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Abstract Zoledronic acid ( ZOL ), a third-generation bisphosphonate, has been widely used for the treatment of skeletal-related events
in malignant solid tumors. Previous studies have demonstrated that ZOL can induce direct and indirect antitumor activities through py-
rophosphate synthase inhibition, which blocks the mevalonate pathway and causes isopentenyl pyrophosphate ( IPP ) accumulation. IPP
becomes conjugated to AMP to form a novel ATP analog. The amount of IPP and ATP analog is correlated with cyclin and apoptotic protein
levels, which are associated with cell line growth and apoptosis. Preclinical studies on lung cancer, breast cancer, prostate cancer, liver cancer,

and so on, confirmed a synergistic effect between ZOL and cytotoxic, endocrine, and targeted drugs. The observed improvement in antitumor

effects by using combination therapy with ZOL is currently being verified through additional clinical trials.

Keywords Zoledronic acid ( ZOL ); Antitumor; Combination therapy; Isopentenyl pyrophosphate ( IPP ); Skeletal-related events

> [ 12 (zoledronic acid, ZA) 258 =10 XU iR
25y, Oz TOBE SR B R R R B
Bl T 5T BN IBTIR A, ZA s H— a2 ) B AN/l 7]
FEHUMIEAVE T, (RIS I8 2 B ZA 540 E 245 8K 4 1
FHBEAT—E R PRRVE ] AR SOM IV E—2534
1 BEHE R
L1 S R R e

ZA RESEIN R 2 iR v 4 vh i) G B R A IR &
fitf (farnesyl pyrophosphate synthase, FPPS) (1435 4 , fifi
— /N G 4 141 Ras \Rap1 . Rho 1 Rab 251 53 X 1k
Z A & S I M £ B 12 (isopentenyl pyrophos-
phate, IPP) K & 5 1, IPP 5 411 il N AMP &5 & 12 i
ATP 43 29 (ATP analog, Appp 1 ), e 28 53040
JLP TPP/Appp T Z5 AR, DT ) Bk 200 1) £ 4 O
BF IR AR
1.2 0l e 4 e P 5 1

ZASEIF VLT JL7 TR 2R ) T 1 e e
PIBIIREIER . 2B —, B AU NMAN AR I
FEPE X80 ] F- A 46 A K AL A 7B (transforming

EF B LREAMEERN =R (5FETH250117)
BIEEE . FTHEE wzhai8778@sina.com

growth factor B, TGFB ) . iET 44 A A 1 Kl F (fibroblast
growth factor, FGF) | i & ZFEAE K A T (insulin-like
growth factors, IGFs) | ML /M A7 4 A= K [ F (platelet
derived growth factor, PDGF) /1 % H 4 1 (bone mor-
phogenic proteins , BMP) 45 , 24 41 38 o 430 2 1
SEMEMSC R TN 330 B K PR a2 B, AT Ay e 24
LA BRI T A5 DU IR ER X Tkt Y
PHACHE BT BAT AR SR A ANy, A8 1 B0 HiT A0
LR A BE B R A RE T g ELAR T G A i
X S ) A o B IR MACTG 1, i 1 R A A P T
Pl T AHDGAE IR ROBEIC . S A B

RANK FI RANKL X T AR A B B2 R

RANKL FH 8B 4L Az, X507 Y RANK SZARN: TR
20t B A AN L2 TR, W5 455 J5 RE IS TS B4
LTS TR e B AR R T 2R R4
BB R A RANKL 1 55— 3244 Rt i &
PRMAAE . W RO AN B TR
2L, I A A A FPOPR 55 R R S2 AR s 200 e 5 ]
T2, 15 RANKL A9 &5 B, AT B 4i i . ZA



2012445 39 445 12 11

vl S B A 9 AR R 69 AT S0 R 875

DU I SRR DR 2R 0 AR B, TR RANK-RANKL 43
A F 240 BTG ok & Lt e/
1.3 5PydT 4 AR 7l

T 2 A A0 1 5 /0 i T 248 R A, EL
AR PESTARTIRE . HIME] A% 20 A B3 o 2 L P A ZA
grF I, AL N Y FPPS A2 B, 35 ik 1pp R i
i T AN AT A , FEakyST A 24K, [RIRF, ZA
REfE 175 S A0 P 2 Apppl, By ST 210 A 1] 9 2 L 7%
Blio TL-18 5 R AN TL-2 JL[RIVE S , £ T 40
M ELAT SR AR 3R 10 Ak, AN B A
T ZA G AR #E T TNF—o il IEN—y ARSI, 3
S IR TR S Il 1 VR FH A S22 T . ARAMIFSR
rF i Sk JBi 152 [ REAR 5 TPP/Appp T X9 40 Bl 2R 115
VB, SR AN 5] 14 41 g 22 H TPP/Appp 1 1432 35 /K F
A AR, 3B 7KF- = 40 M R AEyS T AR A E T
AT LAAFRAET S, i 2k /K I 1 20 B R AE S T 4R M
FH R LT T 20 M 38500
L4 Fi) i A A

