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A  most  powerful  antioxidant,  glutathione  (GSH),  plays  an  important  role in detoxification,  immune
response,  and  protection  against  reactive  oxygen  species.  However,  orally  ingested  GSH can  be  easily
degradable  to  free  amino  acids  by chemical  and  enzymatic  hydrolysis,  resulting  in  low  bioavailability.
The  aim  of this  study  was,  therefore,  to  enhance  GSH  bioavailability  by developing  GSH–montmorillonite
(MMT)  hybrid  system.  It was  also  coated  with  polyvinylacetal  diethylaminoacetate  (AEA) for  better  stabil-
ity. Both  GSH–MMT  and  AEA–GSH–MMT  hybrids  were  characterized  by powder  X-ray  diffraction  (PXRD),
Fourier  transformed  infrared  (FT-IR),  and  thermogravimetric  analysis  (TGA),  indicating  that  GSH was  suc-
cessfully  intercalated  into  the interlayer  spaces  of  MMT.  In vivo  antioxidant  activity  assay  revealed  that
ontmorillonite
ntioxidant activity
harmacokinetics
issue distribution

AEA–GSH–MMT  hybrid  significantly  increased  antioxidant  activity  in  the  plasma  after  oral  administra-
tion  in  mice.  Pharmacokinetic  study  also  indicated  that  AEA–GSH–MMT  hybrid  considerably  increased
the  plasma  concentration  of  GSH  at  1 h  post-oral  administration.  Moreover,  both  the  hybrid  systems
remarkably  enhanced  GSH  delivery  to the  main  target  tissue,  liver.  All  the  results  suggest  that  GSH–MMT
hybrid  systems  have  great  potential  to enhance  bioavailability  of oral  GSH,  providing  new  insight  into
their  pharmaceutical  application.
. Introduction

Glutathione (�-l-glutamyl-l-cysteinylglycine,GSH) is a water-
oluble tripeptide involved in many biological processes including
ntermediary metabolism, catalysis, and transport (Bannai and
ateishi, 1986). It also acts as an endogenous antioxidant, playing
n important role in the protection of cells against reactive oxygen
pecies by neutralizing free radicals (Brezeninska-Slebodzinska
t al., 1995; Milne et al., 1993). Thus, it is known that high con-
entration of GSH is found in the organs frequently exposed to
enobiotics such as liver, kidney, and intestine (Jewell and O’Brien,
999). In addition, GSH is essential to maintain the normal function
f the immune system as an immune booster, for example, by
ctivating lymphocytes (Li et al., 2007). Therefore, systemic GSH
nd cysteine depletion have occurred in many diseases such as
IV infection, acute respiratory disease, and Parkinson’s disease
Mihm et al., 1991; Jahoor et al., 1999). However, orally ingested
SH can be easily degraded to free amino acids by chemical and
nzymatic hydrolysis (Witschi et al., 1992). Oral GSH is hydrolyzed
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in the intestine by the intestinal gamma-glutamyl transferase, so
small amount of GSH reaches the portal circulation from the small
intestine during gastrointestinal (GI) transit (Anderson et al., 1980).
If any, it is also rapidly metabolized by hepatic gamma-glutamyl
transferase, eventually resulting in low absorption rate into the
blood circulation and low bioavailability in the tissues (Shaw and
Newman, 1979). Moreover, GSH with a thiol group can be easily
oxidized both enzymatically and non-enzymatically at alkaline pH
such as intestinal environment, giving rise to the formation of glu-
tathione disulphide (GSSG), which is devoid of antioxidant activity
(Aw, 2005). In this regard, the development of novel delivery carrier
systems can be useful to stabilize and protect labile GSH against
harsh biological conditions, subsequently leading to increase its
bioavailability following oral ingestion. A few attempts have been
made to develop GSH delivery systems, and to the best of our
knowledge, no study has clearly demonstrated the efficacy of GSH
delivery systems in vivo (Aisawa et al., 2006; Trapani et al., 2007).

