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Baicalein(BA), a natural flavonoid compound, possesses many desirable pharmacological activities. However, poor 

solubility and extensive metabolism by human UDP-glucuronosyltransferases (UGTs) strongly restrict the clinical 

applications of BA. We previously reported that two C-8 Mannich base derivatives of BA (BA-a and BA-j) displayed 

enhanced solubility and anti-cyclin dependent kinase 1 activity, yet the metabolic stabilities of these compounds remained 

unknown. This study aimed to evaluate the in vitro glucuronidation stability of these BA derivatives and to explore the key 

factors affecting the UGT-mediated biotransformation. The results showed that the glucuronidation stabilities of these BA 

derivatives were much higher than BA. BA-a exhibited 12-fold and BA-j exhibited 5-fold improved stability in human liver 

S9, while in human intestine S9, BA-a and BA-j exhibited 42 –fold and 33-fold improved stability, respectively. Further 

investigations found that the major glucuronidation site(s) were changed from 7-OH and 6-OH in BA to 6-OH in the BA 

derivatives. Also, both the involved enzymes and their catalytic efficacy in 6-O-glucuronidation of BA derivatives were 

much lower than that of BA. The formation of an intramolecular hydrogen bond between the C-8 Mannich base 

substituents and C-7 phenolic groups played a predominant role in these glucuronidation changes. The calculated bond 

dissociation energy (BDE) of each phenolic group in BA and its derivatives agreed well with their glucuronidation activities. 

All these findings bring new insights into the structure-glucuronidation relationship and provide a practical strategy for the 

structural modification to improve the glucuronidation stability of drug candidates, especially for those phenolic 

compounds. 

Introduction 

Baicalein (BA), a flavonoid compound, was originally isolated 

from the Chinese herb Scutellariabaicalensis (Huang-Qin). In 

the past twenty years, pharmacological studies have 

demonstrated that BA possesses many desirable bioactivities 

including anti-cancer,
1-3

 anti-inflammatory,
4,5

 anti-oxidation,
6,7

 

and anti-viral activity.
8,9

 However, poor solubility and rapid 

metabolic clearance by phase II drug metabolizing enzymes are 

the major barriers for its in vivo pharmacological activities. BA 

is almost insoluble in water but soluble in organic solvents 

such as DMSO and methanol. BA contains three phenolic 

hydroxyls (5-OH, 6-OH and 7-OH) (Fig. 1) and these are the 

preferred metabolic sites for phase II drug metabolizing 

enzymes. Previous studies demonstrated that 7-O- and 6-O-

glucuronidation were the predominant human metabolic 

pathways of BA, while sulfation and methylation also occurred 

but to a lesser extent.
10-13

 Human UDP-

glucuronosyltransferases (UGTs) including UGT1A1, UGT1A3, 

UGT1A8, UGT1A9 and UGT2B15 were reported to catalyze the 

O-glucuronidations of BA.
11

  UGT is the most important phase 

II drug-metabolizing enzyme in human which is expressed in 

many organs, and responsible for the metabolic elimination of 

10% of the top 200 prescribed drugs in the USA.
14

 Extensive 

first-pass metabolism by human intestinal and hepatic UGTs  

 

Fig. 1 Chemical structures of baicalein and its C-8 derivatives 
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has been recognized as one of the major reasons for the low 

bioavailability of BA.
11

 Like BA, many other natural flavonoids 

are preferred substrates of human UGTs, multiple UGT 

isoforms display rapid glucuronidation ability for these 

phenolic compounds.
15-17 

The rapid metabolic clearance by 

human UGTs is one of the main reasons for the poor 

bioavailability and short half-life of natural flavonoids in 

human.
18

 Therefore, novel flavonoids with both high 

bioactivity and improved metabolic stability are much in 

demand. In the past twenty years, many structural 

modifications of BA have been made and have generated a 

variety of structurally diverse derivatives of BA. However, to 

the best of our knowledge, most of the studies focused on 

improving bioactivities,
19,20

 the evaluation of metabolic 

stabilities of BA derivatives was rarely reported. 

UGT-mediated O-glucuronidation of flavonoids 

demonstrated strong region-selective features, in which the 

phenolic group at C-5 was hardly glucuronidated.
15

 The high 

glucuronidation stability of 5-OH in flavonoids might be 

attributed to the formation of an intramolecular hydrogen 

bond (IMHB) between the 5-OH and the carbonyl at the C-4 

site.
21-23 

Inspired by this, we assumed that introducing 

a hydrogen bond acceptor at the C-8 site to form an IMHB with 

7-OH of BA might block the 7-O-glucuronidation and thus 

improve the metabolic stability of BA. To verify this, a series of 

nitrogen-containing derivatives of BA were synthesized via the 

Mannich reaction and their bioactivities were initially 

evaluated.
24,25

Among these derivatives, 8-((dimethylamino) 

methyl)-5,6,7-trihydroxy-flavonoid (BA-a) and 5,6,7-trihydroxy-

8-((4-hydroxypiperidin-1-yl) methyl)-flavonoid (BA-j) displayed 

enhanced solubility and cyclin-dependent kinase 1(CDK1) 

inhibitory activity.
24,25 

Both BA-a and BA-j have a nitrogen-

containing substituent at the C-8 position in which the amine 

could interact with the C-7 phenolic group and form an IMHB 

(Fig. 1). Although this structural modification improved the 

bioactivity and solubility, the metabolic stability (especially the 

UGT mediated glucuronidation stability) of these BA 

derivatives remained unknown. The aim of this study was to 

evaluate the in vitro glucuronidation stability of these BA 

derivatives and to explore the key factors affecting the UGT 

mediated biotransformation. 

