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Abstract: Accurately predicting the synergistic and antagonistic relationship of drugs is helpful to the safety of
drug use and the development of drug combination. A method for predicting drug synergy and antagonistic is
proposed, which based on the Drug-Drug Interaction Network (DDINet) and its topological structure. From the
result of feature selection, it can be seen that the feature constructed based on the interaction between the drug
and its common neighbor node shows an obvious difference in the distribution of positive and negative samples,
which can effectively reflect the drug synergy or antagonism. In the classification results using different feature
classifiers, the optimal Area Under the Curve (AUC) and classification accuracy value reache 0.9687 and 0.9187
respectively. In the prediction results of synergy and antagonism, the prediction accuracy also reache above 0.45
and 0.75. This shows that the method based on network topology can effectively classify and predict the
synergistic and antagonistic effects of drugs. Compared with the traditional methods based on similarity
features of drug function, structure, target gene, etc, this method is simple and efficient to calculate, and can
effectively promote the development of combination drugs.

Key words: Prediction Drug-Drug Interactions(DDIs); Network topology; Synergy; Antagonism

Wk HH: 2019-11-015 Blal H: 2020-01-15; MIZEHiAR:  2020-02-18

MEEEE: XSOR wbliu6910@126.com

FETH: ERESPRTERI(2019YFA0706402), EIK H AR 4 (61572367, 61573017, 61972107, 61972109)

Foundation Items: The National Key R&D Program of China (2019YFA0706402), The National Natural Science Foundation of China
(61572367, 61573017, 61972107, 61972109)


http://radars.ie.ac.cn/CN/10.11999/JEIT190867

EA ] XSO T 250 ELAF M 25 1) 3 [R] 5 15 0 B 1421
1 58 JE SRR W TE A, A3 AT 25 W0 ) A 22 4 A

250 BAE H (Drug-Drug Interactions, DDIs)
AR AR — 2 I TR) A 5 i ik R PR e s A L 24
Ve B R AR 2 R0 TR IR SE e, — e
DDIs%y A1 (Synergism ) {E H #13%Ht (Antagonism)
YERE. W E4E AT DA sy s i 25 A B I
IVPRNIECE AR SR ITRSE Oy 4 = AR UL (A E e P
ARERAE SR N, FHRIARST, INERE
HELWIRTT REA BAR = YT 2, s B Sk
R A CARORTEE R HIP, (H B L2
VAR, 29 RIEAHEAERAE S, X
fE— @R B3 T HE AR . g,
i3 30% K 2P EIE A& DDIs 20, R, K
AT DDIs AL AT LAFE I PR S B Hh 52 v F 24 %2 4
WA DL HEH & 257687 R IR R LR BE— B A .

G FIDDIs K DL T Il RS 06, (H R X A
77 AT A R RN A M RSCAS, 3 DA T KR
RKILDDIs. BEEDDIsEHE AR . 29 R(E B
583 AR R BR BRI A e, HATIR Z R T #0 2
F T2 5 & A AR R LS5 R 5 Bt AL
PEAFAET 10, 45 SIEE, HLE A SRR
2 3 TR BIDDTs, FAESEALL “5) 74
R AL BEE 2 AR AR 245 ) 56 A 7T e B HR AL 24
PR o SCHR[O)FR M 1 3k T 2570 T S5 M AR LA
RIJTIER M DDIs, 2 Ja X% DrugBank 4 &
DDIs¥d, 2t 17—k T 259 BAE 5 8
Kl (drug Interaction Profile Fingerprints,
IPFs) 710, g —B 8 @& T DDLs 1 Tk B2 .
Luof§ NS 7 —FhE T & 4)- 5 B UM HAEH
(Chemical-Protein Interaction, CPI) )77 72K Tl
A S A ZEIDDs. Zhang A\ fr
i 24 i M BB B R (Food and Drug Administration,
FDA) M HLN 7 A 005 Ve H i & (PubChem) He
T3S 29 A R NAR B 2 85 E R, 4
B IR SAL FEAE LR TR DDIs 3 B EI/EH . Lin%s
NSRRI BAE . 25958 AR AN 2514
RIEKEGGIH B ) E HREE, 4G BILRMKEE
(Random Forest, RF)SZHLX DDIsfFil . Btk
b, B LR TR NI B ) s A 2 R TR
HARXSDDIsBEAT BT, Gottlieb 5 A3 —
e WA B (CYtochrome P450, CYP)#&H 7 —Ff
“ 25 H BAE FHEWT (INferring Drug Interactions,
INDI)” 771k, XFhJ73%0] LLIR I H#EW 5 CYPAH
K2R U 5 712 DDIs A S CY P IE 3 I 245 30
DDIs. XEET7ERLHEAE T ENTHEE T AT
DDIsH R XS TEDDIsHEAT TN, X 45 T RN

