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ABSTRACT

Lipid droplets (LDs) serve as dynamic organelles central to
host immune response and bacterial infection resistance
by recruiting multiple proteins and peptides with
established antiviral and antibacterial properties. Although
macrophage polarization is integral to both innate immunity
and lipid homeostasis, the regulatory influence of LDs on
this process remains unclear. In this study, augmentation
of LDs via oleic acid (OA) treatment attenuated M1
polarization in RAW264.7 macrophages. Given that LD
budding is mediated by fat storage-inducing
transmembrane protein 2 (FIT2) encoded by FITM2,
transcriptomic  analysis following FI/TM2 knockdown
revealed suppressed expression of fatty acid-binding
protein 5 (FABPS5), a lipid-binding protein that further
modulated LD abundance. Both FIT2 and FABPS were
found to regulate LD content and collectively contributed to
inhibition of M1 macrophage polarization. This shift
impaired macrophage capacity to mount effective
antibacterial responses. These findings identify a
coordinated role for LDs and FABPS5 in modulating M1
macrophage polarization, establishing a mechanistic link
between lipid metabolism and innate host defense against
bacterial infection.
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INTRODUCTION

Lipid droplets (LDs) are dynamic globular organelles that bud
from the endoplasmic reticulum and undergo growth and
maturation (Walther et al., 2017; Zechner et al., 2012). Beyond
their classical roles in lipid storage, metabolic regulation, and
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intracellular trafficking, LDs contribute to signal transduction
processes and immune modulation (Olzmann & Carvalho,
2019; Zhang et al., 2017). LDs function as metabolic reservoirs
exploited by intracellular pathogens but also act as
immunological platforms that orchestrate host antibacterial
responses (Bosch etal., 2020; Husler et al., 2023; Walther
etal.,, 2017). Given these opposing roles, elucidating the
regulatory function of LDs within pathogen-host interactions
remains a critical area of investigation.

Macrophage function is highly dependent on intrinsic cellular
metabolism (Yan & Horng, 2020). In response to environmental
cues, macrophages adopt polarized phenotypes along a
continuum, including classically activated M1 and alternatively
activated M2 states (Chen et al., 2020). Co-stimulation with
lipopolysaccharide (LPS) and interferon-y (IFN-y) drives M1
polarization, characterized by heightened proinflammatory
activity (Ivashkiv, 2013; Sica & Mantovani, 2012). Upon LPS
stimulation, fatty acid synthesis in macrophages is enhanced
through the induction of Toll-like receptor 4 (TLR4) and
reduction of NADPH biosynthesis, thereby promoting
inflammatory responses (Yan & Horng, 2020). Furthermore,
disruption of lipolytic pathways, such as loss of adipose
triglyceride lipase or its co-activator comparative gene
identification-58, attenuates the phagocytic capacity of
macrophages (Goeritzer et al., 2014). In contrast, persistent
M2 polarization contributes to chronic infection and promotes
cancer-associated immunosuppression (Noy & Pollard, 2014;
Russell etal., 2019). These context-dependent effects
underscore the therapeutic relevance of selectively modulating
macrophage polarization while minimizing detrimental
outcomes (Boutilier & Elsawa, 2021). For instance, loss of
aconitate decarboxylase 1, a key enzyme in itaconate
synthesis, exacerbates M1 polarization and atherosclerosis in
myeloid cells, while treatment with 4-octyl itaconate suppresses
M1 polarization and alleviates disease progression via nuclear
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factor erythroid 2-related factor 2 (Nrf2) activation (Song et al.,
2023).

