Biomedicine & Pharmacotherapy 192 (2025) 118652

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

FI. SEVIER

biomsdiigie
journal homepage: www.elsevier.com/locate/biopha

Check for

Phosphatidylcholine-bound palmitoleic acid: A bioactive key to unlocking [
macrophage anti-inflammatory functions

Miguel A. Bermtdez “““-', Clara Meana "', Alvaro Garrido *°, Alfonso Pérez-Encabo,
Maria A. Balboa "¢, Jests Balsinde

2 Bioactive Lipids and Lipidomics Core, IBGM, CSIC-UVA, Valladolid 47003, Spain

b Lipid Metabolism and Inflammation Group, IBGM, CSIC-UVA, Valladolid 47003, Spain

¢ Centro de Investigacion Biomédica en Red de Diabetes y Enfermedades Metabdlicas Asociadas (CIBERDEM), Instituto de Salud Carlos III, 28029, Madrid, Spain
4 Facultad de Ciencias y Artes, Universidad Catdlica de Avila (UCAV), Avila 05005, Spain

€ Departamento de Pediatria e Inmunologia, Universidad de Valladolid, Valladolid 47005, Spain

f Instituto CINQUIMA, Departamento de Quimica Organica, Universidad de Valladolid, Valladolid 47011, Spain

ARTICLE INFO ABSTRACT

Keywords:

Palmitoleic acid

Lipid signaling

Macrophage activation
Lipid-mediated immunomodulation
NF-kB signaling

Inflammation

Inflammatory processes are central to the progression of numerous chronic conditions, including cardiovascular
and metabolic disorders, with macrophages playing a pivotal role in these responses. Monounsaturated fatty
acids, including palmitoleic acid (16:1 n — 7), have been implicated in modulating inflammation, yet their
precise molecular mechanisms of action remain incompletely understood. Notably, in macrophages, 16:1 n — 7 is
preferentially esterified into a specific phosphatidylcholine (PC) species, PC(16:0/16:1 n — 7), raising the pos-
sibility that its biological activity is governed by this lipid-bound form. Here, we demonstrate that the anti-
inflammatory effects of 16:1 n — 7 in macrophages are mediated through its incorporation into this PC spe-
cies. Using synthetic phospholipids and multiple activation stimuli, we show that PC(16:0/16:1 n — 7) directly
regulates macrophage activation. It suppresses NF-kB signaling, reprograms gene expression, and promotes a
shift toward an anti-inflammatory, M2-like phenotype that enhances phagocytic capacity. These effects are
preserved in ether analogs resistant to phospholipase-mediated hydrolysis, confirming that the release of free
16:1 n — 7 is not required. These findings reveal a previously unrecognized lipid-driven mechanism of immu-
nomodulation, in which specific structural features of PC(16:0/16:1 n — 7) confer intrinsic bioactivity. Our study
broadens understanding of immunometabolic regulation by membrane phospholipids, and provides a mecha-
nistic basis for the pharmacotherapeutic potential of defined lipid species in reprogramming macrophage
function in inflammatory diseases.

(cis-9-hexadecenoic acid, 16:1 n — 7), a relatively minor mono-
unsaturated fatty acid. Findings suggest that this fatty acid helps miti-

1. Introduction

Monounsaturated fatty acids are widely acknowledged for their
positive impact on human health, particularly in supporting cardiovas-
cular health by reducing inflammation. Their unique physical charac-
teristics, remaining in a liquid state at body temperature while resisting
oxidation, make them valuable components of cell membranes. These
properties are thought to help membranes maintain an ideal balance of
fluidity, contributing to overall cellular stability and function [1,2].
Recent studies in murine models of metabolic disease have highlighted
the potential anti-inflammatory role of palmitoleic acid

gate metabolic disorders by reducing hepatic steatosis and enhancing
whole-body insulin sensitivity. Moreover, elevated circulating levels of
16:1 n — 7 appear to improve insulin responsiveness in muscle cells,
support pancreatic -cell function and proliferation, and protect against
palmitate-induced stress and apoptosis across various cell types [3-10].
However, conflicting evidence also exists, particularly in humans. Some
investigations have linked increased circulating levels of palmitoleic
acid to adverse health outcomes, including obesity, pancreatitis, in-
flammatory bowel disease, hepatic steatosis, and cardiovascular
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conditions [10-15]. Thus, the behavior of 16:1 n — 7 in physiology and
pathophysiology is intriguing, and its effects appear to be highly com-
partmentalized. It has been suggested that the marked tissue-specific
formation of 16:1 n — 7 may underlie much of the discordance
observed [16-19].

Despite the growing biomedical interest in its significance, the pre-
cise mechanisms through which 16:1 n — 7 influences cellular signaling
and molecular pathways remain largely unknown [20]. In the current
study, we aim to fill these gaps by providing novel and unexpected in-
sights into the molecular mechanisms triggered by 16:1 n — 7 in major
immunoinflammatory cells such as macrophages. Given the alarming
prevalence of inflammatory metabolic disorders like diabetes and car-
diovascular disease, advancing our molecular understanding of
16:1 n — 7 effects could be instrumental in developing effective treat-
ments. This progress would not only improve public health by enhancing
life expectancy and well-being but also yield significant economic ben-
efits, considering the high costs associated with treating these wide-
spread conditions.

In previous work, we performed comprehensive analyses of the
incorporation, distribution, and utilization of 16:1 n — 7 in key immu-
noinflammatory cells, including human monocytes and murine macro-
phages [21-24]. These studies revealed striking features in how the cells
process 16:1 n — 7. Most of the fatty acid is concentrated within the
phosphatidylcholine (PC) fraction, with a notable dominance of a
unique species: 1-palmitoyl-2-palmitoleoyl-sn-glycero-3-phosphocho-
line, PC(16:0/16:1 n — 7) [22,23]. Interestingly, upon activation by
innate immune stimuli, monocytes and macrophages rapidly shuttle
16:1 n — 7 moieties from PC to phosphatidylinositol (PI), a process
requiring the formation of free 16:1 n — 7 as an intermediate [24].
Whether this phospholipid remodeling pathway contributes to the bio-
logical activity of 16:1 n — 7 remains unknown. In this regard, there is a
tendency to assume that the biologically active form of 16:1 n — 7 is its
free fatty acid form, though this has never been conclusively proven.
Given the unique distribution of 16:1 n — 7 in innate immune cells, we
sought to investigate the effects of introducing PC(16:0/16:1 n — 7) to
the cells and examining its metabolism, rather than simply adding free
16:1 n — 7, as is commonly done in most studies exploring the biological
effects of the fatty acid. Our findings demonstrate that it is the complete
16:1 n — 7-containing phospholipid, rather than the free fatty acid form,
that is responsible for the pronounced anti-inflammatory activity char-
acteristic of 16:1 n — 7. Furthermore, macrophages loaded with
16:1 n — 7-containing PC undergo gene expression reprogramming,
likely driven by the restrained activity of the NF-kB transcription factor.
This process leads to the acquisition of an anti-inflammatory phenotype
and, consequently, an enhanced phagocytic capacity. Our findings
suggest that 16:1 n — 7-containing PC plays a role in regulating
macrophage polarization and shaping their inflammatory behavior.
Given that macrophages can repolarize under appropriate cytokine
conditions, the presence of 16:1 n — 7-containing PC in the membrane
may help sustain a polarized M2-like anti-inflammatory state.

