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Abstract—Evidence that rat liver microsomal glutathione transferase is responsible for the glutathione-
dependent inhibition of lipid peroxidation in liver microsomes has been obtained. Activation of the
microsomal glutathione transferase in microsomes by cystamine renders this organelle even more
resistant to lipid peroxidation in the presence of glutathione compared with untreated microsomes.
Upon examining the effect of seven glutathione analogues on lipid peroxidation, it was found that only
those that serve as good substrates for the microsomatl glutathione transferase (Glutaryl-L-Cys-Gly and
@-L-Glu-L-Cys-Gly) can inhibit lipid peroxidation. The lack of inhibition by the other five analogues (a-
D-Glu-L-Cys-Gly, y-p-Glu-L-Cys-Gly, f-L-Asp-L-Cys-Gly, a-L-Asp-L-Cys-Gly and a-D-Asp-L-Cys-Gly)
shows the specificity of the protection and rules out any non-enzymic component. Inhibitors of selenium-
dependent glutathione peroxidase (mercaptosuccinate at 50 M) and phospholipid hydroperoxide glu-
tathione peroxidase (iodoacetate, 1 mM + glutathione, 0.5 mM) do not inhibit the glutathione-dependent
protection of rat liver microsomes against lipid peroxidation. Purified microsomal glutathione transferase,
NADPH-cytochrome P450 reductase and cytochrome P450 were reconstituted in microsomal phospho-
lipid vesicles by cholate dialysis. The resulting membranes contained functional enzymes and did display
enzymic lipid peroxidation induced by 75 uM NADPH and 10 uM Fe-EDTA (2:1). This model system
was used to investigate whether microsomal glutathione transferase could inhibit lipid peroxidation in
a glutathione-dependent manner. The results show that 5 mM glutathione did inhibit lipid peroxidation
when functional microsomal glutathione transferase was included. This was not the case when the
enzyme had been pre-inactivated with diethylpyrocarbonate. Furthermore, the protective effect of
glutathione could be partly reversed by an inhibitor (100 uM bromosulphophtalein) of the enzyme.
Apparently, rat liver microsomal glutathione transferase has the capacity to inhibit lipid peroxidation
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in a reconstituted system.

It has long been known that rat liver microsomes
contain a factor that can protect these vesicles against
lipid peroxidation in a glutathione-dependent manner
(1]. The protection is evident as a marked
prolongation of the lag phase before onset of lipid
peroxidation. The factor has been shown to be
sensitive to heat treatment [2], proteases (2],
sulphydryl reagents [3] and a number of glutathione
transferase inhibitors [4, 5], as well as being largely
dependent on the presence of vitamin E in the
membrane [6]. On the basis of the above observations
it has been concluded that the protective factor is a
protein and two hypotheses for its function have
been put forward: (1) the protein functions as a
glutathione-dependent vitamin E radical reductase
[7] and (2) the protein is identical to the microsomal
glutathione transferase [8], the glutathione per-
oxidase activity of which can reduce lipid hydro-
peroxides {5]. These mechanisms can conceivably
protect membranes from lipid peroxidation by (1)
maintaining the vitamin E level and (2) eliminating

* Corresponding author. Tel. (46) 8 7287555; FAX (46)
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hydroperoxides which support further lipid per-
oxidation. In the latter case vitamin E is required to
form hydroperoxides by reacting with peroxyl
radicals. The latter mechanism also has precedence
in the fact that the phospholipid hydroperoxide
glutathione peroxidase does protect membranes in
this way [9].

Our earlier findings that a range of inhibitors for
the microsomal glutathione transferase can inhibit
glutathione-dependent protection against lipid per-
oxidation in rat liver microsomes and that the
microsomal glutathione transferase functions as a
glutathione peroxidase with phosphatidylcholine
dilinoleoylhydroperoxide and linoleic acid hydro-
peroxide, as well as a glutathione transferase with
hydroxynonenal, strongly indicated the capacity of
this protein to protect against lipid peroxidation [3].
In this study we describe additional experiments that
lend support to this conclusion. A preliminary report
of part of these data has appeared [10].