Fatty acid-binding protein 5 (FABP5) is a cytosolic lipid
chaperone closely linked to LD formation and maintenance
(Karanth et al., 2008). FABP5 binds to and transports free fatty
acids to intracellular regions for energy production and
biosynthetic metabolism (Furuhashi & Hotamisligil, 2008; Lee
et al., 2018a; O'Sullivan & Kaczocha, 2020). In acute myeloid
leukemia (AML) cells, FABPS5 sustains LD abundance, thereby
supporting cell viability and protecting against apoptosis (Liang
etal., 2023). In LPS-stimulated bone marrow-derived
macrophages, FABP5 deficiency results in intracellular
accumulation of unsaturated fatty acids, activation of AMP-
activated protein kinase, and suppression of the NF-«kB
signaling pathway, ultimately enhancing inflammatory
responses (Hou et al., 2022a). These findings indicate that
FABP5 influences immune regulation beyond its established
role in lipid transport and signaling.

M1 polarization of macrophages is essential for maintaining
cellular homeostasis in response to bacterial infection (Lumeng
et al., 2007). Although LDs are known to supply lipid precursors
required for the synthesis of inflammatory mediators, such as
phospholipids, eicosanoid-derived leukotrienes, and
prostaglandins (Yan & Horng, 2020), their regulatory effect on
macrophage polarization remains poorly defined. OA-driven
LDs are enriched in triacylglycerols and monounsaturated fatty
acids and are associated with the generation of anti-
inflammatory lipids that activate peroxisome proliferator-
activated receptor y (PPARY) and suppress NF-kB signaling,
promoting M2 polarization (Yan & Horng, 2020). In the context
of metabolically associated steatohepatitis (MASH), LDs
released from damaged hepatocytes initially serve as
inflammatory danger signals. However, prolonged exposure to
these LDs robustly attenuates proinflammatory signaling,
diminishing the stimulatory effects of LPS and IFN-y on cytokine
expression and NLRP3 inflammasome activation (Zhou et al.,
2025). Therefore, the intrinsic mechanisms by which LDs
influence macrophage polarization must be interpreted within
clearly defined environmental frameworks and contexts.

Fat storage-inducing transmembrane protein 2 (FIT2),
encoded by FITM2, promotes LD biogenesis through interaction
with the cytoskeletal protein Septin 7, facilitating the formation
of cytoplasmic ring-like structures on endoplasmic reticulum
tubules that enable LD budding (Chen et al., 2021; Kadereit
etal., 2008). To evaluate the role of LDs in macrophage
polarization, FITM2 knockdown was used to reduce LD
abundance and evaluate its impact on M1 activation.
Transcriptomic profiling revealed that LD depletion down-
regulated FABP5 expression, which, in turn, inhibited M1
polarization. Altered M1 polarization modulated the capacity of
macrophages to respond to pathogen infection. These findings
establish a regulatory axis involving FIT2-FABP5-LD that
influences macrophage inflammatory status and offer a
potential strategy for controlling pathogen susceptibility through
targeted modulation of lipid metabolism.

MATERIALS AND METHODS

Culture of bacterial strains and macrophage cells

All bacterial strains and plasmids used in this study are
presented in Supplementary Table S1, and the primers are
listed in Supplementary Table S2. Edwardsiella piscicida
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EIB202, Escherichia coliDH5a, and Salmonella enterica subsp.
enterica serovar Typhimurium SL1344 were cultured in Luria
Bertani (LB) medium at 30°C or 37°C. RAW264.7 macrophage
cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) at
37°C in a humidified incubator containing 5% CO,.

For M1 polarization, RAW264.7 cells were treated with
100 ng/mL LPS (Beyotime, ST1470, China) and 20 ng/mL IFN-
y (Beyotime, P5664, China) for 12 h. To assess the influence
of lipid accumulation, cells were exposed to 10 umol/L OA
(MCE, HY-N1446, China) during polarization.

RNA interference (siRNA) assay

RNA interference was performed using RNATransMate
transfection reagent (Sangon, E607402, China). Briefly, 10 pyL
of RNATransMate was added to 190 pL of Opti-MEM medium
(Thermo Fisher, 31985070, USA). Separately, 2 pyL (40 pmol)
of gene-specific siRNA (Sangon, China) (Supplementary Table
S2) was diluted in 200 yL of Opti-MEM and incubated for
10 min. The combined mixture was added to each well
containing 400 000 RAW264.7 cells.

