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iSRS MR SZ K (androgen receptor,
AR) %54, BHAZAEH TIURLANM, 520w ks 240 i
Uit X O REAnp R, SRR D REREAT, BHATON
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(gonadotropin-releasing hormone, GnRH) Jjk i 4
I, LH w3, {2 oyl = (follicle-
stimulating hormone, FSH) I REAR, ff LH/FSH
PO TR, DT B s O SR R ) e 240 e 5 i
R [RIRE, 5 LH S 0] BERZ A BRI 1) 2 55 S I
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actin, F-actin) ‘H4L0YEM SHPEMEA, OIREAHfE
WAE TZPs WL W A VR, BR B 40 A 53 06 1 2
KB 9 (growth differentiation factor, GDF9)
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BMP15) i i 5 WAL 40 i 1 A S AE AR I T B
(transforming growth factor-B, TGF-B) Zik%5E&
0 35 ks 40 MY Y 18 5 5 % 32 85 H (connexins,
CX), & TZPs WIEIL, I 1) GPRE20 A 5 1] SE A
T U (A 20 M R 2 45 4 2 TZPs Ry 5 51 Bk
YRR Z (B3 AT 4 B i% 42 (gap junctions, GJs) Al
Ziffli%4% (adherens junctions, AlJs) HEATHIE, 5E
TR ST (W cAMP, cGMP) . i
Y CAnPIERRR | 2R ) SRR SRS

Gls 72t Z 0 CX A LAY B IE 2548, BRI b i
FFE Y CX & CX37 (connexin 37, tHFR GJA4) .
CX43 (connexin 43, HFKGIAL), EZEFFTZPs )
BERYRZO R 7 1250 CX37 3 i A0 A Uk 40 it 3 1
TZPs 5 G EEA0 MU AHFEAL , S 0K 20 AL - B 1241 i 7]
TE R IRerE GIs A OCHEER 1 ot , Al A 4% O BE 4R A Y
WA P SR 5 CX43 T B4 4 T 0k 4H -
WURLZ M), X F-actin ‘B 22 B0 %8 e M BA R AE
H, & TZPs Y it i v i) B 245 0 SRR R 7 1200
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Fig.1 TZPs serve as a bridge for material exchange between granulosa cells and the oocyte
Bl TZPsz A4S IP EH2E B B3 S Hr R
miRNA: fHRNA; CX43: i%EHHE 43 (connexin 43); CX37: i 37 (connexin 37); TZPs: B5iBMAHFZEH (transzonal projections) ;
GDF9: GPE:40 43 i 4= K 0L [ 79 (growth differentiation factor 9); BMP15: HIEA L4 115 (bone morphogenetic protein 15) ;
cAMP: FFJEHTR (cyclic adenosine monophosphate) ; ¢cGMP: MR (cyclic guanosine monophosphate ) .
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Table 1 Changes of TZPs during different stages of oocyte development
F1 TZPsEIEBMMEZ S RAENHANTZL

IR BB TZPs{t75 4L, E= BTN
RGN JCTZPs, HURL4H A 55 U1 RE2H it B e bz fik [7]
VIR BWANTE AR, F/NOTZPs I, FI0RI4H -5 9N BEAH AR G 2] 0 % 2 [7, 27]
KRNI TZPsH % . KEHIN, {23k U0 REAN M AR KA Rl B AR [27]
LRI TZPs¥ritin %, YERe U0 RN MR o> BU53, JRIHE 5 R S 6t [23]
JA R LHANSS TZPsIWiZE, O BEZH i B s oy 20530, 1EAGVBD [27]
BTN TZPsTE AT e, FURLH IR EE AL BRI, 7T 15 90 BEH AR 3% (7]

TZPs: 5 1% W47 28  (transzonal projections) ; GVBD: 4 % il % %! (germinal vesicle breakdown) ; LH: # &4 il £ (luteinizing

hormone) .

2, fRFEEFRYE . ReR G LR R S
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T, T B O 4 LA T A A A Ok
2 BB s A A A T IR RS FFLIRR , IR AR 1 A B
RN ZRAR, St —RIRIGA AR LB LA
JLATP, BB 20 i 42 3 & L i s Y BE 2
TZPs 78/ 5% D) g B 1 1] B8 5 S0 F 20 i g = 4%
WA, AT HAE & K E 2, toh, TZPs
MEFE R (A @G . SeR MR) 1scH:, A
YRR S A R B SR o R, BORL AN 3 ik
TZPs [1] B &5 41 g % 3% mRNA . 2K [ J5i Al RNA
(miRNA) , #§ Bl 4% B9 B 20 i 79 5 5 3% 35 A
y]ﬁlé i30-3|]D

