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Research progress on mechanism analysis and therapeutic strategies
of liver regeneration
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Abstract: As a core biological process for the repair of liver injury, liver regeneration represents a key
breakthrough in the treatment of liver failure and end-stage liver disease. Its mechanistic complexity and
therapeutic translation potential have long been research hotspots. In recent years, with the advancement of
molecular biology and regenerative medicine technologies, significant progress has been made in liver regeneration
research, including mechanistic elucidation, identification of regulatory targets, and development of therapeutic
strategies. This article systematically reviews the molecular mechanisms and therapeutic strategies of liver
regeneration, analyzes current research bottlenecks, and discusses future directions, aiming to provide a reference
for scientific research and clinical applications in this field.
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The synergistic effect of non-parenchymal liver cells in liver regeneration. LSEC: Liver sinusoidal endothelial cell; HSC:

Hepatic stellate cell; KC: Kupffer cell; LPC: Liver progenitor cell; HGF: Hepatocyte growth factor; Wnt2: Wingless-type MMTV

integration site family, member 2; TNF- a: Tumor necrosis factor- o; IL-6: Interleukin-6; NF-«xB: Nuclear factor- kB; STAT3: Signal

transducer and activator of transcription 3; IL-10: Interleukin-10; TGF-f: Transforming growth factor-£; PDGF: Platelet-derived growth
factor; PGE,: Prostaglandin E,; EP4: Prostaglandin E receptor 4; YAP: Yes-associated protein; IL-22: Interleukin-22; IL-22R: Interleukin-22

receptor; ECM: Extracellular matrix
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Table 1

Key transcription factors in liver regeneration. ZEB1: Zinc finger E-box-binding homeobox 1; MFN2: Mitofusin 2; PI3K-Akt:

Phosphoinositide 3-kinase-protein kinase B; ATP: Adenosine triphosphate; Bcl-2: B-cell lymphoma 2; Bax: Bcl-2-associated X protein;

Caspase-3: Cysteine-aspartic acid protease 3; H3K9me3: Trimethylation of histone H3 at lysine 9; OTX2: Orthodenticle homeobox 2;

MYC: Myelocytomatosis oncogene; TEAD: TEA domain transcription factor; PXR: Pregnane X receptor; CAR: Constitutive androstane

receptor; PPARa: Peroxisome proliferator-activated receptor alpha

Transcription .
Regulatory mechanism Ref.
factor

ZEBI Downregulation of ZEB1 increases MFN2 expression by 40%, promotes mitochondrial fusion, and improves ATP supply [40]

Lhx2 Upregulating HGF promotes hepatocyte proliferation, blocks the TGF-f signaling pathway, inhibits hepatic stellate cell [41]
activation, and thus achieves dual regulation of liver regeneration and fibrosis

MIERI MIER1 dynamically regulates liver regeneration through mechanisms such as epigenetic regulation, response to lipid signals,  [42]
and chromatin remodeling

HBOI1 HBOI1 regulates chromatin status through epigenetic modification, inhibits YAP/TEAD transcriptional activity, and participates [43]
in negative feedback loops to jointly regulate hepatocyte plasticity and reprogramming processes

MDIG MDIG mediates the demethylation of histone H3K9me3, activates OTX2 to upregulate MYC, forms a positive feedback loop,  [44]
and promotes hepatocyte proliferation and liver regeneration

KLF14 Activates the PI3K-Akt signaling pathway to regulate lipid metabolism and energy production, providing material and energy  [45]
support for hepatocyte proliferation; meanwhile, upregulates the expression of proliferation-promoting genes

Nrf2 Nrf2 enhances hepatocyte resistance to apoptotic signals by upregulating the expression of anti-apoptotic factors (such as Bcl-  [46]
2) and downregulating the activity of pro-apoptotic factors (such as Bax and Caspase-3)

PPARo. A key member of the nuclear receptor superfamily, promotes liver regeneration after partial hepatectomy by regulating fatty [47]
acid oxidation and energy metabolism, providing sufficient energy for hepatocyte proliferation

