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Abstract 16 

Many natural products are prodrugs which are biotransformed and activated after oral administration. 17 

The investigation of gastrointestinal and hepatic biotransformation can be facilitated by in vitro 18 

screening methods. This study compares two widely used in vitro models for hepatic 19 

biotransformation: 1) human S9 fractions and 2) human liver microsomes and cytosolic fractions in a 20 

two-step sequence, with the purpose of identifying differences in the biotransformation of 21 

medicagenic acid, the putative precursor of active metabolites, responsible for the medicinal effects 22 

of the herb Herniaria hirsuta. The combination of liquid chromatography coupled to high-resolution 23 

mass spectrometry with subsequent suspect and non-target data analysis allowed the identification of 24 

thirteen biotransformation products, four of which are reported here for the first time. Eight 25 

biotransformation products resulting from oxidative Phase I reactions were identified. Phase II 26 

conjugation reactions resulted in the formation of three glucuronidated and two sulfated 27 

biotransformation products.  28 

No major differences could be observed between incubations with human liver S9 or when utilizing 29 

human microsomal and cytosolic fractions. Apart from two metabolites, both methods rendered the 30 

same qualitative metabolic profile, with minor quantitative differences. As a result, both protocols 31 

applied in this study can be used to study in vitro human liver biotransformation reactions. 32 

 33 

Keywords: In vitro liver biotransformation, medicagenic acid, non-target screening, human liver 34 

microsomes, human liver S9 35 
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1. Introduction 37 

Until today, the world faces several diseases for which no suitable treatment is available. One approach 38 

to find new remedies is the investigation of the active constituents of traditionally used herbal 39 

medicines, which in many cases are not known [1,2]. This is usually done by bioassay-guided isolation. 40 

However, bioassay-guided isolation is limited to the use of in vitro test systems, because many 41 

fractions and subfractions have to be tested, and large-scale in vivo testing comes up against practical 42 

and ethical constraints. Therefore, an important disadvantage of bioassay-guided fractionation is that 43 

many natural products, e.g. glycosides, are prodrugs which have to be biotransformed and activated 44 

after oral administration. Consequently, they are not detected in an in vitro test, but this aspect is 45 

usually overlooked when searching for new therapeutic agents using classical approaches [3]. 46 

Overlooking biotransformation might lead to unexpectedly low in vitro activity, compared to in vivo 47 

evidence or traditional use. A well-known example includes the metabolic activation of salicin from 48 

willow bark, which is deglycosylated by microbial fermentation in the colon, and oxidised to salicylic 49 

acid in the liver [4]. In addition, current guidelines encourage the use of in vitro screening before in 50 

vivo experiments to reduce, refine or replace the use of laboratory animals [5]. In vitro 51 

biotransformation comprises two main organ systems: gastrointestinal biotransformation and hepatic 52 

biotransformation.  53 

In vitro hepatic biotransformation, including both Phase I and II biotransformation, can be assessed by 54 

different models, ranging from whole cell systems, including intact perfused liver and human 55 

hepatocytes cultures, to enzyme preparations, including liver microsomes, cytosolic and S9 fractions 56 

[6]. Each method has its own drawbacks and benefits. The choice of method is mainly determined by 57 

the research question. In the quest to reveal active constituents present in plant extracts, the goal is 58 

to disclose the biotransformation mechanism and to reveal which metabolites are formed. Therefore, 59 

the ease of application and affordability are important parameters for high throughput screening of 60 

compounds [6]. Based on these criteria, two in vitro hepatic biotransformation models were selected: 61 

1) human S9 fractions and 2) human liver microsomes and cytosolic fractions in a two-step sequence . 62 

Literature states that S9 fractions offer a more complete representation of the metabolic profile 63 

compared to microsomes and cytosol, as they contain both Phase I and II enzymes [6]. One of the 64 

drawbacks of this method is lower enzyme activity in the S9 fraction compared to microsomes or 65 

cytosol, whereby some metabolites may be overlooked.  66 

Therefore, the aim of this study was to compare the in vitro biotransformation using either human S9 67 

fraction or using human liver microsomes and cytosol. For this purpose, medicagenic acid was selected 68 

as model compound. This triterpene is the major metabolite after in vitro gastrointestinal 69 

biotransformation of mono- or bidesmodic saponins (i.e. triterpene glycosides) present in the 70 

medicinal plant species Herniaria hirsuta, of which extracts are widely used against urinary stones and 71 
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as a diuretic [7]. After deglycosylation by the microflora in the colon, the aglycone is absorbed and is 72 

further biotransformed in the liver [8]. The gastrointestinal biotransformation has already been studied 73 

in a previous report, but the hepatic biotransformation has not been investigated yet and might give 74 

additional information on possible active metabolites of Herniaria hirsuta extracts [9]. 75 

 76 

2. Materials and methods 77 

2.1. Chemicals and reagents 78 

Ultrapure water with a resistivity of 18.2 MΩ.cm at 25 °C was generated with a Millipore™-purification 79 

system. UPLC-grade methanol and acetonitrile were purchased from Biosolve (France), 80 

dichloromethane was acquired from Merck (Germany). A standard mixture for quality control (QC) 81 

purposes was prepared including the following analytical standards: apigenin, benzoic acid, caffeic 82 

acid, catechin, chlorogenic acid, cinnamic acid, coumarin, emodin, epicatechin, ferulic acid, 83 

isorhamnetin, naringenin, p-coumaric acid, protocatechuic acid, quercetin, quercitrin, rutin, salicylic 84 

acid, sinapic acid, β-sitosterol, stigmasterol, syringic acid, tannic acid, taxifolin, theophylline, and 85 

vanillic acid (provided by Sigma Aldrich, USA); luteolin and procyanidin B2 (provided by Santa Cruz 86 

