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Abbreviations 

BA, bile acid 

CA, cholic acid, 3α, 7α, 12α-trihydroxy-5β-cholan-24-oic acid 

CMC: critical micelle concentration 

DCA, deoxycholic acid, 3α, 12α-dihydroxy-5β-cholan-24-oic acid 

DCA-1β-ol, 3α, 1β, 12α-trihydroxy-5β-cholan-24-oic acid 

DCA-4β-ol, 3α, 4β, 12α-trihydroxy-5β-cholan-24-oic acid 

DCA-5α-ol, 3α, 5α, 12α-trihydroxy-5β-cholan-24-oic acid 

DCA-6α-ol, 3α, 6α, 12α-trihydroxy-5β-cholan-24-oic acid 

DCA-6β-ol, 3α, 6β, 12α-trihydroxy-5β-cholan-24-oic acid 

DCA-19-ol, 3α, 12α, 19-trihydroxy-5β-cholan-24-oic acid 

3-dehydroDCA, 3-oxo, 12α-hydroxy-5β-cholan-24-oic acid 

DHEA, dehydroepiandrosterone 

HLM, human liver microsomes 

LC-MS/MS, liquid chromatography with tandem mass spectrometry 

NA, not applicable 

NADP(H), nicotinamide adenine dinucleotide phosphate 

ND, not detected 

S50, substrate concentration occupying half of the binding sites 

Vmax, maximal velocity  
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Abstract 

The primary bile acids (BAs) synthesized from cholesterol in the liver are converted to secondary 

BAs by gut microbiota. It was recently disclosed that the major secondary BA, deoxycholate (DCA) 

species, is stereoselectively oxidized to tertiary BAs exclusively by CYP3A enzymes. This work 

subsequently investigated the in vitro oxidation kinetics of DCA at C-1β, C-3β, C-4β, C-5β, C-6α, 

C-6β and C-19 in recombinant CYP3A enzymes and naive enzymes in human liver microsomes 

(HLMs). The stereoselective oxidations of DCA fit well with Hill kinetics at 1-300 μM in both 

recombinant CYP3A enzymes and pooled HLMs. With none or trace contributions from CYP3A5, 

CYP3A7 favors the oxidations at C-19, C-4β, C-6α, C-3β and C-1β, whereas CYP3A4 favors the 

oxidations at C-5β and C-6β compared to each other. Correlation between DCA oxidations and 

testosterone 6β-hydroxylation in 14 adult single-donor HLMs provided a proof-of-concept 

evidence that DCA 19-hydroxylation is an in vitro marker reaction for CYP3A7 activity, whereas 

oxidations at other sites are mixed indicators for CYP3A4 and CYP3A7 activities. Deactivation 

caused by DCA induced P450-P420 conversion, as shown by the spectral titrations of isolated 

CYP3A proteins, was observed when DCA levels were near or higher than its critical micelle 

concentration (about 1500 μM). Unlike CYP3A4, CYP3A7 showed abnormally elevated activities 

at 500 μM and 750 μM, which might be associated with an altered affinity for DCA multimers. 

The disclosed kinetic and functional roles of CYP3A isoforms in disposing the gut bacteria-derived 

DCA may help understand the structural and functional mechanisms of CYP3A. 

Keywords 

Deoxycholate; cytochrome P450 3A enzymes; tertiary bile acids; critical micelle concentration. 
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Introduction 

Human cytochrome P450 3A (CYP3A) enzymes have important functions in metabolism of 

drugs, toxicants (de Montellano, 2009), and endogenous steroids (Niwa et al., 2015). The CYP3A 

locus is located on chromosome 7q21.1 and consists of four genes, CYP3A4, CYP3A5, CYP3A7 

and CYP3A43. CYP3A43 is the most recently identified member, which is expressed in prostate 

and testis, and whose functional role is not understood yet (Gellner et al., 2001). CYP3A4 is the 

major drug-metabolizing CYP isoenzyme predominantly expressed in the adult human liver and 

small intestine (Shimada et al., 1994; Paine et al., 2006; Michaels and Wang, 2014). Compared to 

CYP3A4, CYP3A5 expresses at lower levels in adults (Koch et al., 2002; Drozdzik et al., 2018) 

and has a high similarity in the substrate specificity (Williams et al., 2002; Patki et al., 2003). 