ZA GBS G AR A SUMN A . RSN 25 2R
AR 9 ZA B 6% 400 T I w0 K a0 4 PN B 4 Y 1
B R R Y ZA AR SN AR T e
RIS, ZA BERZ I /D CD1 1h* L Ik 41 i 1) 3 108 0
K I 5 N 2 4 i A= K A F (vascular endothelial
growth factor, VEGF) /K, R I ZA #% 1\ h e ol 2
M4 AR B TR EE , B VAR P A AR g 1
2 MREAER SIMIEAYEES
2.1 MR IEIR 5 A MR 25 A T A SRR A 5%

272 L0 5 MR R IR K G RE 5175 = L T
GIBRE AN T, B Y — SE TSR R — R L IF
HAEBAMMEEAY 25 N ZA SR . AR
IO BRI A IR 40 & PC3, DU145 il LNCaP 3F
FHARANRERI G, 45 R R4 PC3 AL R, Z R 2
TR ZAU R ZA P2 ZE R R TR
S35 8.87% . 1.73% .3.60% , $i 7~ Wi & B4 i FH LA
— RPN EIAE T o UL W A 4t R 45 LA R
258 [RIBHFITIA & L, LNCaP 40/ RAEL K LA
FRZANNET- R RE T ZAFRZFR AN
(4.77% :2.50% ; P<0.05) , DU145 40 itd & Ay P8 TR
FFE R RUEE, SR Al M 2 259 13 53 0 FH ZA ORI
Ifo ZA 5232 L RGN T S 2L AT 81 AR
FEANRIA T, [R5 S IR e | 2P0 AL R A 2
I M BE 25 W B B R AR T, ] it 22 Fefds 40 i RH e
T SIGA/M Y, 0 AT K 21 4 PR R34t I BEL A T G 19, 2
YT

SIYBRTS 4R R ZA 52 R A B
SEIRBEIERG R ST R R A 2R Al Ml 2 B

PrIRIBL R £ L, O BLAE fe A r 25 75 07 1 45
ERSMIFA — B . Ouewell 5 LIFLIRSE /1N
SUBEHL TSR B RR HEA T T A9, S5 R R 2 R LA

FFRZAN ZRWEH ZAH ZIAFFHEZRILEH

FR9F- 2 b g AR FR 43 51 4 122 mm® . 328 mm® 447 mm’

418 mm’; VU R T8 1 BH P 4 ST 45530

4 605.0 /mm’, 82.19 /mm*.98.44 /mm*.103.1 /mm’, &

2 LU B2 e R SR A X e 20 A 5 7 ) ) B AR O

TAVEH & & T A2 =

2.2 MR IR 5 1) 25 WA I SRR 5

I IR ST 4 AR s ok R S R PR LR

B e S50 T ) 25 e /N BB R b Rl RE LA — 2 1

PMEHUEVE S Chang 2 48 , % T/N>

B 25907 AR IE , MoK I R RE W5 B[R] 41D /il ERK1/2

Akt BEER AL , fH AE /N 240 i Jii I (non—small cell lung

cancer, NSCLC) 41 g BH i T S/Go/M 3], 42 #E FHL 98 1=~

FE 98 /N RS AR op | ZA 3R A R AR JE ff LM3-R.

