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Untargeted Lipidomics Reveals Lipid Metabolism
Dysfunction During Macrophage Foaming

WANG Zengyu, LIU Baohong, QIAO Liang’, LIN Ling’
(Department of Chemistry, Zhongshan Hospital, Fudan University, Shanghai 200000, China)

Abstract  Atherosclerosis is a multifactorial chronic complex disease characterized by the accumulation of lipids,
inflammatory responses, and ultimately fibrous plaque formation within arterial walls. Plaque formation begins with
the abnormal accumulation of lipids engulfed by macrophages within arterial walls, forming so-called foam cells.
Despite the pivotal role of foam cell formation in the pathophysiological remodeling process of blood vessels , in-depth
research into lipid metabolism disturbances during macrophage foam cell formation is still relatively lacking. In this
study, we constructed and optimized a lipidomics analysis workflow, applying it to analyzing metabolic reprogram-
ming during macrophage foam cell formation. A total of 645 lipid molecules belonging to 16 lipid subclasses were
identified. Principal component analysis, time-series pattern analysis, and volcano plot analysis revealed significant
differences in lipid levels at different stages of foam cell formation. As incubation time with oxidized low-density
lipoprotein increased, the degree of lipid metabolism dysfunction in foam cells increased. Triglycerides, hemolytic

phospholipids, and ether phospholipids were upregulated, while phosphatidylserine was downregulated. The
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significant accumulation of triglycerides enhanced the inflammatory response of macrophages, promoting foam cell

formation by further engulfing oxidized low-density lipoprotein. Meanwhile, the synthesis of phosphatidylserine and
hemolytic phosphatidylcholine increased significantly in the late stages of foam cell formation, indicating a positive
correlation between foam cell formation and cell apoptosis. These lipid molecules may serve as signaling molecules to
attract macrophages for the clearance of apoptotic cells. This study not only reveals the significant upregulation of
inflammatory responses during foam cell formation but also elucidates the close connection between lipid metabolism
disturbances and cell apoptosis signaling.

Keywords Macrophage; Cell foaming; Lipidomics; Inflammation; Apoptosis

DRSO R E AR TR A, a2 SR e AL . Zh Kok Ak = 2248 48 N
AIBERTTAR , BB KR AR AR . HHT, A RS ST REH A i S B it 72, ESIE il —
AT R A8 PN KT VIR A L A AR SR . X Sy TR A0 2 Hh A s 1 AR TR AR % 2 AR 28 11 (Oxcidlized
low-density lipoprotein, ox-LDL) 1Y ELWg A 1L AL TR, BEE RS HEE , FRARMIEIR AN 2 J A= PR T FIdR
S, HAMAM AR B E BUE AL T BEHeH B IR SEAZ O . B R A i s 2, i b a5
BEH PN B8R () 4, AT RR A ARSI B, SO WU FE BN A% v 4 2 Co i /8 s e A

H RTTA Sy B0 e AT 1 LAE MR R A0 A B i B A Dmik, BEEE 1 CREAI: ox-LDL) X I /8 N K2
AR A5 2 s Bkt FERE AL i B ERTY . XA O e R R AZ AN BR S B N BT, IR saT
A WEAB R 8 ) EL W2 A . Y TR A 2 fR A 0 T ox-LDL (Y EL W2 A A i >k . i 2 i A e 1)
ox-LIDL 28 135 VA /K Sk J8 Ay 10 23 JEL 1 e 2 R D R M M7 T 0 ek T A 2l 1EL o] e i i A 7 CE R A v
EL W20 M A o A 2 ) 2 S EQEIR AN BRI 80, A ek S AR 1 UL [l 5 R 20 2 0 400 e PR 1 7 A
AN TR A . s, U8 T AR A VS BRAFTE SR B , AT B0 T4 i O 4k B PEIRSE . A WE5E
I8, S0 20 R T AR e AR AR 0 v, AR e S koA RERE AR T 5 TS Sl koA AR A AL
RHETE TV T AL AT R . IR s A AU 8 i 10 % [ P2l 3 A WV T B T, e
AL 3 2R (eat me) " {55 ] PR T2 AR, 180T 240 FELRR 0 9% A IR T VAR L A L Y G B, T o)
SRR AL A SRR
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R RREEA B (R . P BERIREE ) . AMEAIRREE (R . SRR . Z BRI TR ) DL K 53 32 (A B
SCHE) AN TR HE— 2P 10 T RR BT Y Z2 AP AN A etk . 3k L2 S e i BT i D BT A 2E MR, O HL48 iR
Jo S REBIF T FIRC A Bt ok 1145 22 img MERE PR

