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ARG
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i ZHXUIRZAh, 51— DER FF G KIS AR d R, AR SRE
FEA 2 B AR R AR HBUIAEVE 2 AL WA e B S ) DARE K 73 iy A
L IR 2 B R YRR SO AT 22 Mg 2 — FOBUNUEE A= W 4 v ool AR 10 4 T o
X EMGRA 27 R TR B X = A, TR DA AR B A i e & i
HLEE T Z HOBUIRAEAS [ 9 BE % OB AE RO s, RS, FRAT b i e e Ak
KRR HRUMAEM 2 R G AR A A 2B, dE—2, AT PCR(IOL
JEfE PCR)RIRTAE Z HOBUIAE AT s IR -5 PR AE A R BRI Ry R824k . 7
RAFPIREE SR P IRATAEN . — HOBUIREE s B A2 T i R AR B Y
WA, AE qPCR R, FAT A 30— HOBUIU AT DA 52 25 14 m i LR Y- GSK-3B /Y
ik, W T HOUIAT AEE T GSK-3B/Wnt 18 R W A T4 . A TIRIEFRAT]
R fBise, FATRE FEE /N T4 A ) T S 2R s R GSK-3PRYTE M. S5 R
R, e GSK-3BZ )5, i dup — HUOSUNCG 22 i) AR i AR A5 31 TR A, A
W, MERGFAWAR] TIKE, i X LR A5 R R Y] GSK-3p/Wnt i P& 1E —
FRSCICA: 41 1 0 B A R P A A . AR S R0 2 R i LU T B AY 2
PEEAE R, AR KT — MR R, RIS 7 i B PR
A, AEFRATTAY 236 A 3R — B SO i H 4 O B R A DL 2 5 SR AT TR A T A
15, FE AT SR AT R I B2 2R K A&
Ko ZHXUI W, B4
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WICIESC

FEYLI A B — A ARl U, - HEOBUIA SR & — il
P ARIAR AR I — B R Y I IRAE T2 . — HOBUIAE N A b 2 it/ IR ) o 26
ARG A, TR A S 4 200 BT 1R 5 3R, Rt i 2 TR ST AN A B T
BUIRER 1697 BRI ASN Z T, e i 75 s .

THOBUE R AR, TSR R A EAN TR KRR R B
A, AR AN BRI T R B S R A A BA SRR R, (B
By RA R A S, B DAE SIS e —E e — R+ 2 G i 25
THXCE AR R . P -APEEER AT 17 AR EREEE,
HUOBUIUBE . 22 il S o —Fh 2% T (Tomas et al, 2017), HBHYERO L5 2 TM
RET AL PR UGS R 5T, B R AT A e I OB SR Y 44
7, HMELBRIAN N HGY PR R RAER . FELTACR DT s, B
HRAE 1992 4F N L&MW T WU A% LA 2 it dimethyl biguanide (Tomas et
al, 2016). {H27E " H XU D7 SEAY Ao I ) B, AT 24 i — b g LAY
UZSESEYR

i, REPFZGEM T —S UM &, B5ETE 2005, SRE %
Stirling K2#H9#4Z J.M.M Evans 55 W — OS] DA /D — M8 PRI 88 AE
KHA# (Evans, 2005) . HUSUIIGE 1o B R T35 A 2k 1 80t ot 428 LB 1 i 41K,
HRFE R A 2 Pt T DA 3 AR 200 DA LA o W S o 22 i R b . I AR PR T
B2 BTG — A Eis ikl ge 2 LKB1. LKB1 AJ DA T4 serine threonine 3% 1k,
JR T R TT AL 25 1 A (Shackelford et a1,2009). LBKI1 [m] it —>) S A 1452 fif
FEANEI T, XS R L SUIICRE 20 8 R AR5 A 22 43 R I R R
(Evans et al,2005), 2 HABRIATZEAIRD], —HXUILE — METER BER IR Al
PR EAR R L. T8 2019 48 1 R RMEFPIH, BB 2 —H
XICASE i 68 526 ) 9 20 A Y 0 U T ey 73w, XA A LT S 7~ — FERL
IIAESE Wi R — AR PR AP i 7 p53 BRI SR EE Y & 2K O {558

4




B, IR X A R YU RE T MPUAALRE Sy, ERRIR T A R TR
BEE. X=ARCRGHE R, ERT&IGM (Songetal,2019) . FEFSh—1
AREMEE A SE s b, HGPREI T WA AT 0 0 5 — HOSUIER A3 T
X LEZ I H AR ROIR DA A7y . AEAR R L, X B T U B ik
i LR AR AL, (51 Ak i 2R AR il (Montalvo et al,2013),

FE 7 HOSUNR i S5 T B AR ST 2 b ke, A S IR AR JE S T ) /N R
IRWFFEE R (Fahy etal, 2019) |, AR TR A BRAE IS 1 ULt A4 1y ]
CABGE RS . SROE AL I B MO T SR I UL I A, HAL S ARiE DNA Hy A g
Wi, XLEARFAREAE A Ay A b A R, IR ER— I AR ZE AR RS, XA E
wa T EORE LR AR BTIE S O MBI RN T =R 2 - AR R
KPR IR 25 (o SR EGREER (DHEA) A1 HUBUIK) I Hoad a7
Br—NEE R A E Rk il &8 A A ap 4R e, SRR I 4 I i 24
2.5 % . ZHEMNRBERGEE RS B IS, A, X 2RI
WA R A AFAE A Z 0k, SRER AR, e EN IR 45

AR ORI B s e, (EL B Y S AL ] 45 58 A VR @A)
SRATERE . 4 2 T 2 P2 ZRAT 1A A — UL M — 1 P 0 st 2 R R TS L 2R
1 38 i (AMPK adenosine monophosphate-activated protein kinase), {H £l B 7E 6 1] &
I HIXUIA AR 22 15 I PG AL 2 1 OB ¢ 5 A R VR i A, I LAE SR A
SR B R I T A T 2 i T HOBUNCA B 2 &, VYT, B . AE
Hp &R &I, RS ORI P E AL R ORI 1
FH T DA 3 5 B B R TR g3 A i, (ER Z A5 5 AR 29 VE T iy 7= 2R
TR SRV ST RN

A SRR A KRR DE?

KEGRRWMAGEEE. AR, NSRBI IR AR
RIS E AL ZAAEL. UivE AR, XEeGRE RN RS
5, XA ARG, HIERGI e tiE g2 &fgrtmn. —1b

5




XA A AG PR 1) 1) A9 a2k R OBUIIR Y7 ) — ZROBE PR, 2016 4F Hy —ZROBE PR g
HESE ML AE SR 150,0000 I(WHO). A T et KA A ar, b
W — LU R BTG, S E e AR RN B R4 2 A R T 5
L R A T (A, AR RS ECARE R ) . A
R BARACES, B ALRY ANl 24k S B B ERs A A R iy T e, (H2
AR AN IS RE AN [F B A — A RO A, 24— DA E 2L An Y & e
W ETE, XA ERRER B AR, XN A SRR SRR
&, RO NI P A RE T RRIE FE B . A TR T A iR AR e 57
A A B AN R B P2 0 S AR AR, (FEE A AR A A e R AR R X
FEREAROU AT, BRI, b1 a Bt e e, mItkik,
PR R e HIARAR T R . R P2 RE 7 S8 i MR 26 £ B SRt 2 6 A7 i
fsfas. AP R e n FERIN, RAER P — ST R,

WSR2 A AR Z T IR — HOOUNCRT AR I 7 i, A — HOSUNICA T RE 2
S A AR RO BE TN 7 A n] BE R HOBUMGE o o 5 P 2R BE T SR Mg I 1 3k 2e 58 o
ZEARI AF g ? B2, QPR THXUIRAT AR A by, I8 A XA A A
AFEMANE? O T I E XA AL, FAIE T A AR B R T T HOBUIRA A
. R A AR i WP AR Sk B i B A T SR DAL 2R Y
FHAERE 7 AR — L2 3 tIA y di HUSR KA FFAE BB 7 T DA NS ERK AR i R T 14
f U B . )T O AR S OR R AR B D IR BT e BUACSE T A A Y R I
(neoblast). X L8 Hy = K24 F 8 1 48 M 2E 150 %) 3 i I (04530 SR RE A MHE B R T H R
273 5y 2 1A — B FUR iR B (Morgan et al,1898). 1% 3 1) W04 i 5 R 29 0
10mm, {H5H/ NG BAEA R A2 i AU 5 & S5 s AR R 2 454