There is high intra- and inter-individual variability in the expression and activity of CYP3A4 and 

CYP3A5, which together are estimated to metabolize at least 50% of the currently prescribed drugs 

(Wienkers and Heath, 2005; Rendic and Guengerich, 2015). On the contrary, CYP3A7 is 

expressed specifically in the fetal and neonatal liver (Schuetz et al., 1993), and plays a critical role 

in placental estriol synthesis by controlling 16α-hydroxylation of dehydroepiandrosterone sulfate 

(Kitada et al., 1987a; Kitada et al., 1987b). There is a progressive change in the postnatal 

expression from CYP3A7 toward CYP3A4, leading to a generally negligible expression of 

CYP3A7 in adult livers (Lacroix et al., 1997; Stevens et al., 2003). The developmental transition 

of CYP3A7 to CYP3A4 during childhood is of particular importance in pediatric pharmacology 

(Stevens, 2006). 

In spite of the high degree of sequence identity (> 81.9%) (Gellner et al., 2001), CYP3A4, 

CYP3A5 and CYP3A7 demonstrate subtle differences in the substrate specificity, catalytic 

efficiency, and/or metabolic regioselectivity (Williams et al., 2002). A number of exogenous drug 

molecules and endogenous steroids, including midazolam, alprazolam, triazolam, alfentanil, 

erythromycin, vincristine, quinidine, testosterone and cortisol, have been proposed as probe 

substrates for CYP3A4/5 activities (Liu et al., 2007). Currently, midazolam 1-hydroxylation and 

testosterone 6β-hydroxylation are the mostly-used in vitro marker reactions of CYP3A4/5. To our 

knowledge, the only two CYP3A7 marker reactions mentioned in literature are 

dehydroepiandrosterone (DHEA) 16α-hydroxylation and testosterone 2α-hydroxylation. One 

group showed that the intrinsic clearance (Clint) of recombinant CYP3A7 for DHEA 16α-

hydroxylation is three times higher than that of CYP3A4 (Stevens et al., 2003). According to 
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another study, the difference in metabolite formation is only 1.3- and 2.6-fold for DHEA 16α-

hydroxylation and testosterone 2α-hydroxylation, respectively (Leeder et al., 2005). Also, a ratio 

between the 2α/6β-hydroxylated metabolites produced by CYP3A7 depends on the substrate levels 

and, thus, testosterone 2α-hydroxylation cannot serve as a biomarker for CYP3A7 activity (Kandel 

et al., 2017). Without the isoform-specific probe reactions, it is highly challenging to investigate 

structure-function relations and relative metabolic activities of CYP3A enzymes, particularly for 

the most poorly studied CYP3A7. 

Deoxycholic acid (DCA) is a secondary bile acid (BA) derived from 7-dehydroxylation of 

cholic acid (CA), the primary BA synthesized from cholesterol in hepatocytes (Russell, 2003). Gut 

bacteria carrying bile acid inducible gene, such as Clostridium and Eubacterium, are responsible 

for the multistep 7-dehydroxylation reactions of CA (Ridlon et al., 2006; Dawson and Karpen, 

2015). It was recently disclosed that CYP3A4 and CYP3A7 are exclusively responsible for the 

tertiary regioselective oxidations of DCA at C-1β, C-3β, C-4β, C-5β, C-6α, C-6β and C-19 (Figure 

1) (Zhang et al., 2019). Identification of the tertiary BAs metabolic pathways allowed to better 

understand and expand the biological functions of CYP3A4 and CYP3A7, which were suggested 

to have an inherent role in the stress response to the bacteria-produced secondary BAs.  Here, we 

report the oxidation kinetics of DCA in recombinant and microsomal CYP3A enzymes and the 

binding affinity of DCA for isolated CYP3A proteins. It was shown that DCA 19-hydroxylation 

at low substrate levels (≤ 300 μM) is an in vitro marker reaction for CYP3A7 activity, whereas 

DCA oxidations at other sites can be used as mixed in vitro indicators for CYP3A4 and CYP3A7 

activities. 

Materials and Methods 

Materials and Reagents 

DCA, DCA sodium salt, and CA-2,2,4,4-D4 were purchased from Sigma-Aldrich (St. Louis, 

MO). 3-dehydroDCA was purchased from TRC (Toronto, Canada). DCA-1β-ol, DCA-4β-ol, 

DCA-5β-ol, DCA-6β-ol, DCA-6α-ol and DCA-19-ol were synthesized as described in our recent 

report (Zhang et al., 2019). NADPH regenerating system solution A (NADPH-A, containing 26 

mM NADP+, 66 mM glucose-6-phosphate and 66 mM MgCl2 in H2O), NADPH regenerating 

system solution B (NADPH-B, containing 40 U/mL glucose-6-phosphate dehydrogenase in 5 mM 

sodium citrate) and 0.5 M pH7.4 phosphate buffer (PBS) were purchased from Corning 
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(Tewksbury, MA). LC-MS grade methanol, acetonitrile and formic acid were purchased from 

Sigma-Aldrich. DMSO was purchased from Thermo Fisher Scientific (Waltham, MA, USA).  

