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Abstract-The biochemical maturation of the lung in late gestation and in the young animal is regulated 
by glucocorticoids. The present study was aimed at dissociating the different giucocorticoid receptor 
sites involved in these reguiatary functions. The obese Zucker rat was selected as a model for this study 
as it exhibits hypersensitivity to glucocorticoid hormone action by virtue of its eIevated receptor numbers 
and activity. Two synthetic steroid analogues were administered to obese animals; RU28362, a specific 
type II receptor agonist, and the type II antagonist RU486. RU28362 promoted a strong calaboiic 
effect, which was associated with reduced food intake and the abolition of growth in the rats. The 
agonist, RU28362, attenuated developmental increases in antioxidant enzyme activities, and altered 
the growth of the tissue. At the age studied, development of the lung phosphatidylchoiine (PC) system 
was almost complete, but RU28362 increased disaturated PC 16: O/16:0 concentrations by almost 2- 
fold, and altered the molecular composition of total pulmonary PC. RU486 attenuated the growth of 
the rats and reduced their food intake. Treatment with the type II antagonist attenuated lung growth 
and increased the activities of p~mona~ copper zinc fCu/Zn) and manganese (Mn) superoxide 
dismutases. RU4% had no effect on tung PC concentrations and mogccular composition. The data 
suggest a role for type I giucacorticoid receptors in the regulation of the antioxidant enzyme system in 
the lung, as type II antagonism will channel endogenous giucocorticoid binding to the type I site. Type 
II receptor binding would appear to play a role in regulating the lung PC content. 

Late gestational maturation of pulmonary surfactant 
has been shown to be linked to changes in 
glucocorticoid status in the foetus [l-6]. Similarly 
maturation of antioxidant enzymes has been shown 
to be accelerated by treating the foetus with 
dexamethasone, a synthetic glu~~~icoid~ Irz ufero 
171. Treatment of cuitured foetal lung cells with 
synthetic glucocorticoids also increases antioxidant 
enzyme activities [8]. The overall effect of 
glucocorticoids is, therefore, the advance maturation 
of the lung. 

Glucocorticoid action is mediated by two distinct 
receptor subtypes, best characterized in the brain 
[9], but also present in peripheral tissues [lo]. Type 
I sites (MR) bind both mineralocorticoid and 
glucocorticoids and have only weak affinity for 
synthetic steroids. Type II (GR) sites bind 
glucocorticoids only, and are of high affinity for 
synthetic steroids [ll, l2]. Corticosterone, in the rat, 
has dual metabolic actions djfferent~~liy mediated 
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by its specific binding to these sites [13]. Type II 
binding classically promotes catabolic functions, 
whilst type I binding promotes anabolic functions. 

Specific steroid analogues have been developed 
which distinguish between type I and type II receptor 
binding. RUB362 is a highly potent type If agonist, 
with little or no affinity for type I sites [14]. RU486 
is a potent antagonist of the same site, with no 
partial agonist activity [15]. RU486 is also an 
antagonist of the progesterone and androgen 
receptors [16]. 

We and others have previously reported that 
treatment of obese Zucker ~~~~~~ rats with the 
antiglucocorticoid RU486 effectively abolishes their 
obesity [17,18]. The central hypersensitivity of 
Zucker rats to glucocorticoid agonists [N-22] and 
antagonists [18], mediated by increased type I and 
type If receptor numbers (231, makes these animals 
a useful model for the study of glucocorticoid control 
of a number of physiolo~cal, ~havioural and 
biochemical processes. In the current paper we use 
this model to examine the specific receptor sites 
involved in the regulation of pulmonary phospholipid 
synthesisandantioxidantenzymeactivities. Although 
lung development was well beyond that of the foetal 
rat, the animals selected were of an age where the 
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lung was, in biochemical terms, still 
maturational changes. 

MATERIALS AND METHODS 

S. C. LANGLEY et al. 

undergoing 

Chemicals. All chemicals and reagents were 
purchased from the Sigma Chemical Co. (Poole, 
U.K.) or BDH (Poole, U.K.), with the exception 
of RU486 and RU28362, which were the kind gift 
of Dr D. Philibert (Roussell UCLAF, France). 

