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Abstract 

Purpose Brefeldin A (BFA) is known to induce endoplasmic reticulum stress and apoptosis 

in HepG2 cells, a human hepatocellular carcinoma (HCC) cell line, but its impact on 

cancer-associated lipid metabolic reprogramming remains unclear. The occurrence and 
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progression of HCC are often accompanied by lipid metabolic abnormalities. This study  aimed to 

systematically profile BFA-induced lipid alterations using targeted lipidomics and to characterize 

the lipid metabolic alterations to counteract the lipid metabolic reprogramming in HCC cells 

following BFA treatment. 

Methods Targeted lipidomics based on UHPLC-QTRAP MS was applied to HepG2 cells 

treated with 0.25 mg/L BFA for 24 h (n = 6 per group). Lipids with VIP > 1.0 from OPLS-DA and 

FDR < 0.05 (Benjamini–Hochberg corrected) were considered significantly altered. Lipid contents 

were normalized to total protein (pg/106 cells). 

Results A total of 481 lipid species were significantly altered across 21 classes. Concentrati

ons of lysophosphatidylcholine (LPC), hexosylceramides (Hex1Cer), lactosylceramides (Hex2Ce

r), cholesterol esters (ChE), and triglycerides (TG) were markedly elevated, while FA(24:0) was 

significantly decreased. 

Conclusion BFA can significantly increase the contents of Hex1Cer, Hex2Cer and LPC in 

HCC,which may contribute to its anticancer activity. This lipid-centric dataset provides a resource 

for understanding BFA's cellular effects and identifies candidate lipid species for further 

investigation in HCC. 

 

KEYWORDS: Brefeldin A; lipidomics; hepatocellular carcinoma; sphingolipid metabolism 

 

 

Globally, liver cancer is one of the most common fatal malignancies. In the United States, it

 ranks fifth in cancer mortality1, while in China, both its incidence and mortality rates rank third 

among all cancers2. Given the poor prognosis of liver cancer patients, exploring novel therapeuti

c strategies is necessary and urgent. Brefeldin A (BFA), a protein transport inhibitor, is a macroli

de antibiotic synthesized by fungi and is a metabolic product of various strains including Penicill

ium, Penicillium chrysogenum, and Aspergillus clavatus. BFA primarily inhibits ARF1-dependen

t COPI coat formation3, leading to the disassembly of the Golgi apparatus and its retrograde fusio

n into the endoplasmic reticulum4. This blocks protein transport from the endoplasmic reticulum 
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to the Golgi, thereby triggering endoplasmic reticulum stress and inducing apoptosis in hepatocel

lular carcinoma (HCC) cells5.  

The rapid proliferation of tumor cells is inseparable from their metabolic reprogramming, a

mong which lipid metabolic reprogramming not only meets cellular energy demands but also pro

vides necessary materials for proliferation and signaling molecules for various oncogenic pathwa

ys6. In HCC, the occurrence and progression are closely associated with dysregulated lipid metab

olism, characterized by enhanced de novo fatty acid and cholesterol synthesis,  as well as fatty ac

id oxidation7. Moreover, dysregulation of specific lysophospholipid species, including saturated l

ysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE) species, has been impli

cated in HCC pathogenesis and progression8.  

Lipidomics has emerged as a powerful tool for dissecting these metabolic alterations in HC

C and other liver diseases9. Whether BFA can counteract the lipid metabolic abnormalities in He

pG2 cells remains unclear. In this study, targeted lipidomics was used to systematically profile li

pid metabolite alterations in BFA-treated HepG2 cells, aiming to provide a comprehensive lipi

d-centric characterization of BFA-induced metabolic changes that may contribute to understandi

ng its cellular effects in HCC. 

 

Statistical Analysis of Lipid Metabolites from BFA Treated Groups  

To visualize the overall metabolic differences between groups and identify the lipid species 

most responsible for this discrimination, we performed partial least squares-discriminant analysis

 (PLS-DA). The PLS-DA score plots10 (Figure 1A) showed a clear separation between the BFA-t

reated and vehicle control groups, with tight clustering of samples within each group demonstrati

ng high analytical reproducibility. The model's goodness of fit (R²Y = 0.99) and predictive ability

 (Q² = 0.97) were excellent. A permutation test with 200 random permutations (Figure 1B) was p

erformed to validate the model. The negative intercept of the Q² regression line with the Y-axis in

dicates that the model is not overfitting11.  Taken together, these multivariate analyses demonstrat

e that BFA treatment causes significant and reliable lipid metabolic reprogramming in HepG2 cel
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ls. 