MATERIALS AND METHODS

Glutathione analogues were synthesized as

1645



1646

described [11). NADPH, N-ethylmaleimide, diethyl-
pyrocarbonate and glutathione were obtained
from the Sigma Chemical Co. (MO, U.S.A)).
Bromosulphophtalein and  1-chloro-2,4-dinitro-
benzene were from Merck (Darmstadt, Germany).
All other chemicals were of highest purity and
obtained from common commercial sources.

Rat liver microsomes and microsomal glutathione
transferase were prepared as described earlier
[12,13]. The specific activity of microsomal glu-
tathione transferase with 0.5mM 1-chloro-2,4-
dinitrobenzene was measured as described [13].

Lipid peroxidation in microsomes was started by
the addition of ascorbate (0.5 mM) and Fe**-ADP
(6 uM—2 mM) to freshly prepared microsomes (0.3-
0.9 mg protein/mL) in 50mM Tris-HCl, 0.14M
NaCl, pH 7.4, at 37° as described by Burk [2], and
assayed by determination of thiobarbituric acid
(TBA) reactive substances [14] expressed as
malonaldehyde equivalents (€535 = 156 mM ™! cm™!).
Glutathione and glutathione analogues at the
concentrations indicated in the figures were added
before Fe’*-ADP and all experiments were per-
formed at least twice.

In order to inhibit the selenium-dependent
glutathione peroxidase, mercaptosuccinate (50 uM)
[15] was added before Fe3*-ADP as described above
+ glutathione (5 mM) and lipid peroxidation was
followed for 60 min at 10 min intervals. Phospholipid
hydroperoxide glutathione peroxidase was inhibited
by preincubation of microsomes (10-20 mg/mL)
in 50mM Tris-HCl, 0.14M NaCl with 1 mM
iodoacetate and 0.5 mM glutathione [16] on ice for
10-100 min before being added to incubations and
lipid peroxidation was followed for 60 min at 10 min
intervals. This treatment did not result in activation
of the microsomal glutathione transferase activity.
These experiments were performed twice.

Activation of the microsomal glutathione trans-
ferase activity in microsomes by N-ethylmaleimide:
microsomes (10-20 mg/mL in 50mM Tris-HCl,
0.14 M NaCl, were incubated with 0.2 or 1 mM N-
ethylmaleimide on ice for 10-100 min before being
added to incubations. This consistently resulted in a
4-6-fold increase of the activity towards 1-chloro-
2,4-dinitrobenzene.

Activation of the microsomal glutathione trans-
ferase activity in microsomes by cystamine: micro-
somes (10-20 mg/mL) in 50 mM Tris-HCl, 0.14 M
NaCl, were incubated with 10 mM cystamine on ice
for 10~20 min and subsequently diluted 5-fold with
0.15 M Tris—HCl, pH 8, and centrifuged at 100,000 g
for 30 min to remove excess cystamine. The pellet
was rinsed and resuspended in the original volume
of S0mM Tris—-HCI, 0.14 M NaCl, before being
added to the incubations. This treatment consistently
resulted in a 4-6-fold increase of the activity towards
1-chloro-2,4-dinitrobenzene.

Thiol content in control and treated microsomes
(20mg/mL) was measured with 2,2'-dipyridyl
disulphide in 1% sodium dodecyl sulphate, 0.1 M
sodium phosphate at pH 7 [17]. The amount of thiol
was 50 nmol/mg protein in control microsomes.

Microsomal phospholipids were extracted from
rat liver microsomes and separated on a silica gel
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column [18]. The lipids were stored in sealed tubes
under nitrogen at —18°.