B

WA FIDDIs T 77 £ N5 Dife . S5 ks
IR 5% 2R A5 AT AU R AE #E 4T DD Is oK & Tl
Mo BRI T7 VR T 0 /EDDIs, {HZ
g T A EAE M2 5 B B R ATRE . ARSO
W28 3R AN A5 R R, SR HS — A T 25 W HLA R Y 4%
(Drug-Drug Interaction Network, DDINet)#i$4%
M DDIsHM 7% . fE7EDrugBank H $2 B 1)
DDIs##i, 4ZHEDDIsA & i ¥ [ B H1 % R N
IEGHREA, REDDIs T e 4o — A 53 2Kl
T A SEILDDIs 1) 73 KA FI, A SCHE T
DDIs K ##DDINet, HRE IS5 1015 BAE R
fEFi% B ERRAE, N SCHRF IR AL (Support Vector
Machine, SVM) R SZHL X DDIs R T . 76 45
i, AUCHIM A ISR AR 7353 90,968 7H10.9187,
T 1E S7CRE A 1 S5 A8 ~F 25 900 RS 2 90,5007 F
0.7619. X HIHET- [ 45 $h 0 5 K 1y 3 AR 1) 7 ¥
B SN IAE DDIs ) 73 R AN, it —24
Y T A ST R B A AT AT 1
2 WARFGE
2.1 SLMHEIEE

ATC(Anatomical Therapeutic Chemical) & %]
YIRRREE 5 BT 5 Rk 2oy B2 i el AR, 7hr
TR, Ao . K —%&
TR, AR TR AR S . AR SO
DrugBank (https://www.drugbank.ca) (4 # 19 tp
PR T A 42 FDAVERLHER /N F 25 ATC
Gntd, EFATCARRG PRI “L” (It
iR 2 A0 e REATLRE R 5 24) I 254, 43 312674 /N7y
THY), R IRBOX L 25 M) AH 5C 1 BT A DD Is$45

= K

KICHA R T2 8EFE B Ik S50 R 0%
AMDDIsBENIEFEA (Positive); K bk 24 4% i
SRR B EE 4S5k RIDDIs &
HNAFEAR (Negative), LUK 259 B AE W %%
(Drug-Drug Interaction Network, DDINet). %%
R — A AR —F Y, g — KR —Fh
WM EAER SR B, DDINetH 555103
RN, HA i ESC RN IEREA, #EPik
RN REAR . 9 78GR T e, ASCHE
NI A AT 7, G R R RS HOC &
RIIAFR N IESAREAS, 1A B R R AR 1 HAR 2 3
N T LA RANTIMDDIs, A SCid s T DDINet
PSR 1 A8 JE T RN T 20 134 (R
A), REFE DTG EN247, HIAHN19403


https://www.drugbank.ca
https://www.drugbank.ca

1422 R =

o

=]

2 %

42 %

ZHIDDINet, Hrhoh[F % RLEH(IEFEAS) A
7031, FEPIRRILE(AAEALL) 12372,

2.2 HJIEFHE

2.2.1 ETRET SAEHHE

& %D FfID; /& DDINet H1 { B AN 45 2 (Z4) 5
DA AT T L 40 S Y R ) AR 8 R S I AT B
TEMERE: (1) AAAEAILABETT AL, R A A
HAAEMH IR R(WE L (a)FR): (2) FAEEEM
B R AR A LA ET A (A L (b) BT o

A SCIRAED D 1R 4B J5 75 mi 4 4058 R i
IO LRI . WX SRR AE — E R B
WRZGP) I A ELOG 2R, JFE T 5 WIDDIs 73 8 it
WMo KPR B B AR IE RN T

xy: DyFID; R A JE AT 557 s A2 P A 5% 3%
(Positive) [ %;

zy: DD AR AFLARSE T s AR B PR R
(Negative) #1214 ;

xy: DD, 5 AATTHR 24 FE 4R 5 s[RIy o3 [
K (Positive) 4

xy: DD, S5 AT 2 JL AR 57 s[RI it Bt
K Z& (Negative) [P 4L

w5 DD, 5 AT 2 FL AR 57 s IE a2
K F (Positive & Negative) 4]

BB 25D AND; LR 48 55 s R Fh ik ] 1
Fros, WARERHE E XA Fley = 4, zy = 4, x5 =
3,4 =1, 25 =2

SAFERRFIE T, o Mz e N T A4V E
R TR R ELAE F O 25 P AR ELAE FH ) B A
My, M W TR T 5 A a7 R R
X AR BLAE F 0 s R
2.2.2 BT AET SIRNEH— PHIERHE

Ty, Ty, -, T5he ELEREE T WL HR FM G5 K R A 11
FERNRFALE, X AR ARFAE AT RER 5 2 B HA R R

O #¥IDED, @ LIDAZIYID; gy LD, HI 1K

AR 1
ZiYD I E A
AT s
() ASAEASEINER  (b) FASAE T A% R

K 1 23D AND; I LF AR e T s R AR R

NICARJE A

HIETIR AR

Yo, FFREMIRR ) 7 SRR REATTIINRS B . PRIk,
THRTPRFE A 72 KR RE, MR RRIE RIS T 0RE T,
ATy~ XS IEANFAL, 45 HAl A 4

SR REPIE T — BRI Yy, vo, -, Y5 A
W)
y1 = In(21/2) (1)
Y2 = In(x3/24) (2)
Y3 = $3/(£L‘3 +£L‘4+£175) (3)
ys = x4/(x3 + 24 + T5) (4)
Ys = Nab/ (s + N — Napy) (5)