Biotechnology, USA); gallic acid and p-hydroxybenzoic acid (provided by Carl Roth, Belgium). The 87 

substrate medicagenic acid (purchased from Phytolab, Germany) was prepared in a mixture of 88 

DMSO:MeOH (20:80, v:v) to assure that DMSO was kept below 0.2% of total incubation mixture and 89 

methanol did not exceed 1% [10]. Human liver S9 fraction (mixed gender, n = 200, protein 90 

concentration = 20 mg mL-1), HLM (mixed gender, n = 50, protein concentration = 20 mg mL-1), HLCYT 91 

(mixed gender, n = 50, protein concentration = 20 mg mL-1) and NADPH RS (Regenerating System) were 92 

purchased from Sekisui XenoTech (USA). All other chemicals and biochemicals were purchased from 93 

Sigma-Aldrich (USA). 94 

 95 

2.2. Preparation of standard solutions 96 

Standard stock solutions for the phenolic analytes were prepared at a concentration of 1 mg mL-1 in 97 

UPLC-grade methanol for each analyte separately and stored in the dark at 4 °C. Dilutions of these 98 

solutions were prepared in MeOH:H2O + 40 mM ammonium formate buffer (60:40, v:v). Standard stock 99 

and working solutions were stored at −20 °C in the dark. QC samples were prepared using a dilution of 100 

the standard solution mix (39 ng mL-1). 101 

 102 

2.3. Liver biotransformation using S9 103 

Liver biotransformation mimicking Phase I and II reactions of medicagenic acid was simulated in vitro 104 

by using pooled human S9 fractions. Samples were prepared in triplicate and consisted of a mixture of 105 

65 mM TRIS buffer (pH adjusted to 7.4 at 37 °C), human liver S9 fraction (1 mg mL-1 final protein 106 
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concentration) and medicagenic acid (100 µM final concentration), prepared in a total volume of 0.5 107 

mL and preincubated in a shaking water bath at 37 °C. The reaction was initiated by addition of a 108 

NADPH regenerating system (0.6 mM NADP, final concentration). Alamethicin (10 µg mL-1 final 109 

concentration in TRIS buffer) was added to the reaction mixture to increase permeability and to 110 

enhance Phase II glucuronidation reactions [11,12]. Co-factors were added after 5, 60 and 120 min to 111 

expose the samples to Phase II conjugation through glucuronidation and sulfation: UDPGA (2 mM final 112 

concentration), GSH (2 mM final concentration) and PAPS (0.1 mM final concentration). The reaction 113 

was inhibited after 1 h or 3 h by adding 0.5 mL of acetonitrile and storing the tubes on ice. Thereafter, 114 

the tubes were centrifuged for 5 min at 10000 rpm (4 °C). Then, the supernatant was collected and 115 

analyzed by LC-MS. Method blank (MB) samples were prepared as described above, but with solvent 116 

instead of substrate. Negative control (NC) samples were prepared in duplicate by leaving out S9 and 117 

cofactors and adding acetonitrile at 0, 1 or 3 h to quench the biotransformation reactions. A positive 118 

control was included by incubating testosterone (100 µM final concentration) [11]. 119 

 120 

2.4. Liver biotransformation using human liver microsomes and human liver cytosol 121 

In vitro liver biotransformation of medicagenic acid using human HLM and HLCYT mimicking Phase I 122 

and II reactions respectively was simulated. Samples for phase I biotransformation were prepared in 123 

triplicate and consisted of a mixture of 65 mM TRIS buffer (pH adjusted to 7.4 at 37 °C), HLM (1 mg mL-124 

1 final protein concentration) and medicagenic acid (100 µM final concentration) in a total volume of 125 

0.5 mL and preincubated in a shaking water bath at 37 °C. The reaction was initiated by addition of 126 

NADPH RS (0.6 mM NADP, final concentration). The reaction was inhibited after 1 h or 3 h by adding 127 

0.5 mL of acetonitrile and storing the tubes on ice. Thereafter, the tubes were centrifuged for 5 min at 128 

10000 rpm (4 °C) and supernatant was collected.  129 

Samples for Phase II biotransformation, also prepared in triplicate, underwent Phase I reactions as 130 

described above. After 3 h they were quenched on ice, centrifugated for 5 min at 10000 rpm (4 °C) and 131 

the supernatant was collected. To mimic glucuronidation, the supernatant obtained after Phase I was 132 

added to a mixture of 65 mM TRIS buffer (pH adjusted to 7.4 at 37 °C), fresh HLM (1 mg mL-1 final 133 

protein concentration), alamethicin (10 µg mL-1 final concentration) in a total volume of 0.47 mL. 10 134 