Electrophoretically homogenous preparations of
NADPH-cytochrome P450 reductase (20-22 nmol
flavin/mg) and cytochrome P450 (CYP2B1) (10.5~
13 nmol/mg) were prepared from liver microsomes
of phenobarbital-treated rabbits according to
methods of Yasukochi and Masters [19] and Haugen
and Coon [20], respectively. The activity of NADPH-
cytochrome P450 reductase was determined at 30°
in 0.33 M potassium phosphate buffer, pH 7.6, by
monitoring the reduction of cytochrome ¢ at 550 nm.
Cytochrome P450 was determined according to
Omura and Sato [21]. Oxidation of NADPH was
quantified spectrophotometrically at 340 nm using
the absorption coefficient 6.2 mM~'em™!,

Activation of purified microsomal glutathione
transferase with 5mM N-ethylmaleimide was per-
formed for S5min on ice and the reaction was
terminated by the addition of an equimolar amount
of glutathione (activation was usually 10-fold).
Inactivation of microsomal glutathione transferase
was performed with 2 mM diethylpyrocarbonate for
20 min on ice (inactivation was more than 90%).

Membrane vesicles were prepared in the following
way: 20 mg of microsomal phospholipid dissolved in
chloroform-methanol (2: 1) was dried under a stream
of nitrogen, 0.2 mL of 20% cholate was added and
the mixture was sonicated until the solution became
transparent. Buffer (1.8 mL) containing 10 mM
potassium phosphate, pH 7.0, 20% glycerol, 0.1 mM
EDTA, 50 mM potassium chloride (referred to as
buffer E) and 2 mg of purified activated or inactivated
(we chose to use inactivated enzyme as a control in
view of the effect that protein content could have
on lipid peroxidation) microsomal glutathione
transferase in 10 mM potassium phosphate, 0.1 mM
EDTA, 1% Triton X-100, 1 mM glutathione, 20%
glycerol, 0.1 M KCI (vol. 2-4 mL) was added. The
enzyme—phospholipid solution was then dialysed for
72 hr against buffer E containing 1 mM glutathione
and 0.05% cholate (2 changes/24hr) and then
reductase (5000 U) and cytochrome P450 (10 nmol)
were added. The dialysis was continued for an
additional 48 hr against buffer E (2 changes/
24 hr) and subsequently against 10 mM potassium
phosphate, pH 7, 0.05 M KCl (48 hr with 2 changes/
24 hr). The proteoliposome solution was kept under
nitrogen and stored at 4°. Recovery of the cytochrome
P450system was >80% and the activity of microsomal
glutathione transferase was approximately 5 umol/
min mg (2-fold activation). The latter value is lower
than what was expected from the initial activation
but reasonable in view of the slow gradual decline
of activity during dialysis and storage. Inactivated
microsomal glutathione transferase activity was not
measurable after dialysis.

Reaction mixtures contained membranes cor-
responding to 0.25 nmol cytochrome P450 and 10 uM
Fe:EDTA (2:1) in 50 mM potassium phosphate
buffer, pH7.4 in a final volume of 1mL. The
incubations were started by the addition of 75 uM
NADPH at 30°. Aliquots of the incubation mixtures
(37.5 uL) were taken at defined time points and
mixed with 25 ul. 40% trichloroacetic acid, 12.5 uL
5M HCl and 25ul. 2% TBA [20]. In control
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Fig. 1. Malonaldehyde equivalent formation in rat liver microsomes undergoing non-enzymic lipid

peroxidation. (a) N-Ethylmaleimide (0.2 mM)-pretreated microsomes in the absence of added

glutathione (O); in the presence of 0.1 mM (A) or SmM (O) glutathione. Untreated microsomes in

the presence of 5mM (@) glutathione. (b) N-Ethylmaleimide (1 mM)-pretreated microsomes in the

absence of added glutathione (O); in the presence of 5mM (0) glutathione. Untreated microsomes in

the absence of ({)) or presence of 5 mM (@) glutathione. Experimental details are described in Materials
and Methods.

incubations, NADPH was added after HCl and the
absorbance was subtracted from the corresponding
sample. The results are representative of two to
three experiments.

