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with inflammation. However, upon exposure to PM, the metabolic changes that occur in living M¢ remain
unclear. Here, we present evidence that PM activates Lands cycle-mediated inflammatory mechanisms using 3D-
holotomography (3D-HT) technique integrated with multi-omics analysis. We show that internalization of PM
results in abnormal lipid droplet (LD) dynamics, potentially leading to changes in lipid metabolite levels.

Additionally, our multi-omics data reveal that alterations in lipid metabolism mediated by the Lands cycle leads
to the increased production of inflammatory lipid mediators, including lysophospholipids, ceramides and
sphingomyelins. Furthermore, by performing lipid metabolic imaging in living M, we elucidated changes in the
activity of altered lipid metabolism and the spatiotemporal correlation between inflammation and LD dynamics.
Our findings suggest that the developed approach can provide a new experimental strategy to identify lipid
metabolism biomarkers in living cells upon PM exposure.

1. Introduction

Particulate matter (PM) has a variety of adverse health effects,
including metabolic disorders, such as cardiovascular diseases and dia-
betes [1]. Once PM has penetrated the body, it is phagocytosed by
macrophages (M), which are major components of the innate immune
system [2]. Phagocytosis of PM leads to aberrant activity of M¢ and
induces chronic stress in subcellular organelles such as lipid droplets
(LD), which play a critical role as hubs for cellular metabolism [3,4]. LDs
in Mg also exhibit vigorous movement due to abnormal uptake of haz-
ardous biological materials including oxidized low-density lipoprotein
(LDL), bacteria or viruses [5,6]. However, conventional imaging
methods via cell fixation can provide only limited insights into LD dy-
namics in living Me.

As a label-free imaging, 3D-holotomography (3D-HT) has become an
emerging tool in live imaging fields to analyze LD dynamics [7]. A
previous study proposed that this tool is also useful for the quantitative
analysis of LD in living M¢ or foam cells in atherosclerosis [8]. Recent
studies utilizing 3D-HT have also provided real-time tracking of intra-
cellular PM in living Mg [9]. However, the mechanisms underlying the
correlation between PM uptake and LD dynamics remain unclear. To
elucidate further LD dynamics in living PM-exposed macrophages
(PM-Mg), it is required for developing an approach based on 3D-HT
technique integrated with lipidomics which provide directly visual-
izing and identifying lipid biomarkers.

Mg are essential for protecting immunity and defending against
immune-mediated pathological damage or exogenous stimuli like PM
[10]. Mg can produce lipid mediators such as prostaglandin E2 (PGE2),
which play major roles in signal transduction and inflammatory
response. Moreover, it is well known that inflammatory lipid mediators
are controlled from LD during M1 polarization in M¢ [11]. Upon
exposure to PM, Mg exhibited abnormal lipid accumulation, including
triacylglycerol (TAG), cholesterol and LDL thereby highlighting the
pivotal role of the inflammatory response in lipid metabolism; however,
the specific changes in lipid metabolism that occur during this response
are unknown [12]. It is crucial to understand how altered intracellular
lipid metabolites contribute to inflammatory responses triggered by PM,
as well as the specific underlying mechanisms. A multi-omics approach
could help to elucidate the mechanism underlying the aberrant intra-
cellular LD dynamics associated with inflammation. Recently, combi-
natorial a multi-omics approach based on lipidomics or metabolomics
together with transcriptomics are known as valuable tools to gain a
deeper understanding of mechanistic details associated with inflam-
mation caused by PM [13,14]. Although these studies also revealed
lipidomic disruptions, including changes in the levels of phospholipids
(PL), lysophospholipids (LysoPL), fatty acids, and bile acids, they pri-
marily focused on cytotoxicity and oxidative stress, but not illustrating
how PM-induced lipid metabolic changes lead to inflammation and LD
accumulation. Additionally, for living PM-M¢, a 3D-HT imaging
approach integrated with multi-omics analysis to visualize and identify
lipid biomarkers has not yet been attempt.

Here, we evaluated PM internalization into living M¢ over time on
the basis of physical parameters, which were used to calculate a
refractive index (RI) value, and quantitatively analyzed LD dynamics

using 3D-HT combined with fluorescence (FL) imaging. We also
revealed that altered lipid metabolism is correlated with inflammation
in PM-Mg via a multi-omics approach based on lipidomics together with
transcriptomics. Furthermore, by performing quantitative time-point
imaging, we determined whether inflammation in living PM-M¢ leads
to enhance LD dynamics. These findings suggest an approach to quantify
the changes of lipid metabolism in living cells and provide a strategy for
understanding altered lipid metabolism and its effects on cellular dy-
namics against environmentally hazardous substances.

2. Results
2.1. PM internalization causes morphological changes in living Mg

To visualize and track PM in living cells (Fig. 1a), we utilized the
standard PM reference material, ERM-CZ100 (CZ100 as PM), which is
widely used in several studies stimulating biological responses in Mg
and other cell types [15,16]. The detailed physicochemical properties of
CZ100—including size distribution, metal and organic compound
composition, zeta potential, and endotoxin level (Supplementary Table.
1)—support its use as a standardized label-free PM model in HT imaging
[17]. Unlike EM, 3D-HT allowed us to probe the internal heterogeneity
of PM particles in their native aqueous state, as evidenced by the het-
erogeneous RI distribution observed in segmented 3D-HT images of
CZ100 (Fig. 1b). Notably, components with an RI value above 1.37,
which can be tracked within cells, presented a high distribution of dry
mass and volume (Fig. 1c), suggesting that label-free PM can be visu-
alized, enabling the tracking of cellular internalization and accumula-
tion. To compare cellular sensitivity to PM, we exposed multiple cell
lines—including lung-derived (A549, H1975, SW1573), brain-derived
(BV2, Neuro2A, GL-261), and RAW 264.7 macrophages—to CZ100,
after exposure to 50 ug/mL of CZ100 for 24 h (Supplementary Fig. 1a).
PM uptake was assessed by quantifying high-RI intracellular particles
(HRIPs, RI > 1.37) considered as internalized PM. Despite the presence
of endogenous high-RI organelles such as LDs, RAW 264.7 cells showed
the highest HRIP accumulation after exposure (Supplementary Fig. 1b).
Given their pronounced PM uptake and morphological response, RAW
264.7 cells (Mg) were chosen as the model for further analysis.