ATF3 ATF3 precisely regulates hepatocyte proliferation and differentiation through multiple mechanisms, including directly [48]
activating regeneration-related genes, inhibiting metabolism-related genes, cooperating with other transcription factors, and
regulating chromatin accessibility

PXR As a member of the nuclear receptor superfamily, PXR promotes liver regeneration after partial hepatectomy by regulating the  [49]
expression of metabolic and proliferation-related genes, and enhancing hepatocyte survival and proliferation capacity

CAR A nuclear receptor, accelerates liver regeneration after hepatectomy by activating the expression of cell cycle-related genes, [50]

promoting hepatocyte entry into the proliferation phase, and regulating liver metabolic homeostasis

I R AT ), 3R 2P T AR AR IE 1)
A R AT R AN T2 .

3.1.1 EEESBEEEEE ARG E O
08 B PR S VR U 455 A /N 43 - 25 IR T AR R SC B
18- H # 1R (188-GA) il Ll HGF\EGF RI&, 753
MAPK/ERK J8 % T Fi2 A0 S0, A5 JH 170 Bk /D B 4 A 14
B HE R T 30%, T IE K I )45 5 24 b, dE
% DUHF (fenofibrate) i i PPARa-YAP Hlp [7 /E F 1 %

Table 2

YAP iz F A AE M, A3 DE AR 2R 3 K 2 S 25%.
CHIR99021 5 Y-27632 Bk & %5 2 v] 7% Wnt/B-catenin
TP K JEE A 25 20 D AR 4 B T BRI 40%
MST1/2 #1171 XMU-MP-1 1 38 i 401 1] Hippo i % (1]
BEUE YAP, 3 2 PHx G I AEBY. SR, Ix 4624
VIATAE I B S B RS, e A VR TR — D PR AN A,
A i 2R BN ) R B R A e R . M2
N, MKK4 #1571 HRX-215 38 1 411 1] MKK4-JNK 3 %

Summarizes small molecule drugs with therapeutic potential for liver regeneration. MAPK/ERK: Mitogen-activated protein

kinase/extracellular signal-regulated kinase; GSK-3/: Glycogen synthase kinase-3f; MKK4: Mitogen-activated protein kinase kinase 4;

5-ALA: 5-Aminolevulinic acid; G-CSF: Granulocyte colony-stimulating factor; JAK2/STAT3: Janus kinase 2/signal transducer and activator

of transcription 3; Nrf2: Nuclear factor erythroid 2-related factor 2; SIRT1: Sirtuin 1; FXR: Farnesoid X receptor; mTOR: Mammalian target

of rapamycin
Drug Target/mechanism Therapy phase Ref.