To further identify the specific lipid molecules responsible for the separation observed in th

e multivariate models, univariate statistical analysis was performed. The differential abundance o

f all detected lipids between BFA-treated and vehicle control groups is visualized in the volcano 

plot (Figure 2). Lipid species with a fold change (FC) > 1.5 or < 0.67 and a false discovery rate 

(FDR) < 0.05 (Benjamini-Hochberg adjusted) were considered statistically significant. Based on 

these criteria, a total of 481 lipid species were identified as significantly altered in response to B

FA treatment. Among these, a substantial number of lipids show both significant adjusted p-value

s and large fold changes, clustering in the upper-right and upper-left quadrants of the plot. These 

significantly altered lipid species were selected for further investigation as candidate markers of 

BFA-induced metabolic perturbation. 

        To further explore the overall pattern of BFA‑induced lipid changes, the significantly altered

 lipids were categorized and visualized at the lipid class level. The bubble plot (Figure 3) provide

s an overview of these changes, where significantly altered lipid species (VIP > 1.0 and FDR < 0.

05)  are grouped by their class membership12. The position of bubbles along the x-axis indicates t

he percentage difference in abundance between BFA and control groups, while bubble size corres

ponds to the statistical significance (-log₁₀(p-value)). 

Identification of Lipid Metabolites by UHPLC-QTRAP MS 

The lipids influenced by BFA treatment are classified into 21 major classes belonging   to fo

ur principal categories: phospholipids, sphingolipids, neutral lipids, and other lipids. The detailed

 classification comprised: phospholipids—lysophosphatidylethanolamine (LPE), lysophosphatid

ylcholine (LPC), phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS), 

phosphatidylethanolamine (PE), plasmenyl phosphatidylethanolamine (PE-P), plasmanyl phosph

atidylethanolamine (PE-O), phosphatidylcholine (PC), phosphatidic acid (PA), and lysophosphati

dylglycerol (LPG); sphingolipids—ceramide (Cer), dihydroceramide (DHCer), hexosylceramide 

(Hex1Cer), lactosylceramide (Hex2Cer), and sphingomyelin (SM); neutral lipids—monoacylgly

cerol (MG), diacylglycerol (DG), triacylglycerol (TG), and cholesterol ester (ChE); and other lipi
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ds—fatty acid (FA). Statistical analysis revealed that four lipid classes, including Hex2Cer, ChE, 

LPC, and TG, demonstrate a general increasing trend following BFA administration. In addition, 

numerous other lipid species exhibiting significant alterations in response to BFA treatment were

 considered candidate markers of BFA‑induced metabolic perturbation. The absolute contents of 

all 21 lipid classes are listed in Table S1 (Supporting Information). 

Significant Changes of Lipid Metabolites in BFA-Treated Groups 

Using targeted lipidomics based on UHPLC-QTRAP MS, we investigated the changes in lip

id metabolites after BFA treatment. The results showed that over 1,000 lipid species were identifi

ed and categorized into four major categories: phospholipids, sphingolipids, neutral lipids, and ot

hers. Differential lipids were identified based on a combination of multivariate and univariate an

alysis. As shown in Figure 4, significant differences were observed in several major classes. Spec

ifically, the levels of LPC, Hex2Cer, and ChE were significantly increased compared to the vehic

le control group. The neutral lipid TG was also notably elevated. Furthermore, changes in the lev

els of specific lipid species were assessed as representative markers of BFA-induced lipid metabo

lic changes which may contribute to its antitumer propertity. These included LPC(16:0), LPC(17:

0), LPC(18:0), and LPC(20:0) (Figure 5); Hex1Cer(d18:1/16:0), Hex1Cer(d18:1/24:0), Hex1Cer

(d18:1/24:1), and Hex1Cer(d18:1/26:1), as well as Hex2Cer(d18:1/16:0), Hex2Cer(d18:1/22:0), 

Hex2Cer(d18:1/24:0), and Hex2Cer(d18:1/24:1) (Figure 5); FA(24:0) (Figure 5); and ChE(20:3),

 ChE(20:4), ChE(18:3), and ChE(22:6), as well as TG(48:0)-FA16:0, TG(52:2)-FA16:0, TG(54:

4)-FA20:4, and TG(56:6)-FA22:6 (Figure 5). 