2. Materials and methods
2.1. Cell culture

Resident peritoneal macrophages from Swiss male mice (University
of Valladolid Animal House, 10-12 weeks old) were obtained by peri-
toneal lavage using 5 ml cold phosphate-buffered saline, as described
elsewhere [25]. The cells were plated at 2 x 10° per well (6-well plates)
in 2 ml RPMI 1640 medium with 10 % fetal bovine serum, 100 U/ml
penicillin, and 100 pg/ml streptomycin, and allowed to adhere for 20 h
in a humidified atmosphere of 5 % COy at 37 °C. All procedures
involving animals were carried out under the supervision of the Insti-
tutional Committee of Animal Care and Usage of the University of Val-
ladolid, and are in accordance with the guidelines established by the
Spanish Ministry of Agriculture, Food, and Environment and the
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European Union.

For experiments, the cells were treated with the different phospho-
lipids for the indicated periods of time. The phospholipids were added to
cells as complexes with fatty acid free-bovine serum albumin (3:1). The
complexes were formed by sonication in a water bath [26]. Afterward,
the cells were placed in serum-free medium for 1 h before addition of
stimulants for the indicated concentrations and periods of time.
Zymosan was prepared as described [27]. For opsonization, the particles
were treated with mouse serum (3 mg zymosan per 1 ml serum) for
20 min at 37 °C. Only zymosan preparations that showed no endogenous
phospholipase Ay activity, as measured by enzyme assay [28-30], were
used in this study. Protein was measured according to Bradford [31],
using a commercial kit (BioRad, Hercules, CA, USA).

For the antisense inhibition experiments, RAW264.7 macrophage-
like cells were used. These cells were grown in DMEM supplemented
with 10 % (v/v) fetal bovine serum, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine at 37 °C in a humidified atmo-
sphere of 5 % CO; at 37 °C, as previously described [32,33]. The iPLAyf
antisense oligonucleotide utilized in this work has been described in
previous studies [23,27]. The oligonucleotides were mixed with Lip-
ofectamine RNAIMAX (Thermo Fisher Scientific, Walthman, MA, USA),
following the manufacturer’s instructions. Oligonucleotide treatment
and culture conditions were not toxic for the cells as assessed by the
trypan blue dye exclusion assay.

2.2. Lipid analysis by mass spectrometry

Total lipids from approximately 107 cells were extracted according to
Bligh and Dyer [34]. After addition of internal standards, phospholipids
were separated from neutral lipids by thin-layer chromatography, using
n-hexane/diethyl ether/acetic acid (70:30:1, v/v/v) [35]. Phospholipid
classes were separated with chloroform/methanol/28 % (w/w) ammo-
nium hydroxide (60:37.5:4, v/v/v) as the mobile phase, using plates
impregnated with boric acid [36]. Fatty acid methyl esters were ob-
tained from the various lipid fractions by transmethylation with 0.5 M
KOH in methanol for 60 min at 37 °C [21,22]. Analysis was carried out
using an Agilent 7890A gas chromatograph coupled to an Agilent 5975C
mass-selective detector operated in electron impact mode, equipped
with an Agilent 7693 autosampler and an Agilent DB23 column (60 m
length x 0.25 mm internal diameter x 0.15 pm film thickness). Data
analysis was carried out with the Agilent G1701EA MSD Productivity
Chemstation software, revision E.02.00 (Agilent Technologies, Santa
Clara, CA, USA).

2.3. Real-time PCR

Total RNA was extracted using Trizol reagent (Ambion, Thermo
Fisher Scientific). The cDNA templates were synthesized using Verso
cDNA synthesis kit (Thermo Fisher Scientific), following the manufac-
turer’s instructions. Quantitative PCR (qPCR) was carried out with an
ABI 7500 machine (Applied Biosystems, Carlsbad, CA) using Brilliant III
Ultra-Fast SYBR Green qPCR Master Mix (Agilent Technologies, Santa
Clara, CA), and specific primers for each gene of interest. Primers used
were: Actb, GGCTGTATTCCCCTCCATCG and CCAGTTGGTAA-
CAATGCCATGT; Fizz (Retnla), CCAATCCAGCTAACTATCCCTCC and
ACCCAGTAGCAGTCATCCCA; 1110, GCTCTTACTGACTGGCATGAG and
CGCAGCTCTAGGAGCATGTG; Il1b, GCAACTGTTCCTGAACTCAACT
and TCTTTTGGGGTCCGTCAACT; 116, TAGTCCTTCCTACCCCAATTTCC
and TTGGTCCTTAGCCACTCCTTC; Nip3,  ATCAACAGGCGA-
GACCTCTG and GTCCTCCTGGCATACCATAG; Ppib (cyclophilin B),
GGCTCCGTCGTCTTCCTTTT and ACTCGTCCTACAGATTCATCTCGC; Tnf,
ACGGCATGGATCTCAAAGAC and AGATAGCAAATCGGCTGACG; Yml
(Chil3), CAGGTCTGGCAATTCTTCTGAA and GTCTTGCTCATGTGTG-
TAAGTGA. The relative mRNA abundance for a given gene was calcu-
lated using the algorithm 222 with Actb and Ppib as internal standards
[371.
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2.4. Cytokine assays

Supernatants from cell cultures were obtained and cleared by
centrifugation at 15,000 x g for 10 min. A volume of 100 pl was sub-
sequently used for the assays. Quantification of TNF-a (catalog
#88-7324-88), IL-6 (catalog #88-7064-88), and IL-1p (catalog no.
88-7013A-88) was carried out using commercial specific ELISA Kits,
following the indications of the manufacturer (Invitrogen, Thermo
Fisher Scientific).

2.5. Immunofluorescence

Immunofluorescence staining was performed to assess NF-xB p65
nuclear translocation. Briefly, macrophages were seeded in glass cov-
erslips at 1.5 x 10° cells/well in 12-well plates and incubated overnight.
Cells were treated or left untreated with 100 uM PC(16:0/16:1 n — 7) or
PC(16:0/16:116:1 n — 9) for 24 h, then exposed or not to 200 ng/ml LPS
for the indicated times. After washing with PBS, cells were fixed with
4 % paraformaldehyde for 15 min, permeabilized with 0.3 % Triton X-
100 for 3 min, and blocked with 10 % goat serum for 1 h. Afterward, the
cells were incubated overnight at 4 °C with a rabbit NF-kB p65 antibody
(1:200) (Cell Signaling, Danvers, MA, USA; catalog no. 8242) in 1 % goat
serum, followed by a polyclonal anti-rabbit secondary antibody (Fab
Alexa Fluor 594, 1:2000) (Life Technologies, Thermo Fisher Scientific;
catalog no. A11072) for 1 h. DAPI staining (1 ug/ml) was performed for
5 min before mounting. A Leica TCS SP5X confocal microscope was used
to visualize NF-xkB and DAPI localization, and the translocation index
was quantified using CellProfiler software. Three images per condition,
containing 80-100 cells at similar confluence, were analyzed.

