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Metabolic Profiling of Coumarins by the Combination of UPLC-MS-based 

Metabolomics and Multiple Mass Defect Filter 

Abstract 

1. Coumarins have aroused high interests due to their diverse bioactivities. 

Understanding of its metabolism contributes to determine the druggability of 

coumarin in vivo.  

2. A sensitive and efficient strategy based on ultra-performance liquid 

chromatography-mass spectrometer (UPLC-MS) analysis combined with various 

data-processing techniques including metabolomics and multiple mass defect filter 

(MMDF) was established for the comprehensive screening and elucidation of 

potential coumarin metabolites. 

3. Total 20 metabolites of scoparone were identified in this study, including 14 

undescribed metabolites. The metabolism of two other similar coumarins scopoletin 

and esculetin also could be determined using this strategy.  

4. By the established strategy, this study gives the insights about the major metabolic 

pathways of scoparone in vivo and in vitro metabolism, including demethylation, 

hydroxylation, hydration, cysteine conjugation, glucuronide conjugation and sulfate 

conjugation. Additionally, the metabolic pathways of scopoletin and esculetin were 

determined as hydroxylation, glucuronidation and sulfation. These results contribute 

to the understanding of metabolic characterization of coumarins, and demonstrate that 

the combination of UPLC-MS-based metabolomics and MMDF is a powerful 
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approach to determine the metabolic pathways of coumarin compounds. 

 

Keywords: Coumarins; Metabolism; Metabolomics; UPLC-MS; Multiple mass 

defect filter 

 

Abbreviations 

EtOAc, ethylacetate; HLM, human liver microsome; MLM, mice liver microsome; 

UPLC-ESI-QTOFMS, ultra-performance liquid chromatography-electrospray ion 

source-quadrupole/time-of-flight mass spectrometer; HPLC-MS, high-performance 

liquid chromatography mass spectrometer, MMDF, multiple mass defect filter; 

CMC-Na, carboxymethylcellulose sodium; NADPH, nicotinamide adenine 

dinucleotide 2’-phosphate reduced; NMR, nuclear magnetic resonance; OPLS-DA, 

orthogonal projections to latent structures discriminant analysis; TCC, total compound 

chromatogram; EIC, extracted ion chromatogram; Cys, cysteine; o-HPA, 

o-hydroxyphenylacetaldehyde; o-HPAA, o-hydroxyphenylacetic acid; o-HPE, 

o-hydroxyphenylethanol. 
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Introduction 

Coumarin, a natural product family with a 2H-1-benzopyran-2-one skeleton, is widely 

used in foodstuffs and cosmetic products. Coumarins have recently drawn much 

attention because of their diverse bioactivities, including anti-coagulant, anti-cancer, 

anti-HIV, anti-microbial, anti-oxidant and other activities (Barot et al. 2015, 

Srikrishna et al. 2018). Metabolism study, an essential part of drug discovery and 

development, contributes to the illumination of bioactivity and side-effects of drug. 

The metabolism of the core structure within a coumarin family is crucial for the 

design and development of new analogues. Previous studies have revealed several in 

vivo metabolic pathways of coumarin, the core structure of coumarin family, 

including 7-hydroxycoumarin pathway, 3-hydroxycoumarin pathway and coumarin 

3,4-epocide pathway, by which, some ring-opening metabolites were yielded (Figure 

1) (Kaighen et al. 1961, Shilling et al. 1969, Cohen 1979, Lake et al. 1989, Lake et al. 

1992, Lake et al. 1994). The illumination of coumarin’s metabolic pathways provided 

theoretical basis and guidance for the metabolism study of other coumarins. In 

1980s-1990s, metabolism studies of 7-ethoxycoumarin with liver slices and 

hepatocytes revealed that 7-hydroxycoumarin, sulfate conjugate and glucuronide 

conjugate were the major metabolites of 7-ethoxycoumarin (Paterson et al. 1984, Barr 

et al. 1991, Steensma et al. 1994). In 2010s, 7-ethoxycoumarin metabolism were 

studied by human and animal hepatocytes in vitro. In addition to 7-hydroxycoumarin, 

sulfate conjugate and glucuronide conjugate, the oxidative ring-opening, 

hydrogenated, dehydrogenated, cysteine conjugated, and hydrolyzed products of 
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7-ethoxycoumarin were determined with the LC-MS/MS method (Feng et al. 2018). 

This suggests that the improvement of analysis technologies and methods makes it 

possible to get a more comprehensive metabolite discovery. In early times, scoparone 

was considered to be metabolized by demethylation and hydroxylation pathways, and 

four metabolites were determined by ultra-performance liquid 

chromatography-electrospray ion source-quadrupole/time-of- flight mass 

spectrometer (UPLC-ESI-QTOFMS) method (Wang et al. 2007). Then, demethylation, 

hydroxylation, MBQP, glucuronide and sulfate conjugation pathways were identified 

as the primary metabolic pathways of scoparone in experimental animals’ liver 

microsomes in vitro and in humans in vivo (Juvonen et al. 2019). Although being 

increasingly investigated, there is still limited understanding about the metabolism of 

scoparone.  

 Metabolomics has been widely applied to studies of perturbations of endogenous 

small molecules in vitro or in vivo caused by xenobiotics such as a drug or toxic 

chemical (Fang et al. 2014). Extensive studies have proved that UPLC-MS-based 

metabolomics is an effective tool to investigate metabolism of xenobiotic and has 

been successfully applied to metabolism study of some bioactive natural products, 

such as myrislignan (Yang et al. 2017), dehydrodiisoeugenol (Lv et al. 2017), 

elemicin (Wang et al. 2019b), and myristicin (Zhu et al. 2019), as well as many 

clinical drugs, including gefitinib (Liu et al. 2015), pazopanib (Wang et al. 2019a), 

sunitinib (Zhao et al. 2019), and procainamide (Li et al. 2012). MMDF is an effective 

data-processing method for high-resolution mass spectrometry (HRMS) analysis, 
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which employs a mass defect filter to identify compounds in complex environments 

(Myers et al. 2014, Ballesteros-Gomez et al. 2017). MMDF was first reported in 2003 

for metabolites analysis based on the principle that mass defects of metabolites fall 

within a defined narrow window related to that of the parent drug (Zhang et al. 2010). 

Up to now, MMDF has been widely used in natural products metabolism study, such 

as, deoxyschizandrin (Liu et al. 2014) and oridonin (Tian et al. 2015), as well as 

clinical drug metabolism study like regorafenib (Wang et al. 2018).  