RNA extraction and RT-qPCR analysis

To determine the mRNA level of corresponding macrophage
markers, total RNA was extracted from RAW264.7 cells using
an RNA isolation kit (BioFlux, BSC52M1, China) according to
the manufacturer's protocols. Reverse transcription was
conducted immediately using a FastKing RT kit (TRANSGEN
BIOTECH, S61204-V3, China) to synthesize cDNA. Three
independent RT-qPCR experiments were performed using the
Applied Biosystems 7500 Real-Time System (USA). Relative
transcript levels were determined using the comparative CT
method and normalized to B-actin as the internal reference
gene. All primers used for RT-gPCR are listed in Supplementary
Table S2.

RNA sequencing (RNA-seq) and transcriptome analysis
To evaluate transcriptomic changes, FITM2 expression was
silenced in RAW264.7 cells, followed by co-stimulation with
LPS and IFN-y for 12 h in both si-FITM2 and scrambled siRNA
control groups. Total RNA was extracted from ten million cells
and subjected to RNA-seq (Personalbio, China). High-quality
reads were aligned to the reference genome of the species,
and gene expression levels were quantified. Transcripts with
fragments per kilobase of transcript per million mapped reads
(FPKM) greater than 1 were retained for downstream analysis.
Fold changes were calculated by comparing FPKM values
across groups. Differential expression and enrichment analyses
were subsequently carried out based on these results.

Western blot (WB) analysis

To evaluate the expression of corresponding macrophage
markers, cell pellets were collected by centrifugation at 1 000
r/min for 5 min. Lysis buffer (YEASEN, 20315S05, China) and
double-distilled water were added to the pellets at a ratio of
1 mL lysis buffer per 1x107 cells. Lysates were boiled at 95°C
for 10 min, separated using 4%—20% polyacrylamide gradient
gels (Smart-Lifesciences, SLE019, China), and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore,
BM4AB8360A, USA). The membranes were then incubated in
10% skim milk prepared in phosphate-buffered saline (PBS)
containing 0.05% Tween-20 (PBST) for 2 h, followed by
incubation with primary antibodies in PBST for 2 h and
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secondary antibodies in PBST for 1.5 h. Antibodies against
TNF-a, Arg-1, and iNOS were used. B-actin served as the
internal control.

Enzyme-linked immunosorbent assay (ELISA)

Secretion levels of macrophage markers were assessed by
quantifying TNF-a and IL-6 in cell culture supernatants using
QuantiCyto® Mouse TNF-a (NeoBioscience, EMC102a.96,
China) and IL-6 ELISA kits (NeoBioscience, EMKC006.96,
China). Briefly, cell culture supernatants were collected and
centrifuged at 1 000 r/min for 5 min. Samples were diluted 10-
fold and added to blank wells (100 pL/well), then incubated at
37°C in a constant temperature incubator for 90 min. After
that, 100 pL of biotinylated antibody working solution, enzyme
conjugate working solution, substrate solution (TMB), and stop
solution were sequentially added. Optical density at 540 nm
(ODsy4g) was subsequently measured.

Neutral red staining and reactive oxygen species (ROS)
measurement

Lysosomal activity of the cells was assessed using a Neutral
Red Staining kit (Beyotime, C0037, China). Cells were cultured
in 96-well plates (200 uL/well), and 20 pL/well of neutral red
staining solution was added and incubated for 2 h. The cells
were washed twice with PBS, followed by the addition of 200
uL/well of neutral red detection lysate. Absorbance was
measured at 540 nm.

Intracellular ROS levels were measured using a ROS
detection kit (Beyotime, S0033S, China). 2'.7'-
Dichlorodihydrofluorescein diacetate (DCFH-DA) was first
diluted 1:1 000 in serum-free medium to a final concentration
of 10 ymol/L and added to the cells. After 20 min of incubation
at 37°C, cells were washed three times with PBS. Fluorescence
intensity was quantified via flow cytometry using FITC-A
absorbance.

