
Wei-Jun Ding, Yun Deng, Wei-Wei Liu, Rong Hu, Xiang Li, 
Xiao-Ping Dong, Chengdu University of Traditional Chinese 
Medicine, Chengdu 610075, Sichuan Province, China
Hao Feng, Zhe-Ming Gu, XenoBiotic Laboratories, Inc. 107 
Morgan Lane. Plainsboro, NJ 08536, United States 
Author contributions: Ding WJ, Dong XP, Gu ZM and Deng 
Y designed the research; Ding WJ, Deng Y, Liu WW, Feng H, 
Hu R and Li X performed the research; Hu R, Deng Y and Feng 
H analyzed the data; Ding WJ, Gu ZM and Deng Y wrote the 
paper.
Supported by Department of Traditional Chinese Medicine, 
Sichuan Province, No. 03JY-002
Correspondence to: Dr. Wei-Jun Ding, Laboratory of 
Microbiology, Chengdu University of Traditional Chinese 
Medicine, 37#, Shier Qiao Street, Chengdu 610075, Sichuan 
Province, China. ding2004wj@yahoo.com.cn
Telephone: +86-28-61800219  Fax: +86-28-87763471 
Received: January 14, 2009    Revised: February 27, 2009
Accepted: March 6, 2009
Published online: March 28, 2009 

Abstract
AIM: To observe the biotransformation process of a 
Chinese compound, aesculin, by human gut bacteria, 
and to identify its metabolites in rat urine.

METHODS: Representative human gut bacteria were 
collected from 20 healthy volunteers, and then utilized 
in vitro  to biotransform aesculin under anaerobic 
conditions. At 0, 2, 4, 8, 12, 16, 24, 48 and 72 h post-
incubation, 10 mL of culture medium was collected. 
Metabolites of aesculin were extracted 3 × from rat 
urine with methanol and analyzed by HPLC. For in 
vivo  metabolite analysis, aesculetin (100 mg/kg) was 
administered to rats via stomach gavage, rat urine 
was collected from 6 to 48 h post-administration, and 
metabolite analysis was performed by LC/ESI-MS and 
MS/MS in the positive and negative modes.

RESULTS: Human gut bacteria could completely convert 
aesculin into aesculetin in vitro . The biotransformation 
process occurred from 8 to 24 h post-incubation, with 
its highest activity was seen from 8 to 12 h. The in vitro  
process was much slower than the in vivo  process. In 
contrast to the in vitro  model, six aesculetin metabolites 
were identified in rat urine, including 6-hydroxy-7-gluco-
coumarin (M1), 6-hydroxy-7-sulf-coumarin (M2), 6, 7-di-
gluco-coumarin (M3), 6-glc-7-gluco-coumarin (M4), 

6-O-methyl-7-gluco-coumarin (M5) and 6-O-methyl-7-
sulf-coumarin (M6). Of which, M2 and M6 were novel 
metabolites. 

CONCLUSION: Aesculin can be transferred into 
aesculetin by human gut bacteria and is further modified 
by the host in vivo. The diverse metabolites of aesculin 
may explain its pleiotropic pharmaceutical effects. 
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INTRODUCTION
Aesculin, a 6, 7-dihydroxy derivative of  coumarin with 
pleiotropic pharmacological and biochemical properties, 
has recently been analyzed for its biochemical activity[1]. 
Kaneko and colleagues[2] found that aesculetin and its 
6-glycoside, aesculin, can inhibit oxidative DNA damage 
and formation of  aberrant crypt foci and tumors. 
Furthermore, this compound shows an inhibitory 
effect on BOP-induced oxidative DNA damage and 
carcinogenesis in a hamster pancreatic tumor model[2], 
as well as chemo-preventive[3] and anti-tumor activity on 
cancer[4]. Aesculin and aesculetin have strong antioxidative 
and photo-protective activities, by scavenging 1, 
1-diphenyl-2-picrylhydrazyl (DPPH) radicals and 
superoxide anions from the xanthine/xanthine oxidase 
system and inhibiting oxidation of  5-(6-)-chloromethyl-2', 
7'-dichlorodihydro-fluorescein diacetate[5]. Aesculetin 
increases apoptosis of  3T3-L1 adipocytes in a time- and 
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dose-dependent manner[6], and inhibits cell growth and cell 
cycle progression by inducing G1 phase arrest in HL-60 
leukaemia cells, which is a direct result of  the inhibition 
of  retinoblastoma protein phosphorylation[7]. Aesculetin 
also displays multiple immunomodulatory effects on 
murine lymphocytes and peritoneal macrophages in rat 
liver[8], including anti-inflammatory activity, inhibition of  
lipoxygenase and tyrosinase activity, scavenge of  hydroxyl 
radicals and suppressing lipid peroxidation. 

