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Abstract: In recent years, the synthetic cannabinoid N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1-butyl-1H-
indazole-3-carboxamide (ADB-BUTINACA) has attracted widespread attention due to its high affinity for the CB1
receptor and associated abuse risk; however, its toxicity mechanism remains poorly understood. This study aimed
to systematically investigate the toxicological mechanisms of ADB-BUTINACA using an integrated approach. We
established an acute rat exposure model (low and high doses: 0.1 and 1 mg-kg"') and employed untargeted metabo-
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lomics combined with molecular docking analysis to examine its effects on the urinary metabolome and toxicity
pathways. Our analysis identified 52 significantly altered metabolites, including taurine and phenylacetaldehyde,
and revealed six disturbed metabolic pathways, such as phenylalanine metabolism and one-carbon metabolism. No-
tably, choline and methionine were pinpointed as potential dose-dependent biomarkers. Molecular docking results
demonstrated a strong binding affinity (-7.8 kcal-mol") between ADB-BUTINACA and aldehyde dehydrogenase
ALDH3, suggesting that the compound inhibits ALDH3 activity. This inhibition likely disrupts phenylalanine
metabolism, leading to the accumulation of phenylacetaldehyde and the upregulation of phenylacetylglycine,
thereby inducing oxidative stress and potential cardiovascular and neurotoxicity. Concurrently, the downregulation
of methionine and choline indicated an impairment of one-carbon metabolism, which may further exacerbate
oxidative stress. In conclusion, this study elucidates the mechanism by which ADB-BUTINACA exposure induces
oxidative stress primarily through disrupting phenylalanine and one-carbon metabolism, utilizing non-targeted
metabolomics and molecular docking. The identified biomarkers provide a crucial theoretical foundation for future
research on the toxicity mechanisms, clinical detection, and risk assessment of synthetic cannabinoids. The experi-
mental protocol complied with the welfare and ethical requirements for experimental animals and was approved by
the Animal Ethics Committee of Zhejiang Chinese Medical University (Approval number: 20220718-11).

Key words: synthetic cannabinoid; N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1-butyl-1H-indazole-3-carbox-

amide; urine; non-targeted metabolomics; UHPLC-Q-Orbitrap-HRMS

A KR (synthetic cannabinoids, SCs) s& — 38
Wi AN T A BT B B A°- VY S K KB (THC)
SE R SIS R A A, AR TR 3 H 26 R, ET AT
AYARBHIN . HE (2024 T 5L A R ), AR
KIRZ SR BB 77 2 B8 LIRS #f s ™. 5
RIRKIEA[F], SCs 2 43 71 (full agonists), %f
CB1/CB2 24k B A7 5 /& 55 F1 ) FIRKCRE, R G 3 1 XU
Wi, G AT AR 51 R ™ 5 A B b O i R
FEBCS), FLIEE A UE R A T v A e,
b N-(1-5 PP 32,2 — P 3 P ) -1 T ) -3
5 % (ADB-BUTINACA) il 4F 3 tH B ) SCs AR
Fe, Hmg R 0 5 TR N BE ) 25 A RRAE DR SE 5
CB1 Z Ak mzE M 1M K. R4 ADB-BUTINACA [F 3
e RO VE AN Tz M 51 R ORVE, (H H HTA G
HUH R AR 1 2 5 88 By 453495 4 X R T e T e
B8R, A SCHR 2 Havh T 250 %52 2RUw 1o A,
Z RGMERIAR N B RS S L HI IR . A ] BA AT
FA) I 375 A 1 21 4 A 78 & B, ADB-BUTINACA 21 %
e AT S P LK B¢ P ) R IR ARV TCA 76 3 S AR
T AC T 5B %, #8575 T ADB-BUTINACA 5| & fig i
5 g AR 2 EL 1T AR RS TR Uk, S B 4 TH AR
/v ADB-BUTINACA 155 14 /E F LI, A BIF 78 #4  K
B R A48, ADB-BUTINACA £ #2 IR 25, 25 & JF # i)
PRGAR 2 22 TF R B ENLRR 2R, AR BRI E,
WA BT AR E W 5T T gt RN A Ybs £ 5 %
TEHE 55

AR 22 0T AE R M T ) LA S R, R
AE ¥ [\ 4K 3 2 2% (non-targeted metabolomics), J8 i X