Fluorescence microscopy

To assess LD abundance, RAW264.7 cells were cultivated in
24-well plates at a density of 1.0x10° cells/well. BODIPY™ FL
C16 (Thermo Fisher, D3821, USA) was added at a 1:1 000
dilution and incubated for 30 min. After two PBS washes, cells
were fixed in 4% paraformaldehyde for 15 min and stained with
4',6-diamidino-2-phenylindole (DAPI, Beyotime, C1005, China)
for 5 min. Images were taken using confocal microscopy (A1R,
Nikon, USA) and fluorescence intensity was determined using
ImageJ.

Bacterial infection assay

RAW?264.7 cells were cultivated in 6-well plates at a density of
1x10° cells/well and allowed to adhere overnight. Overnight
bacterial cultures were washed three times with PBS and used
to infect cells at a multiplicity of infection (MOI) of 10. After 2 h
of incubation, the cells were washed twice with PBS and then
exposed to a medium containing 1 000 pg/mL of gentamicin
for 15 min at 35°C to eliminate extracellular bacteria.

To quantify intracellular bacteria, the medium was aspirated,
and cells were washed twice with sterile PBS, then lysed in
0.5% Triton X-100 for 25 min at 35°C. Lysates were collected,
serially diluted in sterile PBS, and plated on agar plates for
colony counting. Colony-forming units were normalized to cell
numbers to evaluate intracellular bacterial proliferation.

Statistical analysis
Statistical analyses were performed using one-way or two-way

analysis of variance (ANOVA) in GraphPad Prism (v.9.5).
Differences were considered significant at "P<0.05, “P<0.01, ™
P<0.001, and ""P<0.001.

RESULTS

OA inhibits MO to M1 macrophage polarization

Given the established role of lipid metabolism in shaping
macrophage polarization and the capacity of OA to enhance
M2 macrophage polarization (Yan & Horng, 2020), the effect of
OA on M1 polarization was evaluated in RAW264.7 cells. Cells
were treated with 10 pmol/L OA in combination with 100 ng/mL
LPS and 20 ng/mL IFN-y for 12 h (Sica & Mantovani, 2012) to
assess potential modulation of M1 activation. Morphological
analysis revealed that LPS and IFN-y co-stimulation induced
pronounced M1-like features, whereas simultaneous OA
treatment visibly reduced the abundance of M1-polarized cells
(Figure 1A). RT-gPCR analysis showed marked up-regulation,
ranging from 4- to 20-fold, in transcripts encoding M1 markers
(IL-6, INOS, and TNF-a) following LPS and IFN-y stimulation,
accompanied by a suppression of the transcripts encoding M2
markers (CD206 and Arg-1) (Figure 1B). Co-treatment with OA
significantly attenuated the expression of M1 markers, while
partially restoring transcription of M2 markers (Figure 1B).
Consistent with transcriptomic changes, WB and ELISA
confirmed approximately 1.5-fold reductions in TNF-a and iNOS
protein expression and diminished secretion of TNF-a and IL-
6 in cells treated with OA, LPS, and IFN-y compared to cells
exposed to LPS and IFN-y alone. In contrast, Arg-1 protein
levels were partially restored (Figure 1C—E).

ROS, comprising oxygen-derived free radicals and peroxides,
play critical roles in macrophage polarization (Manoharan et al.,
2024). Flow cytometric analysis demonstrated elevated ROS
production in M1-polarized cells induced by LPS and IFN-y,
which was markedly suppressed by OA co-treatment
(Figure 1F). Similarly, intracellular lysosomal activity, a
reflection of macrophage polarization (Sergin et al., 2015), was
evaluated using neutral red staining. Results indicated that OA
treatment led to a notable reduction in lysosomal activity
compared to M1-polarized cells (Figure 1G). Together, these
results suggest that OA significantly impairs M1 polarization in
RAW?264.7 macrophages at both transcriptional and functional
levels.

