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Abstract: Ultra-high performance liquid chromatography coupled with quadrupole-Orbitrap high-resolution
mass spectrometry (UHPLC-Q-Orbitrap-HRMS) was applied for the non-targeted metabolomic characterization of

Paeoniae Radix Alba and Paeoniae Radix Rubra decoction pieces. Differential metabolites were identified through
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multivariate statistical analysis. Interpretable machine learning methods, including random forest (RF), adaptive
boosting (AdaBoost), and extreme gradient boosting (XGBoost), were further employed to build classification
models, and the Shapley additive explanations (SHAP) algorithm was used to evaluate the contributions of charac-
teristic metabolites. A total of 44 metabolites were identified, including 9 flavonoids, 8 phenolic acids, and other
types of metabolites, among which 12 showed significant differences between the two kinds of decoction pieces. In
the test set, the RF model exhibited superior performance. SHAP analysis indicated that gluconic acid, quercetin,
kaempferol, L-aspartic acid, taxifolin, and oxypaeoniflorin significantly contributed to model discrimination, with
L-aspartic acid showing elevated levels in Paconiae Radix Alba, while the other metabolites were relatively higher
in Paeoniae Radix Rubra. The metabonomics-machine learning strategy established in this study provides potential
chemical evidence for elucidating the efficacy differences between Paeoniae Radix Alba and Paeoniae Radix Rubra
and offers new insights into the identification, origin traceability, and characteristic marker discovery of other easily
confused traditional Chinese medicines.

Key words: Paconiaec Radix Alba; Paconiae Radix Rubra; non-targeted metabolomics; differential metabolite;

machine learning; SHAP analysis
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Table 1 Sample information of Paconiaec Radix Alba (BS) and
Paeoniae Radix Rubra (CS) decoction pieces

Place of -

No.  Batch No. . No. Batch No.  Place of origin

origin

BS1 240302 Anhui | CS1 25021311 Inner Mongolia

BS2  A240916 Anhui | CS2 2502021042 Inner Mongolia

BS3  GX240401 Anhui | CS3 2310098 Inner Mongolia

BS4 241101 Anhui | CS4 241001 Inner Mongolia

BS5 GX241103 Anhui | CS5 B24062701-1 Inner Mongolia

BS6 241201 Anhui | CS6 250301 Inner Mongolia

BS7  A250202 Anhui || CS7 240403851 Inner Mongolia

BS8 D2411043  Anhui | CS8 250100921  Inner Mongolia
BS9 GX240201 Anhui | CS9 241001-1 Heilongjiang
BS10 240409 Anhui | CS10 250101-1 Heilongjiang
BS11 2241201 Anhui || CS11 240901-1 Heilongjiang
BS12 241003 Anhui | CS12 240501-1 Heilongjiang
BS13 241004 Anhui | CS13 241011-1 Heilongjiang
BS14 2230302 Anhui | CS14 241202-1 Heilongjiang
BS15 240904 Anhui | CS15 240401-1 Heilongjiang
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Total ion chromatograms of quality control samples of Paeconiae Radix Alba and Paconiac Radix Rubra. A: Positive ionization
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Table 2 Identification of chemical constituents between Paeoniae Radix Alba and Paeoniae Radix Rubra