SMMC7721 /)NER A g AR R 53 1) 46 /)N 67 %0 F11 39% , 55

KPR AL AR BENGI¥ER . 2R

W3 i S A D O e T I RS A O L WA B

M, RIS, LM3-REAI R G2 S

221 BB IR 43 1R 3.67+2.28 F1158.0+3.6

(P<0.05) , #8718 ZA WA PR JE 106 98 200 Je i 5

FER R T

2.3 HHSRIGIRAFST

A 2E B TR B 5P B A N RS HA

PMEVE R EEAT T IR IRARGE . AZURE 3R58 245 205 il

FLAR AR £ B BEAIL 53 Bl B AT 4 (103 491)) AL 4l

BIbIP B ZA 41 (102 491]) o S5 5 K B, A 5% B4 Y

Fira /N 2H 43 51K 27.4 mm 1 5.5 mm, J5 B 58 4> 28

fi# Ry R 6.9% K1 11.7% , YIAE1E B B 0 G125 2%

5 PR R ALY T IR MR R LU Rl Ak T B S SR Y

PR 1EH

3 I

BRI R AT T 08 R R R R 5 e i 24 2
H—E B PMEVER  AE B T I R i A AT —
HE5, R 2 — R .

52 3k

1 Riikkonen J, Monkkonen H, Auriola S, et al. Mevalonate pathway
intermediates downregulate zoledronic acid—induced isopentenyl
pyrophosphate and ATP analog formation in human breast cancer cells
[J]- Biochem Pharmacol, 2010, 79(5): 777—783.

2 Perifanis V, Vyzantiadis T, Tziomalos K, et al. Effect of zoledronic acid
on markers of bone turnover and mineral density in ostcoporotic
patients with beta—thalassaemialJ]. Ann, Hematol, 2007, 86(1): 23—30.

3 Martino A, Poccia F. Gamma delta T cells and dendritic cells: close

partners and biological adjuvants for new therapies[J]. Curr Mol Med,
2007, 7(7): 658—673.



876 ¥ ® iRl A

2012 4F45 39 45 12 11

4 Yuasa T, Kimura S, Ashihara E, et al. Zoledronic acid—a multiplicity
of anti—cancer action[J]. Curr Med Chem, 2007, 14(20): 2126—2135.

5 Li W, Yamamoto H, Kubo S, et al. Modulation of innate immunity by
IL—18[]]. J Reprod Immunol, 2009, 83(1—2): 101—-105.

6 Thompson K, Rogers MJ. Statins prevent bisphosphonateinduced
gamma, delta—T—cell proliferation and activation in vitro[J]. ] Bone
Miner Res, 2004, 19(3): 278—288.

7 Wood ], Bonjean K, Ruetz S, et al. Novel antiangiogenic effects of the
bisphosphonate compound zoledronic acid[J]. ] Pharmacol Exp Ther.
2002, 302(3): 1055—1061.

8 Yamada ], Tsuno NH, Kitayama J, et al. Anti—angiogenic property of
zoledronic acid by inhibition of endothelial progenitor cell different-
ation[J]. ] Surg Res, 2009, 151(1): 115—120.

9  Coscia M, Quaglino E, Iezzi M, et al. Zoledronic acid repolarizes tu-
mor—associated macrophages and inhibits mammary carcinogenesis
by targeting the mevalonate pathway[]]. J Cell Mol Med, 2010, 14(12):
2803—2815.

10 Karabulut B, Erten C, Gul MK, et al. Docetaxel/zoledronic acid
combination triggers apoptosis synergistically through downregulating
antiapoptotic Bcl—2 protein level in hormone—refractory prostate
cancer cells[J]. Cell Biol Int, 2009, 33(2): 239—246.

11 Koto K, Murata H, Kimura S, et al. zoledronic acid inhibits prolifer-

ation of human fibrosarcoma cells with induction of apoptosis,and

shows combined effects with other anticancer agents[J]. Oncol Rep,
2010, 24(1): 233—239.

12 Odri GA, Dumoucel S, Picarda G, et al. Zoledronic Acid ad New
Adjuvant Therapeutic Strategy for Ewing’s Sarcoma Patients[]].
Cancer Res, 2010, 70(19): 7610—7619.

13 Ottewell PD, Monkkonen H, Jones M, et al. Antitumor Effects of
Doxorubicin Followed by Zoledronic Acid in a Mouse Model of Breast
Cancer[]]. ] Natl Cancer Inst, 2008, 100(16): 1167—1178.

14 Chang JW, Hsich JJ, Shen YG, et al. Bisphosphonate zoledronic acid
enhances the inhibitory effects of gefitinibb on EGFR—mutated
non—small cell lung carcinoma cells[J]]. Cancer Lett, 2009, 278(1):
17-26.

15 Zhang W, Zhu XD,Sun HC, et al. Depletion od Tumor—Association
Macrophages Enhances the Effect of Sorafenib in Metastatic Liver
Cancer Models by Antimetastatic and Antiangiogenic Effects[]]. Clin
Cancer Res, 2010, 16(13): 3420—3430.