μL of UDPGA (100 mM in TRIS-buffer) was added after 5, 60 and 120 min. The reaction was quenched 135 

after 3 h by adding 0.5 mL of acetonitrile and storing the tubes on ice. Samples where Phase I was 136 

simulated in combination with glucuronidation are referred to as HLM_Gluc.  137 

To simulate sulfation and reactions including glutathion-S-transferase (HLM_Sulf), the supernatant 138 

obtained after Phase I was added to a mixture of 65 mM TRIS buffer (pH adjusted to 7.4 at 37 °C), 139 

HLCYT (1 mg mL-1 final protein concentration), alamethicin (10 µg mL-1 final concentration) in a total 140 

volume of 0.44 mL. After 5, 60 and 120 min, 10 µL of GSH (2 mM final concentration) and PAPS (0.1 141 
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mM final concentration) was added to the reaction mixture. Thereafter, the tubes were centrifuged 142 

for 5 min at 10000 rpm (4 °C). Then, the supernatant was collected and analyzed by LC-MS. Method 143 

blank samples were prepared as described above, but with solvent instead of substrate.  144 

Negative control samples for Phase I were prepared by leaving out HLM and cofactors during Phase I 145 

and adding acetonitrile after 0, 1, or 3 h of incubation to quench the biotransformation reactions. A 146 

positive control for Phase I was included by incubating testosterone (100 µM final concentration). For 147 

Phase II, negative controls were prepared by leaving out the subcellular fraction and cofactors during 148 

the Phase II incubations, and a positive control was included by incubating 4-nitrophenol (4-NP) (10 μL 149 

of 10 mM in TRIS-buffer) and monitoring the formation of 4-NP glucuronide and 4-NP sulfate [11,13].  150 

 151 

2.5. Instrumental Analysis 152 

For the qualitative UPLC-DAD-QTOF analyses of the biotransformation samples, an aliquot of 5 µL was 153 

injected on Waters ACQUITY LC system equipped with MassLynx 4.1 software. Separation was 154 

achieved using a BEH-Shield-RP18 column (100 mm x 2.1 mm, 1.7 μm, Waters, Milford, MA, USA). The 155 

temperature of the column was kept at 40 °C. The mobile phase solvents consisted of water + 0.1% 156 

formic acid (A) and acetonitrile + 0.1% formic acid (B) and the gradient was set as follows (min/B%): 157 

0/2, 1/2, 14/26, 24/65, 26/100, 29/100, 31/2, 41/2. The flow rate was set at 0.4 mL min-1. For detection, 158 

accurate mass measurements were done using a Xevo G2-XS QTof spectrometer (Waters, Milford, MA, 159 

USA) coupled online to the LC-system. During the first analysis, full scan data were recorded in ESI (+) 160 

and ESI (-) mode from m/z 50 to 2000 in sensitivity mode (approximate resolution: 22000 FWHM). The 161 

spray voltage was set at either +1.5 kV and -1.0 kV; cone gas flow and desolvation gas flow at 50 L h-1 162 

and 1000 L h-1 respectively; source temperature and desolvation temperature at 120 °C and 500 °C, 163 

respectively. Data were also recorded using MSE in positive and negative ionization modes, and a ramp 164 

collision energy from 20 V to 30 V was applied. Leucine encephalin was used as lock mass. To monitor 165 

analytical drift and assess precision, QC samples were injected after series of samples of the same time 166 

point.  167 

 168 

2.6. Data analysis  169 

Suspect screening methods, involving in silico metabolite prediction, were combined with a non-target 170 

screening workflow to enhance the identification of products formed by in vitro liver 171 

biotransformation [13]. A list of potential biotransformation products was generated using Meteor 172 

Nexus 2.1 (Lhasa Limited, Leeds, UK). For Phase I biotransformation, all redox and non-redox 173 

biotransformation reactions were selected. For Phase II biotransformation, O-glucuronidation, O-174 

sulfonylation, acetylation and conjugation with amino acids were selected. The maximum number of 175 

sequential biotransformations (depth) was set at 3, and the maximum number of biotransformation 176 
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products at 1000. Biotransformer was used as an additional software tool to predict Phase II 177 

metabolites. The tool combines a knowledge-based approach with a machine-learning-based 178 

approach to predict biotransformation [14]. The SMILES string of medicagenic acid was uploaded, and 179 

“Phase I Transformation” and “Phase II Transformation” options were selected separately. The 180 

generated csv file contained InChIKey, synonyms, major isotope mass, molecular formula, type of 181 

biotransformation reaction, and precursor ID. A complete list of in silico predicted biotransformation 182 

products can be found in Table SI 1. 183 

 184 

In addition, a non-target screening workflow was performed starting by converting raw data files to 185 

mzXML data files to allow processing with XCMS (version 3.6.2) in R (version 3.6.1) [15-18]. Data from 186 

the different biotransformation experiments (S9, HLM_Gluc and HLM_Sulf) were treated separately.  187 

The XCMS CentWave algorithm was used to pick features from the raw data, followed by a grouping 188 

step, a retention time alignment over the different samples and re-iterative filling of missing peaks. 189 

Details on the parameters for these algorithms can be found in the Supporting Information. 190 

To compare between groups (sample, method blank and negative control), taking the longitudinal 191 

aspect into account, resulting features were further analyzed in R using the edge package [19,20]. A set 192 

of training data was selected based on low p-values (<0.0001) from the two EDGE-analyses (sample vs. 193 

method blank and sample vs. negative control) resulting in 796, 658 and 936 MS time profiles for S9, 194 