Montmorillonite (MMT), a natural clay mineral, is a bio-
inspired layered material with high internal surface area, high
cation exchange capacity (CEC), high adsorption ability, and low

toxicity (Lee and Fu, 2003; Komine, 2004). MMT  with net negatively
charge layers has good swelling property in the presence of water,
and therefore, the positively charged bioactive compounds can be
intercalated into the interlayer spaces by electrostatic interaction

dx.doi.org/10.1016/j.ijpharm.2012.01.015
http://www.sciencedirect.com/science/journal/03785173
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nder this condition (Fudala et al., 1999). Many attempts have
een made to develop MMT  as a delivery carrier, for example, to

mprove water solubility of insoluble drugs and release control
f bioactive molecules (Zheng et al., 2007; Fudala et al., 1999;
ollár et al., 2003; Lin et al., 2002; Park et al., 2004, 2008). MMT

tself has also attractive properties for oral application; it is highly
ucoadhesive, which is a useful property for molecules to across

he GI barrier (Dobrozsi, 2003). MMT  also plays a role as a potent
etoxifier in the intestine, since it can adsorb dietary, bacterial,
nd metabolic toxins as well as abnormally increased hydrogen
ons observed in acidosis (Sun et al., 2008). In addition, it is worth
oting here that MMT  is generally recognized as a low toxic
aterial (Lee et al., 2005), since it is commonly applied in phar-
aceutical products as both the excipient and active substance

Wang et al., 2008).
In this work, we attempted to develop GSH–MMT hybrid system

y intercalating GSH into the interlayer spaces of MMT.  Polymer
oating of the hybrid was further processed with polyvinylacetal
iethylaminoacetate (AEA) for better stability in vivo by oral admin-

stration. Chemical characterization was then performed to ensure
uccessful intercalation of GSH into MMT  layers. The antioxidant
ctivity of GSH–MMT hybrids with or without AEA coating was
nvestigated in vivo, followed by pharmacokinetic and tissue dis-
ribution studies in mice after oral administration.

. Materials and methods

.1. Materials

Na+-MMT with a CEC of 0.7–1.1 mequiv./g and AEA were sup-
lied by Sigma–Aldrich (USA) and Sankyo (Japan), respectively.
SH and all the other reagents of high purity were purchased from
igma–Aldrich (USA).

.2. Preparation of GSH–MMT hybrids

GSH–MMT hybrid was prepared as follow; first, 10 g of Na+-
MT was dispersed in 900 ml  of de-ionized water and vigorously

tirred for 4 h at room temperature. An excess molar ratio of GSH
ompared with MMT  (1.8 fold of CEC) was dissolved in 100 ml  of
e-ionized water (pH value adjusted to 2.0 with HCl) and added
o MMT  solution. The final pH of the GSH and MMT  mixture
olution was adjusted to 2.0 by addition of HCl solution. Thus pre-
ared suspension was stirred at room temperature overnight and
nally the resulting product was freeze-dried. To obtain polymer
oated GSH–MMT hybrid, the prepared GSH–MMT hybrid was re-
ispersed in 800 ml  of ethanol solution, and 10 g of AEA in 100 ml  of
ethylene chloride (MC) was then added. The final AEA–GSH–MMT

ybrid was spray dried (EYLA spray dryer SD-1000, Tokyo, Japan)
nder the following condition: atomizing pressure, 130 kPa; blower
peed, 0.30 m3/min; inlet temperature, 80 ◦C; and outlet tempera-
ure 40–50 ◦C.

