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e —X Is:l'.%j > . ﬁi 2 H:ll -+
REM N SR8 A & . ZF.
/N RN
,/5,} i&‘m) ?éﬁi 2,3,4) zﬁré &Ej 1)#x
(" Aer PR R A B [ DS BRI RY AR SRR eI LA T s, BAERRERIG RS Ly, RN 4300305

2 AR R ] DY B2 B SR B~ e A A S 0 A &, TR AR LIRS0, I 4300305
VRIS, I 518132; ¢ AR PR A A BT L, HRIX 430030)

WE IRWH (LD) RRZEEYH ) ZAAER S MEas . RS R LUP PR BN AZ G, AN SR BRI AL i 4
Ao A 20 M A R B AU IR AR AL, LD A A B AR S M S B AR T R OGR4k, LD AW R A HLK
OB RRAE . ATFEE @A T — A N eI LD AW A AEHESE, RETHRE T LD AN A B (BR) ™28 5 dlad A=
Yt S B T B, WP RGUNT T LDIE MU SCHERFIE , Feillefars 1 ER A My B Koke e M BRI 4 0 7
Horh gD IEE L SIS EY) A S AR AR, ZEJEFEE I (Seipin protein) . IRAIEFAA FES A F 2 (FIT2)
SERBEPREE N 7 R TR R AT LU o AR SO FHLHZ T RS LA % SUS EB HE 1, B ST A AR MY LD A |
JIE S 2F e ik ad B G A IR AN T, RRRIRZE TR L FIT2 384200 I 7 sl I LD IR M 43 LI LA T2 R IT
KB m LD MALH SiE1, I R BN F P ENR B O LD WA AR 2257, feJ 46 1 LD AR R SCBER A the )
A, OARMIE TR T 5 1

XEERE RE, EWRA, G, EIUVER, IRV SRR N2
HESES Q291, Q26 DOI: 10.3724/j.pibb.2025.0188 CSTR: 32369.14.pibb.20250188

JJEi#H (lipid droplet, LD) J&JLF-fF A 4= ¥y ik
IR AEAE B S S A0S . LD & i — A~ vk IR
(neutral lipid, NL) JEBA9Z 0 DL AL G AZ O 1
HZWEAE (phospholipid, PL) ¥k, 2 PL [-4%
GAHMEEAT, X8 FEE R R IE, PR
PEM2J5E  (amphipathic helix, AH) FIJg 7R 1& 16 5
JBE4E G, TE LD A A A3 il (14 £ i Jo] 30 v e 4% o 2
YER "' LD e BAT 2RGS0 A B B
HPERE OHAE = BRI 1T (adenosine triphosphate,
ATP) J=HERIREG B e o skt . AE 40 M Lk T
YA sh 53 LD A0 N R MR B A fE ik e . 7
R KA, LD NAEABI IR A il R i PL A
PR RTIA Y, BOERFIE S, LD AEE AN
BN R HEOCEEVE R . iF RS IEIIAR (free fatty
acid, FFA) FULALSG BT b (] 9 25175 S 41 M s 25
£ (lipotoxicity) , i LD 7] LA i 284 FFA, B Ik
BEFEIE B4 hn, YUK, R RS e R i

R FFA, JFd ot —RRmEH ImmEE 20 (acyl-
CoA : diacylglycerol acyltransferase, DGAT) 1%44k
K H i = s (triacylglycerols, TG) fii f 7£ LD
0 B 1k FRA 746 o 1 356 PR B 5 B0 Zebi AR 1)
fiE B i . LD 7 22 fif 9 5T X ) 3% (endoplasmic
reticulum stress, ERS) il & CHA/ER, #id
2 ok g 17 R MR T 25 B R A 1Y PL 24 TE R o
A, JF H PR ISR S R I BT R

I R I, LD DIRE Y 2 a5 A T il B i A G
#9 B8 W5 E 7% (metabolic dysfunction-associated
steatotic liver disease, MASLD) . JERE. 2 ZUME IR

w 4G R K ) U S 2 e B R TR UE S e Ak 4 T N T H
(2024A29) , B K [ & B2 3 4 (81901166, 32371343,
92354304) FRYIE 2= H 528

s IR o
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i (diabetes mellitus type 2, T2DM) . #HZ Rk
PG . IE S Z RO AR OC . a IRTHE RN
(Perilipin, PLIN) 5 LD fil MASLD 2 [f] ) ¢ & -
MASLD & —F LA LD i B RO RRIE A5, £
ff LD Ml ¢ % 15 5 MASLD 9 & %% . #iln,
PLIN2 (1 JHF R 45 S P i SR RIS 17 /BRI TG &5 £
Wb T LD AR, DA B IR AR T 0 AR A
PR BRI E SRR PLINS R/ N s, FPIE
NEWTOURR /L, LD FBE R/ NREAR, AR 4Eib R
JEREML . T LDER, JFAfSs Ria s A p,
SEEEVEBANMNAE 538, IS B AT
ik R S 2 B R0 B BU R R A iR
(hepatic stellate cell, HSC) & fb , #F i i &
MASLD i#f —25 & J& ' b. LD A 55 5 A0 i A
T2DM R OCHK ;A AL T35 5 9 DFFA RE0N 2
(cell death-inducing DFFA-like effector, CIDE) A
MICIDEC ., PLIN2 HZRIRAE AT AEIHE L ) A IE i
i s B o I v € =5 - < 5 il = S s R il
YERT, WIRES HL5 K LD BITE ARG 1 XAt R
(1 LD A& 40 AR ACS 1AL S 28R . (EA3 I E
J&, 1ET2DM A HHL IR ILER4E b [R) R 2
S G R LD A BESORLAAR & Bl b g 4
X FRRRIE 5 g i AL 2R IR I g 2L AR
B2 e IR L, BT, PREIRT s S
TRFRLD K B FELRLAR IS 7, T Hd i 7 44
PO S Je i = ARBT iR pse -, R LD IE
T R 4] S 240 07 o v s I 3 e A 3 R AP L
il H R RS EOR LD A bRk A AR AR
S A5, AT RE I I AU A A A B AR A7 e B
o c. /NB B4 ML LD A2 5 ph 22 1B AT VRS Y O
B PJRRIEFERE (Alzheimer’s disease, AD) Kl
5 LR 2 IR 75 11 E 4/4 (apolipoprotein E 4/4, apoE
4/4) Al BEBOG /NI LD Y R, S 3
tau 25 |7 5 5 BERR AL T IR ph 22 2 0E 1. d. LD AE
it Jeg A A AR . 22 N MR IE D R
(polyunsaturated fatty acids, PUFAs) K H 5 A4k
FEPETT S ACRAE T, TR 40 3 b PUFAS il
FETE LD ke i, A A% I 5T 5 PUFA & &,
ATk A A 20, FE T, I LD AR R
A LA SYIETC BTG 7 RSNG|
W E AL 7R T LD sh 8- 725 & Az g AX
A, BT AR BTES AH SCB Bia 4 HE R
N