2.6. RNA-Seq analysis

Extracted RNA was sequenced at the Beijing Genomics Institute (BGIL,
Hong Kong, China) and data were analyzed by EGO Genomics (Sala-
manca, Spain). RNA-Seq quality control was performed with FastQC
(v0.11.9) for each FASTQ file, and results were aggregated using Mul-
tiQC  (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Reads were aligned to the reference genome (GRCm39) with STAR,
version 2.7.6 [38], and gene counts were estimated using featureCounts,
version 2.0.1 [39]. Differential expression analysis was carried out in R,
version 4.1.2. Count values were processed with edgeR, version 3.36.0
[40], normalized using the trimmed mean of M values method, and
lowly expressed genes (<1 count per million) were filtered out. Differ-
entially expressed genes were identified using linear models imple-
mented in Limma-Voom, version 3.50.3 [41]. Heatmaps were generated
with heatmap3, version 1.1.9 [42]. A list of M2 genes compiled by
Jablonski et al. [43] was analyzed, and Z-score-normalized logCPM
values were visualized as a heatmap with a color code with white for
lower expression and red for higher expression.

2.7. Cell fractionation

After the various treatments, cells were washed with ice-cold PBS
and scraped into hypotonic lysis buffer (10 mM Tris-HCl, pH 7.5, 10 mM
NaCl, 3 mM MgClz, 1.1 mM EGTA, supplemented immediately before
use with 0.5 mM DTT and protease inhibitor cocktail) (catalog no. P-
8340, Sigma). Samples were incubated on ice for 15 min. NP-40 was
then added to a final concentration of 0.05 % (v/v), followed by
vigorous mixing for 10 s to disrupt the plasma membrane. Homogenates
were centrifuged at 800 x g for 2 min at 4 °C. The supernatants, cor-
responding to the cytoplasmic fraction, were collected and stored at —20
°C until use. Pellets were washed twice with the same hypotonic buffer,
resuspended in hypertonic lysis buffer (20 mM HEPES, pH 7.4, 420 mM
NacCl, 1.5 mM MgClz, 0.1 mM EGTA, 25 % (v/v) glycerol, supplemented
immediately before use with 0.5 mM DTT and protease inhibitor cock-
tail), mixed vigorously for 10 s, and incubated for 30 min at 4 °C under

Biomedicine & Pharmacotherapy 192 (2025) 118652

constant agitation. Finally, samples were centrifuged at 12000 x g for
10 min at 4 °C, and the resulting supernatants, corresponding to the
nuclear fraction, were collected and stored at —80 °C until use.

2.8. Western blotting

Cell homogenates were prepared by lysis in buffer containing 20 mM
Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM
Na4P207, 50 mM f-glycerophosphate, 270 mM sucrose, 0.1 % 2-mercap-
toethanol, 1 % Triton X-100, 100 uM PMSF, 1 mM Na3VOg4, 10 mM NaF
and a protease inhibitor cocktail. After centrifugation at 15000 g for
10 min, 50-100 pg of cellular protein was separated by SDS-PAGE and
transferred to PVDF membranes. Membranes were blocked with 5 %
non-fat dry milk or 5 % bovine serum albumin in PBS, and incubated
with primary antibodies (1:1000) in PBS with 0.5 % non-fat dry milk and
0.1 % Tween 20. Antibodies against NF-kB p65 (catalog no 8242), and
IkBa (catalog no 4814) were from Cell Signaling Technology (Danvers,
MA, USA). Anti-p-actin (catalog no. A5441) was from Sigma, and anti-
p84 nuclear matrix protein (catalog no ab487) was from Abcam (Cam-
bridge, UK). HRP-conjugated secondary antibodies were used at 1:5000
dilution. Antibodies anti-rabbit IgG (catalog no NA9340) were from
Amersham Biosciences (Chalfont St. Giles, UK) and anti-mouse IgG
(catalog no 1706516) were from BioRad. Bands were visualized using an
ECL chemiluminescent substrate (Amersham).

2.9. Flow cytometry

After cell collection, non-specific binding was blocked with 5 pg/ml
anti-CD16/32 (clone 93, catalog no. 101301, BioLegend, San Diego, CA,
USA) for 20 min at 4 °C. Cells were subsequently stained with 0.5 pg/ml
anti-CD206 (clone C068C2, catalog no.141710, BioLegend). Fluores-
cence was acquired using a Cytek Aurora spectral flow cytometer (Cytek
Biosciences, Fremont, CA, USA), and data were analyzed with FlowJo™
software (version 11, FlowJo LLC, Ashland, OR, USA). A minimum of
10000 cells was analyzed per sample.

2.10. Phagocytosis assay

Yeast-derived zymosan conjugated with Alexa Fluor 488 served as
the phagocytic stimulus. Cells were plated onto glass coverslips,
permitted to adhere, and exposed to the relevant phospholipids for 24 h.
Zymosan, at a ratio of 10 particles per cell (approximately 0.2 mg per 10°
cells), was added, followed by a 30-min incubation at 37 °C. Coverslips
were then rinsed with PBS, relocated to plates maintained at 37 °C, and
phagocytosis was allowed to proceed for an additional 30-min period.
To stop the reaction, cells were fixed with 4 % paraformaldehyde in PBS
containing 3 % sucrose for 15 min. Subsequently, paraformaldehyde was
eliminated through three PBS washes. DAPI staining was performed by
incubating cells with a 1 pg/ml solution of the dye in PBS for 10 min.
Coverslips were mounted onto microscopy slides using 10 pl of polyvinyl
alcohol solution, until fluorescence microscopy analysis. Imaging was
conducted with a Leica TCS SP5X confocal microscope equipped with a
white laser (470-670 nm) (Leica Microsystem, Wetzlar, Germany).
Captured images were processed utilizing LAS AF version 2.6.3 (Leica)
and ImageJ (https://imagej.net/ij/). The phagocytic index was deter-
mined by dividing the phagosome count by the total cell number per
field, then multiplying the result by the percentage of phagocytosing
cells, as previously reported [44-46].

2.11. Statistical analysis

Statistical analyses were performed using SigmaPlot software,
version 14.0 (Systat Software Inc., San Jose, CA, USA). Data are pre-
sented as means + SD, as indicated in the figure legends. Pairwise
comparisons were performed using Student’s t-test, while analyses
involving three or more groups were conducted using one-way or two-
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way ANOVA followed by the Holm-Sidak post hoc multiple comparison
test. A p-value < 0.05 was considered statistically significant. Details of
the statistical tests and sample sizes are provided in the figure legends.

3. Results

3.1. Lipidomic analysis of the incorporation of palmitoleoyl-containing
phosphatidylcholine into macrophage lipids

Previous work from our laboratory showed that enriching macro-
phages with 16:1 n — 7 significantly reduces their responses to bacterial
lipopolysaccharide (LPS), highlighting the anti-inflammatory properties
of this fatty acid [21,22]. Given the strong tendency of 16:1 n — 7 to
accumulate predominantly in a single phospholipid species, namely PC
(16:0/16:1 n — 7) [22-24], we began this study by investigating
whether treating the cells with the entire phospholipid, rather than the
free fatty acid itself, would lead to similar outcomes. This is a key
question with regard to the mode of delivery of a lipid active principle
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into a biological system, because phospholipids are generally less toxic
than free fatty acids, allowing their use at higher concentrations, which
in turn enhances potency and efficacy. For these experiments, a multi-
gram synthesis procedure of PC(16:0/16:1 n — 7) was developed, the
details of which are presented as supplemental material (Appendix A).
The synthetic route devised enables the incorporation of enantiomeri-
cally pure fatty acids (cis > 95 %) into the sn-2 position of any PC
molecule. The chemical structures of all phospholipid species synthe-
sized for this study are shown in Fig. 1.