Ultra-pure water was obtained by using a Milli-Q system (Millipore, Bedford). 

Human Liver Microsomes and Recombinant CYP3A Enzymes 

The pooled human liver microsomes (HLM) from 150 mixed gender adult donors were 

purchased from Corning (Corning, NY). Fourteen single donor HLM were obtained from BD 

Bioscience (Woburn, MA). The donor information and testosterone 6β-hydroxylation activities 

were provided by the vendor and summarized in Supplemental Table S1. The recombinant 

CYP3A4, CYP3A5 and CYP3A7 enzymes prepared from plasmid-transfected Escherichia coli 

(Bactosomes) were obtained from Cypex Ltd. (Dundee, Scotland). The in vitro experiments using 

human organ materials were reviewed and approved by the Institutional review Board of West 

China School of Pharmacy, Sichuan University. 

In Vitro Activity Assay of DCA Oxidations 

In vitro metabolism of DCA was assessed using the protocol described in our recent report 

(Zhang et al., 2019). In brief, stock solutions of DCA and ketoconazole were prepared in DMSO. 

Incubations with an initial substrate concentration of 1.0, 5.0, 25, 50, 100, 200, 300, 500, 750, 

1000, 3000, and 5000 μM were performed in 96-well plates in a shaking incubator at 37°C. The 

100 μL incubation solution contained 0.1 M PBS (pH 7.4), 5.0 μL NADPH-A, 1.0 μL NADPH-B, 

0.5 µL DCA working solution, 0.5 µL blank solvent or ketoconazole working solution, and 2.5 μL 

HLM (protein concentration of 20 mg/mL) or recombinant CYP3A enzymes (1.0 nmol 

protein/mL). The final protein concentration in the incubation media was 0.5 mg/mL for HLM and 

50 pmol/mL for recombinant enzymes. The DMSO concentration in all incubations was 1% (v/v). 

Inhibition of DCA oxidations (50 μM) by ketoconazole (0.001, 0.01, 0.03, 0.1, 0.5, 1, 5 and 30 

μM) was tested in the pooled HLM. All incubations were performed in triplicate. The reactions 

were initiated after 5 min preincubation at 37°C by adding HLM or recombinant enzymes and 

stopped at a pre-set time point by adding 300 µL of ice-cold acetonitrile containing 0.1% formic 

acid and 50 µM CA-2,2,4,4-D4 as an internal standard. The reaction mixture was then centrifuged 

at 4°C at 4000 g for 20 minutes. The supernatant (50 µL) was diluted with 50 µL water and 

subjected to LC-MS/MS analysis. 
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Quantitative LC-MS/MS Analysis 

Quantitative analysis of DCA metabolites was performed on ACQUITY ultra-performance 

liquid chromatography coupled to a Xevo TQ-S mass spectrometer (Waters, Milford, MA, USA) 

(Yin et al., 2017; Zhu et al., 2018). The mobile phases consisted of 0.01% formic acid in water 

(mobile phase A) and acetonitrile (mobile phase B). 5 μL of each sample was injected onto an 

ACQUITY BEH C18 column (1.7 μm, 100 mm × 2.1 mm) (Waters, Milford, MA).  The flow rate 

was 0.45 mL/min with the following mobile phase gradient: 0.0-0.5 min (95% A), 0.5-1.0 min 

(95-64% A), 1.0-2.0 min (64-74% A), 2.0-4.0 min (74-70% A), 4.0-6.0 min (70% A), 6.0-7.0 min 

(70-62% A), 7.0-9.0 min (62-55% A), 9.0-12.5 min (55-30% A), 12.5-13.0 min (30-0% A), 13.0-

14.0 min (0% A) and 14.0-14.1 (0-95% A) and 14.1-15.0 min (95% A). The mass spectrometer 

was operated in the negative mode with a 3.0 kV capillary voltage. Selected ion recording at the 

mass transients of m/z 389>389, m/z 391>391 and m/z 407>407 were used to detect 3-

dehydroDCA, DCA and hydroxylated DCA metabolites (DCA-1β-ol, DCA-4β-ol, DCA-5β-ol, 

DCA-6β-ol, DCA-6α-ol and DCA-19-ol), respectively. The source and desolvation temperatures 

were set at 150 and 550 °C, respectively. The collision energy was set at 27 V. Nitrogen and argon 

were used as cone and collision gases, respectively. The cone gas flow and desolvation gas flow 

were set at 150 and 950 L/h, respectively. The metabolite concentrations were calculated by UNIFI 

(V1.8, Waters, Milford, MA, USA). The metabolite formations as a function of substrate 

concentrations were fit to Hill (sigmoidal) equation and hyperbolic (Michaelis-Menten) equation 

using GraphPad Prism software (version 7.0, GraphPad Software, LaJolla, CA). 