However, the biotransformation progress of  aesculin 
and its derivatives has not been completely determined, 
let alone their complex structure-activity relationships. 
Aesculetin is one of  the simplest coumarins with two 
hydroxyl groups at carbons 6 and 7 that serve as targets 
for O-methylation or O-glycosylatin. It has been reported 
that biotransformation of  aesculetin with E. coli expressing 
O-methyltransferase (POMT-9) generates scopoletin, 
isoscopoletin, and scoparone[9]. The growth of  E. coli is 
inhibited by aesculetin, but not by aesculin[10]. Hairy roots 
of  medicinal morning glory (Pharbitis nil) show a potent 
glucosylation activity against aesculetin, especially at 
7-hydroxyl group[11]. As one of  the metabolites of  caffeic 
acid oxidation, aesculetin observed in perfused rat liver 
may be responsible for its biological effects observed in 
vivo[12]. Aesculetin is a substrate of  mushroom polyphenol 
oxidase and horseradish peroxidase enzyme resulting in 
the oxidization of  aesculetin into its o-quinone[13]. Despite 
these accumulated data, we still do not fully understand 
the structural basis and dynamic pattern underlying the 
pleiotropic biological effects of  aesculetin and there are 
few reports describing its derivatives or metabolites. 

Therefore, in the present work, we analyzed the 
biotransformation process of  aesculin in response 
to human gut microflora in a rat model, in order to 
identify its novel metabolites, which may enrich our 
understanding of  the complicated structure-activity 
relationships between aesculin and its metabolites.

MATERIALS AND METHODS
Collection of representative human gut bacteria 
Twenty healthy volunteers (10 males and 10 females) at 
the age of  20-24 years, were recruited from students of  
Chengdu University of  Traditional Chinese Medicine. 
Their faeces were collected and intestinal flora was 
identified as normal with an automatic system of  
bacteria identification (BD, USA). Then, fecal samples 
were pooled. The bacterial concentration was adjusted 
to 2 × 107 CFU/mL in culture medium, and 1 mL of  
aliquots was stored at -80℃ until use. 

Preparation of anaerobic culture medium
Culture medium for anaerobic gut bacteria, GAM, was 
prepared according to the following formula: 3 g of  
soybean phytone, 10 g of  peptone, 13.5 g digested blood 
serum powder, 5 g yeast extract, 2.2 g extractum carnis, 
1.2 g beef  liver extract, 3 g glucose, 5 g soluble starch,  
2.5 g KH2PO4, 3 g NaCl, 0.3 g L-cysteine, 0.3 g sodi-
umthioglycollate, were added into 800 mL of  dH2O. The 
pH was adjusted to 7.4 with 1 mol/L NaOH and the 

final volume was adjusted to 1000 mL with dH2O. The 
medium was sterilized by autoclaving at 121℃ for 20 
min and stored at 4℃ for further use. 

Chemicals 
Aesculin (6-hydroxy, 7-glycoside coumarin), with an 
estimated purity of  98%, was purchased from Aldrich 
Chemical Co.(Milwaukee, WI). For the preparation of  
standard aesculin, 250 mg of  aesculin was added to  
25 mL of  saline (0.9% NaCl solution) and dispensed into 
the solution by sonication. The mixture was then boiled 
for 10 min to dissolve aesculin. This stock solution of  
aesculin (10 mg/mL) was stored in the dark at -20℃ until 
use. 

