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Abstract: To explore the protective effect of protropine in Corydalis humosa Migo. on lipopolysaccharide-
induced acute kidney injury in mice (AKI), an approach that used ultra-performance liquid chromatography quadru-
pole time-of-flight tandem mass spectrometry (UHPLC-Q/TOF-MS) coupled with a multivariate analytical plat-
form was established. The BALB/c mice were divided into normal group (CON), model group (LPS), and protro-
pine group (PRO). Mice were injected intraperitoneally with lipopolysaccharide solution to replicate the AKI
model. Three hours after modeling, mice were given the protropine solution by gavage. Protropine was a monomer

compound isolated in the laboratory, and protropine solution was prepared by dissolving protropine in sterilized
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distilled water. Administration was performed twice a day for three days. After modeling and administration, serum
samples were collected. UHPLC-Q/TOF-MS was used to generate metabolomics data. Multivariate statistical
analysis and online databases were used to screen potential biomarkers and enrich metabolic pathways. The
heatmap of relative quantitative biomarker data was generated through Mev software. Animal experiments were
approved by the Animal Experimentation Ethics Committee of Henan University of Chinese Medicine (No.
SYXK2015-0005). The results show that the metabolic profile of mice in the LPS group was significantly altered
by intervention with protropine, and clustered towards the CON group. 70 biomarkers were identified from the
CON group vs LPS group (35 in positive source mode, 35 in negative source mode), and 67 biomarkers were
identified from the LPS group vs PRO group (37 in positive source mode, 30 in negative source mode). A total of
34 common markers (18 in positive source mode, 16 in negative source mode) were obtained from the two
comparison groups. The enrichment of all biomarkers resulted in 8 metabolic pathways including linoleic acid
metabolism, D-glutamine and D-glutamate metabolism, arginine and proline metabolism, and arachidonic acid
metabolism. The results show that protropine in Corydalis thizoma ameliorates the kidney damage, insufficient
energy supply, and inflammation in AKI mice by regulating amino acid metabolism, energy metabolism, and lipid

metabolism in AKI mice.
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Figure 1

Principal component analysis (PCA) of normal group (CON), model group (lipopolysaccharide, LPS), and protropine group

(PRO) in positive (A, B) and negative (C, D) source modes. Each sample point represents a serum sample of a single animal. The CON

group, LPS group and PRO group correspond to green circle, blue square and yellow inverted triangle respectively. A: R°X = 0.743, O° =
0.669; B: R°X=10.727, 0" = 0.673; C: R°X = 0.632, O* = 0.566; D: R°X = 0.696, O* = 0.601
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Figure 2 Screening of potential biomarkers. A, B, C, D: OPLS-DA of CON group vs LPS group, LPS group vs PRO group in positive (A,

B) and negative (C, D) source modes. The CON group, LPS group and PRO group correspond to green circle, blue square and yellow inverted
triangle respectively. A: R°X = 0.833, R’Y = 0.989, 0” = 0.98; B: R°X = 0.833, R’Y = 0.995, 0" = 0.983; C: R°X = 0.831, R’Y = 0.999, 0" =
0.992; D: R°X = 0.818, R’Y = 0.995, O* = 0.984. E, F, G, H: OPLS-DA model verification of CON group vs LPS group, LPS group vs PRO
group in positive (E, F) and negative (G, H) source modes. Intercepts: E: R* = (0.0, 0.438), Q> = (0.0, —0.715); F: R* = (0.0, 0.662), Q* =
(0.0, -0.87); G: R* = (0.0, 0.615), 0> = (0.0, —1.05); H: R* = (0.0, 0.698), O° = (0.0, —0.922)
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Table 1 Summary of biomarkers in the CON group vs LPS group and LPS group vs PRO group. RT indicates the retention time of the com-
pound in the liquid chromatography, "a" indicates that the compound comes from the CON group vs LPS group, "b" indicates that the com-
pound comes from the LPS group vs PRO group, "a, b" indicates that the compound is shared by the two comparison groups. "+" indicates

the positive detection mode, and "-" indicates the negative detection mode. MW: Molecular weight