In this study, the in vitro UGT-mediated metabolism of BA-

a and BA-j were systematically investigated and BA was used 

as a reference compound. A series of in vitro assays including 

the glucuronidation half-life, the glucuronidation profile, the 

screening of recombinant human UGTs and the kinetic analysis 

of the major UGTs involved and HLM were carried out. 

Furthermore, the bond dissociation energy (BDE) of hydroxyls 

in BA, BA-a and BA-j were calculated to help interpret the 

preferred metabolic site(s) of these flavonoids. 

Results  

In vitro Half-life Assays 

To evaluate the glucuronidation stability, in vitro half-life 

assays for three compounds (BA, BA-a and BA-j) were carried  

Table 1 BA, BA-a and BA-j UGT metabolism half-life in HLS9 and HIS9. 

Enzyme source 
 t1/2(min)  

BA BA-a BA-j 

HLS9 25.02±7.22 290.31±27.04 123.00±4.6 

HIS9 9.80±1.34 417.89±14.11 329.18±59.73 
 

out in both human liver S9 (HLS9) and human intestine S9 

(HIS9) under physiological conditions (pH 7.4 at 37 °C), in the 

presence of UDP-glucuronic acid (UDPGA). The results 

demonstrated that the glucuronidation stability of BA 

derivatives were much higher than that of BA in both tissues. 

In HLS9, BA-a displayed 12-fold and BA-j exhibited 5-fold 

improved glucuronidation stability. In HIS9, BA-a exhibited 42-

fold and BA-j exhibited 33-fold greater stability with respect to 

BA (Table 1). 

Glucuronidation Profiles and Metabolites Characterization 

To further investigate the impact of such structural modifications 

on the UGT-mediated metabolism of BA derivatives, the metabolic 

profiles of BA, BA-a and BA-j in HLM and human intestine 

microsomes (HIM) were investigated and the major metabolites 

were biosynthesized and characterized by NMR spectra.  

Two glucuronides of BA could be easily detected in both HLM and 

HIM following 10 min incubation, in the presence of UDPGA (Fig. S1, 

ESI†), which agreed well with the previous studies on BA-O-

glucuronidation conducted in HLM or RLM.
11-13 

In both HLM and 

HIM, a single metabolite could be detected in BA-j following 1 hour 

incubation, in the presence of UDPGA. For BA-a, one metabolite 

could be clearly detected in both HLM and HIM following 1 hour 

incubation under the same conditions. The amount of the 

glucuronide in HLM was higher than that in HIM. The metabolites of 

BA, BA-a and BA-j showed a molecular ion [M-H]
-
 at m/z 445, m/z 

502, and m/z 558 respectively in negative-ion mode, which 

increasing m/z 176 compared with the molecular ion [M-H]
- 
of the 

corresponding substrate. Thus, these metabolites were identified as 

mono-glucuronides. The mass spectra of BA, BA-a and BA-j and 

their corresponding mono-glucuronides are provided in the 

supporting materials (Fig. S2, ESI†). In Fig. 2, the amount of the 

mono-glucuronide of both BA-a and BA-j in HLM was higher than 

that in HIM, which was consistent with the results from in vitro 

half-lives. The major glucuronidation site(s) of BA and its two 

derivatives were also identified. Two BA glucuronides in HLM 

and HIM were identified as 7-O-glucuronides and 6-O-  

  

Fig. 2  Glucuronidation metabolic profiles of BA-a (a) and BA-j (b) in 
HLM and HIM. BA-a or BA-j (10 μM) was incubated with HLM or HIM in 
the presence of UDPGA for 60 min. 
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Fig. 3 Glucuronidation of BA-a and BA-j in HLM 

 

glucuronides, respectively, based on the LC retention times, 

UV and MS spectra of standards. The major glucuronides of 

BA-a and BA-j were biosynthesized using rabbit liver 

microsomes (RbLM) as the enzyme source. Their chemical 

structures were fully characterized as 6-O-glucuronides using 
1
H-NMR, 

13
C-NMR, and HSQC and HMBC NMR techniques (Fig. 

S5-16, ESI†). The chemical shift of 
1
H-NMR, 

13
C-NMR of BA-a, 

BA-a 6-O-glucuronide, BA-j and BA-j 6-O-glucuronide are 

provided in Table S1-2(ESI†). A correlation between G1-CH 

(4.52-4.53 ppm) and C-6 (131.33 ppm) in HMBC spectra of BA-

a glucuronide was detected, which could assigned the 

metabolite as 6-O-glucuronide of BA-a. In HMBC spectra of BA-

j-G, correlation between G1-CH (4.56 ppm) and C-6 (131.20 

ppm) was found, thus the glucuronide of BA-j in HLM was 

identified as 6-O-glucuronide as well (Fig. S4, ESI†). The 

coupling constants (J) for the anomeric proton of these two 6-

O-glucuronides (the glucuronic acid moiety) are large than 7.0 

Hz, suggesting that these two 6-O-glucuronides are β-

glucuronide.
26

 In addition, hydrolysis of these metabolites by 

β-glucuronidase also confirmed that these glucuronides are β-

glucuronides. All these findings suggested that BA could be 

glucuronidated at both 7-OH and 6-OH, but BA-a and BA-j 

displayed strong region-selectivity O-glucuronidation at 6-OH.  