Horhin,, ny, g, 20 2R R<D 1AL 4. D1
ABJEHFID;, DA L1485 £
2.2.3 HEAHTET S FREHIETHIE

MRS T pii AL 2 AREAE 2 B A8 FH 1 — R T ik
SR I Fh 7 3256 WX 28 0 D S5 4 RSB AN BB TR N, M
DLdk— im0 4 5 RE, fATE— 2 MR R M.
PRI, AR SCREDFID, IR 28 JE 408 FE 47 U8 B -7 ) 245
MDDINetH 7B >k, FHit— BT 0. &R
T JeTHE R AN 2 A R SR ) T D 2
dy LR W8 o [A] 9% ZR I 28 5 B d A B0 &
W B d, . EATZ IR R A RRNd=d+d,.
B2, JRIEDDINet M 25 ik 5] FIHE H1 ¢ R H01
APAE, ATRESEAAE A A fE /N N T b
FERAA S EUR 2, A SO d AN 32 LU 3K(6)
A (7) AT AR AEL AL 2R

dé - ds/d57 max (6)

d; = da/d37 max (7)

Hrpr, dMdFIRARHEREE R, dy nad, a5
Fond Fd, F R 555 A SR T dURNd, 1
T H— ML 2
2 = d/d, (8)
AR, 2 5%6iiiiE R EAN ], & e 5
T PSS B AR AT R . T AL )RR AR
AN G BT R TI, HRE AR R 2
YA S 2/, B, WGz XAMRHE, B
EZ PR YN s P PSS G E 7SR i i)
TR IR R
2.3 REUFAH
AR AS FH SCHR IR 2L (Support Vector Machine,
SVM) 202K 2 FEAFTMAR A, #5580 o (1 73 2K A%
oR $ A = % (Radial Basis Function, RBF),
ZHOMB M gammafll FIERINE, BB FE R FRiE
i AUC(Area Under the Curve)®IH15) 255 fE
(precision) o A 47 58 G AUET7 VLS A 2 43 2K



EA ] RS -

BT 25 HAR 48 BB R)- 55 45 U N AT 7T

1423

AT GE HEAT IGAE) . ERF— OB A 1 A2
H1, W DDINetH SRR & 14 5 N IIZREE (train
set) FHIAEE (test set), HAIIZREE 590%, Mk
B£H10%, FFHINGREANER i) B AL A 1]
SR GHEARE PR 1A, BAFEARRRHE
E# 25 T IR EM R DDINet 1HH 5 3] .
I, RIS, Fra R R E A R E
S AR AT

R T SR T ERT I AEDDIs WOl g, A
E X T AN TS FEfe brp, RARTERT LA TN 45
Ferbr, IR TROFE A MERR R0, AEAR SO, Kl
S IIFEA (DDIs) AR HIK R FEA (R ADDIs)1E A
RET 4 (probe set)FEAS, A VI Rt A ASE 2 0f H 73
DU FoEI &5 R MK B/ NHEFE B R4 R
LASFEAR, a0 A T REA (I 4R b ) 4 B Tt
MpH 7R N

l

pzz (9)

AN, plEKF TR W PR AF . 3§ T I
GOREA TG R, (Pl Fp HTR.

9T BB OB, RSO 7
L0047 XRE, BR BUGT{E f B
eV R A

3 SWERSH

3.1 $FEEEE

FRAE M U NAEAR RARFE B hoE 1 o R A 1
AE. TEMIER > BRI, S 715 3B E B A%
i, P ERMEE ZENE, R EEE, &3
ANE B B TR MR, X B RHE L B (Feature
selection) ", it RHIFIE R 5 MR AL T A R T4
BRIz AR ST, ARG . fElG, ARSCEE
43 A B 4 ) W BT A R AE AE IR SR A i 0 A 1
B, FH R PLEC AN REAE 2> 2 R RE, 45 R a2
FEBHTR o

MERHF T ULE L, fEx, ~x; X5 AR IE
i, oyl RERCRFEE EX o B IE A, R
—EM R, MRS, BTy My X204
fEZ A, F R 4N RRAELE IE SUREAS o (1 70 A #0AF AE
EWHEMER. N T#—0 T MEER 2R,
FEIf I8 Y B BURRAE, A SO 2 RS 6N FRFAE
T3, Tyy Yo, Y3y Yu 2125000 T FALEIE], G5 R AE4ARTR .

