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il BRI 3R KV BB T o HKAE A
U i A T 8 2 W i R Ak 26 A o- Bl R RS A B,
LDH DL A7 B P58 3k Tt Ry LR, 33K 1 O B PR 3 il
() S B U A B TG R A 3RS . BFEA R
P, W2 (hexokinase, HK2) 7t EMYEklr
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Pt S LR I AR 0 kT A A AR AL
KAMAEAR, RSO R A A= KA1 T4 F)
FITOASE 0 (HARE RN, 6-BRiR b -2- T/
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Fig.1 Characterization of membrane glycolytic hyperactivity in endometriosis
Bl FERESALLE R IEEEE AR TTHFE
(a) IEW T RSB WAHAGLUT AN, ZHK . PFKIFILDHAMAL B A WFL IR 5 Z8MCTARINM4), [t PFKFB3i
PEPFKI R . [FIBTLBLIR AT =R BIG A TAC, LRIMORA RAF;s (b) 5 IS O0AE (0 W 9 ek A2 < o b ol 8 ik OC S BB HK
LDHAZR AN &, FEGLRHEF, OPAL1SRIA NIMMDRP G MR R, BRI A AL L B i K s AL T B, TACSZEHMi . HIF-17+ 5
Frarom AL MEEE MR TE P . PFKI. 6-BENR SR B -1 (6-phosphofructo kinase-1); PFKFB3: G-l M-S B AR -2, 6- " WEIR3 (6-
phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 3; MCT4: HER4%4i2 & 114 (monocarboxylate transporter 4) ; PDH: PN & i & il &2
A% (pyruvate dehydrogenase complex); TCA: =GR (tricarboxylic acid cycle); ATP: =#ifkHiH (adenosine triphosphate); DRPI:
BB AAKEEM (dynamin-related protein 1); OPAl: #IFIZZE4EE 11 (optic atrophy protein-1); HIF-la: fIK&EF:H F-1a (hypoxia-

inducible factor-1a) o
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la, HIF-la) FEROERGHEER, FFo0sm LR
P, (E1b) . [ERERER R, XU E g
A BB AT A PR . — 5 TR R XA AR
(3E PR SO, g — 7 T G a3 e A 24
MR AP e HE B . R A AR A A o 45
N, DRI [ W A TT REE DL RS AR A R T AR
R, TFELRE T IRERRT R
1.3 EEREITHNRRSE

FRAN LI ST HE R T EM S AM BT T
HEI S R RRAE - Y FE EMR AL, 2015% 1
M AR B AR S Y (HK2, LDHA) 5
OXPHOS #1 K%M (COX4I1. NDUFA4) )3t
B, XA A ARARAE AT AR T 4 i 2 A0S
oy il AR 2RO SR R T s MHEEZ T, AM AL
TR B A U Dy B BRI R, HLA S
PR HK2 i dE HK, X FP2E 5l fe 5 75 N
JE LR 218 5 B s BEAL A 225 DI AR O 1o X
R TER A, EM 5 AM n] figg T B3 AL
WHRFIE BRI AY - Y A, EMIYR RIS
BLIARI o Ay 25 (W) S o . PR EM 2%
BN RLR ) )y 24 kM5 (OPAL/DRPLIH), iR
#1521 U g kb B AK T PEKFB3 Ay 5 1) 8% T i U
HE e BORR S M SR I R XA [ AR SIE 2R ()
MMRALIRY T R T A RS YE, Akt
X FLRIT ST K I AL R I PR AT A E A2 T e s
AT ST TG B EE 2Pk
2 EEBTHNS FIREMLE: ML
GIE M= Fd=tan

TE PRSP R B A T I 4 R
—RERTE, M2 2290 N Rl E T B
MR 2 R GE . TR A PR SO (W 24 (1) 58 B AEH,
AMAT BT B W & AR ko FHLI BRI
FER AR AR AR TR L
21 REFES: BEEEBINIZOIRSIN