Impaired LD formation
polarization
OA is a well-established inducer of LD accumulation, while
FIT2, an integral endoplasmic reticulum membrane protein,
governs LD budding and maturation (Chen et al., 2021). To
investigate the mechanistic link between LD biogenesis and
macrophage polarization, FITM2, encoding FIT2, was knocked
down in RAW264.7 cells using siRNA. RT-gPCR confirmed a
robust reduction in FITM2 transcript levels in the presence
of si-FITM2 (Figure 2A). Likewise, WB analysis of PLIN2, a
canonical marker of LD abundance (Griseti etal., 2024),
demonstrated markedly diminished PLIN2 expression,
indicating effective depletion of LDs in FITM2 knockdown cells
(Figure 2B). Confocal microscopy further corroborated the loss
of LD formation in FITM2 knockdown cells compared to those
transfected with scrambled siRNA (Figure 2C, D).

To assess the consequences of impaired LD formation on
macrophage polarization, transcript and protein levels of M1

promotes M1 macrophage
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Figure 1 OA inhibits M1 macrophage polarization.

A: Representative morphology of RAW264.7 cells treated with LPS, IFN-y, and OA for 12 h. Spindle-shaped cells indicate M1 macrophages. All
images shown are representative of at least five independent experiments. B: mMRNA expression of macrophage polarization markers influenced by
OA measured by RT-qPCR. B-actin was used as the internal control. C: Protein expression profiles of macrophage polarization markers measured
by western blot. D, E: Cytokine secretion levels of TNF-a and IL-6 measured by ELISA. F: Intracellular ROS levels determined by flow cytometry. G:

Lysosomal activity determined by neutral red dye staining. Data are presented as mean+SD. (n=3).

ns: Not significant, one-way ANOVA.
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1 P<0.1;": P<0.01; ™ P<0.001; "": P<0.0001;
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Figure 2 FITM2-mediated LD formation.

A: RT-gPCR analysis of FITM2 transcript levels in RAW264.7 cells transfected with si-FITM2 or si-scramble and treated with LPS, IFN-y, and OA.
B: Western blot analysis of PLIN2, a marker of LDs, with B-actin as the internal control. C: Confocal microscopy images showing LD formation in
FITM2 knockdown and control cells. D: Quantification of BODIPY-stained LD fluorescence intensity using Imaged. All images shown are
representative of at least three independent experiments. Data are presented as meanSD. (n=3). : P<0.1;": P<0.01; ™ P<0.001;™": P<0.0001;

ns: Not significant, two-way ANOVA.

and M2 markers were evaluated following stimulation with LPS
and IFN-y, with or without OA. FITM2 knockdown markedly
amplified M1 polarization, evidenced by a 10-fold increase in
TNF-a, iINOS, and IL-6 transcription levels and a 1.5-fold
decrease in CD206 and Arg-1 transcription levels in the LPS+
IFN-y and OA+LPS+IFN-y groups compared with control cells
(Figure 3A). Consistent with transcriptional changes, iNOS and
TNF-a protein levels were elevated in FITM2-silenced cells, as
confirmed by WB, while ELISA revealed significantly elevated
secretion of TNF-a and IL-6 (Figure 3B-D). Furthermore, flow
cytometry revealed elevated ROS levels and neutral red
staining demonstrated increased lysosomal activity in FITM2
knockdown cells compared to cells transfected with scrambled
siRNA (Figure 3E, F). These findings demonstrate that FITM2-
mediated LD biosynthesis inhibits M1 macrophage polarization.