Fig. 2 illustrates the lipidomic changes observed in murine macro-
phages following exposure to PC(16:0/16:1 n — 7). With regard to their
fatty acid composition, the PC(16:0/16:1 n — 7)-treated cells exhibited
the expected elevated levels of both 16:0 and 16:1 n — 7 fatty acids. No
significant decreases were observed in any other fatty acid, indicating
that the cells accommodated the supply of exogenous phospholipid well
(Fig. 2A). The vast majority of the added PC(16:0/16:1 n — 7) remained
associated with PC, although very small increases in 16:1 n — 7 within
PE were also detected (Fig. 2B). While statistically significant, these PE
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Fig. 1. Chemical structures of the phospholipid species synthesized for use in this study.
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Fig. 2. Incorporation of PC(16:0/16:1 n — 7) into macrophages. The cells were treated with PC(16:0/16:1 n — 7) (100 uM, complexed with fatty acid free-bovine
serum albumin at a 3:1 ratio) for 24 h. Total cellular fatty acids were determined by GC-MS (A). The 16:1 n — 7 content in phosphatidylcholine (PC), phosphati-
dylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylserine (PS) was determined by GC-MS. 16:1 n — x denotes a mix of the n — 9 and n — 10 isomers,
which elute together. (B) The 16:1n-7 content in phospholipids (PL), diacylglycerol (DAG), triacylglycerol (TAG), and cholesterol esters (CE) was determined by GC-
MS (C). Results are shown as means + SD of four independent determinations. ** p < 0.01, and *** p < 0.001, significantly different from the corresponding lipid in

control cells using Student’s t-test.

levels were so low compared to PC that they may simply reflect an
inconsequential pathway of 16:1 n — 7 redistribution. No variations in
the levels of 16:1 n — 7 were observed in any other phospholipid class
(Fig. 2B) or in neutral lipids (Fig. 2C).

3.2. 16:1-containing PC species inhibit the expression of pro-
inflammatory genes by activated macrophages

When PC(16:0/16:1 n — 7)-loaded macrophages were exposed to
bacterial lipopolysaccharide (LPS), a markedly reduced expression of
the pro-inflammatory genes Il6, Tnf, and of their respective protein
products was observed (Fig. 3A-D). To demonstrate that this effect is
specifically attributable to the presence of the 16:1 n — 7 moiety within
the phospholipid, parallel experiments were also carried out with cells
treated with other PC molecular species, where 16:1 n — 7 had been
replaced with either oleic acid (18:1 n — 9, shown in the figure as PC

(16:0/18:1 n — 9)), or palmitic acid (PC(16:0/16:0). Neither of these
exerted a significant effect on the LPS-induced gene expression (Fig. 3A
and B). As a positive control for these experiments, we also used PC
(16:0/16:1 n — 9), that is, a species in which 16:1 n — 7 was replaced
with its positional isomer hypogeic acid (16:1 n — 9), a fatty acid also
known to exhibit a marked anti-inflammatory character [20-23].
Accordingly, PC(16:0/16:1-9) also strongly inhibited the LPS-induced
upregulation of Il6, and Tnf (Fig. 3A and B). Overall, these findings
provide detailed information to identify the minimal structural re-
quirements necessary for the phospholipid to antagonize the
LPS-induced gene expression responses. Thus, the effect appears to
depend on the combined presence of a double bond within the fatty acid
and a 16-carbon chain length, as 16:1 n — 7- and 16:1 n — 9-containing
PCs are active, whereas 16:0- and 18:1 n — 9-containing PCs are not.
To further characterize the effect of PC(16:0/16:1 n — 7) on LPS-
induced pro-inflammatory gene expression, concentration- and time-
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Fig. 3. Anti-inflammatory activity of PC(16:0/16:1 n — 7). (A-D) The cells were incubated with the indicated phospholipid (100 uM) for 24 h. Afterward, they were
stimulated with 200 ng/ml LPS for 6 h. The mRNA expression levels for 116 (A), and Tnf (B), were analyzed by RT-qPCR. These data are given as means + SD, n = 3; *
p < 0.05, and ** p < 0.01, significantly different from the corresponding LPS stimulations in the absence of added phospholipid, by one-way ANOVA followed by the
Holm-Sidak test. IL-6 (C) and TNF-a (D) levels in cell culture supernatants were analyzed using specific ELISAs. These data are given as means + SD, n = 6; ***
p < 0.001, significantly different from the corresponding LPS stimulations in the absence of added phospholipid, by one-way ANOVA followed by the Holm-Sidak
test. (E) Concentration dependence of the effect of PC(16:0/16:1 n — 7). The cells were incubated with the indicated concentrations PC(16:0/16:1 n — 7) for 24 h
and, afterward, stimulated with 200 ng/ml LPS for 6 h. (F) Time-course of the effect of PC(16:0/16:1 n — 7). The cells were incubated with the phospholipid
(100 uM) for the indicated periods of time. The mRNA expression levels for Il6 were analyzed by RT-qPCR. These data are given as means + SD, n = 3; *** p < 0.001,
significantly different from the corresponding LPS stimulations in the absence of added phospholipid, by one-way ANOVA followed by the Holm-Sidak test. (G) Effect
of different stimuli on 116 expression. The cells were incubated with PC(16:0/16:1 n — 7) (green bars) or PC(16:0/16:1 n — 9) (red bars) or neither (open bars and
blue bars) for 24 h. Afterward, they were stimulated with LPS (200 ng/ml), zymosan (500 pug/ml) or phorbol myristate acetate (PMA) (500 ug/ml) plus calcium
ionophore A23185 (1 uM) as indicated for 6 h. Open bars denote incubations in the absence of stimulus. (H) Responses of TLR4-deficient cells. Cells were made
deficient in TLR4 receptor expression by siRNA transfection. The cells were then treated as described in the experiment shown in panel G. These data (G, H) are given
as means =+ SD, n = 3; *** p < 0.001, significantly different from the corresponding stimulations in the absence of added phospholipid, by one-way ANOVA followed
by the Holm-Sidak test. (I-K) The cells were treated as in panel A using 100 uM PC(16:0/16:1 n — 7) and stimulated by LPS for 4 h, as indicated. The mRNA
expression levels for Nlrp3 (I) and Iib (J) were analyzed by RT-qPCR. These data are given as means &+ SD, n = 5; ** p < 0.01, and *** p < 0.001, significantly
different from the corresponding LPS stimulations in the absence of added phospholipid, by one-way ANOVA followed by the Holm-Sidak test. (K) The cells were
treated as in panel I and the inflammasome was stimulated by treating with 5 mM ATP for 40 min. Cell supernatants were used for IL-1p quantification using specific

ELISAs. These data are given as means + SD, n = 4; ** p < 0.01, by one-way ANOVA followed by the Holm-Sidak test.

dependent responses were measured. [l6 gene expression levels were
assessed in these experiments. The PC(16:0/16:1 n — 7) effect was
readily observable at concentrations as low as 25 uM and incubation
times between 12 and 48 h (Fig. 3E and F). To assess whether the anti-
inflammatory effect of PC(16:0/16:1 n — 7) is a general one on macro-
phage activation, other stimuli in addition to LPS, both receptor-
directed (yeast-derived zymosan) and soluble (phorbol ester plus iono-
phore A23187), were tested. As shown in Fig. 3G, Il6 gene expression
was strongly reduced in the PC(16:0/16:1 n — 7)-treated cells under all
activation conditions tested, demonstrating that the effect is general
rather than stimulus-specific. PC(16:0/16:1 n — 9)-treated cells
behaved similarly.