Aesculetin (6, 7-dihydroxycoumarin) was also 
purchased from Aldrich Chemical Co. (Milwaukee, 
WI). The stock solution of  aesculetin (10 mg/mL) was 
prepared as above and stored under the same condition 
for aesculin. 

Exposure of aesculin/aesculetin to human gut bacteria 
Twenty millilitre of  aseculin stock solution was added 
to 179 mL of  GAM in a 500 mL glass flask, followed 
by addition of  1 mL of  human gut bacteria. The final 
concentration of  aesculin was 1 mg/mL. The mixture 
was incubated at 37℃ in DY-II anaerobic incubator 
containing 80% N2, 10% CO2, and 10% H2 (Yiwu Co. 
Ltd, Zhejiang Province, China). Ten mL of  the solution 
was removed at 0, 2, 4, 8, 12, 16, 24, 48 and 72 h post-
incubation, respectively, and 10 mL of  methanol was 
then added to at each time point. The solutions were 
mixed well with hands for 5 min and the upper phase 
was transferred into a fresh flask. This extraction process 
was repeated two times and all the upper phase fractions 
were pooled for HPLC analysis. 

The same protocol was employed to incubate 
aesculetin with human gut bacteria.

HPLC analysis of cultured aesculin/aesculetin
Preparation of  control stock solution: Methanol was 
used as a solvent to prepare the aesculin and aesculetin 
stock solutions. The final concentration of  aesculin 
and aesculetin was 10.08 mg/mL and 6.120 mg/mL, 
respectively. The solutions were kept in the dark at 4℃ 
for up to one week. 

HPLC was performed on a Waters Separation Module 
2695 at a detection wavelength of  340 nm, at a screen 
wavelength of  210-400 nm, at a flow rate of  1.0 mL/min, 
at a sample size of  10 μL, and at a column temperature of  
25℃, with mobile phase A set at 5% acetic acid : methanol 
(78:22), mobile phase B at 5% acetic acid: methanol gradi-
ent elution (0-20 min, 80:20; 20-35 min, linearity changed 
from 80:20 to 40:60), and mobile phase C at 5% acetic 
acid: methanol gradient elution (0-20 min, 90:10; 20-35 
min, linearity changed from 90:10 to 50:50), respectively.

Preparation of urinary metabolites
Twelve adult SD rats (6 males and 6 females), weighing 
200 ± 5.6 g, were raised under specific pathogen-free 
conditions at the University Laboratory Animal Service 
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Center of  Chengdu University of  Traditional Chinese 
Medicine, China. Each rat was raised in a solitary 
metabolic cage, with free access to normal food in a 12 h 
light and dark cycle. After adaptive nurture for one week, 
the aesculetin solution was administrated at a dosage of  
100 mg per kilogram. Rat urine produced from 6 to 48 h 
after administration of  aesculetin solution was collected 
for analysis. Five millilitre of  urine sample from each rat 
was mixed for HPLC analysis. 

Identification of aesculin metabolites in rat urine by LC/
MS
Aesculin metabolites were identified in rat urine by 
XenoBiotic Laboratories, Inc., Plainsboro, NJ, USA. 
Control solutions of  aesculetin and aesculin, and rat 
urine sample were analyzed by LC/ESI-MS and MS/
MS in the positive and negative modes. The actual 
instrument conditions were modified to optimize 
chromatography and instrument sensitivity. 

HPLC: HPLC System:Waters Separation Module 2695. 
Column: Ace 3, C18, 3 μm, 150 mm × 4.6 mm; guard 
column: Ace 3, C18, 10 × 3.2 mm; column temperature: 
25℃; autosampler temperature: 4℃; mobile phase A: 
0.4% HCOOH in H2O; mobile phase B: CAN. 

MS: Mass spectrometer : Finnigan LCQ™ mass 
spectrometer. Data system: ThermoQuest Xcalibur 
Version1.3; ionization mode: positive or negative 
electrospray ion modes [(+)/(‑) ESI]; ion spray (IS):  
4.5 kV; capillary temperature: 240℃; sheath gas flow: N2, 

~80 units; auxiliary gas flow: N2, ~20 units; collision gas: 
helium.