To investigate the morphological changes in the cells, their nuclei,
and HRIPs among living PM-exposed Mg (PM-M¢), we performed both
3D visualization and quantitative analysis to evaluate physicochemical
parameters, including volume, dry mass, surface area and mean RI. For
this analysis, M@ were treated with CZ100 as PM at a concentration of
50 pug/mL for 24 h. We observed a shift towards an irregular cell shape
(Fig. 1d, e), a significant increase in cell volume (Fig. 1f), and a decrease
in the RI of the cell (Fig. 1g) in the PM-Mg compared with the M. This
reduction in cellular RI was associated with increased cell volume, a
pattern also observed in our previous study [8]. In addition, we found
that the total volume and mean RI of HRIPs were significantly increased
in PM-Mg, suggesting that these particles correspond to intracellular PM
(Fig. 1h, i). Finally, the observed alterations in nuclear volume, surface
area, mean RI, and dry mass suggested not only morphological changes
but also possible changes in cellular function (Supplementary Fig. 1c-f).
Together, we visualized PM internalization, along with morphological
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changes and HRIP accumulation in living PM-Mg using label-free 3D-HT
imaging. Subsequently, we monitored PM internalization by this M¢ cell
line over 120 min (Fig. 1j and Supplementary Video 1). The results
confirmed that PM present in the medium attached to the cell membrane
and was then taken up by the cells. Collectively, our findings demon-
strate that PM uptake in M can be visualized and quantified in real time
using label-free 3D-HT imaging. This approach enables non-invasive
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tracking of individual particles based on RI heterogeneity, along with
simultaneous analysis of internalization and cellular morphological
changes. These capabilities provide a foundation for further investiga-
tion of PM-induced immune responses and subcellular remodeling.
Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2025.140027.

Label-free PM Mo PM-Me
l" . : » ‘/' ™ .(/'/Akm'ir\{ 1’\/ ’ 7. I" ‘\\ .
, v e > . ) /' K / o 5 //\
. . - 2 ® y ﬁ\,\r.//n A ’ -
’ s " . o ) :, =
’ Label-free real-time monitoring
n
TEM 3D-HT
b d o e\ 1.400
1 1.380
B 1.360
o ra
S - X)\ Z1 .340
N _ - 1
O e | E XY
= ! Mo
o (
6') . & f dkkk dedekk
= & 2000
TE A T o
o A D © S o O
y\(.b y\‘:b r\(p r\‘:b )\P‘ r\.b‘ o)
Refractive index 2
=
C o5 ¢ =
' a (1.3601-1.3700)
S 044 % b (1.3701-1.3800)
ey == ¢ (1.3801-1.3900) h —_
2< (3 d (1.3901-1.4000) E
83 e (1.4001-1.4500) &
o N 0.2 x
g9 -
25 0.1 5
: s :
0.0 =)
a b c d e S

PM treatment
0}

j 120 (min)

>
>

[ ’w ai“"‘” ' ‘»- ‘w ‘9 @' ,@' @r@ ';@ '@3 % 1.400
N S A AT

Fig. 1. Real-time monitoring of morphological changes in living M after exposure to label-free PM. (a) Schematic illustration of the HT imaging workflow showing
3D RlI-based visualization of label-free PM, living Mg and PM-M¢. Real-time monitoring was performed to track living cells over 24 h using low-coherence HT system,
enabling single-cell profiling based on RI as an optical contrast. (b) Representative electron microscopy (EM) or 3D-HT images of CZ100. 3D-HT images were using
RI-based masks and visualized across distinct RI ranges (1.360-1.450). Scale bars = 1 pm. (c) Quantitative volume distribution of CZ100 particles across RI ranges
(1.360-1.370, 1.370-1.380, 1.380-1.390, 1.390-1.400, and 1.400-1.450). (d-e) Representative 3D-HT images of (d) untreated M¢ and (e) PM-Mg after 24 h
exposure to CZ100 (50 pg/mL). The color bar indicates particular colors depending on RI values. Scale bars = 10 pm. (f-g) Quantitative analysis of physicochemical
parameters of label-free Mg (n = 120) and PM-M¢ (n = 104). (f) Volume and (g) mean RI of the cells. (h-i) Quantitative analysis of the physicochemical parameters
measured of HRIPs within the cells. (h) Volume and (i) mean RI of HRIPs. (j) Time-lapse images of 2D- (top) and 3D-HT (bottom) showing PM internalization by Mg
at 10-min interval over 2 h following treatment with CZ100 as PM (50 pg/mL). Arrows indicate PM internalization. Scale bars = 10 pm. Statistical comparisons were

performed using unpaired, two-tailed t tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant. Data are presented as mean + SD. See also
Supplementary Video 1.
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2.2. PM internalization causes Mg activation following LD accumulation

LDs play roles in a variety of cellular stress response mechanisms,
including inflammation, and the lysosomes respond to external and in-
ternal stimuli to facilitate metabolic homeostasis and cellular adaptation
[11,18]. To investigate whether the alterations observed in living
PM-Mg impacted subcellular organelles, we examined LD, lysosome,
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Lampl, and Le3b (Supplementary Fig. 2a). Notably, we also found that
the accumulated LDs stained with BODIPY™ 493/503 (BODIPY) were
distributed in the same region of HRIPs. (Fig. 2a, b) [7,8]. Additionally,
we confirmed that the levels of intracellular lipid components, such as
cholesterol and TAG, were elevated in a PM concentration-dependent
manner, suggesting that the accumulated lipids may be stored in LDs
and utilized through an altered cellular metabolic network (Fig. 2¢ and

and autophagy, which are known to be activated upon PM internaliza-
tion, and observed an increase in the numbers of puncta for Plin2,

Supplementary Fig. 2b). Next, we verified the elevated expression of
Plin2 and Plin5, which indicates LD accumulation, and Lamp1, which
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Fig. 2. Time-resolved monitoring of LD accumulation following inflammatory responses in living PM-Mg. (a) Representative 2D- (left) and FL-combined 3D-HT (HT-
FL) images (middle) of living Mg or PM-Mg after 24 h treatment with PM (50 pg/mL). Cells were stained with BODIPY™ 493/503 (BODIPY) in green to visualize LD.
Enlarged images (right) show partial colocalization of LDs and HRIPs (arrowhead). Scale bars = 10 pm. (b) Quantitative analysis of the relative intensity of BODIPY
in Mo (n = 39) and PM-Mg (n = 49). (c) Quantitative analysis of TAG in Mg after treatment with 0, 25, 50 pg/mL of PM for 24 h. (d) Western blot analysis of Plin2,
Plin5 and Lamp1 levels in Mg following treatment with 0, 25 or 50 ug/mL PM for 24 h. p-actin was used as a loading control. (e-g) Quantitative analysis of protein
expression levels (e, Plin2; f, Plin5; g, Lamp1), related to Fig. 2d. (h-i) Representative time point HT-FL images acquired from independent samples at each time point
(0, 6, 12, 18, 24 h) following PM treatment (50 pg/mL). (h) CDg16 (red) indicates Mg activation; (i) BODIPY marks LD accumulation. Scale bars = 10 pm. (j-k)
Quantitative analysis of the relative intensity of (j) CDgl6 or (k) BODIPY from independent samples in Mg and PM-Mg at 2-hour intervals up to 24 h. Cells were
treated with PM (50 pg/mL) for up to each time point. Each time point represents a distinct sample (n > 40 per group per time point). Statistical comparisons
between Mg and PM-Mg at each time point were conducted using unpaired, two-tailed t-tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not sig-
nificant. Data are presented as mean =+ SD.
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indicates lysosomal activation (Fig. 2d-g). These findings indicate that in
response to PM exposure, living M¢ undergo significant changes in
subcellular organelles and changes in biochemical properties.