BRI NS A A A I F S R Y
WERHE, Hisd 2 mALRI e SRR 2 . nTaE
b P HIF-100 2 G A8 GOV 358 5K 20 W 107 A 3 1% 1) 4%
OIFEER T 1 BFERMT, HIF-1o AL AT 454
GO MR Y A B IX, B BURHGER
ik L ] 5 S ROS B R il & A% N E it
R % 5 1 Bl (high-mobility group protein BI,
HMGBI1) /Toll ¥ 5% & 4 (Toll-like receptor 4,
TLR4) /# A T «B (nuclear factor-kB, NF-«B)
R V0 S 787 i SRR v Sy 1 E g L E4 QT K ek}

jWiks iz 1 (glucose transporter, GLUT) A&
ke (] 2a) o AFHREEUESE, SAKMET
GLUTI1 #1 GLUT3 1£ EM gkt P ity 3Rk 3 i i
R AR BT s Ak I 2 R A IK S B L
Pt R E SR 2 [EEENZE, Hse70
M EAERH & A (Hsc70-interacting Protein, CHIP)
i o B i HMGBI1 SR BH X —of 72 27, $2/R NI
PEFFEHLR AT, 2R, BRI T (E 5 7%
AR 4R AU B ST EIREARE B R4 I 2 AL AT = R Gt
9o WAL, Gnfa]SEEE HIF-1o 09 5 S PRI A 2
We) iEH AR BRI RE , RO R 9T 7 A TR 1 DG B
[lRE
22 HEBREAML . BRI EIRRIR SRR

ARSI R B, T S R (B e e
DA BB S i W TR A IR 4 T R 54 G E . L
LN B TR T B4 A7 S 2 (proviral
integration site for moloney murine leukemia virus 2,
PIM2) WIfEHIJC R ZE , Eilat 2 iR i B
I ) T T3 3 % — TRl TR 1A ) R 08 Tl
M2 (pyruvate kinase M2, PKM2) &R 454 {if
& (Thra54) fEdEHAZE A ZLRRAE W >, J5—
Jr TG i B R b HK2 1 9 & R 473 7 a5
(Thr473) $§ 58 IEPE 27, [W] 4 0% PFKFB4
(1) Thr140 7 &I SOME Il i 2 X Rh 240
FERECHR N, PIM2 ] GE AL T W I A 425 X 2% 1 %
DL, B R IE S PIM2 A] 53 45 /N
IR R R FLRR R BE

HARFEENE, N RE SR
(pyruvate dehydrogenase kinase 1, PDK1) /PN [ fig
i E B (pyruvate dehydrogenase, PDH) %l #5 )@
TR S = RIRIEIS (tricarboxylic acid cycle,
TAC) Z I8l W ACH 2 S pL i . PDK 38 i # R 1k
PDH 40 i FC 3G 4, BELEST P I B2 #E AL TAC 27, 1
PDK 1 1] 350 14~ TR0 ) 565 3iE 1 35K — 81 458 36 6 7
IR S5 o7 P 92 s AR ) B g B b i B B M B
(E2b).

e Gkt A (aurora kinase A, AURKA) 255
— LB TR/ N ATR Y . TEINEEEM ', AURKA
5 % B Z K (estrogen receptor B, ER-B) %%
4, ERB-AURKA & &4 I8 GLUT1 f1 LDHA %
ik, {RUERERERE C BRI AURKA AT ER-
BAARARIHAL N, kAR 2260 TR B, R T
WA 5REEE Z A8 SO0E, X FP P R
FH AT RE 2 5 PN B S 6 i AT R E T R ) 2L
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Fig.2 Molecular regulatory networks of hyperglycolysis
E2 WEEMEITHNS FRERN %