HLM_Gluc and HLM_Sulf respectively. Tinderesting, an interactive Shiny app developed in R, was used 195 

to rate the quality of the resulting time profiles of these features to train a random forest model for 196 

predicting experts response [21]. The machine learning model provided a single score for each feature, 197 

referred to as tinderesting score, which allowed ranking of all features based on the difference over 198 

time between the three groups. The maximal score of 1 corresponds to the model labelling this feature 199 

as interesting, and the minimal score of 0 defines an uninteresting feature. The machine learning 200 

model ranked 5794 features for S9, 6709 for HLM_Gluc, and 6202 for HLM_Sulf. 201 

Features which were marked as interesting by the machine learning model were further filtered based 202 

on their fold change between samples and negative controls. A volcano plot was constructed to plot 203 

the p-value from a student t-test as a function of the calculated fold change for every feature with a 204 

retention time > 2 min. Features with a p-value lower than 0.05 and a fold change higher than 10 were 205 

selected for in depth investigation [22]. This filtering step reduced the number of features for the 206 

different groups to 140 for S9, 52 for HLM_Gluc, and 82 for HLM_Sulf.  207 

Facet plots were constructed in R displaying on overlay of the extracted ion chromatograms (EIC) of 208 

the replicates for the different sample types (sample, negative control and method blank) separately 209 

for each group (S9, HLM_Gluc, and HLM_Sulf). The progression of the intensity over time was visually 210 

evaluated, including evaluation of the similarity in peak shape and area for different replicates of the 211 
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same sample type. To assure that only metabolites are included after hepatic biotransformation, 212 

biotransformation products were only included if they are not present in the blank and negative 213 

control samples, while they are present in all replicates of the sample at the same retention time. A 214 

list of 180 features in total remained and isotopes and adducts were filtered out manually. As a last 215 

step, boxplots were generated to compare the intensity of the feature between the different groups 216 

over time, allowing a semi-quantitative comparison of metabolite formation.  217 

To have a qualitative overview of metabolites, tentative identification of the resulting 218 

biotransformation products was based on the accurate mass, isotopic pattern and fragmentation 219 

pattern of the product ions. A maximal mass variation between theoretical and observed was set at 10 220 

ppm for parent ions and 25 ppm for product ions. Molecular formulas of the resulting metabolites 221 

were predicted by the Elemental Composition algorithm in MassLynx software based on the observed 222 

m/z values. 223 

The relative abundances of the tentatively identified metabolites were compared to the abundance of 224 

the parent compound before biotransformation to assess quantitative differences between metabolite 225 

formation after hepatic biotransformation using the S9 fractions versus using HLM + HLCYT. 226 

 227 

3. Results and discussion 228 

Incubating medicagenic acid with human liver S9 fractions or HLM for 3 h resulted in the clearance of 229 

14% and 18% of the parent compound, respectively (Figure 1). Along with the decrease in intensity of 230 

the signal for medicagenic acid, formation of metabolites was observed with an increase in intensity 231 

of their signal over time. This was confirmed by differences observed in the total ion chromatograms 232 

(TIC), before, during and after hepatic biotransformation (Figure SI 1 and Figure SI 2). To have a first 233 

impression of the differences between both in vitro biotransformation methods, suspect screening 234 

was performed, using the in silico predictions of Meteor and Biotransformer. Thereafter, a non-target 235 

screening method was used to tentatively identify new metabolites.  236 

 237 

3.1. Suspect screening 238 

Suspect screening analysis resulted in detection of several metabolites summarized in Table 1. Figure 239 

2 shows an overview of the proposed metabolic pathway of medicagenic acid after in vitro hepatic 240 

biotransformation. For metabolites 1-3 (M1-3) (m/z 517.3165 [M-H]-), three chromatographically 241 

separated peaks were observed, suggesting the presence of three different structural isomers. This 242 

was confirmed by the prediction provided by Meteor which predicted hydroxylation (+16 from the 243 

parent) at C-11, C-24, or C-29. Double hydroxylation (+32 from the parent) (M4) (m/z 533.3114 [M-H]-244 

), oxidation of a hydroxyl group (-2 from the parent) (M5) (m/z 499.3060 [M-H]-) and a combination of 245 

hydroxylation and oxidation (+30 from the parent) (M6-7) (m/z 531.2958 [M-H]-), were also predicted 246 
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by Meteor. The major Phase II products observed were glucuronidated metabolites of medicagenic 247 

acid (M8-9) (m/z 677.3537 [M-H]-). However, the poor MS/MS fragmentation of medicagenic acid and 248 

the lack of NMR data rendered the identification as tentative. Further elucidation of the molecular 249 

structures was not possible. 250 

Despite prediction of sulfation reactions of medicagenic acid by Meteor and Biotransformer, sulfated 251 

conjugates were not observed in the biotransformation experiments. To confirm that the in vitro 252 

model was capable to form sulfated conjugates, the biotransformation of testosterone was examined 253 

as positive control. Testosterone metabolites were detected after hepatic biotransformation and 254 

proved the capability of the in vitro model to form both sulfated and glucuronidated conjugates (Figure 255 

SI 3). 256 

 257 

3.2. Non-target screening 258 

For each biotransformation experiment (S9, HLM_Gluc and HLM_Sulf), a random forest model was 259 

trained based on selected time profiles. The area’s under the curves (AUC) of receiver operator 260 

characteristic (ROC) curves were 0.999, 0.978 and 0.996 for S9, HLM_Gluc and HLM_Sulf, respectively 261 

