Tukey’s multiple-comparisons test."
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Fig. 8. Increased KLF2 reduced the glycolysis functions in myeloid cells during FC formation.
Seahorse analysis was performed in RAW264.7 cells during the FC formation with ox-LDL in the presence of GGTI298, and data were presented in graphical form. Brackets

on the bar graphs now indicate the specific pairwise comparisons tested (Control vs FC; FC vs FC + GGTI298), P < 0.01 is defined as statistically significant, and "NS" is expli-
citly defined as not significant. Data represented as mean + SEM from three independent experiments. Statistical significance was determined using one-way ANOVA followed

by Tukey’s post hoc test.
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Discussion

Autophagy is a conserved catabolic process that involves the se-
questration of cytoplasmic components, including damaged pro-
teins and organelles, into autophagosomes, which subsequently
fuse with lysosomes for degradation and recycling. This pathway
is essential for maintaining intracellular homeostasis, particularly
under stress conditions such as nutrient deprivation, oxidative
stress, or lipid overload®™". A specialized form of autophagy, mi-
tophagy, specifically targets dysfunctional mitochondria for
clearance, and is crucial for preventing mitochondrial ROS accu-
mulation and preserving mitochondrial integrity”*.

Importantly, both autophagy and mitophagy intersect with
DNA damage response pathways. Cells encountering genotoxic
stress, such as double-strand breaks or oxidative lesions, activate
checkpoint kinases that not only halt cell cycle progression but
also initiate repair. Autophagy facilitates this process by remov-
ing cytosolic DNA fragments and damaged organelles that could
otherwise amplify inflammatory signals®™. In addition, mito-
phagy helps limit ROS-induced oxidative DNA damage by main-
taining healthy mitochondria. Proteins such as PINK1 and Parkin
are critical to this process; PINK1 accumulates on the outer mem-
brane of depolarized mitochondria, recruiting Parkin, which ubi-
quitinates mitochondrial proteins to target them for autophagic
degradation®. Therefore, both autophagy and mitophagy serve
as frontline mechanisms in preventing genotoxic stress and pro-
moting genomic stability.

Moreover, our study sheds light on the underappreciated role
of KLF2 in regulating autophagy and mitophagy. It was previ-
ously shown that KLLF2 plays a critical role in osteoclastic differ-
entiation of myeloid cells™*. However, it was not known
whether KLF2 is involved in regulating autophagy and mito-
phagy during FC formation of myeloid cells. Herein, we showed
that ox-LDL significantly downregulated the expression of key
autophagy-related genes such as ATGS, Beclinl, and LC3B, as
well as mitophagy markers like Pinkl and Parkin. Our findings
are in agreement with the previous report, showing that impaired
autophagic flux contributes to lipid accumulation and inflamma-
tion in FCs'. We further showed that the direct involvement of
KLF2 studied both loss-of-function and gain-of-function ap-
proaches. Our study showed that the inhibition of KLF2 exacer-
bated these inhibitory effects of autophagic and mitophagic mo-
lecules, while activation of KLF2 restored autophagy and mito-
phagy markers to near-control levels. These results are in parallel
to previous findings, which demonstrated that KLF2 activation
enhances autophagic responses in vascular smooth muscle
cells!™. At the molecular level, our immunocytochemical ana-
lyses confirmed and established these trends, showing that KLF2
activation re-established the expression of both early and late
autophagy marker molecules that can be functional for repairing
the stress-mediated cellular damage. Restoration of Pinkl and
Parkin suggests that KLF2 also might play a critical role in pre-
venting mitochondrial dysfunction and excessive ROS produc-
tion by facilitating mitophagy. Previous study emphasized the im-
portance of Pinkl1 stabilization in marking depolarized mitochon-
dria for degradation, a process that, if disrupted, contributes to
cellular oxidative stress and damage™.

In addition to autophagy and mitophagy, we have studied the
mitochondrial function, as it is known that FC formation from

monocytes upon prolonged exposure to ox-LDL undergoes a
metabolic shift from oxidative phosphorylation to aerobic glyco-
lysis, a phenomenon reminiscent of the "Warburg effect" typic-
ally seen in activated immune cells””. This shift requires rapid
generation of ATP and expression of pro-inflammatory genes but
compromises mitochondrial function, disrupts redox homeostasis,
and hampers cellular repair mechanisms. We observed that ox-
LDL exposure markedly increased glycolytic flux, including el-
evated basal glycolysis and glycolytic reserve. Interestingly,
when KLF2 expression was inhibited, this cellular glycolytic
function was exacerbated, whereas activation of KLF2 signific-
antly reversed these effects. These observations are in agreement
with previous studies, where it was demonstrated that transcrip-
tional control plays a critical role in metabolic reprogramming of
inflammatory myeloid cells®®. Our data suggest that KLF2 acts
as a negative transcriptional regulator of pro-atherogenic glyco-
lysis, promoting an active quiescent metabolic profile in myeloid
cells under the condition of elevated oxidative stress.