 The objectives of this work were to explore the metabolic profiling and metabolic 

pathway of scoparone as well as other two similar coumarins, scopoletin and esculetin, 

by a practical strategy of UPLC-MS-based metabolomics coupled with MMDF; 

illuminate the general metabolic characterization of simple coumarins on the basis of 

metabolic profiling of three coumarins. By the proposed strategy, 20 metabolites of 

scoparone (including 14 undescribed metabolites), 10 metabolites of scopoletin 

(including 7 undescribed metabolites), and 8 metabolites of esculetin (including 3 

undescribed metabolites) have been elucidated from feces, urine and plasma of mice 

as well as in mice liver microsome (MLM) and human liver microsome (HLM) 

respectively. Glucuronidation and sulfation were primary and common metabolic 

reactions in three coumarins metabolism in vivo.  
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Materials and methods  

Chemicals and reagents  

Scoparone, scopoletin and esculetin were isolated from 70% ethanol extraction of 

Artemisia capillaris Thunb., and the purity of three coumarins is 98% respectively. 

The structures of three coumarins were identified by 
1
H-NMR, 

13
C-NMR and HRMS. 

Nuclear magnetic resonance (NMR) spectra were recorded on Avance Ⅲ 600 MHz 

spectrometers (Bruker, Bremerhaven, Germany). UPLC-MS analysis was achieved 

using an Agilent 1290 infinity UPLC system (Agilent Technologies, Santa Clara, CA), 

equipped with an XDB-C18 column (2.1×100 mm, 1.8 μM, Agilent), following a 

previous report (Zhao et al. 2018). Nicotinamide adenine dinucleotide phosphate 

(NADPH) tetrasodium salt, chlorpropamide, and formic acid were purchased from 

Sigma-Aldrich (St. Louis, MO). MLM and HLM were supported by 

Bioreclamationivt Inc. (Hicksville, NY). All other reagents were of the highest grade 

commercially available.  

Extraction and isolation 

Dry rhizomes of A. capillaris (50.0 kg) were cut into slices and extracted with 70% 

aqueous ethanol at 90 °C. After removing the extraction solvent in vacuo, the crude 

extract was partitioned between H2O and ethylacetate (EtOAc) to produce EtOAc 

extracts (1.6 kg). The EtOAc extract was subjected to silica gel column 

chromatography (CC) using gradient elution with CHCl3-MeOH (100:0, 98:2, 95:5, 

90:10, 80:20, 70:30, 60:40, 50:50, v/v) to afford eight fractions (Fr. 1-Fr. 7). 
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Scoparone and scopoletin were separated from Fr. 3 by silica gel CC with petroleum 

ether-acetone (100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 0:100, v/v) gradient elution. 

Esculetin was obtained from Fr. 3 by silica gel CC with dichloromethane-EtOAc 

(100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 0:100, v/v) gradient elution. 

In vitro phase I metabolism of scoparone, scopoletin and esculetin 

Incubations of three coumarins with MLM and HLM in vitro were carried out in 

96-well plates, respectively. The metabolic reaction was performed in phosphate 

buffer solution (PBS, 10 mM, pH = 7.4), containing 50 μM coumarins and 0.5 g/mL 

of MLM, HLM with a final volume of 180 μL. The reaction was initiated by adding 

20 μL of 10 mM NADPH (dissolved in PBS), following a 5 min pre-incubation at 

37 °C with shaking at 800 rpm. 20 μL PBS instead of NADPH was added to the 

control system. After a 40 min incubation in the same conditions, the reaction was 

stopped by adding 200 μL ice-cold acetonitrile. The solution was centrifuged at 18000 

×g for 20 min after vortexing for 1 min. A 5 μL aliquot of the supernatant was injected 

into a UPLC-MS system for analysis. Incubations were conducted in triplicate for 

MLM and HLM incubation experiments. 

In vivo metabolism of scoparone, scopoletin and esculetin 

In the present study, 6- to 7-week-old C57BL/6J male mice (20-22 g) obtained from 

Slaccas Laboratory Animal Co., LTD (Hunan, China) were used to investigate three 

coumarins metabolism in vivo. All mouse studies were conducted strictly in 

accordance with study protocols approved by the Institutional Animal Care and Use 
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Committee of the Kunming Institute of Botany, Chinese Academy of Sciences. The 

mice were maintained under a standard light/dark cycle of 12/12 h at constant 

temperature 23 ± 1°C and humidity 50-60%, with free access to food and water. 

Sixteen mice were randomly divided into 4 groups including control group, scoparone 

group, scopoletin group and esculetin group. Scoparone, scopoletin and esculetin 

were suspended in 1% carboxymethylcellulose sodium (CMC-Na), respectively. 

Scoparone group, scopoletin group and esculetin group were treated with each 

compound respectively at a dose of 100 mg/kg body weight by intragastric (i.g.), 

while control mice were treated with 1% CMC-Na. All mice were housed separately 

in metabolism cages for 24 h. Feces and urine of each mouse were collected in a 

period of 0-24 h, and blood were harvested at 1 h and 24 h after administration of 

compounds. The plasma samples were prepared from the blood by centrifugation at 

4°C, 2000×g for 5 min. All samples were stored at -80 °C until analysis. 

Sample preparation 

Plasma samples were prepared by mixing 30 μL plasma with 70 μL methanol. Urinary 

samples were processed as the same way with plasma samples. Both the plasma 

samples and urine samples were centrifuged at 18000×g for 20 min. 20 mg feces 

grinded in liquid nitrogen were mixed with 200 μL 70% aqueous methanol. After 

shaking at 300 rpm for 20 min at room temperature, the solutions were centrifuged at 

18000×g for 10 min to obtain fecal content extract supernatant. The supernatant was 

dried and redissolved in 100 μL 70% methanol. After centrifuging at 18000×g for 20 

min, a 5 μL aliquot of the supernatant was injected into the UPLC-ESI-QTOFMS 

Acc
ep

te
d 

M
an

us
cr

ipt



system.  