PM is known to stimulate M¢ activation and enhance lipid accu-
mulation [19]. However, little is known about the priority of inflam-
matory activation and LD formation in this process. To visualize
inflammation response in PM-M¢, we applied CDgl6 [20] as an
inflammation marker and identified increased FL signal in PM-Mg
(Supplementary Fig. 2c, d). Following this, to analyze the temporal
dynamics of Mg activation and LD formation after PM exposure, we
compared relative levels of Mg activation in red or LD in green,
respectively, at multiple time points—every 2 h up to 24 h—using in-
dependent samples at each time point (Fig. 2h, i). Subsequently, we
found that Mg activation was predominant immediately after PM up-
take, with progressively increasing relative levels of inflammation
within the first few hours but no LD (Fig. 2j, k). This early activation was
subsequently followed by an increase in LD formation, as indicated by
rising relative levels of LD over time. This temporal measurement of
cellular activation, and LD formation highlights a sequential relation-
ship between inflammation and lipid metabolism in living PM-Mg.
Taken together, the time-point quantitative results and 3D-HT images
indicate that PM exposure led to the aberrant dynamics of LD and the
polarization of living M¢.

2.3. Impaired lipid metabolism in PM-Me associated with inflammation

Given that PM exposure leads to abnormal lipid accumulation and
inflammatory responses [12], we next carried out comprehensive lip-
idomic profiling to elucidate the lipid metabolism alterations in PM-Mg.
First, principal component analysis (PCA) score plots showed strong
separation between Mg and PM-M¢ highlighting notable differences in
the lipidomic profiles (Fig. 3a). In addition, the analytical reliability of
the lipidomic data was confirmed, according to tightly clustered quality
control (QC) samples in both positive and negative ion modes
(Supplementary Fig. 3a). A total of 234 lipids were identified in both
positive and negative ion modes including phosphatidylcholines (PCs)
and phosphatidylethanolamines (PEs). Of these, we observed a
remarkable increase in levels of ceramides (Cers), lysophosphatidyle-
thanolamines (LysoPEs) and lysophosphatidylcholines (LysoPCs) in
PM-Mg compared to Mg, whereas significantly lower levels of phos-
phatidylglycerols (PGs), phosphatidylinositols (PIs) and free fatty acids
(FFAs) were observed in PM-Mg than in Mg (Fig. 3b; log2 fold change >
1 or < —1, p <0.05). Interestingly, we found that impaired lipid
metabolism was linked to Mg inflammation after exposure to PM. For
example, LysoPLs such as LysoPEs and LysoPCs were substantially
accumulated, while there was a substantial decrease in PE, PE-O/PE-P,
PC-O/PC-P, and PI within the PL metabolism, observed in both total
abundance (Fig. 3c¢) and individual lipid levels (Fig. 3d). Additionally,
there were alterations in eicosanoid pathway and arachidonic acid
metabolism in PM-M¢. Phospholipids can be degraded by phospholipase
A2 (PLA2) to generate arachidonic acid (AA, FFA 20:4) and LysoPLs
such as LysoPCs and LysoPEs (Fig. 3e). The inflammatory lipid markers,
prostaglandin H2 (PGH2) and PGE2, are subsequently generated
through the synthesis of AA. Indeed, we observed significantly
decreased levels of arachidonate-containing PLs such as PE 18:1/20:4,
PE 22:6/20:4, PE-O 22:1/20:4, P1 18:0/20:4 and PI 18:1/20:4 in PM-M¢
(Supplementary Fig. 3b), while the levels of PGE2 exhibited significant
increase within PM-Mg¢ in comparison to Me (Fig. 3e), concomitant with
elevated patterns of intermediate metabolites, including AA
(Supplementary Fig. 3c) and PGH2 (Supplementary Fig. 3d). In terms of
fatty acid metabolism, the levels of very-long chain fatty acids (VLCFAs)
with 22 or more carbon atoms were significantly increased in PM-M¢g
compared to M¢ (Fig. 3d). Cer, SM and GlcCer in sphingolipid meta-
bolism were significantly increased in PM-M¢ compared to Mg (Fig. 3d).
Altogether, PM exposure markedly disrupts lipid homeostasis in Mg,
characterized by accumulation of pro-inflammatory lipids (LysoPLs, AA,
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PGH2, PGE2) and depletion of arachidonate-containing PLs. Concomi-
tant increases in VLCFAs and sphingolipids further indicate membrane
lipid remodeling that reinforces a chronic pro-inflammatory state.