AR, LDAE NS Mg i ZE A Y1)

e SR OGN SE ,  © A AN A 122 ek
VRS . LD B A A ML 9 0 e X i A
FRINEWNE LI 2P P s A AU 1) B 1
JES R PR () PRI A e BE , F9E & B A
M (endoplasmic reticulum, ER) 454 LD A= ik
WIS . ARLEREE S LD AEY) KA 2 s
B 5 5o TR e oR, R (P
A ) . HZE (PLANXIFRM T ARSI IR A ) Je
ok URifhs A S PLERMEE) —rEnZ
29 W %, e ]2 ZE e (Seipin
protein) . A& Wi fifi /7175 T 5 R 2 11 2 (fat storage-
inducing transmembrane protein 2, FIT2) “4Z.0»
T JRE LD AR 4 FALSI LA SR H Bt ] LD
WALH S5iEAE, JFRGE A RIIE ISR LD 4
Wy A AL 22 5 B R e P I DR 5 5 1 O
B, MURAZRME LD A5 DIaE 5 5 T Fil R w42
RGN

1 LDAYEE#EA

H #1242 09 LD A= 9 & A B RL A 45 4
AR Bl B TPERE A . ERJE
', DGAT1/2 ([BE[EJEE M Dgal/Lrol) ##{L TG
G, RIS A Tk T A- B[ B S 5 AL il (acyl-
CoA : cholesterol acyltransferase, ACAT) (% +}[A]
R4 I AREI/ARE2) 45 EEEEE (sterol esters,
SE) fEpi. BB MBI A% N
5T I X522 DA v O T o JRE e A A R A
TG/SE @it B /KA EAE R A A8, RPN
JiiE Bk (neutral lipid lens) . 45 ZBiBt: B
A2 A ERR BTSSR TE FIT2 & ER IR 2594
W F, W Pex30 (peroxisomal membrane protein
Pex30) RUBMEVERIT , s PL AN PR A1 175
MR AR MK )24, BALU R 08 v ih g
i (initial lipid droplets, iLDs). #5PURTB: LD AY
B iLDs 3 o ER-LD #4545 46 52 05 150 & A 1t
(ChnHh = wh Rt 554 # M 4 (glycerol-3-phosphate
acyltransferases, GPAT4) . DGAT2), P JRi#RAR
e SRy K, RATEBREA LD,

2 LD
2.1 LDEZHIARERSEHTRE
M2 TS, LD bR & & NG -

R GEAH T BB RA 3 2o B e s T MR S A2y
T HCT ERIRAUZ 25 H 5y 0 e J38 i sl
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L % e B (critical nucleation concentration, BEL R ER G544, U ONC T, Uk i

CNC) i, Fhr VR 5 ow iz nlA% RE 22 & A AR 7
R B PR BB ik . CNC R B{EZ 2 H

A, 4G a. R R —m i 2R X ] B
CNC; b. PLA A —— A M PL & HE Tt AR

CNC; c. lg -4 B AH BAEH] PUESER S S|
T o K S5 A B e R R R B 20 DAL R
MUZA R (LA P -2- Y 9t -sn- H 7 -3- i R I A
POPC) i, S5 A% H il —Hi A9 CNC 2y 3%~
5% (wiw, TG/PL) “V, fHASRIEREME, W%
Fif kA G, ER B e A i i A AR RR s etk
A, Bl T# 4 LD B9 i i 14 4 ER BOBUZ h
P PERR BT, VR EE Rl Y% 2 CNC LR, MMiE
B S i ) e S AR e
2.2 R EEHBFERCNCIRHALDAZ

FEE 24 B A= A% O AR, SR
FALRL MR S8 ™ e 55 iR
JERLIEARSG, R 3800 F A B — 4R AR b i 2
MRGEY SR, BRI A BT b g
HEE (e FEN) . lBRaf (WHEPL) 5
BT Cngafg4e425]) shaStH EEHMLE &4,
B WRIEIESE, LD AR R AL e & AT ER
ANEDCHEE, AR, R i SRR
FHIG P73
221 JETEAE SR AL A ST

fe R GE O LR iR AR B A N e B R S
CNC. a. fb2E# R IRl . MR8 2B PL 3+
HEIRIBRY™K, ffi TG W1 5y 2 8% ToR /KRB, M
Fhim TGTE PL AU Hh k2738, AR H 7250 — 0
., TG HARMME X (PLIZ) [fkfk
X GEGR) %, RS E P b JUf
BRSO . 4 ER/NVERARSN (HTERER) B
O3 F 3 1B R U S TG 2 NSl DX 3 7] - 31
BT AL, RS R MR PR AR T 25 TG AR A7
fE P R, BRI TG 732 F P i
KoM, Ll Z MR — IR R
222 AR Y SR AR

ALY BRI EE H Pex30 5 2E L AEN
B R A -, il DN AL 2R ER R
NG . a. Pex30 (1 PPIR AR L5 5 (reticulon-
homology domain, RHD) i1 ix A BE4MNZ15 S IE
R 555 b, ZE A U R AR R G,
AR EBRE K BRI B, Y Pex30 5 2E LA W
GG, EREEIRMRE, FETGREHEIE

B oE ] B ISR BN B 3 B K AT 5 o
e HE B B B BELUT LD A B
2.3 FEPLZARCIAE B %R AR 5> B 2 F WL
2.3.1 [ BRRREE

oK AN M R BB BE £ BE R
(phosphatidylethanolamine, PE) 5 T i —
(diacylglycerol, DAG) fefeif TG FEARME T k4=
FHAT S, HEMAKEN PL A% 25 PLRIANT . a. BB
PL B PL X532 WIS 5 b, HETEBR BT 1
PLAMFZ M2z B, BT IEMRMRERE, TG
¥ Z NI, ¥ T TG 5 PLWUZ
ZI g, fEdE iR B e B A AT
45 E TG MDAG, fEif TG 5 DAG Y34,
T RE KRR BB G, 175 S0 ) B BT i /i = A
IEM R B, S T lE B AR N ER 3
DAG. PEWJEMZIFEAR . HE/E PLTELD R AEA
[i) i BB W 3 R Al o) 4 5 i — 2P 4R
2.3.2 AR

PL 73 Fil il JufEte 11 5 TG o FAHEAEH, 3
e TG ZERNUZ A3, NITSEma uiih 2, 53
PNPLARAIEE RSG5 R —3, 9N TG 43k A4 Y
TR 2 A i A
233 EPRFRREE

W WELEE  (phosphatidylinositol, PI) 5
JEBE22 %R (phosphatidylserine, PS) A FiH%E)E
FE . DGAT2 B PLIN2 % LD Az iR F ) kK
W, TR SAZ A
24 EFEBWEWRESBIIEE
24.1 e FEARZ

FEJEV-ER & —Fh ER BB A 2R 11, i Hoh
HFIA) 25 ()R8 SRS B R 48 LD RSN A e 5% =k
A R B B RIS I AR AT R, ZEJE
V- H AL A 2 A B B 45 M 3k (transmembrane
domains, TMs) M 1/1IRIRE LML, H NS
C i B AL T B ) = A IS i il 8 45 B
FEIE LB —=WaHr S, 15 34 o SRBEA B B 7K
I2WE45 ) (hydrophobic helix, HH) FL[a]2H A3 HE
ot (El1a), ZEJLFE AU R RIE
RAEDRE: NFE . WERE RORIE TR BB 1L, 10
KI12EE (K 1a, b), HERMREEYERF TG 5
TURAERE 1 1) KBRS Fa Ay 2