N T BRFE " HOBUI AR B S, ELA Y5 OK Y P2 BE T A b HUZ AT 156
AUBRAR RO WFTE Rz BT DA, S P IR AN TR Y — HOOUNHR BEAL Bl iy, LA
AR, R5EE qPCR, 1@ B TR 5 2UERZE - HOBUIIO i AL A T Y
P (SEERiRAE A 1)
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ks
(1) RHBALESIE:

ARSI R B {8 B AR = 3 1 HU(Dugesia japonica) (WLIE 2) . XFHAE
FI TS TR KMBEERh, 8 1 ~2 RIFEIEIT, TSN, %
Frim AT OIR (WK 3) . BEFRid, R U 3B 3k, M, RB. R4
T - R E AR 3L =B, OB A IS KA A e R gt b, A - HESUIR
PR R, BB T (SRR P, sz TR
WAL 2R 5 AT AR B0 R 5 e e Ak, o — 4 32 AR A Y — HOSUD A 38 7 3k 4T
qPCR) ., SEURZHRFARE— Hibm U = B o B BCE A B A IR v B S (AR A — HBUIR
W 24 LA ISR ARCR, 2 B108: 4 mg/ml, 4*107 mg/ml, 4*102 mg/ml,
4%10° mg/m, 4*10*mg/ml,

Horp g EIR . 4*102 mg/ml & FoATT % BR  HUOSUIRAY J304E N 25 FH 5 Bl 4 24
P/ B R OR A . SRS FRATT TR BRI VR AR W SRR RS 21 1 At g 3k 3
{E. XA R E E R AE KR

PRULGE B P Y R

TEFFEALIE 6h, 1d, 3d, 7dJ5, S RHLBEILEEAR [ 41 UK
DU Al IR UGS, RSB AR HE AL R T Rk R BT .
Hop g, Aol Bk,




Cortrol Group* 5

.t
i

Metformin
5 Brperimet Cronp *5

Head

. - .S

L Abdomen
Tail

,/ \

& 3: IR DIEIIA

(2) WHRHZRGH AT

WIY)SE Oh, 2K, 7 REF, FRATIE I o5 L AR R e 2E R S 30 4 A 3 o
M R G SRR E 4R SYNORF1 (B T DSHB AH]) #EATHAERE I
Wb, BEASRAE 11BEE, RUCH: S 2% HCL R b P AR T35
10 43%p  (bFRRE) |, BN ECETE 4% M2 BPEEE P 2h (2 R
B, RIFEHEFT 20C IR NHCEE 100% 1) B BB B BK Th (B
K) L TEFE 1% SDS IFW Rk i 25min (GEE) |, WG A R E
HESA (75%, 50%, 25%) #SALBRmE o8 Ok4b) |, RHimBUBCE AR )
B Th (B 5, FE 4 AT, RRRIRE 1:30 (40 PUk) R
FCE R (— P E) , B PBST W RUEUEIR AR ILK, BRIK 5-10 4040 (U
W), BOTIRIRAE 1:2200 (405 BUIAR) BOIEER, ACHIEREE NI (T
H) , Vi EEREERME TR, K, B/ —CHRE, SERSHER
K E5ERL




(3) RNA H$RES [R¥Fex

AL, Jeffi Trizol(TaKaRa) i Hi 42 HUE. RNA, SXJ5H RNA AL
cDNA, SEBCH R B KOd B 1.5ml BLOAE B, B2 Bk, A
500ml RNA $2HUAF] Trizol, FAIAGSGEUR AL, WATHEFEM T 240, FIMA=R
Hige, EZ15E8N 20s, ZRE 3min., A BOHLTE 1200g, 4CRIZMTE
O, B, AT AR KA RNA, FFiMAZ RPN SRR, SRS
10min, B0, RJE, EELETIMAZENEG, HSEMAA4Y RNA, &5,
R R HLE RNA,  LRAFET-80°C kAR a8 1

S SRR, SeBUIL R, I A TR gDNA buffer il 1 ff 7+ gDNA
eraser 23[R 5 AR NG DNA, 7E 42°C 2min, 4°Cforever {414 N &L, FlJG
iR ZFEMA mix, primer, RNase Free H20, ¥ RNA %% DNA, 7F 37°C
15min, 85°C 5s, 4°Cforever (45 FE.L, FHAE-20TC VKA HLORAT.

(4) FtER PCR
SIS HE A e O TR AR B PRV SR 52, X AHT PCNA, - DA actin
AR HEFT qPCR., SCH P8 E & PCR 5|93 Primer Premier {41511 3K
5, A% 1.

ARV AIRZR 25 AT 8n mix, 1E&519, 7K, H#r cDNA, PCR X
AR RO BAMERS, £ 9OSTHIZMET DNAZNE Smin, Bi/S7E 60C 1B
Kk 15sec, fJatE TSCHIZIE FAEM 30sec. PCR IV EEHE, B S #4751
e e R L ks

1(




#* 1. PCRE|YFFIE

Sequence (5°-3°)

Bcl2L qPCR-F
Bcl2L gPCR-R
DjMCM2 qPCR-F
DjMCM2 gPCR-R
DjPiwiA qPCR- F
DjPiwiA qPCR- R
DjPiwiB qPCR- F
DjPiwiB qPCR- R
GSK3p qPCR-F
GSK3p qPCR-R
MCL-1 qPCR-F
MCL-1 gPCR-R
pS53 qPCR-F

p53 gPCR-R
PCNA gqPCR-F
PCNA gPCR-R
WNT gqPCR-F
WNT gqPCR-R

GCATTGTGGCTTTCTTCTCCTTCG
CATCGTTCCCATAGAGGTCCACAAA
GATTTGTGGTGATCCTGGCACT
ACTAACGCTCCTGCTTCCA
TCTGATAGCGAAAGAAGCAA
ACGACCACGAATAGTAATAGG
GACCTTACGATTAGTTGCGACCAT
TTGCGAGGAACTTCGTCTTT
GGAATCCAGACCCTT
CAATAACTAAACTGGCTGA
CCTCCTGTGCGTTCTTAT
TCTGTTCCCAAACCAATAA
CCCCACTTTCTTGACCAT
CGTAAACGCTTCGAGATGTTCC
AAGAAAGTGATGCCGTAA
ATAACTGCTGGAACA
TGTCATCACATCCTTGCCATAT
ATGCCATGCTCAGTGCTAG

(5) FHIFR L2

R T IRUEFR AT, BY GSK-3B/Wnt 3 B i — HSUIA il He P A 1 R 1)
FEIAXZ—, AT R R SRS — AU = HAgimk, M = A dA R
A, AEAC PRI RN, R N R A SRS RS DIER, BT R A DA TR I L
BEAREARY SRS R A U

e 28 HUAR B HOSUIRES, FRATTREER 1 2 A 236 20 b — HOSUBIAD o P A
WA B E, BP 4 mg/ml. GSK-3B 40l 5 R H 1 2 W& T f &

1



TOPSCIENCE Fj/NyF CHIR-99021, HLUK#E K GSK-3afll GSK-3B, ¥JE N
0.1pm/ml, Syibid AR IUA PR N RUAT REFE e M A, DRIt R A Y 1
B RAE T RZ W ERE, BATHILAHGN AL i AR R P 7 R
4.

7RG, FATHU R R 2 BRI = A B HEAR P TR LG E S P & &
G4 AT, DAL, FRATTRI PR AR 2 2R e — FROOUBIONS s SR A 300 0 4 P 5
A R R FEL DB s, i 6 AR A TR S AR

ZiR:

(1) RBFAEBLME

WIEREI R, I, REBUE, 6 /NI BB HETIE, L,
W, R AR IS I TR, AR I AT bR . 7RI b
SEED 1 RJG, HOGES, IR, RIS MBI, 3 K5, MEINA, R
FAERRAN B A, (RIS R 7 KJE, WRTFE . M L, 1, R
RIS I AR I R 2 5, R B, S SE AR s A AR A
ZRER(E 4 5E 5).