Assignment of Involved Human UGTs  

To compare the human UGT isoforms involved in O-

glucuronidation of BA, BA-a and BA-j, a panel of 12 

recombinant human UGT isoforms (UGT1A1, 1A3, 1A4, 1A6, 

1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and 2B17) were tested 

for their ability to glucuronidate these compounds (Fig 4). Of 

the screened 12 recombinant UGT isoforms, 9 (UGT1A1, 1A3, 

1A6, 1A8, 1A9, 1A10, 2B7, 2B15 and 2B17) were involved in 

BA-O-glucuronidations. In contrast, only 6 isoforms were 

involved in BA-a O-glucuronidation or BA-j O-glucuronidation. 

The isoforms involved in BA-a and BA-j glucuronidation were 

the same, including UGT1A1, 1A3, 1A8, 1A9, 2B15 and 2B17. 

Among the involved enzymes, UGT1A9 displayed the highest 

efficiency in BA-a 6-O-glucuronidation, while UGT1A1 showed 

the highest efficiency in BA-j 6-O-glucuronidation. Other UGT 

isoforms, including UGT1A6, UGT1A10 and UGT2B7 did not 

show evidence of catalytic activities in BA-a or BA-j 

glucuronidation whereas they were significantly active to 

glucuronidate BA.  

Kinetic Analysis 

In order to compare the intrinsic clearances of these two 

derivatives with BA, kinetic analysis of BA, BA-a, and BA-j O-

glucuronidation were performed in HLM, UGT1A1 and UGT1A9. 

The formation of O-glucuronides of BA and its derivatives 

followed either Michaelis-Menten kinetics or substrate 

inhibition kinetics (Table 2&Fig 5). In HLM, the intrinsic 

clearances of BA were 78-fold higher than that of BA-j and 

251-fold higher than that of 6-O-glucuronide formation of BA-a. 

The decreased intrinsic clearances of BA derivatives were 

 

Fig. 4 Reaction phenotyping of BA (a, b), BA-a (c) and BA-j (d) with a panel of human recombinant UGTs. The final substrate concentrations were 20 μM and 
200 μM, respectively. All samples were incubated under physiological conditions (pH 7.4 at 37 °C) for 60 min, in the presence of UDPGA. 
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Table 2 Kinetic parameters of BA, BA-a and BA-j O-glucuronidations in HLM and selected human recombinant UGTs. 

Compound 

 

Enzyme sources Km 

μM 

Vmax 

nmol/min/mg 

Ksi 

μM 

Vmax/Km 

nmol/min/mg 

Kinetic model 

BA (7-O-G) HLM 51.23 54.05  1055.12 Michaelis-Menten 

BA (6-O-G) HLM 63.18 5.81 1906.86 91.98 Substrate inhibition 

BA-a (6-O-G) HLM 198.18 0.90  4.56 Michaelis-Menten 

 UGT1A1 66.44 0.17  2.52 Michaelis-Menten 

 UGT1A9 107.8 0.33 805.8 3.05 Substrate inhibition 

BA-j (6-O-G) HLM 285.3 4.17 618.3 7 14.61 Substrate inhibition 

 UGT1A1 69.77 4.26 1372.19 61.03 Substrate inhibition 

 UGT1A9 204.05 1.15 569.42 5.62 Substrate inhibition 
 

 

Fig. 5  Kinetic analysis. (a) BA-O-glucuronidations in HLM; (b) BA-a and BA-j 6-O-glucuronidations in HLM; (c) BA-a 6-O-glucuronidation in UGT1A1 and 

UGT1A9; (d) BA-j 6-O-glucuronidation in UGT1A1 and UGT1A9. 

caused by both the increase of Km values and the decrease of 

the Vmax values. In HLM, the Km values for 6-O-glucuronidation 

and 7-O-glucuronidation of BA were 63 μM and 51 μM 

respectively, which were much lower than that of 6-O-

glucuronidation of BA-a (198 μM) and BA-j (285 μM).The Vmax 

values of BA 6-O-glucuronidation and 7-O-glucuronidation 

were 6 times and 54 times greater than that of 6-O-

glucuronidation of BA-a in HLM. The Vmax value of BA 6-O-

glucuronidation was slightly higher than that of 6-O-

glucurondation of BA-j, but the Vmax value of 7-O-

glucurondation of BA was 14 times higher than that of 6-O-

glucurondation of BA-j in HLM. The same trend was also 

observed with the kinetic analysis in recombinant human UGTs. 

The reported Km values of BA 7-O-glucuronidation in 

recombinant human UGTs ranged from a few micromolar to 20 

μM,
11

 which were much lower than that of the Km  values of 

BA-a and BA-j 6-O-glucuronidation in UGT1A1 and UGT1A9 

(60-200 μM). The intrinsic clearance for BA 7-O-

glucuronidation in UGT1A1 and UGT1A9 were about 330 

nmol/min/mg and 640 nmol/min/mg respectively,
11

 which 

were much greater than that of 6-O-glucurondation of BA-a 

and BA-j in UGT1A1 and UGT1A9 (2-60 nmol/min/mg).  