JE BT 4H 536 MR T4 THI T R GE st o A R e A T A RE BT, T A= 43455 HOM B A T AR b 9 2l
A, HETTRIER R B A 19 2 AN S A8 PR AATE A P A i B VR DR, T AR AR B 20 2% R ik
i e 3 L A AT S AR R AR B4R B T RE . HAT AT DU E BIBCE R BrRh 2. & RS
YD R HHE SN 1 IR B2 7 1 & J , T i (1 R Jo 4 2 A AR 2 70 70 ] Lol S5 Ak iR BT 2H 27
(Shotgun lipidomics ) Fll 3 T3 AH (415 1) B J5 2 # (LC-based lipidomics ). AHH T Sk, FT @ i% g
A AP HE T BT OR BA B TR 4k B A S, I HLAT DAE 2o 2 f 4504 O/ B4 OC & (Quantitative structure retention
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R A AT B — PR, AR R T B R A B S AR AT AR AR A . AET7 i b AR SO T
FT B W 20 O R AR 2R B €38 - i 5 T OB 1) R B 2 5k, DA 1 I B e e i L e (1
TR, WOR T AR IR AL A A R ] REBUE AN E RN . DRI B B A o M A
T HR E A I AR AR AP iR B A B 2 A X — SRR (R L, S 1 i o 205 S AR AR A
PRI, IR TR PR R TR S . AR S T BRI R e R R
LM A T A5 A 9 70 F-AL LAY 5 e 240 e PR P i e v )R T A S AR E M R T 15 5
i ALTIR B o8 ILAR .

1 SEIGERS

11 RXFI S

NFRAZ AL THP-1 4Hffabk, o EREBE A% A BURE E R 1 (ox-LDL) , 16 55 P A 14L
ARA R RPMI 1640 3557 5E | HR R -555 R (PS) | B-5itk L1 (BME) F A [ (Trypsin-EDTA ) ,
2% [# Thermo Fisher 23 7] 5 J54- L7 (FBS) , HE ExCell 24 ) ; W2 EE2% vk (PBS) . EBSS 22 hEh 75 i Al
4% AL E W, ACTRSEERHA PR bl 5 IHLE O-FR AR LYk}, B st A T AR ST B A R
Ay HILRUT SRS (MTBE) , B RIHr T A bR B A BRA 1 5 RS (MeOH) RIS I BE(IPA) , A4
ali, EZEEAFRA AR O (ACN) R RS, LC-MS 4k, f5 [ Merck 24 & 5 I FE 12-1 PUR
fig 13- 2 B2 ik (PMA) , % [& Merck 23 7] 5 g i N b5 SPLASH® LIPIDOMIX® Mass Spec Standard, 3 [
Avanti 2¥H) .