(a) HIF-lon] B4 A MR OCERGIE N g sh FIX, B3 LIHFEE, i mEmefiG 2 ; ROST ZHMGB1fif & il i TLR4IEFE &
PT5rie (b) PIM2id i BARRALPKM2 I Thrd 544 HEHAZ R, JEBRFLIRAE R, PIM2[R N B AL HK 2/ Thrd 73, SEIRHK2IEE, 474
THFERIG N, JFRIEPFKEBA Thr140fv 5, ISR M G, 5540 oA Mot SR 0 1 T 300 el 1 £ A i e . S B PDH o) R yi e, BTN
iRk ATAC, FHEFLM BB () URKASMEEPZIAL S, ERB-AURKAK 4% FIGLUTIHILDHAK L, {eubbie#; FTO NI
1 PR AIRATGS I mo A& i NI I ATGS mRNAR R e M, ST 42 JEPRM AR A s FVIRSW 7 LT 583 | R PFKFB 33 T 1B e /K
o (d) H3KI8laifli i £ 2 Z A Sk 2 (R3O SRR HHM R I 1 19 554, WA PIBK/AKT/HIF-1ail % . HMGBI1: il B  1B1
(high-mobility group protein B1); TLR4: tollF3Z{44 (Toll-like receptor 4); TL-6: [14r -6 (interleukin-6); PIM2: /NI B8 A 224
AL 5.2 (proviral integration site for moloney murine leukemia virus 2) ; PFKFB4:  6- % i 5 4 2- i g/ SR 4 -2, 6- WU iz il 4 (6-
PDKI1: HFER IS EHHEF1 (pyruvate dehydrogenase kinase 1); PDH: PRI &
fifi (pyruvate dehydrogenase); AURKA: MOE#4MFA (aurora kinase A); ER-P: M ZEP 24 (estrogen receptor beta); FTO: JIRiiE AL
JEAICE T (fat-mass and obesity-associated protein) ; AGTS: HWEAIIEE S (autophagy related gene 5); HSF1: #KTEAF1 (heat shock
factor 1); H3KIS8IA: FLARATAILLE FIH3EE 18412k (histone H3 lactation of lysine at position 18)

phosphofructo-2-kinase/fructose-2, 6-biphosphatase 4) ;
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RO, ALRIASIHE N H3 5
18 fi7 % 44 X (histone H3 lactation of lysine at
position 18, H3K18la) FLIR k& il & i L it
A9 5 R is A% AR EAE AL T A, i
FtURe I 20 8 L FLIR A B il R AR e 12 R R
I 39 5 BRI MRS 1 =51, B0 PIBKY
AKT/HIF-la il %, JERM T —4> F R p A
B X R IR R T AT EM kL b FLRR
VIS RS 58 =TI B2 W PRl v L9 e S 7o
TERE,

MAh, K FE K F 1 (heat shock factor 1,
HSF1) {EMiI EM (3% f i 2k S OH PFKFB3
W) ERVERT B, faos 1 RN S R I RO 2
] A3 DIK & . HSF1 M5 KRIBB11 (it [ A
YR 5 AW HE R W5 BE (Korea Research
Institute of Bioscience and Biotechnology, KRIBB)
FR) J—FPEEXT HSFL /N, 2zl
FITRTTROR , RS T 3k — 8 B AE e i e
M, SRS I U T REISCARTIR YT
Jri (K 2e, d).

PR, FROULIsE A% IR 45 7 EMAR I B g At v SR 3
WZEWMER . ) RNA H AL E 2 5 B0
FEE VAT T s e, X Sep L ) 2 i
Tkt R A AR RRAIE

3 RE-2EEERREEIRLS

3.1 BEEHaERF T SE RERINE KRG
g P 35 v i S 20 PR 7 i A O R R (A
LDHA. HK2, ® B H W m ¥ B 1
(phosphoglycerate kinasel, PGKI). PKM2) Hjit
R FHAMRKERER, @Y R
RIEAMMEIIRE, JE MRV . TEEM
HL R I AR U AR ZEEM R
A E RN (endometriosis stromal cells, ESCs)
AR T AR ELRR , AU WETRE A i 267
Y, BENES TS5 RERE, WG
Mettl3/Trib1/ERK/STAT3 {553 %, 155 L Wi 40 i
] M2 SRAIRAL, , HE A I TR A AE I () S it 32
Wb B3 — 5 i £ A A O g E 1Y
IGF2BP1-TLR4 4 5 19 . I 4 Jfd A% Ak #IL i) AH B B
UE 4, SRR AN AP T R 2 B A - S 3
P
32 SRR ESEEBRKAMRIIERE
SRR A B ACEPIR A 58 RIS 5 0 ik