UPLC-ESI-QTOFMS analysis 

Chromatographic analysis of coumarin metabolites was performed on an Agilent 1290 

infinity UPLC system (Agilent Technologies, Santa Clara, CA) equipped with an 

XDB-C18 column (2.1 × 100 mm, 1.8 µM, Agilent). Column temperature was 

maintained at 45 °C throughout the run. The flow rate was 0.3 mL/min with a gradient 

ranging from 2% to 98% acetonitrile containing 0.01% formic acid in 16 min run. The 

mass signals of ions were collected in both positive and negative mode by the 

electrospray ionization QTOFMS (Agilent 6500, Santa Clara, CA). Nitrogen was 

applied as both drying gas (9 L/min) and the collision gas. The drying gas temperature 

was set at 350 °C and nebulizer pressure was kept at 35 psi. Capillary voltage was set 

at 3.5 kV. The MS/MS of three coumarins metabolites was performed in the targeted 

mode by collision energy of 15 eV. Relative quantitation of metabolites was 

determined based on the abundance of peak area normalized by the internal standard 

(chlorpropamide).  

UPLC-MS-based metabolomics 

Chromatographic and spectral data of samples was acquired by MassHunter 

Workstation data Acquisition software (Agilent, Santa Clara, CA) and processed by 

Mass Profiler Professional software (Agilent, Santa Clara, CA) to generate a 

multivariate data matrix, which was further analyzed by SIMCA-P+13.0 software 

(Umetrics, Kinnelon, NJ). Orthogonal projections to latent structures discriminant 
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analysis (OPLS-DA) model was used to identify the potential metabolites. Potential 

metabolites of coumarins were identified by analyzing the ions contributing to the 

separation from control group in the S-plot of the OPLS-DA. The ions with a VIP 

value > 1.0 were regard as potential candidates. Key criterion of screening potential 

drug metabolites is that the chromatographic peak of candidates was not detected in 

blank. 

Multiple mass defect filter (MMDF) 

MassHunter Workstation data Acquisition software (Agilent, Santa Clara, CA) was 

applied to the acquisition and processing of chromatographic and spectral data of 

samples. The data acquisition process was same as above describe. The 

post-acquisition data processing was carried out in compound discovery by molecular 

characteristic mode of MassHunter software. The parameters of compounds discovery 

were set as follows: centroid format range, 100 to 800; retention time range, 1~7 min; 

absolute peaks height above 1000 counts; adducts species in positive mode: +H, +Na; 

adducts species in negative mode: -H; mass defect filter template window, ± 50 mDa. 

Moreover, mass defect shift was set according to the molecular formula of certain 

mass defect filter template to pick out structure-similar compounds and obtain a 

corresponding total compound chromatogram (TCC). The mass defects of drug 

metabolites derived from different types reactions are diverse within a limited mass 

range of core structure of the parent. For a comprehensive discovery of metabolites, 

several specific filter templates were set up to screen potential metabolites on the 

basis of possible reaction routes.  
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Identification of scoparone, scopoletin and esculetin metabolites 

MassHunter Workstation data Acquisition software (Agilent, Santa Clara, CA) was 

used in quantitative and qualitative analysis of potential metabolites, including 

molecular feature extraction and manual integration of peak area. The extracted ion 

chromatogram (EIC) of each metabolite was extracted with ± 20 ppm single ion 

expansion using MassHunter software. The molecular formulae for all compounds 

ions of the target peaks were calculated from the accurate mass using a formula 

predictor. The structural elucidation of metabolites was carried out according to 

previous methods (Zhao et al. 2018). The metabolites mass error was accurately 

calculated based on the formula: mass error (ppm) = 10
6
 × (experimental molecular 

weight - theoretical molecular weight)/experimental molecular weight. After the 

putative metabolites in vitro and in vivo were characterized by OPLS-DA analysis and 

MMDF analysis, tandem MS of selected candidates was operated in the targeted 

mode with an isolation width of 0.01 m/z acquired by ramping collision energies 15 V. 

The chemical structures of metabolites were elucidated by interpretation of their 

MS/MS fragmentation patterns. 

Statistical analysis   

All experimental data were presented as mean ± SD. Statistical analysis was 

performed using Prism v. 6 (Graph Pad Software, San Diego, CA) and 

SIMCA-P+13.0 software (Umetrics, Kinnelon, NJ). Statistical significance between 

two groups was performed using one-way ANOVA. 
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Results 

Establishment of the combined approach of UPLC-MS-based metabolomics and 

MMDF 

In the present study, a combined approach of UPLC-MS-based metabolomics with 

MMDF was established to determine the metabolism of natural coumarins. This 

analytical strategy was processed as follows: samples were collected from in vivo and 

in vitro metabolism experiments; then an effective data acquisition of the samples was 

performed by UPLC-MS in positive and negative ionization modes. Next, 

metabolomics was conducted for data processing to screen differentiated components 

and possible metabolites, while MMDF was utilized to remove interference of 

endogenous components and specifically select potential metabolites. Finally, the 

structures of metabolites were assigned on the basis of their accurate masses and the 

mass fragmentation.   

Metabolic profiling of scoparone by UPLC-MS-based metabolomics and MMDF 

OPLS-DA modeling was used to distinguish scoparone treatment group from vehicle 

group, and trace the possible metabolites (Figure 2B, S1A, S1B, S2A). In OPLS-DA 

modeling (p = 0.031), the loadings scatter S-plots analysis revealed the ions increased 

in the urine, feces and plasma of scoparone-treated mice, as evidence in the top right 

of the S-plots, and scoparone metabolites ions were identified from these elevated 

ions (Figure 2C, S1C, S1D, S2B), combined with the trend plots of ions in the vehicle 

group and the treatment group (Figure S2E, S2F), which were only detected in the 
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treatment group. Overall 19 in vivo metabolites were identified from feces, urine and 

plasma of mice treated with scoparone (100 mg/kg), including 5 known metabolites 

(Wang et al. 2007, Juvonen et al. 2019) and 14 undescribed metabolites of scoparone 

(Table 1). 5 phase I metabolites (Msa1, Msa1', Msa7-Msa9) and 6 phase Ⅱ 

metabolite (Msa5, Msa6, Msa13, Msa15, Msa17, Msa17') were identified from 

feces. 7 phase I metabolites (Msa1, Msa1', Msa3, Msa4, Msa7-Msa9) and 11 phase 

Ⅱ metabolites (Msa6, Msa10-Msa17') were observed from urine. 3 phase I 

metabolites (Msa7-Msa9) and 5 phase Ⅱ metabolite (Msa10, Msa12-Msa15) were 

identified from plasma.  

The in vitro metabolites from scoparone incubation with MLM and HLM were 

identified by metabolomics as the same ways above (Figure S2C, S2D). There were 5 

phase I metabolites (Msa1, Msa1', Msa2, Msa3, Msa8) detected in MLM, including 

one metabolite only found in MLM, and 2 phase I metabolites (Msa1, Msa1') found 

in HLM (Table 1).  