WAk, TZPs TEA% i 51 B 20 A 43 04 1Y) GDF9 #l
BMP15 (i fe vh & £ 5 ZAE . GDF9 #1 BMP15
Y T 0RL 48 3 100 04 52 44, R 9011 S0A 200 i 14
B, JHEHENE AT AT . BEINLNAT,
GDF9 FIBMPI15 43k B, BAT 12 5N
WA E o ONBRA0 A A it 72 S BRI 1Y) A A
BE o, oF S e O Rk 40 A0 SR S 5 E 5%
P[RR 20 B IS ] B RR A B3 3R e AR
£ [A ¥ (epidermal growth factor, EGF), %5
KM M5 S8 5, A AMP 35 1k /Y B T
(AMP-activated protein kinase, AMPK) . MAPK
A, HETTAR I P REA LAY B B
3.3 TZPsiETEIEAMAI R BitiE

R 20 it 38 oF TZPs 5 BB 240 A JE WY GIs,
A5 7r FAF DL B i L, DA 5 B RR 40 A 4 s

Boorgd, HESE ORI & B R . R4
43I B cAMP Fil cGMP 3 i3 TZPs % 356 21| BI-HE 41 i,
AL 5N RE 20 B AE 2R — U o 2T ——E R
(germinal vesicle, GV) AL T#EIERAS, HafrRED
REAIMAEE M R BB, ELEIHEER RS AR fi
R A A B . 24 LH KOS if, TZPs Wr
%L, cAMP/cGMP 7KV N[, B EEZH MR 52 Il 4k o3
I A KR %E (germinal vesicle breakdown,
GVBD) 57 TZPs [ 5 Wr 24 nl g 5 20n £
YR B I, BEIRHEER RS2 R R T, H R
MARIG R s
3.4 TZPs#EUNE%H

W TZPs, UKL i A1 BRE 20 i 2 8] % A% %
W GIs R AJs, R IR HLRAS e Pk, ROk B
BRI AE IR P e 7, Bl 1k LD AT AL g f2: 1
ARG . A, TZPs A ALIR BES 5
i ZP IERS, e e R iy se ek, LAad
N7 513 % Ak A b O R 0 G R AR K, TR R
TZPs WAEAEA B T 0k 40 i 46 457 2R HE81) , IR
BRCCE EE L S R B R A0 R ) A TR A AL
i 7 HEBRR TZPs 2w Y, B0k 40 it 5 o)
21 60 1 LR B R VT, UL AN R A T
SO REAN 5> B, S HEDE IS RS T2 8 8 B A
iE S

Zi ik, TZPsAE R up itk & b 2 v il G g
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Fig. 2 TZPs regulate the follicular development process
E2 TZPsEZALTIHE
CX43: %L 43 (connexin 43); CX37: i&EFEE 37 (connexin 37); TZPs: E5BEWIH L (transzonal projections) ; PCOS: Z %5

ZEAAE (polycystic ovary syndrome) .
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W
42 RFEXTZPsHIRMT
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i FUREZR A UL Sh A 1 A0 SR A TR R
FELAS TZPs A A2 0S5 SE T, T b B 5 ZR AR AR A
F 1 (insulin-like growth factor-1, IGF-1) 1] 2 3£
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PCOS 5 (i g A Qs 25 L 2 S SO B 240 P i ot
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R 98 i ) gE — 2L 4 i) GIs AH G CX (4 CX37 Al
CX43) RN, 0 TZPs il TPk 4 i 5 5y
BRI ] W B e S A5 S A5, e B RN
L G I () T T PO
43 FSEBRETMTIPEMK

TZPs WL 1 N 8 98 52 22 i A5 i i A A 42
PCOS & H 2 FME Sl B I REZE AL, 20MI B4
RO N AN B S, SECTZPs Ui | fa
FETETRE, iU AE . SR, WitdfFs
PR BRI TR R IR X B S 2 A
BEOCHE R, HiER 2 SN SR E . 3B
W95 4 W) 4 9 ¢ R (perfluorooctanoic acid,
PFOA) Al Wntd 23k, IR IR0 KL IR IEELE A,
% p B 25 1 (B-catenin) Al #ff 22 45 Zh &
(N-cadherin) A9k, MM/ TZPs B RL, 5
UITENO =

