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ABSTRACT: Phytosterols are widely recognized bioactive compounds exhibiting anti-inflammatory effects.
Macrophages adopt a distinct lipid metabolic state during inflammatory responses. However, the specific mechanisms
by which phytosterols influence macrophage lipid metabolism and subsequently regulate inflammation through
metabolic remodeling remain unclear. In this study, we elucidate how phytosterols reprogram macrophage lipid
metabolism to attenuate inflammatory responses. Quantitative lipidomic analysis revealed that phytosterol-induced
lipid remodeling predominantly affects long-chain triglycerides. Further mechanistic studies demonstrated that
phytosterols increase lipid droplet accumulation and regulate their metabolism by suppressing adipose triglyceride
lipase (ATGL), upregulating hypoxia inducible lipid droplet associated proteins (HILPDA), and reducing the
production of pro-inflammatory intermediates, including arachidonic acid. Consequently, phytosterol treatment
decreased prostaglandin E, (PGE:) levels and reduced the secretion of pro-inflammatory cytokines such as IL-1p.
Collectively, these findings provide novel mechanistic insights into how phytosterols reduce macrophage-driven
inflammation through lipid metabolic reprogramming.
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1. Introduction

By 2030, chronic diseases—including cardiovascular disease, diabetes mellitus, and non-alcoholic fatty
liver disease—are projected to account for a staggering 77% of the global disease burden!!). Emerging
evidence indicates that systemic chronic inflammation plays a crucial role in the development of chronic
diseases. This persistent inflammatory state not only disrupts immune tolerance but also induces profound
dysregulation of lipid metabolism and glucose homeostasis!**. Macrophages are pivotal cells in the
inflammatory process, driving sustained secretion of pro-inflammatory cytokines that contribute to the

development of chronic inflammatory diseases!® °). While pharmacological interventions (e.g., metformin,

*Corresponding author Received 9 September 2025
xtc@live.com; 942322520@qq.com Received in revised from 18 October 2025
Accepted 11 November 2025



XX Wang et al. / Food Science and Human Wellness 16 (2027)

nonsteroidal drugs) are commonly employed to suppress inflammation, their clinical utility is often limited by
significant adverse effects (&7,

Consequently, dietary modulation has emerged as a promising adjunctive strategy for reducing the risk of
chronic disease!®. Diet serves as a primary source of nutrition; its regulatory effects on metabolism and
chronic inflammatory diseases vary significantly with dietary composition. For instance, diets high in
saturated fat and sugar are associated with an increased risk of cardiovascular disease and type 2 diabetes;
conversely, calorie-restricted diets are associated with a reduced risk of these conditions!® '°l. In this context,
targeted nutritional supplementation represents a promising strategy to fine-tune inflammatory responses!!!
121 Phytosterols are natural bioactive compounds widely distributed in plants!!®). It is well-recognized that
phytosterols exhibit anti-inflammatory effects and thereby contribute to multiple biological processes in
chronic diseases!!+!7),

Critically, macrophage function is intrinsically linked to metabolic reprogramming. Macrophages adopt
distinct metabolic states to initiate inflammation, characterized by increased aerobic glycolysis, decreased
oxidative phosphorylation!'®], and reprogrammed cholesterol metabolism!'®!. Notably, phytosterols modulate
inflammation via the nuclear factor kappa B (NF-xB) and AMPK signaling pathways [2°2?  both of which
orchestrate energy metabolism homeostasis by balancing glycolysis and mitochondrial respiration!?}]. Recent
advances have deepened our comprehension of the intricate interplay between diet, metabolic reprogramming,
and various diseases is steadily deepening. Multiple studies have demonstrated the regulatory effect of
phytosterols on lipid metabolism!>*. Nevertheless, whether phytosterols regulate the inflammatory response
via lipid metabolic remodeling remains unknown.

In this study, we systematically investigated the impact of phytosterols on macrophage lipidomic

diversity and elucidated the relationship between lipid metabolism and the inflammatory response. This work

provides mechanistic insights into the role of phytosterols in regulating macrophage-mediated inflammation.