XBridge BEH ZJE @38 FE (150 mmx2. 1 mm, 3.5 wm), 3&[E Waters 23 7] ; LC-20AD 5 5= 38508 HH (4
i, H A HN ] 5 Triple TOF™ 4600 B E4Y , 26 [E AB SCIEX A ] .
1.2 SCEEFE
121 @ FEr 58 AmE XK THP-1 4 L i ] RPMI 1640 15 3% 3L (10% FBS+1% PS+0. 05
mmol/L. BME) F 37 °C, 5% CO, ¥R R %, BUS~ 12 A0 B K At 75256 . K an e e fh 1
ANALAR R, AR 2x10° 4, FH & 200 ng PMA (9555738 (RPMI 1640+10% FBS) 1753 4l i 434k W E
WEARE , 76 EBSS 25 i Lk 12 h, & A7 50 pe/mL ox-LDL 15373 (RPMI 1640+2% FBS) 5 S H
W A SO ORI . SR 4 40, A X B4 (C1~C6) | IR 4 (E1~E6) | JiR AL AR iiZH
(M1~M6) FIULIRAL A (L1~L6) , FREH I E 6 DAY= E A . 3 DIHH A IR L AR 5> A% 24, 48
F172 h () ox-LDLIBEF ], Xf REZE I A S5 25 ek . IR B AL, DL 800g 4% 3 25.0> 3 min I
FRANNL, FH PBS S RS VEANIITVE 2 UK, WOIRANIEUTIE R F e £ b BE .
122 @b O & R 4% B, FEAR B 0l 1 5 0 196 BH 45 AR AL O R oR 28 4 37
Y. M AMLL O G 10 min, FHZEMRZKIEUE30 s; PR ARZ L4 3 min, FH 60% 5N FEI 2
10s, EE 3. IMAEFEFZE 60 °C, B H . fEeF RS MR, Ao Ay FEE , B4
A PR3 Ak BT R, {6 Image) BRI T IR R SE 24004
123 @ fle LRI ik e se s e T 3 AR IR IO s, BRI L BRI IR AR R 2x10° ok
ZRAb I THP-1 418, F PBS & hifiE Ve 3 kG AT 4 R EERE & . JHrpr, gk Bligh-Dyer i 407F
BRSSPI 625 WL -0 - TR TR 5 3 8] (R AR FE 10:10: 1), 5 1 wL IG5 N A5 SPLASH®
LIPIDOMIX®R A3 5] 5 B 275 L 0. 2 mol/L BRI 1 mol/L & ALEI KB, TMRAHAIEE T
=20 ‘COKFE P AR I . HF IR AT LA 1000g 7 380250 5 min, WHEAHLZ(TF)Z), HASETIHR.
MTBE J5 Z:40°F « BANFE S HIA 900 WL FY 2 -MTBE-/K 1B S (KL 4:5:5), 51 pLIER M bxR
SPLASH® LIPIDOMIX®JR i iR &34, & T -20 CokAH P it 3R B . BHIR A VT LA 1000g 55 1 55 0
5min, WEAHZ(EZ), ARSETER . MMI(MeOH, MTBE, TPA) J7 ik HAR LR 3C, B PFRT
ff FHAR R PR A 75 2 A 3
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S0 R FH BRI NG 5 . g AR 4 20 L TT0E H 37 B IA 500 L O “CHRVA 114 g I 1 B 771