JE . BRI, EM Y M2 B2 Jif 3% 90 S
MR AR TCIERFIE, 3R LDHA . HK2 =383k &
AR OXPHOS 7K T AL 24 X AR R A 1y
FEAR AU M2 Ak bR, TR 2 R A e 4 il
DIRenySLnt . (BRI HI7 2-DG T )5, M2
FRaEPD IS0, Ga e I Fe AU i i 0, B
TE ST WH I i A W 40 6 ) B 8 45 v 1 A2 0 LAV
PR T, S BRI M2 B W20 i 23 B
KA YAL AT, It s IL-6. TL-8 2541 i
DRI B R A S L 20 00, T AR - e 1
PEAGEIR . BB, T 40 i AR i 5 (B A5 06 T .
EM gkt CD8+ T 21 it 3% B HFOM 1% fif ik R 3Rk 1
A I S AL B 1R Ak 32 100 Tl B ARRAE Y, SRR AR g 2 Ay
IR SFEOUEN DIREZ B, TCIEAT 0 B S0 P A
i} o
33 Riff-2EMBEEEAMNIGEKEX

A W FE 78 T EM A Q- 50 28 A0 B A FH Y
SCEAILS i A0l s T R (o
FLRR) TR ednTife, i oereduie [ S
IR BRI S 2 X ki s BE . IR AR AR
G EEIAT] BE R Rk R i S . AT XX
—Fp i, T A R AR DG T 25 (41 LDHA
HK2) FlORBErs A st B Gy T oeng, 3he AT DA
(] s 4 T A U o R RN S B R PR 215, AT RELL
Y PR TEEATR . ARSI AR RN A s
M B R AR R S e T I sh Ak, A
R e RN AT S LSRR .
4 BEBITHSTFENRRALEERRNE
SEHINREPERS
4.1 HEEMEEREHERIEZER

FEIEH IR AR, WA QI Bl AT X A 5
DEKEE, 5 P T 40 A3 i A P s T e
WM LR A IR A, S SRR - BT
X R R R BRI, R AR
Sy U FLIR AT 55 1B DI B 1 HB 58 18 (i L
fRFLIM 1k (H3KI18 lactylation, H3K18la) #H%& 1
FURALAG M, IF38 3 30 HIF 1 W3 I B i B 1
R A A RS BT ToRE S 1 X AR
PP IR B B A Sl T OGRS g . WAL
R, BEREER RS R LA 2 HAE R
e —Jy A (A 5T E SE R A ATP BB S HE, S —
T 1 7 A Y LR 8 e ORI N R AR R
(vascular endothelial growth factor, VEGF) {7 Ifil
B AR, BERERAE N S AT
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RIME, WA “FLER-HIF lo-HEREMR 1E 5t
i, BAHR T X HAK 1 21a K-, 30— L X
AeFF e NI Z Y B A /R Y e
a7 T EACE AR B R b RS AR X 25
42 MWEEBITHENFEHRNERMCEFIRORE
=A1|

TE NSO EGE T, S RO Uk ]
XTAEFEYIRE A 2 )2 R A . 5SRO, S
7 5 &t 38 2o K 85 AF 4 5 RNA - (long non-coding
RNA, IncRNA) HI19 53 #il A EEfig Uitk , 75
AR H3K18laf& A, Al AR AN 5 S o7 P
MR ZERE ST, IO IE T R IR G A B 4
AFHDIRE o IRRUEME N, EM R E I
PDK3 if 3R & F1 & BE it & B 6 (alcohol
dehydrogenase 6, ADH6) M EFLIR 7 # HEFH,
TR QI ZE LI o S0 T LR A SR A R A1 D B 4
MIBCECE TR, TTFREMRIRIG PR AR R 1ol

B N RBEAS SZ AR T WUV R WG ) TR R G
FEERAT, BRI TR B A KT RS 2 A . SR
R, TEMIGH AR O (D5), 8 s e
fifeid g (15 mmol/L FLFR %55 7 h) AlRESF4E LA
A8 P R R0, 355 Bl pA IR ) ot 4 i iy H 28
R R AG A R I AT i o B IR A0 9 e, [RJ s
PRI B G R A M R B 201263k, WIRIRE IR
BIEA FIZEA 17 20 7 WERE A 25 T BT IR
B, BN, 7EEEMEREARIEHE BT E AR
W %% 3| HIF-10 2 35 FEAR o W5 T2 A 05 P 8 B 00 8
fiE 0 SRT, ik B H A2 AOBE IR O (R S 3R
TEWNBEAZ TR, HALS S T4 o5 5
L/ RO 137N (= 2 o NP R V) QL B U €
o O A R R, R LR T A -
o R A EAE AE 5 NS 52 M 1 b 7 R U0
TEAM K EM St A i ok o LR ml B
SPPI'ELWR A (HA B Z MRV TAM VALK 52
TRATE AN, ATV T A A R AL 1) 1 7
Br), JERL SRR CHE-SE " YRR ER Y
X — i TR B AR AR P AR S ) —— BB
& & 4 % H 2 (bone morphogenetic protein 2,
BMP2) . [F] I8 & A10 %k (homeobox A10,
HOXA10) ik T, BHESZHIMRE K =,
43 KRB REEITRE