184-GA MAPK/ERK agonist Priming phase and proliferation phase [52]
CHIR99021 GSK-3f inhibitor Proliferation phase [53]
XMU-MP-1 Hippo pathway inhibitor Priming phase and proliferation phase [54]
HRX-215 Selective MKK4 inhibitor Priming phase and proliferation phase [55]
5-ALA Regulates macrophage polarization Priming phase and proliferation phase [56]
Fenofibrate PPARa-YAP agonist Proliferation phase [57]
G-CSF Directly activates JAK2/STAT3 pathway and links with MAPK/ERK pathway Whole cycle [58]
CDDO-Me Nrf2 agonist Priming phase and proliferation phase [59]
SRT1720 SIRT1 agonist Whole cycle [60]
Obeticholic acid ~ FXR agonist Proliferation phase [61]
Rapamycin mTOR inhibitor Proliferation phase [62]
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/0 A B T2 50%, 19 1S 5 2 60% . 314 S5 ik
N, FeATAE 85% #5252 ) vz I U B 11 /)N B2k G S 3 0
H AT, HRX-215 & 58 B U RG22 4 1t R 47, &
N kAR B A R SNy T 2
3.1.2 BERFEMRKBE DNy TrdAyaraEs s
RREA 5 2T Y40 BB 8 AR O B . 5-20 0 2T
IR (5-ALA) w] {2 3t B W 40 i 1) M2 & BUAR AL (EL 4
1950 40%), 18 58 IGF-1 HGF 23 W (3271 2 /%), ¥ /NH
LEEAE R AT 30% BEE 5%, Ak, HEe N1z
AT R BT AF 44, AT DE P AR 4, HRX-215 7]
o JIF 21 A 28 35 1 IR B B0 2D 35%, 188-GA AT /N R
JHF 25 AR5 A2 5 50%, AT A JHFIE P2 4 57 D
WL .
3.1.3 Rig-BEEHERE Do T AwEdRa
W g A 5 A0 P T R, A A SR L AR R S .
3E ¥ DURF S PPARG S5, A4 i i 0 TR - S A 2R 384
30%- ATP 7= 4 5 $2 T+ 25%, S BLAR i — 38 58 bl [7] 14
#E1,RL 4 f 4E % F) 3 A 7 (granulocyte colony-
stimulating factor, G-CSF) i i ¥ i& JAK2/STAT3.
MAPK/ERK i #% Az b if 5 1 f2 A2 K K 7 (vascular
endothelial growth factor, VEGF). Ifil & 4 i & 1
(angiopoietin-1, Ang-1) %5 Ifi. 3 AE B K 7, 0 3 A 41 i
G1/S e 4 I 8 S s 70, R & Z A B 1 ™
VIR YRR R 2GR E 7 R, &RV 5 2~4 K
WFEME R TR . Ak, Nef2 0 5h 77 CDDO-Me™ . JiT 2k
{5 S5 & F 1 (silent information regulator 1, SIRT1)
57 SRT17201" | FXR 4% 2h 7 % U1 JH B2 &2 mTOR
8 7 75 55 & (rapamycin) 43 i 8 i B E AL R
I AL U 2 AU 47 4 R B ek 3 A0 o) S L A
TE T P AEAS TR B B FE R v R A
32 HEHET

HH e R T A v | S R I A 0 B B R
PRI, DN BT 32 5 i AT R g S AL R B S VR S
A, 9 FF A AR 5 7 AR B Al T 3 e i R 77 T
A, PR UL S S8 TE I ORI A% L HL N
ARG T IS 2 958 I L 4% 5, 1 J R 2K 38 S5
T R BT AN R S A S, R AR i
P 2B R 7 A B4l i R T, T RS g AT RS
T LA % L2 I8 BRI 8 M & < AN B 55
B, DAY AT 2 g i ek Ui Th fE 0, S T S,
LS4 U Y ~ 42 3 95 A8, MR b 5 FHF AR 5%, 9
JH- 240 10 5 A B A R S A, [ I 4 ILARAIT SR 52 Y
2 RS R AU AE D, SEBLA Go B 5 BARAL A 1Y)

+ A
4.

320 ARG BEWA, LEFE A REKE

AL G Hp 24 AR B BRI 1 B S, L T RO R HR R R
V), )BT AG E R F FEF FAEAH OCA S i

FHEEEE 35 AR & 2544 P S, A H
ALY AR B 28 1L, 326 0 R I BEL 2% 7 (¥ 993 ML,
LA 78 AIE 92 H: ] 0% Nrf2/ARE $t LB B, JR 5 A
A 2% 448 B 1 453 451, [] B 4 i) TGF-/Smad3 i8
6, WD P I SRR, SR M I 2T 44K, D I 40 i 7 2R
FERBLCT . NS 2HIE AR MG NS, ik
A FL AT KN T/ F7R ML AR, SR AN “ T I AS A2 L
R RIB” (1 K AIE, AR 7T R L T E A HGF R,
T c-Met 52 1, H. 32 ) T 41 fi DNA & B, R T 41 Al
HETATEHES) 75 A B M 2 B E #MSH 2B R, AT ANE B
BH IR 25 5, 326 B [FVR AN I DL IR 7 B, 3
AT AR [ A 5 2 i A% PR (proliferating cell nuclear antigen,
PCNA), B4/ i JF- 40 f P AR 9 5 . /K QA 5= B HIE
PR 2 7K G, P R A O LT AR B R AR,
B 95 Vi FAZE 45 I IE B9 AL, BLARIE 78 E S L mp
5 PI3K/Akt A1 NF-«B i@ #%, KAFEHL R PR T 1EH,
PR JF44H i 28 R A4 ) R, ek /D> JHT 20 B AR B8, 4 45 T Ok ik
AT EE
322 SHAF: YHEREE, BAEF S J5E
T R B “HRIE R TR 7 5 “F e A T A S U, B ) 9
ANFR AL A 2, il it 2 gy 2 80 S P IR AE
VB SN 2 AL R BRI AR, IS i o T 0
AR AR, AR F ORI A T B — iy, R T R R
SO RN 7