.3. Characterization of GSH–MMT hybrids

The prepared GSH–MMT hybrids were characterized by pow-
er X-ray diffraction (PXRD) using a diffractometer (Rigaku
/MAX RINT 2200-Ultima+, Japan) with Ni-filtered CuK� radiation

� = 1.5418 Å, voltage of 40 kV, a current of 30 mA,  and a scanning
ate of 2◦/min) and Fourier transform infrared (FT-IR) spectroscopy
JASCO FT-IR-6100 spectrometer, Tokyo, Japan) analyses using the

tandard KBr disk method, respectively. Thermogravimetric anal-
sis (TGA) was performed on a PerkinElmer instrument (pyris
iamond TG-DTA, Japan) using a heating rate of 20 ◦C/min up to
00 ◦C in nitrogen atmosphere.
harmaceutics 425 (2012) 29– 34

2.4. Determination of GSH content

GSH intercalation efficiency into MMT  layers was analyzed by
dispersing 100 mg  of GSH–MMT hybrid or AEA–GSH–MMT hybrid
in 100 ml  solution consisting of 50 mM NaClO4 0.1% H3PO4. The
mixture solution was vigorously vortexed and sonicated for 40 min
to completely extract all the GSH from the MMT  lattice. The sus-
pension was then filtered by a nylon membrane with a pore size of
0.45 �m (Whatman, UK) and GSH content was then measured by
high performance liquid chromatography (HPLC) using an LC10-
ADVP series (Shimadzu Co., Japan) on a Discovery RP-Amide 16
column (150 mm × 4.6 mm,  5 �m;  Sigma, USA). The mobile phase
was 50 mM NaClO4 0.1% H3PO4 and flow rate was set to 1 ml/min.
Column temperature was maintained at 40 ◦C and detection of GSH
was performed at 215 nm by UV detector (Yilmaz et al., 2009).

2.5. Animal and diets

Male ICR mice, aged 5.5 weeks and weighing 23–25 g, were pur-
chased from the G-Bio (South Korea). The animals were housed
in plastic lab animal cages in a ventilated room. The room was
maintained at 20 ± 2 ◦C and 60 ± 10% relative humidity with a 12 h
light/dark cycle. Water and commercial laboratory complete food
for mice were available ad libitum.  They were acclimated to this
environment for 7 days before treatment. All animal experiments
were performed in compliance with the Animal and Ethnics Review
Committee of the Seoul Women’s University.

2.6. Antioxidant activity in vivo

To evaluate in vivo antioxidant effect of the hybrids, the blood
samples were collected after oral administration of free GSH,
GSH–MMT hybrid, or AEA–GSH–MMT hybrid by gavage at several
time points (0, 15 min, 30 min, 1 h, 2 h, and 4 h) in each group of
five mice. The dose of the hybrids was  adjusted to have an equiv-
alent amount of 100 mg/kg of GSH, based on GSH content from
the hybrids. The blood samples were centrifuged at 3000 rpm for
15 min  at 4 ◦C, and the plasma was used to assess 2,2′-azinobis-3-
ethyl-benzothiozoline-6-sulphonic acid (ABTS) radical scavenging
activity as follow; ABTS radicals were produced by mixing 10 mM
ABTS and 10 mM  potassium persulfate with a volume ratio of 7.4 to
2.6 for the former and the latter, respectively, followed by incu-
bation for 24 h in the dark at 37 ◦C. Then, ABTS radical solution
was diluted in phosphate buffered saline (PBS) and mixed with
the sample solution (volume ratio of ABTS radical solution:sample
solution = 2:13) until the absorbance reached about 0.9, and further
incubated for 30 min  in the dark. The absorbance was measured at
734 nm.  The five mice administered without GSH or the hybrids
were used as a control group.