(Figure SI 4). The applied non-target screening analysis was capable of picking up all features also 262 

discovered by the suspect screening approach, confirming its applicability to discover 263 

biotransformation products. In total, 4 additional biotransformation products could be identified using 264 

the non-target screening approach. 265 

 266 

First, a hitherto unknown compound with m/z 597.2689 [M-H]- was identified at a retention time of 267 

18.82 min (M10). Figure 3 displays the MS² spectrum, showing a product ion at m/z 501.3130 [M-H]-, 268 

suggesting that the compound is a metabolite of medicagenic acid. The ion at m/z 515.2997 [M-H]- 269 

originates from medicagenic acid substituted with an additional hydroxyl group and loss of H2. 270 

Combining the limited fragmentation information with the m/z 597.2715 [M-H]- supports a molecular 271 

formula of C30H46O10S suggesting hydroxylation followed by sulfation. This metabolite is only observed 272 

after 3 h of in vitro hepatic biotransformation, suggesting further Phase 2 biotransformation of M1-3. 273 

Figure 4 shows a bar graph comparing the difference in abundance of M10 between the different 274 

sample groups at different time points. A structural isomer was observed in the samples combining 275 

HLM with HLCYT at a retention time of 19.85 min (M11). 276 

Figure 5 and Figure SI 6 show the relative abundance of M10 and M11 over time. An increase in 277 

intensity is observed over time, which is not observed in the negative control samples (NC) and the 278 

method blank (MB).  279 

 280 
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Given the absence of specific MS/MS product ions when fragmenting medicagenic acid and any of its 281 

metabolites, screening with LC-MS does not allow full structural elucidation. Therefore, isomers such 282 

as M1/M2/M3 and M10/M11 can only be separated based on retention time without further 283 

information on the linkage position.  284 

 285 

In addition to M10-11, the non-target screening approach resulted in the tentative identification of 286 

two additional metabolites (M12 and M13). M12 is an oxidated metabolite (m/z 515.3009 [M-H]-) and 287 

is observed in S9 and HLM_Sulf. M13, a metabolite showing hydroxylation followed by glucuronidation 288 

(m/z 693.3486 [M-H]-) was only observed after simulation of hepatic biotransformation using S9. As 289 

M13 is a two-step biotransformation product only observed in the last sampling point, it most probably 290 

originates from M1-3. Table 1 shows an overview of all tentatively identified metabolites.  291 

 292 

According to Jing et al., sulfated and glucuronidated conjugates can serve as substrates for further 293 

biotransformation. They describe both initial sulfation and subsequent glucuronidation, or 294 

alternatively initial glucuronidation followed by further sulfation of glycyrrhetic acid (GA). However, 295 

this two-step Phase II biotransformation pathway is not observed for medicagenic acid [23].  296 

The non-target screening approach confirmed the formation of the predicted metabolites and 297 

rendered four additional metabolites. However, limited by the poor MS/MS fragmentation of the 298 

aglycones and lack of NMR data, identification remains tentative. 299 

 300 

3.3. S9 vs HLM biotransformation 301 

Table 1 shows the relative abundance of the metabolites. Combination of microsomal and cytosolic 302 

fractions is necessary to allow both glucuronidation and sulfation reactions, resulting in a similar 303 

qualitative profile of metabolites obtained after biotransformation using S9 fractions. This is partly in 304 

accordance to earlier work by Van Den Eede et al, who investigated the biotransformation of flame 305 

retardants and plasticizers using HLM and S9 [11]. They reported that all Phase I metabolites of HLM-306 

incubations could also be identified in incubations with S9 fractions, albeit at lower concentrations. In 307 

our results, we could only identify quantitative differences for hydroxylated metabolites (M1-3). While 308 

M1 and M2 were more abundant when using microsomal and cytosolic fractions, metabolite M3 had 309 

a higher relative abundance in the S9 incubations. For the other metabolites, the relative abundance 310 

was similar between both in vitro methods. Based on their results, Van Den Eede et al suggested that 311 

quantitative differences for substrate and metabolites between HLM and S9 fractions could be 312 

explained by a higher concentration of CYP-enzymes in HLM than in S9 per unit of total protein content 313 

[11,24]. These differences are not as pronounced for medicagenic acid and its biotransformation 314 

products, suggesting different behaviour for specific chemical classes. 315 
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 316 

In this study, only small differences in the metabolic profile were observed between the different 317 

incubation experiments using S9 and microsomal and cytosolic fractions. This was in accordance with 318 

previous work by Jaeg et al, who could not observe major differences in biotransformation of bisphenol 319 

A when using either mouse liver microsomes or S9 fractions and Dalvie et al who compared 320 

biotransformation reactions between hepatocytes, S9-fractions and HLM for different 321 

pharmaceuticals [25,26]. In the present study, only two differences could be found in the identification 322 

of biotransformation products of medicagenic acid. Metabolite M13 was only observed after S9 323 

biotransformation and was not detected when microsomal and cytosolic fractions were used. 324 

Formation of this biotransformation product requires Phase I hydroxylation and subsequent Phase II 325 

glucuronidation. These reactions are combined using S9 fractions, while they are performed separately 326 

when using the two-step biotransformation assay. Combination of Phase I and II reactions might lead 327 

to a more complete biotransformation profile, favouring the use of S9 fractions. On the other hand, 328 