No. Compound t,/min Formula Ion mode mlz Error/ppm Fragment ion (m/z)
1 Taxifolin 3.81 CH,,0, [M-H] 304.058 4 0.37 285.040 4, 275.056 0, 241.050 6
2 Sucrose 1.22 C,H,,0, [M-H] 342.116 4 0.46 179.055 4, 119.033 8, 71.012 5
3 Salicylic acid 4.26 CHO, [M-H] 138.030 6 -7.97 136.015 2, 93.033 3, 65.038 6
4 Quercetin 4.26 C.H,0, [M-H] 302.042 9 0.65 273.040 7, 257.045 5, 229.050 5
5 Pyrogallol 1.38 CHO, [M-H] 126.030 6 -9.10 81.033 5, 69.033 2
6  Protocatechuic acid 222 CHO, [M-H] 154.025 6 -6.34 110.031 8, 109.028 3, 108.987 4
7  Procyanidin B2 2.54 C,H,0, [M+H] 578.141 8 -1.12 299.055 1, 287.055 1, 271.060 0
8  Procyanidin B1 2.98 C,H,0, [M-H] 578.142 7 0.53 289.071 7,245.081 7, 161.023 5
9  Palmitic acid 6.00 C,H,,0, [M-H] 256.240 0 -1.08 211.206 1, 173.047 5, 119.945 9
10 Paeoniflorin 3.49 C,,H,,0, [M-H] 480.163 1 -0.14 357.1192,327.108 0, 195.065 4
11 Oxypaconiflorin 3.03 C,H,0, [M-H] 496.158 2 0.30 345.119 6, 281.066 7, 177.054 8
12 Oleanolic acid 7.23 C,,H,.0, [M-H] 456.360 7 0.72 437.342 0, 409.347 0, 139.112 3
13 Methyl gallate 3.22 CH,O, [M-H] 184.036 3 -4.61 168.005 6, 139.002 5, 111.007 6
14 Maltopentaose 0.79 C,,H,,0,, [M-H] 828.2755 0.98 707.225 5, 545.172 4,425.130 1
15 Kaempferol 4.53 C.H,0, [M-H] 286.047 9 0.54 257.046 4, 213.055 2, 151.002 2
16  Gallic acid 2.09 C,HO; [M-H] 170.020 7 -5.00 125.023 3, 124.015 7, 97.028 2
17  Ethyl gallate 3.72 C,H,,0, [M-H] 198.052 2 -3.24 169.013 3, 140.010 0, 125.023 1
18  Ellagic acid 3.28 C HO, [M+H] 302.006 0 -0.85 285.002 6, 257.008 1,219.016 8
19 Citric acid 1.18 CH,0, [M-H] 192.026 2 -4.05 173.008 4, 154.997 5, 130.997 3
20  Catechin 2.34 CH,,0, [M+H]' 290.079 0 -0.14 207.065 1, 179.070 6, 147.044 0
21  Benzoylpaeoniflorin 432 C,H,,0, [M+HCOO] 584.189 8 0.68 177.054 8, 165.054 8, 135.044 0
22 Benzoic acid 4.65 CHO, [M-H] 122.035 6 -9.51 108.020 4, 93.033 2
23 Albiflorin 3.46 C,H,,0 [M+H]" 480.162 4 -1.66 179.070 1, 151.075 2, 109.028 5
24 Acetophenone 3.45 C,HO [M+H] 120.057 5 0.17 105.045 0, 93.070 3, 91.054 7
25  y-Aminobutyric acid 0.78 C,HNO, [M+H] 103.063 6 2.95 87.044 5, 86.060 5, 69.034 1,
60.081 5, 58.065 8
26  Valine 6.62 C,H, NO, [M+H]' 117.079 2 1.52 73.029 0, 72.081 4, 59.073 7
27  Propyl gallate 3.17 C,,H,,0 [M-H] 212.067 9 -2.65 125.023 2, 123.080 4
28  Naringenin 4.50 C,H,,0; [M-H] 272.068 5 0.08 253.050 6, 227.071 5, 177.018 5,
169.013 1, 151.002 6, 119.049 0
29  Threonine 0.81 C,H,NO, [M+H] 119.058 3 0.44 102.055 3, 74.060 6, 56.050 2
30  L-Phenylalanine 1.54 C,H, NO, [M+H] 165.078 9 -0.49 149.059 5, 131.049 1, 121.065 2,
120.080 8
31  Linoelaidic acid 7.15 CH,,0, [M-H] 280.240 3 0.06 261.2223,59.012 5
32 Glutamic acid 0.81 CHNO, [M+H]" 147.053 0 -1.16 130.049 9, 102.055 3, 84.044 9
33 Leucine 0.90 CH,NO, [M+H]" 131.094 6 -0.57 86.096 9, 69.070 6
34 L-Aspartic acid 0.81 C,HNO, [M+H] 133.037 4 -0.87 116.034 4, 88.039 8, 74.024 2
35  L-(-)-Carvone 3.21 C,H,O [M+H] 150.104 4 -0.47 123.044 4, 95.086 0, 81.070 4
36  Gluconic acid 0.83 CH,,0, [M-H] 196.057 5 -4.09 177.039 7, 159.029 0, 141.017 9
37  Eugenol 3.76 C,H,0, [M+H]" 164.083 6 -1.11 137.059 7, 133.064 8, 105.070 2
38  Eriodictyol 4.51 CH,,0, [M-H] 288.063 6 0.65 151.002 5, 135.043 9, 125.023 3
39  Epicatechin 3.13 CH,0, [M+H] 290.078 5 -1.81 207.065 2, 179.070 5, 165.054 9,
147.044 0
40  Arginine 0.73 CH, N0, [M+H]' 174.111 5 -1.24 158.092 4, 130.097 6, 116.070 8,
112.087 1
41 D-(-)-Glutamine 0.78 CH N0, [M-H]" 146.067 9 -8.31 127.050 1, 109.039 4
42 Camphor 0.31 C,H,O [M+H] 152.120 1 -0.40 135.117 0, 109.101 4, 107.001 0,
97.065 2
43 1,2,3,6-Tetra-O-galloyl-B-D- 3.48 C,H,0,, [M-2H]? 393.045 8 0.82 635.089 2, 617.078 8, 579.089 8,
glucose 483.076 9, 465.067 7, 447.056 0
44 1,2,3,4,6-Pentagalloylglucose  3.58 C,H,,0, [M-2H]* 469.051 3 0.07 295.045 6, 277.035 3, 211.024 3,