 

Discussion 

In this study, targeted lipidomics revealed extensive lipid remodeling in HepG2 cells followi

ng BFA treatment, with 481 lipid species significantly altered across 21 classes. Notably, the acc

umulation of LPC, Hex1Cer, Hex2Cer, ChE, and TG, along with a significant decrease in FA(24:

0), points to a coordinated alteration of phospholipid, sphingolipid, and neutral lipid metabolism.

 In the following sections, we discuss these class-level and species-level changes in the context o
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f known lipid biology and BFA's established cellular effects, while acknowledging that the curre

nt dataset is descriptive and does not directly establish causal relationships. 

The contents of LPC (16:0), LPC (17:0), LPC (18:0), and LPC (20:0) were significantly hig

her in the BFA-treated group  compared to the  vehicle control. The marked rise in LPC implies a

 disturbance in phospholipid metabolism induced by BFA. As a product of phosphatidylcholine h

ydrolysis by phospholipase A2 (PLA2), the accumulation of LPC may reflect enhanced degradati

on of membrane phospholipids13. LPC is a cytotoxic lipid molecule that can promote cellular stre

ss and apoptosis through multiple mechanisms. It can activate G protein-coupled receptors (GPC

Rs), such as the G2A receptor, thereby triggering pro-apoptotic signaling，which is beneficial fo

r cancer treatment14. Furthermore, LPC can induce a burst of reactive oxygen species (ROS), exa

cerbating oxidative damage15. Studies have also shown that LPC can directly activate the c-Jun N

-terminal kinase (JNK) pathway, which plays a crucial role in regulating cellular stress and apopt

osis16. Additionally, LPC can intensify the unfolded protein response (UPR) via the IRE-1α/XBP-

1s signaling axis17, leading to the upregulation of pro-apoptotic proteins like CHOP, which syner

gizes with the JNK pathway to promote apoptosis18. LPC molecules can also activate protein kina

se C (PKC) through GPCRs, thereby participating in the regulation of apoptosis. Notably, LPC(1

6:0) plays a significant role in normal cellular activity; however, under pathological conditions, it

 has been associated with disruption of the phospholipid bilayer, induction of inflammation, and a

ctivation of inflammatory transcription factors such as NF-κB. Collectively, these observations su

ggest that the BFA-induced LPC accumulation may contribute to pro-apoptotic effects in HepG2 

cells. 

Following BFA treatment, significant alterations in sphingolipid metabolism were observed.

 We noted a marked increase in the levels of several Hex1Cer and Hex2Cer molecular species in 

the BFA‑treated group, specifically including Hex1Cer(d18:1/16:0), Hex1Cer(d18:1/24:0), Hex1

Cer(d18:1/24:1), Hex1Cer(d18:1/26:1), Hex2Cer(d18:1/16:0), Hex2Cer(d18:1/22:0), Hex2Cer(d

18:1/24:0), and Hex2Cer(d18:1/24:1). This outcome may be closely linked to BFA‑induced disru

ption of Golgi apparatus function. 
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Existing studies confirm that BFA can induce the merger of the cis-Golgi membrane with th

e endoplasmic reticulum (ER), a process that may alter key enzymes involved in sphingolipid sy

nthesis19. BFA has been shown to enhance the glucosylation of ceramide 20and can induce glycos

ylation of Ceramide Synthase 6 (CerS6), leading to the accumulation of endogenous C16:0-cera

mide21. Therefore, it is plausible that BFA may directly or indirectly promote the ceramide gluco

sylation reaction catalyzed by Glucosylceramide Synthase (GCS), thereby driving the synthesis a

nd accumulation of Hex1Cer and its downstream products. Furthermore, BFA has also been class

ified as a regulator of ganglioside GM3 synthase (ST3GAL5, a downstream enzyme for the furth

er metabolism of Hex1Cer ). Similarly, Hayashi et al. also reported that BFA treatment significan

tly elevated GM3 levels in human colon cancer cells (HCT 116), the synthetic precursors of whic

h include Hex1Cer22. 