2.7. Pharmacokinetic study

The plasma concentration of GSH was  analyzed after oral admin-
istration of GSH or the hybrids in mice. The blood samples (about
0.5 ml)  were collected via orbital sinus at several time points (0,
15 min, 30 min, 1 h, 2 h, and 4 h). The same doses used for in vivo
antioxidant activity were administered to each group of five mice.
The blood sample at 0 h before oral administration was used to
determine the basal GSH level in the plasma. The blood samples
were centrifuged at 3000 rpm for 15 min  at 4 ◦C to obtain the plasma
and stored at −70 ◦C before analysis. The proteins in the plasma
were precipitated by adding 4 volume of acetonitrile, followed

by vortexing for 20 s, and centrifuging at 10,000 rpm for 10 min
at 4 ◦C. GSH concentration in the supernatant was measured by
HPLC as described above. Calibration curve for GSH in the plasma
was obtained by preparing a series of plasma standard solution
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ith a concentration of 5, 10, 50 �g/ml. The following pharmacoki-
etic parameters were estimated using Kinetica program (version
.4, Thermo Electron Corporation, USA): maximum concentration
Cmax), time to maximum concentration (Tmax), area under the
lasma concentration-time curve (AUC), half-life (T1/2), and mean
esidence time (MRT).

.8. Tissue distribution study

To evaluate delivery efficiency of GSH to the organs, the tissue
amples such as brain, heart, kidney, liver, lung, and intestine were
ollected at 0, 1, 2, 4, and 6 h post-oral administration. 100 mg  of
ach tissue were homogenized with the mixture of 3 ml  10 mM
DTA, 50 mM NaClO4, and 0.1% H3PO4 buffer, followed by addition
f 0.5% metaphosphoric acid for protein precipitation. The samples
ere vortexed for 20 s, centrifuged at 10,000 rpm at 4 ◦C, and then

nalyzed by HPLC as described above. Calibration curve for GSH in
he tissues was obtained by preparing a series of tissue standard
olution with a concentration of 10, 50, 100 �g/ml.

.9. Statistical analysis

The data were expressed as means ± standard deviation. For
tatistical analysis, the experimental values were compared with
heir corresponding control ones. A one-way analysis of variance
ANOVA) in SAS software (Turkey’s Test, Version 11.0) was  used
o illustrate the significant difference between the experimental
roup and the control. The statistical significance for all tests was
et at p < 0.05.

. Results and discussion

.1. PXRD analysis

We  have synthesized GSH–MMT hybrid system by intercalating
SH into the negatively charged Na-MMT  layers at pH 2.0 where
ation exchange reaction occurred between sodium ions and pro-
onated GSH. A part of thus prepared hybrid was  further coated
ith cationic gastric soluble polymer, AEA, widely used in tablets

r microcapsules to obtain better stability and dispersity (Choy
t al., 2008). Fig. 1 showed the PXRD pattern of MMT  and GSH–MMT

ybrid. The characteristic 2� peaks for MMT  and GSH–MMT hybrid
ere found at 7.40◦ and 4.34◦ and the d-spacing for the former and

he latter were calculated to be 12.54 Å and 20.43 Å, respectively,
pon molecular size of interlayer GSH according to the Bragg’s law.

Fig. 1. PXRD patterns and schematic diagram
Fig. 2. FT-IR spectra of (a) MMT,  (b) pure GSH, and (c) GSH–MMT hybrid.

The peak shifting from higher diffraction angle to lower one is
resulted from increased the d-spacing, indicating successful inter-
action of GSH into the interlayer spaces of MMT.  The diagrams
of expected GSH–MMT hybrid was also presented (Fig. 1), repre-
senting GSH structure in a monomer form after intercalation into
MMT layers on the basis of XRD pattern. This result suggests that
GSH could be intercalated into MMT  layers without inducing glu-
tathione disulphide during synthetic process, which is critical for
antioxidant activity.

