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Abstract
Background - Selenium dependent gluta-
thione peroxidase (GPx) reduces hydrogen
peroxide (H202) and organic hydrogen per-
oxides in both normal and pathological
states. Chronic dietary deficiency of sel-
enium results in a gradual decrease in GPx
and altered response to environmental
stress. However, glutathione-S-trans-
ferase (GST) isozymes may increase and
compensate for chronic GPx deficiency.
The pattern ofantioxidant enzyme activity
and immunolocalisation of various en-
zymes in rat lung has not been described
in short term (<3 weeks) acute selenium
deficiency.
Methods - The time course of GPx de-
pletion from rat lung (measured every five
days in subgroups of rats) during acute
dietary selenium deficiency was evaluated.
After 20 days ofdepletion, enzyme activity
of lung GPx, catalase, superoxide dis-
mutase (SOD), glutathione reductase
(GR), glucose-6-phosphodiesterase (G-6-
PD), and GST were determined. Immuno-
histochemical localisation of GPx and
SOD was also performed. The response
to lethal hyperoxia (>95%) in control and
selenium deficient rats was then es-
tablished.
Results - At 20 days, lung GPx activity in
the rats fed a selenium deficient diet was
one third less than in control animals who
received a normal diet, while changes in
blood enzymes between control and de-
ficient animals were similar. Other lung
enzyme activities remained normal with
the exception of cyanide inhibited SOD
activity measured in selenium deficient rat
lungs which declined to -%,50% of normal.
Immunohistochemical localisation ofGPx
showed a generalised loss of the enzyme
throughout the lung parenchyma with
some possible sparing of activity in epi-
thelial cells of the bronchioles. When
exposed to lethal hyperoxia, selenium
deficient animals were more susceptible
than control rats.
Conclusions - This is the earliest time
at which dietary selenium deficiency has
been shown to produce moderate loss of
GPx activity. This change in activity was
associated with increased susceptibility to
pulmonary oxidant stress. However, the
role of decreased SOD activity (presumed
to represent copper, zinc SOD), although
unexpected, may have been a major con-
tributor to increased damage from
hyperoxia. These results emphasise the

complex potential interaction ofelemental
deficiency with the natural antioxidant re-
sponse to lethal hyperoxia.
(Thorax 1996;51:479-483)

Keywords: glutathione peroxidase, superoxide dis-
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Selenium dependent glutathione peroxidase
(GPx) is a primary antioxidant enzyme that
reduces hydrogen peroxide and organic hydro-
peroxides generated by both physiological and
pathological processes.' Dietary deficiency of
selenium produces gradual loss of GPx and an
altered physiological response to environmental
stress.4 Rats subjected to chronic deficiency
have decreased tolerance to oxidant stress in-
cluding hyperoxia.58 However, prolonged sel-
enium deficiency with loss of GPx can also
trigger increased levels of glutathione-S-trans-
ferase (GST) isozymes which provide a non-
selenium dependent peroxidase function to
compensate for loss of GPx function.9 In this
respect, the significance of selenium deficiency
to the mechanism of increased susceptibility
to environmental oxidant stress is not clear.
Nonetheless, given the susceptibility of endo-
thelial cells to hyperoxic damage'°"1 and the
apparent reliance ofthis cell type on antioxidant
defence mechanisms centred on GPx,'2-14 the
suggestion that decreased levels of GPx alone
can increase susceptibility to oxidant stress
bears consideration.7

It was hypothesised that short term selenium
deficiency could produce a low level of de-
pletion of GPx; this deficiency could be
localised to specific lung tissue primarily
dependent on GPx for antioxidant defence and
would correspond with increased whole animal
susceptibility to hyperoxic stress. We have util-
ised a relatively short dietary depletion of sel-
enium to produce GPx loss without larger shifts
in homeostasis that may result in confounding
effects. The time course of acute GPx depletion
was determined in rat lung and blood during
20 days of feeding with a selenium deficient
diet. A broad spectrum of antioxidant enzyme
activity was determined for lung and blood
along with animal susceptibility to hyperoxia.
The various cell types that constitute the

lung do not possess the same complement of
antioxidant enzymes'5 and also show differ-
ences in the response to xenobiotic toxicants
such as hyperoxia." In deficiency studies, cells
critical to the development of specific disease
processes may show different patterns in the
time of depletion. This study therefore also
used histological localisation of enzymes by
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immunological means to determine whether
cell populations highly susceptible to oxidant
stress may also be primarily depleted of GPx or
other enzymes affected by selenium deficiency.

