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บทคััดย่่อ
หลักัการและวัตัถุปุระสงค์์: ลิพิิดิเป็น็องค์์ประกอบสำคััญในมะเร็็งโดยมีีบทบาทในการส่งเสริมิให้้มะเร็็งลุกุลามและแพร่่กระจาย เซลล์ 

cancer-associated fibroblasts (CAFs) ถืือเป็็นเซลล์์ที่่�สำคััญอยู่่�ในสภาวะแวดล้้อมของมะเร็็ง (tumor microenvironment; 

TME) ที่่�สร้้างลิิพิิดแล้้วส่่งให้้เซลล์์มะเร็็งนำไปใช้้งาน วััตถุุประสงค์์ของการศึึกษานี้้�เพื่่�อตรวจวิิเคราะห์์ชนิิดของลิิพิิดใน CAFs ที่่�แยก

สกััดจากเนื่่�อเยื่่�อมะเร็็งของผู้้�ป่่วยมะเร็็งท่่อน้้ำดีีด้้วยเทคนิิคลิิพิิโดมิิกส์์ซึ่่�งไม่่เคยมีีรายงานมาก่่อน

วิธิีกีารศึกึษา: แยกสกัดั CAFs จำนวน 3 ตัวัอย่า่ง จากชิ้้�นเนื้้�อเยื่่�อผู้้�ป่ว่ยมะเร็ง็ท่อ่น้้ำดีแีละเพาะเลี้้�ยงในห้อ้งทดลองให้เ้ป็น็เซลล์เ์พาะ

เลี้้�ยงปฐมภููมิิ และตรวจวิเคราะห์์โพรไฟล์์ลิิพิิโดมิิกส์์ในเซลล์ CAFs เปรีียบเทีียบกัับเซลล์เพาะเลี้้�ยงไฟโบรบลาสต์ปกติิ (Normal  

fibroblasts; NF) ด้้วยเทคนิิคอััลตราไฮเพอร์์ฟอร์์แมนซ์์ลิิควิิดโครมาโทกราฟีี-แทนเดมแมสสเปกโทรเมตรีี (UHPLC-MS/MS) และ

กระบวนการทางสถิิติิ

ผลการศึึกษา: การวิิเคราะห์์ชนิิดลิิพิิดด้้วย UHPLC-MS/MS ใน CAFs พบลิิพิิดทั้้�งหมดจำนวน 43 ชนิิด ใน 3 กลุ่่�ม ได้้แก่่  

phosphatidylethanolamines, sphingomyelins และ phosphatidylcholines โดยมีีปริิมาณที่่�แตกต่่างกัันระหว่่าง CAFs  

ที่่�แยกได้้จากผู้้�ป่่วย และ NFs อย่่างมีีนััยสำคััญทางสถิิติิ (p < 0.05) 

สรุุป: ชนิิดของลิิพิิดที่่�พบใน CAFs ทั้้�ง 3 ชนิิดนี้้�มีีปริิมาณแตกต่่างกัันและแตกต่่างจาก NF และลิิพิิดชนิิดที่่�พบนี้้�เกี่่�ยวข้้องกัับ  

metabolic adaptation ในการส่งเสริิมกระบวนการเจริิญเติิบโตและการลุกลามของมะเร็็งท่่อน้้ำดีี โพรไฟล์์ลิิพิิดใน CAFs นี้้�  

มีีศัักยภาพที่่�จะนำไปประยุุกต์์ใช้้ในการรัักษาแบบมุ่่�งเป้้าที่่�ขััดขวางปฏิิสััมพัันธ์์ในวิิถีีเมตาบอลิิซึึมระหว่่าง CAFs และ เซลล์์มะเร็็ง 

ท่่อน้้ำดีี

คำสำคััญ: เซลล์์ไฟโบรบลาสต์์ที่่�สััมผััสกัับมะเร็็ง, มะเร็็งท่่อน้้ำดีี, เทคนิิคลิิพิิโดมิิกส์์