MEATT LB H, i BRI 6N R AT A2 B0 H B
SIESRFEAZE R, W LMER 7 AL ) B BRHIE
Hzs, 2,5y, y Mo mAEFE AL, (HR2F4H %2
RI, ys, y R A 22 7 s, o B . T
ML) AT FET,  BEAR 2, 1) 3 M Re A an HoAh 5 A4

0.015

0.006
¥ 0.010 ¥
= & 0.004
=y =y
=z =z
0.005

0 500
A

(a) FFfiE2 AR

1000 1500 0

0.002 J

0.04

AR AR

0.02

0 100
z,

(d) FFiEa, 153 A

0.2
bsEe\( ]
E 01| b
= ]
]
I
h
| i
500 1000 1500 2000 0 50 100 150 200
T ]
(b) FFAE 1 53 A1 () HFHE x5 A P
0.04
3
= 0.02 ,—" \
\
I
]
[}
~
200 0 50 100 150 200
T
(e) FHfiEz AR
- e — EfEA

2 FffEx, ~ s £ IEFREA T A



1424

GEPOETES

Y
(a) HFfiLy, 153 A1

() HFE 3, ) 5347 P&

Yo Ys
() iy, 973 A

6 4
4
E 2 &
= E2| A '
|
. /
5 0 025 050 0.75 1.00 0 2 3
Yy Ys 2
(d) HHAE y, (953 A 4] (e) FFAEy, 53 A7 (£) AL 2, (53 A
3 Ky, ~vys, 2, 7F 1IE FUREAS 1) 43 A
- 200 5.0
150 . — 150 25 B -
& 100 _ 100 L0 _
8
0 — 0 -5.0
fkEA IEREA fpEA IEREA IEREA

(a) FRfEa, 2R I

(b) Rk, ALK

( ) "’f?“ﬂE!/gE’J’“ﬁ‘éJ% &

1.00 \ —_ 1.00 3 ¢
0.75 ] 0.75
2
1 e
0.25 0.25
0 — 0 0
ULEFN IEREA iyEd IEREA UiLE S IEFEAR

(d) iy, IR LR

(e) %ﬁyﬂ’]*ﬁﬁ%l

() B, MO P

4 FfiiExs, @4, Yo, Y3, Ys, 2B IEFAER TR I A

fiE, (HAEARKRIH T —EREREEAZER, 1
R FABREAE (P B R IE L B — e A . Ah,
Yy RIS A R X 7 tH IEAFEAS, & — AN B BURRAIE,
{HIE Ty e fla, A HiEMR, ATAER
o F L EARRAE, AR SCAE 22 05 B4 SR T A AN B
1 F o

é,?J:F)Ti_‘, SR RHILIE R R, ASCEE 15

HERHE, 7390 Ne,, oy, ys, vz
3.2 DEERDH

N TR HCRRAE I SE R oy KR 77, Bk )5 A
HERHMEHATHS, WEZSARE, HRENHE

Hifa e EMAUCHI 72 L . e 352 X



6 1

RIS FE T 25 ELAT W 2% 4 Bih 5 5 15 S ol 7 1425

HE100KBATIUE, 45 RIIBMEIE oy FbEe
g, FEARIEL R 8 HROC(Receiver Operating
Characteristic) f1Zk. E5RRAFFFAEA S K
ROCHIZE A 4E 5 .

MBS (a) R AT LG H,  SEREERAE A B AR 10 2 25
Bt Mg, o Mz MR, FLAUCHI 2> KRG FE 1S
353 °40.9624, 0.9098 . 1M a5 Fllac ZH 73 2K 28 1)
AUCHI 732K BEAR 0 5. 450.9538 F10.8871, X Lt f%
R 53 2528 20,0086 F10.0227 31X i B 7E AN Bl He

1.0 ——
7
08 !
g 0.6 —— FHE:
= -—— HFfiE: 1,
o —— JFE: 2
. e FEE: 2,
— i T35 T2y

0.2

0 02 04 06 08 1.0
b %
(a) HHEA L1

AARAEE BRSO, 29902 18] AR ELAE AT A
FEAR KL Lt 254 15 fh A T~ 3L 25 2 18] AR L
TERI B R . TAEMMA 2 FHIEZJG, X 73 KK
(K1t — B ERTH VLR, 2~ FE 25 A B AR LA FH 5%
AT P IR Y EAE R R AN, K
Hy LS B ELRRAD AL A (10 70 SR 2t BT ANV IR 0 2k
e, JCH IR @y Ml JX P NRFAE ) 70 FAE L AL 2 1
0.8BL L, 1Mz AL 7> KK AR LR, (HibAT
0.7566 .

1.0
0.8
5 7 .
=6 ||/ TMEy
Jmf ,’// -== Bk y,
oa |17 — = Rk 2
’ ," """" RFAE: 3,9,
— FHIE: yyu,2
0.2
0 02 04 06 08 1.0
kS

(b) HEAELL A2

Kl 5 AFRRHMEA & HIROCH 2k

MBS (D) AT BLR B, JEF xg Flla 1038 [ RFAE
ys My, o ARTE BRRRE 43 2 il 2 4 B 4 4 2K
AT o R R AR B i T s fl e A R A
Al BE R g Ml JX AN 5 5% Blas T4, ANRE
IR Hh R WABAT T ST AL MK &R, 1
yo Ay U IE I bR A 7 S B st T axX A, Fir
DL S -

3.3 FUNER 4T

PR AN 2450 2 18] B AH ELAE FH 56 30T DA EH AR 15 s
38 PRI S e, 2 i SRR e 25 40 J 1 05 R4S
BOCERET A, AR RE S EUTH L H SR B RFIEE
BN TR, MR . Rk, N T3RTE
RS (P FIOMIPEE BE A SO S I AR AR o0 2
FEARF AT E. RESESECN S, R x> fH
x> FRTINARE AR AR H G RFEA . 18 I i AN [F]
fE, BEIARBENEER, SRME6HTR.