IR IE T R RO R PR ASH . TE
Hrp—Ag5grh, ZEJEFEF 0 10 D HAH
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KAHE ) (PDB: 70XP), i — 254 BIR,
HRAE A AN TR M 4 2 6] 32 B ) (PDB:
7RSL)., AMJZr, N i TM 25 1] 22 58 4 rpr g fii
RH40°, C Ui ¢ X IR L 25 o SR T % B2 3] C v
TM 2. B, HL45 o M RN —1 5 C
vy TM SR TEAH 422 1 1 22 8 E ,  HE N oy TM SR Tié it —

A ) SR O R (60°) o X FIMGR AL AT
REA BT TG A B RILD H 2 (3.37ik) . |
B, WAL R S R RS
FEELFEAME . A, DAKELFEA N
B, WA RE SR AN e B AT AR A A g
JEF-EE R A

(b)

Fig. 1 Seipin protein structure
El EEFEALEM
JEIAR Y VR T WL A5 R ok FH PDBEGEE . HIPyMol il #i4k, (a) AZEJE P-4 (PDB: 6DS5) RYMIBLEI AL . GiKIRIE (BLle);
B=HIHITE (), (b) Bk Seil (PDB: 70XP) HUMIPLEIAIFILE . dLiiEal, o2 CBLLE); p=BliATTE (BE); JFRX: 5K
H£40~55F1231~243 (500); BEIREEMIEL (L)

2.4.2 JRHAREH T1-ZE)E - E A ZE SRR B
JATERLH]

ELFHEASEHARKE T 1 (lipid droplet-
assembly factor 1, LDAF1) B aiAE &4, 8
LR AL . a. 25 RIS AL . B A
O X B PL AR A, BB TG 5515 PL 5% 1Y
MEAEM, K3 TG 0¥ HKRE ™ “ (K 2);
b. RER FFRETETE . LDAF1 B 25 FRAR AR i 75 i S
TGUWIE, (HAH B REE W BIE A Fla gl 2 =,

TERERER, EJE-F- 8 S RS h 0E i v 4k
TG/ TIFG I I AR SRS, FifS ER R

Ldbl6 (Zfig R IR T A ZE)0F 8 A /Y HH 25 #935)
FIFHFRILGR IS TGIE S M 4%, iE— 25 (2 Al
Ay sl R4S LDAF1-Seipin & A& B i 4
WARAENT, BUAEIE R, Ak <S4
WAR-IES” =S TG o TR R AL

LDAF1 ¥ 8 Y11 AL & 55 %€ o2& B
AR AP AR R v AR T e AR VR B
W C VIR 2 e iR A E A Zi, (AT
VERIBLH B PR T RN o R R B 8B
HE &Y NI EAEE AR, A B FIR
T 33 6 B 1 5T A0 el B W] R 4% LD & AE 4 F



2025; 52 (9

i, &: WERRA

SIEEEE: Bk, HEF. FIKOHEREE 2193

HEAl
2.4.3  FEJEAVER A OB R RS T AR

FEJE V8 AR i A% B 515 S U DR
a. FHRAG IR T N U 45 A SR 5 U0 ER /NS
PR 2 b iR AL #F TG/DAG & % IX
5, %w %EE%%M&QT SRR A T R
1 iy % 7

T 0L i) ] 97 f6fF 2 T 2R B R E ) R A5
e JREB PRI —FEIL CNC K i %%EL
TG RE—E— L Hmmih %, MELFEAREMRK
TR, AN SES, SELDESRE K
NEWfRgEEL 2

|

244 FEJEFE A RIIBHIE RN R 2%

FEJE VR I L 2 2 RO E TG A R 1773 1)
ISR a BEEAURASE. fEEERET, FEJEF
15 DAG W45 [H F Neml 3L 5 i T ER iV 4544
B, B TG & (Dgal/Lrol) IHEZF-& “7;
b. BIESMEL . T U Pex30 41414 F ER &
M, AR GRS WAL S I s o BEE
PEAERF . Rk PLIN [R]85 [ Pet10p i 1 £ 22 Dgal
IS, B TG & L HERPE T 3.2 45 4, Xt
R T EEFEER R #5450
AW Sl J12E R AR

Wi,
7
= =3

o

W :LDAFI
- Seipin ) 5 25 4 4k

| Seipinfyi5 45

Fig.2 The LDAF1-Seipin complex
E2 BEHAXEFI-ZELFEEAEEY
LDAF1-Seipin &4 il fEHE TAGI R . B 2GR T, LDAFLS 2086 140 B T dop o A 20 28 e, i Bk SR m ok
J1, LD ZE . LDAFL: 2% 71 (lipid droplet assembly factor 1)

3 LDHEF

3.1 PLJL{4rMEREEHZF 7

JBEPL 43 Hh 21K Sk S K ISR REA B, H
JUTIEAS R 3k 2 S AR AR R L e 0 AR

BEUEARIEE, AEJLAIES R PL X 57 4E

2SRRI . a (BIHEE PL, ANPL. ¥ 0B N BEAH
i (lyso-phosphatidylcholine, Lyso-PC), 3k JL{k
FURTBEIEEE, W iEdhR, (SeafAsig m s €
ZE 0 b #EJE PL (WNPE. ®iEMR (phosphatidic
acid, PA). DAG), KEMARBU/NTELIESEE, B
T, Tl 2EERR OV IR EENLEIE T PL 4
F A & MR J2 T3 A P B ) el s ——1E
R ZE R, il R AR A
32 PLMERRSHR ﬂﬁ%@ﬁ?’mﬁ*ﬂLDtﬂﬁ‘

WsEdg i, LD kAESZFREK I WIHE . &R

T K ) ST PENR By HCE I, RS T 5K ) AT e
eI A B P IR AR R . LD 2R
J7 P B ER JEAE N R BTN SR T K D R
XPRRpE e 52 FA o /N R LA T LA
RAYE K S, LD A 2w sl 28 .

211K 77 B A 40 IR 4 B PLORITAR 1 J5E O3 A S
P A 7E W R H B M 4% #2 B (choline-
phosphate cytidylyltransferase 1, PCT1) #1 CTP:
9k 12 JIEL 6l B 17 1% %% #% B 1 (CTP: phosphocholine
CCT1) XUmBRAnMerh, Mot
fDWJ PL % B REAG, s iR imak Jr, B0H

St s b ANEFZEAY PL XS R 5K T 50
Tfﬁﬁ: Plﬁﬁﬁkﬁiﬁﬁﬁﬁﬂﬁtéﬁﬁtﬂ%,
FSC, PEFIPASSINZRIM K T), S 2F 2R =5
c. B BT AEAUZ /N R AN XS R 3 A o AT S5 Al 2% 1
sk Jifeit i 2F 2 (WLDAF1., PLIN),

cytidylyltransferase,
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H AT HZ R RGN HIIEESS . RBER
fif ) BALEE . ER RPN AR/ N ) PL 23 A5 ] 45 241
P, DB AR X FR A BEsK I B2 R A+
(WILDAF1. PLIN) #b, A7 WP i o 47 2 1
Jo 300 3 42 Bt S O A o S 2
33 EEFEAEBREMENSHRIEREEZF