No. Metabolite RT/min MW Adduct Formula Main fragment ion (MS/MS) Source Mode
1 (S)-5-Amino-3-oxohexanoate 0.8 146.0813 M+H CH, NO, 129.052 5, 128.070 8, 110.070 7 a +
2 Betaine 0.9 118.086 5 M+H CH ,NO, 102.055 2, 100.075 5 a,b +
3 4-Trimethylammoniobutanoic acid 0.9 146.1175 M+H C,H ,NO, 128.106 8, 102.127 3, 110.071 6 a +
4 D-Glutamine 0.9 147.076 5 M+H C,H,N,O, 130.050 0, 129.066 0, 112.037 3 a,b +
5 D-Glucose 0.9  203.0528 M+Na CH,,0, 181.069 8, 163.060 0, 145.049 5 a,b +
6 L-Asparagine 0.9 155.042 6 M+Na C,HN,O, 115.052 4 a +
7 Ornithine 0.9 155.078 9 M+Na CH,N,0, 133.097 7, 116.070 7, 115.086 8 a,b +
8 1-Methylhistidine 0.9 170.092 3 M+H C.H,N,O, 153.065 6, 126.102 8, 124.087 6 a +
9 Creatine 1.1 132.076 8 M+H C,HN,O, 111.0199,121.971 8, 114.090 5 a,b +

10 L-Methionine 1.1 150.058 4 M+H C,H, NO,S 133.031 9, 115.028 3, 114.037 7 a,b +
11 Allantoin 1.1 181.0332 M+Na C,HN,O, 159.051 6, 116.045 8, 142.018 6 a,b +
12 Deoxycytidine 1.1 228.097 6 M+H C,H;N,O, 211.070 6, 112.050 7, 210.094 7 a +
13 L-Homoserine 1.1 120.0654 M+H C,H)NO, 119.089 4 ab +
14 2-Pyrrolidineacetic acid 1.1 130.086 3 M+H CH, NO, 112.086 8 a +
15 2-Phenylacetamide 1.1 136.075 6 M+H CHNO 119.049 2, 118.065 0,91.054 4 a,b +
16  Creatinine 1.1 136.0479 M+Na C,HN,O 114.066 3, 98.034 8 a +
17  Cinnamic acid 1.1 149.059 6 M+H C,H,0, 131.055 1 a,b +
18 Dimethadione 1.1 152.031 6 M+Na C,H,NO, 130.050 0, 90.008 0, 114.022 2 a,b +
19 L-Norleucine 1.1 154.083 8 M+Na CH;NO, 132.102 0, 116.070 7, 115.075 2 a,b +
20 Benzocaine 1.1 166.086 1 M+H C,H, NO, 149.059 7, 148.076 1, 140.068 8 a,b +
21  2-Methylguanine 1.1 166.072 0 M+H CHN,O 149.043 2, 148.060 8, 137.043 6 a +
22 1-Methyl-4-pyridone-3- 1.1 175.047 6 M+Na C.H,N,0, 153.065 8, 127.050 3, 126.054 8 a +
carboxamide
23 Glycylvaline 1.1 175.107 8 M+H C.H N,O, 157.097 5, 159.120 5 a +
24 Cotinine 1.1 177.1029 M+H C,,H,N,O 159.091 9, 148.076 1, 146.060 6 a +
25  p-Tyrosine 1.1 182.081 3 M+H C,H NO, 165.054 5, 164.070 1, 147.091 4 a,b +
26 D-Leucine 1.3 132.101 9 M+H CH,NO, 116.070 6, 115.075 2, 114.091 4 a,b +