TR BT 0 I “ B R 208 ILAS 2 9 L, DA
BN B RN A R L I I T, BRI FUALE S AT
PPARo JE %, 7K 183 & 1 9 (aquaporin 9, AQP9) &
ik, 23 40 e T ek B ORI, HE B G/S A e 4 i gt
BTN, BBRE 7 e RE TS I 55 T SR J7 mT
O A 2 R B R A4, S8 B R G T R E B
T8 PRI R RH R 38 2 24, 4R IR AR 2 AT, S
T gk TR, E ML RE R, o AR
IRER, Pk 0 R S P20 P P R SR 45 4, D AR
SCREREHIOIAEZ S U
323 MREFHFHF: BIEE, HEER IRE
J7 RIS AL G EHHIERTR, 455 SN 558 47
S Ak, 25 08 LA ELRRAIE AR AT AL, B 1 < Rl S
TR 257 TR, SEIRAE Geia D05 AR I 998 9 2 1)
I AL o

AN B I A Ak Jsk 7 BB AL AT 4 AL BT
R I BELES 58t PN 287 L, A N R T I Ak
P AR A W, 22 4 P OGRS B . BAC A
FUUESE, FH AT BRI ALF K BRF4 2L IL-10. TGF-B 7K P,
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TR A 5 FORE B TG A, O A0 B P A T I L E
T o B UL X S o vl R BRI L I
87 S BN, DA PR E LA A O, PR B
W 28 3 DA 50 T P S I, g JEF 00 M i A 3 R AL,
() s DA LA 24 0 R0 P Ik, o5 JHF P9 8 TR S, D
I i P AE LI 7, AR FT IR S H AT A Rk R
JH U B 5 A 0E S B, E G R B 40 i AR
PR
3.3 HETT: ZRIFEAMBBIRKRIRE

FE AR T U, 4R TT A% LTI
—o BERL“ThRe BAR + A BT 0, M T
2 60 200 I 0 20 T = K L AR &R, AT AN [R]
P R SRS HE 177 BT, TR0 SR IR AT VR
T3 SR A B e PR 3 A 7 THD 35 BXAS T R 3 e
3.3.1  YHAASKIROIFT: SRR AR BR S, £2 A 4H A I RE
M 41 A (hepatocyte transplantation, HT) A& ¥
g FEAL AR SRR 1K D R JH 40 fu 42 7 B 4liAb J5, i ad ]
ik I B Bk SR 8 IR AR R A 2 S A, LB AR 2 A
40 f T RE e A 2UE B 5 T e 2 i B 1t I
AEVRIT HLRTTT - H 3 A A SR R L A A TR IE 2
Y JE AR BT 41 B (primary human hepatocytes, PHHs)« 75
5L T4 (induced pluripotent stem cells, iPSC)!™
G AU 20 L L 5 DR 2 A T 4 B AR 38 2 R AN
T4, H& e B f D Be (R 2 & ), TR
G DR AR AT

& Gt T 41 B A% A4 5 PHHSs, 2 fiH 1A% 5 i = (R
], T 4 o Y61 T A kS 2 4 E 1 4 it &5 A4
2, a5 N 4R (proliferating human hepatocytes,
ProliHH) S B A& &b i 280 14, 184 5 e 778 5 A 48 i
FRTHE %, 20 R R AN B R A 2 T v /) SR A
J&, RE S OOE /N BB R IR K SRR, A K AR AR IR