B AE Y SRR T 2B R H P TM
SEREAE LD th2Frh iy S E R 1, B HIALI
WF o a MRS B TG H
B A, BEET TM 25 #3808 1% 5 1% 2 (] FR i PL
PHG PO A SRS T™ B el il 56
XA AR, FeVE i ERR A B AN R B
ZERIMR 2 b AU AR . TM G504 38 1 TP BRI
ARIEREERE) , 7oA PR SRR, SR BN P
e =4 LD ¥4 ™. AR EBEEAY A
AlphaFold2 Filil# e , 1ZEREE A4 Al Fe e PR T
TM B2J5€ 71 L H 5 56 5 M ol /s P (14 55 T 2 [
am S E A EAE . AR EA BE S R 2E R
I TM 5 3 26 A% AR 2 R 3 EE AT, (HTM 25
P s anfar 20 LD H 28 AR DIAILH] AN 2
34 EERFEANSHBIERSHEZERE

FEJE V-1 1 I 22 4 FE 45 PL 3 A (B 1 2
FEYE . a PATRSTRES . B IRES MR LS &
PA, ZEFp HRERMREE, B ik PA it i SR 51 R A
Al SE O TM 5 BGE S gk =X,
FEPATRA Y, BT, RAEFZEETHE X PAWKE
PR R EZEAVEN, (DA SRR ZE e & 1 PA
MDD 5 L AR T E o b, WIS ILEE 3 B AR
(phosphatidylinositol-3-phosphate, PI3P)-X{ FYVE
ZE ) W % & 1 (double FYVE domain
containing protein 1, DFCP1) #hiH¥s . £ %E)LF
FEAER MR, P3P SR BEL, il
DFCP1 (3G, 3l 2Rk 7 Bk, PI3P I
DFCP1 A] GEJ& LD & A iR 1 AR
¥ I € . °F- £ 1 Anfar i 4% PI3P 1434 . DFCP1 41
fargE 4 LD AR, DR ZEJL V-2 . DFCP1
PI3P £ LD AE W kA P I 24 K &

Hatc AW, REEEFEAXNLD ZERA
HEMEH, HEEEFEAXN T LD REIFA RN
T B, FEJEHE B A TP AT SR A7 AE LD
R XS LD R/MEFESH 5, (LB 3
JZ5 ER Ay, £ LD 2R A Z
M), YK, PL G A Hh 22 BB A% LIS 2 5 Y
J7 AEARSME i PERR BT A% A1 LD 25 7, 3%

B LD RB6% UK 2 e PR A 7 Uk AR . (a5
RUERY I, KSR 2 5 - 25 11 /9 LD 7E R BT Al
A BT AL T R S ORI ZE ISR A LD A B
ANIE), 425X RSB LD 7E S RE W R e B3
25
35 SE5ELDHFHNHEMXBELR
3.5.1 FITZHGE A MRS MEED) b

FIT 85 [ 5305 2 F AL DR < 10 D9 Jo ) 35 & e 2
[ HAR FIT2 ZE A A 80T 2 Rk HA L
THLTIEE. a. DAGRRA . WFFERE, FIT2
T 0 PRI LD & A4 .19 DAG KF-, Bii 1 DAG i
R FE AR, fEJELD 2 Y, HH
WFFE R W, FIT2 BB SN 456 DAG A TG ™, Jf
E b Bk % MW A fE BF R M (acyl-CoA
diphosphatase) 7E ER 45 JIa Il {8 fk. 15t J& 4 il A
fig v, 4ERFER IRBURRAS . HAET, FIT2H#ELD &k
Az (R ARV ML ANTERE . —Fh T B Y AL =
FIT2 ¥4 DAG 45 G 7045 1 0 DA T 28 ALK R S5 A /N i 1)
DAGVE, fE#F LD N ZF. ) —Fha] g & FIT2 1Y
it 355 P A By R Y ) S R R U 4 A, DT A 4
ER A e mgRimak J1, Okt 28 1A 30k T o
b. ER Fa S 45 . FIT2 B2k S5 TG 1 ER 54 1
£, W ERIIAE, VK ERFALIE, [HEH0H
LD &4, e RS . FIT23# 4 5 ER/NVE
ML E A (Z KR RIKEB®EAS (receptor
expression-enhancing proteins, REEP5) Fl M R &
14 (reticulon, RTN4) ) LA Septin &5 F A1 B.AE
I, WTRES ST 2R 0L Bl R (2 LD H
2 19 HRATIX L FIT2 A B AR & A Wi J# # FIT2
(e S HAE LD & AE /A ZE A MER B o FALRIA AR
WG AR T B A LA N B2 W) . a. FIT2
JHFE LD K AE SRS HH ER /N SRIE 2R (A 4] ER 4549
AR PEAE 7 b, FIT2 A BESE A BT A A2 05 BR A 15 1
B B K B A B AR AR A 1 g 7
3.5.2  Pexihi H RN E I YI6E

Pex30 (1) XL E 25 #4 3ok 1 [5] AL 1 42 435 79 7 1
a. WLIR A VR 45 3k RHD 38 3 B K MR 15 5
ER JBEIE#H %, JE R LD H 2FFT{& (5 b. Dysferlin
G5k DysF: A H DAGZ & 5B ke, Eid
Ca M6 1) B R T 98 -5 1 2R 067 B S8 ek foes
55 Pex30 [A]J& Pex &5 S5 1) Pex23 . Pex29 & H i
IR A M S5 LD &4, HEUESELD S
H, LDEm > o,

Pex 8 [ G2 o AP B AT B B 28 26 1
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i, &: WERRA

SEREE: Bk, HEF. JIKEHBERE -2195-

EATH B —E 4 B e & B LD A8k
HORAEEEAE o PR S YEEA S LD
Y R AR RRAAAE B VIR R o Bl A9 B,
FERARG ST R B0 T R A ER W4E M (Wiam s
“ERHL” ). i F ALY EA R LD ¥ 7E ER $i N &
A, PRI AN M ERAR VT BB AR A W & AR R AR
H K, ER HLAE ST i A AL W il iR -LD ()£ fir
A 1 LD ARG AT LAt sl 5 25 S AL A
W4T B AL, RIS E LY BEA S LD fERE AR
W B RIER
3.5.3  PLINZCHEHR H R I K T 4%

MR AN (A FLsh % PLIN) Eid &
LD AH G ' WEL s SA> PLIN 3£,
BT PLINI/ERIZSLD & (MAER M LD) ™

HAx#5o0 LD #1288 H (U\H@ﬁ%ﬁfmw)
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Fig.3 Two pathways mediating the targeting of class I proteins from ER to LD
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[11  Olzmann J A, Carvalho P. Dynamics and functions of lipid



2025; 52 (9

i, &: WRRNNSEBRE: Bz, HF. §KOHhEIEER

2199

(2]

[3]

(4]

(3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

droplets. Nat Rev Mol Cell Biol, 2019,20(3): 137-155

Walther T C, Chung J, Farese Jr R V. Lipid droplet biogenesis. Ann
Rev Cell Dev Bol,2017,33(1):491-510

Gao M, Huang X, Song B L, et al. The biogenesis of lipid droplets:
lipids take center stage. Prog Lipid Res, 2019, 75: 100989
Zadoorian A, Du X, Yang H. Lipid droplet biogenesis and
functions in health and disease. Nat Rev Endocrinol, 2023, 19(8):
443-459