27 Indoleacetaldehyde 1.3 160.075 6 M+H C,,H,NO 144.041 2, 142.065 2, 134.060 2 a +
28 Phenylacetylglycine 7.9 194.081 1 M+H C,H, NO, 168.064 1, 148.076 1 a +
29 Oleamide 9.4 2822795 M+H CH,;NO 265.254 0, 264.269 0 a +
30 Palmitoylethanolamide 94  300.2903 M+H C,H,,NO, 282.279 3,272.258 9, 256.264 2 a,b +
31  3,7,8,15-Scirpenetetrol 94  299.1479 M+H C,;H,,0, 281.134 8,269.1390,267.123 1 a +
32  Isopimaric acid 11.9 3032326 M+H C,,H,,0, 2852233 a +
33 Copalic acid 18.8 3052477 M+H C,,H,,0, 287.2375,277.215 0, 269.227 0 a +
34 2-Hydroxybutyric acid 1.4 103.039 8 M-H C,H,0, 104.042 8, 101.024 0 a -
35 L-Proline 1.2 114.056 0 M-H C,H,NO, 96.049 9 a,b -
36 Hydroxyethyl glycine 1.2 118.0510 M-H C,H,NO, 74.022 8, 88.041 3, 100.050 1 a -
37 (5)-3,4-Dihydroxybutyric acid 1.2 119.0349 M-H CH,0, 101.024 2, 89.024 0, 87.008 4 a -
38 Taurine 0.8 124.0073 M-H C,H,NO,S 106.007 8 a,b -
39  2-Hydroxyethanesulfonate 1.0 1249913 M-H C,HO,S 106.980 3, 95.005 6 a,b -
40 Ethylphosphate 1.0 125.001 0 M-H C,H, 0P 106.980 3, 98.947 2, 96.960 1 a -
41 Pyroglutamic acid 1.2 128.0354 M-H C,H,NO, 110.058 4 a,b -
42 2-[(Methylthio)methyl]-2-butenal 1.2 129.038 5 M-H CH, 08 111.020 1, 98.955 9, 113.023 9 a -
43 B-Leucine 1.2 130.087 1 M-H CH NO, 113.024 6, 112.066 0, 86.045 3 a -
44 L-Glutamine 1.0 145.061 9 M-H C,H N,O, 127.051 2 a,b -
45  L-Glutamic acid 1.0 146.0459 M-H C,H,NO, 128.0355 a,b -
46 Mevalonic acid 1.0 147.066 4 M-H CH,,0, 129.055 5, 131.034 9, 117.055 8 a,b -
47  Formiminoglutamic acid 1.0 173.056 6 M-H CH N0, 156.027 4, 155.046 9, 146.045 7 a -
48  Citrulline 1.0 174.088 4 M-H CHN,0O, 156.057 9 a -
49  Adrenochrome 7.2 178.0502 M-H C,H)NO, 160.040 1 a -
50 D-Tagatose 1.2 179.0559 M-H CH,,0, 161.056 7 a -
51 L-Tyrosine 1.2 180.066 3 M-H C,H, NO, 163.040 0, 119.054 0 a,b -
52 Homovanillic acid 4.0 181.0504 M-H C,H,,0, 165.0190 a,b -
53 4-Pyridoxic acid 1.0 182.0454 M-H CH,NO, 138.055 7, 139.052 4, 183.048 9 a -
54 3-Dehydroquinic acid 1.0 189.040 3 M-H CH, 0, 171.028 1, 159.029 9, 147.029 8 a -