2.4. Altered gene transcription related to Lands cycle in PM-Mg

To improve our understanding of the molecular basis of the impaired
lipid metabolism and inflammation observed in PM-M¢, we performed
transcriptome analysis using RNA-seq to compare gene expression pro-
files (Fig. 4a). In PM-Mg, the identified GO terms were predominantly
associated with inflammation-related gene signatures (Fig. 4b and
Supplementary Fig. 4a, b). Consistently, real-time PCR analysis revealed
increased expression levels of genes related to inflammation, such as
Tnf, Ccl2, Ccl5, and Il-1a (Supplementary Fig. 4c-f). Additionally, we
identified several pathways related to inflammatory and immune re-
sponses, such as TNF, MAPK, IL-17, and NF-kappa B signaling, in the
KEGG analysis (Fig. 4c). To further investigate correlations with the
lipidomic results, we performed gene set enrichment analysis (GSEA) to
validate the gene signatures related to lipid-mediated inflammation.
Notably, we identified the eicosanoid, arachidonic acid metabolism, and
lysophospholipid pathways, which are linked to inflammation; this was
consistent with the notable changes observed in our lipidomics results
(Fig. 4d-f). To validate these findings in our GSEA results, we analyzed
representative gene sets for each pathway. We observed significant in-
creases in the expression of inflammatory lipid-related factors, including
Ptger2, Ptgir, Ptgs2, Ptges, Alox15, Pla2g4b, Pla2g5, and Pla2g2e (Fig. 4g).
These alterations are positively correlated with the eicosanoid pathway
and arachidonic acid metabolism, particularly following Lands cycle
activation, and may drive the production of inflammatory lipid markers
in PM-Mg. In addition, we confirmed increased expression of lyso-
phospholipid pathway-related genes such as II-6, Hbegf, Bcarl, Src, Jun,
Pik3cb, Mmp9, Gsk3B, and Adcy3, which corresponded to elevated
LysoPL levels lipidomic analysis (Fig. 4g). To further validate these
findings, we performed qRT-PCR after treating PM-M¢ with increasing
concentration of PM (0, 1, 10, 50, 100, and 200 pg/mL). The expression
levels of Ptgs2, Pla2g5, and Pla2g2e increased in a dose-dependent
manner, supporting their association with PM-induced lipid remodel-
ing and inflammation (Supplementary Fig. 4g-i). Together, these results
indicate that PM exposure upregulates Lands cycle-related phospholi-
pases and inflammatory lipid pathways, with dose-dependent induction
of Ptgs2, Pla2g5, and Pla2g2e, potentially sustaining lipid-driven
inflammation in PM-Me.

2.5. Elevated PLA2 activity related to the Lands cycle in PM-Mg

To validate the observation that the Lands cycle was activated, as
indicated by our multi-omics analysis and the observed increase in the
levels of Pla2 gene family in PM-M¢, we utilized two fluorescent PLA
substrates, Red/Green BODIPY™ PC-A2 (PC-A2) and PED-Al, to
monitor PLA enzyme activity (Fig. 5a and Supplementary Fig. 5a). We
visualized and measured PLA activity on the basis of the FL signals
released upon substrate hydrolysis by PLA enzymes. This approach
allowed us to perform both quantitative analysis and intracellular
localization of products, including LysoPC and FFAs, within PM-M¢
(Fig. 5b-d and Supplementary Fig. 5b, ¢) [21-23]. As expected, signifi-
cantly stronger FL signals for LysoPC in red and FFAs in green were
observed in or around PM-Mg, suggesting that the Lands cycle is acti-
vated and that LysoPLs underwent substantial accumulation (Fig. 5b-d
and Supplementary Fig. 5b, c). These results, which are consistent with
the findings obtained in our multi-omics analysis, suggest that there is a
link between the accumulation of LysoPLs such as LysoPEs and LysoPCs
and the observed reduction in the levels of specific PLs.

Next, we performed real-time HT-FL imaging to investigate whether
the amount of LysoPC and FFA digested in PM-M¢ increased and
whether the intracellular localization of LysoPC and FFA changed
(Fig. 5e-g and Supplementary Video 2). Over time, LysoPC and FFA
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Fig. 3. Dysregulation of lipid metabolism in PM-Mg. (a) PCA score plots discriminating Mg (gray) and PM-M¢ (red) in positive ion mode (left: R2X, 0.515; Q2,
0.152) and negative ion mode (right: R2X, 0.484; Q2, 0.0858). (b) Volcano plot highlighting significantly decreased levels of lipids (left) and increased levels of lipids
(right) in PM-Mg group compared to Mg group. The annotated blue and red dots are significantly changed and the threshold set to —1 and 1 for log2 fold change. (c)
Heatmap representing total abundance of lipid subclass in Mg and PM-Mg¢. (d) Heatmap showing significant changes in 173 individual lipid levels between M¢ and
PM-Mg¢ (p < 0.05). p-values were determined using Student’s t-test. Data are expressed as row Z-scores, collected from five biologically independent experiments per
condition. (e) Degradation pathway of phospholipids into PGE2 and changes in the concentration of PGE2 in Mg after being untreated or treated with 25 or 50 pg/mL
of PM for 24 h. Data are shown as mean + SD. FA, fatty acyls and conjugates; PL, phospholipids; SP, sphingolipids; GL, glycerolipids; Acar, acylcarnitines; FFA, free
fatty acids; LysoPE, lyso-phosphatidylethanolamines; PE, phosphatidylethanolamines; PE-O, plasmanyl-phosphatidylethanolamines; PE-P, plasmenyl-phosphatidyl-
ethanolamines; LysoPC, lyso-phosphatidylcholines; PC, phosphatidylcholines; PC-O, plasmanyl-phosphatidylcholines; PC-P, plasmenyl-phosphatidylcholines; PG,
phosphatidylglycerols; PI, phosphatidylinositols; PS, phosphatidylserines; CL, cardiolipins; Cer, ceramides; SM, sphingomyelins; GlcCer, glucosylceramides; DAG,
tziacylglycerols; TAG, triacylglycerols. PLA2, phospholipase A2; prostaglandin H2, PGH2; prostaglandin E2, PGE2.

increased in abundance and moved into the cells, suggesting that the
PLA2-mediated degradation of PLs likely generates AA, which may lead
to LysoPL formation and the synthesis of inflammatory lipid markers
such as PGH2 and PGE2. To directly assess the role of PLA2 activity in
this process, we treated PM-M¢ with selective PLA2 inhib-
itors—Varespladib (5 pM) [24] and Alminoprofen (200 pM) [25]—and
evaluated LD formation and PGE2 production using HT-FL imaging and
biochemical assays (Supplementary Fig. 6). Interestingly, although
PLA2 inhibition has mild effects to alter LD accumulation
(Supplementary Fig. 6a, c), LysoPC levels were markedly reduced in the
inhibitor-treated groups (Supplementary Fig. 6b, d). Consistently, PGE2
production was also suppressed following PLA2 inhibition
(Supplementary Fig. 6e), supporting that PLA2 activity is functionally
required for the generation of inflammatory lipid mediators, but not for
LD biogenesis.

Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2025.140027.

Additionally, lipidomic profiling revealed no significant changes in
LysoPC and LysoPE levels after treatment with PLA2 inhibitors
(Supplementary Fig. 7a). In contrast, both LysoPC-O and LysoPE-O were
markedly reduced (Supplementary Fig. 7a). FFA profiles
(Supplementary  Fig. 7b) and glycerophospholipid profiles
(Supplementary Fig. 7c) also showed no substantial alterations
following PLA: inhibition. These findings indicate that PLA2 inhibition
preferentially affects LysoPL-O species while leaving major lipid classes
largely unchanged, thereby suppressing PM-induced inflammatory re-
sponses and supporting a mechanistic link between the Lands cycle and
LysoPL-O metabolism. These findings suggest that the Lands cycle may
be a pathway through which the inflammatory response is sustained via
lipid mediator production in PM-Mg.