Calculation of Bond Dissociation Energy  

In order to further explain the region-selective glucuronidation 

of BA derivatives from the view of reaction energy, the bond 

dissociation energy (BDE) or hydrogen dissociation energy of 

all phenolic groups in BA, BA- a and BA-j were calculated 

theoretically for the first time. As shown in Table 3, of the 

three phenolic groups in BA, the BDE of 5-OH is the highest 

(80.2 kcal/mol), while BDEs of 6-OH and 7-OH are considerably 

low, implying that the glucuronidation of 6-OH and 7-OH are 

easy while the glucuronidation of 5-OH is difficult. The BDEs 

calculations are highly consistent with the experimental results. 

The same consistency was also demonstrated between the 

experimental results and the calculations of BA derivatives.  

Table 3 Calculated BDEs of each phenolic group in BA, BA-a and BA-j. 

Hydroxyls 
 BDE (kcal/mol)  

BA BA-a BA-j 

5-OH 80.20 85.33 85.45 

6-OH 64.07 77.28 77.33 

7-OH 65.20 86.30 85.67 
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The BDEs of all phenolic groups of BA-a and BA-j followed the 

same order, which is 7-OH>5-OH>6-OH. From the view of the 

activation energy barrier, 6-OH is the most possible metabolic 

site for O-glucuronidation of BA-a and BA-j, while the 

glucuronidations at 7-OH and 5-OH were required higher 

energy and were thus not glycosylated. The experimental 

results indicated that 6-OH was the preferred glucuronidation 

site(s) of BA-a and BA-j. Furthermore, it is evident from Table 3 

that the BDEs of 6-OH and 7-OH of BA are much lower than 

that of the corresponding hydroxyls in BA-a and BA-j, which 

was consistent with the experimental results in which both BA 

6-O and 7-O glucuronidations displayed much higher velocity 

and efficiency than 6-O glucuronidation of BA-a and BA-j. All 

these findings strongly suggested that the BDE of phenolic 

group is one of the key factors affecting the region-selective 

glucuronidation of BA and its derivatives. As hydrogen 

dissociation is the prerequisite for O-glucuronidation (a typical 

SN2-reaction) and this step needs to overcome an energy 

barrier.  

Discussion 

Structural modification is a widely used strategy for improving 

the metabolic stability of lead compounds or drug candidates 

in drug discovery. Previously, dimethylamino-methyl 

substitutes have been used in the structural modifications 

from SN-38 (7-ethyl-10-hydroxycamptothecin) to topotecan 

and the synthesis of C-8 Mannich base derivatives of 

esculetin.
42-44 

These modifications shared the same features 

where the dimethylamino-methyl group can form an IMHB 

with its adjacent phenolic group. Both modifications showed 

improved glucuronidation stability, yet the underlying 

mechanism remained unknown. By comparing the in vitro UGT 

metabolism of BA and its two derivatives, this study used 

experimental methods and theoretical calculations to reveal 

for the first time that the mechanism of IMHB formed at the 

major glucuronidation site could enhance the glucuronidation 

stability. Key factors which affect the UGT-mediated 

biotransformation are also discussed. 

Our experimental results demonstrated that there are 

three major differences between the glucuronidation of BA 

and its two derivatives. First, the metabolic sites were 

different. For BA, both the 6-OH and 7-OH could be easily 

glucuronidated by human UGTs, but for BA-a and BA-j, the 6-

OH was the major glucuronidation site. Second, the UGT 

isoforms involved in BA-a and BA-j O-glucuronidation were 

different compared with BA O-glucuronidation. Of the 12 

isoforms tested, 9 displayed high activities in BA-7-O and 6-O-

glucuronidation. However, the UGT isoforms involved in BA-a 

and BA-j 6-O-glucuronidation were decreased to 6. UGT1A6, 

1A10 and 2B7 did not show evidence of catalytic activity in BA-

a or BA-j glucuronidation. Third, the catalytic efficacy of BA-a 

and BA-j O-glucuronidation were decreased significantly 

compared with BA O-glucuronidation. The intrinsic clearances 

of BA O-glucuronidation were 78 times higher than that of BA-j 

and 251 times higher than that of 6-O-glucuronidation of BA-a 

in HLM. The reduced intrinsic clearance was contributed by 

both the decrease of the Vmax values and the increase of the Km 

values in BA derivatives glucuronidation. Taken together, the 

glucuronidation stability of BA-a and BA-j were greatly 

improved by the structural modification.  

In HLM, the major metabolic sites of BA were the 7-OH and 

6-OH, while the major metabolic site in BA-a and BA-j was the 

6-OH. The formation of an IMHB between the 7-OH and the 

amine of the C-8 substituent of BA-a and BA-j played an 

important role in this metabolic alteration. Human UGTs 

belong to the GT1 family;
 27

 the UGT-mediated reaction is a bi-

substrate reaction and follows the SN2-reaction mechanism.
28

 

Miley et al. suggested that human UGT, like many GT1 

enzymes, utilizes a serine protease-like catalytic mechanism in 

which histidine 35 (of UGT2B7) and aspartate 151 (UGT2B7) 

function as a catalytic dyad. His 35 attracts the proton of the 

phenolic group in the acceptor ligand to assist a nucleophilic 

attack to the anomeric carbon of the glucuronic acid of 

UDPGA.
29

 When the IMHB is formed between the 7-OH and 

the C-8 substituent of BA-a or BA-j, the attraction of the 

proton at the 7-OH by histidine 35 of UGT becomes difficult. 