Protein was determined by the method of Peterson
[22] with bovine serum albumin as the standard.

RESULTS AND DISCUSSION

To determine whether a certain activity (in this
case glutathione-dependent protection against lipid
peroxidation) can be attributed to a specific protein,
in a complex system such as microsomes, two
approaches can be adopted. First, one can compare
known characteristics of the purified enzyme to the
properties of the microsomal activity. Second, one
can elucidate whether the mechanism of the activity
is compatible with the function of the protein in
question. In the present study we have taken the
former approach to investigate if known properties
of the microsomal glutathione transferase (sulphydryl
reagent activation and limited substrate specificity
towards glutathione analogues) correspond to those
of the glutathione-dependent factor that protects
against lipid peroxidation.

It was shown earlier that sulphydryl reagents and
proteolysis abolish the protective effect of glutathione
against lipid peroxidation [2, 3]. This would seem to
rule out a role for the microsomal glutathione
transferase in mediating this protection, since this
enzyme is activated by sulphydryl reagents and
proteolysis. However, the antioxidant capacity of
membrane sulphydryls (which is lost upon treatment
with sulphydryl reagents or proteases) is critical as
such, as shown by Takenaka et al. [23].

Reexamination of the effect of treating microsomes
with 1mM N-ethylmaleimide revealed that a
substantial part (but not all as claimed earlier [3])
of the protection against lipid peroxidation afforded
by 5mM glutathione is removed (Fig. 1). N-

Ethylmaleimide pretreatment at a lower con-
centration (0.2 mM) does not abolish the glutathione-
dependent protection against lipid peroxidation, and
there is some protection even at a low glutathione
concentration (0.1 mM) (Fig. 1a).

Since both concentrations of N-ethylmaleimide
effectively activate the microsomal glutathione
transferase the results are consistent with a balance
between activating th}'s enzyme and the blocking of
other sulphydryls that serve an antioxidant role or
are essential for the activity of another enzyme.

The results prompted us to try another sulphydryl
reagent with more hydrophilic characteristics [cys-
tamine, that has a more limited access to sulphydryls
within the membrane (see below)] to examine
whether, indeed, the factor responsible for protection
could be activated. As is evident in Fig. 2, there
is a marked increase in glutathione-dependent
protection against lipid peroxidation by pretreating
microsomes with cystamine at a concentration that
activates the microsomal glutathione transferase.

The lack of activation of the protection by N-
ethylmaleimide versus the effectiveness of cystamine
could be a consequence of different access to
membrane sulphydryls (under our incubation
conditions 0.2, 1 mM N-ethylmaleimide and 10 mM
cystamine react with 20%, 60% and 14% of the
microsomal thiol groups, respectively) but also of
the different type of bonds formed (thioether vs
mixed disulphide).

The glutathione peroxidase activity of the purified
microsomal glutathione transferase is increased by
sulphydryl reagents [5,13], and it is therefore
reasonable to assume that activation of the enzyme
can improve its ability to protect membranes against
oxidative stress.

In order to test whether phospholipid hydro-
peroxide glutathione peroxidase (which is known
to associate to some degree with intracellular
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Fig. 2. Malonaldehyde equivalent formation in rat liver microsomes undergoing non-enzymic lipid

peroxidation. Untreated microsomes without (0) and with (W) 5mM glutathione added. Cystamine-

treated microsomes without (O) and with (@) 5mM glutathione added. The bar diagram shows the

mean % (+ SEM, N = 3) of malonaldehyde equivalents formed in the presence of glutathione compared

to the amount formed in the absence of glutathione at 60 min of incubation (which is 100%) for the