UPLC-MS-based MMDF method was performed to trace the metabolites of 

scoparone. Due to the parent drug and the metabolites usually share with a similar 

core structure, most of the mass defect values of metabolites fall within a defined 

narrow window around that of the parent drug. Each substituent possessed relatively 

minor and specific changes to the mass defect of the core structure. Generally, the 

filter templates are set on the basis of the structural properties of the prototype 

compound and common metabolite biotransformation patterns (Tian et al. 2015). For 

scoparone, four templates were set in parallel to filter potential metabolites. The 
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parent compound filter template was set based on the molecular composition of 

scoparone (C11H10O4) with a mass defect shift of 206.0579 mDa. In addition, three 

types of conjugate filters, cysteine conjugate, hydroxylated sulfate conjugate and 

hydroxylated glucuronide conjugate filter template were established by the same way, 

including scoparone + cysteine with a mass defect shift of 325.0620 mDa, 

hydroxylated scoparone + sulfate with a mass defect shift of 302.0096 mDa, and 

hydroxylated scoparone + glucuronide with a mass defect shift of 398.0849 mDa. By 

MMDF, 8 scoparone metabolites (Msa8-Msa12, Msa14-Msa16') were screened in 

mice urine by mass defect filter ions plots and filtered total compound chromatogram 

(Figure 2D, 2E). Meanwhile, Msa6, Msa10, Msa12, Msa14, Msa16 and Msa16' 

were observed with the hydroxylated glucuronide conjugate filter template (Figure 

S3A, S3B). Similarly, Msa11, Msa13, Msa15, Msa17, Msa17' were obtained by the 

hydroxylated sulfate conjugate filter template (Figure S3C, S3D). Moreover, Msa1, 

Msa1', Msa5 and Msa6 were found in feces (in positive ionization mode) by the 

cysteine conjugate filter template (Figure S3E, S3F).  

The major metabolic pathways of scoparone were including demethylation, 

hydroxylation, hydration, glucuronide conjugation, sulfate conjugation and cysteine 

conjugation pathways. 

Metabolic profiling of scopoletin and esculetin by metabolomics and MMDF 

The metabolite identification of scopoletin by metabolomics was as the same process 

with scoparone. As a result, a total of 9 metabolites were detected by OPLS-DA and 

S-plots analysis of urine, feces and plasma of mice treated with scopoletin (100 mg/kg) 
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(Figure 3A, S4A, S4C, S5A-S5F). Among the 9 metabolites, 7 metabolites were 

reported firstly in scopoletin metabolism. A phase I metabolite Mso1 and 5 phase Ⅱ 

metabolites (Mso3, Mso4, Mso7, Mso8, Mso8') were observed in feces; Mso1 and 8 

phase Ⅱ metabolites (Mso3-Mso8') were found in urine; two phase Ⅱ metabolites 

(Mso3, Mso4) were observed in plasma (Table 1). Additionally, 2 phase I metabolites 

of scopoletin Mso1 and Mso2, were obtained after scopoletin cultured with MLM and 

HLM (Figure S5E, S5F). With the similar MMDF process of scoparone, four filter 

templates were simultaneously established to screen scopoletin metabolites, including 

one prototype filter template and three conjugate filter templates. The prototype filter 

template was based on the molecular composition of scopoletin (C10H8O4) with a 

mass defect shift of 192.0422 mDa, while three types of conjugate filters, cysteine, 

sulfonic acid and glucuronic acid were performed in the same way, including 

scopoletin + cysteine with a mass defect shift of 311.0464 mDa, scopoletin + sulfate 

with a mass defect shift of 271.9991 mDa, and scopoletin + glucuronide with a mass 

defect shift of 368.0743 mDa. By MMDF, 9 metabolites (Mso1, Mso3-Mso8') were 

observed in urine (Figure 3C, 3D, S6A-S6D), and there was no amino acid 

conjugation metabolite (Table 1). In the end, 7 scopoletin metabolites (Mso3, Mso4, 

Mso5', Mso6-Mso8') and 9 metabolites (Mso1, Mso-Mso8') were observed in urine 

by metabolomics and MMDF, respectively. The scopoletin metabolites mainly yielded 

by biotransformation including hydroxylation, demethylation, glucuronidation and 

sulfonation. 

Overall, 8 esculetin metabolites were detected in feces, urine and plasma of mice 

Acc
ep

te
d 

M
an

us
cr

ipt



treated with esculetin (100 mg/kg) by metabolomics (Figure 3B, S4B, S4D, 

S7A-S7D). All the metabolites of esculetin were phase Ⅱ metabolites, including 3 

novel metabolites related to previous studies (Wang et al. 2016, Yang et al. 2016) 

(Table 1). 4 metabolites (Me1, Me1', Me3, Me5) were determined in feces. 5 

metabolites (Me2, Me2', Me3, Me4', Me5) were identified from urine. In plasma, 4 

metabolites were detected (Table 1). For esculetin, four filter templates were 

parallelly built as the same ways of scoparone and scopoletin MMDF analysis, 

including prototype filter and conjugate filter. The prototype filter template was set 

according to the molecular composition of esculetin (C9H6O4) with a mass defect shift 

of 178.0266 mDa, and the three types of conjugate filters, were conducted including 

esculetin + cysteine with a mass defect shift of 297.0307 mDa, esculetin + sulfate 

with a mass defect shift of 257.9834 mDa, and esculetin + glucuronide with a mass 

defect shift of 354.0587 mDa. By MMDF, 6 metabolites (Me2-Me5) were observed in 

urine (Figure 3E, 3F). No amino acid conjugate metabolite was observed (Table 1). In 

the end, 5 esculetin metabolites were detected in urine by metabolomics comparing 

with 6 metabolites observed in urine by MMDF in negative ionization mode. No 

metabolic reaction has been monitored in MLM or HLM samples. Metabolic 

pathways of esculetin mainly included methylation, glucuronidation, and sulfonation. 

Identification and structure elucidation of scoparone, scopoletin and esculetin 

metabolites 

The chemical compositions and structures of the potential metabolites were identified 

on the basis of accurate mass measurements and MS/MS fragments. Molecular 
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formulas and retention times of three coumarins metabolites are listed in Table1 and 

fragmentations of metabolites are present in Table S1. Tandem MS and structures of 

several characteristic metabolites are showed in Figure 4. The absolute structure of 

some isomers needed further identification by additional technologies.   