Methods
ANIMAL PREPARATION
The protocols for these experiments were ap-
proved by the UW Animal Care Committee.
Sprague-Dawley male rats weighing 180-200 g
were obtained from the Charles River Breeding
Labs (Portage, Michigan, USA) and were cer-
tified free of specific bacterial, viral, and para-
sitic pathogens. The rats were maintained on
a 12 hour light/dark cycle and given water
and feed ad libitum. Hyperoxic exposure was
completed as previously described'6 during
which time feeding with selenium deficient or
control diets was maintained.

All feed was obtained from Harlan Teklad
(Madison, Wisconsin, USA) in the form of a
Torula yeast based diet. The selenium de-
ficient diet, TD 92087, contained 3-0 g/kg
methionine.817 The control diet, TD 92198,
was compounded identically but with the in-
clusion of 0 15 ppm (,ug/g) sodium selenite.

BIOCHEMICAL AND IMMUNOHISTOCHEMICAL
ANALYSIS
The LSAB2 kit and reagents for immuno-
histochemistry were obtained from Dako
Corporation (Carpinteria, California, USA).
Whole rabbit antisera to GPx and copper, zinc
superoxide dismutase (CuZn SOD) were pro-
duced and characterised as previously de-
scribed'5 and were kindly supplied by Dr Larry
Oberley of the University of Iowa. All other
reagents were obtained from Sigma Chemical
Co. (St Louis, Missouri, USA).

Biochemical assay
Lung samples were collected from rats for bio-
chemical assays and processed as previously
described'6 with homogenisation in 50 mM
potassium phosphate buffer, pH 7 0, and a
single freezing in liquid nitrogen for storage
before analysis. Blood contamination of each
lung was determined at the time of sample
collection by the dithionite index method of
Cross et al as modified by Tanswell and
Freeman.'819 Sonicated blood samples were
frozen and later assessed for biochemical ac-
tivities at the same time as lung homogenates.
The total activity of each homogenate was
corrected for the amount of activity contributed
by contaminating blood such that all activities
are representative of lung tissue only.

Protein concentrations were determined by
the bicinchoninic acid method20 and total DNA
by the method ofDowns and Wilfinger.2' Cata-
lase and GPx, using hydrogen peroxide as
substrate, were determined as previously
described.'6 GPx activity was defined as 1 jsmol
NADPH oxidised per minute and catalase ac-
tivity was in international units. Glutathione
reductase (GR) activity was measured in units

of 1 ptmol oxidised glutathione reduced per
minute using the method of Goldberg and
Spooner.22 Glucose-6-phosphate dehydro-
genase (G-6-PD) activity was defined as the
reduction of 1 ,umol NADP per minute using
the method of Langdon.2" GST activity was
determined using 1-chloro-2,4-dinitrobenzene
as substrate and was defined as 1 gsmol of prod-
uct formed per minute.24 The method of Spitz
and Oberley was used to determine total SOD
activity25 with each homogenate assayed in a
series of dilutions containing from 1-400 [tg
protein. Activity was determined from the
amount of inhibition of a xanthine/xanthine
oxidase standardised reaction. The assay was
repeated with inclusion of 5 0 mM sodium cy-
anide to inhibit CuZn SOD which provides
a separate measurement of manganese SOD
(Mn SOD) activity. One unit of activity was
defined as the protein content producing half
maximal inhibition. All spectrophotometric de-
terminations were made using a Beckman DU-
7HS spectrophotometer.