control (untreated) and cystamine-activated microsomes (*P < 0.001 using Student’s t-test). Experimental
details are described in Materials and Methods.
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Fig. 3. Malonaldehyde equivalent formation after 20 min in rat liver microsomes undergoing non-
enzymic lipid peroxidation in the presence of glutathione and glutathione analogues. Glutathione
(GSH), Glutaryl-L-Cys-Gly (2), y-D-Glu-L-Cys-Gly (4), a-L-Glu-L-Cys-Gly (5), a-D-Glu-L-Cys-Gly (6),
B-L-Asp-L-Cys-Gly (7), a-L-Asp-L-Cys-Gly (9) and &-D-Asp-L-Cys-Gly (10) were included at 5 and
10 mM concentrations as indicated. Control without added analogue or GSH (c). Values are means +
SEM, N =3 (5 and 10 mM). An * denotes P < 0.001 using Students #-test. Experimental details are
described in Materials and Methods. The specific activity of microsomal glutathione transferase with
0.5mM 1-chloro-2,4-dinitrobenzene and 5 mM analogue is 5, 1, 0.08 and 4 umol/min mg towards
Glutaryl-L-Cys-Gly (2), a-L-Glu-L-Cys-Gly (5), a-D-Glu-L-Cys-Gly (6) and glutathione, respectively
(the other analogues had no detectable activity) [32].

membranes [24]) is also involved in protecting
microsomes against lipid peroxidation under these
conditions, we examined the effect of pretreating
microsomes with iodoacetate together with gluta-
thione [16]. Also, any possible involvement of the
classical selenium-dependent glutathione peroxidase
was tested by the incorporation of mercaptosuccinate
during assay of glutathione-dependent protection
against lipid peroxidation. None of the inhibitors

had any effect on glutathione-dependent protection
(not shown) which is in agreement with the findings
of Bast and Haenen [25]. Based on experiments with
microsomes contaminated to different degrees with
cytosol, Burk (2] also concluded that contaminating
cytosolic factors could be ruled out. In this context,
however, it is pertinent to point out that the addition
of several cytosolic factors (including selenium-
dependent phospholipid hydroperoxide glutathione
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Fig 4. TBA-reactive material produced during enzymic
lipid peroxidation induced by 75 uM NADPH and 10 M
Fe-EDTA (2: 1) inreconstituted membranes with NADPH-
cytochrome P450 reductase and cytochrome P450 together
with activated (a) and inactivated (b} microsomal
glutathione transferase (@). The effect of including 5 mM
glutathione (O). Details are described in Materials and
Methods.

peroxidase [9], selenium-dependent glutathione
peroxidase [26] and cytosolic glutathione transferase
[27]) can protect membranes from lipid peroxidation
in a glutathione-dependent manner either alone
(selenium-dependent phosphoplipid hydroperoxide
glutathione peroxidase) or in conjunction with
phospholipase A,. Thus, in the intact cell,
the glutathione-dependent protection against lipid
peroxidation most likely includes multiple defence
systems.

The protection against lipid peroxidation in rat
liver microsomes has been shown to be specific for
glutathione insofar as cysteine, mercaptoethanol and
dithiothreitol cannot substitute for this compound
[2]. This is another observation that speaks against
arole for the phospholipid hydroperoxide glutathione
peroxidase (in this system) since this enzyme displays
a very broad specificity towards thiols [9].

The structural features of the y-glutamyl residue
in glutathione that are essential for its function in
protection against lipid peroxidation were compared
with the requirements of the purified microsomal
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Fig. 5. The effect of 100 uM bromosulphophtalein on
glutathione-dependent protection against lipid peroxidation
in reconstituted membranes. Conditions are the same as
described for Fig. 1, with native microsomal giutathione
transferase. The incubation time was 60 min [with6.8 = 0.68
(N = 3) nmol TBA-reactive substances being formed/nmol
P450min]. * Denotes that the inhibitory effecton protection
seen by bromosulphophtalein is statistically significant
(Student t-test, P < 0.05).

glutathione transferase (Fig. 3). Clearly, the two
analogues that can inhibit lipid peroxidation in
microsomes are also good substrates (see legend to
Fig. 3) for the microsomal glutathione transferase.
The ineffective analogues are not substrates, except
for a-D-Glu-L-Cys-Gly, which is a very poor
substrate. This lends strong support to the conclusion
that microsomal glutathione transferase inhibits lipid
peroxidation. Furthermore, the subtle alterations
(having little effect on chemical reactivity [11]) made
in the five ineffective analogues show that there is
apparently no non-enzymic component involved in
the protection by glutathione.