Identification and structure elucidation of scoparone metabolites 

The structures of scoparone metabolites are provided in Figure 5. 

Msa0 was calculated as C11H10O4 based on the accurate mass measurement m/z 

207.0642
+
. The main MS/MS fragmentation ions of scoparone were 193

+
, 163

+
 and 

151
+
, corresponding to the elimination of the methyl group, hydroxy group and 

carbonyl group. 

 Msa2 and Msa3 were calculated as C11H10O5 and C10H8O5 based on the accurate 

masses of m/z 223.0602
+
, 209.0472

+
 respectively and were observed with same major 

fragment ions m/z 193
+
 and 163

+
. Compared with the [M+H]

+
 ion (m/z 207.0642

+
) of 

scoparone, Msa2 was 16 Da (O) higher than scoparone, determined as hydroxylated 

scoparone and Msa3 was 14 Da (CH2) less than Msa2, implying Msa3 was a 

hydroxylated and demethylated product of scoparone. 

Neutral loss of 18 Da (H2O) suggested the lactone ring of coumarin was open in 

metabolites Msa4 and Msa7. The mass ions of Msa4 and Msa7 were m/z 225.0772
+
, 

18 Da higher than scoparone, and m/z 199.0965
+
, respectively. According to the 

fragmentations of metabolites in Table S1, Msa4 was identified as lactone hydrolysis 

scoparone and Msa7 was lactone hydrolyzed and reduced product of scoparone. 

The compositions of Msa5 and Msa6 were C14H15NO6S and C16H17NO7S 
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according to the measured mass ions m/z 326.0719
+
, 368.0813

+
 respectively. Msa5 

and Msa6 were observed with same particular fragment ions m/z 280
+
, 237

+
, 207

+
, 

which were yielded by successively loss of HCOOH, CH2=CHNH2 and S; these 

neutral loss were in line with the previously reported cysteine conjugated metabolites 

(Feng et al. 2018), indicating Msa5 was cysteine conjugated scoparone and Msa6 was 

N-acetylcysteine conjugated scoparone. 

Neutral loss of 176 Da (C6H8O6) and characteristic fragment ions m/z 175
-
, 113

-
, 

95
-
 of glucuronide conjugation compound (Feng et al. 2018) in Msa10, Msa12, 

Msa14, Msa16 and Msa16', suggested these metabolites were glucuronide 

conjugation derivatives of scoparone. The masses of Msa10, Msa12, Msa14, Msa16 

and Msa16' were separately observed as m/z 397.0780
-
, 367.0672

-
, 383.0614

-
, 

353.0533
-
 and 353.0502

-
. Msa10 was higher than scoparone by 192 Da which was 

more 16 Da (O) than 176 Da (C6H8O6), suggesting that Msa10 was glucuronide 

conjugated product of scoparone after a hydroxylation reaction. Msa12 was higher 

than scoparone by 162 Da which was lacked 14 Da (CH2) as compared with 176 Da 

(C6H8O6), indicating that Msa12 was glucuronic acid conjugated product of 

scoparone after a demethylation reaction based on the fragmentations in Table S1. 

Msa14 was 16 Da (O) higher than Msa12, indicating Msa14 was hydroxylated 

Msa12. Msa16 and Msa16' were 14 Da less than Msa12, indicating they were 

demethylated Msa12 based on their fragmentations in Table S1. Because the 

glucuronide conjugation site has not been unequivocally established, it is not sure 

which peak corresponds to which isomer. 
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Neutral loss of 80 Da (SO3) and characteristic fragment ion m/z 97
-
 (HO4S

-
) was 

an indicator of sulfate conjugates. The mass ions of Msa11, Msa13, Msa15, Msa17 

and Msa17' were observed as m/z 301.0028
-
, 270.9914

-
, 256.9754

-
, 286.9869

-
 and 

286.9872
-
, respectively. Msa11 was higher than scoparone by 96 Da, equal to 80 Da + 

16 Da (O), implying Msa11 was sulfate conjugated and hydroxylated product of 

scoparone. Msa13 was higher than scoparone by 66 Da, equal to 80 Da - 14 Da (CH2), 

suggesting Msa13 was sulfate conjugated and demethylated derivative of scoparone. 

Msa15 was 14 Da (CH2) less than Msa13, indicating Msa15 was demethylated 

Msa13 on the basis of fragmentations in Table S1. Msa17 and Msa17' was 16 Da (O) 

higher than Msa13, indicating they were hydroxylated Msa13 based on 

fragmentations in Table S1. Additional techniques like NMR are required for the 

absolute structure identification of Msa1, Msa1', Msa3, Msa5, Msa6, 

Msa10-Msa17'. The metabolic map of scoparone metabolites are provided in Figure 

5. 

Identification and structure elucidation of scopoletin and esculetin metabolites 

The structures of scopoletin metabolites and esculetin metabolites are present in 

Figure 6A and 6B. 

Neutral loss of 176 Da (C6H8O6) and characteristic fragment ions m/z 175
-
, 113

-
, 

95
-
 of Mso4, Mso5, Mso5' and Mso6 suggested they were glucuronide conjugate 

metabolites of scopoletin. On the basis of masses, retention times and fragmentations 

in Table S1, Mso4 was matched with Msa13, Mso5 and Mso5' were of same 

structures with Msa16 and Msa16', and Mso6 was an isomer of Msa14.  
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Neutral loss of 80 Da (SO3) and characteristic fragment ion m/z 97
-
 (HO4S

-
) of 

Mso3, Mso7, Mso8 and Mso8' indicated they were sulfate conjugated products of 

scopoletin. The masses of Mso3, Mso7, Mso8 and Mso8' were separately detected as 

m/z 367.0668
-
, 256.9756

-
, 286.9871

-
, 286.9870

-
, at corresponding eluted times 4.00 

min, 3.78 min, 3.87 min, and 4.25 min. Based on the masses, retention times and 

fragmentations in Table S1, Mso3 was an isomer of Msa12, Mso7 was identified 

with the same structure of Msa15, and Mso8' was presumptive with the same 

structure of Msa17. Mso8, Mso8' (Msa17) and Msa17' were isomeric metabolites, 

and their exact structures need further identification.  