Given that LPS is a lipid ligand, it raises the possibility that the
inhibitory effects observed with PC(16:0/16:1 n — 7) in the presence of
LPS might stem, at least in part, from an interaction with TLR4, the
receptor for LPS. To investigate this, we employed RAW264.7 macro-
phages in which TLR4 expression was silenced using siRNA. Previous
studies, including our own, have shown that this approach consistently
reduces TLR4 expression by more than 80 % in these cells [47-49]. As
expected, LPS-induced Il6 gene expression was nearly abolished
(Fig. 3H). However, the «cells responded normally to
non-receptor-directed stimulation (PMA plus calcium ionophore) as well
as to stimuli targeting other receptors (zymosan). In both cases, PC
(16:0/16:1 n — 7) and PC(16:0/16:1 n — 9) blunted the responses to
levels comparable to those observed in cells with intact TLR4 (cf. Fig. 3G
and H). Thus, the inhibitory activity of PC(16:0/16:1 n — 7) is preserved
in the absence of functional TLR4, indicating that its effects cannot be
explained by direct competition for TLR4 binding or by ligand
neutralization.

To extend our study to other inflammation-driven pathways, we next
assessed the effect of PC(16:0/16:1 n — 7) on LPS-induced activation of
the NLRP3 inflammasome and subsequent activation of IL-1p produc-
tion. This is a key event in inflammatory signaling and autoimmune
disease, driving immune responses and contributing to pathological
inflammation [50-52]. PC(16:0/16:1 n —7) markedly inhibited
LPS-induced Nlrp3 gene expression (Fig. 3I) as well as IL-1§ production,
both at the gene (Fig. 3J) and protein levels (Fig. 3K).

3.3. Liberation of free 16:1n—7 from PC(16:0/16:1n—7) is not required
for the phospholipid to demonstrate anti-inflammatory activity

In activated cells, part of the 16:1 n — 7 present in PC is rapidly
transferred to phosphatidylinositol (PI) through a Lands cycle-like
deacylation/reacylation process initiated by the phospholipase iPLA2f
(group VIA calcium-independent phospholipase Ay) [23,24]. To inves-
tigate whether this 16:1 n — 7 remodeling pathway from PC to PI is
relevant for the fatty acid to exert its anti-inflammatory effects,

experiments were conducted in which the PC(16:0/16:1 n — 7)-loaded
cells were exposed to LPS in the presence of two structurally unrelated
iPLA5f inhibitors, to prevent the movement of 16:1 n — 7 between
phospholipid classes. The use of selective chemical inhibitors to inves-
tigate the role of intracellular PLAys during cell activation offers
distinctive advantages, as chemical inhibition occurs rapidly, mini-
mizing potential nonspecific effects that might develop over time. In
addition, compensatory mechanisms that could complicate result
interpretation do not come into play [53-55]. Moreover, chemical in-
hibitors specifically target PLAy-dependent effects linked to enzymatic
activity, while leaving noncatalytic functions of the enzyme unaffected
[55,56]. The inhibitors used in this study were FKGK18 and BEL.
FKGK18 is at least 200 times more potent at inhibiting iPLA5f than other
cellular PLA, forms [57] and has been shown to block iPLA;B-mediated
functions in cells and animal models of disease [58,59]. BEL shows
strong selectivity for blocking Ca?*-independent PLA, enzymes over
Ca?*-dependent ones in in vitro assays and whole cells, although it may
also exert off-target effects depending on cell type [55,60]. Previously,
we demonstrated that these two inhibitors completely block the transfer
of 16:1 n — 7 from PC to PI in activated human monocytes and mouse
peritoneal macrophages [23,24].

Fig. 4A shows that neither inhibitor exerted any effect on the reduced
expression of the Il6 gene by LPS in PC(16:0/16:1 n — 7)-loaded cells. In
parallel experiments, we also tested the effect of triacsin C, an inhibitor
of fatty acid reacylation reactions [61-63], which also blocks the
transfer of 16:1 n — 7 from PC to PI in macrophages [24]. Triacsin C had
no effect (Fig. 4A). These findings suggest that the anti-inflammatory
effect of 16:1 n — 7-containing PC is unrelated to its hydrolysis by
iPLAf leading to the liberation of free 16:1 n — 7. To further substan-
tiate this view, we next examined the effect of reducing the expression
levels of iPLA2B on the LPS-induced responses. For these experiments,
we used RAW264.7 macrophages and an iPLA,p antisense oligonucle-
otide, which we and others have previously shown to strongly reduce
iPLA,p expression levels and activity [27,64]. Since we have consis-
tently been unable to find reliable antibodies against murine iPLAp, the
efficiency of antisense inhibition was assessed by determining mRNA
levels by qPCR and by assaying the BEL-inhibitable iPLA; activity of cell
homogenates after the different treatments. Using these procedures, we
routinely achieved a 70 % decrease in iPLAyp levels [23]. When chal-
lenged with LPS, both iPLAjp-deficient and normal cells exhibited
similar inhibitory responses to PC(16:0/16:1 n — 7), underscoring the
lack of iPLA,p involvement in this effect (Fig. 4B). Taken together, these
data raise the key question of whether the anti-inflammatory properties
of 16:1 n — 7 are conferred by the structural context of its integration
into a specific phospholipid species. Seeking a definitive answer to this
question, we went on to synthesize a PC molecule in which the
16:1 n — 7 lateral chain is linked to the glycerol backbone not by a
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classical ester bond but by an ether bond, PC(16:0/0-16:1n — 7)
(Fig. 1). This modification makes the phospholipid resistant to phos-
pholipase attack and, hence, unable to release the 16:1 n — 7 moiety.
The synthesis procedure for PC(16:0/0-16:1 n — 7) is available as
Supplemental Material (Appendix B). The data shown in Fig. 4C
demonstrate that, when used under identical conditions, both PC
(16:0/16:1n — 7) and the ether analog, PC(16:0/0-16:1n — 7),
inhibited the LPS-induced gene expression to comparable levels. These
results show that the bioactive form of 16:1 n — 7 arises from its
incorporation into a phospholipid rather than from the formation of a
free fatty acid.

3.4. NF-kB p65 localization in cytoplasmic and nuclear compartments

Nuclear factor kappa B (NF-kB) plays a central role in regulating the
transcription of pro-inflammatory genes in macrophages, thereby
coordinating cellular responses to various stimuli such as pathogens,
cytokines, and danger signals [65]. When activated, the p65/p50 het-
erodimer of NF-kB translocates to the nucleus, where it drives the
expression of essential inflammatory genes [65]. As shown in Fig. 5A
and C, treatment of cells with PC(16:0/16:1n-7) reduced their ability to
induce nuclear translocation of NF-kB p65 between 1 and 3 h after LPS
stimulation, as demonstrated by its detection in nuclear. To determine
whether upstream events regulating NF-kB were also affected by the
phospholipid, we analyzed the degradation and recovery of its inhibitor
IkBa in cytosolic fractions from the same samples. Cells treated with PC
(16:0/16:1n-7) demonstrated higher basal levels of IkBa (Fig. 5B and
D). IxkBa underwent a marked reduction after 1 h of LPS treatment;
however, PC(16:0/16:1n-7)-treated cells maintained higher IkBa levels
compared to controls. Importantly, recovery of IkBa, which largely de-
pends on NF-xB activity [65], was delayed, an effect most evident at 6 h
after LPS stimulation. Together, these findings show that PC
(16:0/16:1n-7) increases NF-kB restriction prior to stimulation and
limits its nuclear translocation and activity during stimulation.