3. Discussion

Here, we used a 3D-HT imaging approach integrated with multi-
omics analysis to identify alterations in lipid metabolism and visualize
lipid biomarkers in living PM-Mg (Fig. 6). In addition, we found that the
levels of PLA2-targeting PLs, including PCs and PEs are increased in
living PM-Mg. The PLA2-mediated degradation of PLs likely generates
AA, which may lead to LysoPL formation and the synthesis of inflam-
matory lipid markers such as PGH2 and PGE2. Overall, these findings
suggest that the Lands cycle may be a pathway through which the in-
flammatory response is activated and inflammatory lipid mediators in
LDs are produced in PM-Mgs. The results of our study demonstrated that
PM activates Lands cycle-mediated inflammation. We provide spatio-
temporally resolved evidence that PM exposure dynamically induces LD
accumulation and Lands cycle-mediated production of inflammatory
mediators, reflecting system-wide remodeling of lipid metabolism and
contributing to M¢ immunometabolic reprogramming. Moreover, the
elevated levels of LDs, PGE2, and specific LysoPLs suggest their potential
as lipid biomarkers for monitoring PM uptake and inflammation.
Together, our findings establish a mechanistic and visual framework for
understanding how PM disrupts lipid homeostasis and promotes
inflammation in Mg, paving the way for lipid-based diagnostic or
therapeutic strategies in PM-related diseases.

Rapid advances in multi-omics technologies have been effectively
utilized in recent studies investigating the adverse health effects and
molecular mechanisms of complex hazardous materials [26-28]. In
particular, this approach has demonstrated the existence of associations
among lipid metabolic reprogramming, inflammation, and ROS in
response to PM exposure in various cell models [29-33]. Through in-
tegrated lipidomic and transcriptomic analysis, we observed PLA2
activation and an increase in PGE2 synthesis due to alterations in the
Lands cycle upon the uptake of PM by Mg (Figs. 3-4). Prolonged
exposure to stimuli leads to lipid metabolism reprogramming, which
involves not only pre-existing enzymes but also
transcriptionally-regulated events that culminate in the expression of
specific protein effectors. In PM-M¢, we observed significant upregula-
tion of PLA2-related genes, including Pla2g5 and Pla2g2e (Fig. 4g),
which code for enzymes that hydrolyse PLs into LysoPLs and AA.
Furthermore, FL imaging revealed a significant increase in the activity of
PLA2 enzymes, such as PC-A2 and PED-A1 (Fig. 5 and Supplementary
Fig. 5). At the lipid levels, PM entry into Mg resulted in a significant
increase in LysoPC and LysoPE levels, as well as increased abundance of
AA, ultimately leading to a significant increase in proinflammatory
PGE2 (Fig. 3 and Supplementary Fig. 3).

Since the late 1950s, when William E.M. Lands first discovered a
unique metabolic pathway for PL recycling, several studies have re-
ported the critical role of the Lands cycle in inflammation and immune
responses [34]. Interestingly, PLA2s play a key role in the synthesis and
degradation of LDs, thereby regulating LD homeostasis [35]. The syn-
thesis of new PLs to stabilize the LD monolayer structure is essential for
LD biosynthesis. cPLA2a promotes LD expansion by enabling PL
remodeling in the ER membrane, including deacylation and reacylation
reactions [36]. In particular, the accumulation of LysoPLs, including
LysoPCs, LysoPEs, and LysoPAs, produced by PLA2, offers structural
support for the initiation of nascent LD budding [36,37]. Indeed, acti-
vation of cPLA2a via phosphorylation leads to LD formation, whereas
inactivation of cPLA2« reduces LD formation [38-41]. LysoPLs, such as
LysoPCs and LysoPEs, function both as intermediates in lipid meta-
bolism and as potent pro-inflammatory mediators implicated in a wide
range of human diseases [42]. Saturated and monounsaturated LysoPC
species (e.g., 16:0, 18:0, 18:1) promote leukocyte and monocyte
chemotaxis [43,44], activate neutrophil NADPH oxidase, enhance ROS
and cytokine production, and drive systemic inflammation [45], while
LysoPEs, particularly LysoPE 18:1, has been linked to TH17 cell differ-
entiation and autoimmune neuroinflammation [46]. In addition,
LysoPLs have been implicated in the development of inflammatory
diseases, cardiovascular disorders, neurodegenerative diseases, and
cancer [42,47]. Dysregulated PLA2 activity can elevate LysoPCs in
oxidized LDL, contributing to endothelial dysfunction and atheroscle-
rosis [48], and human studies show that short-term PM2.5 exposure
alters circulating LysoPL subclasses, mediating pro-atherosclerotic bio-
markers [49]. Collectively, these findings suggest that PM-induced
perturbations in the Lands cycle and LysoPL metabolism are central to
inflammatory and cardiovascular responses. These findings, although
derived from cell-based analyses, may have broader implications for
PM-associated cardiovascular disease. In particular, the presence of
CDgl6—a Mg activation marker previously identified in lipid-rich
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Fig. 4. Transcriptome alterations related to activation of the lands cycle in PM-Mg. (a) Heatmap showing the differential expression levels of genes in M¢ and PM-
Mg. (b-c) Horizontal bar charts displaying the top 20 significant pathways based on the cutoff determined for the genes whose expression was significantly upre-
gulated in PM-Mg compared with Mg. (b) GO-BP and (c) KEGG pathway analysis. GO-BP, Gene Ontology biological process; KEGG, Kyoto Encyclopedia of Genes and
Genomes. The Y-axis shows the names of the signaling pathways or functions, and the X-axis shows the number of genes assigned to a category annotated in the
network. Colors indicate p-values, with a red bar indicating a higher significance level. (d-f) Gene set enrichment analysis revealed that genes related to activation of
the lands cycle were positively enriched in indicated PM-M¢. Significantly enriched pathways included: (d) BIOCARTA EICOSANOID PATHWAY, (e) KEGG
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plots indicate the — log;( p-value. Statistical comparisons were conducted using unpaired, two-tailed t-tests.

atherosclerotic plaques—together with altered lipid mediators such as
LysoPCs and PGE2, suggests a potential mechanistic link between
PM-induced lipid remodeling, vascular inflammation, and atheroscle-
rosis. Given that phospholipid remodeling pathways like the Lands cycle
regulate both inflammatory signaling and metabolic states, and that
dysregulated PLA2 activity can elevate LysoPCs in oxidized LDL leading

to endothelial dysfunction, these molecular alterations may serve as
indicators of environmentally driven immune-metabolic dysfunction
and as candidate biomarkers for future translational research. Further-
more, sphingolipid metabolism, indicated by Cer, SM, and GlcCer levels,
was increased in PM-Mg. This effect may have been associated with
increased expression of ceramide kinase, which synthesizes ceramide
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plementary Video 2.