Neutral loss of 176 Da (C6H8O6) and characteristic fragment ions m/z 175
-
, 113

-
, 

95
-
 of Me2, Me2', Me4 and Me4' suggested they were glucuronide conjugate 

metabolites of esculetin. Based on masses, retention times and fragmentations of 

metabolites in Table S1, Me2, Me2', Me4, Me4' were separately matched with 

Msa16 (Mso4), Msa16' (Mso4'), Msa12 and Mso3, and their absolute structures 

need further identification by other technologies. 

Neutral loss of 80 Da (SO3) and characteristic fragment ion m/z 97
-
 (HO4S

-
) of 

Me3 and Me5 indicated they were sulfate conjugated products of esculetin. Based on 

masses, retention times and fragmentations of metabolites in Table S1, Me3 was an 

isomer of Msa15 (Mso7) and Me5 was an isomer of Msa13 (Mso4), and their 

absolute structures need further identification by other technologies.  
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Metabolic characterization of coumarins 

Based on the exploration in this work, 20 metabolites of scoparone, 10 metabolites of 

scopoletin, and 8 metabolites of esculetin have been detected from feces, urine and 

plasma of mice as well as in MLM and HLM respectively. Metabolic pathways of 

scoparone mainly included demethylation, hydroxylation, hydration, lactone-opening 

reactions, glucuronide conjugation, sulfate conjugation and cysteine conjugation 

pathways. The main biotransformation routes of scopoletin were identified as 

demethylation, hydroxylation, glucuronic acid conjugation, and sulfate conjugation. 

The primary metabolic pathways of esculetin were observed as methylation, 

glucuronic acid conjugation, and sulfate conjugation. Glucuronide conjugation and 

sulfate conjugation were primary and common metabolic pathways of these three 

compounds in urinary metabolism (Table S2). Additionally, as shown in Figure 7, the 

excretion concentration of urinary demethylated metabolites of scoparone was 

remarkable higher than scopoletin (8-fold). Detected sulfated metabolites were of a 

higher level in esculetin urinary metabolism compared with scopoletin (2-fold). The 

abundance of glucuronidated metabolites was similar in three compounds urinary 

metabolism (Figure 7A). Common metabolic reactions and relevant metabolites of 

scoparone and scopoletin in MLM were listed in Table S3, and the relative 

quantitation of metabolites was exhibited in Figure 7B. The concentration of 

unchanged scoparone was prominently less compared with unchanged scopoletin 

(1-fold), while the demethylated and hydroxylated metabolites were with the adverse 

trend (about 10-fold and 100-fold respectively). There was no hydroxylation reaction 
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observed in esculetin metabolism neither in vivo nor in vitro. In addition, phase Ⅱ 

metabolites of coumarins were mainly yielded by glucuronide conjugation and sulfate 

conjugation reactions. All glucuronide conjugation metabolites and sulfate 

conjugation metabolites could be found in urine, while almost all sulfate conjugation 

metabolites and few glucuronide conjugation metabolites were observed in feces. 

Discussion 

Metabolism studies play a pivotal role in drug discovery and development. In the 

early stage of metabolite study, NMR secured a central role as the predominant 

technology, because of its ability to gain detailed structure information of compounds. 

NMR, especially the multinuclear NMR spectroscopy, facilitates the identification of 

metabolites (Bollard et al. 1996, Blackledge et al. 2002). Later, the development of 

detecting instrument and data analysis methods preceded the widely use of LC-MS in 

metabolism study. LC-MS-based target exploration of drug metabolites takes 

advantages of the fact that the majority of drug metabolites can be categorized as 

predictable according to common biotransformation reactions (Zhu et al. 2011). 

However, many important metabolites that arise from uncommon reactions are easily 

missed by this target method (Tiller et al. 2002, Castro-Perez et al. 2005), and this 

method is not suitable for fast metabolite profiling. For rapid and comprehensive 

screening of compound metabolite, many technical and strategies have been 

developed and applied in drug metabolism, including metabolomics and MMDF. 

Generally, the mass defect shifts of common metabolites typically fall within 50 mDa, 
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therefore with UPLC-MS capable of high mass accuracy, it is possible to filter out 

matrix-related interference ions whose mass defect shifts lie outside of the window 

(Ma et al. 2006). With the specified window for drug-related ions, MMDF is capable 

of tracing the minor metabolites masked by background noise and endogenous 

components in complex matrix (Zhang et al. 2003). However, the formation of false 

positive result is the disadvantage of MMDF. Additionally, the application of MMDF 

is limited in detection of markedly changed structures, such as ring-opening coumarin 

metabolite, o-hydroxyphenylacetaldehyde (o-HPPA), o-hydroxyphenylacetic acid 

(o-HPAA) and o-hydroxyphenylethanol (o-HPE). In this study, the reduced 

ring-opening metabolite Msa7 was failed to be identified by MMDF. On the contrary, 

metabolomics can eliminate the false positive results and is able to find more unusual 

metabolites. Metabolomics can be used in comprehensive exploration of metabolites 

because of its extensive monitor of xenobiotic and exogenous small molecule 

compounds (Chu et al. 2015). The combination of UPLC-MS-based metabolomics 

with MMDF may exert the advantages of both two methods and contribute to a 

comprehensive understanding of drug metabolic profiling. 

According to the results above, the produce of demethylation metabolites of 

scoparone and scopoletin, as well as osthole (Zhao et al. 2018), auraptene (Kleiner et 

al. 2008), indicated that 6/7-O-demethylation was the primary metabolic pathway of 

6/7-alkoxycoumarins. Another interesting observation is that hydroxylation reaction 

happened in both scoparone and scopoletin metabolism but not in esculetin 

metabolism, which is in conformity to previous reports (Wang et al. 2016, Zhang et al. 
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2018, Juvonen et al. 2019). This is possibly due to the two hydroxy groups of 

esculetin are more liable to ionize in aqueous solution and form a large conjugate 

structure. The stable structure and high electronegativity block the addition of 

electronegative hydroxyl group on esculetin. According to the metabolism study of 

coumarin (Steensma et al. 1994), and 7-ethoxycoumarin (Feng et al. 2018), some 

ring-opening coumarin metabolites with analogous structures of Msa7 and Msa8, 

such as o-HPA, o-HPAA, o-HPE, were considered to derive from a coumarin 

3,4-epoxide intermediate (Figure 1). The phenomenon that no ring-opening 

metabolite was detected in scopoletin and esculetin metabolism may due to their 

bigger polar compared with scoparone, coumarin and 7-ethoxycoumarin, which may 

go against the formation of the 3,4-epoxide intermediate. Cysteine conjugation and 

N-acetylcysteine conjugation metabolites were only detected in scoparone metabolism. 