Immunohistochemical assay
For immunohistochemical analysis rat lung
samples were obtained by double perfusion
fixation and further treated as previously de-
scribed,'5 but with the following exceptions.
Four micron sections were cut and collected
on slides coated with 3-aminopropyltri-
ethoxysilane (Sigma Chemical Co.). The strep-
tavidin-biotin linked immunostaining reagents
used were as supplied by the LSAB2 kit. The
greater sensitivity and lower background re-
sulting from these reagents allowed better
immunostaining for GPx and CuZn SOD than
previously described, although trypsinisation of
sections was still necessary for optimal local-
isation of extracellular GPx in elastic tissue.'5
All sections were immunostained sim-
ultaneously using the same reagent pre-
parations and antisera dilutions of 1: 100.
Identically treated sections were exposed to
normal rabbit serum instead of primary anti-
serum to serve as a control. Normal rabbit
serum was diluted to the same protein con-
centration as the antisera.

DATA ANALYSIS
Statistically significant differences were de-
termined by two-tailed, unpaired Student's t
tests. Immunostaining was assessed by two
blinded observers.

Results
Rats were placed on control or selenium de-
ficient diets and lung and blood samples were
obtained for biochemical analysis at five day
intervals for 20 days of feeding, during which
a progressive decrease in GPx activity was seen
(fig 1). At all time points the levels of GPx
activity for selenium deficient animals were
significantly lower than control values. The 20
days of selenium deficient diet produced a loss
of over 30% of normal GPx activity. The mean
activities for control values did not show any
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significant changes between the different time
points (pooled mean (SD) activity = 0-19
T(002) units/mg protein, n = 21).

BIOCHEMICAL
Animals maintained on the selenium deficient
diet for 20 days appeared grossly normal and
their lungs were histologically normal. How-
ever, they had a 10% decrease in lung weight
compared with control animals (p = 005), al-
though body weights and lung:body weight
ratios were statistically normal as were lung
protein:DNA ratios (table). Further bio-

I I I chemical effects of this treatment are detailed
5 10 15 20 in the table. Besides loss of GPx activity, total

Days of feeding SOD activity was also significantly less for the

Figure 1 Loss of glutathione peroxidase(GPx) activity
from the lung in rats fed a selenium deficient diet for 20
days. Data represent mean (SD) and are expressed as the
percentage of the activity in control animals for each time
point (n = 5 or 6).

Mean (SD) effects of dietary selenium deficiency for 20 days in rats

Control Selenium deficient
(n = 5) (n = 5)

Body weight (kg) 0-31 (0 01) 0 30 (0-01)
Lung weight (g) 1-10 (0 09) 1-00 (0-06)
Lung:body weight ratio 3-56 (0 32) 3-34 (0-22)
Lung biochemistry
mg protein/mg DNA 81-7 (19-0) 83-9 (12-7)
GPx (units/mg DNA) 14-7 (3-1) 9 9 (1 9)*
GST (units/mg DNA) 7-7 (2-1) 7-9 (1 1)
GR (units/jig DNA) 2-8 (0 7) 3 0 (0-6)
G-6-PD (nm/min/jg DNA) 3-3 (0 7) 3 6 (1-0)
Catalase (units/min/jg DNA) 3 9 (0 8) 4-1 (1 1)
SOD (units/jig DNA)

Total 31-5 (3 8) 18 3 (1-9)*
Cyanide inhibited 5-9 (0-6) 5-6 (1 1)
Cyanide resistant -25-6 -12 7

GPx =glutathione peroxidase; GST = glutathione-S-transferase; GR =glutathione reductase;
G-6-PD = glucose-6-phosphate dehydrogenase; SOD= superoxide dismutase.
* p<005 (Student's two tailed unpaired t test).

Figure 2 Immunostaining of lung sections using normal rabbit serum instead ofprimary
antisera showing normal background staining together with nuclear staining primarily due
to the haematoxylin counterstain. This lung sample was obtained from an animal fed
control diet but is representative of results from lung sections from selenium deficient rats
treated with normal rabbit serum. Magnification x 260 reduced to 62% in origination.

selenium deficient group, while the cyanide
inhibited assay showed no change from normal
levels. All other parameters were normal. No
significant differences in enzyme activities were
found in the blood samples from control or
selenium deficient groups (data not shown).
Blood GPx activity for the selenium deficient
group was approximately 76% that of the con-
trol group, but this was not a significant differ-
ence.