2. Methods
2.1 Reagents and instruments.

B-sitosterol, stigmasterol, campesterol, B-cyclodextrin (B-CD) were obtained from Shanghai yuanye
Bio-Technology. TNF-a, IL-1p ELISA kit and RT-PCR primer (Table 1) were purchased from Sangon
Biotechnology. RT-PCR regents such as reverse transcriptase, random primer, oligo18 (dT), SYBR Green
fluorescent was purchased from Genstar. BODIPY dye and Hilpda Mouse Pre-designed siRNA were
purchased from MCE. FASN antibody was purchased from Cell Signaling. B-actin antibody was purchased
from MDL Biotechnology. ATGL antibody, DMEM culture medium and fetal bovine serum were obtained
from Thermo Fisher Scientific. Raw 264.7 macrophages were purchased from Procell Life Science &
Technology. PGE2 ELISA kit was obtained from Enzyme-linked Biotechnology. Free cholesterol test kit was

obtained from Beyotime.

2.2 Cell culture and treatment
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Phytosterols were nitrogen-dried to eliminate residual moisture, then combined with 3-CD (10 mM) in
DMEM at a 1:10 molar ratio. The solution was sonicated to complete dissolution and shaken at 37°C for 12 h
to form sterol-cyclodextrin complexes. Notably, all subsequent references to B-sitosterol, stigmasterol, and
campesterol specifically indicate these B-CD complexes.

Macrophages (1x10°) were cultured in DMEM (high glucose) supplemented with 10% fetal bovine
serum in a 6-well plate. 1 pg/mL lipopolysaccharide (LPS) was added to induce inflammation response. The
experimental groups were as follows: (1) Control; (2) LPS: treated with 1 ug/mL lipopolysaccharide (LPS);
(3) LPS+p-sitosterol; (4) LPS+stigmasterol; and (5) LPS+campesterol. The last three groups were co-treated
with 1 pg/mL LPS and 10 uM of the respective phytosterol (B-sitosterol, stigmasterol, or campesterol). The

co-incubation time of phytosterols and LPS with macrophages was 12 h according to our previous study!>*),
2.3 Lipidomic analysis

Lipid compositions from the macrophages were extracted with extract solution (MTBE: MeOH=5:1) and
spiked with internal standards. The samples were centrifuged, and the selected supernatants were dried in a
vacuum concentrator at 37°C. The dried samples were resuspended in dichloromethane/methanol/H20
(60:30:4.5 ratio). The mixed solution was centrifuged, and the supernatant was used for liquid

chromatography—tandem mass spectrometry analysis (Biotree Biotech. Co.).
2.4 Detection of cholesterol

The cells were washed once with PBS followed by complete removal of residual liquid, and then pelleted
by centrifugation. Isopropanol was added at a ratio of 100-200 pL per 0.2-1x10° cells with gentle pipetting for
homogenization. Cell lysis was performed using ice-cold ultrasonication at 300 W power with 2 s pulses and 3
s intervals for 3 min. The lysate was centrifuged at 12,000 x g for 3-5 min at 4°C, and the resulting supernatant
was collected and maintained on ice for subsequent analysis. For cholesterol detection, a 50 pL free
cholesterol working solution was prepared by mixing 46 pL cholesterol assay buffer with 2 uL. Amplex Red
reagent and 2 uLL Enzyme Mix. The samples were then mixed with the working solution at an appropriate ratio
in a black 96-well plate, and fluorescence intensity was measured at excitation/emission wavelengths of

560/590 nm. The free cholesterol concentration was finally determined by comparison with a standard curve.
2.5 BODIPY lipid staining

Dissolve 1 mg BODIPY 493/503 in 382 uLL DMSO to obtain a 10 mM stock solution. Fixed macrophages
were incubated with 1 mL 10 puM BODIPY solution at room temperature for 30 min. Washing the samples
with PBS to remove free dye. The images were visualized using Invitrogen™EVOS™ microscope and were

quantified using Image J.
2.6 RT-qPCR analysis

Total RNA was isolated using a commercial extraction kit, followed by cDNA synthesis via reverse

transcription. Inflammatory factor expression was quantified by SYBR Green RT-qPCR on a LightCycler
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480II system (Roche), with S-actin serving as the housekeeping gene. The expression levels of targeted genes

were normalized and calculated using the 22T method.