Abstract
Background and Objectives: Lipids is an essential component in tumor and they facilitate tumor growth and 
metastasis. Cancer-associated fibroblasts (CAFs) are defined as a tumor environment (TME) by which cells  
reside in stromal compartments supporting tumor progression. The lipid profile of CAFs, particularly in  
cholangiocarcinoma (CCA), have been unexploited. We aimed to investigate lipid profiles in CAFs of patients 
with CCA using lipidomic approach. 
Methods: Three samples of CAFs were primarily isolated from tumor tissues of patients with CCA and  
subcultured in the laboratory. Lipid profiles in CAFs compared with normal fibroblasts (NFs) were analyzed by a 
non-targeted lipidomic analysis platform using ultra-high performance liquid chromatography-tandem mass 
spectroscopy (UHPLC-MS/MS). 
Results: Forty-three lipid species in 3 groups were determined in CAFs including phosphatidylethanolamines, 
sphingomyelins and phosphatidylcholines. Those lipids presented in different levels between CAFs and NFs. 
Conclusion: Lipids in CAFs are associated with metabolic adaptation that might support tumor progression and 
metastasis in CCA. The lipid profiles in these CAFs have the potential to be applied in targeted therapies that 
disrupt metabolic interactions between CAFs and CCA cells.

Keywords: cancer-associated fibroblasts, cholangiocarcinoma, lipidomics.
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Introduction
	 Cholangiocarcinoma (CCA), a malignant tumor 

of bile duct epithelial lining, is one of the most  

common cancers and a significant public health  

problem in the Northeast Thailand1. Its development 

is strongly associated with Opisthorchiasis leading  

to chronic inflammation, which results in a dense, 

fibrous stroma marked by an aberrant growth of  

cancer-associated fibroblasts (CAFs)2. Markers of CAF 

activation in the stroma of patients with CCA  

consistently correlate with lymph node metastasis 

and reduced overall survival3. CAFs have been shown 

to actively contribute to cancer progression across 

various cancer types4-8. CAFs affect the behavior of 

epithelial cancer cells by releasing a range of  

metabolites and soluble factors that impact the  

metabolism, transcriptome, and signaling pathways 

in cancer cells9-11. Lipids are crucial energy sources 

and act as signaling molecules inside and outside 

cells. They support cell membrane integrity, provide 

essential nutrients, play a role in forming small  

extracellular vesicles12, and act as key second  

messengers in signal transduction13. This adaptation 

is essential for their growth, proliferation, and tumor 

metastasis14. Lipidomics reveals that CAF-derived  

lipids promote colorectal cancer peritoneal  

metastasis by enhancing membrane fluidity14. In  

this study, we aimed to investigate lipid profiles in 

CAFs of patients with CCA using lipidomic approach  

to gain a better understanding of the tumor  

microenvironment in CCA, clarify how lipid metabolism 

in CAFs contributes to CCA progression, and identify 

new lipid biomarkers for diagnosis or prognosis.  

This approach also applies to targeted therapies that  

disrupt metabolic interactions in CCA.

Materials and Methods
Patients, Samples, and Ethical issues

	 CAF Samples (J132, K088, and K112) were  

obtained from CCA tissues of patients who had  

surgical resection at Srinagarind Hospital. All patients 

provided written informed consent following the 

guidelines of the Declaration of Helsinki and its  

subsequent amendments. The study protocol  

received approval from the Human Research Ethics 

Committee at Khon Kaen University (approval  

numbers #HE571283 and #HE611544). Primary human 

dermal fibroblasts (defined as normal fibroblasts; NFs), 

catalogue number ATCC® PCS-201-012™, were  

purchased from the American Type Culture Collection 

(ATCC) (Virginia, US).

Reagents

	 Solvents including methanol, acetone,  

chloroform, and water of high-performance liquid 

chromatography (HPLC) quality were acquired from 

Merck (Darmstadt, DE). Dulbecco’s Modified Eagle 

Medium (DMEM), heat-inactivated FBS were purchased 

from Thermo Fisher Scientific (California, USA).  

Glutamine and Penicillin/Streptomycin were obtained 

from Sigma-Aldrich (St. Louis, MO, USA). Rabbit  

polyclonal anti-α-SMA and anti-cytokeratin-19  

antibodies were purchased from Abcam (Cambridge, 

UK).