AR A R B N RS L A DA 2
PEHE TR A LA o BT OB A OCHEmE (i
PDK3) AYHE ] i, B3 Lk o8 1 20 R /K- el o

WHEREE, ATRERCA A FE U AT TR S . [
Bf, % ERMCH - M B A, ARG TE
AR R e T BE N -5 R T T 58 T RE SE BT
ARG FARZEAN R B B R RE 1 25 1k
A, AMRTRTT R AR
5 HMEaEBRRAHEZ (GMR) BEIH
K&
51 THitEERE BN ERAY

TR ) BE BE Q% (glycolytic
metabolism remodeling, GMR) H i SCHE i AY
BTG 97 e B0 AR PO AP B R AR YT LS . SR SRR
(meclizine) i3 i HK2 1 PFKFB3 34 5% 75
MBS e T, HREZ A7 T2 A s, TSR
W, BCOMIMERIRTT AN A7 B R T R
MEEZ T, 448 (dichloroacetate, DCA) il
i #0f PDK K5 PDH {1, MARIIZ ™ W) 1 B 3
i EM () JoT 4 6 P AR e e ok =Y (AR AR
A ] IncRNA H19 FIZLER UL IR ALY T 30055 s
AR A 51 i 5 2R AL RN, A3
TR S 2 EaKERITHNEL B
s stosl AN BT EM/AM AR AY AY 50R
Ko ) S5 o P Y 25 S AR ) 967 & S AP BUR .
PSR B, URER IR E S R X PEKEB3 417 il 5]
(PFK-015) sk "), 1fif EM A1 AM 435Il % HK2 Al
LDHA 1 il 77 weg o7 4 2% 1+, Sely A - A
RS20 RS TEDCIC
52 EEEBRAHNXALED

RIRAA YR 240 s R R P2 PR R
oS . AAEERR (cinnamic acid) i 44 NF-«B-
PKM2 %t #1 B e f% >, T 25 K (sappan wood)
(Caesalpinia sappan L.) HFl E #h ¥ (prunella
vulgaris, PV) I J& B H X 5457 PSS 440 b ) B 25 1
BEPE SO RN R S T RE YR TR AR S R 4
Ml G 25 5. FEAEARE E 0, & o R/NEE
B2% (protoberberine-rich, BBR) k& ¥ i /7y
A 2 Tk B8] R LR S IR AR 5 RAE I N Y
MU AR 8 48 1T AT TS g T By R
BV
53 HHEFNRBEIMERET

T 24 52 7 FE A X 2% 48 rh RE 0 LR AR L
TR AST AR 25 T 30 0 ok [ 552 W A P i 28 7 ) R Al A
K F-B1 (transforming growth factor-B1, TGF-B1)
R e =, miE A K4 R 7 2% W38 o HIF-
Lo PRI IO i AU IO 10, X S 5 R B rh 24
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-2 -2 AR AR T AR
o BRI, WA BAAE R SUR ],
IER 2SS0 G N 1K= 04 e S E i) I v = B E
A RER R T IRy E A
5.4 PEEERER T EEST

FTFC YT (atorvastatin, ATV) 5 2L s
(resveratrol, RESV) WA RIEARBL T X FH
W™ IR L (IR ) S 2 A A R R PR
sk, IR IOR = 4 1 HE WA 3845 P [a] T
T ter IXRP RS AT RHE LB R0 T A Rk, 2
o 45 7% 7 2 G T H AT RE AT SR Y I A U T