(2) ZHOBUARA o A
SRt R [ BERY — O R B USSR U R =B, R
TR ER S B AL KT, IR AR L. IR BRI

ARSI WUV e BE R BEAR X N - 4 mg/ml, 4*107 mg/ml, 4*107
mg/ml, 4*10° mg/ml, 4*10“mg/ml, WEAK I, —HXUIMAEA [ BEERA X it
FRAR R AE T, AR T AR B R T VR B . 7 v AR ik B A% A
T (4 mg/ml, 4*¥10*mg/ml) , IWEWG O A HMIAEGES, BRI
B, MAEH RHRERSE (4*10" mg/ml, 4*10?mg/ml, 4*10° mg/ml) i R AR
PR, (FAHE T IR A I g . el 4 XIE 5, eV 1 KA,

L




Xof B LR S50 2 o IR R AR SO TR A . RV 4 RJE, X HEe i B 2R
R RS A /DRI O FITIRTTE, M0 5256 2 H a) K S e J5E 196 52 1) oy AR
AR RN, IRECR BB ORI, EUIEIE-ER, RHR4R R
CZese i A, (HSR A b b A e EERR B iy i U DS IR I Se 2y, IR
HEWAFAESE. HAHBM 44102 mg/ml — FOBUITHR B A BEE  3 sR AR 1 Ol
X RAF, 7 RIGEA BT HEAERE., EHFE R ES, kL, # B
ZIAR AR R RIFAYE (K 4 5K 5) . MERGH I ERARLIRIZR
(& 6) .

Control 4mg/ml 4*10mg/ml  4*10°mg/ml  4*10°mg/ml  4*10 mg/ml
g

4d

7d

B 4 AN [R) e HOBUNNS fos B AE RS2 (FE)




Control 4mg/ml 4*10mg/ml  4*10mg/ml  4*10m@/ml  4*10mg/ml

1d

4d

7d

B 5 AN [)He FE  HOBUNONS fos R AE RS2 I (EE)

4mg/ml 0.4mg/ml  0.04mg/ml 0.004mg/ml 0.0004mg/ml

B 6: N[ BE " HOBUIOR s HUR 28 AR GE AR B 20

1¢

Smm
I

250uM




(3)  ZHXIAER R EASE R E AL ERER

h T BRI FEAE 5, BRI aPCREHIN T LA FFAE AR S
BRI FE, RS T MM DIPIWIA, DiPiWIB; S35 PCNA; 5
JATRISEN P53 BRI 2%,

40 === controlB424h
2 ZEA4*10-4mg/ml
38 ZERT -4mg/m
37 N == controlB&ET2h
36 w— ZERI4"10-4mg/ml|
]
Hasl
% 8
= 7
% 6
5
4
3
2
1
0

s, " o, " "y " Y " ) " o, "y o, -3 N, Y o, "
Fast® ST Sy Pt Pt A WAt Pt o

%ﬂ%@ Q%\ ?& ﬁ' ."’9 FLdy gE Gl &%‘ %.ﬁs B,

GGG WG N8 0 GG O O SN

SR P AR W - AR o ORI o
A A & A2 =3 &
v v Sr TR 7 S b LI AR o wotr

L 1 L 1 L 1 L 1 L | L ] L | L 1 L 1

GSK3p MCL1 Wnt p53 Bcl2 PCNA MCcM2 DjPiwiB DjPiwiA

= & & { &
Lot Gl & &
{asi > \&@o’:é%’ ‘&3&\3@» & 'h&g.@'b

B 7. RIS B R dUS, A EE R R 2R A8 1

Bl 7 iR, SR L SCEHY DjPIWIA B DiPiWIB A 4i it
= R, PCNA FEH A S MCM2 I B b AL, —
HXSUIMAL B, PEAAE 72 /N IR N, SR, 5XF A
W, SEEZHIY P53, BCL2, MCL-1 WERIXFEHIAUMAL ] 72 /)5 A 21 F
. ARERE, Wt (G5 @k AN GSK-38, 7E—HXUMEFEA 72 /)5
WE, HERRREEAIERE BENEI (- 7) .

(4 Wi GSK-3pReiRE MM — F DUIRTS | B2 A it He A 1
qPCR 4521 n — W XUMAL 38 B 5 GSK-3BI Rk B FJF. GSK-3p2

Wit 5518 #% R AL TR, T Wnt {5 518 B 7 i R AR LR v A4 AR

H, PRI FRATA 0 — B OSUIR AT EsE it GSK-3p/Wnt {5 S i@ i e, N T

1!




WAF A A, AT T GSK-3BHY/IN T3] CHIR-99021 % % 47 Ab
B, AR R0 HOBUIRRT 5 | 1 ey HRPF A0

mE 8 FiR, ERMAT 4¥10* mg/ml B9 HXUMAL B i e, FRATT AR
) T A K SR G ) S 6 201 v (] 3 R R AL —RE IR . T KR D SR A s A A
A, R TR ERIEE. IRAEERE B, WECA IR SR A 3L
R, MAEMAT 0.1 pm GSK-3p/N-FHllfil5H] CHIR-99021 fyis Hirt, P4
BT HOM T R BE — HOXUIRAY s B R R . AR 7 RIG A [ R Z A
AL FRAL BRI iR e — AR e A, (R E AL T R A IR B A — 7 AR S
FRVIR A, Bin e fima, AR RRKEMER. MmAEMmA T 0.01 um
CHIR-99021 ey, FEARARE T RO T [l i B HOBUIUA ity et A5 — 5 A el
. BAWEA LI RENTE, HEHOCEEE., R AE HT7EL I
A I — AR AR A P IR A

BB S AL G R W RWIZEM AT 0.1 pm CHIR-99021 (i rhr, #HZ &
G PR AR T I T TR B HOSUI s P B R . M D 2 2 A,
MAERG LA TR, H 7 RFEAERIZ KP5S8 B A AR M AT AL B Y
WHARY, WAEMA T 0.01um CHIR-99021 ()i Bt i 22 22 55 Fi A th A7 — i IR )
fohpe, s T A, BT HIA T R RE A HOSUIRR i Hh — i 13
T (K 9) .

PAEZERUEH] GSK-38/Wnt {5518 B 7E — HUSUI il i HUF A Ao B 2R

1¢




4*10-4mg/m1 = EA FLAL Z B AR ZEXAR
+0.1p M7 +0.01 M7
B

h .
Smm

Bl 8: GSK3PHMHisH CHIR-99021 Z&fif — HBUNNS i B FH-A= A 10

E

okt

—_FAXZAR —EAXZAR
+0.1pnM P 71 +0.01 M 5

0.0004mg/ml

250pM
|

Kl 9: GSK3BHpifil5] CHIR-99021 Z&fi — B RUNA i HUpH 28 22 48 A i 4110 i)

i

(D)= H SOOI 3o SR P
FEBCAH HOBUIMAL BRI R b, bk, IR, R = Beiim AR EAE 7 K
JE A SERE, R A i B SRR AR RE T . AR H S Ak B
SMERE, WREAEGIRWREAZA A, AR, SARZE —H UK
I




VA WAL PR X B oy B LA, RS I TR B AR AE RS DL A BT T . il A
RSN O SR A SRR AT, HAR e BEI ORI .

PR A NG BLRI AR, FATT AT i i 2 R Gy Rk T XL i e B
SEMERIG, PR (4 mg/ml, 4*10% mg/ml) FrAL3REg i Uk 42 R G RA
UL AR BOES H E)HR EAR L, Wk P AL By U 28 AR G SRR o 22 3R
AR, MAEES, FEMM R ARG, BRI X, Mg R
GRS . mn] L, OB e A T SR 2 R G — RE
M.

TEDEIEE B PCR AT HY LS, DjPiwiB #l DjPiwiA Rk & Y il /b B
&, HRFEE WU B SRR, Rl ae sz 3 T WOBUIE 52
0. DjPiwiA Fl DjPiwiB [k & T4 M B AE B AN AT B . Sy 17 PRIE BT IR i o
TN AR IEE AT, DARERAR ST UIER, AT I HABEH R H . A
PRGN H 3 AR PIWLZE [, {H PIWI K2R F 0 4% B 7 T Bk A i 72 4>
HEL, LR DjPiwiA Al DjPiwiB MGHIE T 20 0 15t % 2 A= H R AR 2
XEERREFR K PIWI R A (4 40 1D A 45 DAREAS- A AT] ) 9 %% B2 11 R (Shibata et
al, 2016). —HUBUIAYEAS, WAy DjPiwiA Fll DjPiwiB ik & K IR FE L.
XA T REFELAS TR T T A SR FEAE T T A0 AR R A B ) AR R e
A AL B R AR AT BB SRS, IR T B AR G I it BRI A I A
& H B H M. BTCAZULA A BER UL, T4 A A T T A 2 LA R
W EBERSE, SRAERIEL S R A T a1 hl—2K.

