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bstract

Recent studies have shown that citrus limonoids have potential health benefits. However, information on the absorption and metabolism of
imonoids in human gastrointestinal (GI) tract is limited. In the present study we have investigated the metabolism of limonin glucoside (LG), the
redominant limonoid in citrus by four microorganisms (Enterococcus fecalis, Escherichia coli, Lactobacillus salivarius, and Candida albican)
idely present in the human lower GI tract. LG and metabolites in the culture medium were purified using solid phase extraction and analyzed
sing HPLC using UV detection at 210 nm. The identity of LG was further confirmed by electrospray ionization mass spectrometry (ESI-MS).

ignificant metabolic activity of Escherichia coli and Candida albican on LG was observed. Several unidentified metabolites were also found in

he medium. The results of the present study indicated that LG may be metabolized in the intestine by some microbes. Further studies are needed
o establish the possible route of LG metabolism in the human system.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Epidemiological evidence has shown that consumption of cit-
us is protective against a variety of cancers in humans including
ancers of the oral cavity, lung, larynx, stomach, esophagus,
ancreas, colon, and rectum [1]. Recent animal and cell cul-
ure studies also demonstrated the health-promoting properties
f certain bioactive compounds in citrus for the prevention of
ancer and reduction of cholesterol [2–7]. Limonoids a group
f compounds with unique structures are widely present in the
utaceae and Meliaceae families (Fig. 1). Approximately 37

imonoid aglycones and 19 limonoind glucosides have been

dentified from citrus and its hybrids [8]. Limonoid aglycones
re mainly present in citrus seeds, while limonoid glucosides
re present in seeds and fruits at very high concentrations [9].
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uring last 15 years extensive studies from several laboratories
ave concentrated on the anticancer activities of citrus limonoids
10]. Our lab and others have been isolating some of these bioac-
ive compounds from different species of citrus to understand
heir biological activities [2,11–14]. However, the information
n the bioavailability and metabolism of limonoids in humans is
imited. Recently, limonin was detected in human plasma after
ngestion of LG, indicating that LG was possibly hydrolyzed
n the intestine and absorbed in the aglycone (limonin) form
15]. Similar to most of flavonoid glucosides, limonoid gluco-
ides could also be hydrolyzed by certain microorganisms in the
ntestine and absorbed in aglycone forms [15].

The objective of the present study was to investigate the pos-
ibility of metabolism of limonin 17-�-d-glucopyranoside (LG)
y commonly found microbes in the human lower gastrointesti-

al (GI) tract. The possible metabolites and LG concentration
n the culture media was analyzed by using an improved HPLC

ethod. Electrospray ionization mass spectrometry (ESI/MS)
as used to confirm the identity of limonin glucoside.

mailto:b-patil@tamu.edu
dx.doi.org/10.1016/j.jchromb.2006.09.012
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Fig. 1. Struct

. Materials and methods

.1. Materials and chemicals

The Sep-Pak C18 cartridges (500 mg/3 ml) were purchased
rom Waters Associates (Milford, MA, USA). All solvents were
btained from Sigma Chemical Co. (St Louis, MO, USA).
imonin was obtained from Sigma Chemicals Co. (St Louis,
O, USA) and limonin glucoside was obtained from LKT Lab-

ratories Inc. (Minnesota, USA).

.2. Bacterial cultures

Four microbes, including Enterococcus fecalis, Escherichia
oli, Lactobacillus salivarius, and Candida albican, were cul-
ured in a medium containing 10 mM of LG. Enterococcus
ecalis, Escherichia coli, and Candida albican were grown using
rain heart infusion medium while Lactobacilli MRS broth was
sed for Lactobacillus salivarius. The growth of the microorgan-
sms was monitored at every hour. After 24 h incubation, samples
ere cooled in a refrigerator to 4 ◦C and centrifuged, Ultra spin

ellulose centrifuge filters were used to remove high molecu-
ar weight contaminants (MW > 10 kDa). The supernatants were
ollected for subsequent HPLC analyses. The experiments were
arried out in triplicates and averaged.

.3. Sample preparation

For LG measurement, the medium collected from the experi-
ent was filtered through 0.45 �m Nylon filter (Waters, Milford,
A) and injected into HPLC. A modified solid-phase extrac-

ion procedure was used for limonin analysis [16]. The C18
ep-Pak cartridge was preconditioned by first passing 6 ml of
eOH and water successively for 10 min. An empty syringe
as then used to pass air through the cartridge to remove the

emaining water. Then, 1 ml of culture medium was passed

hrough the C18 Sep-Pak cartridge for 60 s, and the adsorbed
omponents were eluted with 1.0 ml of dichloromethane,
oncentrated, and dried under nitrogen. Further, the dried
esidue was dissolved in 0.1 ml acetonitrile and used for
nalysis.

s
T
t
c

f limonoids.