Moo AW N B FEIR RIS TR I P L HERH]
it L KAbIAI T
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Abstract Endometriosis (EM) and adenomyosis (AM) are chronic, estrogen-dependent gynecological disorders
that significantly impair the quality of life and reproductive health of millions of women worldwide. Clinically,
both conditions are characterized by dysmenorrhea, abnormal uterine bleeding, infertility, and high recurrence

rates. Despite decades of research, their pathogenesis remains incompletely understood, and current therapeutic
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options are limited in both efficacy and long-term safety. Emerging studies have identified glycolytic metabolic
reprogramming (GMR)—a shift from mitochondrial oxidative phosphorylation (OXPHOS) to aerobic glycolysis
—as a unifying and critical feature in the development and progression of EM and AM. In ectopic lesions,
enhanced glycolysis supports cellular proliferation, survival, and adaptation to hypoxic microenvironments. Key
glycolytic enzymes, including hexokinase 2 (HK2), phosphofructokinase-1 (PFK1), pyruvate dehydrogenase
kinase (PDK), and lactate dehydrogenase A (LDHA), are markedly upregulated, whereas oxidative metabolism is
suppressed, reflecting a Warburg-like metabolic phenotype. Notably, single-cell and spatial transcriptomic
analyses reveal significant heterogeneity between EM and AM lesions. EM lesions often contain cell clusters co-
expressing glycolytic and OXPHOS-related genes, suggesting metabolic flexibility. In contrast, AM tissues
exhibit a more uniform, glycolysis-dominant profile, with preferential HK2 expression over HK1—potentially
linked to defective repair of the endometrial basal layer. Multiple regulatory layers contribute to this glycolytic
shift. Hypoxia-inducible factors (HIFs) act as upstream transcriptional activators in response to oxygen
deprivation. Kinase cascades, such as those involving PIM2 and AURKA, enhance glycolytic enzyme activity via
phosphorylation. Epigenetic mechanisms—including N6-methyladenosine (m6A) RNA modification and histone
H3K18 lactylation—further stabilize glycolytic gene expression and reinforce metabolic reprogramming. These
alterations form an integrated regulatory network that sustains high glycolytic flux in ectopic cells. Importantly,
GMR profoundly affects the immune microenvironment. Lactate produced by glycolytic stromal cells promotes
M2 macrophage polarization and impairs the function of cytotoxic T cells and dendritic cells, leading to immune
evasion and chronic inflammation. Meanwhile, immune cells themselves undergo metabolic reprogramming,
exhibiting increased dependence on glycolysis and diminished oxidative capacity. This bidirectional metabolic-
immune feedback loop facilitates lesion persistence and disease progression. GMR is also closely linked to
infertility in EM and AM. In the ovarian microenvironment, glycolytic imbalance leads to lactate accumulation in
follicular fluid, negatively affecting oocyte quality and embryo development. In the endometrium, excessive
glycolysis disrupts decidualization, angiogenesis, and immune tolerance—processes essential for implantation and
pregnancy. Targeting glycolysis offers promising therapeutic potential. Small-molecule inhibitors such as
dichloroacetate and meclozine target PDK and HK2, respectively. Natural compounds like cinnamic acid and
protoberberine derivatives exhibit both anti-glycolytic and anti-inflammatory effects. Traditional Chinese
medicine formulations, including Guizhi Fuling Wan, have shown efficacy in modulating metabolism, vascular
remodeling, and fibrosis. Combination therapies, such as atorvastatin with resveratrol, may provide synergistic
benefits by inhibiting both glucose uptake and lactate export. In conclusion, glycolytic metabolic reprogramming
is a central mechanism linking inflammation, immune dysfunction, lesion progression, and reproductive failure in
endometriotic diseases. Future research should focus on identifying metabolic subtypes, developing combined
metabolic-immune therapies, and evaluating the safety of these treatments in reproductive-age women. These

insights may pave the way toward personalized, mechanism-driven interventions for EM and AM.

Key words endometriosis, adenomyosis, glycolysis, metabolism-immune interaction, infertility
DOI: 10.3724/j.pibb.2025.0192 CSTR: 14.32369.pibb.20250192

* This work was supported by a grant from Natural Science Foundation of Hubei Province (2024AFB808).
## These authors contributed equally to this work.

k% Corresponding author.

FU Xian-Yun. Tel: 86-13972031404, E-mail: dinnarl@16.com

LI Shuang-Shuang. Tel: 86-18827474730, E-mail: 845960065@qq.com

Received: April 28, 2025 Accepted: August 3, 2025





