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Abstract

The activity of human cytosolic glutathione S-transferases (GSTs) can positively or negatively be changed by various com-
pounds. It is for instance known that RRR-a-tocopherol inhibits GST P1-1 [Haaften van R.I.M. et al. (2001) Alpha-tocopherol
inhibits human glutathione S-transferase pi. BBRC 280, 631-633]. The effect of RRR-a-tocopherol on the other isoenzymes of GST
in purified forms of the isoenzymes and in human liver cytosol (GST M and GST A) and lysate of human erythrocytes (GST P) is
studied. It is found that all isoenzymes (purified enzymes and enzymes present in homogenates) are inhibited, in a concentration-
dependent way, by RRR-a-tocopherol. GST P is in both cases inhibited with the highest potency compared to the other iso-
enzymes. It also appeared that the purified GST P1-1 isoenzyme is non-competitively inhibited by RRR-a-tocopherol. The I1Cs
values of RRR-a-tocopherol for the purified isoenzymes of GST are much lower compared to the ICs, values for human lysate and
human liver cytosol. This is probably due to binding of RRR-a-tocopherol to proteins, e.g. albumin and hemoglobin, with higher
affinity than to GST; so more RRR—a-tocopherol is needed to inhibit the enzyme. However, the inhibition of GSTs by RRR-a-
tocopherol can still be of physiological relevance, because due to dermal application of cosmetic products very high concentrations
vitamin E can be reached in the skin, where GST P1-1 is present. RRR-a-tocopherol might also be a good lead compound for the
development of a new class of inhibitors of GST that can be used as adjuvant in cancer therapy.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction electrophile is activated. Multiple cytosolic and mem-

brane-bound GST isoenzymes are known in humans,

The human body protects itself against harmful com-
pounds by different mechanisms. An important line of
defense is formed by the glutathione S-transferases
(GSTs). These enzymes represent a major group of
phase II metabolism enzymes, which catalyse the con-
jugation of glutathione with various electrophiles
(Board et al., 1990, Mannervik, 1985). In most cases the
electrophile becomes less toxic but in some cases the
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each of which displays distinct catalytic as well as bind-
ing properties. On the basis of their substrate specificity
and kinetic characteristics the cytosolic isoenzymes can
be classified into four major classes, A (alpha), M (mu),
P (pi) and T (theta). All cytosolic isoenzymes are dimers
of two subunits. Within the mu and alpha classes sev-
eral distinct GST subunits, denoted with Arabic
numerals, have been characterised and a high degree of
heterogeneity has been documented among the GSTs of
these two classes in human tissues (Awasthi et al., 1994,
Mannervik, 1985). The cytosolic isoforms are differen-
tially expressed in the different organs in the human
body. It is also possible that one organ expresses more
than one isoform of GST. The human liver for example
expresses the alpa and the mu form of GST and the mu
isoform of the enzyme is expressed in for example the
adrenal gland, the kidney, the testis and the liver.

0887-2333/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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Human erythrocytes only express the pi isoform of the
enzyme (Awasthi et al., 1994, Board et al., 1990). The pi
class isoenzyme appears the most widely distributed
GST isoenzyme and is the most abundant form found in
many tissues (Awasthi et al., 1994, Board et al., 1990),
and is the GST isoenzyme mostly expressed in tumour
cells (Ouwerkerk, Mahadevan and Mulder, 1998). GST
M1 is expressed in only 60% of human individuals. It
has been reported that people lacking the GST M1 have
a higher risk of developing lung cancer (Bladeren van
and Ommen van 1991, Board et al., 1990).

The activity of the human glutathione S-transferase
enzymes can be influenced by multiple compounds. In
previous studies we have found that different forms of
vitamin E (tocopherols, tocotrienols and different esters
of tocopherol) can inhibit the activity (GSH conjuga-
tion) of purified GST P1-1 (Haaften van et al., 2001a,
Haaften van et al., 2001b).