The extra accumulation of Hex1Cer and Hex2Cer is closely associated with ER stress and 

mitochondrial dysfunction23. Notably, BFA itself has been proven to cause protein accumulation 

within the ER, trigger ER stress, and induce apoptosis. It is plausible that the observed sphingoli

pid accumulation in this study may act synergistically with this process. On one hand, the accum

ulation of these sphingolipids can exacerbate ER stress, leading to the upregulation of pro-apopto

tic proteins like CHOP23. This, in turn, may inhibit anti-apoptotic BCL-2 family proteins and acti

vate the Caspase-8/-10 cascade via the death receptor pathway. On the other hand, excessive Hex

2Cer, which has a binding affinity for cardiolipin three times greater than Hex1Cer, has been rep

orted to inhibit mitochondrial complex IV activity.  This may lead to increased mitochondrial  rea

ctive oxygen species (ROS) production24, alterations in membrane potential, and ultimately, activ

ation of Caspase-3 to induce apoptosis25.  

It is important to note that the biological functions of ceramides and their derivatives vary d

epending on their fatty acid chain length. For instance, C16:0-ceramide and its derivatives Hex1

Cer/Hex2Cer, primarily synthesized by Ceramide Synthase 5/6 (CerS5/6), exhibit well-defined p

ro-apoptotic properties26. In contrast, very long-chain sphingolipids such as C22:0-C24:1 are mai

nly catalyzed by Ceramide Synthase 2 (CerS2) and are primarily involved in maintaining cell me
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mbrane stability27. The widespread increase in sphingolipids of various chain lengths induced by 

BFA may simultaneously disrupt the balance between pro-apoptotic signaling and anti-apoptotic 

signaling. And also disrupt mitochondrial membrane stability. 

Furthermore, against the backdrop of a general increase in multiple lipid categories, this stu

dy detected a significant decrease in the content of the very long-chain saturated fatty acid FA(2

4:0) (lignoceric acid). FA(24:0) is a core precursor for the synthesis of C24-chain ceramide, used 

in the generation of Hex1Cer and Hex2Cer. Research indicates that the biosynthetic flux of very l

ong-chain ceramides (e.g., C24:0) is significantly higher than that of long-chain ceramides, leadi

ng to their faster metabolic conversion into sphingomyelin and hexosylceramides28. Therefore, th

e decrease in FA(24:0) suggests that BFA may heavily mobilize this exogenous precursor and dir

ect it toward the sphingolipid synthesis pathway. 

Following BFA treatment, a substantial accumulation of neutral lipids was observed in Hep

G2 cells, specifically manifested as significant increases in the levels of ChE and TG (pg/106 cell

s). The contents of multiple ChE molecular species — including ChE(20:3), ChE(20:4), ChE(18:

3), and ChE(22:6) — as well as several specific TG species, such as TG(48:0)-FA16:0, TG(52:

2)-FA16:0, TG(54:4)-FA20:4, and TG(56:6)-FA22:6, were markedly higher in the BFA-treated g

roup compared to the vehicle control. 

The significant elevation of intracellular TG and ChE levels induced by BFA in HepG2 cells

 may be attributed to the following reasons. BFA binds to guanine nucleotide exchange factors 

(GEFs), preventing ARF activation and leading to COPI coat disassembly and subsequent inhibit

ion of vesicular transport4. In hepatocytes, triglycerides (TG) are primarily exported in the form 

of very low-density lipoprotein (VLDL) via vesicular trafficking. Thus, BFA-induced impairmen

t of vesicular transport may suppress VLDL secretion, resulting in the accumulation of TG withi

n the ER and the subsequent formation of lipid droplets29. Concurrently, ER dysfunction may pro

mpt cells to upregulate acyl-CoA:cholesterol acyltransferase (ACAT) activity, esterifying free ch

olesterol into ChE30. Furthermore, transport impairments might lead to the abnormal mobilizatio

n of some membrane lipids for TG synthesis. These aberrant metabolic processes further exacerb
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ate the intracellular accumulation of lipids29. 