12000

10978 O REERREA
10000 PRAEA
8000
& 6000
s
4000
2000

0

-1 0 1 2 3 4 5
i E

P 6 ANIE] FHRAEXT R A FIAE A 3 A 7 0L

EE6H, Hf = 18, RRAITFEARBATIT
€. TS, A f = Ont, WL UEREI R ENREA
iz, HHEA01A4, HIRGBFEARZOEA0%; il
REFE A JEF 2001, AL JRIGFEAR10% . 1X Ui
BAE R H G RFEAR P AFEE KB =08x =01 Ff
A, T I R A AR 2 B R 5 e AR TR 1) T 1 e
M f > 20, L IEFEARBOREIR D IR TR

T DX AR T AE AN [R LR B P01 g
ANWE T T4 op L, SRJG1EAN [H i€ B AE £
BN FIREAR R THEIE ORI TS FEp filp, &5
BUWETHR .

M TR R, 7RO ERE SO R TR A, %)
FEARREAT I BE AT RE 05 A R M B L (K TR i, i
HEBEE FERIBER, TS B B i . 55 i
DRI AT e I 98 5 FE A /D, B = (Y i R
Zo L E RS T I AT T AR D, AT $2
T4 T AT (TN R

TEDDIsTRM o, ARSI 2 H 23R8 8
OFFI TIUMIRE BE, (H& A B T B 7 i S A% 750 ok
AEVEREARTPERE, A SRR EZ AL
BRI, A E R A LN T DDIs T 2 e 3,
AT (a)H, Hf > 20F, Wh[FESC R TR A
0.5/ A7 AEAE, L LA A EUAE A FE B S m A K.
MEET(b)HF, H> 28, FEPiR RTINS EH
FEAR—F, FRREE ORI &, 1Ef=5, L=50
B IA B i RMHO0.7792. Kk, 7EXS R R FES PG &R



1426 BT 5 FE R ¥ & F4a2%
0.8
0.5
0.4 0.6 A
% 0.3 =04 |/ L
0.2 ‘h"‘*'\\‘
- 0.2 R 1
. PP UV SEEY EEEL
o---_..-_-—-0---—a-——-o-—-""'—‘ ._____’___-4" +
0
topl10 topb0 top100 top200 top10 topb0 top100 top200
L L
(a) BIp[F) K 2R FRUIRS 2 (b) HEBUE R TUIKE FE
-—e-f="1 —w- =1 — =3 e =5
-#=f=0 === =2 — = f=4

K7 ANELf, DA T BB E 558 R B0

T e, A Sy A =20 f=51F ik A i ik
WA, T LA ) AR T 7 SR 2 AT I .
BeAh, B THRT DU I, AR [ R 4 T T
MKS FEAEAFAE IR 22 5, X ] R 2 SR AR i 45 IE
BORE ARSI T BSOS R AR IE A 22 57
BRSO [ AN P00 R I PN AF AR ABOR 22
. AHRENGRKE, AL IERE A R A&
HIDDIsHEAT T o
4 H5RIE

AL M DrugBank #4522 B ATC 3 2
“L” RAMKDDIsEE, LAty @254 B AE M
%, 2P ARJE T R EFIE, HZEHSVM
SCHL T DDIsH 73 AT . fERFAEIE$E T, A
W T EREEN UM ETS, 4, ys, Yy, 210 IXIEHE
BURFER B 259 EAE 25 BAR R T A 4%, (HAH
H S P ARHIE, Y288 X SRR AR 3 T 7E
DDIsTRINA — & B SE k& . M7y B4 1T 5,
A iEBEEREAUCHI 9 2KAE 1S5, fE
Rt A DDIs@EAT 7328 1 AT &5 SR my %,
W27 VEREA RO LE 1) 250 W R RS 5156 R AT
TR, JCH IR RS BT OC &R ) TIAS B2 A E) 70.75
PLE.

AT AR G DDIs TR 7 ki, 5T
SCIL, FEAIC T DDIsH) Tl MERE, AH 2 AFAE— 1L
ASRZAL, TN EE RS B s BIREAI L. DDINet
WA 48 25 BEANREIT AR 5% . BRI =, MDDINetif
FGE g H R TN E DDIs o 5 2 — R 58 DDIs
Bigs. w2 HDDINet H 25 & 1S 2.,
I-44 Foiz F BIDDIs Filil o A5 7T 5 B4 T 2KDDIs
W FE 0 — AN 7 1 o

2 % XM

[1] VAN ROON E N, FLIKWEERT S, LE COMTE M, et al.

Clinical relevance of drug-drug interactions[J]. Drug Safety,
2005, 28(12): 1131-1139. doi: 10.2165/00002018-200528120-
00007.