PCNA Z2—ff DNA REGMRFBIER, FET IEERENAR Y, 2—4
AN IS NE DL R Fahs . FESOEAXT E & PCR LI dli) PCNA & H &AM
B0 B A IR BE B I, (B ST 21 s LR PR AR RS FEXS IRAL AT i 42 . X2
PR o B SR L B B sz S 4, (ESE TR Y FE S A T A A AT 2 . AR IX S
WERAIEFEIET, R dUi S A A A 2% .




P53, AR —Rh A N, A0 Y 2 A R B I S T L R £
M. WRAE DNA S RN R D, A2 P53 A BX A RIRE A 2
AR . gk, QPR IEAEE IR R RN am KRN R, PS3
TIEBE, o P3| FEAA TR MBI T, — HXUIRAY 1 A 6153 deoh
PS3 [yBE . W2 PS3 BIRERAZHIMBZE EL K AT P53 1y
. TR P53 EEHAS, TaMHA AR, Ei5miELEBE D
WGk, XGRS ARG S A AL R 1% DUAH ELARRE

BCL-2 il MCL-1 g EZ R0 MM TR BN, HAMSmIE TR, =W
SARPERTT, S AL A A UM BT o0 B ) i b 3o, SCB 20 rp i HY
AT Z BN IE. A0 2 AR T R AR AE IR Z i D L
AR Z AR, JKUE, 5 AEUTCIE iR B I 5 3 B 40 1 0 T2 ) e A [ o B
S RARHA 225y 20015, (45T 240 M 5 4200 0 3 58 P46 1852 475 11 (Bergmann et al,
2010). ZEAIXTE R PCR R IISLERA1Y) BCL-2 fil MCL-1 [f 523 m, ¥t
BT Al B s 2. B AE IR R RF BT, TS & A .
B, R HUR AT RO VR R AR 2%

BT LT IRAR R AR E A R B AR 2 A, B —ANEHUIMER T
L PRI G R R GSK-38. GSK-3B) ZAF7E 5 a4k A
KRS, GSK-3ENEFH LR, WS 58S R
Ha5E M SPETI. AE 20194F 5 —fs & ATE Cancer Cell ERYESCH, BFFEA
ST R AR5 B B AR IS 5 = FOBUNAY S [R14E 22 R4 T g 1) A= K (Elgendy
etal, 2019), HfA&RUL, MATZM OIS S5 GSK-3B7E4 M i iy B2 G
. TEJERME— g GSK-3I G, = HOSUIN 45 B0 0 b 1 410 il 2R
TERIBRAR. 1R R4EhE, ERMICEERR PP2A-GSK-3B-MCL-1 J& #% & Mgy T i 1E
FRTHE . FEFATR B R ARSI b, SO0 E & PCR 4R R —HIM
It GSK-3BIY3RIkT“ A T 5o, FESemndirh, &2 —WXUMAE A GSK-
3BFEEHIEIE N, HAEAR R B s ARk
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Q) HMAEE GSK-3B/Wnt 38 B a5 s FHA

CABFFEUESS Wt {5538 B A2 i U AR thof LR, T GSK-3BJ2 Wt
G U IR . kA, AE 2019 4F+ H K FAE Science A SCHEEH,
TEEFR GSK-3p/Wnt (5 5 BRIl A WA R TS A, B edi
TR TSR VE R . ISR GSK-3B/Wnt {5 5 i 1) £ P4 U 40 & B (S
SEM, MBHELRBE AR ICEIET (Clevers et al, 2019). [AE GSK-33/Wnt
B AEE A DT S R IR A, RSOk B TR R A A Ak, DR A
AR EH R, GSK-3/Wnt 38 B4 75 o S 2L 26 15 103 He vt 21 T AU A A
BRI — FE SN A W] i 2k GSK-3B/Wnt P45 i AR . S 7RI A a) i, 3%
3@ /N> T CHIR-99021 3 GSK-3B, #E—#4047 GSK-3p/Wnt i i
FE HOBUITITS |76 4 36 R P A A skl h g 1

G AR LEELES 5 1 I 2 R G e A BT, AT IIAE CHIR-99021 5 - H
XU 7] b 2P T R P AR 1) 7 00 B B P [ — FROSUTUAE 28 ) iy MR B R
. R, R ARG A EAMOEIR . T, RO S,
GSK-3pFIkEIG N, Wt FPEPHWT, ol FA 22406 . AE GSK-3pwim il
Jei, Wt 38 5 T RE S BSR4 AR R A A e
55, XAEER KM, GSK-3B/Wnt 38 A SUIRAE A T8 AR i R v g S A
.

(3) HAESKEHXA:

KGMPEZ R KB B ENZ AN AR R, Blafh, GRE
PR CLRIEI — HXUIMBEW A — e )X L Fmr, (H2 X D-F-AFA1 )
ZERmhoE, AERAIRHEE T, HARNMZMKAFWEN R R, HinfE
BEGHR, — AR AF e . 202 BT ERATACO O TR R AE I AR f, %
NLER)— B RIS B B, R pRod A A RERS P rb B2 i, M
AR B RIS PR L — A E RS AL (ER FATHY SEER Bh P 45 SR A A
woe et . TEMPRR SR T, HXUICAMESCA M AR R, ™ &
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VR T A RE R, A% GSK-3B/Wnt S ER ARSI, HOBUION T i e g AR
PR TR ER . XIERAT FA SR AFR R TEEN . i AR R
FIR A 1Y 24 R IE LTS, AR ARG B TR F AR BE R S me,  — HOBUNION A= 1
A HABFRATEABREN, BABAS R EREN RS EEHE, Xk
SAPRVFZ I S K A M T A, P00 AT R FR A d T AR I 2 AN A R
JEZ R Y )2 IE R R A ER 2 — A, BRI AL A R A
O — AR, FERXFEDLT, FAERMKEREAMTAKEE, FKEEIEXRAE

ERIRR, Ffae P EAHT.

Bt

FTMERmg L2 AR, H, OTRAPIE T GSK-3p—FiE H g —H
KUIAE LS AR, Br CABRATT JoTR RITE e 73 10 HeAt 8 P BRI 85 1 3 0% 52 )
B XU E ALRI AN A0 A= . 5380, FRATABIGE T H AP — T3k
ME B, SRR, XIS d e B AR, U T XU A
iy, HARZERIZ, — WU X — Uik — e B2 5 BT FE,
XSG AT SRR GRS JE A, 1 REFHE 5 R AR K R I e 354 fa] B
e EIX 2 fa] R

B

FEEDRE R SR B R T 3%RURAN R LT N AR (3%-10%) [
%, FEANDELRHERZET, FEC SO R LR 5 B &2 i E
X, “HOUIE RGP R 25y, FoRER, HAEBRAMZy 2 BRI
XA A E. BT, RS NTRRAE <z, HRAVFZI,
WAL, PEACIRREEE, KHF%. B, ATHXUNCARFEN S, BIERFEHAE A 5
B, ARG BOIE T HORIRRE S AT R s il . —HIUIM 2R IS, 5 3K
5, OB X KRB ORI B, AR NS AT DAl . FRATTHY
WEEwI S E R 7 — e E AR R Z AR, Dyt — B Pl M R oyt
— LU B




Metformin Suppresses Planaria Regeneration
through the GSK-3p/Wnt pathway
---New Insights on the Association between

Regeneration and Longevity

Abstract:

Metformin has shown the potential to prolong life expectancy and prevent cancer as
modern medicine. Apart from metformin, another one of the inevitable topics in the field
of immortality is regeneration. How is regeneration ability related to long lifespan? If
metformin promotes longevity, then, how is it going to impact regeneration? How does
metformin exert its effect on regeneration? Here, we sought to look into the answer of
these three questions by performing the metformin effect experiment on planarian, the
common regeneration model. Groups of planarian are treated under different
concentration of metformin. We observe how their overall regeneration process is
affected by the microscope. Then, we see how their nervous system regeneration is
affected by immunohistochemistry. We further explored its influence on their internal
gene expression with qPCR. The results came out very unexpected. Although metformin
has shown the potential to promote longevity, it stagnated the regeneration process in
planarians. To understand such a phenomenon, we went to further investigate how this
observation should be explained. From the result of the qPCR, we find a potential
pathway that metformin exerts its effect through, the GSK-33/Wnt pathway. To confirm
our hypothesis, we furthered our experiment to block the GSK-33/Wnt pathway while
applying metformin on planarian. Then we repeated the same process to see if the
previously observed stagnation of regeneration is still present. As the results(from a
microscope, immunohistochemistry, qPCR) turned out, the stagnation of regeneration is
significantly alleviated after blocking the GSK-33/Wnt pathway. This suggests that the
GSK-3p3/Wnt pathway is the primary pathway through which metformin exerts its effect
to slow down regeneration. The relationship between regeneration and longevity is much

more complicated than mere promoting. Regeneration is rather one among the multiple
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factors in longevity, necessary but not decisive. Metformin has great importance in the
promotion of longevity, but we found a counter-intuitive result from our experiment:
that metformin deters regeneration. This suggests that regeneration has a much more

complicated relationship.