55 Citric acid 1.2 191.0193 M-H CHO 173.008 8, 154.996 5, 147.029 5 a,b -
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No. Metabolite RT/min MW Adduct Formula Main fragment ion (MS/MS) Source Mode
56 Dopaquinone 1.0 194.0458 M-H C,HNO, 148.043 6, 177.040 6, 176.043 1 a,b -
57 (&)-Tryptophan 34 203.0823 M-H C,H,N,0, 176.038 2, 187.022 6, 185.007 1 a -
58 Pseudouridine 1.2 243.0617 M-H C,H,,N,O 226.012 1, 225.061 6 a -
59 Palmitic acid 108 2552326 M-H C,H,,0, 239.165 2, 227.165 6 a -
60 Aspartyl-histidine 1.0 269.0878 M-H C,H N, 252.0541,251.0788,225.088 1 a -
61  Arachidonic acid 18.6 3032317 M-H C,,H,,0, 275.2015 a,b -
62 Mitotane 0.8 3169479 M-H C H,C, 290.928 0, 288.951 4, 286.881 6 a,b -
63  Trichloroethanol glucuronide 7.8 3229485 M-H CH, C,0, 276.9413 a -
64 Ethyl arachidonate 120 3312633 M-H C,,H,0, 303.233 4 a -
65  Cholic acid 94 4072795 M-H C,H,,0 391.234 3,389.269 7, 377.269 1 a,b -
66  Glycocholic acid 9.0 4643008 M-H C,H,,NO, 446.290 6, 428.264 9 a,b -
67 Crustecdysone 104 4793013 M-H C,H,,0, 477.285 8,461.2779,449.290 5 a -
68  Taurocholic acid 92 5142824 M-H C,H,NO,S 496.273 5,484.273 3,470.275 5 a,b -
69  Glycerol 0.9  115.0367 M+Na C,HO, - a,b +
70  Spermidine 0.8  146.1649 M+H C,H )N, 129.138 5, 112.111 6 a,b +
71  Umbelliferone 7.3 180.0653 M+NH, C,H.O, 163.039 1, 119.034 8, 116.972 0 b +
72 L-Acetylcarnitine 0.9 204.1232 M+H C,H NO, 186.130 6, 175.057 6, 176.066 3 b +
73  Phenylacetylglycine 79  216.0629 M+Na C,H,NO, 194.081 2, 176.071 1, 168.065 1 b +
74  Diethyl oxalpropionate 1.3 220.1177 M+NH, CH, 0, 185.087 7, 175.058 6, 157.0472 b +
75 Phenobarbital 83  233.0920 M+NH, C,H,N,O, 215.0886,217.064 6,207.0839 b +
76  3-Hydroxynonanoyl carnitine 8.3 340.209 5 M+Na C,H;NO; 318.227 7,300.216 7 b +
77 12-Ketodeoxycholic acid 9.6 3552641 M+H-2H,0 C,H,0, 391.2851,373.2745,361.2744 b +
78  2-Hydroxymyristoylcarnitine 9.4  370.2956 M+H-H,0 C,,H, NO 370.2959 b +
79  Taurallocholic acid 94 5162997 M+H C,,H,NO,S  498.290 4 b +
80 Phaseolic acid 8.1 5252888 2M+H C,H,,0, 263.142 6,245.137 7,227.128 7 b +
81 LysoPC(18:0/0:0) 9.8 541.3956 M+NH, C,H,NO.P 506.3517,524.3739 b +
82  All-trans-hexaprenyl diphosphate 8.1 569.3143 M+Na C,,H,,0,P, 543.264 0, 507.366 8, 503.316 6 b +
83  Violaxanthin 9.9  600.440 8 M+NH,-H,0 C,H,O, 583.404 7, 565.397 3,433.304 8 b +
84 Presqualene diphosphate 8.1 609.310 6 M+Na C,,H,0,P, 587.326 7, 569.314 8, 547.309 3 b +
85  LysoPI(20:0/0:0) 83 6113569 M+H-H,0 C,,H,O,P - b +
86 Lucyoside K 83 6553830 M+Na C,H,,0, 597.363 7,577.3323,633.3714 b +
87 Acidissiminin epoxide 104 6584827 M+H-H,0 C,,HNO 592.405 4, 590.426 4 b +
88  Mpyo-Inositol hexakisphosphate 83 677.8967 M+NH, CH,O,,P, 660.865 5, 642.887 7,580.9752 b +
89  PS(16:1(92)/15:0) 10.8  737.5044 M+NH, C,,H,)NO, P 7024783 b +
90  Chrycorin 1.2 201.0381 M-H,O-H C,H,0,8 219.035 2,203.016 4,201.037 1 b -
91 13-HODE 162 2772162 M-H,0-H C,H,,0, - b -
92  2-Phenylethanol glucuronide 8.6 297.0979 M-H C,H,0O, 253.107 2,251.092 3,235.0967 b -
93  7-Hydroxyoctadecanoic acid 134 299.2584 M-H CH,0, 281.248 0 b -
94  Sphingosine 1-phosphate 10.0 3782411 M-H CH,NO,P  360.2757 b -
95 Garcinone A 20.0  379.1563 M-H C,,H,,0 - b -
96 Chenodeoxycholic acid 104 3912851 M-H C,H,,0, 359.2229,355.246 5 b -
97  3-Oxocholic acid 9.2 4052648 M-H C,,H, O 387.254 2, b -
98  Allocholic acid 9.2 4072801 M-H C,,H,, 0, 389.271 1 b -
99 LysoPA(20:2(11Z,142)/0:0) 9.2 4432566 M-H,0-H C,,H,,0.P 443.256 9 b -
100 Ceanothine C 9.0 4512702 M-H,0-H C,H,N,O,  469.2813,451.2704 b -
101 LysoPE(0:0/18:1(92)) 11.8  478.2935 M-H C,,H,NOP 460.2828,435.250 6 b -
102 Linoleic acid 20.0 559.4708 2M-H C,H,,0, 279.233 0 b -
103 N-Desmethylcitalopram 16.8  619.2867 2M-H C H N, - b -
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Figure 3 The heatmap of biomarkers in positive (A) and negative (B) source modes. In the figure, each row represents a compound, and

each column represents a experimental group. The three rectangles in each row represent the content of the compound in the three groups.

The closer the color is to green, the lower its content, and the closer it is to red, the higher its content
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Figure 4 The metabolic network of protropine protecting AKI mice. The red ones indicate the common biomarkers of the CON group vs

LPS group and LPS group vs PRO group. The red arrows indicate the trend of the marker in the LPS group vs CON group, and the green

arrows indicate the trend of the marker in the PRO group vs LPS
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