M11, the structural isomer of M10, was only observed when using microsomal and cytosolic fractions. 329 

The lower enzyme activity of S9 fractions compared to the two-step biotransformation assay might 330 

prevent formation or detection of this isomer and is one of the drawbacks of biotransformation with 331 

S9 fractions [6].  332 

  333 

Since metabolite profiles after biotransformation with either of the applied models are comparable in 334 

terms of qualitative and quantitative abundance, both hepatic biotransformation models are suitable 335 

for in vitro metabolite prediction. However, this comparison only included medicagenic acid. To draw 336 

general conclusions, other classes of chemical compounds should be included as well.  337 

 338 

4. Conclusions 339 

In vitro hepatic biotransformation reducing in vivo experiments requires a reliable in vitro screening 340 

method. Medicagenic acid was subjected to two widely used in vitro models simulating hepatic 341 

biotransformation: 1) human S9 fractions and 2) human liver microsomes for phase I 342 

biotransformations followed by a secondary incubation with either microsomal or cytosolic fractions 343 

for phase II conjugations. The results of a suspect screening method combined with non-target 344 

screening indicated formation of thirteen metabolites, of which four have never been reported before. 345 

Apart from two metabolites, both methods rendered the same qualitative metabolic profile, with 346 

minor quantitative differences. Despite the main reported disadvantage of S9 fractions having lower 347 

enzyme activity compared to HLM and HLCYT [6], the qualitative metabolite profile was similar, 348 

suggesting that the lower enzyme activity did not hamper detection of metabolites using LC-MS in the 349 

given experimental conditions. On the other hand, S9 fractions are able to combine Phase I and II 350 
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activity, reducing costs and time of analysis making this method favourable for the suggested 351 

metabolomics approach for rapid in vitro screening. 352 
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Tables and figures 435 

 436 

 437 

Figure 1: Time profile of medicagenic acid in case of incubations with S9 (A) and HLM (B). 438 
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 439 

Figure 2: Suggested in vitro hepatic biotransformation pathway of medicagenic acid. Structural changes due to biotranformation reactions are represented with OH (hydroxylation), =O 440 
(hydroxylation and subsequent oxidation to keton), -H2 (oxidation to keton), Gluc (conjugation with glucuronic acid) or Sulf (conjugation with sulfate). 441 
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 442 

Figure 3: MS2 spectrum for m/z 597.2715 443 

 444 

 445 

Figure 4: Bar chart comparing the intensity for m/z 597.2689 [M-H] at retention time 18.77 min- for the different samples  446 

 447 
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 448 

Figure 5: Time profile of the biotransformation process for M10 using S9 (A) and microsomal and cytosolic fractions (B) in 449 
samples, negative controls (NC) and blank (MB).450 
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Table 1: Relative abundance of medicagenic acid and identified biotransformation products per incubation type. 451 

      S9 HLM + HLCYT 

Name 
m/z  

(observed) 

RT 

(min) 
Formula 

Mass error 

(ppm) 

MS/MS  

product ions 
0h 1h 3h 0h 1h 3h Gluc Sulf 

MA 501.3216 21.70 C30H46O6 0.0 483.3123 [C30H43O5]- 100 91.8 86.1 100 87.8 85.1 82.4 83.0 

M1 517.3169 17.39 C30H46O7 0.8 499.3056 [C30H43O6]-; 481.2972 [C30H41O5]- 0.0 2.0 4.4 0.0 11.3 16.1 23.1 17.3 

M2 517.3166 17.60 C30H46O7 0.2 499.3073 [C30H43O6]-; 481.3042 [C30H41O5]- 0.0 2.7 5.8 0.0 13.1 18.6 27.4 20.9 

M3 517.3165 18.45 C30H46O7 -1.9 501.3212 [C30H45O6]-; 499.3057 [C30H43O6]- 0.0 8.2 19.4 0.0 0.0 0.0 0.0 7.5 

M4 533.3116 18.59 C30H46O8 0.4 
517.3159 [C30H45O7]-; 501.3215 [C30H45O6]-; 

499.3045 [C30H43O6]- 
0.0 1.3 3.1 0.0 0.0 0.0 0.0 2.3 

M5 499.3060 20.71 C30H44O6 0.0 481.2951 [C30H41O5]- 0.0 0.0 9.1 17.5 0.0 0.0 0.0 5.6 

M6 531.2950 16.40 C30H44O8 -1.5 515.2979 [C30H43O7]- 0.0 0.5 0.7 0.0 0.0 0.0 0.3 0.3 

M7 531.2942 19.38 C30H44O8 -3.0 515.3006 [C30H43O7]-; 499.3041 [C30H43O6]- 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.9 

M8 677.3515 18.39 C36H44O12 -3.2 
517.3157 [C30H45O7]-; 501.3207 [C30H45O6]-; 

499.3050 [C30H43O6]- 
0.0 3.2 11.5 0.0 0.0 0.0 12.2 0 

M9 677.3511 19.59 C36H44O12 -3.8 501.3224 [C30H45O6]-; 483.3094 [C30H43O5]- 0.0 0.1 0.4 0.0 0.0 0.0 0.5 0.0 

M10 597.2704 18.82 C30H46SO10 -4.9 
533.3117 [C30H45O8]-; 515.3007 [C30H43O7]-; 