Primary Isolation of CAFs and Culturing

	 Tissues collected from 3 patients with  

diagnosed CCA, which underwent surgical resection 

at Srinagarind Hospital, Khon Kaen University, were in 

part of fibrosis close to tumor or adjacent areas. Fresh 

tissues of each patient were preserved in Hank’s 

Balanced Salt Solution (HBSS) with antibiotics. Tissues 

were finely chopped into small pieces and digested 

by type IV collagenase at 37°C for 30 min. Once the 

enzymatic reaction had stopped, the tube was  

centrifuged at 2,000 rpm for 5 min to collect cell 

pellets. Cell precipitate was suspended with DMEM 

supplemented with 10% FBS and 100 IU/ml of  

penicillin-streptomycin. The suspended cells were 

filtrated through the cell strainer. The separated cells 

and retained pieces of tissues were cultured in each 

flask containing culture medium, at 37°C in a humidified 

atmosphere containing 5% CO
2
. Cultured cells were 

observed periodically, and epithelial cells were  
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aseptically scraped off. Fibroblasts were then  

transferred to new flasks and cultured until reaching 

confluence. Fibroblast cells were collected for  

cryofrozen cells with FBS contained filtrated 10% 

dimethyl sulfoxide. After subculturing for 2 - 3  

passages (14 days) to acclimatize with their environment, 

CAFs were identified as a cell positive with α-smooth 

muscle actin (α -SMA) but negative with cytokeratin-19 

using an immunofluorescence staining as described 

previously15. 

Sample Collection and Preparation for LC-MS Lipid 

Profiling

	 CAF (Subpassage No. 3, 14-day subculture) and 

NF cells (2 x 106 cells) were collected by detaching 

them from dish using trypsin-EDTA and then  

centrifuged at 2,000 rpm at 4◦C for 5 min. The cell 

pellets were washed with PBS for 3 times to remove 

the remaining medium and immediately frozen with 

liquid nitrogen. For lipid extraction, the frozen cells 

were resuspended in methanol and sonicated at 40% 

amplitude for 3 cycles. The lysed cells were  

phase- extracted using water/methanol/chloroform 

(1:1:3 v/v), incubated on ice for 20 min and  

centrifuged at 4,000 rpm at 4◦C for 20 min. The  

organic phase was collected and transferred to a glass 

vial tube (KIMA, Arzegrande, IT), followed by drying 

the solvent under a fume hood overnight. The dried 

lipid extracts were reconstituted in a 200 µL solvent 

mixture of isopropanol/acetonitrile/H
2
O (2:1:1 v/v), 

and centrifuged for 20 min at 13,000 xg, 4◦C. For each 

sample, 20 µL was collected, pooled, and then used 

as a quality control (QC) sample for each interval 

throughout the analysis.

UHPLC-QTOF-MS Based Lipidomics

	 Lipidomics was carried out using ultra-high 

performance liquid chromatography coupled with 

electrospray ionization-quadrupole time-of-flight mass 

spectrometry (compact UHPLC ESI-Q-TOF MS, Bruker, 

DE). The lipid extracts were analyzed on a reverse- 

phase UHPLC system as previously described16.

Data Processing and Lipid Identification
	 The data were processed using MetaboScape 
software 5.0 (Bruker, Massachusetts, US) and converted 
to .csv files. Lipid identification was performed by 
comparing the MS/MS fragmentation patterns of  
detected features against public databases, using 
MS-DIAL software version 4.2 (RIKEN Center for  
Sustainable Resource Science, Kanagawa, JP), the 
Human Metabolome Database (HMDB), the Bruker 
Metabobase, and the LipidBlast database. The levels 
of assignment (LoA) included: (1) accurate mass 
matching to the database indicating a tentative  
assignment, (2) accurate mass and tandem MS  
spectrum matching to an in-silico fragmentation  
pattern, (3) tandem MS spectrum matching to the 
database or literature, (4) retention time and  
molecular mass matching to a standard compound, 
and (5) MS/MS spectrum matching to a standard 
compound16. 