At the same time, high levels of ChE may physically alter ER membrane fluidity. The result

ant imbalance in ER homeostasis hinders COPI vesicle transport, leading to the accumulation of 

misfolded proteins and impairing the unfolded protein response (UPR) capacity31, ultimately ind

ucing cellular stress or even death. TG metabolic imbalance is closely associated with elevated in

tracellular oxidative stress32. The lipolysis of stored TG may generate excessive fatty acids, overl

oading mitochondrial β-oxidation and causing dysfunction of the electron transport chain, thereb

y triggering excessive production of reactive oxygen species (ROS). Prolonged redox imbalance 

can further damage organelle function and interfere with quality control systems such as autopha

gy33. 

In summary, the present lipidomics study reveals that BFA extensively remodels the lipid la

ndscape of HepG2 cells, with significant accumulation of LPC, Hex1Cer, Hex2Cer, ChE, and T

G, alongside a decrease in FA(24:0). These alterations point to a coordinated perturbation of pho

spholipid, sphingolipid, and neutral lipid metabolism. The observed lipid changes are consistent 

with known pro-apoptotic and stress-inducing functions of these lipid classes, and may synergize

 with BFA's established ER stress-inducing activity to contribute to its anti-proliferative effects in

 HCC cells. However, we acknowledge that the present study is descriptive and limited to a singl

e cell line and treatment condition; direct causal relationships between the observed lipid change

s and apoptosis or other functional outcomes have not been established. Future studies incorporat

ing functional assays (e.g., lipid supplementation or synthesis inhibition) and additional cell lines

 (including normal hepatocytes) are warranted to validate the biological significance of these lipi

domic alterations. Nevertheless, this work provides a comprehensive lipid-centric dataset that ma

y serve as a resource for generating hypotheses regarding BFA's metabolic effects and for identif

ying candidate lipid species for further investigation in HCC. 
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Figure 1. Multivariate analysis of lipidomic profiles from BFA-treated and vehicle control 

groups. (A) Partial least squares-discriminant analysis (PLS-DA) score plot showing clear 

separation between BFA-treated (green squares, n = 6) and vehicle control (blue circles, n = 6) 

groups. The ellipse represents the 95% confidence region (Hotelling's T²). (B) Permutation test 

(200 permutations) for validating the PLS-DA model, showing goodness of fit (R²Y, green 

boxes) and predictive ability (Q², blue boxes). The original model (far right) has R² = 0.99 and 

Q² = 0.97, indicating a robust and non-overfit model. 

 

 

Figure 2. Volcano plot visualizing lipid metabolites with significant alterations upon BFA 

treatment. Volcano plots were obtained from all identified molecules from the positive and 

negative modes. Red points indicate lipid species with significantly different abundances after 

BFA treatment (FDR < 0.05, |log₂FC| > 0.585, corresponding to fold change > 1.5 or < 0.67). 

Black points indicate compounds not significantly influenced by BFA treatment. Lipid species to 

the right of the right threshold increased with BFA treatment, while those to the left of the left 

threshold decreased. FC, fold change. 
 



 

11 

 

 

 

 

Figure 3.  Bubble chart showing the relative content differences of different lipid categories. 

Significantly altered lipid species (VIP > 1.0 and FDR < 0.05) are grouped by their class 

membership (y-axis). The x-axis represents the percentage difference. A negative value indicates 

that the lipid has a higher relative content in the vehicle control group, while a positive value 

indicates a higher relative content in the BFA-treated group. The size of each bubble corresponds 

to the statistical significance (−log₁₀(adjusted p-value)) of the change. 
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Figure 4. Bar charts showing the absolute contents (pg/106 cells) of 21 lipid classes detected 

after BFA treatment. A Phospholipids: PI, PC, PG, PS, PE, and PE-P. B Phospholipids continued: 

LPC, LPE, PE-O, and PE-P. C Sphingolipids: Cer, SM, DHCer, Hex1Cer, and Hex2Cer. D Other 

lipids: FA, MG, PA, and LPG. Data are presented as mean ± SD (n = 6). Blue bars represent 

vehicle control groups, and red bars represent BFA-treated groups. Statistical comparisons were 

performed using Student's t-test with FDR correction. *p < 0.05, **p < 0.01, ***p < 0.001 vs 
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vehicle control.  