MMIPA (MeOH/MTBE/IPA {RFR LY 4:3:3). BEAAE S HFOILA 1T L 5 52 N A% SPLASH® LIPIDOMIX® i fig
30s, BT UK EHE 1 min, F-20 CUKFHCES R . BIRGEE LA 3500 553 2.0 10 min, B2
W L2 B0 T, i AE T80 CYKAE TR RR 40t . 2 M i # 4% i FH 100 L 75 577 (ACN/IPA/H,O /R FH L
2:2:1)E %, B 1 min, DL 12000g 553550 20 min, H90 pL FJZHBARE SO, LT FHL.
124 AEE G- o AT B EEE SOR A (3% (LC-20AD) 5 PUAR AT - ® AT i [a] 5T 3% (Triple TOF
46000) LC-MS 3¢ I 3 Ge A 7 A1 8 1) fig 52 4127 53 A1 . 1 Waters XBridge BEH Amide i €835 4 (150
mmx2. 1 mm, 3.5 wm) PEFTIROAN (35008 . WA A N 95% 2 - /KW, WA B R 50% 2 - /K %
W, A, BFAH A 10 mmol/L H1 R #% . (3EHEE : 0~6.2 min, 0. 1%~20%B; 6.2~15. 4 min, 20%~
80%B; 15.4~15.7 min, 80%~0. 1%B; 15. 7~24.7 min, 0. 1%B; “F-#FHf[E] 12. 5 min, 3 0. 3 mL/min.
TRV E A 43 0 SR L OE BB R CR AR . X T IE B TR, B 7R 55 kR Gas 1 Ml Gas 2% B 4 50 psi
(1 psi=6. 895 kPa) , AT LI E N 35 psi, B FWIEHEKE NS kV. X TREFEL, mEREN
-5 kV. REEFERBEN 40 eV (IEE FH) f130 eV (H1 S FAEER) , 76 m/z 150~1800 3 BBl 3 & Tk 1 74
FH, KSR AR (Information dependent acquisition ), KRR G R ZRE 105k
WIEE, JREREIAIA 1. 3 s, EAER N2 pl.
125 Je R4l 8B BiisEeR ] MSConvert 3% {4645 B, mz XML SCE, {8 FH XCMS (A< 3. 99)
RASIEA T— 20535 PRI A ARG, DA G 5 P B ) A L 3R A R T R A e, A R B BsF 1) | o for L 5
SR . FRRAE ] MSConvert H: 4 ST 1EEE ]y MGF SCF, S5WsR BEAR RS |44 2 1EL4 T H Lipid4DAna-
lyzer (http://lipid4danalyzer.zhulab.cn/) 47l BT 482 . X XCMS $&EU R S B F s FE dE 10 —4bf5 ,
g B N AR PR IR 7 IH—14k . {d F MetaboAnalyst 204 (JAR 5. 0) Chttp : //www.metaboanalyst.ca) #1745 11
2R, AFE E A AT (PCA) R R 25 22 70 BT (ANOVA ). i FH B[R 8y 22 4 Wi i ok 22 4 22 53 g
J, BE BE p<0. 05. i I R A Mfuzz (WAS : 2. 60) X A5 5t £ 4 7B 7% 43 Hr . 18 Lipidmaps 7E£6 T H
BioPAN (https : //www.lipidmaps.org/biopan ) ¥4 7 /5718 1% & F2 547 .

2 ZFERE5TR

2.1 THP-1ESHUERMAMEE SR MBS

Sk FERE AL i 2 N R 3L RIER S 52 22, WA XL TR U . ASCRET
HWIRA I B S 5 H——E WA . AR A PR AR 5 20 e s Bk R R AL AR o AV T, AR
SRESCHR[ 13 15T T — B RSP AR Y . SR P A A i 32 THP-1 AR A R, R FH 9 e st
12-F PR TR 13- Z /2 s (PMA )75 Ak B AR BAE AL, 4340 ) ) 20 B 7 AR ORGSRy B
J2 W RERS 25 e RS IR UGS, 058 (- 3658 . 5, R ox-LDL %S B Wi j i iR g ie 04k, Lh24, 48
172 WA | TR R AN M . 2R IRAT O/ A ZE YL 0 i 7 I ] UL S 2T €A i AR R, T 41
WAL W e 6, DA UE B R A IO Y g p . e 25 2R [ 181 1(A) JIUR , ox-LDLIE & 24 h 5 JRTHAEE
Mg A S B A SR A, R IR IR A AT B . T Image) FRAE XS 4 (G 1 R TR R AFDG) T AR
SATTEIT(B) ], 25360, Bl 0 5 B 0] A RAR, 72 h 41 A5 1 A2 24 h 4L i TR A i) 2 5, -
rh G AR R 20 Y R R X R 2 A A A A B 2 22 5 (T 2293 P<0. 05)
22 EKZERET R AN E M BRI BE A L