CHOU Tingchao. Theoretical basis, experimental design,
and computerized simulation of synergism and antagonism
in drug combination studies[J]. Pharmacological Reviews,
2006, 58(3): 621-681. doi: 10.1124/pr.58.3.10.

LEHAR J, KRUEGER A S, AVERY W, et al. Synergistic
drug combinations tend to improve therapeutically relevant
selectivity[J]. Nature Biotechnology, 2009, 27(7): 659-666.
doi: 10.1038 /nbt.1549.

CHAIT R, CRANEY A, and KISHONY R. Antibiotic
interactions that select against resistance[J]. Nature, 2007,
446(7136): 668-671. doi: 10.1038 /nature05685.
VENKATAKRISHNAN K, VON MOLTKE L L, OBACH
R S, et al. Drug metabolism and drug interactions:
Application and clinical value of in vitro models[J]. Current
Drug Metabolism, 2003, 4(5): 423-459. doi: 10.2174/
1389200033489361.

PIRMOHAMED M and ORME M L. Drug Interactions of
Clinical Importance(M]. DAVIES D M, FERNER R E, and
DE GLANVILLE H. Davies's Textbook of Adverse Drug
Reactions. 5th ed. London: Chapman & Hall, 1998: 888-912.
TAKEDA T, HAO Ming, CHENG Tiejun, et al. Predicting
drug-drug interactions through drug structural similarities
and interaction networks incorporating pharmacokinetics
Journal of
Cheminformatics, 2017, 9: 16. doi: 10.1186/s13321-017-0200-8.
FOKOUE A, SADOGHI M, HASSANZADEH O, et al

Predicting drug-drug interactions through large-scale

and pharmacodynamics knowledge[J].

similarity-based link prediction[C]. The 13th International
Conference European Semantic Web Conference, Heraklion,
Greece, 2016: 774-789. doi: 10.1007/978-3-319-34129-3 _ 47.

VILAR S, HARPAZ R, URIARTE E, et al. Drug—drug
interaction through molecular structure similarity

analysis[J]. Journal of the American Medical Informatics


http://dx.doi.org/10.2165/00002018-200528120-00007
http://dx.doi.org/10.2165/00002018-200528120-00007
http://dx.doi.org/10.2165/00002018-200528120-00007
http://dx.doi.org/10.1124/pr.58.3.10
http://dx.doi.org/10.1124/pr.58.3.10
http://dx.doi.org/10.1038/nbt.1549
http://dx.doi.org/10.1038/nbt.1549
http://dx.doi.org/10.1038/nature05685
http://dx.doi.org/10.1038/nature05685
http://dx.doi.org/10.2174/1389200033489361
http://dx.doi.org/10.2174/1389200033489361
http://dx.doi.org/10.2174/1389200033489361
http://dx.doi.org/10.1186/s13321-017-0200-8
http://dx.doi.org/10.1186/s13321-017-0200-8
http://dx.doi.org/10.1007/978-3-319-34129-3_47
http://dx.doi.org/10.2165/00002018-200528120-00007
http://dx.doi.org/10.2165/00002018-200528120-00007
http://dx.doi.org/10.2165/00002018-200528120-00007
http://dx.doi.org/10.1124/pr.58.3.10
http://dx.doi.org/10.1124/pr.58.3.10
http://dx.doi.org/10.1038/nbt.1549
http://dx.doi.org/10.1038/nbt.1549
http://dx.doi.org/10.1038/nature05685
http://dx.doi.org/10.1038/nature05685
http://dx.doi.org/10.2174/1389200033489361
http://dx.doi.org/10.2174/1389200033489361
http://dx.doi.org/10.2174/1389200033489361
http://dx.doi.org/10.1186/s13321-017-0200-8
http://dx.doi.org/10.1186/s13321-017-0200-8
http://dx.doi.org/10.1007/978-3-319-34129-3_47

6 1

RIS FE T 25 ELAT W 2% 4 Bih 5 5 15 S ol 7

1427

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

Association, 2012, 19(6): 1066-1074. doi: 10.1136/amiajnl-
2012-000935.

VILAR S, URIARTE E, SANTANA L, et al. Detection of
drug-drug interactions by modeling interaction profile
fingerprints[J]. PLoS One, 2013, 8(3): e58321. doi:
10.1371/journal.pone.0058321.

KASTRIN A, FERK P, and LESKOSEK B. Predicting
potential drug-drug interactions on topological and semantic
similarity features using statistical learning[J]. PLoS One,
2018, 13(5): €0196865. doi: 10.1371/journal.pone.0196865.
CHENG Feixiong and ZHAO Zhongming. Machine learning-
based prediction of drug-drug interactions by integrating
drug phenotypic, therapeutic, chemical, and genomic
properties[J]. Journal of the American Medical Informatics
Association, 2014, 21(e2): e278-¢286. doi: 10.1136/amiajnl-
2013-002512.