501.3187 [C30H45O6]-; 499.3018 [C30H43O6]- 
0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.7 

 M11 597.2718 19.85 C30H46SO10 -2.5 
517.3074 [C30H45O7]-; 515.3069 [C30H43O7]-; 

499.3066 [C30H43O6]- 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 

M12 515.3011 19.12 C30H44O7 0.4 499.3029 [C30H43O6]-; 483.3078 [C30H43O5]- 0.6 19.2 29.4 0.3 0.6 0.7 0.0 19.7 

M13 693.3467 15.36 C36H54O13 -2.7 
531.2964 [C30H43O8]-; 517.3131 [C30H45O7]-; 

499.3029 [C30H43O6]- 
0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 

452 
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XCMS parameters 472 

Peak picking: 473 

CentWavePredIsoParam(ppm = 10, peakwidth = peak_width, snthresh = 10, noise = 1000, mzdiff = 474 

0.01, prefilter = c(3,5000), integrate = 1) 475 

 476 

Grouping: 477 

PeakDensityParam(sampleGroups = rep(1, length(fileNames(res))), bw = 10, minFraction = 0.10, 478 

minSamples = 2, maxFeatures = 100, binSize = 0.015) 479 

 480 

RT adjustment: 481 

PeakGroupsParam(minFraction = 1, smooth = "loess", span = 0.6) 482 

 483 
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Tables and Figures 484 

Table SI 1: In silico predictions of metabolites of medicagenic acid by Meteor and Biotransformer 485 

  
Formula 

Exact 

Mass 

Parent 

Formula 
Reaction InChi 

 Meteor 
C30H46O7 518.3244 C30H46O6 

Hydroxylation of 

aliphatic methyl carbon 

InChI=1S/C30H46O7/c1-25(2)10-12-29(23(34)35)13-11-27(4)17(18(29)14-25)6-7-20-26(3)15-19(32)22(33)30(16-

31,24(36)37)21(26)8-9-28(20,27)5/h6,18-22,31-33H,7-16H2,1-5H3,(H,34,35)(H,36,37) 

  
C30H44O8 532.3036 C30H46O7 

Oxidation of primary 

alcohol 

InChI=1S/C30H44O8/c1-25(2)10-12-29(22(33)34)13-11-27(4)16(17(29)14-25)6-7-19-26(3)15-

18(31)21(32)30(23(35)36,24(37)38)20(26)8-9-28(19,27)5/h6,17-21,31-32H,7-15H2,1-5H3,(H,33,34)(H,35,36)(H,37,38) 

  
C30H46O8 534.3193 C30H46O7 Alkyl-OH hydroxylation 

InChI=1S/C30H46O8/c1-25(2)8-10-29(23(35)36)11-9-27(4)16(17(29)13-25)12-18(32)21-26(3)14-19(33)22(34)30(15-

31,24(37)38)20(26)6-7-28(21,27)5/h12,17-22,31-34H,6-11,13-15H2,1-5H3,(H,35,36)(H,37,38) 

  
C30H46O7 518.3244 C30H46O6 Alkyl-OH hydroxylation 

InChI=1S/C30H46O7/c1-25(2)9-11-30(24(36)37)12-10-27(4)16(17(30)14-25)13-18(31)21-26(3)15-

19(32)22(33)29(6,23(34)35)20(26)7-8-28(21,27)5/h13,17-22,31-33H,7-12,14-15H2,1-6H3,(H,34,35)(H,36,37) 

  
C30H46O8 534.3193 C30H46O7 

Hydroxylation of 

aliphatic methyl carbon 

InChI=1S/C30H46O8/c1-25(2)8-10-29(23(35)36)11-9-27(4)16(17(29)13-25)12-18(32)21-26(3)14-19(33)22(34)30(15-

31,24(37)38)20(26)6-7-28(21,27)5/h12,17-22,31-34H,6-11,13-15H2,1-5H3,(H,35,36)(H,37,38) 

  

C36H54O12 678.3615 C30H46O6 
O-glucuronidation of 

aliphatic acid 

InChI=1S/C36H54O12/c1-31(2)11-13-36(30(46)48-28-24(40)22(38)23(39)25(47-28)27(42)43)14-12-33(4)17(18(36)15-

31)7-8-20-32(3)16-19(37)26(41)35(6,29(44)45)21(32)9-10-34(20,33)5/h7,18-26,28,37-41H,8-16H2,1-

6H3,(H,42,43)(H,44,45) 

  
C36H54O12 678.3615 C30H46O6 

O-glucuronidation of 

aliphatic acid 

InChI=1S/C36H54O12/c1-31(2)11-13-36(29(44)45)14-12-33(4)17(18(36)15-31)7-8-20-32(3)16-19(37)26(41)35(6,21(32)9-

10-34(20,33)5)30(46)48-28-24(40)22(38)23(39)25(47-28)27(42)43/h7,18-26,28,37-41H,8-16H2,1-6H3,(H,42,43)(H,44,45) 

  
C30H46O7 518.3244 C30H46O6 

Hydroxylation of 

aliphatic methyl carbon 

InChI=1S/C30H46O7/c1-25(16-31)10-12-30(24(36)37)13-11-27(3)17(18(30)14-25)6-7-20-26(2)15-