16 Coleman RE, Winter MC, Cameron D, et al. The effects of adding
zoledronic acid to neoadjuvant chemotherapy on tumour response:
exploratory evidence for direct anti—tumour activity in breast cancer
J]. BrJ Cancer, 2010, 102(7): 1099—1105.

(2011-07—20 ki)
(2012—12—28f&[11)
(R £ )

(42545 873 10)

10 Ruppert JM, Kinzler KW, Wong A]J, et al. The GLI-Kruppel fami-
ly of human genes[J]. Mol Cell Biol ,1988,8(8):3104—3113.

11 Alexaki VI, Javelaud D, Van Kempen LG, et al. GLI2—mediated
melanoma invasion and metastasis[J]. ] Natl Cancer Inst, 2010,102
(15): 1148—1159.

12 Han YG, Kim HJ, Dlugosz AA, et al. Dual and opposing roles of pri-
mary cilia in medulloblastoma development[J]. Nat Med, 2009, 15
(9): 1062—1065.

13 Wong SY, Seol AD, So PL, et al. Primary cilia can both mediate
and suppress Hedgehog pathway—dependent tumorigenesis(J]. Nat
Med, 2009, 15(9): 1055— 1061.

14 JHee A0 h A5 GLRE PRI TR BRI i (3 8 1 B HUl IR
L) B iee#,2007,12(10):620—622.

15 Eichberger T, Sander V, Schnidar H, et al. Overlapping and distinct
transcriptional regulator properties of the GLI1 and GLI2 onco-
genes[J]. Genomics, 2006, 87(5): 616—632.

16 Yoon JW, Gilbertson R, Iannaccone S, et al. Defining a role for Son-
ic hedgehog pathway activation in desmoplastic medulloblastoma
byidentifying GLI1 target genes[]]. Int J Cancer, 2009, 124(1):
109-119.

17 Sharma S, Salehi F, Scheithauer BW, et al. Role of MGMT in tu-
mor development, progression, diagnosis, treatment and prognosis
[J]. Anticancer Res, 2009, 29(10): 3759—3768.

18 Nolan—Stevaux O, Lau J, Truitt ML, et al. GLI1 is regulated
through Smoothened—independent mechanisms in neoplastic pan-
creatic ducts and mediates PDAC cell survival and transformation
[J]. Genes Dev, 2009, 23(1): 24—36.

19 Maitah MY, Ali S, Ahmad A, Gadgeel S, et al. Up—regulation of
sonic hedgehog contributes to TGF—§1—induced epithelial to mes-

enchymaltransition in NSCLC cells[J]. PLoS One, 2011, 6(1):
¢16068.

20 Douglas AE, Heim JA, Shen F, et al. The alpha subunit of the G pro-
tein G13 regulates activity of one or more Gli transcription factors-
independently of smoothened[J]]. J Biol Chem, 2011, 286(35):
30714—30722.

21 Yanai K, Nakamura M, Akiyoshi T, et al. Crosstalk of hedgehog
and Wnt pathways in gastric cancer(J]. Cancer Lett, 2008, 263(1):
145—156

22 Stecca B, Ruiz I Altaba A. Context—dependent regulation of the
GLI code in cancer by HEDGEHOG and non—HEDGEHOGsig-
nals[]]. ] Mol Cell Biol, 2010, 2(2): 84—95

23 Stecca B, Mas C, Clement V, et al. Melanomas require HEDGE-
HOG—GLI signaling regulated by interactions between GLI1 and
theRAS—MEK/AKT pathways|[]]. Proc Natl Acad Sci U S A, 2007,
104(14): 5895—5900.

24 Riobo NA, Manning DR. Pathways of signal transduction em-
ployed by vertebrate Hedgehogs[]]. Biochem J, 2007, 403(3):
369-379.

25 Mazumdar T, Devecchio J, Agyeman A, et al. Blocking Hedgehog
survival signaling at the level of the GLI genes induces DNA dam-
age andextensive cell death in human colon carcinoma cells[J]. Can-
cer Res, 2011, 71(17): 5904—5914.

26 Hyman JM, Firestone AJ, Heine VM, et al. Small—molecule inhibi-
tors reveal multiple strategies for Hedgehog pathway blockade(J].
Proc Natl Acad Sci U S A, 2009, 106(33): 14132—14137.

(2011—-12—28 ki)
(2012—04—26 1)
(AR TR