Statistical Analysis
	 Principal Component Analysis (PCA) was  
performed for data modeling and statistical analysis, 
along with the generation of heatmaps using  
MetaboAnalyst 6.0 (https://www. https://www. 
metaboanalyst.ca/). The heatmap illustrated the 
overall patterns of lipid composition across different 
samples, with hierarchical clustering revealing similar 
expression profiles. Python software version 3.10.12 
was used to generate box plots. Differences in lipid 
compositions between samples were assessed using 
ANOVA, and a p-value of less than 0.05 was considered 
statistically significant.

Results
Isolation and Characterization of Cancer-Associated 
Fibroblasts
	 We isolated CAFs from 3 CCA patients’ tissues. 
Since the isolated CAFs presented a spindle-like  
morphology, we performed immunofluorescence to 
stain the expression of a CAF marker (α-SMA). CK-19, 
an epithelial cell marker, was used to confirm 

non-contamination with epithelial cells. The results 

showed that all isolated CAFs expressed α-SMA  

(Fig. 1).
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Fig. 1 Characterization of CAFs by immunofluorescence staining. CAFs displayed a spindle-like morphology by 
α-SMA staining observed under a fluorescence microscope. DAPI staining (blue color) was used for visualizing the 
nuclei of CAFs. Green, stained with cytokeratin-19 (CK-19); red, stained with α-SMA. The original magnification is 
×100. A bright-field microscopic images of CAFs were magnified at ×10.

Metabolic Distinctions and Subtype-specific  

Adaptations in CAFs Revealed by PCA and PLS-DA

	 The identification of lipid candidates in primary 

isolated-CAFs was shown in Table 1. Principal  

Component Analysis (PCA) and Partial Least Squares 

Discriminant Analysis (PLS-DA) were conducted to 

assess the metabolites’ differences between  

cancer-associated fibroblasts (CAFs) and normal  

fibroblasts (NFs). The PCA score plot demonstrated a 

distinct separation between the CAFs (CAF-J132, 

CAF-K088, CAF-K112) and NFs, signifying unique  

overall metabolic profiles (Fig. 2A-B). The initial two 

principal components explained a substantial fraction 

of the variance in the data, underscoring the  

metabolic heterogeneity of CAF subtypes while  

preserving clear distinctions from NFs.

	 The PLS-DA score plot further elucidated these 

findings, highlighting the selective capability of  

particular metabolites in differentiating CAFs from NFs 

(Fig. 2C-D). CAF subtypes demonstrated metabolic 

clustering, with CAF-K088 displaying unique traits in 

contrast to CAF-J132 and CAF-K112, indicating  

subtype-specific metabolic adaptations.

	 The loading plots from PLS-DA highlighted 

metabolites with elevated variable importance in 

projection (VIP) scores, emphasizing their significance 

in facilitating group distinction.  We selected VIP ≥ 1.0 

and ANOVA P-value < 0.05 as the standard cut-off for 

identifying important metabolites. These findings 

underscore substantial metabolic reprogramming in 

CAFs relative to NFs and disclose subtype-specific 

metabolic variability within CAFs. The identified  

patterns indicate a functional metabolic alteration in 

CAFs that may enhance their pro-tumorigenic  

functions within the tumor microenvironment.
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Qdrt ksr 

Hrnk̀ shnm ` mc bg` q̀ bsdqhy` shnm ne b̀ mbdq,` rrnbh̀ sdc  � aqnak̀ rsr 

V d hrnk̀ sdc  B@Er eqnl  2 BB@ o` shdmsr� shrrt dr- Rhmbd sgd hrnk̀ sdc  B@Er oqdrdmsdc  `  

rohmckd,khj d l nqognknf x+ v d odqenql dc  hl l t mn� t nqdrbdmbd sn rs̀ hm sgd dwoqdrrhnm ne `  B@E 

l ` qj dq 'α,RL @(- BJ ,08+ ` m dohsgdkh̀ k bdkk l ` qj dq+ v ` r t rdc  sn bnm� ql  mnm,bnms̀ l hm̀ shnm v hsg 

dohsgdkh̀ k bdkkr- Sgd qdrt ksr rgnv dc  sg` s ` kk hrnk̀ sdc  B@Er dwoqdrrdc  α,RL @ ' Ehf t qd 0(- 