Introduction:

A great recent hit in the field of immortality is a medicine called Metformin. It was
originally presented as an oral diabetes medicine(for type 2 diabetes) for its ability in the
reduction of blood sugar level. The substance can reduce glucose production in the liver
and boost the human system’s sensibility to insulin. Recent researches, on the other hand,
discovers many potentials uses of the medicine besides just treating type2 diabetes,

including the promotion of longevity.

What is metformin exactly? What is its range of use? During the long history of
metformin, it was especially popular when diabetes patients still had to resort to
expensive pig-produced insulin for substitute. The medicine comes with a long history
which dates back to the 17th century. In a herbal guide that dates back to that time, the
substance was recorded as a natural remedy(Tomas et al, 2017). At that time the local
inhabitants already learned the method to derive the substance from French lilac. They
used it, like just modern people, to treat the disease we now know as diabetes. In recent
history, scientists first succeeded in synthesizing its core compound (dimethyl biguanide)
artificially in the year 1922(Tomas et al, 2017). Through most of its history, metformin

is known as nothing more than a diabetes treatment.

In the modern age, however, researchers proposed many potential uses of
metformin. First, in the year 2005, Evans et al. Hypothesize that the use of metformin in
patients with type 2 diabetes could reduce their cancer risks. Metformin regulates
glucose by targeting AMPK(AMP-activated protein kinase), which induces cells to take
more glucose from circulating blood. AMPK has an upstream regulator LKB1, which is

also a well-known tumor suppressor,(Shackelford et al,2009). This discovery links
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metformin to both cell metabolism and mitosis control. Many other studies, on the other
hand, find metformin a potential geroprotector(a therapeutic than aims to affect the root
cause of aging and aging-related diseases). In a more recent study published in January
2019, researchers found that metformin prolonged lifespan in silkworms by remodeling
their energy distribution. They suggest metformin’s action in the adenosine
monophosphate-activated protein kinase-p53-forkhead box class O signaling pathway
increased stress resistance and antioxidative ability in these silkworms while reducing
the energy for silk production. The combination of these three effects leads to the
extension of lifespan in those tested silkworms(Song et al,2019). In another study
conducted on male mouse demonstrated that long-term metformin intake starting from
middle ages improved the healthspan and lifespan of the subjects. In particular, the
benefits resembles that of calorie restriction, such as increased insulin

sensitivity(Montalvo et al,2013).

Recently, according to a recent study published in the September issue of Nature, a
small clinical study conducted in California, USA, shows for the first time that the
epigenetic clock used to indicate physiological age in humans can be reversed. The
epigenetic clock is dependent on the body's epigenetic genome, which contains chemical
modifications of the labeled DNA. The patterns of these tags change throughout life and
track a person's biological age, which may lag or exceed the actual age. The researchers
asked nine healthy volunteers to take three commonly used drugs - growth hormone and
two diabetes medications (including DHEA and metformin) and measure their average
age by analyzing the markers on a human genome. The result showing that their
biological ages shed about 2.5 years. Participants' immune systems also showed signs of
rejuvenation. However, this is only a preliminary experimental result and there are still
many shortcomings, such as the small scale of the experiment, the absence of a control

group, etc.

Despite its early discovery and long history, metformin’s exact mechanism remains
unclear. AMPK is no longer the only known way of how metformin exerts its influence.
Through the years, scientists have also proposed even many other new applications of
this old medicine: obesity treatment, cancer prevention, and so on. Among the
discoveries, anti-aging is has been the topic with the most focus. Although the effect of
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metformin can be simply described as "lifespan extension", how the substance affects

numerous pathways to come to produce this combined effect is complicated.

The biggest rival of longevity is aging. The gradual process of aging in human is
primarily a manifestation of the aging process of internal tissues. With the aging of the
organs, their function gradually deteriorates and weaken. Aging is not fatal in itself. It is
rather the various chronic diseases that come with aging that kill the person. One very
common example of such “chronically fatal” disease is type two diabetes, to which
metformin is a treatment. According to the WHO, the World Health Organization, type 2
diabetes caused an estimated death of 1.5 million in the year 2016(WHO). To promote
longevity and increase life span, one inevitable step would be to preserve organ
liveliness. Organs waken because their cells age and die at a faster rate than new cells

are generated (shortening of telomeres that deters the full copying of genetic material) .

Without replacement by new cells, the old cells keep on serving their role. The old cells,
however, does not work as efficiently as new cells. With an increasing proportion of old
cells within a certain organ, the overall performance of the organ worsens gradually.
This wouldn’t have happened for the organs of young people because their cell
regeneration ability is still strong. Their stem cells are still capable of replacing all the
compromised cells within the organ. For old people, however, their cell regeneration
doesn’t work as effectively. Without substitute cells, their organs deteriorate gradually.
Thus, the regeneration of new cells is the root solution to deal with aging. From this
point of view, slow cell regeneration is the main cause of aging, and it is a topic that
cannot be avoided in the promotion of longevity. For being the root cause of aging, the
promotions of longevity would be itself a promotion of better regeneration ability.

If studies have indicated metformin has the function to increase life span, could
metformin be boosting regeneration ability? Is it possible that metformin increases
lifespan in the way that it restores the regeneration ability in those test subjects? And
how does metformin affect regeneration if it promoted longevity? Planarian are common
models in molecular biology studies. To answer such question, we make use of the
planaria model, planarian(class Turbellaria) have been known primarily for its incredible
capability in regeneration. Many also believe that their incredible regeneration ability
could shed light on human being’s quest to immortality. This salient trait is made

possible by their pervasive neoblasts throughout the body. These abundant clusters of

2!




highly concentrated stem cells make it possible for them to regenerate the whole body
from a fragment 1/273 of their original weight(Morgan, 1898). Often 10mm in length,
what is opposing to its small size is that the species shares neurological traits with high-

level animals, a fairly uncommon phenomenon in its class.

To study how metformin influences regeneration process, planarian's incredible
regeneration ability makes them an ideal model for our experiment. For this reason, we
treated different groups of planarian to different concentrations of metformin solution
and observe how their regeneration process is affected. Then, through qPCR and
pathway interference, the internal mechanism of metformin from the perspective of

molecular biology can be known. Refer to Diagram1 for experiment procedure.

Experiment Sequence:

PR
All Planarians ===
Fs %?’ :
i
e '-, oma/rgl
=R, EBFETiaaK, P

B1-2KIREIERT

Wo.0o04
mag/ml . A

3 4 retH

I 4mg/ml IO-Amg/ml 0.04mag/ml .004mg/m| v

A4S UL L 52 8 A T 4 9 78y
=

IR 6 5E EPCR-

P IHUASYNDORFFRIC . SIS b A ELih Uiph
11 A= 22 Ky

S

GSK-3p BT 5

Diagram 1. procedure of the experiment
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Sensory Lobe  Ventrolateral Nerve

Diagram 2. structure of planarian

Methods:

(1)Cutting Planarian

Planarian (Dugesia japonica) was used for the experiment(Refer to Diagram?2) Planarian
used for the study is all bred in the lab. It was bred in a glass bowl with clear water at
room temperature and pig liver was fed every 1 to 2 days. The planarian is cut before
metformin treatment(Refer to Diagram 3). When treating planarian with metformin, five
planarians are classified as one group, and within each group, each planarian would be
chopped into three parts, classified as the ”head”, the “body” and the “tail”.(There are
two subOgroups of planarian of equal number for the experiment group, the first sub-
group was used for microscope and immunohistochemistry after metformin treatment,
the other group was used in qPCR after the exactly same metformin treatment) For the
experiment group, the 5 groups of planarian are put in solutions of metformin of
descending concentration: 4 mg/ml, 4*10!' mg/ml, 4*102 mg/ml, 4*103 mg/m,
4*10* mg/ml, in labeled Petri dishes. The middle concentration 4*102 mg/ml was
derived from the prescription guide of metformin, from which we calculated the
medicine weight/body weight proportion. Then we dilated or concentrated by a factor of

10 to derive other concentration of metformin. A comparison group is also cut and
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placed with a similar procedure but allocated in pure H>O.