3.2. FT-IR spectra analysis

FT-IR spectra of MMT,  pure GSH, and GSH–MMT hybrid were
recorded in Fig. 2. The spectrum of MMT  showed the characteris-
tic absorption bands at 3400 and 3620 cm−1 which correspond to

OH stretching band for absorbed interlayer water and OH band
stretch for Al OH, respectively. The absorption peak at 1640 cm−1

is attributed to OH bending mode of the absorbed water. The char-
acteristic peak at 1150 and 1035 cm−1 are due to Si O stretching
(out-of-plane) for MMT  and Si O stretching (in-plane) vibration for

layered silicates, respectively. The peaks at 915, 875, and 836 cm−1

are attributed to Al Al OH, Al Fe OH, and Al Mg  OH bending
vibrations, respectively (Patel et al., 2007). In the case of pure
GSH, the strong absorption bands at 1713 and 1600 cm−1 are

 of (a) MMT  and (b) GSH–MMT hybrid.
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ig. 3. TGA curves of (a) AEA, (b) pure GSH, (c) AEA–GSH–MMT hybrid, (d)
SH–MMT hybrid, and (e) MMT.

ssigned to carbonyl- and amide-stretching, respectively, and the
bsorption band of sulfhydryl group from cysteine appeared at
525 cm−1. FT-IR spectrum of GSH–MMT hybrid showed a contin-
um observed beginning at about 2800 cm−1 and extended toward

ower wavenumber at about 1800 cm−1, which seems to be resulted
rom the formation of hydrogen bonds between GSH and MMT
Brzezinski et al., 1995). In the case of GSH–MMT hybrid, the
trong absorption band at 1713 cm−1 corresponding to carbonyl-
tretching of pure GSH was not disappeared, indicating that GSH
as well intercalated into MMT  layers.

.3. Thermal analysis

Fig. 3 depicts the TGA curves of pure GSH, MMT,  AEA, GSH–MMT
ybrid, and AEA–GSH–MMT hybrid. The TGA curves of MMT  rep-
esent two distinct steps. The first major weight loss pattern
bserved at the temperature of below 150 ◦C is due to the free
ater evaporation. The second step of decomposition at 600–750 ◦C

orresponds to the loss of structural hydroxyl group (Magaraphan
t al., 2001). Meanwhile, pure GSH shows a sharp weight loss
t around 200–400 ◦C, indicating strong endothermic peak at
his temperature. In the case of GSH–MMT and AEA–GSH–MMT
ybrids, the TGA curves are divided into three steps: the weight

oss at 200–500 ◦C is due to decomposition of GSH absorbed on
MT and other weight losses are the same as observed in the

GA curve of MMT.  High decomposition rate of AEA–GSH–MMT
ybrid was observed compared with GSH–MMT hybrid, which is
ighly related to a sharp weight loss of AEA at around 300–500 ◦C.
ccording to the TGA curves, pure GSH exhibited a 72.35% weight
oss, while the weight loss of MMT  was only 8.75% in the range of
he same temperature. It is, therefore, concluded that the weight
oss of GSH–MMT hybrid (35.94%) and AEA–GSH–MMT hybrid
61.89%) can be rationally attributed to free GSH intercalated into

able 1
n vivo antioxidant activity of free GSH, GSH–MMT hybrid, and AEA–GSH–MMT hybrid in 

ctivity.

Treated group ABTS radical scavenging activity (%)

Control 0.25 h 0.5 h 

GSH 57.42 ± 2.00 53.73 ± 4.35 53.86 ± 

GSH–MMT 57.42 ± 2.00 58.77 ± 5.09 53.90 ± 

AEA–GSH–MMT 57.42 ± 2.00 60.77 ± 4.22 60.12 ± 

* Significant difference from the control (p < 0.05).
harmaceutics 425 (2012) 29– 34

MMT  layers. All the results on the characterization of GSH–MMT
hybrids confirmed successful interaction of GSH into MMT.

3.4. GSH content analysis

To improve bioavailability of GSH through GSH–MMT hybrid
systems, it is indispensable that large amount of GSH is intercalated
into the interlayer spaces of MMT.  The result demonstrated that
GSH–MMT hybrid and AEA–GSH–MMT hybrid had 38.57 ± 2.22%
and 24.09 ± 0.70% of GSH contents, respectively. It seems that GSH
content from AEA–GSH–MMT hybrid was  reduced by re-dispersing
GSH–MMT hybrid in ethanol-MC mixture solution during the coat-
ing process, but both GSH–MMT and AEA–GSH–MMT hybrids were
determined to have sufficient GSH content to apply at the systemic
level.