In the present study, the effect of RRR-a-tocopherol
(the form of vitamin E most abundantly present in
humans and the vitamer with the highest potency in
inhibiting GST P1-1) on the activity of various purified
GST isoenzymes is compared. Also the effect of RRR-
a-tocopherol on GST activity in lysate of human red
blood cells and cytosol of human liver is studied. As
stated above, in red blood cells only the pi isoform of
GST is present and in human liver both the mu and the
alpha isoform of GST are the most prominent forms.

2. Materials and methods
2.1. Chemicals

RRR - a - tocopherol, 1 -chloro - 2,4 - dinitrobenzene
(CDNB), hemoglobin and albumin were obtained from
Sigma (St. Louis, USA). Reduced glutathione (GSH)
was obtained from ICN Biomedicals Inc. (Costa Mesa,
USA). Purified human glutathione S-transferases (GST
Al-1 (98%), GST A2-2 (94%), GST Mla-la (100%)
and GST P1-1(98%)) were a gift of TNO Nutrition and
Food Research (Zeist, The Netherlands). The specific
activities with CDNB of these isoenzymes are respec-
tively 123 U/mg, 64 U/mg, 262 U/mg and 53 U/mg. All
other chemicals were of analytical grade purity.

2.2. Human lysate

Human blood, from a healthy female volunteer (25
years), was collected in an EDTA-tube. After cen-
trifugation at 3000 rpm (10 min at 4 °C) the plasma was
removed from the erythrocytes. The erythrocytes were
washed three times with an equal volume cold phos-
phate buffered salt (PBS). These washed erythrocytes
are lysed with ice cold milliQ water. After 10 min on ice,
the solution is mixed vigorously and centrifuged at 5000

rpm (10 min at 4 °C) (supernatant is lysate). Before
measuring the glutathione S-transferase activity the
human lysate was diluted 60 times with 100 mM potas-
sium phosphate, pH 6.5.

2.3. Human liver cytosol

Cytosol was prepared from a small piece of human
liver (purchased from a male patient) with hepatoma.
The part next to the removed tumour has been used in
this experiment. After removal, the piece of liver was
homogenised (1:2, w/v) in ice cold potassium phosphate
buffer (50 mM, pH 7.4) containing 0.1 mM EDTA. The
homogenate was centrifuged at 10000xg (20 min at
4 °C). Subsequently the supernatant was centrifuged at
10000xg (20 min at 4 °C) and again at 65000xg (60
min at 4 °C). The supernatant was collected and stored at
—80 °C. Before use the cytosol was thawed and diluted
6000 times with 100 mM potassium phosphate, pH 6.5.

2.4. Assay of glutathione S-transferase activity

GST activity was measured as described by Man-
nervik and Guthenberg (1981) with slight modifications.
In short, the reaction of 1 mM CDNB with 1 mM GSH
in purified enzyme (in 100 mM potassium phosphate,
pH 6.5) or in the diluted human liver cytosol or lysate of
erythrocytes was monitored spectrophotometrically by
recording the increase in absorbance at 340 nm at 37 °C.
Effects of various concentrations of RRR-a-tocopherol
on GST activity were determined. A stock solution of a-
tocopherol was prepared in ethanol. The final concen-
tration of ethanol in the incubation mixture was 1% v/
v; this concentration of ethanol had no effect on GST
activity. The mixture of the purified GST enzyme (0.4
pg protein/ml buffer) or the human liver cytosol or
lysate of erythrocytes with RRR-a-tocopherol was
incubated for 2 min at 37 °C before activity measure-
ment. A correction for the spontaneous reaction
between GSH and CDNB in the absence of enzyme and
in the presence of ethanol (1%) was made. Ethanol was
added because a-tocopherol was dissolved in ethanol.
The ICsy of the purified enzyme is normalised on
enzyme activity.

To study the inhibitory mechanism of RRR-ua-toco-
pherol on the glutathione S-transferase P1-1 activity (of
the purified enzyme), substrate concentrations (CDNB
or GSH) were varied. When CDNB was varied the GSH
concentration was kept at 1 mM and vice versa. In these
experiments the concentration RRR-a-tocopherol was
kept constant at 0.6 uM.