40% LA B0 20 B AT AR A RE 48 i (hepatocyte-
derived liver progenitor-like cells, HepLPCs) & Bk %
e SRR B, 72 REAL R SRR th B A s, AN 27
YR AR FEFRAR 50%, 32 B 12 P9 JR 14 JFF 48 i P A=, 727D
AN AR, 1% 40 AT 60% & & 1) E 3 EH 7K ]
Tt, BRI S e HE e R ™. iPSC b AR H
A, I RE W) 5 iPSC 44k R D RE 1 I 40, i
TR T AR B G B A R i) 8, 843 23 A A gk N
SR I RS, HAC U T ek 3 A48 B ¥ 70% LA
BT A, CRISPR A5 1 B 2T 4 2 Hf B 422 B A 1
ARSI B R R, A7 B 9 1 A K e Bk R T 44 24 i =5
&N Ty e Mk 4 Mg (human induced hepatocytes,
HILPC), £ JiF 3% % /N B, 7 7€ f8 35 35%, 23K FDA f
JLZG B N TG RS

AN [R] 20 W A R AE Dl ReREVE N 37 5 SR AT
AR EER, HIZ 0N BB 5 ImIREB Bt
)0 LG O S5 SR MRk 5 5 HOR AL SR T OGS
% (F3)™™,
332 EMERB[ESHLATRE: HEIEMEER
¥ T FAME W 15 3D AE AT BN E R 1 2K
AT MR R, IERBH IR & G097 BRI,
o T AR R 2 A ) 3 1 T e 1 B AR SR ™. iPSC
JHAH4H A (HPCs) 55 A4 Mo b+ 4 i, 551K
JEE U R TR AN SR AR AR A 1 S B KL, Il A
HGF \EGF 55 41 il [K] ¥, 28 04 S0 RS 1 18 #2514 2 3D 3744
Gik . FFH N IPSC Dy F 2 JH 4 i 5 A2 0K 4 i
LB IR A A B, UE S H TR AR A ADLH U 4 i [)
FHEAE R, %888 B AR &5 RO IE = R AR L
(/N R S A, AR A5 S B A A% O D RE
TN AR BK S R, 3D 45 1) 2 2 32 T+ R 4 e 1 2L
#, TE A F T IA 30%~40%, A G i g i B e 4R T

Table 3 Comparison of different hepatocyte types: Core advantages and main limitations. PHHs: Primary human hepatocytes; ProliHH:

Proliferating human hepatocytes; HepLPCs: Hepatic progenitor-like cells; iPSC: Induced pluripotent stem cells; HILPC: Human induced

hepatocyte-like cells

Cell type Core advantage

Main limitation Ref.

iPSC Unlimited supply, no ethical disputes, can be modified by gene

editing, and high batch consistency
PHHs
application history, and sufficient safety data (gold standard)

ProliHH

function close to PHH, batch preparation available, and reduced

donor dependence
HepLPCs Low immunogenicity, with both functional replacement and
microenvironment regulation capabilities, and can promote
endogenous regeneration
HiLPC

rejection, and has a high colonization rate

Most similar to in vivo hepatocytes in function, with long clinical

Strong in vitro expansion capacity (increased by dozens of times),

Convenient source (autologous skin fibroblasts), avoids immune

Insufficient differentiation efficiency and maturity, and [79]
tumorigenic risk and immunogenicity need strict evaluation
Extremely short supply of donors, extremely weak in vitro [80]
proliferation capacity, large batch-to-batch differences, and
difficulty in large-scale production

Function may decline after long-term expansion, and the [81,
colonization rate after transplantation still needs optimization 82]

Limited differentiation maturity, and long-term functional [83]
stability needs verification

High complexity of reprogramming technology, and quality [84]
control standards have not yet been unified
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5~10 i, Hid ik bRt R 4h 55 72k RATTE 1A H N S
USRI %, A 5 8287 FH 35 5 SRtk

e PR T BIF 5000 S JHF 2R 2% B B AT B B2 R AN (AL : A2
NP R iR A, 2 50~ 100 pm HFE BB G
WAL G #95 85%, I DhAe % LR bR 7 R WK & 1E
HUS Hui F APV 1 I N VR R BR AR 2 S BN
TR 20 L v LB P, SR T SRAR B R K sl e A
(1) 2 8 775 56 S5 KRy b IR 2R 88 B AE S 1A
HA W IFDhReRaE, Jo/™ &3 RO, AR A i oe g
WG . (HIF R T IG KA1 2 PRk KRB E KR
NIS)— 15 Th R RS T A, LS IR A AR Ak 2R 7=
A ) S BRI i R 5 R AR ERE AN IT L, 5355 R R
RAE; A E WM A 2, FREA N K7 (H
A e K AR I RN T34 H)D .