 
Ehf t qd 0 Bg` q` bsdqhy` shnm ne B@Er ax hl l t mn� t nqdrbdmbd rs̀ hmhmf - B@Er chrok̀ xdc  `  rohmckd,khj d 

l nqognknf x ax α,RL @ rs̀ hmhmf  nardqudc  t mcdq `  � t nqdrbdmbd l hbqnrbnod- C@OH rs̀ hmhmf  ' akt d 

bnknq( v ` r t rdc  enq uhrt ` khyhmf  sgd mt bkdh ne B@Er- F qddm+ rs̀ hmdc  v hsg bxsnj dq` shm,08 ' BJ ,08(: qdc+ 

rs̀ hmdc  v hsg α,RL @- Sgd nqhf hm̀ k l ` f mh� b` shnm hr ๗0/ / - @ aqhf gs, � dkc  l hbqnrbnohb hl ` f dr ne B@Er 

v dqd l ` f mh� dc  ` s ๗0/ - 

 

L ds̀ ankhb c hrshmbshnmr ` mc rt asxod,rodbh� b ` c ` os̀ shnmr hm B@Er qdud̀ kdc  ax OB@ ` mc OKR,C@ 

Sgd hcdmsh� b` shnm ne khohc  b` mchc` sdr hm oqhl ` qx hrnk̀ sdc ,B@Er v ` r rgnv m hm S` akd 0- 

Oqhmbho` k Bnl onmdms @m̀ kxrhr ' OB@( ` mc  O` qsh̀ k Kd` rs Rpt ` qdr Chrbqhl hm̀ ms @m̀ kxrhr ' OKR,C@( 

v dqd bnmct bsdc  sn ` rrdrr sgd l ds̀ ankhsdr� cheedqdmbdr adsv ddm b` mbdq,` rrnbh̀ sdc  � aqna k̀ rsr ' B@Er( 

` mc  mnql ` k � aqna k̀ rsr ' MEr(- Sgd OB@ rbnqd okns cdl nmrsq` sdc  `  c hrshmbs rdo` q` shnm adsv ddm sgd 

B@Er ' B@E,I 021+ B@E,J / 77+ B@E,J 001( ` mc  MEr+ rhf mhexhmf  t mhpt d nudq` kk l ds̀ ankhb oqn� kdr 

' Ehf - 1@,A(- Sgd hmhsh̀ k sv n oqhmbho` k bnl onmdmsr dwok̀ hmdc  `  rt a rs̀ msh̀ k eq` bshnm ne sgd u` qh̀ mbd hm 



ศรีีนคริินทร์์เวชสาร 2568; 40(1)       Srinagarind Med J 2025; 40(1)ศรีีนคริินทร์์เวชสาร 2568; 40(1)       Srinagarind Med J 2025; 40(1)                                 

นิิษณา นามวาท และคณะ            Nisana Namwat, et al.      

  98

 Table 1 The identification of lipid candidates in primary isolated-CAFs. 