As can be seen (Fig. 3) a-L-Glu-L-Cys-Gly is
effective at inhibiting lipid peroxidation both at 5
and 10mM, whereas Glutaryl-L-Cys-Gly is less
effective at 5mM. This is somewhat surprising in
view of the higher specific activity seen with the
latter. It must be remembered, however, that we
are comparing, on the one hand, the ability of the
analogues toinhibit lipid peroxidation in microsomes,
where the capacity to serve as a substrate for the
microsomal glutathione transferase as a glutathione
peroxidase is presumably critical, and on the other
hand, the capacity of the analogue to serve as a
substrate for the purified microsomal glutathione
transferase in the conjugation of 1-chloro-24-
dinitrobenzene. Therefore, more subtle comparison
is as yet premature. Work to characterize phospho-
lipid hydroperoxides and glutathione analogues as
substrates in relationship to each other and
glutathione is under way in our laboratory.

The work described here does in no way exclude
the existence of a glutathione-dependent vitamin E
radical reductase. However, if this were the
sole enzyme responsible for glutathione-dependent
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protection against lipid peroxidation in microsomes,
it would have to share with the microsomal
glutathione transferase the property of being
activated by cystamine, its restricted use of
glutathione analogues and inhibitor sensitivity 5, 10].
Also, recent work using ESR techniques gave no
evidence for the existence of a vitamin E radical
reductase that utilizes glutathione {28].

Another set of experiments involving recon-
stitution of microsomal glutathione transferase into
liposomes together with cytochrome P450 and
NADPH-cytochrome P450 reductase (as an enzymic
lipid peroxidation system [29, 30]) were performed
to investigate whether the enzyme can inhibit lipid
peroxidation. Incubation of membrane vesicles
containing cytochrome P450, NADPH-cytochrome
P450 reductase, microsomal glutathione transferase
and microsomal phospholipids with Fe-EDTA and
NADPH resulted in a time-dependent production
of TBA-reactive products (Fig. 4). Two different
sets of membranes were prepared, one containing
inactivated microsomal glutathione transferase and
one containing activated enzyme. The rate of
reaction was independent of the state of activity of
the glutathione transferase in the absence of added
glutathione (Fig. 4). When 5 mM glutathione was
added to the reaction mixture, a prolonged lag phase
was observed only with the membranes containing
the active form of microsomal glutathione transferase
(Fig. 4a). This demonstrates the ability of rat liver
microsomal glutathione transferase to inhibit lipid
peroxidation and is relevant to the in vivo situation
in the respect that enzymatic lipid peroxidation was
employed utilizing a microsomal cytochrome P450
system and phospholipids. To further confirm the
involvement of microsomal glutathione transferase,
the effect of bromosulphophtalein, an inhibitor of
the enzyme [31], was investigated. It was shown that
the compound could reverse the glutathione-
dependent protection against lipid peroxidation in
this system (Fig. 5) whereas it did not affect
the extent of lipid peroxidation without added
glutathione. This finding is in agreement with those
of Yonoha and Tampo [4] and Mosialou and
Morgenstern [5] who showed that bromo-
sulphophtalein inhibits glutathione-dependent pro-
tection of lipid peroxidation in microsomes.

In summary, the results reported here together
with earlier findings [S5] indicate strongly that rat
liver microsomal glutathione transferase can inhibit
lipid peroxidation and remove harmful products of
lipid peroxidation. These functions of the enzyme
put it in the category of proteins that can protect
the organism under conditions of oxidative stress.
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