 

  

Figure 5. Boxplots of representative LPC, Hex1Cer, Hex2Cer, and FA(24:0) species significantly

 altered in BFA-treated groups compared to vehicle control groups. LPC and Hex1Cer/Hex2Cer s

pecies were significantly increased, while FA(24:0) was significantly decreased. Data are shown 

as individual values(pg/10⁶ cells) with box boundaries representing the interquartile range and wh

iskers indicating the 5th-95th percentiles (n = 6 per group). Statistical comparisons were perform

ed using Student's t-test with FDR correction. *p < 0.05, **p < 0.01, ***p < 0.001 vs vehicle con

trol.  
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Conclusions 

In this study, targeted lipidomics based on UHPLC-QTRAP MS was employed to investigate 
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the alterations in lipid metabolism induced by Brefeldin A (BFA) in hepatocellular carcinoma 

(HCC) cells. Our analysis identified profound lipidomic reprogramming, with 481 lipid species 

significantly altered (FDR < 0.05, |log₂FC| > 0.585) following 0.25 mg/L BFA treatment. These 

lipids were categorized into 21 classes across four major categories. Notably, the concentrations 

of LPC, Hex1Cer, Hex2Cer, ChE, and TG were markedly elevated. Key representative lipid 

species showing significant increases included LPC(16:0), LPC(17:0), LPC(18:0), LPC(20:0); 

Hex1Cer(d18:1/16:0), Hex1Cer(d18:1/24:0), Hex1Cer(d18:1/24:1), Hex1Cer(d18:1/26:1); 

Hex2Cer(d18:1/16:0), Hex2Cer(d18:1/22:0), Hex2Cer(d18:1/24:0), Hex2Cer(d18:1/24:1); 

ChE(20:3), ChE(20:4), ChE(18:3), ChE(22:6); and TG(48:0)-FA16:0, TG(52:2)-FA16:0, 

TG(54:4)-FA20:4, TG(56:6)-FA22:6. Conversely, the level of FA(24:0) was significantly 

decreased. This work systematically delineates the specific lipid metabolic changes triggered by 

BFA in HCC cells. By quantifying these BFA-induced lipid shifts, our study provides a 

comprehensive lipid-centric dataset for understanding BFA's cellular effects. The identified lipid 

species warrant further investigation as candidate markers or potential targets in future mechanistic 

and functional studies. We acknowledge that the descriptive nature of this study and its limitation 

to a single cell line call for additional validation experiments to establish the functional 

significance of these lipid alterations. 

 

Methods 

Reagents.  

Human hepatocellular carcinoma HepG2 cells were obtained from the Cell Bank of the Chi

nese Academy of Sciences (Shanghai, China) (catalog number TCHu 72) .DMEM high-glucose 

medium was obtained from Gibco (USA). Dimethyl sulfoxide (DMSO) was sourced from Sigm

a-Aldrich (USA). Methanol, acetonitrile, isopropanol, water, methyl tert-butyl ether (MTBE), an

d ammonium acetate were of HPLC or mass spectrometry grade and were purchased from Therm

o Fisher, Sigma-Aldrich, or Aladdin. 

  Cell Culture and Treatment 
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Human hepatocellular carcinoma HepG2 cells were cultured in DMEM complete medium s

upplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin, an

d maintained at 37 °C in a humidified atmosphere containing 5% CO₂. Cells in the logarithmic gr

owth phase were seeded into 100 mm dishes. When cell density reached approximately 80%, the 

cells were randomly divided into two groups (n = 6 per group): BFA-treated group and vehicle c

ontrol group. BFA was dissolved in DMSO to prepare a stock solution and subsequently diluted 

with complete medium to a final concentration of 0.25 mg/L. The vehicle control received an equ

ivalent volume of DMSO (without BFA) in complete medium, ensuring the final DMSO concent

ration was identical in both groups. Both groups were incubated for 24 h under identical conditio

ns. After treatment, cells were collected for lipid extraction. 

  Sample Pretreatment and Lipid Extraction.  

After slow thawing on ice, an appropriate amount of each sample was mixed with 200 μL m

ethanol by vortexing. Then, 10 μL of internal standard mixture was added, followed by the additi

on of 800 μL methyl tert-butyl ether (MTBE). The mixture was vortexed, sonicated in a chilled 

water bath for 20 min, and then kept at room temperature for 30 min. Thereafter, 200 μL of mas

s-spectrometry-grade water was added, and the mixture was vortexed and centrifuged at 14,000 r

pm and 4 °C for 15 min. The upper organic phase was collected and dried under a gentle stream 

of nitrogen. For mass spectrometric analysis, the lipid pellet was reconstituted in 200 μL of 90% 

isopropanol/acetonitrile solution, thoroughly vortexed, and centrifuged at 14,000 rpm and 4 °C f

or 15 min. The resulting supernatant was taken for injection and analysis. An aliquot of the cell p

ellet from each sample was used for total protein quantification by BCA assay, and lipid contents

 were normalized to total protein (pg/106 cells). 