RYU JY, KIM H U, and LEE S Y. Deep learning improves
prediction of drug-drug and drug-food interactions[J].
Proceedings of the National Academy of Sciences of the
United States of America, 2018, 115(18): E4304-E4311. doi:
10.1073 /pnas.1803294115.

LUO Heng, ZHANG Ping, HUANG Hui, et al. DDI-CPI, a
server that predicts drug-drug interactions through
implementing the chemical-protein interactome[J]. Nucleic
Acids Research, 2014, 42(W1): W46-W52. doi: 10.1093/
nar/gku433.

ZHANG Ping, WANG Fei, HU Jianying, et al. Label
propagation prediction of drug-drug interactions based on
clinical side effects[J]. Scientific Reports, 2015, 5: 12339.
doi: 10.1038/srep12339.

LIU Lili, CHEN Lei, ZHANG Yuhang, et al. Analysis and
prediction of drug-drug interaction by minimum redundancy
maximum relevance and incremental feature selection[J].
Journal of Biomolecular Structure and Dynamics, 2017,
35(2): 312-329. doi: 10.1080/07391102.2016.1138142.
TAKARABE M, SHIGEMIZU D, KOTERA M, et al
Network-based analysis and characterization of adverse
drug-drug interactions[J]. Journal of Chemical Information
and Modeling, 2011, 51(11): 2977-2985. doi: 10.1021/
¢i200367w.

GOTTLIEB A, STEIN G Y, ORON Y, et al. INDI: A
computational framework for inferring drug interactions and
their associated recommendations[J]. Molecular Systems
Biology, 2012, 8: 592. doi: 10.1038 /msb.2012.26.

WISHART D S, FEUNANG Y D, GUO A C, et al.

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

DrugBank 5.0: A major update to the DrugBank database
for 2018[J]. Nucleic Acids Research, 2017, 46(D1):
D1074-D1082. doi: 10.1093/nar/gkx1037.

CORTES C and VAPNIK V. Support-vector networks[J].
Machine Learning, 1995, 20(3): 273-297. doi: 10.1007/
bf00994018.

MR, RAMR. T HRRAE(E 20 A A ool SO ) BEALSEIEL[J].
W 5105 B3R, 2016, 38(3): 557-564. doi: 10.11999/JEIT
150693.

CHEN Sugen and WU Xiaojun. Eigenvalue proximal
support vector machine algorithm based on eigenvalue
decoposition[J]. Journal of Electronics & Information
Technology, 2016, 38(3): 557-564. doi: 10.11999/
JEIT150693.

IR, FEEE, SR, FHEINBCCRENLI]. BT 5ER
24,2009, 31(3): 514-518. doi: 10.3724/SP.J.1146.2007.
01711.

WANG Tinghua, TTIAN Shengfeng, and HUANG Houkuan.
Feature weighted support vector machine[J]. Journal of
Electronics & Information Technology, 2009, 31(3):
514-518. doi: 10.3724/SP.J.1146.2007.01711.

WU Shaomin and FLACH P. A scored AUC metric for
classifier evaluation and selection[C]. ICML 2005 Workshop
on ROC Analysis in Machine Learning, Bonn, Germany,
2005.

HOSSIN M and SULAIMAN M N. A review on evaluation
metrics for data classification evaluations[J]. International
Journal of Data Mining & Knowledge Management Process,
2015, 5(2): 1-11. doi: 10.5121/ijdkp.2015.5201.

ARLOT S and CELISSE A. A survey of cross-validation
procedures for model selection[J]. Statistics Surveys, 2010, 4:
40-79. doi: 10.1214/09-SS054.

LIU Weiping and LU Linyuan. Link prediction based on
local random walk[J]. EPL (Europhysics Letters), 2010,
89(5): 58007. doi: 10.1209/0295-5075/89/58007.

TANG Jiliang, ALELYANI S, and LIU Huan. Feature
Selection for Classification: A Review[M]. AGGARWAL C
C. Data Classification: Algorithms and Applications. New
York: CRC Press, 2014: 37.