Nguyen T B, Louie S M, Daniele J R, ef al. DGAT1-dependent
lipid droplet biogenesis protects mitochondrial function during
starvation-induced autophagy. Dev Cell,2017,42(1): 9-21.e5
Vevea J D, Garcia E J, Chan R B, et al. Role for lipid droplet
biogenesis and microlipophagy in adaptation to lipid imbalance in
yeast. Dev Cell, 2015, 35(5): 584-599

Griffin J D, Bejarano E, Wang X D, et al. Integrated action of
autophagy and adipose tissue triglyceride lipase ameliorates diet-
induced hepatic steatosis in liver-specific PLIN2 knockout mice.
Cells,2021,10(5): 1016

Mass-Sanchez P B, Krizanac M, Stancl P, ez al. Perilipin 5 deletion
protects against nonalcoholic fatty liver disease and hepatocellular
carcinoma by modulating lipid metabolism and inflammatory
responses. Cell Death Discov, 2024,10(1): 94

Yin X, Dong L, Wang X, et al. Perilipin 5 regulates hepatic stellate
cell activation and high-fat diet-induced non-alcoholic fatty liver
disease. Anim Models Exp Med, 2024,7(2): 166-178

Farrell G C, Teoh N, Mccuskey R S. Hepatic microcirculation in
fatty liver disease. Anat Rec (Hoboken), 2008, 291(6): 684-692
Hirooka M, Koizumi Y, Miyake T, et al. Nonalcoholic fatty liver
disease: portal hypertension due to outflow block in patients
without cirrhosis. Radiology, 2015, 274(2): 597-604

Scorletti E, Carr R M. A new perspective on NAFLD: focusing on
lipid droplets. ] Hepatol, 2022, 76(4): 934-945

Park C Y, Kim D, Seo M K, et al. Dysregulation of lipid droplet
protein expression in adipose tissues and association with
metabolic risk factors in adult females with obesity and type 2
diabetes. J Nutr, 2023, 153(3): 691-702

Sun Z, Gong J, Wu H, et al. Perilipinl promotes unilocular lipid
droplet formation through the activation of Fsp27 in adipocytes.
Nat Commun, 2013, 4: 1594

de Almeida M E, Nielsen J, Petersen M H, et al. Altered
intramuscular network of lipid droplets and mitochondria in type 2
diabetes. Am J Physiol Cell Physiol, 2023,324(1): C39-C57
Fachada V, Rahkila P, Fachada N, et al. Enlarged PLIN5-uncoated
lipid droplets in inner regions of skeletal muscle type II fibers
associate with type 2 diabetes. Acta Histochem, 2022, 124(3):
151869

Cui L, Mirza A H, Zhang S, et al. Lipid droplets and mitochondria
are anchored during brown adipocyte differentiation. Protein Cell,
2019,10(12):921-926

Zheng X, Ho Q W C, Chua M, et al. Destabilization of § Cell FIT2
by saturated fatty acids alter lipid droplet numbers and contribute
to ER stress and diabetes. Proc Natl Acad Sci USA, 2022, 119(11):

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(321

[33]

[34]

[35]

[36]

€2113074119

Haney M S, Palovics R, Munson C N, et al. APOE4/4 is linked to
damaging lipid droplets in Alzheimer’ s disease microglia. Nature,
2024, 628(8006): 154-161

Yang Y, Chen D, Zhu Y, et al. Kinsenoside suppresses DGAT1-
mediated lipid droplet formation to trigger ferroptosis in triple-
negative breast cancer. IntJ Mol Sci, 2025,26(5): 2322

Lin G, Liu Q, Xie C, et al. Upregulated FSP1 by GPDI1/IL
mediated lipid droplet accumulation enhances ferroptosis
resistance and peritoneal metastasis in gastric cancer. Cell
Commun Signal, 2025,23(1): 132

Minami J K, Morrow D, Bayley N A, et al. CDKN2A deletion
remodels lipid metabolism to prime glioblastoma for ferroptosis.
Cancer Cell, 2023, 41(6): 1048-1060.e9

Klemm R W, Carvalho P. Lipid droplets big and small: basic
mechanisms that make them all. Annu Rev Cell Dev Biol, 2024,
40(1): 143-168

Mathiowetz A J, Olzmann J A. Lipid droplets and cellular lipid
flux. Nat Cell Biol, 2024, 26(3): 331-345

Klug Y A, Ferreira J V, Carvalho P. A unifying mechanism for
seipin-mediated lipid droplet formation. FEBS Lett, 2024,
598(10): 1116-1126

Sagui C, Grant M. Theory of nucleation and growth during phase
separation. Phys Rev E, 1999,59(4): 4175

Santinho A, Salo V T, Chorlay A, et al. Membrane curvature
catalyzes lipid droplet assembly. Curr Biol, 2020, 30(13): 2481-
2494.¢6

Zoni V, Khaddaj R, Campomanes P, et al. Pre-existing bilayer
stresses modulate triglyceride accumulation in the ER versus lipid
droplets. Elife,2021,10: 62886

Prasanna X, Salo V T, Li S, et al. Seipin traps triacylglycerols to
facilitate their nanoscale clustering in the endoplasmic reticulum
membrane. PLoS Biol, 2021, 19(1): €3000998

Chung J, Wu X, Lambert T J, et a/l. LDAF1 and seipin form a lipid
dropletassembly complex. Dev Cell, 2019, 51(5): 551-563.¢7
Khandelia H, Duelund L, Pakkanen K 1, ez a/. Triglyceride blisters
in lipid bilayers: implications for lipid droplet biogenesis and the
mobile lipid signal in cancer cell membranes. PLoS One, 2010,
5(9):el12811

Helfrich W. Elastic properties of lipid bilayers: theory and possible
experiments. Z Naturforsch C, 1973,28(11): 693-703

Simunovic M, Voth G A, Callan-Jones A, et al. When physics takes
over: bar proteins and membrane curvature. Trends Cell Biol,
2015,25(12): 780-792

Roberts M A, Segura-Roman A, Olzmann J A. Organelle
biogenesis: ER shape influences lipid droplet nucleation. Curr
Biol, 2020, 30(13): R770-R773

Wang S, Idrissi F Z, Hermansson M, et al. Seipin and the
membrane-shaping protein Pex30 cooperate in organelle budding
from the endoplasmic reticulum. Nat Commun, 2018, 9(1): 2939
Vamparys L, Gautier R, Vanni S, et al. Conical lipids in flat

bilayers induce packing defects similar to that induced by positive



2200

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (9)

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

(511

[52]

[53]

curvature. Biophys J,2013,104(3): 585-593

Zoni V, Khaddaj R, Lukmantara I, e al. Seipin accumulates and
traps diacylglycerols and triglycerides in its ring-like structure.
Proc Natl Acad Sci USA,2021,118(10): 2017205118

Choudhary V, Golani G, Joshi A S, et al. Architecture of lipid
droplets in endoplasmic reticulum is determined by phospholipid
intrinsic curvature. Curr Biol, 2018, 28(6): 915-926.¢9

2 2% . DRI TOE LIS/ 0 T 22 219 %o I £ Bl 52 ey BT 5
[D]. BB AR R, 2023

Li Z X. Studies on The Effect of Phosphatidylinositol/
Phosphatidylserine on Lipid Droplet Production[D]. Wuhan:
Huazhong Agricultural University, 2023

Cartwright B R, Binns D D, Hilton C L, et al. Seipin performs
dissectible functions in promoting lipid droplet biogenesis and
regulating droplet morphology. Mol Biol Cell, 2015, 26(4):
726-739