 Metabolites Formula Adduct RT m/z  VIP score

PE 34:1 C39H76NO8P [M+H]- 10.93 716.52407 2.9232

PE 36:2 C41H78NO8P [M+H]- 10.98 742.53981 0.40389

PE 36:5e C41H74NO7P [M+H]- 9.36 722.51342 0.87048

PE 38:4 C43H78NO8P [M+H]- 10.97 766.53991 0.0034357

PE 38:5 C43H76NO8P [M+H]- 8.35 764.52433 0.70109

PE 38:5e C43H78NO7P [M+H]- 12.34 750.54529 0.073886

1-Stearoyl-2-Arachidonoyl PC C46H84NO8P [M+H]+ 12.11 810.60171 1.5128

Eicosapentaenoyl PAF C-16 C44H80NO7P [M+H]+ 10.27 766.57476 0.098562

PC 30:0 C38H76NO8P [M+H]+ 9.23 706.53817 1.1421

PC 30:1 C38H74NO8P [M+H]+ 7.12 704.5216 2.216

PC 31:0 C39H78NO8P [M+H]+ 10.63 720.55363 13.107

PC 31:1 C39H76NO8P [M+H]+ 8.15 718.53703 0.98219

PC 32:1 C40H78NO8P [M+H]+ 9.39 732.55399 2.5026

PC 32:2 C40H76NO8P [M+H]+ 7.41 730.5379 0.063276

PC 33:1 C41H80NO8P [M+H]+ 10.66 746.56971 0.091936

PC 34:0 C42H84NO8P [M+H]+ 14.2 762.60128 1.4967

PC 34:1 C42H82NO8P [M+H]+ 12.19 760.58547 0.32292

PC 34:1e C42H84NO7P [M+H]+ 13.74 746.60642 9.1043

PC 34:2 C42H80NO8P [M+H]+ 9.82 758.56983 0.99887

PC 34:3 C42H78NO8P [M+H]+ 7.55 756.55392 3.1036

PC 34:4 C42H76NO8P [M+H]+ 9.45 754.53651 1.1668

PC 35:1 C43H84NO8P [M+H]+ 13.49 774.60127 0.085365

PC 35:2 C43H82NO8P [M+H]+ 10.69 772.58513 1.871

PC 36:1 C44H86NO8P [M+H]+ 14.16 788.6172 0.14163

PC 36:3 C44H82NO8P [M+H]+ 9.82 784.58586 0.36881

PC 36:4 C44H80NO8P [M+H]+ 9.15 782.56991 0.29411

PC 36:5 C44H78NO8P [M+H]+ 7.64 780.55397 0.040635

PC 37:5 C45H80NO8P [M+H]+ 8.03 794.56991 2.8934

PC 38:5 C46H82NO8P [M+H]+ 9.18 808.58582 2.9561

PC 38:6 C46H80NO8P [M+H]+ 8.46 806.56988 0.34017

PC 40:5 C48H86NO8P [M+H]+ 12.27 836.61711 0.32169

PC 40:6 C48H84NO8P [M+H]+ 9.27 834.60201 1.6284

PC 40:7 C48H82NO8P [M+H]+ 8.43 832.58586 1.8396

PC_16:00_16:00 C40H80NO8P [M+H]+ 12.2 734.56967 1.1053

PC_18:01_9Z_18:01_9Z C44H84NO8P [M+H]+ 12.17 786.60151 0.62906

PE 38:4 C43H78NO8P [M+H]+ 10.94 768.55576 0.93759

PS 36:1 C42H80NO10P [M+H]+ 10.88 790.5585 0.34254

SM d34:0 C39H81N2O6P [M+H]+ 9.95 705.59022 0.81973
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 Metabolites Formula Adduct RT m/z  VIP score

SM d34:1 C39H79N2O6P [M+H]+ 8.95 703.57487 4.964

SM d34:2 C39H77N2O6P [M+H]+ 6.97 701.5593 0.41803

SM d40:1 C45H91N2O6P [M+H]+ 15.44 787.6686 0.79457

SM d42:1 C47H95N2O6P [M+H]+ 16.92 815.70144 0.32991

SM d42:2 C47H93N2O6P [M+H]+ 15.2 813.68572 0.75798

Fig. 2 Summary of metabolic profiling of Cancer-Associated Fibroblasts (CAFs) and Normal Fibroblasts (NFs). PCA 
(A, B) and PLS-DA (C, D) analyses in negative and positive modes, respectively, reveal distinct metabolic  
profiles between CAFs (CAF-J132, CAF-K088, and CAF-K112) and NFs. Clustering patterns indicate metabolic 
heterogeneity among CAF subtypes, with CAF-K088 showing unique features. 