125.023 2
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Figure 2 Multivariate statistical analysis of metabolomics of Paeoniae Radix Alba and Paeoniae Radix Rubra. A: Principal component

analysis (PCA) score plot; B: Orthogonal partial least squares-discriminant analysis (OPLS-DA) score plot; C: Permutation test plot
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Figure 3  Analysis of differential metabolites between Paeoniae Radix Alba and Paeoniae Radix Rubra. A: Volcano plot of differential

metabolites; B: Hierarchical clustering heatmap of differential metabolites. VIP: Variable importance in projection; FC: Fold change

Table 3 Characteristics of differential metabolites between Paeoniaec Radix Alba and Paconiae Radix Rubra

No. Metabolite Formula Classify BS vs €S Type
VIP FC P value
1 Taxifolin CH,,0, Flavonoids 1.27 0.03 4.30E-06 Down
2 Quercetin CH,,0, Flavonoids 1.27 0.02 1.57E-05 Down
3 Oxypaeoniflorin C,H,.0,, Terpenes 1.17 0.15 4.93E-14 Down
4 Oleanolic acid C,,H, 0, Terpenes 1.16 0.12 1.58E-12 Down
5 Maltopentaose C,,Hy,0, Saccharides 1.13 5.36 1.41E-02 Up
6 Kaempferol C;H,,04 Flavonoids 1.29 0.03 4.54E-08 Down
7 Propyl gallate C,,H,,0, Phenolic acids 1.15 0.09 3.75E-08 Down
8 Naringenin CH,,0, Flavonoids 1.33 0.03 3.68E-11 Down
9 Glutamic acid C;H,NO, Amino acids and their derivatives 1.34 3.48 1.94E-17 Up
10 L-Aspartic acid C,H,NO, Amino acids and their derivatives 1.33 7.87 6.55E-18 Up
11 Gluconic acid CH,,0, Organic acids and their derivatives 1.05 0.07 3.57E-03 Down
12 Eriodictyol C.H .0, Flavonoids 1.24 0.03 8.23E-07 Down
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Figure 4 Comprehensive performance evaluation. A: ROC curves of the three machine learning classifiers (RF, AdaBoost, and XGBoost)

obtained from 5-fold cross-validation; B-D: Learning curves of the RF, AdaBoost and XGBoost models; E: ROC curves of the RF, AdaBoost

and XGBoost model on the test set; F-H: Confusion matrix of the RF, AdaBoost and XGBoost models on the test set. ROC: Receiver operating

characteristic; RF: Random forest; AdaBoost: Adaptive boosting; XGBoost: Extreme gradient boosting

Table 4 Comparison of model performance using 5-fold cross-validation

Model Dataset Accuracy Precision Recall F1 AUC
RF Training set 1.00 + 0.00 1.00 £ 0.00 1.00 + 0.00 1.00 £ 0.00 1.00 = 0.00
Validation set 1.00 = 0.00 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00 1.00 = 0.00
AdaBoost Training set 1.00 +0.00 1.00 = 0.00 1.00 + 0.00 1.00 = 0.00 1.00 +0.00
Validation set 0.95+0.10 0.97 £0.07 0.95+0.10 0.95+0.11 0.95+0.10
XGBoost Training set 1.00 = 0.00 1.00 + 0.00 1.00 = 0.00 1.00 +0.00 1.00 = 0.00
Validation set 0.95+0.10 0.97 £0.07 1.00 +0.10 0.95+0.11 0.95+0.10
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Figure 5 Importance assessment and differential comparison of characteristic metabolites based on SHAP value analysis. A: Importance

ranking plot of characteristic metabolites based on SHAP value analysis; B: Beeswarm plot showing the contribution distribution of SHAP

values for characteristic metabolites; C: Comparison of raw peak areas of the top six key characteristic metabolites between BS and CS.
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