Equilibrium Binding of DCA to the Full-length CYP3A Enzymes 

Codon-optimized genes for the full-length CYP3A5 and CYP3A7 with the C-terminal 4-

histidine tag were produced by Genewiz and Synbio-Tech, respectively, and cloned into pcWori 

expression vector. CYP3A7 was co-expressed with GroESL in E. coli C41 cells and purified using 

Ni-affinity and ion exchange chromatography as previously described for CYP3A4 (Sevrioukova, 

2017). CYP3A5 was co-expressed with GroESL in E. coli DH5 cells and purified using the 

procedure developed for the truncated protein (Hsu et al., 2018). Equilibrium titrations were 

conducted at ambient temperature or 37C in a Cary 300 spectrophotometer by adding small 

amounts of DCA (dissolved in DMSO) to the recombinant CYP3A enzymes (2.5 M) in 0.1 M 

phosphate buffer (pH 7.4) supplemented with 1 mM dithiothreitol and 20% glycerol. The absolute 

or difference absorbance spectra were recorded 10-15 min after addition of DCA aliquots. In the 
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latter case, the equal volume of DMSO was added to the reference cuvette to correct for the 

solvent-induced spectral changes. In all experiments, the final DMSO concentration was <5%. The 

Hill coefficient and S50 values were estimated from sigmoidal fits to the plots of the maximal 

absorbance change vs. DCA concentration using SigmaPlot (v. 11.0; Systat Software, Inc.). 

Spectrophotometric analysis of DCA micelle formation 

Noninvasive spectrophotometric analysis was performed to determine micelle formation of 

DCA in buffers used in the activity and binding assays (Reis et al., 2004). DCA stock solutions 

were prepared by overnight shaking at 10 mM and 5 mM in 0.1 M PBS (pH 7.4) with and without 

20% (v/v) glycerol, respectively. Serial dilutions of the stock with the corresponding media were 

performed in volumetric flasks. The testing concentrations were 50-5000 μM for glycerol-free 

media and 200-10000 μM for media containing 20% glycerol. Measurements were made in quartz 

cells with 1-cm path at 22°C. Spectra were recorded at 190-300 nm on UV-2600 

spectrophotometer (SHIMADZU, Japan) with the medium scan rate and scan step of 0.2 nm. The 

maximum absorbance wavelength (λmax) and value (Amax) were recorded and plotted as a function 

of DCA concentrations by using GraphPad Prism software (version 7.0, GraphPad Software, 

LaJolla, CA). Critical micelle concentration (CMC) was calculated at the intersecting point of the 

linear regression lines according to Lambert-Beer law. 

Results 

DCA Oxidation Kinetics in Recombinant CYP3A Enzymes 

Supplemental Figure S1 illustrates the time-dependent metabolite formation after DCA (50 

μM) was incubated in the recombinant CYP3A4, 3A5 and 3A7 enzymes (50 pmol protein/mL) for 

720 min. Compared to CYP3A4 and 3A7, CYP3A5 had only limited activity for 3β-oxidation and 

trace activities for 1β- and 5β-oxidations. C-1β and C-3β were the major oxidation sites of both 

CYP3A4 and 3A7, whereas C-19 and C-4β were the selective oxidation sites of CYP3A7. Most 

metabolites continued to increase for 720 min, except for 3-dehydroDCA that is derived from 

dehydration of the 3β-hydroxylated metabolite. The formation of 3-dehydroDCA was linear in 

CYP3A5 incubations and reached a plateau after ~180 min in CYP3A7 incubations. 