AT ARG EMN THEBR D FRE, 3
— B HED) T E B ARIE ST I I IR B AL 2 . Wang
STV e B B BE R - K BE R B A B M R
(GMMHM), i@ 1 &2 & 4T R G52 9 2 ]R8 D R
BBz, A AU T = 0 3D 4T B LR R AN R
] R, A g 1) 22 ROBSE I A P A 2R KRR b AR
P B v R AL = 1 Dh e AR R . 3D T ENAEY)
N3 E, 285 S 004 5 B T 7 61 2k
JFF 3 3 R0, S8 Rl ik Y 2 RS AR IR T M B, B AT
S B 375 1 T 4 5 14 K DA P R I R B S R, B
FE] (A1 BA B DK £ A IR A SR 28 B A A 2 B M R A
B E AR, R JE 6 A H BE U5 o 8 3 B kA8 g
70%, I35 BB FR I 7K 7 R B 60% %, G 12 41 B L
TEUE SE AR 238 B AE SN A v I B R AE S8R,
15 AR S8 FH B9 5 JE it o
4 REERRE

JH P AR AR 9 I A 18 B iz 0 R e AR, B
B IR N AT 5 9697 50 10 R0 Ak, o B0 AT
T ORI B IR E L. AL RSB
TR AR A AR L AF S 0 S A X 4 B T
(IR TT SRS

FENLHIJZ T, 40 BT 5 RO ERRR K &,
AHERFE 70 2 15 DO A VR0 A [] X 39 T 40 A 1 189 5 57 ik,
eI 2 zone 2 IFAIIE AR S YR 5 2RI E E 1
ZoOAER oAb, T AE 40 A 7 15 14 7™ 45 R S
5 AL 328 T B A, (R SRR RE R AR B e
32 AT 440 R 0 ) G R AT 5 i3k — 2D LV

15 5 88 5 A 8 DX 4% (1 ) 2 2 I P AR ML F 9 100 27
— %D R . 4 HLIE B (TNF-o/NF-xB. IL-6/STAT3 .
HGF/c-Met %) 5 # fb f& 57 18 2% (Wnt/B -catenin.
Notch.Hippo/YAP) Z [A]J¥ 1 22 /2 I I 2 o S 4 1

N4, s 1P AE AN Bl 3 5 B 2 0B 4 i AR
B, SR, B A2 E0 A TR @ T
BEIGAIE, Bk = S 22 308 B Wy ) L 55 B0 B R B T 4% 1) R etk
ERM . RRFEE L HFHE SR, Wi
BAS TR T N 25 B, LSBT BT 7 2 EFE AR T T T

TEIRTT SR TT T, /Ny T 259 R T 583 E
P =R J7 ¥ IS BB R . HRX-2151E N E A
58 BTG PR O 48 I FE A/ o P 25, FR B T HE )
MKKA4-INK I8 ¥ [ 16 PR A7 775 41 i i6 o7 ik, o]
5 A KT A0 5 5 2 R8T 40 i K B 4 E 4 A2 T 41 i
B2 RV AN AR FR (1 T, 9 S B A PR A B AL T AT
ITH; 2R 28 B 5 3D AE AT BB AR I & B, T A i
BN MRSV TERE TR i Rk, 4
R YA T SR AT T W v 22 SR B /N o 1 2 i K
LA S HAURE T A R TR ARIEIT I AR
G2 HE e 5 MUASEAN, 1) 25 i) B SR AR AN i s BB B Y
ML A T 136 B2 P55 55 b A A A 7 7 2% Nf PR 5 A 11
HERG .

{2 Tk T
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