The effect of the combined addition of RRR-a-toco-
pherol with two proteins, hemoglobin and albumin, on
the activity of purified human glutathione S-transferase
P1-1 enzyme was also studied. Effects of a fixed con-
centration RRR-a-tocopherol with a fixed concen-
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tration of hemoglobin or albumin were determined. The
mixture of purified human glutathione S-transferase P1-
1 enzyme (0.0095 U/ml in 100 mM potassium phosphate
buffer pH 6.5) with RRR-a-tocopherol and albumin or
hemoglobin was incubated for 2 min at 37 °C before
activity measurement. A correction for the spontancous
reactions between GSH and CDNB in the absence of
enzyme and in the presence of ethanol, RRR-a-toco-
pherol, hemoglobin or albumin was made.

3. Results
3.1. Purified isoenzymes

All purified isoenzymes tested are inhibited by RRR-
a-tocopherol in a concentration dependent manner. The
concentrations RRR-a-tocopherol giving 50% inhibi-
tion (ICsp) of GST activity are depicted in Fig. 1. The
1Cso of RRR-a-tocopherol varies for the different iso-
enzymes of GST investigated. The ICs, of RRR-a-
tocopherol on GST PI-1 is the lowest compared to the
other isoenzymes tested (ICsy is 0.6+£0.06 pM). The
concentration of RRR-a-tocopherol needed to inhibit
the activity of GST Al-1 (ICsy is 0.94+0.08 pM) and
GST Mla-la (ICsp is 1.24+0.06 uM) is higher compared
to that of GST P1-1. The catalytic activity of GST A2-2
(ICs¢ 3.5£0.06 uM) is inhibited by RRR-a-tocopherol

120 ~

80 -

Relative activity (%)

with a much lower potency compared to the other iso-
enzymes tested.

For the GST PI-1 isoenzyme the nature of the inhi-
bition by RRR-a-tocopherol was studied. GST activity
was measured with variable concentrations of either
GSH (Fig. 2) or CDNB (data not shown) in the pre-
sence of a fixed concentration of RRR-a-tocopherol.
From Fig. 2 it appears that RRR-a-tocopherol lowers
the Vpax values (from 18 pmol/min'mg to 5 pmol/
min'mg (enzyme concentration is 0.0002 U/ml)), but
does not affect the K, (0.9 mM). A similar type of
inhibition is obtained with CDNB as substrate. In the
Eadie-Hofstee plot (insert in Fig. 2) two parallel lines
are observed with and without the addition of 0.6 uM
RRR-a-tocopherol. This confirms that RRR-a-toco-
pherol exhibits a non-competitive inhibition on GST
P1-1 with respect to the substrates GSH and CDNB.

3.2. Human liver cytosol and lysate of erythrocytes

As shown in Fig. 3 RRR-a-tocopherol also inhibits
the glutathione S-transferase activity in human liver
cytosol and in lysate of human erythrocytes in a con-
centration dependent manner. The ICsy of GST activity
in erythrocyte lysate is 103+17 pM and in human liver
cytosol 281+4 pM.

In Fig. 4, the effect of the addition of hemoglobin or
albumin to an incubation of RRR-a-tocopherol with
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Fig. 1. Effect of RRR-a-tocopherol on the activity of different purified glutathione S-transferase isoforms. The GST activity was measured by fol-
lowing the reaction between 1 mM glutathione and 1 mM 1-chloro-2,4-dinitrobenzene at 37 °C. Insert: ICs values indicate means (£ SEM) of three