An incubation time of 60 min was thereafter used to investigate DCA oxidation kinetics at 

various substrate levels. As shown in Figure 2, a gradual loss of oxidation activities at substrate 

level higher than 300-750 μM was due to protein denaturation caused by the powerful detergent 
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effects of DCA, which was evident from the CMC of DCA (~1500 M) measured in the buffer 

used in the activity assay (Figure 3A). Within the substrate range of 1-300 μM, however, the 

oxidation kinetic data fit well with both Hill and hyperbolic equations. Hill equation (Tables 1) 

provided a better fit for most reactions than hyperbolic equation (Supplemental Table S2). The 

Hill R2 coefficients (goodness of fit) for most fittings were >0.99, except for the less productive 

reactions, such as CYP3A4-catalyzed oxidation at C-4β (0.9649) and CYP3A7-catalyzed 

oxidation at C-6β (0.9746). The Hill coefficients were >1 for all the CYP3A4-catalyzed reactions 

and <1 for the reactions catalyzed by CYP3A5 and 3A7, indicating a positive and none or negative 

cooperativity, respectively. The S50 values of CYP3A4-catalyzed reactions (98.8-144 μM) were 

markedly lower than those of CYP3A7 (165.9-529 μM). The total intrinsic clearance (CLint) 

decreased in turn for CYP3A7 (~97 mL/min/pmol), 3A4 (55 mL/min/pmol) and 3A5 (2 

mL/min/pmol). CYP3A5 showed none or only a trace activity for oxidations at C-1β, C-3β and C-

5β, confirming that DCA oxidations are selectively catalyzed by CYP3A4 and 3A7 rather than 

CYP3A5. The relative activities of CYP3A4 to 3A7 (CLint ratio) gradually increased for the 

oxidations at C-19, C-4β, C-6α, C-3β, C-1β, C-5β and C-6β. No DCA 19-hydroxylation activity 

was detected in the recombinant CYP3A4 and 3A5 enzymes, indicating that DCA 19-

hydroxylation might be a potential marker reaction for CYP3A7 activity. 

Binding Affinity of DCA with Isolated CYP3A Enzymes  

In order to investigate the binding affinity of isolated CYP3A enzymes for DCA, we tried to 

perform equilibrium titrations of recombinant full-length CYP3A enzymes with DCA in the buffer 

and at the temperature used in the activity assay. In a glycerol-free solution, however, even small 

amounts of DCA caused a conversion of active P450 to the inactive P420 (Supplemental Figure 

S2). Likewise, an increase of temperature from 23C to 37C did not affect the spin transition 

(Supplemental Figure S3) but led to a decrease in protein stability, as all CYP3A isoforms 

precipitated at lower DCA concentrations (~1500 M), which was consistent with the CMC data 

measured in the corresponding buffer (Figure 3B). The lengthy binding assays were therefore 

conducted at ambient temperature in the presence of 20% glycerol for protein stabilization. As 

shown in Figure 4, DCA induced a high spin shift (type I spectral change) in all three isoforms, 

meaning that it can reach the heme iron and displace the distal water ligand. CYP3A4 could endure 

high DCA concentrations (up to 3600 M) and underwent the largest high-spin shift (~47%). 

CYP3A5 and 3A7 had lower tolerability for DCA (up to 2000 M), with the maximal high-spin 
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conversion of only ~30 and 33%, respectively. Even at this DCA range, CYP3A5 was partially 

losing heme absorption (compare Insets to Figure 4B and 4C), indicating the lowest stability of 

CYP3A5 in the presence of DCA and partially explaining its lowest catalytic ability for DCA 

oxidations. In accord with the activity assays, only CYP3A4 was found to display positive 

cooperativity in DCA binding (Table 2). This is evident from the sigmoidal shape of the titration 

plot that can be fit with the Hill equation with n=1.45. In contrast, the respective plots for CYP3A5 

and CYP3A7 (Figure 4D) could be fit equally well with the hyperbolic and Hill equations with n 

~1, indicating the lack of binding cooperativity. Further, a large difference in the S50 values 

measured by two methods suggests that the isolated soluble proteins have lower affinity for DCA 

than the respective isoforms incorporated in Bactosomes. This could be due to conformational 

changes and/or partitioning of DCA into the lipid bilayer and better access to the CYPs active site. 

DCA Oxidation Kinetics in Pooled HLM and Inhibitory Effects of Ketoconazole 

It was reported that the fetal specific CYP3A7 also expresses in livers of approximately 10% 

adults (Sim et al., 2005). Consistently, the CYP3A7-specific activity of DCA 19-hydroxylation 

was also detected within the substrate range of 1-300 μM in the pooled HLM of 150 mixed-gender 

adult donors (Supplemental Table S3). Because CYP3A4 prefers 5β-hydroxylation compared to 

CYP3A7, the metabolite ratios of DCA-4β-ol/DCA-5β-ol and DCA-19-ol/DCA-5β-ol were 

calculated to determine the variation of stereoselective oxidation at various substrate levels. As 

shown in Supplemental Figure S4, the metabolite ratios for the recombinant CYP3A4 and 3A7 

enzymes remained constant within the substrate range of 1-300 μM, but the respective values for 

HLM decreased with the substrate level increasing. Since both CYP3A4 and CYP3A7 proteins 

were present in the pooled HLM material, the decreased metabolite ratios in HLM could be well 

explained by the lower S50 for the CYP3A4-catalyzed 5β-hydroxylation (102 μM) relative to that 

for the CYP3A7-catalyzed 19-hydroxylation (217 μM). 