Salo VT, Li S, Vihinen H, et al. Seipin facilitates triglyceride flow
to lipid droplet and counteracts droplet ripening via endoplasmic
reticulum contact. Dev Cell, 2019,50(4): 478-493.¢9

Arlt H, Sui X, Folger B, ef al. Seipin forms a flexible cage at lipid
droplet formation sites. Nat Struct Mol Biol, 2022, 29(3): 194-202
Yan R, Qian H, Lukmantara I, ef /. Human SEIPIN binds anionic
phospholipids. Dev Cell, 2018, 47(2): 248-256.¢4

Klug Y A, Deme J C, Corey R A, et al. Mechanism of lipid droplet
formation by the yeast Seil/Ldb16 Seipin complex. Nat Commun,
2021,12(1):5892

Castro I G, Eisenberg-Bord M, Persiani E, ef al. Promethin is a
conserved seipin partner protein. Cells, 2019, 8(3): E268

Wang C W, Miao Y H, Chang Y S. Control of lipid droplet size in
budding yeast requires the collaboration between Fld1 and Ldb16.
JCell Sci, 2014, 127(pt 6): 1214-1228

Choudhary V, El Atab O, Mizzon G, et al. Seipin and Neml
establish discrete ER subdomains to initiate yeast lipid droplet
biogenesis. J Cell Biol, 2020,219(7): 201910177

Gao Q, Binns D D, Kinch LN, ez al. Pet10p is a yeast perilipin that
stabilizes lipid droplets and promotes their assembly. J Cell Biol,
2017,216(10):3199-3217

Harayama T, Riezman H. Understanding the diversity of
membrane lipid composition. Nat Rev Mol Cell Biol, 2018, 19(5):
281-296

Ben M'barek K, Ajjaji D, Chorlay A, et al. ER membrane
phospholipids and surface tension control cellular lipid droplet
formation. Dev Cell, 2017,41(6): 591-604.e7

Emst R, Ejsing C S, Antonny B. Homeoviscous adaptation and the
regulation of membrane lipids. J Mol Biol, 2016, 428(24): 4776-
4791

Chorlay A, Thiam A R. An asymmetry in monolayer tension
regulates lipid droplet budding direction. Biophys J, 2018, 114(3):
631-640

Chorlay A, Monticelli L, Verissimo Ferreira J, et al. Membrane
asymmetry imposes directionality on lipid droplet emergence from
the ER. Dev Cell, 2019, 50(1): 25-42.e7

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Kim S, Chung J, Arlt H, ez al. Seipin transmembrane segments
critically function in triglyceride nucleation and lipid droplet
budding from the membrane. Elife, 2022, 11: €75808

Schneiter R, Choudhary V. Seipin collaborates with the ER
membrane to control the sites of lipid droplet formation. Curr Opin
Cell Biol, 2022, 75: 102070

Romanauska A, Stankunas E, Schuldiner M, ef al. Seipin governs
phosphatidic acid homeostasis at the inner nuclear membrane. Nat
Commun, 2024, 15(1): 10486

Lukmantara I, Chen F, Mak HY, et al. PI(3)P and DFCP1 regulate
the biogenesis of lipid droplets. Mol Biol Cell, 2022,33(14): ar131
Szymanski K M, Binns D, Bartz R, et al. The lipodystrophy protein
seipin is found at endoplasmic reticulum lipid droplet junctions
and is important for droplet morphology. Proc Natl Acad Sci USA,
2007,104(52): 20890-20895

Wang H, Becuwe M, Housden B E, et al. Seipin is required for
converting nascent to mature lipid droplets. Elife, 2016, 5: 16582
Gross DA, Zhan C, Silver D L. Direct binding of triglyceride to fat
storage-inducing transmembrane proteins 1 and 2 is important for
lipid droplet formation. Proc Natl Acad Sci USA, 2011, 108(49):
19581-19586

Becuwe M, Bond L M, Pinto A F M, et al. FIT2 is an acyl-
coenzyme A diphosphatase crucial for endoplasmic reticulum
homeostasis. J Cell Biol, 2020,219(10): €202006111

Wang H, Nikain C, Fortounas K 1, ez al. FITM2 deficiency results
in ER lipid accumulation, ER stress, and reduced apolipoprotein B
lipidation and VLDL triglyceride secretion in vitro and in mouse
liver. Mol Metab, 2024, 90: 102048

ChenF, Yan B, RenJ, e al. FIT2 organizes lipid droplet biogenesis
with ER tubule-forming proteins and septins. J Cell Biol, 2021,
220(5):€201907183

Ferreira J V, Carvalho P. Pex30-like proteins function as adaptors
at distinct ER membrane contact sites. J Cell Biol, 2021, 220(10):
€202103176

Bulankina A V, Thoms S. Functions of vertebrate ferlins. Cells,
2020,9(3): E534

Chen H, de Boer R, Lamb D C, et al. Artificial ER-mitochondrion
tethering restores Erg6 localization and lipid droplet formation in
Hansenula polymorpha Apex23 and Apex29 cells. Contact
(Thousand Oaks), 2025, 8:25152564251336908

Xue'Y, Wang W, Sheng X, et al. Peroxisomal biogenesis factor 11
as a novel target to trigger lipid biosynthesis and salt stress
resistance in oleaginous Tetradesmus Bioresour
Technol, 2025,421: 132209

Wright Z J, Tharp N E, Bartel B. ER nests are specialized ER

obliquus.

subdomains in Arabidopsis where peroxisomes and lipid droplets
form. Dev Cell, 2025, 60(15): 2061-2080.¢4

Lu X, Gruia-Gray J, Copeland N G, et al. The murine perilipin
gene: the lipid droplet-associated perilipins derive from tissue-
specific, nRNA splice variants and define a gene family of ancient
origin. Mamm Genome, 2001, 12(9): 741-749

Majchrzak M, Stojanovi¢ O, Ajjaji D, et al. Perilipin membrane



2025; 52 (9 Fil, & WRMASEBRE: BZ. HEF TREHERERE -2201-
integration  determines lipid droplet heterogeneity in contacts and regulates the level of PI(4)P on lipid droplets. J Cell

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

(82]

(83]

(84]

[85]

[86]

differentiating adipocytes. Cell Rep, 2024,43(4): 114093

Copi¢ A, Antoine-Bally S, Giménez-Andrés M, et al. A giant
amphipathic helix from a perilipin that is adapted for coating lipid
droplets. Nat Commun, 2018, 9(1): 1332

Khaddaj R, Stribny J, Cottier S, et al. Perilipin 3 promotes the
formation of membrane domains enriched in diacylglycerol and
lipid droplet biogenesis proteins. Front Cell Dev Biol, 2023,
11: 1116491

Wilfling F, Wang H, Haas J T, et al. Triacylglycerol synthesis
enzymes mediate lipid droplet growth by relocalizing from the ER
to lipid droplets. Dev Cell, 2013,24(4): 384-399

Thiam A R, Antonny B, Wang J, et al. COPI buds 60-nm lipid
droplets from reconstituted water-phospholipid-triacylglyceride
interfaces, suggesting a tension clamp function. Proc Natl Acad
SciUSA,2013,110(33): 13244-13249