Tablel. RT-PCR primer sequence

Gene name Forward (5°-3”) Reverse (5°-37)

S-actin TCCTCCTGAGCGCAAGTACTCC CATACTCCTGCTTGCTGATCCAC
Fasn GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT
Hilpda TCGTGCAGGATCTAGCAGCAG GCCCAGCACATAGAGGTTCA
Pnpla?2 CAACGCCACTCACATCTACGG GGACACCTCAATAATGTTGGCAC

2.7 Western blot analysis

Protein extraction was performed using RIPA Lysis Buffer IV, with subsequent quantification via BCA
assay. Samples were resolved on 4-12% gradient SDS-PAGE gels (100 V, 90 min) and transferred to PVDF
membranes (100 V, 1 h). After blocking with 5% nonfat milk buffer, membranes were incubated with primary
antibodies overnight at 4 °C and then incubated with HRP-conjugated secondary antibodies at room
temperature for 1 h. Following PBST washes, chemiluminescent detection was performed, using B-actin as the

loading control.
2.8 Detection the pro-inflammation cytokines and PGE2.

After different treatments, culture supernatants were harvested and analyzed for TNF-a, IL-1p and PGE2

levels using commercial ELISA kits according to the manufacturer's protocols.
2.9 Hilpda gene silencing

Prepare the mixture of Solution A and Solution B according to the manufacturer's instructions. Two
hours prior to transfection, remove the culture medium and add 400 pL of serum-free medium to the cells. Add
100 pL of the mixed solution (Solution A and B) to the cells, resulting in a final volume of 500 puL. Gently rock
the culture plate back and forth to mix. After 4 h, replace the serum-free medium with normal complete
medium containing serum. Incubate the cells for 24 h, then collect samples to measure the relative expression

level of Hilpda. The sequences of the three groups of siRNA are shown in Table 2.

Table2. Hilpda siRNA sequence

siRNA Forward (5°-3°) Reverse (5°-3°)

1 GCUUUCCAUCUUUGUUAGAGUTT ACUCUAACAAAGAUGGAAAGCTT
2 GCUGGGCAUCAUGUUGACCCUTT AGGGUCAACAUGAUGCCCAGCTT
3 GCCUCCUAAGGGCCUGCCAGATT UCUGGCAGGCCCUUAGGAGGCTT

3. Results and discussion
3.1 Phytosterols modify the lipid metabolism network of macrophages during inflammation.

Macrophages were incubated with phytosterols under optimal conditions, as established in our previous
protocol!®]. To investigate how the phytosterols influence lipid metabolism of macrophages, lipid profiles
were determined by multiple-reaction monitoring LC-MS/MS. Principal component analysis (PCA)
displayed clear separation between the three phytosterol-treated groups and the LPS group, indicating distinct

intergroup differences (Figure 1A). Orthogonal projections to latent structures-discriminant analysis
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(OPLS-DA) further confirmed robust discrimination between phytosterol-treated and LPS-treated
macrophages (Figures 1B-D). The permutation test validated the model’s predictive capability, with R*Y
values > 0.9 and Q? values>0.7, suggesting that the OPLS-DA model was not overfitted and the separation

between groups was statistically significant (Figure 1E-H).
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Figure 1. (A) Score plots of principal component analysis (PCA) based on control (n=7), LPS (n=8), LPS+p-sitosterol (n=8),
LPS+stigmasterol (n=7) and LPS+campesterol (n=7). (B-D) Score scatter plot of OPLS-DA model. (E-H) Permutation test of
OPLS-DA model. The percentage of lipid subtypes derived from control (n=7), LPS (n=8), LPS+f-sitosterol (n==8),
LPS+stigmasterol (n=7) and LPS+campesterol (n=7).
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We next analyzed the lipid composition of macrophages following phytosterols incubation.
Macrophages exhibited a similar profile in different groups, predominantly enriched in phosphatidylcholine
(PC), phosphatidylserine (PS), phosphatidylethanolamine (PE) and phosphatidylinositol (PI) (Figure 2A).
Notably, PE content was dramatically decreased in phytosterol-treated groups compared with the LPS group.
In contrast, triglycerides (TAG) content was significantly elevated following phytosterol treatment. Relative
lipid levels varied considerably between groups (Figure 2B). What’s more, all three phytosterols treatments
increased the relative content of phosphatidylinositol, consistent with previous report®®!. As PI serves as key
precursors of lysophosphatidylinositols (LPI)—mediators of cell proliferation and migration—we focused on
P1(20:4/20:4), which is significantly increased in LPS activated resident peritoneal macrophages?’!. Although
we observed an increasing trend in P1(20:4/20:4) during inflammation, phytosterol treatment attenuated this