RNA-seq reveals key LD-regulated genes involved in M1
macrophage polarization

To elucidate the transcriptional landscape underlying LD-
regulated macrophage polarization, RNA-seq was performed
on FITM2-silenced RAW264.7 cells co-stimulated with LPS and
IFN-y. Differentially expressed genes (DEGs) were defined by
a fold change greater than 2 or less than 0.5 and a P-value less
than 0.05. A total of 319 up-regulated and 202 down-regulated
DEGs were identified in FITM2 knockdown cells (Figure 4A;
Supplementary Table S3). Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analysis revealed
significant activation of immune-related signaling networks,
including the PI3K-Akt and MAPK signaling pathways, along
with enrichment in lipid metabolism and atherosclerosis-related
pathways (Figure 4B). Gene Ontology (GO) analysis
demonstrated enrichment in several immune-related pathways,
including immune system processes and multiple responses
to stress and stimuli (Figure 4C). Several LD-associated genes,
including FABP5, SCD2, and Hsd17b7, were among the
identified DEGs, alongside the targeted FITM2 gene itself. RT-
gPCR validation confirmed altered expression of these
transcripts in FITM2 knockdown cells (Figure 4D). Notably, OA
treatment mitigated the down-regulation of SCD2 and Hsd17b7
in the FITM2-silenced context, suggesting lipid-driven
compensatory effects. In contrast, SCD71 expression was up-
regulated in mock-transfected cells upon FITM2 knockdown.
Under combined stimulation with OA, LPS, and IFN-y, only
FABP5 expression patterns consistently aligned with RNA-seq
results, implicating FABP5 as a core LD-responsive gene
associated with M1 polarization.

FABP5 regulates LD abundance and M1 macrophage
polarization

To elucidate the role of FABP5 in M1 macrophage polarization,
FABP5 was knocked down in both wild-type and FITM2-
deficient RAW264.7 cells. Confocal microscopy revealed that

Zoological Research 46(5): 1175-1186,2025 1179
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Figure 3 Inhibition of LD formation by si-FITM2 enhances M1 macrophage polarization.

A: RT-gPCR analysis of M1 and M2 polarization marker transcripts in FITM2 knockdown and control cells. B: Western blot analysis of polarization-
related proteins, with B-actin as the internal control. C-D: ELISA quantification of TNF-a and IL-6 secretion. E: Flow cytometry analysis of
intracellular ROS levels under indicated treatments. F: Lysosomal activity assessed by neutral red dye staining. Data are presented as meanSD.
(n=3). " P<0.1;": P<0.01; ™": P<0.001;"": P<0.0001; ns: Not significant, two-way ANOVA.

FABPS5 knockdown significantly reduced LD abundance,
mirroring the effect of FITM2 silencing. Simultaneous
knockdown of FITM2 and FABP5 led to an even greater
depletion of LDs (Figure 5A, B). Morphological examination
further indicated an increase in M1-like cells in the dual
knockdown group relative to single knockdown or control
conditions (Figure 5C).

RT-qPCR was performed to quantify the transcripts of M1
markers (TNF-a, iINOS, and IL-6) and M2 markers (CD206
and Arg-1). Transcriptional profiling demonstrated that FABP5
knockdown up-regulated TNF-a, iNOS, and IL-6 while down-
regulating CD206 and Arg-1 (Figure 5D), consistent with
enhanced M1 polarization. These transcriptomic changes were
further amplified in cells transfected with both si-FITM2 and
si-FABP5. Both WB and ELISA confirmed the corresponding
increases in TNF-a and iNOS protein levels, as well as elevated
secretion of TNF-a and IL-6, with the highest levels observed
in the dual knockdown group (Figure 5E-G).

To assess the functional consequences of FABP5 loss,
intracellular ROS production and lysosomal activity were also
measured. Flow cytometric analysis revealed that FABPS
knockdown elevated ROS levels, and this effect was further
amplified in cells lacking both FITM2 and FABP5 (Figure 5H).
Similarly, neutral red staining revealed a parallel increase in
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lysosomal activity, with maximal enhancement in the co-
knockdown condition (Figure 5I). Together, these findings
indicate that FABP5 acts in concert with FIT2 and contributes
to LD-mediated inhibition of M1 macrophage polarization.