A WIREAS R T /N o AR D AT A TR W, BT[] B
0 R R AR, IRE S 2 oGt 4 Bt (W PCA.
OPLS-DA) R Jjl) % 5 AH ¢ 22 e AR ™1 b b, AR
2H 2 BB A THROK 2 R R 2 (1 3R IA I RN Ak, BT T 43
AT 2B e Al B AR HE B 53 P L o) 9 07 308 985 A 23 MR AE O
FRUFFR EPU . TR, ZBOR C )T B TR
BB BTG YR 25 SR VER AU, R R
RGE S I R A 3™ AT I B 2H 23R
AR, PRIEREA R R & R T8 TG A AR Rl 2K
B R R, TEACU A A 7 B ARR AR A, SR
TR BE B WA PN AR O R 1 R g = A AR Ak, & T AR
PN S TRV R R S A B RN T . A UK R R
Y (1 ADB-BUTINACA acid) 78 J* ¥ A6 7
Kk 24 h, J& 5L OB BN A AR Ak ) B AR AR COR
I 1 | NN 711110 s 7. 2 ) BOL K 7/ 07 N G B S 1
Il ADB-BUTINACA F1 8 [ )5 2 [6] B A8 BAE F R 56 iE
AR 2H 2 HE B 10 B P A O BE A, ROoR KR T
ML,

2 TR, A KR 2 ADB-BUTINACA fE 5 —
ol vy 2 R s PV 0 BRBORS f v VR T, B B AL
il A I B o AR ST T M O R R ER A, Bk T
R H SRR, 460 THEER, RGHHTIR
WA =4, & 7E 7~ ADB-BUTINACA i 5 ) o<
AR 88 5 28 L 42 9 T LE 1 B M AR DGR s S IR
A R LA A FH AL 0 4 BRI o TF 4t R B
T4 7~ ADB-BUTINACA & PEALHI, I I AR s P
5P g B k45 5 S %



- 1338 - 242 %4} Acta Pharmaceutica Sinica 2026, 61(4): 13361344

mRI5E*
LIS TN 18 W SPF 2% B 4E It 1 SD K B, (1K

190~210 g, 16 B 56w B sE i s A IR A ) T
TELE 24 + 2 °C AN 55% + 10%-. 12 h /WS 3R )
i o A 35 O N AR R 1R, BB ROK . SRER T
RRA LR SR RS B R, JEEUR W R B2 K
SENYINC PR 2 A E (HEHE S 20220718-11),

M 5iK5 ADB-BUTINACA L &%) C,H,N,0,
AR i (ZEPE > 99.8%, 14 B L )5 AR RH% A B
AT HER (HPLC 2%, 462 > 96%, I H 35 [F Tedia 24
7); N5 A0 B2 (HPLC 2%) LA K b ffE dh 2- &K TH &
R\ L- 7R R -ds « 5 TR R R -ds VAT 15 TR -da 3 T 1 72 ]
Merck A #] o

B 5i&& UltiMateTM 3000 #8 = 2OB M & 46
(EFE EshkFEas IR AR U TR BT AR
#1) A0 Q-Exactive = 73 #¥ IU M AT i H 37 03 B I 3¢
(3% [E Thermo Fisher A #); Milli-Q /K 4fitk R 4 (15
Millipore 2 &); ALLEGRA X-15R & 3% 2 0 Ml (3£
Beckman A ).

KHRERE KRBV A3H (n=6): XA (55
AR ZE T K HE B A =4 (0.1 mgkg™). B &4l
(1 mg-kg"). ADB-BUTINACA Frifi it (46 > 99.8%,
R EAR R AR AR, LR AT 12 h, #%
5 mL-kg' BIE B AR IR 2, X IR ALHE B [F 25 A R
FRIBIK . SZIGHATR], 341K RS & bR UET R o

FRIGFEGRFIE A 2524 h 5 IERRIRB (R
FEAR AR, TR J5 —80 CCARAT o Ao AT = 45 AR
VRIES) )G, BL20 pL R, 5 67 pLiEbs (B35 2- AN
AR L-EHRIR-d,- KN RARR-d AT IR -d,) LRI
913 uL 0.1% H R K IE W, IR TR 21 30 s, 4 °CHf B
10 min, 12 000 xg 250> 5 min, B4 0.22 pm S8k
BRE M5 L 98, e # 2 8k #¢ i b fff UHPLC-Q-Orbitrap
MS KT