According to the 7-ethoxycoumarin metabolism study (Feng et al. 2018), Cysteine 

and N-acetylcysteine conjugates were yielded by Cysteine and N-acetylcysteine 

directly conjugating with the coumarin 3
th 

site via S, and this kind of reaction may be 

difficult to happen in metabolism of scopoletin and esculetin, which were of bigger 

polar compared with scoparone.   

In summary, a strategy of UPLC-MS-based metabolomics coupled with MMDF 

was established to determine the metabolism of coumarins. 20 metabolites of 

scoparone, 10 metabolites of scopoletin, and 8 metabolites of esculetin were 

determined and elucidated by this strategy. The major metabolic pathways of 

scoparone in vivo and in vitro metabolism were demethylation, hydroxylation, 
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hydration, cysteine conjugation, glucuronide conjugation and sulfate conjugation. 

Additionally, the major metabolic pathways of scopoletin and esculetin were 

determined as hydroxylation, glucuronidation and sulfation. These results 

demonstrated that the combination of UPLC-MS-based metabolomics and MMDF 

was a powerful approach to determine the metabolic pathways of coumarin 

compounds.  
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Supplementary information 

1. Figure S1. Metabolomics analysis of scoparone metabolites in positive ionization 

mode. 

2. Figure S2. Metabolomics analysis of scoparone metabolites in negative ionization 

mode. 

3. Figure S3. MMDF analysis of scoparone metabolites. (A) Mass defect plots of 

urine from scoparone-treated mice. 

4. Figure S4. Metabolomics analysis of scopoletin metabolites in urine. 

5. Figure S5. Metabolomics analysis of scopoletin metabolites in feces, plasma, and 

microsome. 

6. Figure S6. MMDF analysis of scopoletin metabolites. 

7. Figure S7. Metabolomics analysis of esculetin metabolites. 

8. Figure S8. MMDF analysis of esculetin metabolites. 

9. Table S1. Major MS/MS fragment ions of scoparone, scopoletin and esculetin 

metabolites. 

10. Table S2. Common metabolic reactions and corresponding metabolites in urine of 

mice following treatment of three compounds. 

11. Table S3. Common metabolic reactions and corresponding metabolites of 

scoparone and scopoletin in MLM.  
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Figure legends 

Figure 1. Metabolic pathways of coumarin metabolism in previous studies (Kaighen 

et al. 1961, Shilling et al. 1969, Cohen 1979, Lake et al. 1989, Lake et al. 1992, Lake 

et al. 1994). 

Figure 2. Metabolic profiling of scoparone. (A) OPLS-DA score plots of urine from 

vehicle treatment mice and three coumarins treatment mice in metabolomic analysis 

(in negative ionization). (B) OPLS-DA score plots analysis of urines between vehicle 

treatment mice and scoparone treatment mice. In score plots, the t[1] and to[1] values 

separately represent the score of each sample in principal component 1 and 2. (C) 

S-plot obtained in OPLS-DA analysis of vehicle group and scoparone group. In the 

S-plots, the X-axis represents the relative abundance of ions and the Y-axis represents 

the correction of each ion to the model. The potential metabolite ions were labeled in 

the S-plots. (D) Mass defect plots of urines from scoparone-treated mice. This mass 

defect filter was performed using scoparone molecular as the filter template in the 

negative ionization mode. The potential metabolite points were labeled in mass defect. 

(E) The TCC chromatograms of scoparone metabolites in urine filtered by mass 

defect filter technique.  
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Figure 3. Metabolic profiling of scopoletin and esculetin. (A) S-plots acquired in 

OPLS-DA analysis between vehicle-treated group and scopoletin-treated group. The 

potential metabolites were marked in the S-plots. (B) S-plots observed in OPLS-DA 

analysis between vehicle-treated group and esculetin-treated group. The potential 

metabolites were marked in the S-plots. (C) Mass defect plots of urine samples from 

scopoletin treatment mice. Scopoletin template was employed in the mass defect 

processing. The potential metabolite points were labeled in mass defect. (D) The 

chromatograms of scopoletin metabolites in urine samples filtered by mass defect 

filter analysis. (E) Mass defect plots of urines of esculetin-treated mice. Esculetin 

parent molecular was used in mass defect filter. The potential metabolite points were 

labeled in mass defect. (F) The chromatograms of esculetin metabolites in urine 

filtered by mass defect filter technique.  

Figure 4. MS/MS fragments and structures of Msa15 (A), Msa14 (B), Msa8 (C) and 

Msa13 (D). The ions detection and fragmentations production were all in the positive 

ionization mode. 

Figure 5. Metabolites map of scoparone. Metabolites in the dotted box were isomers, 

however, the exact chemical structure was not determined. 

Figure 6. Metabolites map of scopoletin and esculetin. Metabolites in the dotted box 

were isomers, however, the exact chemical structure was not determined. 

Figure 7. (A) Relative quantitation of urinary metabolites from the same metabolic 

pathways of three coumarins. The relative quantification was conducted based on the 
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peak areas of ion counts of metabolites in negative ionization mode. No demethylated 

or hydroxylated metabolite was detected in urines of esculetin-treated mice. The 

abundance of demethylated metabolite of scoparone was remarkably higher than that 

of scopoletin (*** p < 0.001), and the concentration of sulfated metabolite of 

scopoletin was apparently less compared with that of esculetin (## p < 0.01). 

Statistical analysis was performed using one-way ANOVA (n = 4 in each group). ***, 

p < 0.001, scopoletin group compared with scoparone group. ##, p < 0.01, scopoletin 

group compared with esculetin group. (B) Relative quantitation of demethylated and 

hydroxylated metabolites of scoparone and scopoletin in MLM. The relative 

quantification was conducted based on the peak areas of ion counts of metabolites in 

positive ionization mode. The concentration of unchanged scoparone was prominently 

less compared with unchanged scopoletin (*** p < 0.001), while the demethylated 

and hydroxylated metabolites were with the adverse trend (*** p < 0.001). Statistical 

analysis was performed using one-way ANOVA (n = 4 in each group). ***, p < 0.001, 

scoparone group compared with scopoletin group. 
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Fig.2 
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Fig.3 
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Fig.4 
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Fig.5 
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Fig.6 
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Fig.7 
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Table 1. Summary of scoparone, scopoletin and esculetin metabolites produced in 

vivo and in vitro metabolism  

Metabolite 

ID 
Formula 

Rt 

(min) 