In accordance with these data, immunofluorescence staining of NF-
kB p65 in unstimulated macrophages showed a largely cytoplasmic
location (Fig. 5E). Following treatment of the cells with LPS, the ex-
pected higher amounts of NF-kB p65 were readily found in nuclei.
Importantly, the LPS-induced nuclear translocation of NF-kB p65 was
strongly reduced in PC(16:0/16:1 n — 7)-loaded cells (Fig. S5E). These
experiments were also conducted using the PC species containing
hypogeic acid (16:1 n — 9) at the sn-2 position, and the same result was
observed (Fig. 5F). This again indicated that the two 16:1 isomers
possess comparable biological activity. Quantifications are shown in
Figs. 5G and 5H.

Given that NF-«B is a hallmark of pro-inflammatory gene expression,
we speculated that reduced activity of this transcription factor could
conceivably skew the cells toward a more pronounced anti-
inflammatory character [65]. In keeping with this idea, analyses of
expression of the widely used markers for alternatively activated mac-
rophages Ym1 (Chi3l3) and Fizz1 (Retnla) [66] were conducted by qPCR.
Both markers were found to be markedly upregulated in the PC
(16:0/16:1 n — 7)-loaded macrophages compared to untreated cells
(Fig. 6A and B). For a more comprehensive characterization, we also
employed the PC species containing 16:1 n — 9 in the sn-2 position,
which produced the same results. In contrast, Il10, another
anti-inflammatory gene, was unaffected (Fig. 6C). Note, however, that
the LPS-induced up-regulation of this gene was further enhanced in the
PC(16:0/16:1 n — 7)- or PC(16:0/16:1 n — 9)-loaded cells (Fig. 6D).
Together, these results suggest that loading the macrophages with
16:1-containing PC intensifies their anti-inflammatory properties. To
further characterize these PC(16:0/16:1 n — 7) effects, we conducted
transcriptional mRNA profiling in murine macrophages under condi-
tions that lead to an anti-inflammatory M2-like phenotype (IL-13 plus
IL-4, 20 ng/ml, each for 12 h) [67]. To assess gene expression changes
associated with M2 polarization, we analyzed a number of genes widely

Biomedicine & Pharmacotherapy 192 (2025) 118652

characterized to increase during M2 polarization [43] by RNAseq in cells
incubated with or without phospholipid. The findings clearly demon-
strated that both PC(16:0/16:1 n — 7) and PC(16:0/16:1 n — 9) sub-
stantially enhance the anti-inflammatory properties of macrophages by
modulating gene expression patterns associated with alternative polar-
ization (Fig. 6E). Flow cytometry analysis of CD206, the protein product
of one of the genes appearing in Fig. 6E, Mrc1, demonstrated its expected
increase in PC(16:0/16:1 n — 7)-treated cells compared to untreated
cells (Fig. 6F).

3.5. Increased phagocytosis in macrophages loaded with 16:1-containing
PC

Enhanced phagocytosis is a hallmark of alternatively activated (M2)
macrophages, setting them apart from their pro-inflammatory counter-
parts [66,68]. Therefore, we next aimed to assess whether loading
macrophages with 16:1-containing PC would induce a heightened
phagocytic response. The 16:1-containing PC-loaded macrophages were
exposed to fluorescent yeast-derived zymosan as a phagocytic challenge
and analyzed by confocal microscopy. As in previous experiments, we
utilized PC molecules containing either 16:1 n — 7 or 16:1 n — 9 at the
sn-2 position. As shown in Fig. 7, cells loaded with both phospholipid
species manifested a significantly enhanced phagocytic response.
Importantly, parallel experiments using cells loaded with either PC
(16:0/18:1 n — 9) or PC(16:0/16:0) showed no enhanced phagocytic
activity compared to otherwise untreated control cells, thus highlighting
the specificity of action of the 16:1 moiety (Fig. 7).

4. Discussion

Building on our previous work on lipid-mediated immune modula-
tion [69,70], the current study sheds new light on the biological effects
of 16:1 n — 7, highlighting its pivotal role in shaping macrophage re-
sponses to innate stimulation. Through multiple approaches, we provide
evidence that the modulatory effects of 16:1 n — 7 on cytokine expres-
sion in activated macrophages and its general anti-inflammatory state
are dependent upon its incorporation into a phospholipid. This obser-
vation is of interest, as it suggests a novel framework for understanding
the effects of 16:1 n — 7 in inflammation; rather than the free fatty acid
itself conveying the biological signal, it is a complex lipid metabolite,
with the fatty acid incorporated into it, that drives the response.

When applied to cells, 16:1 n — 7 does not incorporate into a broad
range of phospholipid species, as most other fatty acids do. Instead, it
preferentially incorporates into a single species, namely PC(16:0/16:1)
[22,23]. Given this specificity, it was reasonable to focus on this phos-
pholipid species in our experiments. Moreover, employing a
16:1 n — 7-containing phospholipid instead of the free fatty acid rep-
resents a strategic approach with meaningful methodological advan-
tages regarding the delivery of bioactive lipid principles into biological
systems. Using the phospholipid species rather than the free fatty acid
offers multiple benefits: (i) reduced toxicity, as free fatty acids are more
cytotoxic at comparable concentrations; (ii) enhanced potency, since the
phospholipid already constitutes the active principle, whereas free fatty
acids must first incorporate into the appropriate phospholipid to exert
their effects; and (iii) improved efficacy, ensuring that fatty acids are not
wasted by becoming part of biologically inactive lipid species or used for
B-oxidation. Finally, when considering delivery to whole organisms,
phospholipids exhibit excellent biocompatibility and unique amphi-
philic properties. These characteristics make them highly suitable for
pharmaceutical applications [71,72].

Conversely, our work also anticipates that, beyond its regulatory
actions shaping the macrophage inflammatory character, 16:1 n — 7-
containing phospholipids may exert other functions in innate immune
cells. This is based on our previous finding that 16:1 n — 7 incorporated
into the cells as PC(16:0/16:1 n — 7), remains stable in this form if the
cells are left otherwise untreated [22,23]. However, pro-inflammatory
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Fig. 5. PC(16:0/16:1 n — 7) and PC(16:0/16:1 n — 9) inhibit the LPS-induced nuclear translocation of NF-kB. (A, B) Cells were pretreated or not with PC(16:0/
16:1 n — 7) as indicated and then stimulated with 200 ng/ml LPS for the indicated times. Nuclear and cytosolic fractions were prepared, and protein was analyzed by
Western blot. (A) Nuclear NF-kB p65 was detected with specific antibodies, with p84 used as a loading control. (B) Cytosolic IkBa expression was analyzed using

B-actin as a loading control. (C, D) Quantification of bands from panels A and B, normalized to protein levels at time zero. *p < 0.05,