XSGa: B, 196944, HIR, WA E B

8

Ji

A B, 19944, WitA, WFRHRAEYIE R
Ml: 53, 19694FEA4:, #4%, WFF A s B2

AW 5, 197554, #Hd%, BRI RNAEYE R
YO8 5, 19864, S5, BRI RNAENE R


http://dx.doi.org/10.1136/amiajnl-2012-000935
http://dx.doi.org/10.1136/amiajnl-2012-000935
http://dx.doi.org/10.1136/amiajnl-2012-000935
http://dx.doi.org/10.1371/journal.pone.0058321
http://dx.doi.org/10.1371/journal.pone.0196865
http://dx.doi.org/10.1371/journal.pone.0196865
http://dx.doi.org/10.1136/amiajnl-2013-002512
http://dx.doi.org/10.1136/amiajnl-2013-002512
http://dx.doi.org/10.1136/amiajnl-2013-002512
http://dx.doi.org/10.1073/pnas.1803294115
http://dx.doi.org/10.1093/nar/gku433
http://dx.doi.org/10.1093/nar/gku433
http://dx.doi.org/10.1093/nar/gku433
http://dx.doi.org/10.1038/srep12339
http://dx.doi.org/10.1038/srep12339
http://dx.doi.org/10.1080/07391102.2016.1138142
http://dx.doi.org/10.1080/07391102.2016.1138142
http://dx.doi.org/10.1021/ci200367w
http://dx.doi.org/10.1021/ci200367w
http://dx.doi.org/10.1021/ci200367w
http://dx.doi.org/10.1038/msb.2012.26
http://dx.doi.org/10.1038/msb.2012.26
http://dx.doi.org/10.1093/nar/gkx1037
http://dx.doi.org/10.1093/nar/gkx1037
http://dx.doi.org/10.1007/bf00994018
http://dx.doi.org/10.1007/bf00994018
http://dx.doi.org/10.1007/bf00994018
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.5121/ijdkp.2015.5201
http://dx.doi.org/10.5121/ijdkp.2015.5201
http://dx.doi.org/10.1214/09-SS054
http://dx.doi.org/10.1214/09-SS054
http://dx.doi.org/10.1209/0295-5075/89/58007
http://dx.doi.org/10.1209/0295-5075/89/58007
http://dx.doi.org/10.1136/amiajnl-2012-000935
http://dx.doi.org/10.1136/amiajnl-2012-000935
http://dx.doi.org/10.1136/amiajnl-2012-000935
http://dx.doi.org/10.1371/journal.pone.0058321
http://dx.doi.org/10.1371/journal.pone.0196865
http://dx.doi.org/10.1371/journal.pone.0196865
http://dx.doi.org/10.1136/amiajnl-2013-002512
http://dx.doi.org/10.1136/amiajnl-2013-002512
http://dx.doi.org/10.1136/amiajnl-2013-002512
http://dx.doi.org/10.1073/pnas.1803294115
http://dx.doi.org/10.1093/nar/gku433
http://dx.doi.org/10.1093/nar/gku433
http://dx.doi.org/10.1093/nar/gku433
http://dx.doi.org/10.1038/srep12339
http://dx.doi.org/10.1038/srep12339
http://dx.doi.org/10.1080/07391102.2016.1138142
http://dx.doi.org/10.1080/07391102.2016.1138142
http://dx.doi.org/10.1021/ci200367w
http://dx.doi.org/10.1021/ci200367w
http://dx.doi.org/10.1021/ci200367w
http://dx.doi.org/10.1038/msb.2012.26
http://dx.doi.org/10.1038/msb.2012.26
http://dx.doi.org/10.1093/nar/gkx1037
http://dx.doi.org/10.1093/nar/gkx1037
http://dx.doi.org/10.1007/bf00994018
http://dx.doi.org/10.1007/bf00994018
http://dx.doi.org/10.1007/bf00994018
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.5121/ijdkp.2015.5201
http://dx.doi.org/10.5121/ijdkp.2015.5201
http://dx.doi.org/10.1214/09-SS054
http://dx.doi.org/10.1214/09-SS054
http://dx.doi.org/10.1209/0295-5075/89/58007
http://dx.doi.org/10.1209/0295-5075/89/58007
http://dx.doi.org/10.1136/amiajnl-2012-000935
http://dx.doi.org/10.1136/amiajnl-2012-000935
http://dx.doi.org/10.1136/amiajnl-2012-000935
http://dx.doi.org/10.1371/journal.pone.0058321
http://dx.doi.org/10.1371/journal.pone.0196865
http://dx.doi.org/10.1371/journal.pone.0196865
http://dx.doi.org/10.1136/amiajnl-2013-002512
http://dx.doi.org/10.1136/amiajnl-2013-002512
http://dx.doi.org/10.1136/amiajnl-2013-002512
http://dx.doi.org/10.1073/pnas.1803294115
http://dx.doi.org/10.1093/nar/gku433
http://dx.doi.org/10.1093/nar/gku433
http://dx.doi.org/10.1093/nar/gku433
http://dx.doi.org/10.1038/srep12339
http://dx.doi.org/10.1038/srep12339
http://dx.doi.org/10.1080/07391102.2016.1138142
http://dx.doi.org/10.1080/07391102.2016.1138142
http://dx.doi.org/10.1021/ci200367w
http://dx.doi.org/10.1021/ci200367w
http://dx.doi.org/10.1021/ci200367w
http://dx.doi.org/10.1038/msb.2012.26
http://dx.doi.org/10.1038/msb.2012.26
http://dx.doi.org/10.1093/nar/gkx1037
http://dx.doi.org/10.1093/nar/gkx1037
http://dx.doi.org/10.1007/bf00994018
http://dx.doi.org/10.1007/bf00994018
http://dx.doi.org/10.1007/bf00994018
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.11999/JEIT150693
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.3724/SP.J.1146.2007.01711
http://dx.doi.org/10.5121/ijdkp.2015.5201
http://dx.doi.org/10.5121/ijdkp.2015.5201
http://dx.doi.org/10.1214/09-SS054
http://dx.doi.org/10.1214/09-SS054
http://dx.doi.org/10.1209/0295-5075/89/58007
http://dx.doi.org/10.1209/0295-5075/89/58007