FABP5- and FIT2-mediated LD abundance modulates
macrophages antibacterial capacity

Given the established role of M1 polarization in host defense
and the involvement of LDs in antimicrobial responses
(lvashkiv, 2013; Lumeng et al., 2007; Mina et al., 2024), the
relationship between LD abundance, macrophage polarization,
and bacterial phagocytosis was investigated. RAW264.7 cells
were polarized toward an M1 phenotype using LPS and IFN-y,
followed by infection with Edwardsiella piscicida EIB202,
Salmonella enterica subsp. enterica serovar Typhimurium
SL1344, or Escherichia coli DH5a at an MOI of 10. Colony
formation  analysis demonstrated that M1-polarized
macrophages exhibited a 3—4-fold increase in intracellular killing
of E. piscicida and S. Typhimurium compared to non-polarized
controls (Figure 6A). In time-course assays, E. piscicida
replication steadily increased in unpolarized macrophages,
whereas bacterial loads remained consistently low in M1-
polarized cells (Figure 6B), indicating that M1 activation
enhances macrophage-mediated restriction of intracellular
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Figure 4 RNA-seq analysis identifies LD-regulated genes involved in M1 macrophage polarization.

A: RNA-seq was performed on FITM2 knockdown and mock-transfected RAW264.7 cells after 12 h of treatment with LPS and IFN-y. Differentially
expressed genes (DEGs) were determined based on fold change >2 or <0.5 and P<0.05. B: KEGG pathway analysis of DEGs. C: Gene Ontology
(GO) enrichment analysis of DEGs. D: RT-qPCR validation of FABP5, Hsd17b7, SCD1, and SCD2 transcript levels in FITM2 knockdown and mock
cells treated with LPS, IFN-y, and OA. Data are presented as meanzSD. (n=3). : P<0.1;"": P<0.01; ™": P<0.001; ™": P<0.0001; ns: Not significant,

two-way ANOVA.

pathogens. To assess LD dynamics during infection and
polarization, LD abundance was quantified in macrophages
stimulated with LPS and IFN-y, and in wild-type cells infected
with S. Typhimurium, E. coli, and E. piscicida (Figure 6C, D).
Confocal microscopy revealed that LD levels increased
following infection with S. Typhimurium and E. piscicida,
whereas E. coli infection resulted in reduced LD content,
suggesting pathogen-specific modulation of host lipid storage
pathways.

To assess how LD accumulation affects macrophage
bactericidal function, cells were treated with OA in combination
with LPS and IFN-y, followed by E. piscicida infection.
Compared to LPS and IFN-y treatment alone, OA co-treatment
led to increased intracellular bacterial survival, suggesting that
elevated LD levels may impair the phagocytic capacity of M1
macrophages (Figure 6E). To determine whether LD-
associated proteins contribute to this effect, FITM2 and FABP5
were knocked down individually and in combination. Co-

knockdown of FITM2 and FABPS5 resulted in the greatest
suppression of E. piscicida colonization (Figure 6F).

To further validate these findings, RAW264.7 macrophages
were infected with mCherry-expressing E. piscicida, and
bacterial colonization was assessed by fluorescence
microscopy. Fluorescence intensity, serving as a proxy for
viable intracellular bacteria, was inversely correlated with the
degree of M1 polarization. In wild-type cells, LPS+IFN-y
treatment significantly reduced bacterial burden, whereas co-
treatment with OA partially abolished this effect (Figure 6G).
Moreover, in contrast to scrambled siRNA controls, co-
knockdown of FITM2 and FABP5 led to near-complete
clearance of E. piscicida (Figure 6H). Morphological analysis
further showed that round-shaped macrophages, indicative of
non-polarized or weakly polarized macrophages, exhibited
stronger fluorescence signals than spindle-shaped M1-
polarized cells. These findings indicate that M1 polarization
enhances intracellular bacterial clearance, while LD
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secreted TNF-a and IL-6. H: Intracellular ROS levels assessed by flow cytometry. I: Lysosomal activity evaluated by neutral red dye staining. All
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bacterial load was normalized to cell number. C: Confocal microscopy images of LD abundance in E. piscicida-infected RAW264.7 cells. D:
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accumulation mediated by FIT2 and FABPS inhibits this process
by suppressing M1 polarization.