trend, though the difference was not statistically significant (Figure 2C).
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Figure 2. (A) Lipid profile of different groups. (B) Analysis of phospholipid content in control (n=7), LPS (n=8),
LPS+p-sitosterol (n=8), LPS+stigmasterol (n=7) and LPS+campesterol (n=7) groups. (C) PI (20:4/20:4) content in different
groups. (D) Unsaturation degree of fatty acid in all lipids of macrophages. Data are means £ s.d. *P < 0.05, ¥**P < 0.01, ***P

< 0.001, analyzed by student’s t-test.

Given our recent finding that phytosterols modulate macrophage mechanical properties®, and
considering that fatty acid saturation profoundly influences membrane fluidity and cellular mechanics!?!!, we
systematically analyzed the degree of fatty acids unsaturation across all lipid classes. Lipidomic profiling
revealed that the number of unsaturated double bonds in most lipid classes was fewer than 7, with no
significant differences in concentration between phytosterol-treated and LPS-stimulated macrophages
(Figure 2D).

These data indicate that phospholipid profiles and unsaturation degrees remained largely consistent
across all treatment groups. However, it remains unclear whether this consistency extends to specific
individual lipid species. Overall, distinct regulatory patterns in macrophage lipid metabolism were observed
between the LPS group and the LPS + phytosterols groups. Therefore, subsequent investigations will focus on

key differential lipid metabolites.
3.2 Phytosterols significantly increase long chain TAG content in macrophages

Matchstick analysis was conducted to further explore the differential metabolites with significant
changes. These results suggest that LPS stimulation extensively altered the lipid composition of macrophages,
including PC, PS, PE, PI, LPI, phosphatidylglycerol (PG), diacylglycerols (DAG), and TAG, compared to the
control group. In contrast, the impact of phytosterols on lipid profiles was primarily observed in TAG
(Figures 3A). Further analysis revealed that TAG molecules predominantly contained 50-56 total carbon
atoms in their fatty acid chains, with palmitic acid (C16:0), palmitic acid (C18:0), oleic acid (C18:1) and
linoleic acid (C18:2) as the major constituent fatty acids. These findings suggest that phytosterols remodel

lipid metabolism through mechanisms distinct from those activated by LPS.
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Figure 3. Matchstick analysis for (A) control vs LPS, (B) LPS+f-sitosterol vs LPS, (C) LPS+stigmasterol vs LPS and (D)
LPS+campesterol vs LPS.

Detailed analysis of TAGs revealed that LPS stimulation had a minimal impact on their levels compared
to the control. In contrast, phytosterols profoundly remodeled the TAG profile in LPS-stimulated
macrophages, broadly altering species containing 4656 carbon atoms (Figure 4A-B). Mechanistically, the
observed accumulation of C46—C56 TAGs in phytosterol-treated macrophages likely reflects a key metabolic
adaptation with functional consequences. This pattern resembles the lipidomic signature of M2
macrophages—a phenotype dependent on fatty acid oxidation—which supports this interpretation 2%, We
postulate that this accumulation is an active process that may regulate macrophage polarization and thereby
shape the inflammatory outcome. TAG biosynthesis occurs via diacylglycerol acyltransferase-mediated
esterification of DAG derived from the Kennedy pathway. Furthermore, DAG is also generated during the
initial hydrolysis of TAG within lipid droplets. Notably, phytosterol treatment significantly increased DAG
concentrations in macrophages concomitant with elevated TAG accumulation (Figure 4C), suggesting a

potential enhancement of de novo TAG synthesis and/or a reduction in TAG hydrolysis.
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Figure 4. (A-B) Concentration of TAG with varied carbon chain length in control (n=7), LPS (n=8), LPS+p-sitosterol (n=8),