Head
> »
4 Abdlomen
Tail
Corttro| Grouwp* 5
Head
L
B 5
Abdﬂl’"w
Tail

Metformin
5 Bxperimet Grrowp 5

Diagram 3. Cutting planarians

(2)Observation of Regeneration Under Electronic Microscope
After 6 hours, 1 day, 3 days and 7 days, the planarian is placed on the slide, and a high-
resolution picture is taken of their current regeneration progress. To minimize the

interference of the footage, the slide is placed on ice to minimize planarian’s movement.

(3)Immunohistochemical Analysis

After the planarian have been cut for 0 days, 2 days and 7 days respectively, the
comparison group and the experiment group are marked using SYNORF1 protein
antibody - purchased at DSHB company for the immunohistochemical analysis. This

step of the experiment has 11 steps, in sequence:

First, submerge the planarian in 2% HCL solution for 10 minutes. Then, saturate the
planarian in 4% Paraformaldehyde solution for 2 hours. Third, place planarian in 100%
methanol solutions at temperature minus 20 ‘C for one hour. This step is for dehydration.
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Fourth, place planarian under 1% SDS solution. After 25min, use different
concentrations of methanol solutions (75%, 50%, 25%) and place one planarian in each
of them for 10 minutes. Fifth, Place the planarian in milk for 1h, separated from light
and air. Then, under 4 C, place the planarian under a solution of 1 to 30 Milk to
Antibodies solution overnight. After more than 12hours, we then wash the planarian
with PBST solution, each time for 5 to 10 minutes. Finally, under 4 C, place the
planarian under a solution of 1 to 200 Milk to Antibodies solution overnight. After
finishing all the process above, we can then place them under microscopes to collect

data.

(4)Rna Extraction and Reverse transcription

In brief, total RNA was extracted from each pool of planarian using
Trizol(TaKaRa), and cDNA was synthesized from RNA. Three samples were run in
parallel for each condition. Elongation factor 2 (EF-2) was used as an internal control.
Primers used for quantitative real-time PCR were designed using the software Primer

Premier.

First, we put five planarians into a sterilized 1.5 ml centrifuge tube, suck out all the
excess water, and add in 500 ml of RNA extractor, Trizol. Then, use the tip of the
dropper to poke the planarian and make sure that they are completely turned into small
pieces. Third, we add in trichloromethane and shake the container of these materials to
mix up the substances. Then remain the tube stationary for 3 minutes. After that, put the
containers into the centrifuge under conditions of 1200Gs and 4 ‘C. We now have a
rather see-through water layer and the RNA. Add in isopropanol of the same amount,
but it stationary for 10 minutes, and then centrifuge it again. After that, add in Ethanol to
wash out the liquid, and then we would have acquired relatively highly concentrated

RNAs. Extract those RNAs, and store them in a fridge at minus 80 Celsius.

During the Reverse Transcription process, take five planarians, and a 50% gDNA
buffer and 1 micrometer of gDNA eraser to purge all DNA in the original Planarian’s
body. Place it under 42 C, and then centrifuge it under 4 ‘C. When done with the

previous steps, repeat it, but add mix, primer, and RNase Free H20 instead to turn RNA
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back to DNA. Centrifuge under conditions 37 'C for 15 min, 85 C for 5 seconds, and
then 4 'C for as long as possible. When the centrifuge’s done, put it in the fridge at

minus 20 C to preserve it.

Table 1. PCR Primer Sequence Index

Sequence (5°-3°)

Bcl2L qPCR-F
Bcl2L gPCR-R
DjMCM2 qPCR-F
DjMCM2 qPCR-R
DjPiwiA qPCR- F
DjPiwiA qPCR- R
DjPiwiB qPCR- F
DjPiwiB gPCR- R
GSK3p qPCR-F
GSK3p qPCR-R
MCL-1 qPCR-F
MCL-1 qPCR-R
p53 qPCR-F

p53 qPCR-R
PCNA gPCR-F
PCNA gqPCR-R
WNT qPCR-F
WNT gqPCR-R

GCATTGTGGCTTTCTTCTCCTTCG
CATCGTTCCCATAGAGGTCCACAAA
GATTTGTGGTGATCCTGGCACT
ACTAACGCTCCTGCTTCCA
TCTGATAGCGAAAGAAGCAA
ACGACCACGAATAGTAATAGG
GACCTTACGATTAGTTGCGACCAT
TTGCGAGGAACTTCGTCTTT
GGAATCCAGACCCTT
CAATAACTAAACTGGCTGA
CCTCCTGTGCGTTCTTAT
TCTGTTCCCAAACCAATAA
CCCCACTTTCTTGACCAT
CGTAAACGCTTCGAGATGTTCC
AAGAAAGTGATGCCGTAA
ATAACTGCTGGAACA
TGTCATCACATCCTTGCCATAT
ATGCCATGCTCAGTGCTAG

(5) Fluoreszenzquant qPCR:
Using the special primer F and R designed by TsingKe, choosing the dead or expanded
genes in the experiment and comparison group, corresponding to Bax and PCNA,

putting actin as the control group to perform PCR.

For every individual, 20% of the mix, both positive/negative primers, pure H20, and the
3(



target cDNA. The PCR parameter is: DNA was denaturated at 95°C for 5min, then
annealed at 60°C for 15sec, and finally extended at 75°C for 30sec. When the PCR is

over, extra 5 ml to perform agarose gel electrophoresis detection.

(6)Inhibitor Processing:

To prove our hypothesis, which is that GSK-33/Wnt pathway is the main ways the
Metformin inhibits planarian regeneration, we fed 3 new planarians in the same way as
three new repeating samples. When processing the planarians, we cut the head and tail
off of all planarians, and only leave the middle part so we can simultaneously observe

the head and tail regeneration of each sample.

In the treatment of planarians with metformin, we selected the most significant
concentration of metformin in the previous experimental group to inhibit the
regeneration of the planarian, ie 4 mg/ml. Inhibitors used for GSK-33/Wnt pathway
blockade were the CHIR-99021 inhibitor of TOSCCIENCE, IC50 was only 10/6.7 nM,
and the specific targets were GSK-3a and GSK-3f at a concentration of 0.1 um/ml. To
allow the planarian to regenerate as fully as possible under its existing environment as
most of the untreated planarians will be completely regenerated within 7 days, we also

let the planarians of the inhibitor group to use 7 days.

After 7 days, we again used the same procedure to perform stereoscopic
observation and neuroimmunohistochemical analysis of these three replicates. In this
way, we used the regenerative phenotype to judge whether the inhibitory effect of
metformin on the planarian was blocked or alleviated by the inhibitor, thereby verifying

or overturning our conjecture.

Results:

(1)Observation of regeneration of planarians

The control group was transversely cut into three segments: head, abdomen, and
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tail. The regeneration of the worm was observed after different periods. The results of

regeneration observation are shown in the figure.

After being cut into three segments of head, abdomen, and tail, the worm was
observed under a microscope at 6 hours. The head, abdomen, and tail all had obvious
wound marks after being removed, and no sign of healing was found. One day after the
treatment, a few embryonic bases appeared in the head, abdomen, and tail. After 3 days,
the embryo base enlarged and the eyespot appeared in the regeneration part of the tail.

After 7 days of treatment, the regeneration of the planarian was complete.

There was no significant difference in the rate of regeneration among head, tail,
and abdomen. However, the planaria head complete full repair faster comparing to the

two other segments.

(2)Metformin Deters the Regeneration Process in Planarian
After being treated with different concentrations of metformin solution, the
experimental group was divided into three segments. The regeneration of the head,

abdomen, and tail was observed at different time. Photographs were taken.