HYPEROXIC EXPOSURE
Groups of animals fed the control or selenium
deficient diets were placed into an environment
of 95% oxygen after 20 days and the specific
diet continued. The mean (SE) time until death
for the selenium deficient group was 73-8 (1 9)
hours (n = 9), while control animals survived a
mean of 97-5 (2-0) hours (n=8). This differ-
ence was significant.

IMMUNOHISTOCHEMICAL
Histological sections of lung immunostained
for GPx showed that the enzyme was pre-
dominantly localised in the bronchiolar epi-
thelial cells with less marked labelling of the
periarteriolar and peribronchiolar muscularis
(figs 2 and 3). Moderate staining of all the
cellular elements of alveolar tissue was also
seen. Trypsinised sections also demonstrated
marked labelling of elastic tissue in areas sur-
rounding alveolar ducts, blood vessels, and
airways. Selenium deficiency produced a gen-
eral loss of immunostaining for GPx through-
out the lung (fig 4). Parenchymal lung tissue
showed only minimal immunostaining which
barely exceeded that of the control sections
following exposure to normal rabbit serum in-
stead of primary antisera. Immunostaining of
the bronchiolar epithelium and the muscle
coats of the airways and blood vessels was also
markedly diminished. Clara cells retained more
intense staining than other lung cells. Tissue
sections immunostained for CuZn SOD
showed minor differences between treated and
control groups (data not shown). In both
groups considerable staining occurred in the
epithelial cells of the bronchioles, less intense
staining was observed in endothelial cells and
the smooth muscle cells of arterioles, and only
minimal staining was seen in all other cellular
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Figure 3 Lung section of a control animal showing a normal distribution of gluta
peroxidase (GPx) following immunolocalisation. This untrypsinised section shows c
staining of the pulmonary parenchyma, dense staining of bronchiolar epithelial cells
especially Clara cells, and marked staining of the muscle cells of both the bronchiol
arteriole. Magnification x 260, reduced to 62% in origination.

'-..,

Figure 4 Section of a selenium deficient lung showing loss of glutathione peroxida
(GPx) throughout the tissues of the lung following immunolocalisation compared w
normal lung section (Jig 3). Note that parenchymal lung immunostaining barely e:

that of the normal rabbit serum control (fig 2). Although diminished, immunostair
Clara cells is maintained compared with that of other cells. Magnification x 260,
to 62% in origination.

elements of the lung. A very subtle 1l
intensity of staining was apparent in se

from the selenium deficient group, but th
inconsistent across the tissue sections.

Discussion
This study used dietary selenium deficier
relatively short periods in order to dete
whether (a) loss of lung GPx activity
be uniquely obtained without confou
changes in other antioxidant enzymes or r

species, (b) this decrease in GPx activii
associated with increased susceptibili
hyperoxia, and (c) it was possible to 1(
loss of GPx activity to specific cell popul
most susceptible to oxygen toxicity.

Short term deficiency ofselenium for 20 days
/ produced a linear decrease in lung GPx activity

that was consistent with findings of lung en-
zyme levels following more prolonged periods
of deficiency, but of smaller magnitude.67 At
20 days the lung deficiency effects were mainly

J e confined to loss of GPx activity; no changes in
blood levels of enzyme were observed, com-

* pensatory increases in GST did not occur, and
the activities of catalase and enzymes of the
glutathione reductase cycle remained un-
changed. The increased activity of GST pre-
viously shown to be dependent on loss of GPx
activity may also be dependent on prolonged

i_A deficiency and greater enzyme loss, and this
study was probably terminated before GST
induction occurred. Lack of changes in the
blood levels of GPx or levels of catalase in the
lung is consistent with previous studies and

-' reinforces the observation that blood enzyme
!thione activity does not adequately reflect tissue
liffuse levels.8
eand Total SOD activity was also decreased in

the selenium deficient rats. Activity following
cyanide inhibition was the same for both
groups, which suggests normal levels of Mn
SOD (cyanide resistant) but a significant loss
of CuZn SOD (cyanide inhibited) activity in
selenium deficient animals of about 50% of
normal as estimated by calculation. This was