**p < 0.001, significantly

different between LPS and LPS plus PC(16:0/16:1 n — 7), by two-way ANOVA followed by the Holm-Sidak test. (E, F) The cells were pretreated or not (Control) with
either PC(16:0/16:1 n — 7) (E) or PC(16:0/16:1 n — 9) (F), and then stimulated or not with 200 ng/ml LPS for the indicated periods of time. The cells were next
inmunostained with antibodies against NF-kB p65 (red), and nuclei were stained with DAPI (blue). Subcellular localization of NF-kB p65 and DAPI was visualized by
confocal microscopy, with colocalization shown in white. (G, H) Panels show the quantification of NF-kB p65 nuclear translocation with time, referred to the
translocation level found in untreated control cells at time zero, which was taken as 1. The data are shown as means + SD, n = 6. * p < 0.05, ** p < 0.01, and ***
p < 0.001 significantly different LPS vs LPS plus PC(16:0/16:1 n — 7) or LPS plus PC(16:0/16:1 n — 9), by two-way ANOVA followed by the Holm-Sidak test.
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Fig. 6. PC(16:0/16:1 n — 7) and PC(16:0/16:1 n — 9) increase the expression of genes related to an anti-inflammatory phenotype. The cells were incubated with
either PC(16:0/16:1 n — 7) (green bars) or PC(16:0/16:1 n — 9) (red bars) or left untreated (open bars) for 24 h. The mRNA expression levels for Ym1 (A), Fizz1 (B)
and I110 (C) were then analyzed by RT-qPCR. Additionally, the phospholipid-loaded cells were stimulated with 200 ng/ml LPS and the II-10 mRNA expression levels
were analyzed afterward (D). The results are shown as means + SD, n = 3. * p < 0.05, and ** p < 0.01, significantly different from control conditions, by one-way
ANOVA followed by the Holm-Sidak test. In other experiments, RNA expression levels of genes known to increase during macrophage polarization toward an anti-
inflammatory M2 phenotype were analyzed by RNAseq from cells incubated or not with PC(16:0/16:1 n — 7) or PC(16:0/16:1 n — 9) (E). The heatmap represents the
gene expression levels after Z-score transformation. Lower expression is represented by white, and higher expression by red. The color scale bar represents Z-score
values. (F) Cells were incubated with PC(16:0/16:1 n — 7) or left untreated (Control) for 24 h, and CD206 expression was analyzed by flow cytometry. Mean
fluorescence intensity (MFI) results are presented as means + SD, n = 4. *p < 0.05, significantly different by Student’s t-test.

activation of the cells with bacterial LPS or yeast-derived zymosan re-
sults in a fraction of the fatty acid being transferred from PC
(16:0/16:1 n — 7) to a novel phospholipid species that did not exist
before stimulation, or existed at very low levels, namely PI
(18:0/16:1 n — 7). This remodeling reaction is mediated by the

11

sequential actions of iPLAyp, acyl-CoA synthetase, and CoA-dependent
acyltransferases using the abundant lysoPI generated during macro-
phage activation as the acceptor [23,24]. Our data indicate that these
interconnected reactions occur in parallel during activation but do not
contribute to the anti-inflammatory effects of the fatty acid.



M.A. Bermiidez et al.

Biomedicine & Pharmacotherapy 192 (2025) 118652

A DAPI Zymosan Nomarski Merge

Control

PC(16:0/16:1n-7)

PC(16:0/16:1n-9)

PC(16:0/18:1n-9)

PC(16:0/16:0)

w

Phagocytic Index
Particles per Cell

N
NI NN \,\@

Phagocytic Cells (%)

Fig. 7. Effect of different phospholipid molecular species on the phagocytosis of opsonized zymosan by murine peritoneal macrophages. Cells were incubated with
the indicated phospholipids for 24 h. Afterward, fluorescent zymosan particles (10 particles per cell, equivalent to approximately 0.2 mg per million cells) were
added for 60 min, and phagocytosis was analyzed by confocal microscopy (green color, second column from the left). DAPI (1 pg/ml) was used to mark the nuclei
(blue; left column). Nomarski images (second column from the right) and the merge (right column) are also shown (A). Phagocytic index, number of particles per cell
and the percentage of phagocytic cells of three independent experiments is shown in panel B. The data are shown as means + SD, n = 3. Original magnification,
x 20. * p < 0.05, ** p < 0.01, and *** p < 0.001, significantly different from the zymosan treatment in the absence of added phospholipid by one-way ANOVA

followed by the Holm-Sidak test.

Transfer of fatty acyl moieties between phospholipids during cell
activation is an integral component of lipid signaling, increasing phos-
pholipid diversity and potentially generating unique lipid signatures,
reflective of specific activation states in monocytes and macrophages.
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Moreover, the redistribution of 16:1 n — 7 among phospholipid classes
could equip cells with novel or enhanced functional properties. Work in
fibroblasts has suggested that the proliferative capacity of 16:1 n — 7 on
various cell lines correlates with the enhanced production of a PI
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molecule incorporating this fatty acid, thereby suggesting that this
particular species might contribute to the growth-factor-like activity
attributed to 16:1 n — 7 [73]. Likewise, previous work from our labo-
ratory detected selective increases in 16:1-containing phospholipids in
human monocytes activated by innate immune stimuli [74]. Collec-
tively, these observations underscore the importance of defining and
characterizing the metabolic pathways that govern cellular utilization of
16:1 n — 7 in order to fully elucidate its biological roles, including those
underlying its anti-inflammatory effects and potentially other functions.
In relation to the former, our results identify PC(16:0/16:1 n — 7) as a
distinct phospholipid molecular species with intrinsic bioactivity,
placing it among the expanding class of phospholipids that play
specialized roles in stimulus-response coupling [75-80].

A possible explanation for the inhibitory effects of PC(16:0/
16:1 n — 7) on LPS-induced responses could be that the phospholipid
directly interferes with LPS binding to TLR4 or otherwise neutralizes the
ligand. However, our experiments in TLR4-silenced macrophages argue
against this interpretation. In these cells, LPS responses were nearly
abolished as expected, yet PC(16:0/16:1 n — 7) continued to suppress
responses to other stimuli, whether soluble (ionophore and phorbol
ester) or those involving other surface receptors (zymosan). This finding
indicates that the inhibitory effect of PC(16:0/16:1 n —7) is not
contingent upon the presence of TLR4 and is unlikely to be explained by
simple LPS sequestration. Instead, the data are more consistent with a
broader mechanism, such as modulation of membrane organization or
downstream signaling components that can influence multiple receptor
pathways converging on NF-xB. As a master regulator of the pro-
inflammatory response of macrophages, NF-kB activation controls the
expression of genes involved in immune activation, triggering the
transcription of a number of pro-inflammatory cytokines that amplify
the immune response, and promoting inflammation. Our results
showing that cells treated with PC(16:0/16:1 n — 7) manifest a signifi-
cantly reduced NF-kB activation provide a molecular frame to explain
the strong anti-inflammatory character of this lipid, and its role in
reprogramming the macrophage gene expression profile toward an anti-
inflammatory M2 state.

Interestingly, the anti-inflammatory effects of PC(16:0/16:1 n — 7)
are preserved when 16:1 n — 7 is replaced with its positional isomer
16:1 n — 9, but are lost when replaced with 18:1 n — 9. This finding
aligns with observations by de Souza et al. [7], who reported that
16:1 n — 7, but not 18:1 n — 9, elicits significant anti-inflammatory re-
sponses in human endothelial cells. These results suggest that biological
activity is dictated more by carbon number than by the position of the
double bond relative to the methyl end. It is worth noting, however, that
PC(16:0/18:1 n — 9) is known to possess biological activity in other
settings, as this species has been described as an endogenous ligand of
the nuclear receptor PPAR«a [75]. Research on PPARa ligands has shown
inflammation reduction in several disease models, including allergic
airway disease, arthritis, and inflammatory bowel disease [81]. Unlike
these data, however, the anti-inflammatory effects of 16:1 n — 7 in liver
have been shown to be completely independent of PPAR« [8].