The inhibitory effects of ketoconazole on DCA oxidations were subsequently determined in 

the pooled HLM (Supplemental Figure S5). Ketoconazole had the highest IC50 value (0.60 μM) 

for the CYP3A7-specific DCA 19-hydroxylation. In agreement with the increasing contribution of 

CYP3A4 to DCA oxidations at C-4β, C-6α, C-3β, C-1β and C-5β, the respective IC50 values were 

reduced to 0.47, 0.22, 0.21, 0.15 and 0.13 μM. The most CYP3A4-favored DCA 6β-hydroxylation 

had the lowest IC50 value (0.089 μM), which is consistent with the data measured with known 

marker reactions in HLMs (Patki et al., 2003). The data consistency indicated that the in vitro DCA 
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oxidation reactions might be useful to discriminate CYP3A4 and 3A7 activities by using DCA 19-

hydroxylation as a probe reaction for CYP3A7 activity. 

Correlation of DCA Oxidations and Testosterone 6β-Hydroxylation in Individual HLMs 

Metabolite formations of 50 μM DCA were analyzed in a panel of HLMs from 14 single adult 

donors to further test the in vitro marker efficacy of DCA 19-hydroxylation for CYP3A7 activity. 

The CYP3A4-preferred testosterone 6β-hydroxylation was selected as a control because CYP3A5 

contributes to testosterone 6β-hydroxylation much less than to midazolam 1-hydroxylation 

(Williams et al., 2002). As shown in Figure 5A, no correlation was observed between DCA 19-

hydroxylation activities and testosterone 6β-hydroxylation activities in the tested individual HLMs. 

In contrast, some interdependence was observed for the  DCA metabolism at other sites (Figure 

5B), particularly for the CYP3A4 favored  C-6β (r=0.9145) and C-5β (r=0.9043) oxidations. The 

latter correlation became much stronger when the 1β-, 3β-, 4β-, 5β-, 6α- and 6β-hydroxylation 

activities were corrected by subtracting the CYP3A7 contributions (Figure 5C), which was 

achieved by calculating the CYP3A7 protein levels in single-donor HLMs and estimating the 

respective activities derived from CYP3A7 according to the activity data acquired in the 

recombinant CYP3A7 enzymes at 50 μM DCA. Some of the corrected data points were negative 

due to the system and analytical errors. Even so, the correlation analysis has provided a proof-of-

concept evidence that DCA 19-hydroxylation is an in vitro marker reaction for CYP3A7 activity, 

whereas DCA oxidations at other sites can be used as mixed in vitro indicators for CYP3A4 and 

CYP3A7 activities. 

Discussion 

In combination with our recent findings (Zhang et al., 2019), this study confirmed that DCA 

is a selective substrate of both CYP3A4 and 3A7. Although the CYP3A-catalyzed DCA oxidations 

are not as robust as activities toward DHEA (Stevens et al., 2003), testosterone (Kandel et al., 2017) 

and other drug substrates (Williams et al., 2002), DCA has been furnished as a new probe substrate 

of CYP3A without contributions from CYP3A5 and other known P450 enzymes. Interestingly, 

CYP3A4 and CYP3A7 exhibited subtle difference in the stereoselectivity and kinetics for DCA 

oxidations. A positive cooperativity of CYP3A4 and a lack of cooperativity of CYP3A7 were 

demonstrated by either activity assay or binding assay. CYP3A7 favors the oxidations at C-19, C-

4β, C-6α, C-3β and C-1β, whereas CYP3A4 favors the oxidations at C-5β and C-6β. The most 
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significant finding of this work is the in vitro marker efficacy of DCA 19-hydroxylation for 

CYP3A7 activities, which was evident from the activity of recombinant enzymes and a proof-of-

concept correlation analysis between testosterone 6β-hydroxylation and DCA oxidation in a panel 

of single donor HLMs. Although the recombinant CYP3A7 shows much lower in vitro clearance 

for DCA 19-hydroxylation (3.64 mL/min/pmol) than DHEA 16α-hydroxylation (1317 

mL/min/pmol) (Stevens et al., 2003) and testosterone 2α-hydroxylation (77 mL/min/pmol) 

(Kandel et al., 2017), DCA 19-hydroxylation has an overwhelming CYP3A7 selectivity than the 

latter two reactions. Because glycodeoxycholate (GDCA) and taurodeoxycholate (TDCA) have 

similar stereoselective oxidation pathways and increased metabolite formations compared to those 

of DCA (Zhang et al., 2019), 19-hydroxylation of GDCA and TDCA is also anticipated to be in 

vitro marker reactions of CYP3A7 with improved activities. 