RESULTS
Human gut bacteria converted aesculin into aesculetin 
HPLC analysis revealed that our representative human 
gut bacteria degraded the glycoside of  aesculin, thus 
completely converting it into aesculetin (Figure 1). The 
biotransformation process occurred between 8 and 24 h 
post-culture. After 24 h, aesculin was almost transferred 
into aesculetin. No other metabolite was observed, 
indicating that human gut bacteria cannot further modify 
aesculetin. No conversion of  aesculin to aesculetin was 
observed in the absence of  human gut bacteria 72 h 
after incubation (data not shown), indicating that human 
gut bacteria are a prerequisite for the biotransformation 
of  aesculin. 

The biotansformation eff iciency of  aescul in 
was quantitat ively deter mined according to the 
following equation: Transformation ratio= (aesculetin 
concentration/178)/(aesculetin concentration/178 + 
aesculin concentration/340), where 178 represents the 
molecular weight of  aesculetin and 340 represents the 
molecular weight of  aesculin. Almost 80% of  aesculin 
biotransformation occurred from 8 to 12 h post-
incubation (Table 1). 

The mixture of  human gut bacteria did modify 
aesculetin under the same culture conditions (data 
not shown), indicating that human gut bacteria can 
only biotransform aesculin but not further modify its 
molecules. 
 
Identification of aesculetin metabolites in rat urine
Six metabolites of  aesculin were detected in rat 
urine (Figure 2). The primary characteristics of  each 
metabolite were obtained by CAD-MS/MS analysis 
(Figure 3). One or two hydrogens in these metabolites 
[6-hydroxy-7-gluco-coumarin (M1), 6-hydroxy-7-sulf-
coumarin (M2), 6, 7-di-gluco-coumarin (M3), 6-glc-7-
gluco-coumarin (M4), 6-O-methyl-7-gluco-coumarin 
(M5) and 6-O-methyl-7-sulf-coumarin (M6)] of  the 
hydroxyl groups of  aesculetin were modified by 
glucosylation, glycoside, sulfation, and/or methylation. 
In the present study, M2 and M6 were found to be novel 
aesculin metabolites compared with the reported data[1,2].

Compared with the reference standards for aesculetin 
and aesculin, six aesculetin metabolites in rat urine were 
clearly observed on HPLC UV-chromatogram (Figure 4).  
The spectral data of  aesculetin using LC/(+)ESI-MS and 
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Figure 1  Biotransformation of aseculin by anaerobic human gut bacteria.  
The gut bacteria comprised 20 pooled fecal samples from healthy volunteers. 
Incubation was performed under anaerobic conditions (80% N2, 10% CO2, 10% 
H2) at 37℃ for defined time periods. Ten millilitre of samples was collected at 
0, 2, 4, 8, 12, 16, 24, 48 and 72 h, respectively post-incubation. Aesculin and 
metabolites were then extracted with methanol and analyzed by HPLC. The 
vertical axis shows the relative values for the concentration of aesculin and/or 
its metabolite. The horizontal axis indicates the HPLC overflow time.

b

a

   2      4      6      8     10    12     14    16    18   20    22    24    26

		             t/min

1.60

1.40

1.20

1.00

0.80

0.60

0.40

0.20

0.00

72 h
48

24
16

12
8

4
2

0

Table 1  Quantitative biotransformation effeciency of human gut bacteria for aesculin

Incubation time (h) 0 2 4 8 12 16 24 48 72

Aesculin Conc. (mg/mL)       0.886       0.848       0.832       0.873     0.166     0.043 ND ND ND
Aesculetin  Conc. (mg/mL) ND ND ND ND     0.332     0.418            0.434            0.466           0.462
Transformation ratio (%) 0 0 0 0 79.20 94.90 100 100 100

“ND” indicates that nothing was tested.
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MS/MS are shown in Figure 5. By comparing the data, 
we could identify the substitution position of  aesculetin 
metabolites in rat urine in vivo. 

Unlike gut microflora, mammalian physiology 
could further modify aesculin and the pharmaceutical 
effects of  aesculin might be a result of  these metabolic 
modifications.

