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Abstract: Objective To establish an interpretable deep learning model based on a bidirectional gated recurrent unit (BiGRU) and a
temporal attention mechanism to elucidate the dynamic spatiotemporal response mechanisms of the multi-component—multi-target
interactions underlying the effects of Buyang Huanwu Decoction (BYHWD) against ischemic stroke (IS). Methods A rat model of
middle cerebral artery occlusion (MCAO) was established. Plasma and brain tissue samples were collected at multiple time points after

administration. Plasma concentrations of 14 active components of BYHWD were quantified by UPLC-MS/MS, and the expression
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levels of 15 key targets in brain tissue were determined by ELISA to construct a multi-component—multi-target time series dataset. A
BiGRU-based temporal attention network was established using a sliding window strategy, and leave-one-batch-out cross-validation
(LOBO-CV) combined with bootstrap resampling was employed to evaluate model performance and stability. The model was further
interpreted to identify highly contributive time points, potential key components, and responsive target features. Results The model
demonstrated good predictive performance in LOBO-CV, with an R? value greater than 0.80 and a mean squared error (MSE) below
0.20 across all test sets. Temporal attention analysis identified 10 h post-administration as a time point receiving high model attention,
with an attention peak value of 0.602 6. Gradient attribution analysis identified paeconol, calycosin, and formononetin as the major
driving components, while brain derived neurotrophic factor (BDNF), protein kinase G type II (PKG2), and calmodulin-dependent
protein kinase II (CAMK2) were identified as the key responsive targets. Bootstrap resampling showed that the 10 h critical time
window was identified with a frequency of 90%, indicating good model stability. Conclusion This study established a BIGRU and
temporal attention-based approach for dynamic time series analysis of the multi-component—multi-target actions of BYHWD. The
proposed method provides new temporal evidence for elucidating the mechanisms underlying the anti-IS effects of BYHWD and offers
a reference for investigating the dynamic pharmacological mechanisms of traditional Chinese medicine formulas.

Key words: Buyang Huanwu Decoction; ischemic stroke; bidirectional gated recurrent unit; temporal attention; deep learning; paeonol;

calycosin; formononetin
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Fig.1 Schematic diagram of deep learning framework for multidimensional time series
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Table 1 Gradient elution conditions for liquid

chromatography

t/min 0.01%H iR /K/% L%

0~3 99.0 1.0

3~4 99.0~93.0 1.0~7.0

4~8 93.0~87.5 7.0~125

8~12 87.5~75.0 12.5~25.0
12~20 75.0~20.0 25.0~80.0
20~22 20.0~99.0 80.0~1.0
22~26 99.0 1.0

#2 15 MRIMMZEFEXGYFELNEYF IR RE
BEkAE
Table 2 Biological functions and selection rationale of 15

targets related to ischemic stroke

Eiup=) EXy vl 2% 30k
TNF-a . IL-6 . HAERM 20
JAK2. P38MAPK
HSP-70. nNOS =R 21
Bcl-2 . DAPKL . #H&ETCHET: 22-24
INK3. PI3K
BDNF. CAMK2 WaBE 25
VEGFR-2. MMP-9  Ifil & AF Jil 55 I fivi 57 e 26-27
PKG2 ERcEinci 28
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RS o R A IR AR . RSB S
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B3 S v DR RS . BESE ST X SR AL
fEAE A B S I TR i H AR, DA AR e

PEAE H 2 & T
2 #R
2.1 B EFEBIRESFES

AT RS RE S T N 3% T afi 14
R 2 5y 25805 PK 5 288 25305 PD I3 7
Hlo BAEREAE 6 MHOIAYFRIK, B
£ 0.08~12 h 1) 17 /MiIE] A _EFREBNE T 14 Fikx
O PE R 253K 5 15 AN SHERE S R IA KT,
TR e 270, B ) R R AN M4 . 1)
Gy FEE S bR 2R 7 R S 2R VE L L3R 3. 4. B
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R34 FhEEIRRERRZ

Table 3 Standard curves for 14 components

75 wED LR R R2 AU El (ng-mLY)

1 PR y=1249.5 x—123 984 0.998 9 0.108 9~543

2 HEHT y=91.698 x—55.825 0.999 8 4.64~9 280

3 R BRI y=173.75 x+5 648.7 0.993 8 0.106 7~1 067

4 B y=227.96 x+28 552 0.998 9 0.202 4~1012

5 B e BT ] B y=7.735x+1120.5 0.999 3 4.7~9 400

6 TRIE R y=175.59 x—10 111 0.998 5 5.11~10 220

7 JIE g y=391.03 x+287 766 0.993 6 0.091 9~919

8 N ABE H y=185.14 x+44 270 0.997 9 0.603~6 030

9 AMATHHE y=10.085 x—12.91 0.998 7 10.1~10 100
10 PN E N | y=0.941 3 x+8.328 2 0.999 9 0.114 6~573
11 SN y=1.258 3 x—184.89 0.999 2 1.292~1 292
12 TR R y=874.66 x—5 763.7 0.999 9 0.511~1022
13 AR y=309.35 x+167.9 0.995 1 4.525~9 050
14 R BEAT 2 y=280.88 x—1 205.4 0.991 2 0.46~920

F4 15 MRS HRRERRZ
Table 4 Standard curves for 15 targets
hide) AR R RE R2 LR

1 Bcl-2 y=101.790 1 x—4.375 9 0.998 2 12.5~200 pg- L™t

2 JAK2 y=12.6837x—0.644 9 0.997 6 1.5~24 pg-mLt

3 INK3 y=36.505 7 x—1.733 0.997 6 5~80 pg:mLt

4 P38MAPK y=19.127 4x—1.393 3 0.996 4 2.5~40 pmol-L!

5 IL-6 y=61.753 0 x—3.675 0 0.996 9 7.5~120 pg-mL!

6 PKG2 y=0.904 7 x—0.049 5 0.996 4 0.125~2 ng-mL!

7 CAMK?2 y=74.552 1 x—5.912 0.997 5 10 ~160 pg-mL*

8 MMP-9 y=43.234 3 x—2.405 4 0.997 3 5~80 pg-L?

9 PI3K y=134.496 0 x—9.253 3 0.996 9 15~240 pmol-L?
10 BDNF y=78.8914 x—6.143 3 0.995 3 10~160 ng-L!
11 HSP-70 y=271.823 1 x—20.846 5 0.996 2 30~480 ng-L!
12 nNOS y=4.2818x—0.322 9 0.996 3 0.5~8 pmol-L!
13 DAPK1 y=35.391 8 x—2.287 7 0.997 3 5~80 pg-mL!
14 VEGFR-2 y=103.816 0 x—7.097 6 0.997 1 12.5~200 pg-mL!
15 TNF-a y=186.529 2 x—13.571 5 0.996 1 22.5~360 ng-L ™
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BUZRRR . FALATZGH . RHIRATZHE . PR
BEFTEM . TWAEEER. URER. MR
5 8 57 V) ) B LR A6 BT ) o )
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Fig. 2 PCA and correlation analysis of components with targets
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