BT HE R g B AR O R T T Ak . HeEE T 3R IR RO % ¢ Bligh-Dyer 3% MTBE
PE MMEEE. Bligh-Dyer J5 i85 A A 2 RE BT B G An i, 20 WA PG . HYRE 55 K 4 A W AH
R AR GIRRA T2, HEN RGeS TRz, 28 b RECh 4% . MTBE Jrik
FEMCR B B, T oK AR B 2B MTBE )25, HAR F 328 B iTve O T8 A8 IS, Al Dt g o &bk . 4
RO IR T BRI AR ) fig B4 245, A Gk F I . MTBE L N BETR G i R T 742
B, AR MM . 38077800 T B8 BT AR A e K7 T8 2. AT I, MMUIETE 8 F A B it rh 24 5 A7
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Fig.1 Red oil O/hematoxylin staining of early(ox-LDL 24 h), middle(ox-LDL 48 h), late(ox-LDL 72 h)

stage of foam cells and THP-1 macrophage(Control)(A) and statistical analysis of staining results(B)

(A) Positive mode (B) Negative mode
6 - 5 [ Bligh-Dyer
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8 %4 4t 8 8 ‘ g ‘ g B MMI
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Fig.2 Response values of lipid internal standards in positive ion mode(A) and negative ion mode(B) for

the three methods, with 4 technical replicates for each method(RF=area/concentration)

B NAE S E I . O TR R E, AR A I R G . Ah, MREAS RN, B
R R P 2 00T v BE AR AR/ DN, SR A IR, S T IAZRoT, EL EAe B ARG R R R ey
AU B . 1 MMIJEAL R B AR B RS20 O 7m0 B, 18RRI OE , 35 T/ A (41X 107 AR
AUANEREAS | AN AEASE ) ROAERE I AR BT oA . Ak, XERUE S80S Gl T 1k, tifbEm
SR, 2. 4R EGE-FOE TR, B0k T HERE R B2 S A A SR R SRR R R A

W AN TR YT A0 Y PR AR M A T AR B ) R S 4~ e . A W A i X B2 MY PR AR 00 L r
MR S0 4 LAl P LS E 3] 645 B IR T T AR E AR IR E S R ANIA 3 Fs, A4 3R BR
FR16 MgFOEZE . Herf, HIhBEIEIS A IERENE LR G (PC) | WENSME LBk (PE) | BENEIEEH I (PG) |
BRARIR (PA) | BEASHENLEE(PL) | BESME2ZZIR (PS) | ¥ MLBE NI LAk (LPE) | 7 L BAR IEAR TR (LPC)
AN M BRI LA (LPD) 5 DIFH R JL A S IR AR A IR (SMD) | SO 2% (HexCer) | FHEREIE
(Cer) \ FLBE 1 221t (LacCer) FIHHZAME (Sph) 5 H il IE2E L35 H-ith =5 (TG) FH i i (DG). M ik
FH B B8 J N % SPLASH® LIPIDOMIX® Mass Spec Standard Ff 3£ % 5 2| 6 FJI§ i 4> 7. PC(33: 1),
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PE(33:1), PG(33:1), PS(33:1), SM(d36:2)FITG(48:1), #F—di Fiix 6 g 5 4> F i 47 N bR —
AL AN B B IA] A B s i . B 2 X e 2 TR v S e e VB 50% (9 PC AN PE J&: 41 I A b e = & 1Y)
BITT, W A EL (5T 200 Bt g B o CAn BRI stk A s il 2 ) DA R B2 1 DD EAT E s

) Top 10 200-®
= PC
= PE 150 -
/=3 PG
/=3 SM
/= TG
= rA
/= p1 50

= ps —
=1 HexCer I
=3 Cer

Sum=6435

100 |-

Count

Q&*‘v N \}9 A%

Fig. 3 Distribution of lipid species of top 10 lipid classes identified from four groups of foam cells as

well as macrophage(A) and the number of identified lipid species in each lipid class(B)

TR 3BT (PCA) 5 [ 4(A) TSR IR , A 5 28 D0 %o HE, o S0 R G R 6 A A i v L X
g1, IR S 5 MR Z A — e S . FRGR S SR AAE . TR R %
3BT (ANOVA) i 22 Fig it [ F14(B) ], & PAEBIE M 0. 05, G55 W R I | WL . R Gt
AR A 3L AR S iR 2D R R A T B AR e, R 48%. 311 ERIR
AL A VLR 20 B A A B R Y 124 A4S 22 SRR T L I TR 40 O 2E R Ex BRZH A 171 422 el I
DL K B T TR A0 S 4 AR EE X BRZE AR 160 22 SR . i, 98 Mg e 3 AN S 4 v A HE X R4 R A
WS, F L D SR 0 3, 22 5 22 R 22 IR R’ 4(C) .

