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Figure 2 (a) GSTP in bronchial epithelial cells (big arrowhead), serous cells (small arrowhead), and chondrocytes
(bottom right side of photomicrograph). (b) Alveolar macrophages in the lumen and lining cells, particularly type II
alveolar cells (arrowheads), stained strongly for GSTP. (c) GSTA presence limited to airway epithelium (arrowhead),
alveoli and macrophages not stai.ned. (d) GSTM present in bronchial epithelium (arrowhead) including the brush border.
(e) Heterogeneous staining of alveolar macrophages for GSTM (small arrowhead) and weak staining of alveoli (big
arrowhead) which was more intense than a negative control sample. (t) Negative control showing no significant reaction
product. All that is visible is nuclei counterstained with haematoxylin. There is no immunoreactivity.

The primers 22y and 23y, when used together
in a PCR reaction, amplify a DNA fragment
of 202 bp in length, while the use of 22y and
24y together results in the amplification of a
fragment 275 bp long.

Results
LOCALISATION OF GST ISOENZYMES IN LUNG
TISSUE
There was complete agreement between the
two observers on the pattern of distribution of
GSTs in the lung samples. No formal attempt
was made to quantify the amount of GST
present, but cases were scored as positive when
the staining intensity was greater than a control
slide for which non-immune rabbit serum was
substituted for primary antiserum (fig 2f).

GSTP
GSTP was present in every lung examined.
Bronchial epithelial cells were strongly positive
with reactivity noted in cytoplasm, brush bor-
der, and most nuclei. Muscle, nerve, serous
glands, and chondrocytes were also positive
(fig 2a). Terminal bronchioles and both type
1 and type 2 pneumocytes contained GSTP.
Endothelial cells were not stained. Alveolar
macrophages were variably positive (fig 2b).
No differences were noted between smokers
and the two tissue samples from non-smokers.

GSTA
There was GSTA present in the cytoplasm,
some nuclei, and brush border of most, but
not all, bronchial epithelial cells. Some chon-
drocytes stained but alveolar lining cells
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Heterogeneous expression and polymorphic genotype of glutathione S-transferases in human lung

and macrophages were consistently negative
(fig 2c).

GSTM
The staining intensity for GSTM was less than
for other isoenzymes. Only two cases of the 21
studied showed strong staining for GSTM,
seven were weakly stained, and the remainder
were negative. The pattern of distribution was
the same as for GSTP, however - that is,
bronchi'al epithelium, types 1 and 2 alveolar
cells, and macrophages (figs 2d and 2e).

LOCALISATION OF GST ISOENZYMES IN
BRONCHOALVEOLAR LAVAGE FLUID
All four samples showed reactivity with GSTP
antibody, although in two cases GSTP ap-
peared to be partly degraded (fig 3). In three
cases no evidence was found to indicate that
haem was present. In one sample there was
trace positivity by testing with Dipstix.

POLYMERASE CHAIN REACTION ANALYSIS
PCR analysis resulted in specific fragments
which were easily interpreted when visualised
on agarose gels as described (fig 4). Of 16
DNA samples extracted from archival lung
tissue nine were null at the GSTM1 locus.
There was no correlation demonstrable be-
tween GSTM1 genotype and immuno-
phenotype. Analysis of 350 random DNA

3 4
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Figure 3 Western blot analysis of bronchoalveolar lavage fluid probed with antibody
against GSTP? In lanes 1 and 2 lower molecular weight bands reacting with antibody can
be seen, consistent with degradation of protein. This pattern is not seen with the positive
control sample ofpurified GSTP.

1 2 3 4 5 6___... 4 2/5 bp

.4 202 bp

Figure 4 Examination ofDNA amplified by polymerase chain reaction from blood
lysates and paraffin embedded tissue clearly identified the null GSTMI homozygous
genotype (lanes 2 and 5) as opposed to the presence of the intact wild type allele (lanes 1,
3,4, and 6). In each lane the constant lower molecular weight fragment represents control
amplification of GSTM4.

samples extracted from blood samples showed
that 198 individuals (56%) were null for
GSTM1.