AN, ERK1/2 15538 pAE N 22 2R/ 95 B AR
MBI DL, S 5 AEIETE . 75 . RhR
SO 2R A )i B o BERCER T G AR R
e & 3Z & (G-protein coupled estrogen receptor,
GPER) 4% ERK1/2 3 %, 520 TZPs i JE B S B
WARE N, ZP i 3~4 F & WA BB 11 (zona
pellucida glycoproteins, ZPG) JE i, Ul ZP1~4,
Horp, ZP2 Wy, 235 B 5P B 40 58 T3
ROS /K F-FF & . TZPs Uil > Y, A BF 58 &
B, Ca- 55 9 AR 8 1S 1B (calcium/
calmodulin-dependent protein kinase II, CaMKIIp)
18 TZPs W P R A OCHEME ], o BE ik 25
il TZPs J i, Jf ] figid it PI3K/AKT/mTOR {5 5
il pg 2 5 PCOS BB A 0 £5 ATk, [R50l
I ZE AL 0 2 TZPs 2548 S D RE . R AR H:
SR, A B TR PCOS VE ML, Al AR
TR AR ST IR T R B
44 ZRARZEH

PCOS 1, Z v BN 28 # U [R) VT2 0 TZPs
AL I RE . IR 5| K A e JBR B 2% IfLAE 3 itk — 2D
VT B 8] o 4 M R R CR B, TR -
R IERAGEEG, IR HER R o, JF i —
AMEIE L E . IRWA N CX43 iRk 1,
PLEHEM], HA 5 IR A] 3L [ 20 CX37 1 CX43 (1
Fik, W0 BURLAN 55 OB A0 A 2 1] A A B 42
IR TZPs I AR E o A ORI IS VAR R
S 2538 1 0% NF-xB | c-Jun 2 L0 3 (c-Jun
N-terminal kinase, JNK) ZF5RAEACHEES, fEit

PR, T4 B AR e, RN
IL-6, TNF-o 58 5 CX FIE N IHZEVIFHC,
2 E TZPs IS AT RE . BLAh, 15518
EAL SR R Z MW AEESC HAEH, Wntd ik
TS TZPs JE R, FRAR FSH {5 5 i s
T fokr 4H e B REZEEL . PIBK/AKT FIMAPK 4%
T AR 5 R G 5O R F T AT W E AR
FH et HEEEL IR 5 5 X TZPs i . 27 |
Jirik, PCOSH N Z KR L BAEHAMUE 24,
M HAZ S Z A EAE, TR T —FoBrEpger, fii
BN B FHEII D e EH 24

5 TZPs/EAPCOSHEIESITHA

B 5 X+ PCOS % A& & Ji& v TZPs /5 H 8 AN I
AR, BORER Z 54, YK 54— 47 TZPs
() 25 ¥ 5 Ty B& W BE L A PCOS 6 J7 1Y B 3R
m ool B RIS B, I UKL A i T RE
P ORREA B AR S S i, AT B TR TZPs
(e, SRR SEERIE A IEH & B SHETNDIRER
YRIZ, B3 PCOS 20 40 71
51 PFHHEKE

PCOS H FERIE MR AT, W MEAT
Al DL TZPs S5 580 . dmad (s N s |
SRS ) TRV A R KT, Tl s R
YA K TZPs (25 FTIRE . BFIE & B, AR I
PR T 38 S R AR 2R KT, s AT I R L S R
FEIKE, PRI ZE /% PCOS IR ), F o iz ) A ]
38 L AR R AT B AR S, (2 i B S HE B
U35 PCOS ' MR T E JURLAH LA B 120 rh
S5 AR EIWNE G, IriE—2 5 CX375 CX43
K E 3 X iE R O T F (androgen
response element, ARE) %54, VA CX LK 4%
S T PCOS Y, HERER 4 T R CX43 1Y
Fik, MIL B REA0 B A i g/l A 240 i 1] 3 TR,
WS, 2 TZPs A WA FE R fae vk, BN A
BHEER . HEBRDIRE S e 2 MR, AR R
ACEARREO T, 8 SRR 7T i CX37
(ERIK, BN TZPs Buim ReAa e vk, e dkop 40 i
KB LRE S8 s, 9RI0, FEmHEM IR
AT CX37 By INAB A A DI B, A5 i —
EWFSE . DGR, T R 2 W T e ik
TZPs W45 MIfE. [FIEE, HEMER S 4R LH
STUASEIN, FSH4r-MAREAR, i LH/FSH LA F+s
T A T DI S OGS ) SO A B e S R Y, i
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— MR TZPs (N5 T RE . AR E I, Kl
LR i R 1T FSH 5200 TZPs 4548, 1458 5
FEAN A 5 R A f lE {5, sk E s W
i, WFgEAH, FSH A Ll CX ik, H4mTZPs
A, RFIIE R 7Y, HFSHECE AT IR
BEFFR  (dibutyryl cyclic AMP, dbcAMP) 1] 44§
GUEE2H L GV 1 0 D8R o 240 RS B9 58 TZPs
MR tE, RS T R, i
TR, L HIE PRI R A4S FSHAF %,
AR BURL AN T RE, (B2 o B R 5 TZPs 1Y 45
o 51RE.
52 HMERHRE

s IR A ZE FLAE R 3 TZPs 25 AR
HERR . BN — MBS RGO, PTREAR
R R, BB, A B TR E ok 4
ORI IR 2 el T Y Q) i R 1 S 11 S
CaMKIIB Y I 823 BHIKT AL 8 11 2R 5 31 TZPs 1 42
W, IR PCOS KR TZPs iy Fa e v, — H XUIRAE
JAT CaMKIIP (1Y 5 3Rk, 4Edy TZPs e P &
PRHETZPs FIE AL . ARRZE e L . LR
U IR AL IR SR EE, W PCOS 7, ifF5R