This was proved by the calculation result that the BDE of the 7-

OH of BA-a (86.30 kcal/mol) and BA-j (85.67 kcal/mol) were 

significantly increased compared with the BDE of the 7-OH of 

BA (65.20 kcal/mol). Therefore, the IMHB formed at a UGT 

metabolic site can protect the hydroxyl from being 

glucuronidated. As the bond energy of the IMHB is not fixed, 

some weak hydrogen bonds still can be broken and the 

glucuronidation reaction can proceed. However, the 

production of the metabolite will be greatly reduced. Some 

strong hydrogen bonds cannot be broken, thus the 

glucuronidation reaction is terminated. When the IMHB is 

formed with BA-a or BA-j, the C-8 substituent no longer rotates 

freely and becomes fixed facing the 7-OH. This configuration 

can cause steric hindrance for 7-OH access to the catalytic site 

of the UGT enzyme. The steric hindrance of the Mannich base 

substituent can be another reason for the block of the 

glucuronidation of the 7-OH of BA-a and BA-j. 

As the result of structural modification, the involved UGT 

isoforms for BA-a and BA-j glucuronidation were decreased. 

UGT1A6, UGT1A10 and UGT2B7 no longer showed evidence of 

catalytic activity in BA-a or BA-j glucuronidation. UGT1A10 is 

mainly expressed in intestine and not in liver.
30

 UGT2B7 is the 

most abundant isoform in liver, but also has some expression 

in intestine.
30 

UGT1A6 is expressed in both liver and intestine, 

while not in a high level.
30 

The absence of catalytic activity of 

UGT1A6, UGT1A10 and UGT2B7 in BA derivative 

glucuronidation indicated the metabolic stability of the BA 

derivatives in both human liver and human intestine were 

improved.  

Ethell et al found that increasing the substrate volume 

results in decreasing the Vmax for UGT1A6.
31

 UGT1A6 prefers to 

metabolize small planar phenolic and amine compounds;
32

 its 

substrates include coumarins,
33

 1-naphthol, serotonin
34

 and 

protocatechuic aldehyde.
35 

We hypothesized that UGT1A6 has 

a smaller active site than other UGT isoforms and molecular 

volume can be one of the determinants for its substrate 

selectivity. In the case of UGT1A10 and UGT2B7, molecular 
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volume may not be very important for their substrate selectivity. 

Their substrates include some bulky compounds like steroid. The 

alteration of other physicochemical properties of substrates 

such as molecular shape, hydrophobicity or electric charges may 

be responsible for BA-a and BA-j becoming a poor substrate of 

UGT1A10 and UGT2B7. Currently, as the crystal structures of the 

substrate binding area of human UGTs are still unavailable, we 

cannot further explore the mechanism by molecular docking. 

The kinetic analysis displayed a trend that in both HLM and 

recombinant UGTs, the Km values of BA derivatives were 

increased and the Vmax values of BA derivatives were decreased 

compared with those of BA. The increased Km values of BA-a and 

BA-j indicated that the apparent affinities of these compounds 

to the enzyme were reduced. Human UGTs are predominantly 

located in the endoplasmic reticulum and prefer lipophilic 

compounds as their substrates. The conjugation of a glucuronic 

acid to a lipophilic substrate leads to increased solubility, thus 

the substrate can be excreted from the body. Hydrophobic 

interaction is critical for substrate binding with UGT.
36-39

 Xia et al 

found that esculetin derivatives with a lipophilic substituent at 

the C-4 position have better affinity for UGT1A9 and UGT1A6 

than esculetin.
33

 The Mannich base substitutes at the C-8 

position decreased the hydrophobicity of these BA derivatives. 

The cLogP (calculated by ChemBioDraw Ultra13.0) of BA is 3.00, 

while the cLogPs of BA-a and BA-j are 2.79 and 1.89, respectively. 

The decreased hydrophobicity might be the main reason for the 

increased Km values in BA-a and BA-j kinetics. The decreased Vmax 

values in BA-a and BA-j 6-O-glucuronidation are possibly due to 

the increase in the BDE of the 6-OH. The BDE of the 7-OH and 6-

OH of BA are 65.20 and 64.07 kcal/mol respectively, while the 

BDEs of the 6-OH in BA-a and BA-j  are 77.28, and 77.33 kcal/mol, 

respectively. The BDE calculations strongly suggest that the 

hydrogen dissociation from the 6-OH of BA-a or BA-j needs to 

overcome a higher energy barrier, which may explain why the 

glucuronidation rate of BA-a or BA-j is much lower than that of 

BA.  