19(32)22(33)29(5,23(34)35)21(26)8-9-28(20,27)4/h6,18-22,31-33H,7-16H2,1-5H3,(H,34,35)(H,36,37) 

  
C30H44O6 500.3138 C30H46O6 

Oxidation of secondary 

alcohol 

InChI=1S/C30H44O6/c1-25(2)11-13-30(24(35)36)14-12-27(4)17(18(30)15-25)7-8-20-26(3)16-

19(31)22(32)29(6,23(33)34)21(26)9-10-28(20,27)5/h7,18,20-22,32H,8-16H2,1-6H3,(H,33,34)(H,35,36) 

Biotransformer 

C36H54O12 678.3615 C30H46O6 
Alkyl-OH 

glucuronidation 

InChI=1S/C36H54O12/c1-31(2)11-13-36(30(45)46)14-12-33(4)17(18(36)15-31)7-8-20-32(3)16-19(47-28-

24(39)22(37)23(38)25(48-28)27(41)42)26(40)35(6,29(43)44)21(32)9-10-34(20,33)5/h7,18-26,28,37-40H,8-16H2,1-

6H3,(H,41,42)(H,43,44)(H,45,46)/t18-,19-,20+,21+,22?,23?,24?,25?,26-,28?,32+,33+,34+,35-,36-/m0/s1 

  

C36H54O12 678.3615 C30H46O6 
Alkyl-OH 

glucuronidation 

InChI=1S/C36H54O12/c1-31(2)11-13-36(30(45)46)14-12-33(4)17(18(36)15-31)7-8-20-32(3)16-

19(37)26(35(6,29(43)44)21(32)9-10-34(20,33)5)48-28-24(40)22(38)23(39)25(47-28)27(41)42/h7,18-26,28,37-40H,8-

16H2,1-6H3,(H,41,42)(H,43,44)(H,45,46)/t18-,19-,20+,21+,22?,23?,24?,25?,26-,28?,32+,33+,34+,35-,36-/m0/s1 

  

C36H54O12 678.3615 C30H46O6 
O-glucuronidation of 

aliphatic acid 

InChI=1S/C36H54O12/c1-31(2)11-13-36(29(44)45)14-12-33(4)17(18(36)15-31)7-8-20-32(3)16-19(37)26(41)35(6,21(32)9-

10-34(20,33)5)30(46)48-28-24(40)22(38)23(39)25(47-28)27(42)43/h7,18-26,28,37-41H,8-16H2,1-

6H3,(H,42,43)(H,44,45)/t18-,19-,20+,21+,22?,23?,24?,25?,26-,28?,32+,33+,34+,35-,36-/m0/s1 

  

C36H54O12 678.3615 C30H46O6 
O-glucuronidation of 

aliphatic acid 

InChI=1S/C36H54O12/c1-31(2)11-13-36(30(46)48-28-24(40)22(38)23(39)25(47-28)27(42)43)14-12-33(4)17(18(36)15-

31)7-8-20-32(3)16-19(37)26(41)35(6,29(44)45)21(32)9-10-34(20,33)5/h7,18-26,28,37-41H,8-16H2,1-

6H3,(H,42,43)(H,44,45)/t18-,19-,20+,21+,22?,23?,24?,25?,26-,28?,32+,33+,34+,35-,36-/m0/s1 

  

C30H46O9S 582.2862 C30H46O6 
Sulfation of secondary 

alcohol 

InChI=1S/C30H46O9S/c1-25(2)11-13-30(24(34)35)14-12-27(4)17(18(30)15-25)7-8-20-26(3)16-19(39-

40(36,37)38)22(31)29(6,23(32)33)21(26)9-10-28(20,27)5/h7,18-22,31H,8-16H2,1-

6H3,(H,32,33)(H,34,35)(H,36,37,38)/t18-,19-,20+,21+,22-,26+,27+,28+,29-,30-/m0/s1 

  

C30H46O9S 582.2862 C30H46O6 
Sulfation of secondary 

alcohol 

InChI=1S/C30H46O9S/c1-25(2)11-13-30(24(34)35)14-12-27(4)17(18(30)15-25)7-8-20-26(3)16-19(31)22(39-

40(36,37)38)29(6,23(32)33)21(26)9-10-28(20,27)5/h7,18-22,31H,8-16H2,1-6H3,(H,32,33)(H,34,35)(H,36,37,38)/t18-,19-

,20+,21+,22-,26+,27+,28+,29-,30-/m0/s1 

486 
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 487 

Figure SI 1: TIC before (A), after 1h (B) and after 3h (C) S9 biotransformation 488 

 489 

 490 

Figure SI 2: TIC of HLM + HLCYT biotransformations: before (A), after 1h (B) and after 3h (C) of Phase I biotransformation, 491 
after Phase II glucuronidation (D) and sulfation (E) 492 
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 493 

Figure SI 3: Overlay of extracted ion chromatograms of testosterone and its metabolites after hepatic biotransformation 494 
using S9.  495 

 496 

Figure SI 4: ROC for the random forest model of biotransformation using S9 497 

 498 

  499 

 500 
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 501 

Figure SI 5: Example of facet plots (M5 - S9 biotransformation) 502 

 503 

Figure SI 6: Time profile of the biotransformation for M11 using HLM + HLCYT in samples, negative controls (NC) and blank 504 
(MB). 505 

 506 

 507 

 508 