3.5. Antioxidant activity in vivo

Table 1 represents the antioxidant effect of GSH–MMT hybrids,
measured by ABTS radical scavenging assay in the plasma after oral
administration in mice. When free GSH or GSH–MMT hybrid was
orally administered, significant increase in ABTS radical scaveng-
ing activity was not found compared with control group. However,
AEA–GSH–MMT hybrid significantly enhanced the antioxidant
activity in the plasma at 1 h post-oral administration, suggesting
increased bioavailability of GSH through the AEA-coated hybrid
system in vivo. Both AEA polymer alone and MMT  itself did not
have ABTS radical scavenging activity (data not shown). It is likely
that the high radical scavenging activity of AEA–GSH–MMT hybrid
is closely associated with further stabilization process, AEA coating.

3.6. Pharmacokinetics

Pharmacokinetic study was conducted to determine the phar-
macokinetic parameters of the hybrids, which can provide direct
information to evaluate whether the hybrid system can enhance
the bioavailability of GSH or not. The data were presented after
subtraction of basal GSH level in the plasma (Fig. 4). The result
demonstrated that Cmax of GSH was  found at 30 min  after adminis-
tration of free GSH, which is well consistent with a rapid absorption
of GSH from the intestinal lumen to the plasma (Hagen et al.,
1990). No significant difference in the plasma concentration profile
was seen between free GSH and GSH–MMT hybrid-treated groups.
On the other hand, the peak concentration significantly increased
about 2.9 fold at 1 h post-oral administration in comparison with
that of free GSH or GSH–MMT hybrid when AEA–GSH–MMT
hybrid was administered in mice (Fig. 4). This result suggests that
high amount of GSH could reach the circulation system through
AEA–GSH–MMT hybrid system, probably by protecting GSH against
harsh biological conditions such as enzyme attack and low pH.

The pharmacokinetic parameters were also presented in Table 2.

All the parameters of AEA–GSH–MMT hybrid showed consider-
ably high values compared with those of free GSH. Especially, AUC
of AEA–GSH–MMT hybrid increased about 4.7 fold in compari-
son with that of free GSH. AUC represents the total amount of a

the plasma after oral administration in mice, measured by ABTS radical scavenging

1 h 2 h 4 h

5.09 57.34 ± 6.67 57.31 ± 2.38 58.21 ± 2.32
4.84 52.80 ± 2.83 53.83 ± 1.02 57.02 ± 4.01
1.02 61.97 ± 2.05* 52.77 ± 4.16 59.88 ± 2.98
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Table 2
Pharmacokinetic parameters of free GSH, GSH–MMT hybrid, and AEA–GSH–MMT hybrid after oral administration in mice.

Cmax (mg/l) Tmax (h) AUC (h × mg/l) T1/2 (h) MRT  (h)

21.01 0.73 1.33
44.34 0.97 1.58
99.18 1.02 1.94
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GSH 29.51 0.50 

GSH–MMT 34.22 0.50 

AEA–GSH–MMT 85.86 1.00 

rug or bioactive molecule that reaches the blood circulatory sys-
em in a given time, and can be used as a measure how much
t stays at the systemic level. The highest Cmax and AUC values

ere obtained by AEA–GSH–MMT hybrid, which can also explain its
ncreased antioxidant activity in vivo (Table 1). Moreover, Tmax val-
es of AEA–GSH–MMT hybrid were delayed at 1 h compared with
hose of free GSH or GSH–MMT hybrid at 30 min, which is well
onsistent with the enhanced ABTS radical scavenging activity at

 h in vivo (Table 1), probably related to their structural stability
nd controlled release property. About 1.4–1.5 fold increased T1/2
nd MRT  values of AEA–GSH–MMT hybrid, representing half-life
nd mean residence time in the body, respectively, suggest that
he hybrid could also prolong the circulation time of GSH. Thus,
his is clear evidence that the hybrid system effectively enhanced
ioavailability of GSH in vivo, by not only increasing the systemic
irculation amount of GSH, but also prolonging its circulation time.
t should be also noted that all the parameters of GSH–MMT hybrid
xcept Tmax values slightly increased. It seems that AEA–GSH–MMT
ybrid is more effective than GSH–MMT hybrid in terms of antioxi-
ant activity in vivo and pharmacokinetic behaviors, which is likely
o be attributed to its high structural stability resulted from AEA
oating.