Additionally, sulfation and methylation are also human 

metabolic pathways for BA, besides glucuronidation.
11,13

 The 

reaction mechanisms of sulfation and methylation were also 

suggested as SN2.
40,41

 The structural modification greatly 

increased the BDEs of the 7-OH and 6-OH of BA-a and BA-j; these 

hydroxyls were also the metabolic site for sulfation and 

methylation in BA.
11,13

 Therefore, theoretically, the sulfation and 

methylation reactions of BA-a and BA-j will also be reduced. Our 

primary result indicated trace amounts of methylation 

metabolites could  be detected but sulfation metabolites were 

not detected in either BA-a or BA-j HLS9 incubations which 

contained 3'-phosphoadenosine-5'-phosphosulfate and S-

adenosyl methionine cofactors.  

In this paper, we first introduced the calculated BDE to help 

to interpret the UGT metabolic site preference in BA and its 

derivatives. The experimental results agree well with the 

calculation of the BDEs, in which the lower BDE has the higher 

glucuronidation activity.  It is interesting that the BDE of both 

the 7-OH and 6-OH of BA were very low and quite close, 

however the glucuronidation of the 7-OH in HLM was 

significantly higher than that of the 6-OH. This is because that 

the glucuronidation of the flavonoid not only displayed strong 

regio-selective features, but also displayed isoform specific 

characteristics.
15

 In a study conducted with 7 mono-

hydroxyflavone, UGT1A1 and 1A9 showed higher  activity 

towards the 7-OH than 6-OH of seven mono-flavonoids while 

UGT1A8 and UGT1A10 displayed higher catalytic activity of the 

6-OH than 7-OH.
15

 UGT1A8 and UGT1A10 are expressed 

mainly in human intestine, but not in HLM, while UGT1A9 is 

not expressed in HIM. These results indicated that the BDE of 

the substrate is an important factor which could determine the 

glucuronidation activity but the structure of the enzyme also 

played some role in the metabolic site selection. The 

calculated BDE matched well with the experimental results and 

most of the UGT reactions can be interpreted by reaction 

energy theory. Therefore, this calculated BDE of the substrate 

can be used as a predictive tool for the study of 

glucuronidation reactions. However, further calculations and 

experimental work are required to validate this method. As the 

calculated BDE is purely from the substrate approach, without 

considering the enzyme structure and other factors, we 

realized that it has some limitations. 

Conclusion 

In the present study, our results demonstrated that structural 

modifications by introducing a Mannich base substituent at the 

C-8 position of baicalein could strongly improve the 

glucuronidation stability. The enhance glucuronidation stability 

was achieved from the following three aspects including 

blocking of 7-O-glucuronidation by IMHB, reduction of the 

involved UGT isoforms and decreasing the inherent clearance of 

6-O-glucuronidation. Factors such as the IMHB, molecular 

volume and the hydrophobicity of substrates can affect the UGT-

mediated biotransformation in different ways. These findings 

bring novel insights into the structure-glucuronidation 

relationship and provide some new solutions for modulating the 

glucuronidation stability of drug candidates. Furthermore, this 

study opens an avenue for using calculation to analyze the 

potential ability of compound which is metabolized by human 

UGTs. 

Experimental 

Reagents and Materials 

BA-a (purity>98%) and BA-j (purity>98%) were synthesized by 

Professor Shixuan Zhang’s Lab, Dalian University of Technology. 

BA (purity > 98%), baicalin (BA 7-O-glucuronide) (purity > 98%) 

and 4-methylumbelliferone were purchased from the Victory 

Company (Chengdu, China). Alamethicin, Brij 58, magnesium 

chloride, D-saccharic acid, 1, 4-lactone, β-glucuronidase and 

uridine 5’-diphospho-glucuronic acid trisodium salt (UDPGA) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1, 4-

dithio-DL-threitol (DTT) (99%) was purchased from Alfa Aesar 

(Lancashire, UK). SPE C18 cartridges were purchased from 

Bonna-Agela Technologies (Wilmington, DE, USA). HLM (Lot. 

DXOV) pooled from 11 donors, HLS9 (Lot. PBCQ) pooled from 
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11 donors and RbLM (Lot. PSGA) were purchased from the 

Research Institute for Liver Diseases (Shanghai, China). A panel 

of 12 recombinant human UGT isoforms (UGT1A1, 1A3, 1A4, 

1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and 2B17) 

expressed in baculovirus-infected insect cells were purchased 

from BD Gentest Corp (Woburn, MA, USA). All other reagents 

were of HPLC grade or of the highest grade commercially 

available. 

Glucuronidation Assays  

BA-a, BA-j and BA at various concentrations were incubated 

with HLM, RbLM, or recombinant human UGT isoforms in a 

reaction mixture containing 50 mM Tris-HCl buffer (pH 7.4), 5 

mM MgCl2, and 10 mM D-saccharic acid 1,4-lactone, DTT 4mM 

in a final volume of 200 μL. When HLM or RbLM were assayed, 

the microsomes were fully activated by the addition of 

alamethicin (5% protein w/v) or Brij 58 (0.1 mg/mg protein). 

Reaction mixtures were pre-incubated at 37°C for 5 min and 

initiated by addition of UDPGA to a final concentration of 4 

mM. The samples were incubated for certain periods of time 

and the reaction terminated by addition of 100 μL ice-cold 

acetonitrile and then centrifuged at 20,000g, 4°C, for 20 min. 

Control incubations were performed either without 

microsomes, without UDPGA or without substrate. The 

supernatants were subjected to ultra-fast liquid 

chromatography (UFLC) coupled with a diode array detector 

(DAD) and electrospray ionization (ESI) mass spectrometer (MS) 

analyzer. 