.4. Chromatographic conditions

HPLC analyses were performed on a Thermo Separations
PLC system (Waltham, MA, USA) consisting of spectra

ystem P4000 pump, spectra system AS3000 autosampler
nd a photo-diode array detector. Chromatographic separa-
ions were accomplished on a SPHERISORB ODS-2 column
250 mm × 4.6 mm, 5 �m particle size) (Alltech Associates Inc.,
eerfield, IL, USA). The flow rate was set at 1 ml/min and the

ompounds were detected at 210 nm. LG was eluted using a lin-
ar gradient from 10% acetonitrile in 3 mM phosphoric acid to
6% acetonitrile in 3 mM phosphoric acid in 60 min. Limonin
as analyzed using a gradient from 10% acetonitrile in 3 mM
hosphoric acid to 50% acetonitrile in 3 mM phosphoric acid in
0 min.

.5. Validation of LC method

a) Calibration curve and linearity: Calibration curve of LG and
limonin was established by injecting 25 �l of LG (equivalent
to 10, 20, 30, 40 and 50 �g) and limonin (equivalent to 5,
10, 15, 20, and 25 �g) into the LC system. Concentration
of each limonoid versus peak area was used for generating
linear regression (n = 3).

b) Range: The calibration range was established through con-
sideration of the practical range necessary according to
the use of the LG concentration present in the samples.
This range includes concentrations from lower limit of
quantification (LLOQ) to the upper limit of quantification
(ULOQ).

c) Determination of LLOQ: The LLOQ was defined as the
lowest amount of LG and limonin concentration that can be
determined with an accuracy and precision of <20%.

.6. Quantification of LG and limonin
A known volume (25 �l) of the filtered medium and recon-
tituted solution obtained from SPE were injected to the HPLC.
he concentration of LG and limonin (�g/ml) in the cul-

ure medium was obtained from their respective calibration
urve.
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.7. ESI-MS analysis

The identities of the LG in the cultured medium was con-
rmed by ESI-MS using Thermo Finnigan LCQ Duo ion trap
ass spectrometer operated in both positive and negative elec-

rospray ionization (ESI) modes. Approximately 100 �l of the
PLC eluate separated by a splitter was delivered to the ESI

ource. The LC conditions were similar to the above HPLC
ethod, except that phosphoric acid was switched to formic

cid. Standard limonin and LG in methanol, which was pre-
ared for HPLC analysis, were infused (5 �l/min) for tuning
he instrument. The spray voltage was kept at 4.5 kV(±). The
apillary temperature was kept at 200 ◦C. The interface pres-
ure, measured with the convectron gauge at the skimmer cone
uring electrospray experiments, was normally 0.9 Torr. The
ase pressure in the ion trap with the added helium was typ-
cally 0.9 × 10−5 Torr, as measured with the ionization gauge.
he other parameters, including octapole voltages, sheath gas
ow rate, and capillary voltage were optimized for maximum

ntensity of [M + Na]+ and [M − H]− in positive and negative
ode, respectively. The compounds were confirmed based on

he molecular weights of the deprotonated molecule species in
egative mode and sodium adduct species in positive mode,
espectively.

. Results

.1. Chromatography

Two HPLC methods were developed for glucoside and
glycone analysis due to the difficulty in separating LG,
imonin and other metabolites using single gradient profile.
ypical chromatographic profiles for the analysis of standard

imonoids and the culture medium of Candida albican are
hown in Figs. 2 and 3. Baseline separation of LG and limonin
as achieved using gradient profiles on a Spherisorb ODS-2

olumn.

.2. ESI-MS analysis of the medium

The identity of LG detected in HPLC was further confirmed
y ESI-MS (Fig. 4). In the positive and negative ion mode, sam-
le showed [M + Na]+ ion at m/z 673.2 and [M − H]− ion at m/z
49.4, which confirms the presence of LG. However, no limonin
as detected in the medium of any samples cultured with the

our microbes.

.3. LG concentration changes in the culture medium

There is no obvious LG concentration (0.99 ± 0.02 �g/ml)
hange before and after the experiment in the medium con-
aining Lactobacillus salivarius. However, the LG quantity
as significantly (p < 0.05) reduced in the culture of the three

edia containing Enterococcus fecalis, Escherichia coli, and
andida albican (Fig. 5). We could not observe considerable
hange in LG concentration in the controls (without microbes).
n the medium containing Escherichia coli and Candida albi-

4

c

ig. 2. Typical HPLC chromatograms of (A) standard limonin 17-�-d-
lucopyranoside and (B) limonin 17-�-d-glucopyranoside in the culture medium
f Candida albican.

an, only two-thirds (0.675 ± 0.017) and half of the original
0.547 ± 0.033 �g/ml) LG was detected.