Scores Plot (C) Control-Early  Control-Middle

) : B) i
5T 20 Control e —lg raw -P
©1 Early 10| oo ° 125
. e o o ° 10.0
S ©2 Middle a po 73
& 0 °3Late s B O\ g ] 50
- o ° ®l 25
% gn 5 ° .v.' o .'?: * % !
< e .® 'R plog
8 sk | 8 oM oo oo < 'R - 25
®50
75
ok ®10.0
-10 n | | | ! ) ) | @125 Control-Late
=20 -10 0 10 0 200 400 600
PC1(34.4%) Compounds

Fig.4 Overview of lipidomics data
(A) Principal component analysis of foam cell lipidomics data in the control group, early group, middle group, and late
group; (B) one-way ANOVA for screening differential lipids; (C) venn diagram of the number of differential lipids between

each experimental group and the control group based on one-way analysis of variance.

(o PRI 22 £ 1) 22 S i A T I e 0 T . Mifuzz SREEEERAR N, 4 (8] 5 (8] A2 A 3] KB
A FREET L Frgk Bl BB TRE S BIRE TR Sis b igeit 7 4R BR BT,
BOBCR A S AR T2 T8 5 . PCAERE— MR A K 4 H PC O RS A T 280), IREE
B2 IR S AT OG5 [l g v WA 7E — LU RREAR BT . Horh, TG SR 2R3 B, 7Ef% 2,
3HN4HESE, HAPTEfR 3 dh i 1 25.35%. TG AN R EERERAAHIE N — PURTERERRS, TG
TERR LA A A H I AR DR , i 17 R Kt I iz i R Ak N R4 T IR TR B 484K (FAO). FAO
Je— RIVHHE SV A AR, BRI A M R T W A i, 7R CIBEHE A (Acetyl-CoA) , JRHHEA=
RIRAEI (TCA) HE—2P 584k, 77 A KA ATP A I RE . Pearce [T AE o S 56 UE SEV6L PR 240 Hh Ak R A5

Chem. J. Chinese Universities, 2024, 45(11), 20240053 20240053(6/9)



-
Cu

HE% 4 K

% % %

CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

sk Cluster 1 Cluster 2 Cluster 3 Cluster 4
8
2
< =
5 05F
=
.2
S -05f
s

-1.5F

1 1 1 1 1 1 1 1 1
Control Early Middle Late Control Early Middle Late Control Early Middle Late Control Early Middle Late
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Fig. 5 Mfuzz clustering of significant changed lipid species and the top 5 lipid classes enriched in

each cluster

T TG & B3 FIEER -, TG

(5 B2 1 ik L W L S E S . AEAS I R I, 5 RIE A SC I S HexCer A1 SM 7EVIR AL i F2 P
FHARFN R, 7657 1 HP HexCer (5 H2 19. 35%, SM (% Fb 20. 37%.

HE— I TR oy F /KR AL, 45220 T 3 A I 308 A 960 Tk 200 B A 4 1 5 s 4 e ) e
R 6 A UL, fE7E K RIS (R 924, Hill 1494, Wl 1394, Hirh66 4~y 3 AN AL A F
BN, ALHGE R A =R, WITG(46:3), TG(50:4) FITG (48:3)%% . My ik 40l He b i B £
FIEEBEAE FE, 41 PE(O-36:3) FIPE(P-38:2) % . Bk /5 (ether phospholipids ) /& — kTS, 2=/0
B —Z NG iR AN i 1ok DL A TR , T e el Tk T v AR . SRR L, BEEEAE L
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Fig. 6 Volcano plot of early(A), middle(B) and late(C) stage of foam cell compared to macrophage
(FC>2 or <0. 5, P<0. 05)
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