Analytical Methods 

BA, BA-a and BA-j  glucuronidation samples were analyzed by a 

UFLC spectrometry system (Shimadzu, Kyoto, Japan), equipped 

with two LC-20AD pumps, a DGU-20A3 vacuum degasser, a SIL-

20ACHT auto-sampler, a CTO-20AC column oven, an SPD-M 

20A DAD, a CBM-20A communications bus module, a mass 

detector (2010EV) with an ESI interface, and a computer 

equipped with UFLC-MS solution software (version 3.41; 

Shimadzu). A Shim-pack VP-ODS (150.0 × 2.0 mm i.d.; 3 μm; 

Shimadzu) analytical column with an ODS guard column (5 × 

2.0 mm i.d.; 2.2 μm; Shimadzu) was used to separate these 

flavonoids and their glucuronides. The column temperature 

was kept at 40°C. The mobile phase was acetonitrile (A) and 

water containing 0.2% formic acid (B) at a flow rate of 0.4 

mL/min. For BA analysis, the following gradient was used: 0 to 

10 min, 90% B to 55% B, 10 to 13 min, 5% B, 13 to 17 min 

balance to 90% B. For BA-a and BA-j analysis, the gradient was: 

0 to 10 min 90% to 70% B, 10 to 13 min, 5% B, 13 to 17 min 

balance to 90% B. The glucuronidation samples were 

quantified by the standard concentration curve of the baicalin, 

BA-a and BA-j at the detector wavelength of 320 nm. The 

quantification of BA-a and BA-j glucuronides was calibrated 

with the ratio of UV absorbance of BA-a and BA-j substrates 

and their corresponding glucuronides which obtained by 

hydrolyzing the metabolites with β-glucuronidase. BA, BA-a 

and BA-j were detected at 320 nm wavelength which were 

linear from 0.1 to 20 μM, with correlation coefficients R
2 

of 

0.9952, 0.991and 0.9997 respectively. The quantitative 

method displayed good sensitivity, with the limit of detection 

of flavonoids glucuronide close to 0.5 ng. The method also 

displayed good reproducibility, with the intra-day and inter-

day variances both less than 3%.  

Mass detection was performed on a Shimadzu LCMS-

2010EV instrument with an ESI interface in negative ion mode 

from m/z100 to 800. The detector voltage was set at -1.55 kV 

for negative ion detection. The curved desolvation line 

temperature and the block heater temperature were both set 

at 250°C, whereas the curved desolvation line voltage was set 

at 40 V. Other MS detection conditions were as follows: 

interface voltage, 4.5 kV and +4.0 kV for positive and negative 

ion detection, respectively; nebulizing gas (N2) flow, 1.5 L/min; 

and drying gas (N2) pressure, 0.06 MPa. Data processing was 

performed using the LC-MS solution software (version 3.41; 

Shimadzu).  

Half-life Assays 

To evaluate the glucuronidation stability of BA and its 

derivatives, t½  tests were carried out. BA, BA-a and BA-j 5μM 

were incubated with 0.5mg/mL of HLS9 respectively in a 

reaction mixture containing 50 mM Tris-HCl buffer (pH 7.4), 5 

mM MgCl2, and 10 mM D-saccharic acid 1,4-lactone, DTT 4mM 

in a final volume of 200μL. Reaction mixtures were pre-

incubated at 37°C for 5 min and initiated by addition of UDPGA 

to a final concentration of 2 mM and terminated with 100μL 

ice-cold acetonitrile at 0, 5, 15, 30, 40 min. After sample 

centrifugation, the supernatants were subjected to UPLC 

detection. Under first-order kinetics, the rate of metabolism is 

proportional to the compound concentration, so the rate 

decreases over time.
45,46

 The calculation of t1/2 was according 

to equation (1).                                                                   

 

 

(1) 

 

 

Where t is the time of incubation, c% is the percentage of the 

substrate remaining over time.  

Biosynthesis of Metabolites and Their Structural Characterization 

To identify the glucuronidation site of BA-a and BA-j, a large 

amount of BA-a glucuronide and BA-j glucuronide were 

biosynthesized with RbLM and purified for structural 

elucidation and hydrolysis experiments. Preliminary 

experiments found that RbLM catalysed the glucuronidation of 

BA-j and BA-a with high efficiency. In RbLM, BA-a and BA-j 

glucuronidation produced the same metabolite as it did in 

HLM. The experimental method was according to Zhu et al. 

with slight modifications.
47

 In brief, 500 μM BA-j or BA-a was 

incubated with RbLM (0.5 mg/mL) protein which was pre-

treated with Brij 58 (0.1 mg/mg protein), 50 mM Tris-HCl (pH 

7.4), 5 mM MgCl2, 4mM DTT and 2 mM UDPGA in 70 mL of 

reaction mixture for 5 hrs at 37°C. The reaction was put on ice 

to cool it, and then the mixtures were centrifuged at 4 °C for 

30 min. The supernatant was loaded on a C18 SPE cartridge to 

desalt. The SPE cartridge was preconditioned by sequential 
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washing with 6 mL of methanol and 6 mL of deionized water 

before the sample was loaded on the cartridge. After sample 

loading, the SPE column was sequentially washed with 6 mL of 

deionized water and 12 mL of methanol. Finally, 5 mL of 

methanol containing 5% formic acid was used to elute both 

the metabolite and its substrate. The entire process was 

monitored by UFLC-MS, and the metabolite was assembled in 

methanol containing 5% formic acid. Then the sample was 

concentrated with a vacuum evaporator to reduce the volume. 