  Chromatography–Mass Spectrometry Analysis.  

Analysis was performed using an ultra-high-performance liquid chromatography system (Sh

imadzu LC-30AD) coupled to a hybrid triple quadrupole/linear ion trap mass spectrometer (AB 

Sciex QTRAP® 6500+). Chromatographic conditions: Lipids were separated using a C18 colum

n (Phenomenex, Kinetex C18, 2.1 × 100 mm, 2.6 μm) and an Amino column (Phenomenex, Lun
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a NH₂, 2.0 × 100 mm, 3 μm). C18 column: column temperature 45 °C; flow rate 0.35 mL/min; m

obile phase A: 70% acetonitrile + 30% water + 5 mM ammonium acetate; mobile phase B: isopr

opanol. The gradient elution program was as follows: 0–5.0 min, 20%–60% B; 5.0–13.0 min, 6

0%–100% B; 13.1–17.0 min, 20% B. Amino column: column temperature 40 °C; flow rate 0.4 m

L/min; mobile phase A: 2 mM ammonium acetate + 50% methanol + 50% acetonitrile; mobile p

hase B: 2 mM ammonium acetate + 50% acetonitrile + 50% water. The gradient elution program 

was as follows: 0–3.0 min, 3% B; 3.0–13.0 min, 3%–100% B; 13.0–17.0 min, 100% B; 17.1–22.

0 min, 3% B. Throughout the analysis, samples were kept in the autosampler at 10 °C. To minimi

ze the influence of instrumental signal fluctuations, samples were analyzed in a random order. A 

pooled quality control (QC) sample was prepared and injected periodically throughout the run to 

evaluate system stability and repeatability; lipid species with a coefficient of variation (CV) < 3

0% in QC samples were retained for further analysis. Mass spectrometric conditions: Detection 

was carried out in both electrospray ionization (ESI) positive-ion and negative-ion modes. ESI so

urce parameters were set as follows: source temperature 400 °C; ion source gas 1 (GS1) 50; ion s

ource gas 2 (GS2) 55; curtain gas (CUR) 35; ion spray voltage (IS) +3000 V in positive mode an

d –2500 V in negative mode. Analysis was performed in multiple reaction monitoring (MRM) m

ode. Quantification was achieved using isotope-labeled internal standards (one per lipid class); th

e concentration of each lipid was calculated by comparing the peak area ratio of the analyte to its

 corresponding internal standard against a multi-point calibration curve prepared from authentic l

ipid standards. 

 

Data Analysis 

Lipid identification and quantification were accomplished via a targeted approach, combinin

g multiple reaction monitoring (MRM) with isotope-labeled internal standards to achieve high sp

ecificity and accuracy. Quantification was achieved using isotope-labeled internal standards (one 

per lipid class); the concentration of each lipid was calculated by comparing the peak area ratio o

f the analyte to its corresponding internal standard against a multi-point calibration curve prepare
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d from authentic lipid standards. Peak extraction and quantitative analysis of MRM data were per

formed using Sciex OS software. 

For quality control, lipid species detected in QC samples with a coefficient of variation (C

V) < 30% were considered reproducible and retained for further analysis. 

For statistical analysis, unsupervised pattern recognition (principal component analysis, PC

A) was first employed to provide an overview of the data structure and detect any inherent cluste

ring or outliers. Subsequently, supervised pattern recognition (partial least squares-discriminant a

nalysis, PLS-DA) was applied to maximize the separation between groups and to identify the lipi

d species contributing most to group discrimination. The variable importance in projection (VIP) 

score from the PLS-DA model (VIP > 1.0) was used to select potential candidate lipids. For univ

ariate analysis, two-sided Student's t-test was applied. To control the false discovery rate (FDR) i

n multiple comparisons, the Benjamini-Hochberg procedure was used. Lipids meeting both criter

ia (VIP > 1.0 and FDR < 0.05) were considered significantly altered. 
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