Discussion
Our findings suggest that GST mediated pro-
tection against xenobiotic and oxidative stress
in the lung can be divided into two functional
compartments. In proximal airways all three
cytosolic forms (GST P, A, and M) were pre-
sent in lining epithelium, whereas the distal
alveolar compartment contained GSTP and
GSTM but no GSTA in both type 1 and 2
pneumocytes as well as macrophages. This is
consistent with biochemical studies which
showed that GSTP is the predominant lung
isoenzyme.2324 In a previous study of GST in
human lung development all isoenzymes were
identified, with GSTP being the predominant
isoenzyme. The levels of GSTP were higher
during fetal development, with strong reactivity
in bronchi and protoalveoli, and fell during
late gestation.25 In another study of only three
human lungs'6 GSTP, GSTA, and GSTM were
all reportedly present in alveoli. This is in-
consistent with the work of Fryer and col-
leagues in fetal lung'7 and with our own study.
The discrepancy may be because an im-
munofluorescence assay was used in the study
of Awasthi et all6 which is more sensitive but
also produces higher backgrounds. When we
omitted the preincubation of sections with a
blocking buffer containing 50% human serum
we also obtained diffuse alveolar staining with
all antibodies. Our findings are in broad agree-
ment with the distribution of GST enzymes
reported by Antilla and colleagues.'8

In previous studies of localisation of GST
in mouse and rat lungs4 ' cellular GST was
restricted to bronchial epithelial cells, including
the brush border, with virtually no GST iden-
tifiable in alveoli. In addition, GSTP in rat lung
was also identified as an extracellular protein in
association with elastin.'5 This was apparent in
electron but not light microscopic preparations.
We found no evidence for extracellular, in-
terstitial GST but we have suggested that
GSTP is present in bronchoalveolar lavage
fluid. Another possibility for the presence of
GSTP in bronchoalveolar lavage fluid is by
leakage from red blood cells. However, three
of the samples were negative for haem when
tested and the fourth showed a trace of haem.
This may indicate the presence of blood con-
tamination, but another possibility is that haem
present in cytochromes P450 was detected.
Cytochromes P450 are thought to be a normal
constituent of the epithelial lining fluid in the
lung (R Richards, personal communication).
Furthermore, our findings are consistent with
a previous study in which both GSTA and
GSTP were found in bronchoalveolar lavage
fluid of tumour-bearing lungs.26

Cigarette smoke contains a plethora ofchem-
icals, many ofwhich are electrophilic orbecome
electrophiles after metabolism principally by
cytochrome P450 enzymes. These compounds
serve as substrates for GSTP, GSTA, and
GSTM. Proximal airways contained GSTA
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which is involved in selenium-independent glu-
tathione peroxidation reactions, and which may
detoxify DNA and lipid hydroperoxides.' Its
presence in the brush border is therefore sug-

gestive of a role for GSTA in the protection
of bronchial epithelium. Most acute damage
following cigarette smoke inhalation is seen in
small distal airways and alveoli,27 a site lacking
this selenium-independent peroxidase pro-

tection. In individuals null at the GSTM1 locus
it therefore follows that the level ofprotection in
distal airways afforded by GSTs is significantly
reduced. Several reports have suggested that
the expression of GSTM in lung shows evid-
ence of polymorphism which is consistent with
the gene expressed being GSTM1 rather than
GSTM4. 723 In one study of 10 lungs, however,
no evidence of polymorphic expression was

seen although the level of GSTM catalytic
activity was markedly variable between
cases.24 In this present study we cannot con-

firm that the immunohistochemical expression
seen was specifically the polymorphic enzyme

GSTM1 rather than the non-polymorphic
GSTM4. Further studies are in progress to

address this problem by analysis of mRNA.
Support for the association ofGSTM1 status

and disease susceptibility comes from in vitro
studies of leucocytes which showed that cells
from GSTM 1 null individuals were more prone

to epoxide-induced DNA injury and sister
chromatid exchange.28 For this reason the
determination of GSTM1 genotype is im-
portant in considering individual susceptibility
to xenobiotics by inhalation of cigarette smoke.
This is equally relevant to metabolism oc-

curring in the lung, as well as other organs

including the liver where there is high ex-

pression of the enzyme.29

The presence of GSTP in alveolar macro-

phages and bronchoalveolar lavage fluid is in-
teresting. GSTP functions as a homodimer and
it can be readily inactivated by oxidation of
reduced sulphydryl groups.'3 It may therefore
function as a "sacrificial reactive protein" in
addition to being a GST-dependent enzyme.

Indirect support for this suggestion is provided
from a study where cigarette smoke reduced
GSTP activity in alveolar macrophages,29 des-
pite the fact that cigarette smoke contains many
chemicals which might increase GSTP ex-

pression. In these cells GSTP activity may have
been reduced by oxidative degradation rather
than by reduced expression of the protein.

We are grateful to Dr J D Hayes for providing antibodies against
GST. This work was supported by a grant from the Scottish
Office, Home and Health Department and by the Salvesen
Trust.
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