LPS+stigmasterol (n=7) and LPS+campesterol (n=7) groups. Concentration of (C) DAG and (D) cholesterol ester in control

(n=7), LPS (n=8), LPS+p-sitosterol (n=8), LPS+stigmasterol (n=7) and LPS+campesterol (n=7) groups. (E) Concentration of

free cholesterol in different groups (n=6). Data are means £+ s.d. *P < 0.05, **P < 0.01, ***P < 0.001, analyzed by student’s
t-test.

As the analogue of cholesterol, the influence of phytosterols on cholesterol metabolism should not be
ignored. Unlike free cholesterol, cholesterol esters are preferentially stored in lipid droplets rather than
integrated into bilayer membranes % Quantification revealed no significant effect of phytosterols on
cholesterol ester levels (Figure 4D). Although both LPS and LPS+stigmasterol treatments increased free
cholesterol concentrations, other phytosterols did not display this effect (Figure 4E). Collectively, these data
indicate that phytosterols remodel macrophage lipid metabolism primarily through compositional changes in
TAG species.

3.3 Reduced lipolysis in lipid droplets inhibits production of pro-inflammatory mediators

Lipid droplets are ubiquitous organelles regulating TAG storage and mobilization. Emerging evidence
indicates that beyond mediating energy homeostasis, lipid droplets are closely associated with innate

inflammation!®!l. Therefore, we first characterized the lipid storage dynamics in macrophages. As shown in
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Figures SA-B, LPS stimulation increased lipid droplets content, consistent with previous studies* 33,

Hierarchical clustering analysis of TAG metabolism further demonstrated distinct LPS-induced
reprogramming (Figure 5C), providing mechanistic context for the observed lipid storage fluorescence.
Furthermore, phytosterol treatment, as evidenced by fluorescence intensity, surpassed LPS in potentiating LD
formation and provoked more extensive TAG network remodeling, as visualized by hierarchical clustering

heatmaps (Figure S1).
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Figure 5. (A) Fluorescence images of lipid droplets in macrophages. (B) Relative area analysis of lipid groplets (n=5). (C) A
hierarchical clustering heatmap of TAG between control and LPS group. Data are means £ s.d. *P < 0.05, **P < 0.01, ***P
< 0.001, analyzed by student’s t-test.

To investigate how phytosterols influence lipolysis dynamic of lipid droplet, we analyzed the mRNA
expression of key regulators of lipid-droplet homeostasis: adipose triglyceride lipase (A4tgl), fatty acid
synthase (Fasn) and hypoxia inducible lipid droplet associated proteins (Hilpda). RT-qPCR revealed that
phytosterol treatment significantly downregulated Fasn and Atgl expression while upregulating Hilpda
compared to LPS-stimulated macrophages (Figure S2). Consistent with these findings, western blot analysis

confirmed reduced ATGL and FASN protein levels following phytosterol intervention (Figures 6A).
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Figure 6. (A) ATGL and FASN levels quantified by western blot. (B-E) Concentration of (B) PA, (C) OA, (D) free AA and

(E) esterified AA in control (n=7), LPS (n=8), LPS+-sitosterol (n=8), LPS+stigmasterol (n=7) and LPS+campesterol (n=7)

groups. (F) PGE; concentration in macrophages after different treatments. Data are means + s.d. *P < 0.05, **P < 0.01, ***P
< 0.001, analyzed by student’s t-test.

FASN, a key enzyme in de novo lipogenesis, has been shown to negatively regulate M1 macrophage
activation when overexpressed >, ATGL catalyzes the initial step of triglyceride hydrolysis and modulates
immune responses; its deficiency is known to suppress inflammation(*>!. Upregulation of Hilpda is closely

136:371 " Collectively,

associated with enhanced lipid storage and functions as a physiological ATGL inhibito
downregulation of ATGL and upregulation of HILPDA promote TAG accumulation. These results align with
matchstick analysis, indicating that although LPS broadly remodels macrophage lipid metabolism,
phytosterols primarily drive TAG accumulation.