FRHH, PR PR i R D A A O e NS A
g ® 1%  (nicotinamide adenine dinucleotide

phosphate, NADPH) Fl1 4+ Bt H K (glutathione,
GSH) WK, BEGE I, 4E5F TZPs (45
TR M BT AR P A, fe i B SEHEDN 7
BE A, BT 2% ) i v I BE ALK 1 (glucagon-like
peptide-1, GLP-1) ZZ&¥ sl (AnFlfrEpk) »f
AR ENE PCOS A FEM L. IR L HA S, HERA
ZHOSUNME AR ROCR BN, FESGE PCOS BT 5+
W EFEIIRE T 32 B OGTE, ARRA B HANG
SRR 7 AR R, FIRLE BKAT 520 CX43 1Y
Fik N H AL BRIE W] A ] CXCL10 520w
GJAT (CX43) HYKF, {2t TZPs WL B, 4]
BN R TR AR AE , 2 st BN S GO B A HE P 1) fE B
fig U, X EERFIRAE R RN, MCENUARE ST w AT
458 TZPs FRSE TEFIE AL, 1Y 58 PCOS S 3% Il
RE WAL S HEIRTIRE
53 IZNyFRESER

ZA NG>T4 R A R g AR R
it 5 SO A L Y DG B A S ad %, 520 TZPs I TE L
558 E o AMPK 6 50 BT R M 37 (AICAR,
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Abstract  Polycystic ovary syndrome (PCOS) is a common endocrine and metabolic disorder affecting a
substantial proportion of women of reproductive age. It is frequently associated with ovulatory dysfunction,
infertility, and an increased risk of chronic metabolic diseases. A hallmark pathological feature of PCOS is the
arrest of follicular development, closely linked to impaired intercellular communication between the oocyte and
surrounding granulosa cells. Transzonal projections (TZPs) are specialized cytoplasmic extensions derived from
granulosa cells that penetrate the zona pellucida to establish direct contact with the oocyte. These structures serve
as essential conduits for the transfer of metabolites, signaling molecules (e. g., cAMP, cGMP), and regulatory

factors (e. g., microRNAs, growth differentiation factors), thereby maintaining meiotic arrest, facilitating
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metabolic cooperation, and supporting gene expression regulation in the oocyte. The proper formation and
maintenance of TZPs depend on the cytoskeletal integrity of granulosa cells and the regulated expression of key
connexins, particularly CX37 and CX43. Recent studies have revealed that in PCOS, TZPs exhibit significant
structural and functional abnormalities. Contributing factors—such as hyperandrogenism, insulin resistance,
oxidative stress, chronic inflammation, and dysregulation of critical signaling pathways (including PI3K/Akt, Wnt/
B-catenin, and MAPK/ERK)—collectively impair TZP integrity and reduce their formation. This disruption in
granulosa-oocyte communication compromises oocyte quality and contributes to follicular arrest and anovulation.
This review provides a comprehensive overview of TZP biology, including their formation mechanisms,
molecular composition, and stage-specific dynamics during folliculogenesis. We highlight the pathological
alterations in TZPs observed in PCOS and elucidate how endocrine and metabolic disturbances—particularly
androgen excess and hyperinsulinemia—downregulate CX43 expression and impair gap junction function,
thereby exacerbating ovarian microenvironmental dysfunction. Furthermore, we explore emerging therapeutic
strategies aimed at preserving or restoring TZP integrity. Anti-androgen therapies (e. g., spironolactone,
flutamide), insulin sensitizers (e. g., metformin), and GLP-1 receptor agonists (e. g., liraglutide) have shown
potential in modulating connexin expression and enhancing granulosa-oocyte communication. In addition, agents
such as melatonin, AMPK activators, and GDF9/BMP15 analogs may promote TZP formation and improve
oocyte competence. Advanced technologies, including ovarian organoid models and CRISPR-based gene editing,
offer promising platforms for studying TZP regulation and developing targeted interventions. In summary, TZPs
are indispensable for maintaining follicular homeostasis, and their disruption plays a pivotal role in the
pathogenesis of PCOS-related folliculogenesis failure. Targeting TZP integrity represents a promising therapeutic

avenue in PCOS management and warrants further mechanistic and translational investigation.
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