* an unexpected result. The manner in which
the test diets were compounded precludes the
possibility of an additional, concurrent dietary
deficiency of either copper or zinc as the sel-
enium deficient diet was supplemented with
selenite to form the control diet. Another pos-
sibility is that a common pathway occurs in the

JX metabolic control of GPx and CuZn SOD,
perhaps related to the unexplained effects of

< copper deficiency on both CuZn SOD and
* GPx.26 Loss of GPx activity following selenium
*..4deficiency is a post-transcriptional change,
'< mRNA levels are maintained,2728 and loss of

activity precedes loss of immunoreactive pro-
tein.29 This would suggest that loss of CuZn
SOD would be a more direct effect ofdecreased

tse selenium pools. However, no change in SOD
pith the activity has been reported after more chronic
cengdsf selenium deficiency.6 Decreased CuZn SOD
reduced may be a result of the early decrease in GPx

activity and possible consequent increase in
cytosolic concentrations of hydrogen peroxide.
CuZn SOD is susceptible to inactivation by

oss of hydrogen peroxide,303" an effect ameliorated by
ctions a more prolonged deficiency and with a greater
lis was loss of GPx activity by compensatory increases

in GST isozymes that have peroxide meta-
bolising capability.9 However, given the lim-
ited data on SOD levels after chronic deficiency
and the method of assay used, it would be

icy for important to reassess the SOD status ofanimals
rmine at both early and late stages of selenium de-
could ficiency.
Anding Previous studies of rats fed a selenium de-
-elated ficient diet for up to 50 days have shown in-
ty was creased susceptibility to hyperoxic lung injury
ity to with lung GPx levels of 25-33% those of
ocalise controls.67 An additional study with 28 days of
lations feeding also caused a reduction of lung GPx

levels in treatment animals that was ap-
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proximately a quarter of control values.8 This
exceeds the duration of depletion suggested by
our study and previous studies, but may be
dependent on the method used for calculating
enzyme activities. Nonetheless, this 28 day
study also demonstrated increased sus-
ceptibility to hyperoxia. In our study rats sub-
jected to 20 days of selenium deficiency had
an increased susceptibility to 95% oxygen
which was surprising since GPx activity was

decreased to only about 30% below normal.
However, with the coincident decrease in CuZn
SOD activity, these animals had impaired de-
toxification mechanisms for both superoxide
and hydroperoxide that was increased with ex-

posure to hyperoxia. These combined effects
may have contributed substantially to the loss
ofnormal tolerance to pulmonary oxidant stress
exhibited by selenium deficient rats.
Immunohistochemical localisation of GPx

distinguished a general loss throughout the cells
of the lung parenchyma, including pulmonary
endothelial cells which may be particularly
susceptible to damage by hyperoxia1l'l and
dependent on GPx as a detoxification mech-
anism. 12-14 Immunostaining for CuZn SOD
showed no change in selenium deficient an-

imals compared with normal control rats al-
though biochemical activity was considerably
decreased. This would also be consistent with
the hypothesis that CuZn SOD protein is being
inactivated but is still present and immuno-
logically reactive. However, the immunohisto-
chemical method employed in this study is
qualitative and only roughly quantitative. It is
therefore not known if the 50% reduction in
CuZn SOD could be identified by light micro-
scopic immunohistochemistry.

This is the earliest point at which selenium
deficiency has resulted in increased pulmonary
susceptibility to subsequent oxidant stress.
While moderate depletion ofGPx was obtained
without increases in GST activity, the apparent
loss ofCuZn SOD activity was unexpected and
could contribute substantially to the loss of
pulmonary tolerance to the increased reactive
oxygen species generated by hyperoxic ex-

posure. This is a finding of considerable sig-
nificance to the understanding and interpreta-
tion of results from models using selenium
deficiency and needs to be addressed more

fully. These findings further emphasise the
complex temporal interaction of elemental de-
ficiencies with the natural antioxidant response

to hyperoxia.
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