independent experiments each performed in duplicate.
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Fig. 2. Effect of RRR-a-tocopherol on the activity of GST P1-1. The K, and V.« for GSH in the incubation without RRR-a-tocopherol (@) are
respectively 0.9 mM and 18 pmol/min-mg. In the presence of 0.6 pM RRR-a-tocopherol (O) these values are 0.9 mM and 5 pmol/min°mg. Insert:
Eadie-Hofstee plot showing non-competitive inhibition of human GST P1-1 isoenzyme towards GSH by RRR-a-tocopherol. The experiments are
performed at an enzyme concentration of 0.002 U/ml. The data points are the mean of two independent experiments performed in triplicate.
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Fig. 3. Effect of RRR-a-tocopherol on the activity of glutathione S-transferase in human lysate (@) and in human liver cytosol (O). The GST
activity was measured by following the reaction between 1 mM glutathione and 1 mM 1-chloro-2,4-dinitrobenzene at 37 °C. The 1Cs, values for
RRR-a-tocopherol (insert) are 103 (£17) uM in the human lysate and 281 (£4) uM in the human liver cytosol. ICs, values indicate means (+SEM)
of three independent experiments each performed in duplicate.
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Fig. 4. Effect of the addition of hemoglobin or albumin to an incubation of RRR-a-tocopherol with purified GST P1-1. In the blank incubation the
GST P1-1 activity is set at 100%. Addition of 2 pM RRR-a-tocopherol diminished the GST activity to 16£3%. After addition of hemoglobin or
albumin the GST activity is only diminished to 90+7% and 98+12%, respectively. The values indicate means (=SEM) of three independent

experiments each performed in duplicate.

purified GST P1-1 is depicted. When the purified GST
P1-1 enzyme is incubated wit 2 uM RRR-a-tocopherol
the activity of the GST P1-1 is diminished to 16%.
When albumin or hemoglobin is included in the incu-
bation with purified enzyme, 2 pM RRR-a-tocopherol
far less diminished (to 98% and 90%, respectively) the
GST activity.

4. Discussion

GST isoenzymes are differentially expressed in differ-
ent tissues. The pi isoform is for example expressed in
red blood cells, placenta and skin. The alpha and mu
isoforms are expressed in the liver. In the present study
the effect of RRR-a-tocopherol on different purified
GST isoenzymes is studied. To test the effect of RRR-a-
tocopherol on different GST isoenzymes in human
homogenates we used human red blood cell lysate and
cytosol of human liver.

It is found that purified human GST Al-1, A2-2,
Mla-la and PI1-1 are inhibited, in a concentration
dependent way, by RRR-a-tocopherol. The concen-
tration of RRR-a-tocopherol needed to inhibit the iso-
enzyme with 50% is not the same for the different
isoenzymes. The IC5, of RRR-a-tocopherol on GST P1-
1 is the lowest compared to the other isoenzymes tested.
The ICsy of GST Al-1 and GST Mla-la are higher
compared to GST P1-1 and the ICsg of GST A2-2 is the
highest of all isoenzymes tested. The ICs5y of RRR-a-
tocopherol on GST Al-1 is approximately 4 times lower
than on GST A2-2. Compared to previous described
inhibitors of GST, RRR-a-tocopherol has a high
potency (Haaften van et al., 200la; Mannervik and
Danielson 1988). For the most sensitive GST isoenzyme

(GST PI-1) the nature of the inhibition by RRR-a-
tocopherol was found to be non-competitive.

From this study it also appeared that RRR-a-toco-
pherol can inhibit glutathione S-transferase activity in
human homogenates containing different isoforms of
the enzyme. The inhibition by RRR-a-tocopherol is
concentration dependent. GST P1-1, present in lysate of
human erythrocytes, is inhibited with an ICs, value of
103 uM and the GST present in human liver cytosol (a
combination of mu and alpha) is inhibited with an ICs,
value of 281 uM. The ICsy of RRR-a-tocopherol is
lower for the GST present in human erythrocytes (pi
isoform) than for the GST present in human liver cyto-
sol (a combination of mu and alpha isoforms). These
results are in accordance with the results of the experi-
ments with the purified isoenzymes of GST, which show
that the GST P isoform is inhibited with a lower ICs
compared to the mu and alpha isoforms of human GST.