Due to the emerging importance of CYP3A7 in pediatric pharmacology (Stevens, 2006), 

endocrine diseases (Bacsi et al., 2007; Goodarzi et al., 2008) and cancer therapeutics (Johnson et 

al., 2016), there might be an increasing need for in vivo probes of CYP3A7 activity. DCA is 

endogenous to the host-gut microbial symbiote, showing promise to become a noninvasive probe 

that is superior to foreign probes. On the other hand, similar to the foreign probe drugs, DCA also 

shows theoretical advantage over the other host-synthesized steroid substrates, such as cortisol, 

because it is continuously produced by gut bacteria and is “exogenous” to host genome. Our recent 

work preliminarily showed that the frequency of individuals with higher urinary DCA-4β-ol/DCA 

ratio in a small adult population (n=58) was consistent with the CYP3A7-expressing frequency 

(10%) in a population including 59 individuals (Sim et al., 2005). However, DCA-19-ol, which 

was produced simultaneously but at much higher levels than DCA-4β-ol in single donor HLMs 

(Figure 5), was detected only at a trace level in serum and urine samples from the tested population 

(Zhang et al., 2019). The in vitro - in vivo inconsistency of DCA 19-hydroxylation is believed to 

be likely associated with the subsequent conversion of DCA-19-ol into another unknown 

metabolite. Comparative studies of BA metabolome in the CYP3A7-expressing population 

(newborn and infants) will be useful to understand why DCA-19-ol disappears in the BA pool of 

adults but DCA-4β-ol does not. 

DCA is an amphipathic, detergent-like molecule that is known for decades as a denaturation 

agent that converts the active P450 to inactive P420 (Gillette et al., 1957; Omura and Sato, 1964a; 

Omura and Sato, 1964b). In this work, deactivation of CYP3A was consistently observed in the 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on March 27, 2019 as DOI: 10.1124/dmd.119.086637

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 86637 

Page 14 of 26 
 

activity and binding assays when DCA levels were near or higher than its CMC (about 1500 μM). 

Below the CMC,  DCA oxidations by the recombinant CYP3A4 gradually decreased at 300-1000 

μM, whereas the activities of recombinant CYP3A7 were abnormally elevated at 500 μM and 750 

μM, as seen from the extrapolated Hill curves in Figure 2. Interestingly, we also observed a slight 

red shift in the λmax of n→π* jump below the CMC (Figure 3A), indicating an increase of 

conjugation by establishing the inter-molecular hydrogen bonds between DCA molecules. This 

phenomenon was consistent with previous report on the formation of small aggregates, such as 

dimers, of TDCA (Funasaki et al., 1994). Therefore, the abnormally elevated oxidation activities 

of CYP3A7 enzymes measured at intermediate DCA concentrations (500 and 750 μM) might be 

associated, at least in part, with an altered affinity for the DCA multimers. Due to small size and 

susceptibility to external influences, the absolute structural configuration of bile salt multimer 

remains in debate (Funasaki et al., 2004; Funasaki et al., 2005; Galantini et al., 2005). In our 

opinion, the parallel back-to-back structure involving inter-molecular hydrogen bonds and inter-

molecular hydrophobic interactions may provide a better explanation for the regioselective 

oxidation sites of DCA (Figure 3C). 

In conclusion, this study reported both the stereoselective oxidation kinetics of DCA in 

recombinant and microsomal CYP3A enzymes and the binding parameters of DCA with isolated 

CYP3A enzymes. It was confirmed that DCA 19-hydroxylation is an in vitro marker of CYP3A7 

activity, whereas DCA oxidations at other sites are mixed indicators for CYP3A4 and CYP3A7 

activities. Additional investigations are required to study the in vitro CYP3A marker efficacies of 

the N-acylamidated forms of DCA (GDCA and TDCA), the in vitro - in vivo inconsistency of 

DCA 19-hydroxylation, and the interaction of CYP3A isoforms with DCA species during 

monomer-multimer-micelle transition. In summary, we believe that deeper understanding of the 

kinetic and functional roles of CYP3A in disposing the gut bacteria-derived secondary BAs may 

help decode the structural and functional mechanisms of these important drug-metabolizing 

enzymes. 
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Legends for Figures 

 

Figure 1. CYP3A catalyzed tertiary oxidations of DCA in the host-gut microbial co-metabolism 

of bile acids. 