1-phosphate and leads to cPLA2a phosphorylation and enhanced LD
biosynthesis [41]. Additionally, Toll-like receptor 4 (TLR4) activation
occurs as a part of the Mg inflammatory response. TLR4 activation
stimulates fatty acid synthesis, which subsequently promotes sphingo-
lipid biosynthesis. Notably, elevated levels of Cer contribute to increased
proinflammatory cytokine production [50].

The accumulation of VLCFAs is also associated with the inflamma-
tory response in Mg following PM exposure. In previous studies, treat-
ment of Mg with lipopolysaccharide led to an increase in saturated long-
chain fatty acids and polyunsaturated fatty acids, along with the upre-
gulation of fatty acid biosynthesis enzymes such as fatty acid synthetase
(FASN), fatty acid desaturase 2 (FADS2), and elongation of very long-
chain fatty acids 7 (ELOVL7) accompanied by elevated levels of satu-
rated and monounsaturated VLCFAs [51]. Taken together, these findings

suggest that exposure of M¢ to PM induces changes in lipid metabolism,
including activation of the Lands cycle, at the transcriptomic and lip-
idomic levels. These alterations may be linked to inflammation and LD
accumulation.

Mg express multiple PLA2 isoforms that play essential roles in im-
mune regulation, including lipid-mediated signaling for immune acti-
vation, particle uptake, microbial clearance, and membrane repair
[52-54]. PLA2 activity generates arachidonic acid, a precursor of
pro-inflammatory prostaglandins such as PGE2, while LysoPCs can
stimulate chemokine production in endothelial cells [43] and cytokine
release in Mg [44]. Phagocytic stimuli further promote the release of
eicosanoids, including arachidonic acid and PGE2 [55], which not only
mediate inflammation but also directly enhance phagocytosis and
antimicrobial activity in Mg-like cells [56,57]. Collectively, these
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findings indicate that PM exposure reprograms inflammatory signaling
and lipid metabolism in Mg, thereby augmenting cytokine production
and phagocytic capacity through coordinated transcriptional and lip-
idomic adaptations.

Although lipid reprogramming caused by PM has recently been
recognized as a crucial driver of inflammation in M, the spatiotemporal
changes and mechanisms involved remain unclear. By using HT, we
tracked PM uptake and investigated the dynamics of inflammation and
LD accumulation in living PM-Mg. Recently, HT has emerged as a
promising tool for real-time monitoring of the effects of environmentally
hazardous materials. The dynamic imaging capabilities of HT provide a
unique opportunity to observe cellular processes in response to haz-
ardous materials in real-time, offering critical insights into the complex
behaviors of organelles, such as LD, and immediate metabolic marker
changes in living cells [9,58,59].

In this study, we analyzed PM in living PM-M¢ and determined the RI
values of HRIPs. This allowed us to quantify the volume of internalized
PM and changes in cellular properties (Figs. 1, 2). We also demonstrated
the temporal correlation between LD dynamics and inflammation pat-
terns, suggesting that LD accumulation following cellular activation-
driven by the buildup of TAG or cholesterol in LD may generate in-
flammatory lipid mediators like PGE2 and regulate intracellular stresses
such as ROS and lipid toxicity. We next sought to improve conventional
approaches by integrating 3D-HT with multi-omics analysis to identify
specific changes in lipid metabolism (Figs. 3-5), thereby demonstrating
that 3D-HT is a valuable tool for identifying and discovering lipid
metabolism biomarkers associated with the entry of harmful substances
into living cells.

Recent studies have shown that biological hazards, such as viruses
causing severe acute respiratory syndrome (SARS), Middle East respi-
ratory syndrome (MERS), influenza, and acquired immunodeficiency
syndrome (AIDS), can induce inflammation and metabolic changes in
cells [60,61]. These biological hazards exploit host cell lipids and syn-
thesis machinery to facilitate their replication and pathogenesis. Simi-
larly, environmental hazards, including heavy metals and nanoplastics,
can interfere with lipid metabolism, leading to the accumulation of toxic
lipid species and subsequent inflammation [62,63]. Additionally,
endocrine-disrupting chemicals can alter lipid homeostasis, resulting in
metabolic dysfunction and inflammatory responses within the cell [64].
These studies underscore the importance of lipid metabolic reprog-
ramming in response to both biological and environmental hazards.
Therefore, real-time monitoring of lipid metabolic changes through the
new analytical platform of 3D-HT integrated with multi-omics is
essential for elucidating the cellular responses mechanisms and offering
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potential therapeutic targets.

Despite its potential, HT is associated with several technical chal-
lenges that must be overcome before it is applied more widely and
substantially impact research on environmental pollutants, such as PM.
First, it is crucial to develop faster image reconstruction algorithms and
robust segmentation tools for organelles or PM and integrate with other
imaging technologies. Integrating these analyses with other label-free
imaging techniques, such as Raman spectroscopy and atomic force mi-
croscopy, will provide more diverse information about lipid profiles at
the single-cell level [65,66]. While 3D-HT offers label-free, quantitative
refractive index-based imaging, its spatial resolution and molecular
specificity remain lower than those achievable with super-resolution
microscopy. Consequently, optimal application of 3D-HT may involve
integration with complementary high-resolution, molecule-specific
modalities to achieve both quantitative and mechanistic insights.
Additionally, standardization of HT data analysis for hazardous mate-
rials using RI2FL profiling [67] is necessary to pave the way for broader
applications in the biomedical field. We believe that the further studies
will contribute to the application of label-free imaging or real-time
monitoring techniques for environmentally hazardous materials.
Furthermore, real-time monitoring and quantitative analysis of dynamic
organelles in living cells can be employed to evaluate the interactions of
organelles with environmentally hazardous materials in real time. As the
experiments were conducted in cell culture systems, future studies using
in vivo animal models or human samples will be needed to better reflect
the complexity of tissue- or organism-level responses. Although stan-
dardized PM was used to ensure consistency, the heterogeneous physi-
cochemical characteristics of real-world PM—such as differences in
composition, size, solubility, and concentration—should be considered
to enhance environmental relevance. Notably, experimental designs
should incorporate PM exposure conditions that closely simulate
real-world environments, with protocols optimized for several studies
using cells and model animals [68,69]. Finally, the mechanisms un-
derlying the rapid alterations in lipid metabolism and the effects on
metabolism-related organelles such as mitochondria and LD that occur
after exposure to hazardous materials are unclear. This gap in knowl-
edge can be addressed by integrating artificial intelligence-3D-HT
analysis techniques and recognition algorithms [70] with spatial
multi-omics in a single cell [71].