Calculated  

m/z 

Observed 

m/z 

Mass 

error 

(ppm) 

Identification Identification source 

scoparone 

Msa0 C11H10O4 [H
+] 6.25 

207.0657 
207.0642 -7.24 Scoparone 

Feces,Urine,Plasma,MLM

,HLM 

Msa1 C10H8O4 [H
+] 5.21 193.0501 193.0481 -10.25 Msa0 (-CH2) Feces,Urine,MLM,HLM 

Msa1' C10H8O4 [H
+] 5.36 193.0501 193.0483 -9.22 Msa0 (-CH2) Feces,Urine,MLM,HLM 

Msa2 C11H10O5 [H
+] 5.88 223.0606 223.0602 -1.79 Msa0+O MLM 

*Msa3 C10H8O5 [H
+] 4.96 209.0450 209.0472 10.52 Msa0+O (-CH2) MLM 

*Msa4 C11H12O5 [H
+] 4.18 225.0763 225.0772 4.04 Msa0+H2O Urine 

*Msa5 C14H15NO6S [H+] 4.71 326.0698 326.0719 6.44 Msa0+Cys Feces 

*Msa6 C16H17NO7S [H+] 5.82 368.0804 368.0813 2.47 Msa0+N-acetylCys Feces,Urine 

*Msa7 C10H14O4 [H
+] 4.70 199.0970 199.0965 -2.51 Msa0+4H (-C) Feces,Urine,Plasma 

*Msa8 C10H12O5 [H
-] 4.66 211.0606 211.0614 3.32 Msa0+H2O (-C) Feces,Urine,Plasma,MLM 

Msa9 C9H6O4 [H
-] 4.46 177.0188 177.0191 1.81 Msa0 (-2CH2) Feces,Urine,Plasma 

*Msa10 C17H18O11 [H
-] 4.67 397.0771 397.0780 2.27 Msa0+O+Gluc Urine,Plasma 

*Msa11 C11H10O8S [H-] 4.90 301.0018 301.0028 3.32 Msa0+O+SO3 Urine 

Msa12 C16H16O10 [H
-] 3.81 367.0665 367.0672 1.91 Msa0+Gluc (-CH2) Urine,Plasma 

Msa13 C10H8O7S [H-] 4.28 270.9912 270.9914 0.74 Msa0+SO3(-CH2) Feces,Urine,Plasma 

*Msa14 C16H16O11 [H
-] 4.27 

383.0614 
383.0627 3.39 

Msa0+O+Gluc 

(-CH2) 
Urine,Plasma 

*Msa15 C9H6O7S [H-] 4.00 256.9756 256.9754 -0.78 Msa0+SO3(-2CH2) Feces,Urine 

*Msa16 C15H14O10 [H
-] 3.37 353.0509 353.0533 6.80 Msa0+Gluc (-2CH2) Urine 

*Msa16' C15H14O10 [H
-] 3.56 353.0509 353.0502 -1.98 Msa0+Gluc (-2CH2) Urine 

*Msa17 C10H8O8S [H-] 4.30 
286.9862 

286.9869 2.58 
Msa0+O+SO3(-CH2

) 
Feces,Urine 

*Msa17' C10H8O8S [H-] 4.76 
286.9862 

286.9872 3.62 
Msa0+O+SO3(-CH2

) 
Feces,Urine 
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scopoletin 

Mso0 C10H8O4 [H
-] 5.36 

191.0344 
191.0349 2.62 Scopoletin 

Feces,Urine,Plasma,MLM

,HLM 

*Mso1 C9H6O4 [H
-] 4.41 177.0188 177.0191 1.81 Mso0 (-2CH2) Feces,Urine,MLM,HLM 

Mso2 C10H8O5 [H
-] 4.94 207.0293 207.0295 0.97 Mso0+O MLM,Plasma 

Mso3 C16H16O10 [H
-] 4.00 367.0665 367.0668 0.82 Mso0+Gluc Feces,Urine,Plasma 

Mso4 C10H8O7S [H-] 4.20 270.9912 270.9913 0.37 Mso0+SO3 Feces,Urine,Plasma 

*Mso5 C15H14O10 [H
-] 3.42 353.0509 353.0518 2.55 Mso0+Gluc (-2CH2) Urine 

*Mso5' C15H14O10 [H
-] 3.57 353.0509 353.0516 1.98 Mso0+Gluc (-2CH2) Urine 

*Mso6 C16H16O11 [H
-] 3.65 383.0614 383.0627 3.39 Mso0+O+Gluc Urine 

*Mso7 C9H6O7S [H-] 3.78 256.9756 256.9756 0.00 Mso0+SO3 (-2CH2) Feces,Urine 

*Mso8 C10H8O8S [H-] 3.87 286.9862 286.9871 3.28 Mso0+SO4 Feces,Urine 

*Mso8' C10H8O8S [H-] 4.25 286.9862 286.9870 2.93 Mso0+SO4 Feces,Urine 

esculetin 

Me0 C9H6O4 [H
-] 4.45 

177.0188 
177.0192 2.37 Esculetin 

Feces,Urine,Plasm,MLM,

HLM 

*Me1 C10H8O4 [H
+] 5.22 193.0501 193.0496 -2.49 Me0+CH2 Feces 

Me1' C10H8O4 [H
+] 5.36 193.0501 193.0483 -9.22 Me0+CH2 Feces 

Me2 C15H14O10 [H
-] 3.33 353.0509 353.0517 2.26 Me0+Gluc Urine,Plasma 

*Me2' C15H14O10 [H
-] 3.53 353.0509 353.0508 -0.28 Me0+Gluc Urine,Plasma 

Me3 C9H6O7S [H-] 3.97 256.9756 256.9757 0.39 Me0+SO3 Feces,Urine,Plasma 

Me4 C16H16O10 [H
-] 3.83 367.0665 367.0679 3.81 Me0+CH2+Gluc Urine 

*Me4' C16H16O10 [H
-] 4.00 367.0665 367.0663 -0.54 Me0+CH2+Gluc Urine 

Me5 C10H8O7S [H-] 4.21 270.9912 270.9918 2.21 Me0+CH2+SO3 Feces,Urine,Plasma 

Msa the metabolites of scoparone; Mso the metabolites of scopoletin; Me the 

metabolites of esculetin 

' the isomer of the metabolite with same ID number; * metabolites identified first  
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