 Table 1 The identification of lipid candidates in primary isolated-CAFs. (Cont.) 67-070-265779 
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Lipid Metabolic Alterations in CAFs: A Comparative 
Analysis with NFs
	 The heatmap analysis demonstrated notable 
disparities in the metabolic profiles of CAFs relative 
to NFs. Hierarchical clustering clearly differentiated 
the three CAF lines (CAF-J132, CAF-K088, and 
CAF-K112) from the NFs, emphasizing differential lipid/
metabolite expression profiles in CAFs. Numerous 
metabolites were significantly elevated in CAFs,  
including phosphatidylcholines (PC 34:3, PC 38:6, and 
PC 36:4), phosphatidylethanolamines (PE 36:2 and PE 
38:4), and sphingomyelins (SM d42:2 and SM d42:1). 
The findings indicate an enhancement in membrane 
lipid production and sphingolipid metabolism, essential 
for cellular signaling and structural integrity within the 
tumor microenvironment. PC 34:3 exhibited notably 
elevated expression in CAF-K088, indicating subtype- 

specific metabolic activity. In contrast, metabolites 
including eicosapentaenoyl phosphatidylcholine and 
PE 40:5 were downregulated in CAFs relative to NFs, 
suggesting a possible inhibition of lipid species  
associated with anti-inflammatory or oxidative stress 
pathways. Significantly, SM d42:2 was consistently 
raised in all CAF subtypes, indicating a common  
metabolic adaption to facilitate the pro-tumorigenic 
functions of CAFs. The metabolic disparities between 
CAFs and NFs suggest a transition in lipid metabolism, 
presumably influenced by the requirements of the 
tumor microenvironment. These findings offer significant 
insights into the metabolic reprogramming of CAFs, 
which may affect their interactions with tumor cells 
and identify prospective targets for therapeutic  
intervention.

Fig. 3 Heatmap depicting the varying metabolite expression profiles of CAFs compared to NFs. The CAF groups 
(CAF-J132, CAF-K088, and CAF-K112) and the NF group are categorized by hierarchical analysis. Rows denote 
distinct lipid/metabolite species, encompassing phosphatidylcholines (e.g., PC 34:3, PC 38:6, PC 36:4),  
phosphatidylethanolamines (e.g., PE 36:2, PE 38:4), and sphingomyelins (e.g., SM d42:2, SM d42:1). Columns 
represent distinct samples from each group. The color gradient represents normalized intensity levels, where 
red signifies elevated expression and blue denotes diminished expression. Clustering patterns indicate substantial 
metabolic reprogramming in CAFs versus NFs, characterized by increased concentrations of critical lipids like PC 
34:3, SM d42:2, and PE 38:4 in CAFs, and diminished levels of metabolites such as eicosapentaenoyl phosphati-
dylcholine in CAFs compared to NFs. 
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Metabolic Reprogramming in CAFs: Evidence from 

Key Metabolite Comparisons

	 Box plot analysis was employed to evaluate 

the expression levels of critical metabolites between 

CAFs and NFs. The findings underscore substantial 

variations in metabolite concentrations, reinforcing 

the concept of metabolic reprogramming in CAFs. 

Metabolites including phosphatidylcholines (PC 34:3 

and PC 38:6), phosphatidylethanolamines (PE 36:2 

and PE 38:4), and sphingomyelins (SM d42:2) shown 

significantly elevated levels in CAFs relative to NFs  

(p < 0.05). The higher levels are consistent among 

CAF subtypes (CAF-J132, CAF-K088, and CAF-K112), 

with CAF-K088 exhibiting the most significant variations 

for specific metabolites, including PC 34:3.

	 In contrast, metabolites such eicosapentaenoyl 

phosphatidylcholine and PE 40:5 exhibited markedly 

reduced levels in CAFs compared to NFs, suggesting 

a targeted inhibition of particular metabolic pathways 

in CAFs. The interquartile range (IQR) illustrated in the 

box plots further exemplifies the metabolic variety 

among CAF subtypes, indicating that these cells  

modify their metabolic profiles according to their 

functional roles within the tumor microenvironment.

	 These results corroborate the metabolic  

alterations identified in CAFs and underscore potential 

indicators for differentiating CAFs from normal fibroblasts. 

The persistent increase of certain metabolites in all 

CAFs highlights their possible involvement in facilitating 

tumor advancement.

Fig. 4 Box plots showing differential metabolite  

expression between CAFs and NFs. Variability among 

CAF subtypes reflects metabolic heterogeneity.  