Animals. Four-week-old obese (fa/fa) male rats 
were bred from heterozygote matings in the 
Southampton University animal house. They were 
fed PRD rat chow (Labsure, Minea, Cambs, U.K.) 
ad lib., housed individually in wire-mesh cages in a 
room maintained at 22 ? 1” with a 14 : 10 light/dark 
cycle. 

(A) Body Weight grams. 

RU486 and RU28362 were dissolved in 70% 
ethanol diluted in 0.9% saline. RU486 (30 mg/kg 
body weight) was injected i.p. over an 11 day period. 
RU28362 was administered at a dose of 30mg/k 
body weight i.p. for 10 days. Control rats recetve d 
injections of an equal volume of vehicle. Injections 
were administered at 9.00a.m. each day. Six 4- 
week-old rats were killed on the first day of the 
experiment, without injection, to constitute a zero 
time control group. 

Throughout the study the rats were weighed and 
food intake determined at 9.00 a.m. daily. The rats 
were killed by decapitation between 9.00 and 
10.00 a.m. on the last day of the study. Tissues were 
rapidly dissected, rinsed in ice-cold saline and frozen 
in liquid nitrogen prior to storage at -80”. 

Enzymeassays. Lung antioxidant enzyme activities 
[Cu/Zn and Mn superoxide dismutases (Cu/Zn and 

l ** 

T 

50+ 1 1 I I 1 1 

0 2 4 6 8 10 12 
DAYS. 

(6) Food Intake grams. 
I 

/ I I 1 

4 6 6 10 12 

DAYS. 

Fig. 1. The effect of RU28362 treatment on the body weight (A) and food intake (B) of obese male 
Zucker rats. RU28362 was injected S.C. at 9.00 a.m. each day for 10 days. Data shown are mean 5 SEM 
for seven control and five treated animals. *, **, *** Indicate statistically significant differences 

(P < 0.05, 0.01, 0.001, respectively). 
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Fig. 2. The effects of RUZK%62 treatment on lung weight 
(A), lung protein content (B) anJ lung DNA content (C) 
of obese male Zucker rats. RU28362 was injected S.C. at 
9.00a.m. each day for 10 da_ys. Data shown are 
meas* .SEM for five zero time, sevea control and five 
treated animafs. *, ** Indicate statistically significant 
differences between control and RU28362 groups relative 

to zero time controls (P < 0.05, 0.01. respectively). 

Mn SOD”), cat&se (CAT) and glutathione 
peroxidase (GPX)] were determined in a single Tris- 
HCl-buffered homogenate preparation, as reported 
by Rickett and Kelly [24]. All lung enzyme activities 
were expressed per milligram DNA, determined by 
the method of Richards [25]. Hepatic tyrosine 
am~notransferase (TAT) activity was assayed as 
previously reported [22] and expressed per milligram 
protein, determined by the method of Bradford 1261. 
All assays were performed in batches of S-20 
samples, and to avoid interassay variations, results 
were standardized against a quality control (guinea 
pig liver). 

* A~bre~iat~oRs: CAT, catalasse; Cu/Zn SOD. copper 
zinc superuxide dismutase; GPx, glutathionc peroxidasez 
Mn Sob, manganese superoxide dlsmutase; P,iO, ratio of 
Cl6 to Cl8 fatty acids; TAT, tyrosine aminotransferase; 
PC, phosphatid$choIine. _ 

A~~iy,~~ of lung p~~sp~o~~pi~. Total lipid was 
extracted from lung homogenates using the method 
of Bhgh and Dyer [27]. Individual molecular species 
of ~hosp~atidylcholi~~ (PC) were identified and 
quantified by the fluorescence detection HPLC 
method of Postle [28]. 

Corticosterone determination. Corticosteroae in 
rat plasma was determined by radiojmm~~o~ss~y~ 
as described previously [18]. 