The integration of 3D-HT with multi-omics analysis is in its initial
stages but shows strong potential to advance research on environmen-
tally hazardous materials, such as PM and microplastics, in living cells.
Identifying lipid metabolism biomarkers affected by these substances
could enhance our understanding of metabolic diseases and improve
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diagnostic and prognostic precision.
4. Experimental section

4.1. Cell cultures

For cell culture, murine macrophages (RAW264.7) were obtained
from Korean Cell Line Bank (KCLB). RAW264.7 cells were cultured in
high glucose, GlutaMAX™ Supplement, pyruvate (DMEM, Gibco™)
containing 10 % fetal bovine serum (FBS, Gibco™) and 1 % penicillin-
streptomycin (p/s, Gibco™). Human lung cancer cell lines such as
A549, H1975, and SW1573 were obtained from ATCC [72,73] and
cultured in RPMI containing 10 % FBS and 1 % p/s. Either the BV2
mouse microglial cell line and the Neuro2A mouse neuroblastoma cell
line [74,75] were cultured in DMEM containing 10 % FBS and 1 % p/s.
The GL261 mouse glioma cell line [76] was cultured in DMEM/F12
(Thermo Fisher) containing 10 % FBS and 1 % p/s.

4.2. Reagents and treatments

For PM treatment, stock solutions were prepared by suspending PM
(ERM-CZ100, Sigma) in phosphate-buffered saline (PBS) at a concen-
tration of 10 mg/mL. These stock solutions were added to the cell cul-
ture medium at final concentrations of 25 pg/mL or 50 pg/mL. The
following dyes were used: BODIPY 493/503 (BODIPY, 1 pg/mL, Thermo
Fisher), LysoTracker™ Red DND-99 (LysoTracker, 1 pg/mL, Thermo
Fisher), CDgl6 (1 pM, Senpro). The cells were stained with dyes for
30 min, washed twice with PBS and imaged. To visualize PLA activity in
living cells, PC-A2 (0.5 pM, Sigma) or PED-A1 (2.5 pM, Sigma) in HBSS
was used to replace the cell culture medium. For inhibition experiments,
Varespladib (5 pM, MedChemExpress) and Alminoprofen (200 pM,
MedChemExpress) were applied.

4.3. Immunocytochemistry and western blot analysis

For immunocytochemistry, the cells were fixed in 4 % PFA con-
taining 4 % sucrose for 30 min and then washed in PBS. The cells were
and incubated in permeabilization buffer (0.1 % Triton X-100, 0.5 mg/
mL sodium deoxycholate in PBS, pH 7.4) for 15 min at room tempera-
ture. The primary antibodies used were as follows: anti-Plin2 (1:100,
PROGEN), anti-Lampl (1:100, Abcam), and anti-Lc3b (1:100, Cell
Signaling Technology). Incubation with primary antibodies was per-
formed at 4 °C overnight. All secondary antibodies (1:1000, Molecular
Probes) were incubated with the cells for approximately 1 h at room
temperature. After washing with PBS, ProLong™ Diamond Antifade
Mountant with DAPI (Invitrogen™) was used for nuclear staining.
Confocal images were obtained with a Leica TCS SP5 AOBS confocal
microscope equipped with 40 x or 100 x inverted NX oil lenses. For
western blot analysis, cell lysis was performed using a combination of
RIPA buffer and phosphatase inhibitor cocktail (ApexBio), and the
protein concentration of the lysed cells was determined via a BCA pro-
tein assay kit (Thermo Fisher). The following primary antibodies were
used: anti-Plin2 (1:1000, PROGEN), anti-Plin5 (1:1000, PROGEN), anti-
Lampl (1:1000, Abcam), and anti- -actin (1:5000, Santacruz). All pri-
mary antibodies were diluted in 0.5 % BSA in Tris-buffered saline with
0.1 % Tween 20 (TBST) and incubated with the membrane at 4 °C
overnight. All secondary antibodies (1:5000, Jackson ImmunoResearch
Laboratories) were incubated with the samples for 1h at room
temperature.

4.4. HT combined with fluorescence imaging

For HT combined with FL imaging, PM was seeded onto 50 mm
imaging dishes (TomoDish, Tomocube) at 50 pg/mL. 3D-HT images
were obtained using a commercial instrument (HT-2H, Tomocube),
which is based on Mach-Zehnder interferometry and is equipped with a
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digital micromirror device (DMD) operated with commercial software
(TomoStudio™, Tomocube). 3D RI distribution reconstruction of the
samples was carried out via HT on the basis of the Fourier diffraction
theorem, following previously established procedures [77]. To measure
the physical properties of each PM particle, Al-based RI segmentation
was performed using commercial software (TomoAnalysis™ version
1.3.25, Tomocube). Each PM particle was detected and analyzed on the
basis of voxels, which were reconstructed from the RI values. For HT
combined with FL imaging of living PM-M¢, 3D-HT images of living cells
were obtained according to previously described protocols [8]. Living
cells were treated with culture medium supplemented with 50 pg/mL
PM for 24 h, washed twice to avoid interference from floating PM in the
dish, and then subjected to 3D-HT imaging. All 3D-HT imaging was
performed using TomoStudio™ (Tomocube) as described previously
[8]. For time-lapse HT imaging, living cells were seeded on a glass
bottom dish (35 mm glass bottom dish with 10 mm microwell #1.5
cover glass, Cellvis). After PM treatment, living cells were imaged at
10-min intervals for 24 h using a low-coherence HT imaging system
(HT-X1, Tomocube). The HT-X1 system was equipped with a motorized
40x NA 0.95 objective lens (UPLXAPO40X, Olympus), a 450-nm LED
illumination module merged with DMD at the pupil plane and a
custom-designed condenser lens (NA = 0.72, working distance =
30 mm). A stage-top incubator (STXG-WSKMXA22B-E, TOKAI HIT,
Shizuoka) was added to the stage of HT-X1 system to maintain the
temperature, humidity, and CO5 concentration (5 %). 2D-HT images of
the living cells were reconstructed with dedicated software (TomoA-
nalysis version 1.7.13, Tomocube).