Statistical significance (p < 0.05) highlights key  

differences, emphasizing metabolic reprogramming in 

CAFs. (A) Negative mode. (B) Positive mode.

Discussion
	 Our study provides an in-depth exploration  

of the lipidomic profiles in CAFs, highlighting  

reprogrammed lipid metabolism as a distinctive  

feature of CAFs within the tumor environment. Lipid 

metabolism in CAFs may play a crucial role in tumor 

progression by fueling cancer cell metabolism,  

activating survival pathways, promoting metastasis, 

inducing drug resistance, and suppressing immune 

responses.4-8. Through liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) and principal  

component analysis (PCA), we established a distinct 

separation in lipid profiles between CAFs and NF cells. 

The uniqueness of lipid composition is emphasized 

across multiple analytical perspectives, providing  

a robust characterization of metabolic divergence.
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	 The study identifies 43 lipid species that  

distinguish CAFs from NF cells, with notable increases 

in phosphatidylcholines, phosphatidylethanolamines, 

and sphingomyelins. This indicates a distinct  

metabolic shift in CAFs, reinforcing the view that  

tumor-associated fibroblasts undergo lipid reprogramming 

to support cancer progression. These findings reflect 

similar lipid metabolism observations in other cancer 

models, where CAFs adapt their lipidomic profiles to 

promote cell survival and proliferation in a nutrient- 

scarce tumor microenvironment14, 17. Using LC-MS/MS 

to conduct a detailed lipidomic analysis, PCA was 

employed to map the differences, showing a clear 

separation between CAF and NF lipid profiles. This 

analytical approach aligns with studies that use  

LC-MS/MS to capture specific lipidomic patterns, 

which are valuable in distinguishing in various cell 

types18, 19. Lipid types, such as phosphatidylcholines 

(PCs), phosphatidylethanolamines (PEs), and  

sphingomyelins (SMs), were more abundant in CAFs, 

suggesting their potential as biomarkers for tumor 

microenvironment characterization. These findings 

parallel similar research in oncology, where lipid  

biomarkers are utilized for diagnostic or prognostic 

insights20. The study’s heatmap analysis reveal that 

plasma membrane-associated lipids, particularly 

phosphatidylethanolamines (PEs), were more prevalent 

in CAFs than in NF cells. Sphingomyelins, integral to 

membrane structure and cell signaling, appear  

elevated, hinting at their role in modified membrane 

behavior essential to CAFs’ support functions within 

the tumor. This aspect is particularly interesting as it 

aligns with recent studies showing that sphingolipid 

metabolism contributes to tumor cell adaptation in 

hypoxic or nutrient-deprived microenvironments21. 

This observation suggests that CAFs not only adjust 

their lipid profiles for structural purposes but may 

also rely on these changes for vesicular trafficking, 

potentially facilitating the secretion of growth factors 

or exosomes that support CCA cells. Studies on  

other cancers have similarly noted the role of vesicular 

trafficking in cancer-associated fibroblast function, 

suggesting a broader oncological mechanism22. CAFs 

are a diverse cell population, exhibiting significant 
heterogeneity. Different CAF subtypes can have  
distinct functions and behaviors within the tumor 
microenvironment. One key aspect of this heterogeneity 
is reflected in their lipidomic profiles. Nevertheless, 
the unique lipid profiles in CAFs suggest a potential 
for developing lipid-based biomarkers that could aid 
in distinguishing CAFs from cancer cells. As CAFs  
undergo significant lipid metabolic reprogramming in 
response to tumor signals, their lipidomic profile can 
indicate tumor presence, aggressiveness, and therapy 
resistance. Further investigation of lipid profiles in 
blood samples from CCA patients could help identify 
potential prognostic markers for monitoring disease 
progression and improving therapeutic outcomes.

Conclusion
	 This approach could improve the precision of 
diagnostics in tumor microenvironment characterization, 
offering a non-invasive tool for distinguishing cellular 
components within tumors. This is consistent with 
evolving research directions in biomarker discovery, 
which aim to identify metabolic and lipidomic  
markers that provide insight into the tumor ecosystem 
and its cellular interactions23.
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