.7. Tissue distribution

Several tissues such as brain, heart, kidney, liver, lung, and
ntestine were also collected after oral administration of the
ybrids in mice to evaluate bio-distribution and delivery efficiency
o the organs. Interestingly, GSH content in the liver signifi-
antly increased by oral administration of both GSH–MMT and
EA–GSH–MMT hybrids in mice (Fig. 5). In the case of GSH–MMT
ybrid, delivery efficiency of GSH significantly enhanced at 1 h
ost-oral administration, although its pharmacokinetics were
ot significantly different from those of free GSH as shown in

ig. 4. This result suggests that the hybrid system itself without
olymer coating could be also effective in terms of GSH delivery
o the liver, probably related to the protection role of MMT
arrier in enzyme hydrolysis. On the other hand, high delivery

ig. 4. Plasma concentration of GSH after oral administration of free GSH, GSH–MMT
ybrid, or AEA–GSH–MMT hybrid in mice. * denotes a significant difference from
he  control (p < 0.05).
Fig. 5. GSH concentration in the liver after oral administration of free GSH,
GSH–MMT hybrid, and AEA–GSH–MMT hybrid in mice. b represents a significant
increase from the control level indicated as a (p < 0.05).

efficiency of AEA–GSH–MMT hybrid to the liver was evident at
4–6 h post-administration. The difference between two hybrid
systems can be explained by a better controlled release property
of the AEA–GSH–MMT at the systemic level due to AEA coating.
This result clearly suggests that AEA coating highly contributes to
deliver GSH to the liver in a controlled manner by further stabilizing
and protecting GSH against biological conditions. Meanwhile, sig-
nificant increase in GSH concentration was  found in the intestine at
1–4 h after administration of free GSH and the hybrids, but remark-
able difference between them was not found (data not shown).
Increased GSH level was not detected in the other organs (data
not shown). To the best of our knowledge, no research has clearly
demonstrated the delivery efficiency of GSH with or without deliv-
ery systems to the liver in normal mice. It was only reported that
orally administered free GSH increased GSH level in several tissues
such as kidney, heart, lung, brain, small intestine, and skin, but not
in the liver, in GSH-deficient model mice pre-treated with a GSH
synthesis inhibitor for 5 days (Aw et al., 1991). In the present study,
it is worthy to note here that GSH level significantly increased in the
liver, a main target organ where GSH plays a critical role in many
biological processes, by using two  different hybrid systems, even in
normal mice under GSH-sufficient condition. This result strongly
implies GSH delivery efficiency through both the hybrid systems.

4. Conclusion

In this study, we  have successfully intercalated a powerful
antioxidant GSH into the interlayer spaces of MMT  and two
different hybrid systems, GSH–MMT and AEA–GSH–MMT, were
obtained, respectively. AEA–GSH–MMT hybrid system had not
only enhanced antioxidant activity in vivo, but also favorable
pharmacokinetic behaviors such as increased systemic circulation
amount and prolonged circulation time of GSH. Delivery efficiency
of GSH to the organ was  clearly demonstrated by high GSH level
in the liver, a main target organ, after oral administration of both

the hybrid systems in mice. AEA–GSH–MMT was  more effective
in terms of antioxidant activity in vivo, pharmacokinetics, and
delivery efficiency in a controlled manner. Therefore, all the results
suggest that GSH–MMT hybrid systems have great potential to
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