Palmitic acid (C16:0) and stearic acid (C18:0) represent major triglyceride components within lipid
droplets!®8). Their decreased levels further support the attenuation of TAG hydrolysis upon phytosterol
treatment (Figures 6B-C). However, the precise role of lipid droplet accumulation in mediating the
anti-inflammatory effects of phytosterols remains unclear. While lipid droplet formation typically functions as
a cytoprotective mechanism against lipotoxicity generated by lipid intermediates or free fatty acids, LDs
simultaneously serve as enzymatic platforms for eicosanoid biosynthesis from arachidonic acid (AA)> ¥,
Therefore, we analyzed AA distribution pattern in macrophages. The results demonstrated that phytosterols
significantly reduced free AA levels (Figure 6E) while increasing esterified AA within TAG (Figure 6D).

AA acts as a precursor for diverse bioactive lipid metabolites that serve as intracellular messengers %),
Among these, prostaglandin E. (PGE:) is a major AA-derived lipid mediator critically associated with

macrophage inflammatory responses!*!l. It is well established that PGE: directly regulates cytokine release.
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Our results indicated that phytosterol treatment markedly reduced PGE-: concentration (Figure 6F), consistent
with the decreased availability of free AA.

To assess whether phytosterols inhibit lipid droplet hydrolysis through dual regulation of ATGL
suppression and HILPDA induction, we performed Hilpda silencing using small interfering RNA (siRNA).
Transfection efficiency was confirmed in Figure 7A. RT-qPCR analysis demonstrated that siRNA-2 and
siRNA-3 effectively reduced Hilpda mRNA expression (Figure 7B). We further measured the
pro-inflammatory cytokines in macrophages transfected with siRNA-3. As shown in Figures 7C-D,
phytosterol treatment resulted in higher production of TNF-a and IL-1B in Hilpda-silenced macrophages
compared with non-silenced controls. Notably, phytosterols retained anti-inflammatory activity even upon
Hilpda silencing, indicating that HILPDA-mediated regulation of lipid droplet dynamics is not the sole
pathway through which phytosterols exert anti-inflammatory effects.
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Figure 7. (A) Fluorescence images of macrophages after transfection of siRNA. (B) Relative expression of Hilpda in
macrophages after transfection of siRNA. (C-D) The concentration of pro-inflammatary cytokines in macrophages after
transfected with Hilpda siRNA. Data are means + s.d. *P < 0.05, **P < 0.01, ***P < 0.001, analyzed by student’s t-test.

Previous studies have established that phytosterols alleviate inflammation by modulating classical
signaling pathways such as the NLRP3 inflammasome and NF-«B. Our study provides novel insight by

demonstrating that phytosterols suppress the inflammatory response by downregulating AA production—a
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key pro-inflammatory precursor—through regulation of ATGL and HILPDA expression. Substantial
evidence indicates that AA and its pro-inflammatory derivatives are potent activators of both NLRP3 and
NF-kB signaling*'#]. Consequently, our findings uncover an upstream key mechanism that precedes the

modulation of these classical inflammatory pathways.

4. Conclusion

These findings substantially deepen our understanding of the complex interactions among phytosterols,
lipid metabolism, and inflammation in macrophages. By establishing a direct mechanistic
connection—whereby phytosterols modulate key lipolytic enzymes (ATGL and HILPDA) to control lipid
droplet breakdown—this work provides a crucial molecular explanation for the observed lipid remodeling,
characterized by reduced generation of pro-inflammatory arachidonic acid and concurrent accumulation of
TAG. More importantly, this study unravels a previously unrecognized pathway through which dietary or
supplemental phytosterols exert immunomodulatory effects: by regulating ATGL-mediated lipolysis, they
limit the production of the potent inflammatory mediator PGE:2 and subsequent cytokine secretion. Therefore,
our results support the potential of phytosterol supplementation as a promising nutritional strategy for
inflammatory disorders associated with dysregulated macrophage lipid metabolism, such as atherosclerosis
and certain autoimmune diseases. In a broader context, this research underscores how specific dietary

components can shape fundamental inflammatory signaling cascades through metabolic reprogramming.
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