KSILBZE DM HdE R4 H UHPLC-Q-Orbitrap
MS #%t. R¥¥ 55 K H ACQUITY UPLC HSS T3
R (150 mm x 2.1 mm, 1.8 pm), FizhHH A J90.1% B
& 7K, JBhAH BN 0.1% F R £, 6 B e I 2% A
0~3 min, 2% B; 3~15 min, 2%~100% B; 15~18 min,
100% B; 18~18.5 min, 100%~2% B; 18.5~21 min, 2%
B, Jiti# 0.3 mL-min™, i 30 °C. Jii i % F HESI & 1
P, LA TR, #5540 L-min”, 4585 10 L'min”, &
Y114 I FE 350 °C, Full MS/ddMS? $51 # (m/z 60~900),
43 3 70 000 (MS1). 15 000 (MS2), filf i it & 20/40/
60 eV, £ 6 MFEATRN QCIR AL RG R .

BEOME Gt JE 4 % 4 Compound

Discoverer 3.2 %4 (% [E Thermo Fisher 2 ) $& &
THAR A 55 B R AR IR, AR AR VDR AR HE B o g Se e
A MS/MS i 5 mzCloud Al HMDB 25 ¥ 45 /2 ' 5
I3 FEbRAE TS BUREAT AL LU (B HEREAE R B -
FOARR 3= B =), AN O B3 T P DL P 2 6 v RO AR P 1R
A SRR Gk, AR ST E AU A 1H 28 D MST
Level 2 VEFE . FUHE 28 DL 10 N B (19 5% #0442 A1 Pareto
FrvEAL 5, 16 F SIMCA-P 14.1 3 #F (3% 8t Umetrics 2>
a)) #EAT Z e gi it o b, R B> 2 B (PCA) TEAl
FEAIR] 73 A0 5 A 22 5, gk — 20 SR FH IE A8 i die /N — 3
F 73 (OPLS-DA) # i # 8, BLIX /) ADB-BUTI-
NACA % 5 20 50 R ZH [A] A AR A 22 e o JE B 2R
2 X AE AT E He A5 (n = 200) PEAN AL AR E R S
FIEEME. MR 4E OPLS-DA R 25 L, 45 540 & B R
SAH (VIP) > 1R R R G0 # ) P < 0.05 FTFC > 2
B FC < 0.5, Mk Git ¥ W &M= 5w, FH
MetaboAnalyst 6.0 *F- £5, &5 & KEGG £ 4f i3t 174X 5
TR & ST 5 DY REERE, AR ) 25 R B0 R A 3 2

SFIE RWEAH, ALDH3 1 f A &5 i R IE T
H H B4 E (PDB ID: 8BBS, http://www. rcsb. org/
pdb). ADB-BUTINACA [¥] 254 7] A PubChem %47 J22
(http://www.ncbi.nlm.nih. gov/pccompound) H 3K HL, LA
G AT o P e . AT IR Se T B 2 T, B
HKD TGP R R . 4 H AutoDock Tools 1.5.6
TR A B 1 ol 45 AL 3R AT TRAL B, FEFH AutoDock Vina
W)L i AR 5 B AL s IR AT 0, TH LA AR
MJyhes . e RO AR 21, $REUE B T R
A6 3L A T AR DAEAT S0, B ON B AT 9 IR, i 5%
R S A A A Dy fx 28 45 A A I T 503 07 i A
# (RMSD), PLVEA i 2 7 B 2 S E i R 4P Y
MM, g, 1 H LigPlus 3t 47 BL AR AH BAE 7597 o
LigPlus #& — 5K A T A8 B Be AR — 2 1 5 AH BLAE FH i) — 4t
N B A, A B T BRI AR S 2R A T (8] A
VE FEAS RN 22 fih 1 o

ZHR
1 SRS

XPIE B N AR EHAT T 2 04
TH3 M. PCA 2y M2 a8 1 s, & 2H 18] 43 85 2. 3%
H QC AR A, ARG I ik 72 v A 88 A2 e, A6 45
RATEE, b B T 0T PCA AL R 0.625, O°
0316, 715 TR, PCARI RPN 0.512, O° N
0.345, 45 5L 57 9 A A58 28 11 A R e ) — M TN e
BT, TERE AR oy SR 2 ) 22 S 00 o g A PR
ifi i3k — 22 R F OPLS-DA #: %Y (14 2) 43 #r ADB-BUTI-



RREE:

G R E ADB-BUTINACA %85 T R SR VAR P ) AR 4 43 Bt B 30082 368 % F 7

1339 -

NACA X pRIGACH L S0 o IE AR TR0 & AR
T 357 R Bt A R0 X Y 7R R PR AR R R ) LA R B AR T
Mige 7y, B4 AR Z S R A vE . i — B 8iE
R ] S, 1 #5554 OPLS-DA AR AU R 1 & ekt
5o (13), 200 & B ke 56, #4858 10 T 2 4 0 1Y)
2R B U9 5 FEAE Y AR P /N T 0, 5 I AR R AT A
S =BUE Y e
2 KRIFEEYV LI

AT 5838 L 4 2 S-plot % ADB-BUTINACA T
95 K BRI A AR = 0 RE AT T TR A AT, PR
ST LE 1) 22 e MEAR Ui AR B (B 4) . B — > jO0)
AN [ AR 54, L rp 0 € 5 i X N AR U P 7 S i
¥ FREEDN, BEREMTEESARE. 4S-

A 300000 25

-200000 200000 =E
-100000 -100000 H
0 0
100000 100000
200000 200000
300000 300000
400000 400000
500000 ¢ 500000

25 20 15 10 5

B 1000002

plot Bl A 1 s T 58— RBR I, U8 B JLAE - T4 A
BT HR A B A T A = R A A R B
P LRE T d R R, A& ADB-BUTINACA
TGS T — R E BB, X LA
VInT RS 259 TR 51 1 AR B N DDA O, B
BN TELE AR b E D I A1
3 ADB-BUTINACA Tl KRR G RiGHZE F K5
iR

#BE— BRI VIP. PLFC fH i ik 2 R AR (P <
0.05, VIP > 1, FC > 2/FC < 0.5), £ #] FJ§ HMDB A
mzCloud U #8 B Lo 22 e AR i) — - Z R s,
i 777 5 ADB-BUTINACA T~ T 41 3t 0 i Hi 52 Fh i
1E Wb S0 2 S AW, Job AR Y 20 F, T A

100000

100000

15000

150000
25

Figure 1 Principal component analyses (PCA) scores plot (3D) generated from serum samples data sets for quality control (QC, green dot
ted ellipse), control group (C, blue dotted ellipse), low-dose ADB-BUTINACA-treated group (L, red dotted ellipse), and high-dose ADB-
BUTINACA-treated group (H, yellow dotted ellipse). A: PCA scores plot for all samples in positive mode; B: PCA scores plot for all
samples in negative mode. ADB-BUTINACA: N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-butyl-1H-indazole-3-carboxamide
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Figure 2 OPLS-DA score plots comparing each dose group to the control under positive and negative ion modes. Panels A and B show

OPLS-DA results under positive ion mode, comparing the control group with the low-dose and high-dose groups, respectively. Panels C and

D show OPLS-DA results under negative ion mode, comparing the control group with the low-dose and high-dose groups, respectively. The

green sphere represents the control sample and the blue sphere represents the experimental sample
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Figure 3 Permutation test results (200 permutations) for the OPLS-DA model. A, B: OPLS-DA model permutation test results (positive

ion mode) comparing the control group with the low-dose and high-dose groups, respectively; C, D: Corresponding results under negative

ion mode
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Figure 4 S-plot models associated with the OPLS-DA models of data.
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Figure 5 Heatmap analysis of 52 differential metabolites. Heatmap of significant metabolic changes in ADB-BUTINACA treatment at
both low dose (L) and high dose (H), as well as control group (C). In this visualization, each column represents a separate sample, while
each row corresponds to a different metabolite. Colors represent different metabolite levels, with red indicating higher concentrations and

blue indicating lower concentrations
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Figure 6 Metabolic pathway enrichment and impact analysis based on differential metabolites. The left panel shows a bubble plot of
enriched metabolic pathways. The X-axis represents pathway impact values, and the Y-axis corresponds to pathway significance (-1gP). Each
bubble represents a metabolic pathway, with redder colors and larger bubbles indicating greater significance and impact of the pathway. The

right panel lists the significantly enriched pathways along with their corresponding statistics
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Figure 7 Effects of long-term exposure to ADB-BUTINACA on differential metabolite content in rat urine. A: Taurine; B: Phenylacetylg-
lycine; C: Phenylacetaldehyde; D: Choline; E: Methionine. n = 6, X +5."P < 0.05, "P < 0.01
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Figure 8 Molecular docking revealed potential sites for ADB-BUTINACA interaction with ALDH3.The figure shows the ball-and-stick
models of ligand and protein side chains. The connections of ligand are represented by red shading, hydrogen bonds are represented by

green dashed lines, and arcs with spoke designs represent non-bonding interactions between the protein and ligand
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