DISCUSSION
Natural coumarins, widely distributed in plants, fungi 
and bacteria, have pleiotropic biological effects. 
Coumarins, made of  fused benzene and a-pyrone rings, 
have phenolic hydroxyl groups in their structures that 
can be easily replaced and/or modified, forming various 
metabolites or derivatives. Aesculin, one of  the simplest 

coumarins known to have multiple pharmacological 
and biochemical activities, is an established inhibitor of  
lipoxygenase and cyclo-oxygenase and shows scavenging 
effects on ROS[13]. It has been reported that aesculetin 
has chemo-preventive and anti-tumor activities in vivo 
against cancer[5,14] and also induces apoptosis in several 
types of  human cancer cells by diverse pathways[1,6,7,15,16]. 
Hence, it is a great challenge to determine the complex 
structure-activity relationships between aesculin/
aesculetin and their metabolites. The aesculin metabolites 
in rat urine were identified both in vitro and in vivo. 

The results of  this study show that human gut bacteria 
could completely biotransform aesculin into aesculetin. 
About 80 % of  aesculin was converted into aesculetin 
in less than 12 h post-incubation. The reason why the 
in vitro biotranformation speed of  aesculin was so slow 
remains unclear. The universal time lag of  our bacterial 
culture conditions might be a major reason, since human 
gut bacteria must first synthesize enough enzymes in 
order to adapt to any new environment. Since the starting 
concentration (105 CFU/mL) of  human gut bacteria was 
markedly lower than that of  human gut flora (about 1012 

CFU/gram), some additional time is necessary for the 
exponent growth of  seeded bacteria in order to reach the 
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maximum bacterial concentration in the culture medium. 
In addition, we only employed anaerobic gut bacteria 
for the biotransformation of  aesculin, which should 
be somewhat slower than in vivo conditions, since both 
anaerobic and aerobic bacteria may be involved in the in 
vivo aesculin biotransformation process. 

The results of  aesculin transformation suggest a 
simple but vivid example of  host-gut bacteria cooperation 
in the dynamic utilization and subsequent modification 
of  xenobiotics. Human gut bacteria degrade the glycoside 
of  aesculin to facilitate its absorbtion in intestine, then 
modification of  aesculetin into various derivatives with 
the potential of  having multiple biological activities, 
occurs in the host. It was reported that the distal human 
intestine represents an anaerobic bioreactor programmed 
with a large population of  bacteria, providing us with 
genetic and metabolic attributes, including the ability 
to harvest otherwise inaccessible nutrients and to 
metabolize diverse xenobiotics[17-19]. Microbiome is still 
a largely under explored regulator of  drug metabolism 
and bioavailability[17-19]. Our data present here provide 
additional evidence for the metabolism of  aesculin by 
human gut microbiota. 

In this study, two novel sulfated aesculetin metabolites 
were identified in rat urine, which might represent very 
interesting modifications of  coumarins. As aesculetin 
has two hydroxyl groups at carbons 6 and 7, it can 
serve as targets for O-methylation or O-glycosylatin. 
It has been reported that O-methylated products of  

aesculetin are scopoletin (6-O-methyl aesculetin), 
isoscopoletin (7-O-methyl aesculetin), and scoparone (6, 
7-O-dimethyl aesculetin), which possess antimicrobial, 
immunosuppressive, and hypolipidermic activities[7,9]. The 
hydroxyl groups of  aesculetin, especially the 7-hydroxyl 
group, can also be glucosylated in plants such as hairy 
roots of  medicinal morning glory[11]. In addition, 
mushroom polyphenol oxidase (PPO) and horseradish 
peroxidase (POD) can oxidize aesculetin and generate its 
o-quinone[13]. However, as far as we are know, no sulfated 
derivative of  aesculetin has been identified. Indeed, 
sulfation is one of  the most important modifications 
in many natural compounds. As their sulfate groups 
accumulate negative charges, sulfated cumarins can 
interact with certain molecular domains that usually have 
positive charges, resulting in compounds with anti-viral, 
anti-tumor and anti-oxidative effects[12]. Therefore, these 
novel derivatives identified in rat urine offer new evidence 
for the biological activities ascribed to aesculetin.
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Figure 5  Aesculetin LC/(+)ESI-MS and MS/MS spectral data.
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