The sample was separated from its untransformed substrate 

by preparative liquid chromatography and the fraction of 

metabolite was collected and dried with a vacuum evaporator 

at 45°C. The metabolite was dissolved in DMSO-d6 (Euriso-Top, 

Saint-Aubin, France) for NMR analysis. The structure of the 

metabolite was determined by NMR spectra including 
1
H NMR, 

13
C NMR, heteronuclear singular quantum correlation (HSQC) 

and heteronuclear multiple bond correlation (HMBC). All 

experiments were performed on a Bruker 500 MHz NMR 

Spectrometer. Chemical shifts were reported in parts per 

million (ppm, δ scale) and referenced to tetramethylsilane at 0 

ppm for 
1
H NMR (500 MHz) and 

13
C NMR (125 MHz). 

Hydrolysis of Glucuronides 

To confirm the glucuronides were β-type and to calibrate the 

metabolite standard curve, M1 of BA-a and metabolites of BA-j 

were hydrolyzed with β-glucuronidase. In brief, 10 μL of 

metabolite (dissolved in DMSO) was added in 190 μL Tris-HCl 

buffer (50 mM, pH7.4). β-glucuronidase 103000 U/μL was 

diluted with 150 mM sodium acetate buffer (pH 5.0) to 4000 

U/μL. The Tris-HCl solution of metabolite and the diluted β-

glucuronidase were mixed at 1:1 (v:v). Mixtures without β-

glucuronidase were run as controls. The hydrolyzed and 

control samples were incubated at 37℃ for 90 min, and then 

the reactions were terminated with 200 μL acetonitrile. After 

centrifugation, the supernatants were injected for UPLC-DAD 

analysis. The experiments were run in two independent 

experiments in duplicate. The UV absorbance ratio between 

glucuronide and its corresponding aglycon was calculated. 

UGT Reaction Phenotyping 

BA, BA-a and BA-j (20 μM, 200 μM) were incubated with 

recombinant human UGT isoforms; the enzyme concentrations 

were 0.1 mg/mL and the reaction conditions were same as in 

the glucuronidation assay. The incubation period was 60 min. 

After reaction, the samples were centrifuged and the 

supernatants were injected for UPLC-DAD analysis.  

Kinetic Analysis  

To obtain the kinetic parameters in HLM, BA-a (0-510 μM) was 

incubated with pooled HLM (0.5 mg/mL), BA-j (0-720 μM) was 

incubated with pooled HLM (0.05 mg/mL) at 37°C for 60 min. 

BA (0-500 μM) was incubated with pooled HLM (0.01 mg/mL) 

at 37°C for 13 min. Kinetic analysis for BA-a and BA-j in 

UGT1A1 and UGT1A9 were also performed. BA-a (0-510 μM) 

was incubated with UGT1A1 (0.5 mg/mL)/UGT1A9 (0.6 mg/mL) 

at 37°C for 60 min. BA-j (0-720 μM) was incubated with 

UGT1A1 (0.05 mg/mL) or UGT1A9 (0.1 mg/mL) at 37°C for 60 

min. Preliminary experiments were performed to guarantee 

that the formation of the glucuronide was in the linear range 

with both time and protein concentrations. Due to low 

concentrations of metabolites being formed, the kinetics of 

BA-a and BA-j in UGT1A3, 1A8, 2B15 and 2B17 were not 

performed. The kinetic models employed were either 

substrate inhibition (eq.2) or Michaelis-Menten (eq.3). For 

substrate inhibition:  

siKSSsK

SV
v

/
2

][][

][max



                                                           (2)
 

Where v is the rate of the reaction, [S] is the substrate 

concentration, Vmax is the maximum velocity estimate, Ks is the 

substrate affinity constant, and Ksi is the substrate inhibition 

constant. 

For the Michaelis-Menten kinetic model: 

][

][max

SmK

SV
v




                                                                           (3) 

Where v is the rate of reaction, [S] is the substrate 

concentration, Vmax is the maximum velocity estimate, and Km 

is the apparent affinity constant.  

All incubations were performed in duplicate. Kinetic constants 

were obtained using GraphPad Prism 5 (GraphPad Software, 

Inc. La Jolla, CA) software. 

Computational Method 

The hydrogen detached energy (or bond dissociation energy, 

BDE) of the C-5, C-6 and C-7 phenolic groups in BA, BA-a and 

BA-j were calculated theoretically using the density functional 

theory. All molecules (including neutral and free radicals) were 

first energy optimized using the B3LYP method and 6-31+g(d) 

basis set. Then frequency calculations were performed to 

validate that all the optimized structures were on the energy 

minima of potential energy surface (no imaginary frequencies). 

The BDE is defined as the enthalpy difference between the 

free radicals (radicals of molecule and hydrogen) and the 

corresponding neutral molecule. All density functional theory 

calculations were carried out using Gaussian 09 (Revision C.01) 

software. 
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