The ICso values of the experiment with the purified
isoenzymes of GST are much lower compared to the
ICso values of the experiment with human lysate and
human liver cytosol. This difference can probably be
explained by binding of RRR-a-tocopherol to proteins,
e.g. albumin and hemoglobin, with higher affinity than
to GST; more RRR—-a-tocopherol is needed to inhibit
the enzyme.

The inhibition of glutathione S-transferase can have
opposite effects. On the one hand the inhibition of the
enzyme can have toxic consequences, because the
detoxification activity of the enzyme is decreased. Elec-
trophilic compounds are not well detoxified and can do
harm to DNA, proteins and lipids which can result in
multiple diseases including cancer and neurodegenera-
tive disorders. Inhibition of GST can in principle have
the same consequence as GST deficiency because in
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both cases the catalytic activity of the enzyme is not
executed. From literature it is known that approxi-
mately 40% of the human population is deficient for the
GST M1 (Bladeren van and Ommen van 1991; Board et
al., 1990). Experimental studies have reported that peo-
ple lacking the GST M1 null phenotype have a higher
risk of developing lung, bladder and larynx cancer
(Lafuente et al., 1993; Poppel van et al., 1992). There-
fore inhibition of GST M1 by RRR-o-tocopherol is
expected to increase the risk of developing various types
of neoplastic disease. Genetically determined deficiency
of the alpha and pi classes GSTs appears to be extre-
mely rare (Board et al., 1990), suggesting a pivotal role
of these isoenzymes.

On the other hand it can be positive to inhibit the
detoxification activity of the GST enzyme. Over-
expression of certain GST isoenzymes in tumour cells
contributes to resistance against cytostatic drugs
through GSH conjugation of the active metabolites
(Burg et al., 2002; Morgan et al., 1996; Mulder and
Ouwerkerk Mahadevan, 1997). Therefore, compounds
are being developed that inhibit GST activity and can
be used as adjuvant in cancer therapy (Burg et al.,
2002). In this respect GST P1-1 is of interest since this is
the class of GST overexpressed in various tumours
(Ouwerkerk Mahadevan and Mulder, 1998). The inhi-
bitors of GST that have been discovered thus far have
little effect on GST P1-1 (Ouwerkerk Mahadevan and
Mulder, 1998). As shown in this study RRR-a-toco-
pherol has the highest potency for inhibition of GST
P1-1. The inhibitors of GST that have been reported
are ethacrynic acid and GSH-derived structures
(Mulder and Ouwerkerk Mahadevan, 1997). These
inhibitors are highly lipophilic. A potent inhibitor of
cytosolic GST in vivo has to enter the cell, so it has to
be lipophilic or utilise a carrier system for uptake.
Because the GSH-conjugates are very hydrophilic and
highly charged they cannot pass the lipophilic mem-
brane of the cells and enter the cell (Burg et al., 2002).
RRR-a-tocopherol is very lipophilic and can pass the
cell membrane.

The previously reported inhibitors of GST activity
exert their action by binding to the hydrophobic pocket
of the active site of GST (H-site) (Burg et al., 2002). We
have reported previously that RRR-a- tocopherol
probably binds to a lipophilic pit-like structure in GST
P1-1. Binding of RRR-a-tocopherol to this site induces
a conformational change of the GST molecule and in
this way the activity of the enzyme is diminished
(Haaften van et al., 2002). RRR-a-tocopherol uses a
new mechanism for GST inhibition and possibly RRR-
a-tocopherol can be used as lead compound for devel-
oping of good GST PI1-1 inhibitors in vivo.

Although the isoenzymes of GST in human homo-
genates are inhibited by RRR-a-tocopherol with less
potency compared to purified isoenzymes (probably due

to the presence of other proteins), the inhibition of
GSTs by RRR-a-tocopherol can still be of physiological
relevance. A lot of products contain relatively high
concentrations vitamin E. In cosmetic products, which
are applied to the skin in which GST P1-1 is present, up
to 5% vitamin E can be found. Even products contain-
ing pure vitamin E are sold. Dermal application of these
cosmetic products will increase of vitamin E levels in the
skin (Fiume, 2002). These levels can be high enough to
inhibit GST activity.
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