The concentration gradients of metformin solution were 4 mg/ml, 4*10"! mg/ml,

4*102mg/ml, 4*10°mg/ml, 4*10“*mg/ml, respectively.

Through observation, we noticed that metformin suppressed planarian regeneration
at all concentration. Referring to Diagram 4 and 5, the extent to which the regeneration
process is suppressed, however, exhibits concentration dependence. It was observed that
the wound healed only slightly at the extreme concentration (4mg/ml, 4*10* mg/ml) and
no embryo base appeared. However, the regeneration rate of planarian was fast at the
intermediate concentration gradient (4*10' mg/ml, 4*102 mg/ml, 4*10- mg/ml), but
only comparing to the two extreme concentrations. Planarian in the control group has

already fully repaired themselves 7 days after the injury. The planarian from the middle-




range concentrations, however, still haven’t fully healed their wound at 7 days. Only the
regeneration of planarian treated with 4*10-2 mg/ml metformin was good and tended to
be complete after 7 days. At the same concentration, the regeneration rate doesn’t vary
significantly among head, abdomen, and tail segments (Diagram 4 and 5). Meformin’s

effect for the nerve system demonstrates similar results (Diagram 6).

Control 4mg/ml 4*10'mg/ml  4*10'mg/ml  4*10°mg/ml  4*10 ' mg/ml

Diagram 4. planarian under different concentration of metformin (back)
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Control 4mg/ml 410mg/ml  4*10mgml  4*10m@ml  4%10mg/ml
g

ld......

Smm

Diagram 5. planarian under different concentration of metformin (abdomen)

4d

7d

control 4mg/ml 0.4mg/ml  0.04mg/ml 0.004mg/ml 0.0004mg/ml

Diagram 6. planarian nerve system under different concentration of metformin

250uM

qPCR result histogram
(3)Exploration on the Mechanism of Metformin’s Effect on Planaria
Regeneration

In the relative quantitative fluorescent PCR using Actin as an internal reference
RY]



gene, metformin had a significant effect on the expression of several tested genes. We
chose some of the gene expressions related to regeneration to be tested in PCR,
DiPiWiA and DiPiWiB relating to stem cells; PCNA relating to multiplication; P53

relating to apotosis, etc.

40 m— controlFE24h
39 »
38 w— EAANI4*10-4mg/ml
37 ‘ === controlE4%72h
™ 36 I m— EETI4*10-4mg/ml
X 35
# 8
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Diagram 7. gene expression under the effect of metformin
As demonstrated by Diagram 7, among them, when compared with the control
group, the expression of DjPiWiA and DjPiWiB gene in the experimental group was
statistically significantly reduced. The gene expression of DiPiWiA fell to 55% of the
control group in 24 hours but later rise to approximately the same level as the control
group at 72 hours. DjPiWiB's gene expression, on the other hand, keeps falling. It fell to
81% of the control group in 24 hours and 58% in 72 hours.

The fluctuation pattern is similar between that of PCNA and MCM2. They both
increased slightly in 24 hours(9% and 15% respectively). Then they both fell far below
the control group(35% and 67% of the control group respectively).

Compared with the control group, there was a statistically significant increase in
the expression of P53 in the experimental group. It increased to 3 times of that of the

control group and 5 times of the control group in 24 and 72 hours respectively.

Similarly, the expression of the BCL2, MCL-1 gene in the experimental group was

statistically significantly higher than that in the control group. They reached to 3 and 5
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times of the control group respectively in 72 hours.

Compared with the control group, the expression of GSK-3f gene and Wnt gene in
the experimental group showed a statistically significant increase. In 24 hours the gene
expression of GSK-3f and Wnt rose to 2 and 1.5 times of the control group respectively.
In 72 hours, they rose to approximately 36 times and 7 times of the control group

respectively.

(4) The Regeneration of the planarians in the inhibitor group
Observed under the stereoscopic microscope:

In the planarians treated with only 4*10-4 mg/ml of metformin concentration, we
can see that the regeneration is still as slow as the planarian group treated with the same
density of planarians in the experimental group. After 7 days, the wound was still not
completely closed, and only a very small amount of embryonic base appeared. The eye

point did not appear at all, and there was no obvious tail or head forming as well.

In the planarians treated with an addition of 0.1 um inhibitor, the regeneration
speed was significantly improved compared to the planarians only treated in the same
concentration of metformin. Although regeneration was still not completed after 7 days
as a planarian without any treatment would, a large number of embryonic bases and a
little eye point were present during the regenration. The wound has also healed, with a

distinct head and tail.

In the planarian treated with an addition of 0.01 um inhibitor, the regeneration
phase was somewhat improved compared to the planarian of the same concentration of
metformin. Although there is not a large number of embryo bases, the wound has healed.
At the same time, there is a little bit of eye point that can be seen within the head part,

and the regeneration process has a generally small increase in the whole body.

Immunohistochemical analysis:
Referring to Figure 8, in the metformin treated with only 4*10-4 mg/ml

metformin, the nerve chain remained unintact after 7 days of regeneration, and the nerve
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regeneration was incomplete.

Within the planarian treated with an addition of 0.1 um inhibitor, the
regeneration of the nervous system was significantly improved compared to those
treated only with the same concentration of metformin. The nerve chain has been
completely closed and the nervous system has been completely regenerated. The 7-day

recovery level was comparable to that of the control group without any treatment.
In the planarian treated with an addition of 0.01um inhibitor, the regeneration of
the nervous system was accelerated to a certain extent, and the nerve chain is showing

tendency to close. Compared with the planarians with only the same concentration of

metformin, there is a comparable increase (Figure 9).

4*10-4mg/m1— B XL R WAL Z AR
+0.1 M E] 7 +0.01pM P &7

Figure 8. Inhibitor CHIR-99021 alleviates the negative effect metformin has on
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Figure 9. Inhibitor CHIR-99021 alleviates the negative effect metformin has on

planarian nerve system regeneration

Discussion:

(1)Metformin Suppresses Planaria Regeneration
Planarian has been cut into head, abdomen, and tail, and regenerated completely

after 7 days. It can be seen that the planarian has strong regeneration ability.

After being treated with metformin solution for seven days, the regeneration results
of Vorticella varied with the concentration. Generally speaking, the regeneration rate of
planarian in each period decreased compared with that in the control group which had
not been treated with metformin solution. It was concluded that metformin solution
could inhibit the regeneration of planarian, and the inhibition effect of extreme

concentration was better.

Because of the different regeneration conditions, we analyzed the expression
patterns of the nervous system of the planarian. Seven days after the treatment, the

expression of the nervous system of planarian treated with extreme concentration (4
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mg/ml, 4*10* mg/ml) is shown below. Compared with the intermediate concentration

gradient, the expression of the brain ganglion in the head of the nervous system of the
extreme concentration treatment was relatively weak, while in the abdomen, the
expression of the nervous system was more obvious in the abdominal region where the
transverse nerve was connected after the abdominal nerve cord reached the body. It can
be concluded that metformin inhibits the regeneration of planarian and has certain

effects on the nervous system of them.

Among the several genes tested, the decrease in DjPiwiB, DjPiWiA expression was
significant and fluctuated greatly with the concentration of metformin, suggesting that it
may have been the effect of metformin. Expression of DjPiwiB is an indispensable
process in stem cell regeneration. To ensure the normal regeneration of stem cells in the
new embryo leaves, most of the transposons must be silenced without interfering with
the replication of other genes. The somatic cells of the planarian cannot express the
PIWI protein by themselves, but the PIWI-like protein is important for the process of
silencing the transposon. By inheriting DjPiwiB from new embryonic stem cells to their
regenerated somatic cells, these somatic cells that do not express PIWI proteins silence
their transposons (Shibata et al, 2016). Under the effect of metformin, the expression of
DjPiwiB in the planarian was greatly reduced. This change microscopically hinders the
regeneration of stem cells in the new embryo. The process by which stem cells produce
new cells is the main process and necessary for the regeneration of the planarian.
Without the new somatic cells, there is no way to supplement the missing parts for the
planarians. Therefore, from a macroscopic point of view, the regenerative reproduction
of stem cells is hindered, and the regeneration of the whole planarian is slowed down,
which is consistent with what we observed in light microscope and

immunohistochemistry.