Wilfling F, Thiam AR, Olarte M J, et al. Arf1/COPI machinery acts
directly on lipid droplets and enables their connection to the ER for
protein targeting. Elife,2014,3:e01607

Song J, Mizrak A, Lee C W, et al. Identification of two pathways
mediating protein targeting from ER to lipid droplets. Nat Cell
Biol, 2022,24(9): 1364-1377

Malis Y, Armoza-Eilat S, Nevo-Yassaf I, et al. Rabl1b facilitates
lipid droplet growth by ER-to-lipid droplet targeting of DGAT?2.
SciAdy,2024,10(22): eade7753

Puza S, Caesar S, Poojari C, ef al. Lipid droplets embedded in a
model cell membrane create a phospholipid diffusion barrier.
Small, 2022, 18(12): 2106524

Zhang C, Ye M, Melikov K, et al. CLSTN3B promotes lipid
droplet maturation and lipid storage in mouse adipocytes. Nat
Commun, 2024, 15(1): 9475

Krahmer N, Guo Y, Wilfling F, et al. Phosphatidylcholine
synthesis for lipid droplet expansion is mediated by localized
activation of CTP: phosphocholine cytidylyltransferase. Cell
Metab, 2011, 14(4): 504-515

Leonzino M, Reinisch K M, De Camilli P. Insights into VPS13
properties and function reveal a new mechanism of eukaryotic
lipid transport. Biochim Biophys Acta Mol Cell Biol Lipds, 2021,
1866(10): 159003

Kumar N, Leonzino M, Hancock-Cerutti W, ef al. VPS13A and
VPSC are lipid transport proteins differentially localized at ER
contactsites. J Cell Biol, 2018,217(10): 3625-3639

Chen S, Roberts M A, Chen C Y, et al. VPSI3A and VPS"C
influence lipid droplet abundance. Contact (Thousand Oaks),
2022,5:25152564221125613

Korfhage J L, Wan N, Elhan H, et al. ATG2A-mediated bridge-like
lipid transport regulates lipid droplet accumulation. bioRxiv,
2023.DOI:10.1101/2023.08.14.553257

Guyard V, Monteiro-Cardoso V F, Omrane M, et al. ORPS and
ORPS orchestrate lipid droplet biogenesis and maintenance at ER-
mitochondria contact sites. J Cell Biol, 2022,221(9): €202112107
Du X, Zhou L, Aw Y C, et al. ORP5 localizes to ER-lipid droplet

[87]

[88]

[89]

[90]

(911

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

Biol, 2020, 219(1): 201905162

Zhou T, Du Y, Hu X, et al. Sec14L6 is a PS and PI4P transporter
that promotes lipid droplet formation. bioRxiv, 2024. DOI:
10.1101/2024.10.20.619318

GongJ, SunZ, WuL, et al. Fsp27 promotes lipid droplet growth by
lipid exchange and transfer at lipid droplet contact sites. J Cell
Biol,2011,195(6): 953-963

Lyu X, Wang J, Wang J, et al. A gel-like condensation of Cidec
generates lipid-permeable plates for lipid droplet fusion. Dev Cell,
2021,56(18):2592-2606.¢7

Fei W, Shui G, Zhang Y, et al. A role for phosphatidic acid in the
formation of “supersized” lipid droplets. PLoS Genet, 2011, 7(7):
€1002201

Fei W, Shui G, Gaeta B, et al. Fld1p, a functional homologue of
human seipin, regulates the size of lipid droplets in yeast. J Cell
Biol, 2008, 180(3): 473-482

LiQ, Zhou X, Zhang X, et al. Nuclear receptor signaling regulates
compartmentalized phosphatidylcholine remodeling to facilitate
thermosensitive lipid droplet fusion. Nat Commun, 2025, 16(1):
3955

Bersuker K, Peterson C W H, To M, et al. A proximity labeling
strategy provides insights into the composition and dynamics of
lipid droplet proteomes. Dev Cell, 2018, 44(1):97-112.¢7

Olarte M J, Swanson J M J, Walther T C, et al. The CYTOLD and
ERTOLD pathways for lipid droplet-protein targeting. Trends
Biochem Sci, 2022,47(1):39-51

Olarte M J, Kim S, Sharp M E, et al. Determinants of endoplasmic
reticulum-to-lipid droplet protein targeting. Dev Cell, 2020, 54(4):
471-487.¢7

Schrul B, Kopito R R. Peroxin-dependent targeting of a lipid-
droplet-destined membrane protein to ER subdomains. Nat Cell
Biol, 2016, 18(7): 740-751

Olzmann J A, Richter C M, Kopito R R. Spatial regulation of
UBXDS8 and p97/VCP controls ATGL-mediated lipid droplet
turnover. Proc Natl Acad Sci USA, 2013, 110(4): 1345-1350
Caillon L, Nieto V, Gehan P, et al. Triacylglycerols sequester
monotopic membrane proteins to lipid droplets. Nat Commun,
2020, 11(1): 3944

Ruggiano A, Mora G, Buxo L, et al. Spatial control of lipid droplet
proteins by the ERAD ubiquitin ligase Doal0. EMBO 1J, 2016,
35(15): 1644-1655

Prévost C, Sharp M E, Kory N, et al. Mechanism and determinants
of amphipathic helix-containing protein targeting to lipid droplets.
Dev Cell,2018,44(1): 73-86.e4

Giménez-Andrés M, Emers$i¢ T, Antoine-Bally S, et al.
Exceptional stability of a perilipin on lipid droplets depends on its
polar residues, suggesting multimeric assembly. Elife, 2021,
10:e61401

Shen W J, Cortez Y, Singh A, et al. Mice deficient in ER protein
seipin have reduced adrenal cholesteryl ester lipid droplet
formation and utilization. J Lipid Res, 2022, 63(12): 100309



<2202

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (9)

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Blaner W S, O'Byrne S M, Wongsiriroj N, ez al. Hepatic stellate cell
lipid droplets: a specialized lipid droplet for retinoid storage.
Biochim Biophys Acta Mol Cell Biol Lipds, 2009, 1791(6):
467-473

Trivedi P, Wang S, Friedman S L. The power of plasticity-
metabolic regulation of hepatic stellate cells. Cell Metab, 2021,
33(2):242-257

Renne M F, Corey R A, Ferreira J V, et al. Seipin concentrates
distinct neutral lipids via interactions with their acyl chain
carboxyl esters. J Cell Biol, 2022,221(9): 202112068

Molenaar M R, Yadav K K, Toulmay A, et al. Retinyl esters form
lipid droplets independently of triacylglycerol and seipin. J Cell
Biol,2021,220(10): 202011071

Dumesnil C, Vanharanta L, Prasanna X, et al. Cholesterol esters
form supercooled lipid droplets whose nucleation is facilitated by
triacylglycerols. Nat Commun, 2023, 14(1): 915

Ouimet M, Franklin V, Mak E, et al. Autophagy regulates
cholesterol efflux from macrophage foam cells via lysosomal acid
lipase. Cell Metab, 2011, 13(6): 655-667

Wang J, Xiao Q, Wang L, et al. Role of ABCA/ in cardiovascular
disease. J Pers Med, 2022,12(6): 1010

Moore K J, Tabas I. Macrophages in the pathogenesis of
atherosclerosis. Cell, 2011, 145(3): 341-355