The interplay between autophagy/mitophagy and glycolysis is
increasingly recognized as a fundamental component of cellular
adaptation to stress. Excessive glycolysis, driven by inflammat-
ory stimuli, can lead to mitochondrial dysfunction and elevated
ROS production™. These ROS, in turn, can damage mitochondri-
al DNA, lipids, and proteins, perpetuating a cycle of oxidative
stress. Under normal circumstances, mitophagy would clear such
damaged mitochondria; however, glycolysis-induced inhibition
of autophagy-related gene expression may impair this feedback
control, contributing to mitochondrial and cellular dysfunction!”.
Our findings show that KLF2 serves as a metabolic checkpoint
that suppresses glycolysis while simultaneously promoting auto-
phagy and mitophagy, thus maintaining normal mitochondrial
function and preventing ROS-induced damage.

Furthermore, emerging evidence indicates a bidirectional rela-
tionship between glycolysis and autophagy that plays a critical
role in FC formation. Notably, enhanced glycolytic activity has
been shown to suppress autophagy, thereby contributing to FC
formation. It was shown that the inhibition of glycolysis using
3PO reduces intracellular levels of fructose 2,6-bisphosphate and
attenuates coronary artery plaque formation in mice, while also
improving cardiac function by downregulating the NF-«B/TNF-a
signaling pathway and decreasing autophagy/mitophagy™”,
which supports our hypothesis. These findings support the notion
that aberrant glucose metabolism can directly inhibit autophagic
processes, thereby exacerbating vascular inflammation and
plaque development. KLF2 thus serves as a crucial integrator of
autophagic pathways and metabolic activities in myeloid cell
lines, shaping their mitochondrial integrity and function during
FC formation.

Our findings highlight that KLF2 directly influences the auto-
phagic machinery by modulating the expression of Beclinl and
LC3B. Beclinl is a central initiator of autophagosome nucleation
through the PI3K class III complex, while LC3B is required for
membrane elongation and autophagosome maturation. In the
presence of ox-LDL, both Beclinl and LC3B were significantly
suppressed, consistent with impaired autophagic flux observed
during foam cell formation. Notably, KLF2 inhibition with GGPP
further exacerbated this suppression, while KLF2 activation with
GGTI-298 restored Beclinl and LC3B expression to near-control
levels. This axis is consistent with previous reports showing that
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KLF2 transcriptionally upregulates Beclinl and LC3B in vascu-
lar and stem cell contexts, thereby maintaining cellular homeo-
stasis under metabolic stress™*"\. Our data extend these observa-
tions into macrophage foam cells, providing evidence that KLF2
regulates the Beclinl-LC3B pathway as part of its protective role
in maintaining autophagic flux and mitochondrial quality control
during early atherosclerosis. Together, these results position
KLF2 as a central transcriptional checkpoint integrating inflam-
matory signals, autophagy regulation, and mitochondrial health.
These results expand upon earlier demonstrations of KLF2 as
an anti-inflammatory and vasoprotective regulator. For instance,
it was shown that KLF2 is a critical flow-responsive gene that
confers endothelial protection by regulating thrombomodulin and
eNOS expression™®. Our data now suggest that KLF2 exerts a
similar regulatory function in myeloid cells during FC formation
by integrating autophagic, mitochondrial signals, and metabolic
functions, which is in agreement with the previous report™*..

Conclusion

In conclusion, this study positions KLF2 as a master regulator
that coordinates anti-inflammatory metabolic programming, auto-
phagic flux, and controls mitochondrial function during FC form-
ation. Given its multifaceted role, therapeutic strategies aimed at
enhancing KLF2 activity, either directly through small molecules,
such as GGTI298, or indirectly via epigenetic modulation, could
offer promising avenues for early intervention during FC forma-
tion, which is a critical early event for the pathogenesis of athero-
sclerosis.
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