PCNA is an accessory protein of DNA polymerase, present in cells that are
proliferating and is a good indicator of cell proliferation. In the relative quantitative
fluorescence PCR, the expression of PCNA protein in the experimental group was
significantly higher compared with the control group, but the regeneration of the

experimental group was slowed compared with the control group. This is because
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although cell proliferation is stimulated and increased, the stem cell regeneration, a
necessary condition for regeneration, is slowed down. Under the combined effect of

these factors, the overall regeneration of the planarian will be slowed down.

P53, as a tumor suppressor gene, plays a role in slowing down and monitoring in
the cell's division and regeneration. If there is less mutation within the gene in DNA
replication, then P53 will help the cell recover its variant gene. On the contrary, if the
gene of a cell that is being replicated has a large number of mutations and P53 cannot be
repaired it, then P53 will induce apoptosis of this variant cell. The effect of metformin
increased the expression of P53 protein in the planarian. More P53 protein means that
the cells in regeneration are more examined from the P53 protein. Constrained by the
higher expression of the P53 gene, the stem cell regeneration is generally slowed down,
and the regeneration of the planarian is also slowed down. This result is also explained

by the observations observed in the light microscope and immunohistochemistry.

The expression of BCL-2 is an important indicator of apoptosis and a protein that
inhibits apoptosis. Under the effect of metformin, the expression of BCL-2 in planarians
in the experimental group was increased compared with that of the control group, and
the apoptosis of the planarian was inhibited in the experimental group. The programmed
apoptosis in the cell usually occurs at the site of the wound. The latest studies using
Drosophila, leeches, and Xenopus laevis have shown that the process of apoptosis can
simultaneously trigger mitogenic signaling, allowing stem and progenitor cells to
proliferate and regenerate wounds (Bergmann et al, 2010). Fluorescence relative
quantitative PCR showed an increase in the expression level of BCL-2 protein in the
experimental group. Therefore, the apoptosis of the experimental group was inhibited in
the wound cells, and the regeneration signal from the aphid was reduced, and the overall
regeneration was slowed down. The results of BCL-2 in qPCR were also consistent with

those observed in light microscopy and immunohistochemistry.

The gene expression of MCL-1 is indicated to have increased by our qPCR. This is
a sign that the apoptosis process is oppressed in the system. For the same reasoning as
BCL-2, when cell apoptosis is oppressed, the regeneration signal triggered by apoptosis
is also oppressed. Apoptosis is a necessary process in regeneration, the influence in
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apoptosis will also affect regeneration. So to speak, the planarian regeneration process is

slowed down under the effect of metformin, corresponding to the qPCR result of MCL-1.

In addition to the changes in the expression of the five genes reported above, there
is also a statistically significant difference in another thing under the effect of metformin,
which is GSK-3p kinase. GSK-3f kinase is widely present in animals including humans
and planarians. The expression of GSK-3f kinase has many functions in the human body,
including participating in hepatic glucose metabolism and cell proliferation,
differentiation, and apoptosis. In a paper published in Cancer Cell in May 2019, the
researchers found that the combination of fasting and lowering blood sugar combined
with metformin inhibited tumor growth (Elgendy et al, 2019). Specifically, they found
that metformin and fasting caused excessive activation of GSK-3f in cells. After further
inhibition of GSK-3 enzyme in subsequent experiments, the inhibitory effect of both
metformin and fasting on tumors was reduced. As a conclusion, this article indicates that

the PP2A-GSK-3p3-MCL-1 pathway is a potential new target for tumor therapy.

In our planarian regeneration model experiment, the fluorescence relative
quantitative PCR showed results that proves metformin’s effect on GSK-3Bexpression.
In the experimental group, the expression of GSK-3 was significantly increased by

metformin and fluctuated greatly in different concentrations.
(2)GSK-3p/Wnt Pathway Plays an Important Role in Metformin’s

Effect on Planarian Regeneration

Studies have confirmed that Wnt signaling pathway plays an important role in the
regeneration of planarians, and GSK-3p is a key gene of Wnt upstring signaling pathway.
In addition, in an article published in Science in October 2019, the authors stated that the
GSK-3p3/Wnt signaling pathway plays a key role in the continuous regeneration of most
mammalian tissues and the process of replacement of old cells. Without the multiple
extracellular developmental signaling proteins of the GSK-33/Wnt signaling pathway,
tissue repair and regeneration would not be possible (Clevers et al, 2019). At the same
time, the GSK-3/Wnt pathway has a long history in biological evolution, first emerging
the simplest early multicellular life. Because of its early appearance in the phylogenetic

tree, the GSK-3/Wnt pathway plays a similar role in both the high-level mammals and
4




the planarian. Therefore, metformin is likely to regulate the regeneration of planarians
by GSK-3B/Wnt. To prove this claim, we inhibited GSK-3B by the small molecule
inhibitor CHIR-99021, and further analyzed the role of the GSK-33/Wnt pathway in the
inhibition of cyclone regeneration induced by metformin.

By stereoscopic observation and immunohistochemical analysis of the planarian
nervous system, we found that the overall regeneration of the planarian after both CHIR-
99021 and metformin treatment was faster than the planarians treated with the same
concentration of metformin alone. At the same time, the regeneration of the planarian
nervous system has similar results. It can be seen that after treatment with metformin,
the expression of GSK-3fB is increased, the Wnt pathway is blocked, and the
regeneration of planarian is inhibited. However, after GSK-3 is inhibited, the Wnt
pathway may be activated, and the inhibitory effect of metformin on the regeneration of
planarian is significantly reduced. This result indicates that the GSK-33/Wnt pathway

plays an important role in the action of metformin on the regeneration of planarian.

(3)Relationship between Regeneration and Longevity

The relationship between longevity and regeneration is not as simple as we thought.
In the scientific community, many scientists have been able to prove that metformin can
prolong life to some extent, but this seems to conflict with our results. In our hypothesis,
the ability to regenerate should be directly proportional to the ability to live longer, so
the faster the regeneration, the longer the life a person leads. This is because we believe
that in order to promote longevity and increase life expectancy, the most necessary step
is to maintain the activity of the organs. Therefore, rapid regeneration can quickly make
up the aging cells, thereby maintaining the activity of the organs and allowing an
organism to live longer. But our experiments seem to be the opposite of this hypothesis.
In the experiment with the planarian, metformin not only did not advance the rate of
regeneration, but actually slowed down the rate of regeneration. Through the influence
of the GSK-3p/Wnt pathway, metformin has an inhibitory effect on the regeneration of
planarians. This raises questions about the relationship between regeneration and
longevity. If the rate of regeneration is really proportional to longevity, it means that in
addition to the effect on the rate of regeneration, metformin has other effects on the

organism that was not part of this study, and regeneration is not the most decisive factor
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in determining longevity after all. This will bring many new research topics related to
longevity and its determining factors. Then it may be that our initial claim of
“relationship between longevity and regenerative speed should be positive” is a
corollary that will be falsified by our experimental results. In this case, “what is the
relationship between regeneration and longevity”, and whether it is a positive or a

negative relationship, will be a key topic of discussion.

Improvements:

Our experiments still have many problems. For instance, we only studied the role
of GSK3D, a protease, in the mechanism and effects of metformin, so we have no way to
know whether there are other proteases and protein pathways that affect the mechanism
of metformin’s impact on cell regeneration. In addition, we have only studied one of
these effects — metformin inhibiting cell regeneration. Experiments have shown that
metformin inhibits the regeneration of planarians, but metformin is called "the god
medicine", which has many health effects. The claim that metformin makes people live
longer is also confirmed by some scientists. That however, constitutes a contradiction
with our experiment results. Maybe the relationship between regeneration and longevity

is far from that simple.

Impact:

The incidence of occurrences of diabetes in China has risen from a low incidence
rate of less than 3% to a medium incidence rate (3%-10%). Due to the large population
base, China has become the country with the largest number of diabetic patients in the
world. As a drug use to treat diabetes, metformin has a large demand and has great
significance and application value in medicine and pharmacy. In other ordinary
situations, metformin is also known as "the god medicine" and has many effects, such as
weight loss, lowering cholesterol, and increasing longevity. Therefore, we studied
metformin as our research subject, aiming to study its how it works to see if it proves the
benefits that metformin can bring to people. The price of metformin is low and therefore
easy to obtain, and if it is really greatly improves longevity, then all individual groups
can benefit from the discovery. Our experiment had touched on the relationship between

regeneration of longevity, thus laying the ground work for future studies on longevity.
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