DISCUSSION

Macrophage function is largely dependent on its own cellular
metabolism (O'Neill etal., 2016). Macrophages, as innate
immune cells, undergo phenotypic polarization in response to
microenvironmental stimuli and thus fulfill specific functions. In
the present study, OA treatment markedly increased LD
abundance while suppressing M1 polarization in RAW264.7
cells. Transcriptomic profiing of FITM2 knockdown cells
identified FABP5 as a downstream effector of LD biosynthesis-
mediated immunomodulation. Impaired M1 polarization, driven
by FIT2- and FABP5-dependent LD accumulation,
corresponded with reduced intracellular killing of E. piscicida
and S. Typhimurium, highlighting a metabolic mechanism that
compromises macrophage resistance to pathogens.

Proinflammatory M1 polarization has been shown to induce
lipid synthesis and LD accumulation in macrophages to facilitate
defense against bacterial infection. Enhanced lipid synthesis
supports the connection between the actin cytoskeletal network
and plasma membrane, thereby enhancing phagocytosis (Lee
etal, 2018b). Lipid remodeling also amplifies cytokine
production and secretion, contributing to a robust inflammatory
response (Yan & Horng, 2020). In addition, macrophages
increase phosphatidylcholine synthesis during infection,
activating the NLRP3 inflammasome pathway and inducing IL-
18 and IL-18 production to promote host defense (Sanchez-
Lopez et al., 2019).

However, LDs also serve as intracellular nutrient stores that
can be exploited by pathogens to enhance their resilience
against stressful environments (Husler etal.,, 2023). As
immunometabolic hubs, LDs defend against pathogenic
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bacteria, responding to signals by reprogramming cell
metabolism and eliciting protein-mediated antimicrobial
mechanisms (Bosch et al., 2020). Given the role of FABPS5 in
LD metabolism, its contribution to pathogen resistance was
further investigated. FABPS deficiency in macrophages has
been shown to increase IL-4-driven M2 polarization,
accompanied by elevated intracellular levels of unsaturated
long-chain fatty acids and enhanced fatty acid B-oxidation,
tricarboxylic acid (TCA) cycle flux, and oxidative
phosphorylation (Hou etal.,, 2022b). This metabolic shift
supports an M2-like phenotype, in contrast to the glycolytic
metabolism characteristic of M1 macrophages, which rely on
aerobic glycolysis, increased glucose and glutamine uptake,
and accumulation of citrate and succinate due to a disrupted
TCA cycle (Viola et al., 2019; Yan and Horng, 2020). These
findings underscore a functional interplay between FABP5 and
LD dynamics in regulating macrophage polarization.

In the context of LPS and IFN-y stimulation, FITM2
knockdown altered the expression of numerous immune-
associated pathways, including those involved in the MAPK,
TGF-B, and TNF signaling pathways, all of which are
implicated in M1 polarization dynamics (Jung etal., 2019).
MAPK pathway components such as ERK, p38, and JNK
modulate transcriptional activity of inflammatory regulators
including NF-kB (Huang et al., 2019), while TNF-a and TGF-8
serve as canonical indicators of M1 and M2 states,
respectively. The findings presented here support a model in
which LPS stimulation promotes fatty acid synthesis and FIT2-
dependent LD formation. This LD expansion promotes FABP5
transcription, which, in turn, reinforces LD biogenesis,
constituting a positive feedback loop. The resulting LD
accumulation attenuates M1 polarization and reduces
macrophage antibacterial activity (Figure 7). Collectively, the

Intracellular pathogen
e.g. S. Typhimurium, E. piscicida
Figure 7 Schematic representation of LD-mediated suppression of M1 macrophage polarization and reduced resistance to bacterial
invasion.
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extent of M1 macrophage polarization plays a pivotal role in
determining host resistance to intracellular pathogen invasion,
offering potential avenues for therapeutic intervention and
infectious disease control. Future investigations into M1
polarization across diverse animal models should account for
context-dependent variation among tissues, organs, and
species to better understand its contribution to antimicrobial
defense.
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