Another member of the PPAR family, PPARy, has also been linked to
the anti-inflammatory polarization of macrophages [82-84]. However,
studies using cells from PPARy-deficient mice failed to detect any effect
of 16:1n—7 on macrophage responses [8], indicating that the
16:1 n — 7-induced effects are independent of this factor. Considering
our own data, this is an interesting finding because some studies have
demonstrated that PPARy activation may inhibit NF-kB activation,
thereby blunting the production of pro-inflammatory cytokines and
chemokines [85,86]. Thus, the possibility that PC(16:0/16:1 n — 7) and
PC(16:0/16:1 n — 9) suppress NF-xB via PPARy-mediated mechanisms
appears unlikely, as supported by the findings of Souza et al. [8].

Multiple non-exclusive mechanisms may account for the inhibition
of NFkB signaling in macrophages by PC(16:0/16:1 n — 7), including
direct molecular interactions with regulatory components or membrane-
mediated modulation. The phospholipid species could act as a
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competitive ligand for lipid-binding domains in signaling proteins,
altering their localization or conformation. In this regard, phosphati-
dylserine has been reported to suppress NF-xB activation in dendritic
cells by preventing IkBo phosphorylation and degradation, thereby
stabilizing cytoplasmic sequestration of NF-xB and preventing its nu-
clear translocation [87]. There is also evidence that certain phospho-
lipids can activate phosphatases or inhibit kinases upstream of NF-«B,
indirectly dampening the pathway. For example, the species PC
(18:2/18:2) (1,2-dilinoleoyl-sn-glycero-3-phosphocholine) has been re-
ported to block upstream MAPK activation and inhibit IkBa phosphor-
ylation in neuronal cell models, thereby blunting NF-kB activation [88].
Notably, enriching macrophages with 16:1 n — 7, which, as previously
noted, results in its pronounced accumulation in the species PC
(16:0/16:1 n — 7), also leads to diminished MAPK activation [22].

On the other hand, defined PC and lysoPC species have been found to
attenuate TNFa-induced NF-kB activation in epithelial cells, with effi-
cacy correlated to unsaturation levels; that is, more unsaturated species
exhibited stronger inhibitory effects [89]. This pattern underscores that
lipid physicochemical properties, such as the degree of unsaturation, can
significantly influence intracellular signaling. The effects may be
mediated through changes in membrane architecture, particularly the
organization of lipid rafts and other microdomains [90,91]. Such
structural rearrangements can impact the spatial distribution and clus-
tering of receptors, thereby altering the accessibility and activation of
downstream signaling complexes like the IKK complex. Accordingly,
16:1-containing PC may exert its biological effects not only through
structural integration but also by actively reshaping membrane archi-
tecture to influence signaling dynamics.

Pertinent to the results of this study, recent work has indicated that
lysoPC molecules enriched with cis or trans 16:1 n — 7 isomers regulate
insulin secretion from human EndoC-BH1 cells via activation of the
GPR119 receptor, triggering cAMP-dependent signaling cascades [92].
Both isomers enhance glucose-stimulated insulin secretion [92,93] and
regulate cholesterol metabolism [94], but they achieve this through
different intracellular signaling pathways. These findings underscore the
importance of lipid geometry and saturation in shaping molecular in-
teractions and suggest that synthetic PCs, tailored with specific acyl
chains, could be strategically designed to reorganize membrane micro-
domains and selectively modulate signaling pathways in metabolic
disorders.

Macrophage differentiation and polarization are critically deter-
mined by the cellular environment, which also dictates cytokine
responsiveness [95]. Our study emphasizes that the lipid composition
may also critically affect the polarization state of the macrophage.
Specifically, the incorporation of 16:1 n — 7 in PC shifts macrophage
polarization in response to LPS by reducing pro-inflammatory cytokine
production and enhancing the expression of M2-specific markers. In
addition, given the ability of macrophages to repolarize [96], it is
conceivable that 16:1 n — 7-containing PC also acts to hinder their
transition between distinct polarization states, thereby preventing the
adoption of an M1-like pro-inflammatory phenotype and its associated
effector functions. This shift in macrophage polarization is recognized as
a significant event in various pathophysiological settings, including
tumorigenesis, wound healing, and inflammation resolution. Hence, its
deregulation underlies both tumor progression and chronic inflamma-
tory diseases [96,97]. Therefore, elucidating the mechanisms and mo-
lecular targets underlying the effects of 16:1 n — 7 may reveal novel
opportunities for manipulating immune and inflammatory responses.

A logical consequence of the PC(16:0/16:1 n — 7)-driven shift of
macrophages to an M2-like phenotype is their heightened phagocytic
capacity. Again, this effect is similarly observed with PC molecules
containing 16:1 n — 9 instead of 16:1 n — 7, but not when 18:1 n — 9is
used, highlighting 16:1 fatty acid specificity. In turn, this demonstrates
that the enhancing effect of the 16:1 fatty acids is not merely due to the
enrichment of membranes with monounsaturates that help maintain
membrane fluidity [98], but may result from specific interactions
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between 16:1 moieties and key molecular components. In this regard,
we have previously demonstrated that a particular PLAy form, the
secreted group V enzyme [99], is strongly upregulated in macrophages
polarized to the M2 phenotype. This enzyme plays an active role in
regulating the enhanced phagocytic response characteristic of these cells
by modulating cellular lysophospholipid levels [99]. In intact cells,
group V secreted PLA;, preferentially hydrolyzes mono- and diunsatu-
rated fatty acyl residues over polyunsaturated ones [100-103]. Studies
are underway in our laboratory to determine whether macrophage
loading with 16:1-containing PC molecules modulates group V PLA,
activity, thereby influencing cellular lysophospholipid levels essential
for sustaining the elevated phagocytic response of these cells.

In summary, the results of this study reveal that loading macro-
phages with 16:1-containing PC exerts protective effects against pro-
inflammatory stimuli by reducing the production of cytokines through
the inhibition of NF-kB activation. Ultimately, this process reprograms
the gene expression profile, promoting an anti-inflammatory phenotype.
The identification of broad gene expression changes induced by 16:1-
containing PC highlights its potential to modulate macrophage re-
sponses in pathological conditions, reinforcing the therapeutic promise
of defined synthetic PC species. Given their biocompatibility, chemical
stability, and ability to integrate into lipid-based delivery systems such
as liposomes and micelles, PC molecules are already employed in clin-
ically successful nanoparticle platforms, including mRNA therapies
[104,105]. However, their translational feasibility is challenged by
rapid clearance, enzymatic degradation, and limited oral bioavailability.
In systemic applications, circulating PC molecules, when part of lipo-
somes or other nanocarriers, can form a protein corona that compro-
mises vesicle stability and alters biodistribution [106]. Incorporating
cholesterol has been shown to enhance bilayer robustness and reduce
destabilization by plasma proteins [106,107], yet some liposomal for-
mulations still risk complement activation-related pseudoallergy,
leading to infusion reactions and immune responses [107]. Moreover,
off-target effects and unintended membrane interactions remain con-
cerns. Achieving clinical viability will require precise optimization of
lipid composition, including PC species, PC-to-cholesterol ratio, and
surface charge, alongside rigorous toxicological profiling to ensure sta-
bility, bioavailability, and safety.
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