4.5. Transcriptomics analysis

For RNA-sequencing, total RNA (1 mg) was processed for mRNA
sequencing library preparation using the MGIEasy RNA Directional Li-
brary Prep Kit (MGI) following the manufacturer’s instructions. The
methods involved poly-A mRNA purification, fragmentation, cDNA
synthesis, adapter ligation, and PCR enrichment. The resulting cDNA
library was quantified, circularized, and converted to DNA nanoballs
(DNBs) for sequencing on the MGIseq system with 150 bp paired-end
reads. The raw reads were preprocessed using Skewer ver 0.2.2 [78]
and mapped to the reference genome using STAR ver 2.5 [79]. Gene
expression was quantified using Cuffquant in Cufflinks ver 2.2.1 [80],
and differential expression analysis was performed using Cuffdiff [81].
The expression profiles were clustered and visualized using in-house R
scripts. Functional category analysis of differentially expressed genes
was conducted using g:Profiler2 ver 0.2.0 [82] to gain insights into
biological processes, KEGG pathways, and other functional gene sets.
For gene set enrichment analysis (GSEA), transcriptomic data were
normalized to logz-transformed TPM values and ranked by the
signal-to-noise ratio between phenotypes. Lipidomic profiles were in-
tegrated by mapping identified lipid species to corresponding metabolic
enzymes and pathways using molecular signature database (MSigDB),
allowing linkage of lipid metabolic changes with transcriptomic alter-
ations. The analysis was performed using GSEA version 4.3.2 (http:
//www.broadinstitute.org/gsea) with 1000 permutations, and pheno-
type labels defined as “high” and “low” expression groups for each hub
gene. Predefined gene sets from MSigDB were interrogated, including
KEGG_Arachidonic Acid_Metabolism, BIOCARTA _Eicosanoid _Pathway,
PID_Lysophopholipids_Pathway. These were selected to capture the
mechanistic link between PM-induced lipid remodeling and Mg in-
flammatory activation. Significant enrichment was defined by FDR
< 0.25 and nominal p < 0.05.

4.6. Lipidomic analysis
Untargeted lipid profiling was performed to analyze the lipid levels

in Mg and PM-Mg cells using an Acquity ultraperformance liquid
chromatography (UPLC, Waters) coupled with a Xevo G2-XS quadrupole
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time-of-flight mass spectrometry (QTOF-MS, Waters) according to
modified procedures previously used for adherent cells [83]. To extract
intracellular lipids, 2 x 10° cells were quickly twice washed with PBS
buffer and quenched in liquid nitrogen for 1 min. After the cells were
scraped into 200 pL of cold methanol-water mixture (8:2, v/v), the
extract was transferred into a 1.5 mL Eppendorf tube. This extraction
step was repeated twice. The extract was vigorously mixed with 200 pL
of water and 400 pL of chloroform for 1 min and then, kept at 4 °C for
30 min. After centrifuge at 21,191 xg and 4 °C for 20 min, 350 pL of
lower lipophilic solution was transferred into a new tube and dried
under nitrogen gas. Powdered samples were stored at —80 °C until
LC-MS analysis. Dried lipid metabolites were re-dissolved in 200 pL of
isopropanol containing SPLASH LIPIDOMIX internal standard mix
(Avanti Polar Lipids) and palmitic acid (U-13C16, 98 %, Cambridge
Isotope Laboratories, Inc.). After dilution 5-fold for positive ion mode
and 2-fold for negative ion mode with isopropanol-water mixture (8:2,
v/v), 2 pL of each sample was injected into UPLC-QTOF-MS system. QC
samples generated by pooling equal volume of each analytical sample
were analyzed prior to running sample acquisition and between
analytical samples. Intracellular lipids were separated using an Acquity
UPLC CSH C18 column (100 mm x 2.1 mm, 1.7 pm particle size, Wa-
ters) at 55 °C and a flow rate of 0.4 mL/min. MS spectral data acquisition
was performed in positive and negative electrospray ionization (ESI)
modes with an m/z range of 50-1200. LC-MS data were processed using
Progenesis software (Waters) to carry out peak finding, alignment, and
generating peak tables of m/z and retention time. For further details, see
Supplementary Information.

4.7. Quantitative reverse transcription PCR (qRT-PCR)

After total RNA was extracted with the RiboEX reagent, it was pu-
rified using a HybridR Kit (GeneAll) following the manufacturer’s pro-
tocol. The RevertAid First-Strand cDNA Synthesis Kit (Thermo Fisher)
was subsequently used to synthesize cDNA from 500 ng of purified total
RNA. To conduct quantitative real-time PCR (qQRT-PCR), we used the
qTOWER3 Real-Time PCR Thermal Cycler (Analytik Jena) and TB Green
Premix Ex Taq (Takara Bio). The cycle threshold (Ct) values were used to
analyze the qPCR results, and we employed the 2"*2¢t method for the
analysis. The sequences of the primers used in this study are listed in
Supplementary Table 2.

4.8. Quantitative assay for biological components

To evaluate TAG and cholesterol levels, the Colorimetric Serum
Triglyceride Quantification Kit and the Colorimetric Total Cholesterol
Assay Kit (Cell Biolabs) were used, respectively. To assess PGE2 and
PGH2 levels in culture media, the PGE2 Parameter Assay Kit (R&D
systems) and PGH2 CLIA Kit (Abbexa) were used, respectively. All the
assays were performed following the manufacturer’s instructions.

Statistical analysis

For statistical analysis, we utilized Microsoft Excel or GraphPad
Prism ver. 8.0 software. To determine the significance of differences
between two groups, we performed Student’s t test using GraphPad
Prism and Microsoft Excel. To evaluate the statistical significance of
differences among multiple groups, we conducted one-way analysis of
variance (ANOVA), followed by Tukey’s multiple comparison test. The
significance level was set at p < 0.05. For quantitative analysis of the
relative FL intensity, the FL signal in cells was analyzed using ImageJ
software by applying a segmentation algorithm to mask the cell
boundary and stained areas (Otsu’s method) and subsequently
measuring the average integrated density within the cell boundaries.
The quantified intensity values of the cells were then averaged.

Environmental implication

Exposure to PM triggers lipid-mediated inflammation in M¢ through
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the Lands cycle, a key phospholipid remodeling pathway. Our study
demonstrates that PM exposure perturbs lipid homeostasis, leading to a
pro-inflammatory state that may contribute to chronic inflammatory
diseases. Given the widespread presence of airborne PM in urban envi-
ronments, these findings underscore the urgent need for stricter air
quality regulations to mitigate its impact on public health. Utilizing 3D-
HT and multi-omics analysis, we provide a comprehensive real-time
assessment of lipid metabolic alterations and inflammatory responses
in living Mg, offering novel insights into PM-induced pathophysiology.
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