 

Figure 2. Kinetics of DCA oxidations catalyzed by the recombinant CYP3A4, CYP3A5 and 

CYP3A7 enzymes (50 pmol protein/mL) fitted with Hill equation (1-300 μM). The dotted 

extrapolations of Hill kinetic curves demonstrate the violation of enzyme kinetics at higher 

substrate levels (>300 μM). Each data point represents the average of three measurements, with 

error bars representing the standard deviation. 

 

Figure 3. Spectrophotometric analysis for the DCA micelle formation in 0.1 M PBS (pH 7.4) 

without (A) and with (B) 20% glycerol, and potential effects of DCA dimerization, as speculated 

by an increase of conjugation based on the slight red shift in the λmax of n→π* jump below the 

CMC, and micelle formation on the CYP3A mediated oxidations in hepatocytes (C). 

 

Figure 4. Equilibrium titrations of CYP3A4, CYP3A5 and CYP3A7 with DCA (A-C, 

respectively). Main panels show absolute absorbance spectra recorded after each addition of DCA. 

Insets are difference spectra recorded in a separate experiment where equal amounts of DMSO 

were added to the reference cuvette to correct for the solvent-induced spectral perturbations. Panel 

D displays titration plots derived from the difference spectra and sigmoidal (CYP3A4) or 

hyperbolic fittings (CYP3A5 and CYP3A7). CYP3A5 and CYP3A7 were less stable than CYP3A4 

and precipitated at >2000 M DCA. 

 

Figure 5. Correlation of testosterone 6β-hydroxylation with DCA 19-hydroxylation (A) and DCA 

oxidations at other sites in 14 single adult-donor human liver microsomes before (B) and after (C) 

correction by subtracting the CYP3A7 contributions, which was achieved by calculating the 

CYP3A7 protein levels in single-donor HLMs and estimating the respective activities derived from 

CYP3A7 according to the activity data acquired in the recombinant CYP3A7 enzymes at 50 μM 

DCA. 
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Table 1. Hill kinetic parameters for stereoselective DCA oxidations catalyzed by recombinant 

CYP3A4, CYP3A5 and CYP3A7 enzymes in Bactosomes. 

Parameters Enzyme 
Oxidation site 

Total 
C-3β C-1β C-5β C-6α C-19 C-4β C-6β 

Vmax 
(pmol/min/nmol 

protein) 

CYP3A4 3920 1934 566 115 ND 13.12 34.35  

CYP3A5 835 54.54 26.66 ND ND ND ND  

CYP3A7 11636 6071 595 728 987 442 24.91   

S50 

(μM) 

CYP3A4 133 101 102 151 NA 98.8 144  

CYP3A5 406 636 586 NA NA NA NA  

CYP3A7 216 182 170 361 271.3 529 165.9   

CLint  

(mL/min/pmol 
protein) 

CYP3A4 29.41 19.22 5.56 0.76 NA 0.13 0.24 55.33 

CYP3A5 2.06 0.09 0.05 NA NA NA NA 2.19 

CYP3A7 53.90 33.43 3.50 2.01 3.64 0.84 0.15 97.46 

Hill coefficient  

CYP3A4 1.08 1.16 1.17 1.18 NA 1.68 1.16  

CYP3A5 0.79 0.85 0.82 NA NA NA NA  

CYP3A7 0.98 0.92 0.90 0.87 0.86 0.79 1.74   

Goodness of Fit   
(R2) 

CYP3A4 0.9994 0.9987 0.9984 0.9962 NA 0.9649 0.9931  

CYP3A5 0.9974 0.9875 0.9843 NA NA NA NA  

CYP3A7 0.9995 0.9989 0.9977 0.9981 0.9989 0.9971 0.9746   
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Table 2. Parameters for DCA binding to isolated recombinant CYP3A enzymes. 

Enzyme Hill coefficient S50 (M) 

CYP3A4 1.450.11a 1540150 

CYP3A5 0.990.01 56080 

CYP3A7 0.980.03 51010 

a Values represent an average of three measurements with the standard error. 
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Figure 1 
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Figure 2  
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Figure 3 
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Figure 4 
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Figure 5 
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