Yvan-Charvet L, Welch C, Pagler T A, et al. Increased
inflammatory gene expression in ABC transporter-deficient
macrophages: free cholesterol accumulation, increased signaling
via toll-like receptors, and neutrophil infiltration of atherosclerotic
lesions. Circulation, 2008, 118(18): 1837-1847

Feng B, Yao P M, LiY, et al. The endoplasmic reticulum is the site
of cholesterol-induced cytotoxicity in macrophages. Nat Cell Biol,
2003,5(9): 781-792

Tabas 1. Consequences and therapeutic implications of
macrophage apoptosis in atherosclerosis: the importance of lesion
stage and phagocytic efficiency. Arterioscler Thromb Vasc Biol,
2005,25(11):2255-2264

Kluwe J, Wongsiriroj N, Troeger J S, et al. Absence of hepatic

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

stellate cell retinoid lipid droplets does not enhance hepatic
fibrosis but decreases hepatic carcinogenesis. Gut, 2011, 60(9):
1260-1268

Yamaguchi K, Yang L, McCall S, et al. Diacylglycerol
acyltranferase 1 anti-sense oligonucleotides reduce hepatic
fibrosis in mice with nonalcoholic steatohepatitis. Hepatology,
2008,47(2): 625-635

Haaker M W, Goossens V, Hoogland N AN, et al. Early activation
of hepatic stellate cells induces rapid initiation of retinyl ester
breakdown while maintaining lecithin: retinol acyltransferase
(LRAT) activity. Biochim Biophys Acta Mol Cell Biol Lipds,
2024,1869(7): 159540

Maniyadath B, Zhang Q, Gupta R K, e al. Adipose tissue at single-
cellresolution. Cell Metab, 2023, 35(3): 386-413

Cao S, Ding Q, Sun C, et al. Spatiotemporal super-resolution
imaging of lipid metabolism dynamics
pathological conditions. Angew Chem Int Ed, 2025, 64(29):
€202502159

in physiological/

Zhou R, Wang C, Liang X, et al. A new organic molecular probe as
a powerful tool for fluorescence imaging and biological study of
lipid droplets. Theranostics, 2023, 13(1): 95-105

Liu G, Peng G, Dai J, et al. STED nanoscopy imaging of cellular
lipid droplets employing a superior organic fluorescent probe.
Anal Chem, 2021,93(44): 14784-14791

Gemmink A, Daemen S, Kuijpers H J H, et al. Super-resolution
microscopy localizes perilipin 5 at lipid droplet-mitochondria
interaction sites and at lipid droplets juxtaposing to perilipin 2.
Biochim Biophys Acta BBA Mol Cell Biol Lipds, 2018, 1863(11):
1423-1432

Daemen S, van Zandvoort M AM J, Parekh S H, et al. Microscopy
tools for the investigation of intracellular lipid storage and
dynamics. Mol Metab, 2016, 5(3): 153-163

Adhikari S, Moscatelli J, Puchner E M. Quantitative live-cell
PALM reveals nanoscopic Faa4 redistributions and dynamics on
lipid droplets during metabolic transitions of yeast. Mol Biol Cell,
2021,32(17):1565-1578



2025; 52 (9) i, &: WRRNNSEBRE: Bz, HF. §KOHhEIEER *2203-

Lipid Droplet Biogenesis at the Endoplasmic Reticulum: Orchestrating
Nucleation, Membrane Budding, and Expansion”

YU Yue'?, JT Wei-Ke**?, XIONG Juan""™

("Clinical Research Center for Geriatric Anesthesia , Hubei Key Laboratory of Geriatric Anesthesia and Perioperative Brain Health, Department of
Anesthesiology and Pain Medicine, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China;
IState Key Laboratory for Diagnosis and Treatment of Severe Zoonotic Infectious Diseases, Department of Biochemistry and Molecular Biology,
School of Basic Medicine, Tongii Medical College, Huazhong University of Science and Technology, Wuhan 430030, China;
9Shenzhen Bay Laboratory, Shenzhen 518132, China;

YCell Architecture Research Center, Huazhong University of Science and Technology, Wuhan 430030, China)

Graphical abstract

%E% gf"‘

Pet10/
G-3-pe, TA-CoA DGAT1 DGAT2 Periliping?- o
‘3"':;‘ I‘\‘”"\T*‘ Pah] Nem]

....m 5 5 R
B! R 5 i& 1L % 4 @ﬁnr
FA- Lpal  (PA)S" DAG Y )Seipln rmal

b

S —

Lol i Seipin
| | | |
(D TAG synthesis @) LD nucleation (3 LD budding @ LD growth and expanding

Abstract Lipid droplets (LDs) are dynamic organelles that are ubiquitous across most organisms, including
animals, plants, protists, and microorganisms. Their core consists of neutral lipids, surrounded by a phospholipid
monolayer adorned with a specific set of proteins. As critical intracellular hubs of metabolic regulation, lipid
droplets play essential roles in maintaining physiological homeostasis and contributing to the progression of
various pathological processes. They store neutral lipids for energy production during periods of starvation or for
membrane biosynthesis, and they sequester fatty acids to mitigate lipotoxicity. Clinically, dysregulation of lipid
droplet function is associated with a wide range of diseases, including metabolic dysfunction-associated steatotic
liver disease (MASLD), obesity, type 2 diabetes mellitus (T2DM), neurodegenerative disorders, and cancer.
Research into the biological functions of lipid droplets—as dynamic organelles and their links to multiple diseases
—has emerged as a cutting-edge focus in cell biology. In recent years, significant advances have been made in

understanding lipid droplet biogenesis. Researchers have developed a more refined framework that elucidates
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how LDs are assembled in the endoplasmic reticulum (ER). Triacylglycerols and sterol esters are synthesized
between the inner and outer leaflets of the ER bilayer, and when they exceed the critical nucleation concentration
(CNQ), they coalesce to form neutral lipid lenses. These then bud from the ER under the coordinated action of key
proteins such as Seipin, fat storage-inducing transmembrane protein 2 (FIT2), and the peroxisomal membrane
protein Pex30. This budding process is driven by changes in membrane curvature and surface tension, induced by
the asymmetric distribution of phospholipids. Nascent lipid droplets recruit lipid-synthesizing enzymes via ER-
LD bridging structures, enabling localized lipid production and surface expansion, ultimately resulting in the
formation of mature LDs. Biochemical and biophysical approaches have revealed important features of this
process, underscoring the critical roles of ER membrane biophysical properties and specific phospholipids.
Structural biology and proteomic studies have identified key regulators—particularly Seipin and FIT2—as central
players in LD biogenesis. This review systematically summarizes recent advances in the molecular mechanisms of
LD biogenesis. It delves into the processes of LD nucleation, membrane budding, and expansion in eukaryotic
cells, with a special focus on how core factors such as Seipin and FIT2 dynamically regulate LD morphology. In
addition, it examines the mechanisms and pathways by which class I and class II proteins are targeted to LDs,
compares LD biogenesis involving different neutral lipid cores, and discusses the disease relevance of specific
regulatory proteins. Finally, the review outlines critical unresolved questions in the field of LD biogenesis,
offering clear directions for future research and providing a comprehensive framework for deepening our

understanding of LD formation and its implications for disease intervention.

Key words lipid droplet, biogenesis, phospholipids, Seipin protein, fat storage-inducing transmembrane
protein 2
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