.4. Linearity and detection limits of the HPLC analysis

The standard curve was linear up to at least 4.0 mg/ml for
G and 1.6 mg/ml for limonin, respectively. The minimum
etectable concentration of the developed method for LG and
imonin were 9.5 �g/ml and 4.8 �g/ml, respectively. The detec-
ion limit was defined as the lowest concentration of the ana-
yte in the standard, which could be detected from zero with
5% confidence (n = 10). Regression analysis of the experimen-
al data points showed a linear relationship with correlation
oefficients (r2) of LG and limonin of 0.975 and 0.984, respec-
ively. The linear regression equations for the curves for LG and
imonin (y) are 478.55x − 825.25 and 125.28x − 228.8, respec-
ively (Figs. 6 and 7).
. Discussion

There are number of HPLC methods reported for the quantifi-
ation of citrus limonoids by HPLC [17,18]. Nuclear magnetic
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Fig. 3. Representative HPLC chromatograms of (A) limonin and (B) culture
media of Candida albican.

Fig. 5. Concentration of limonin 17-�-d-glucopyranoside in the culture media
of four microbes determined by HPLC.

Fig. 6. Calibration graph of limonin.

Fig. 4. Positive and negative ESI-MS spectra of limonin 17-�-d-glucopyranoside.
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(2000) 1.
[9] C.H. Fong, S. Hasegawa, Z. Herman, P. Ou, J. Food Sci. 54 (1989)
Fig. 7. Calibration graph of limonin glucoside.

esonance (NMR) was often employed for identification of cit-
us limonoids and it requires extensive and laborious purifica-
ion. Therefore, additional techniques are needed to confirm the
dentities of these compounds. Mass spectrometry and tandem

ass spectrometry are powerful techniques for identification
nd structural elucidation of organic compounds by providing
ot only molecular weight, but also important fragmentation
nformation which may assist in identifying unknown com-
ounds [19]. Tian and Ding [20] reported the application of
iquid chromatography/electrospray ionization mass spectrom-
try (LC/ESI-MS) for screening of limonoid glucosides in citrus
nd electron ionization mass spectrometry of limonoid agly-
ones. ESI-MS and atmospheric pressure chemical ionization
ass spectrometry (APCI-MS) were also recently used for quan-

ification of limonoid glucosides and aglycones in citrus fruits,
espectively [21]. More recently, collisionally activated disso-
iation (CAD) tandem mass spectrometry (MS/MS) was devel-
ped for characterization and structural elucidation of several
imonoid aglycones and glucosides [22]. These mass spectro-

etric techniques allow positive identification of limonoids in
omplex matrices. Zukas et al. [16] reported the isolation and
dentification of two metabolites from young Chandler pummelo
eedlings. It includes the purification of extracts by column chro-
atography and preparative HPLC to obtain limonoate A-ring

actone and nomilinoate A-ring lactone. The structures of the iso-
ated limonoinds have been identified using NMR and LC–MS
ata. However, in the present study, an improved HPLC method
nd ESI-MS was used to identify limonin and LG in culture
amples.

Generally HPLC methods for the analysis of limonoids in
itrus fruit samples employs direct application of the samples on
he column. This practice gradually reduces the efficiency of the
olumn and shortens its life. However, in the present method the
nterfering substance such as media was effectively removed by
assing the aqueous extract through an octadecyl silane (ODS)
artridge. Subsequently, the cartridge was eluted with suitable
olvent and injected to HPLC for the analysis of medium polar
ompounds. Since, LG is more polar compound than limonin,

t was not able to adsorb fully on the cartridge. Hence, we have
njected LG containing media to HPLC directly after suitable
ltration for the quantification.

[
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Recent studies have showed that limonin was detected
n human plasma after ingestion of LG, indicating that LG
as possibly hydrolyzed in the intestine and absorbed in the

glycone form [15]. It is possible that the microorganisms in
he lower GI tract may hydrolyze LG and release limonin. Our
reliminary results indicated that LG in the concentration range
f 0.1–10 mM produced no apparent toxic effects on the growth
f the four microorganisms. As anticipated, we found that two of
he four microorganisms appeared to metabolize LG at a signifi-
ant level. However, the fact that limonin was not detected in the
edium of all samples argues against the assumption that LG
as hydrolyzed into limonin and glucose. One possible expla-
ation for this could be that the microbes may have metabolized
imonin into other metabolites. A recent study indicated that
G can be metabolized into limonin A-ring lactone (LARL),

he precursor of limonin, by cancerous (PC-3) human prostate
pithelial cells [15]. However, both LARL and limonin were not
etected in the current study, indicating a different metabolic
athway for the breakdown of LG by microbes and cancer cells.
arlier studies on the metabolism of limonoids by bacteria

solated from soil [23–25] may support the explanation of
he current study.

Overall this study indicated that LG might be metabolized
y microorganisms found in the intestine. These results increase
he likelihood that metabolites formed through the breakdown of
imonoid glucosides could enter the body in the lower GI tract.
o the best of our knowledge, this is the first study to test the
etabolism of citrus limonoid glucosides by microorganisms

ound in the human lower GI tract. Further studies are needed
o characterize these metabolites.
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