Statistical analysis. Data were analysed by one- 
way or two-way analysis of variance (ANC)VA), as 
appropriate, followed by a Tukey test for individual 
~mparis~~s where differences were indicated. 

RESULTS 

Tk efkct Of RU28362 on #Ale bddy weights Of 4- 
week-old male obese rats is shown in Fig. IA, The 
weight of control rats increased steadily throughout 
the experimental period. Rats receiving RU28362 
displayed an immediate cessation of growth, with a 
slight loss of weight (5%) over the last 8 days of 
treatment. Food intake was significantly (P i 0.001) 
decreased (27%) by RU28362 treatment, from the 
first day following initial agonist administration (Fig. 
IIS). The gonadal white adipose depot weight was 
reduced by 70% in RIJ28362 treated rats (0.16 4 0.05 
vs 0.56 + 0.08 g, P < 0.~1). A ~omparisol~ of the 
lung weights of 4-week-old zero time control obese 
rats with control animals at the end of the study, 
indicated that lung growth was occurring in animals 
of this age (Fig. 2A). Lung protein concentrations 
(Pig. 2B) increased over the study period, while lung 
DNA increased, but not significantly (Fig. 2C). In 
R~28362-~~ated rats lung weight, protein artd DNA 
were all significantly increased relative to zero time 
controls. Kncreased DNA concentrations in the lungs 
of RU28362-treated rats may indicate that the lungs 
of the animals contained more ceils than those of 
the controls, and unaltered protein content indicates 
these cells may be smaller than those in control 
lungs. 

Hepatic TAT activity was signi~~antly elevated in 
R~28362-treated animals fRt128362; 3J.20 i- 2.70 
YS corml1; 26. IO i- 1.80 ~mol/min~m~ protein, 
P < 0.05). Pulmonary Cu/Zn SOD, CAT and FPX 
increased significantly (35%, 45% and 130%, 
respectively) in control animals relative to the zero 
time controls (Fig. 3). The activity of Mn SOD did 
not change significantly over the period studied (Fig. 
3A). In RU28362-treated rats Cu/Zn SOD activity 
was increased relative to zero time controls hut the 
deveIopmenta1 increase was sign~~cant~y attenuated 
by the drug treatment (Fig. 3B). GPx and CAT 
activities in RU28362-treated animals were not 
si~ifica~tly different to those of zero time controls 
(Fig. 3C and D). 

The effecrs of rhe ~~~c~c~~t~co~d ~~rff~~~~~t RUG% 

The effect of RU486 on the body weight of 4- 
week-old obese male rats is shown in Fig. 4A. Over 
the II days of treatment the normal growth of 
RU486-treated rats was attenuated (53%) beginning 
on the fifth day of treatment, and becoming 
significant by the ninth day. Food intake (Pig. 4B) 
was also reduced (19%) by RW486 treatment, but 
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Fig. 3. The effects of RU28362 treatment on antioxidant enzyme activities of obese Zucker rat lung. 
(A) Mn SOD, (B) Cu/Zn SOD, (C) GPx, (D) CAT. RU28362 was injected S.C. at 9.00 a.m. each day 
for 10 days. Data shown are mean f SEM for five zero time, seven control and five treated animals. 
*, **, *** Indicate statistically significant differences between control and RU28362 groups relative to 
zero time controls (P < 0.05, 0.01, 0.001, respectively). @ and @@ indicate statistically significant 

differences between controls and RU28362-treated animals (P < 0.05, 0.01, respectively). 

this effect was not significant until the final day of 
the study. 

Gonadal fat depot weight was reduced by 60% in 
RU486-treatedanimals(0.14 f 0.06~~0.34 + 0.09 g, 
P < 0.05). Lung weight (Fig. SA) was significantly 
reduced (25%), and consistent with an inhibition of 
lung growth, lung protein (Fig. SB) and lung DNA 
contents (Fig. 5C) were also decreased (25% and 
35%) respectively). 

Hepatic TAT activity was not significantly changed 
by RU486 treatment (RU486; 24.50 2 1.95 vs 
control; 19.70 f 1.45 pmol/min/mg protein). Lung 
antioxidant enzyme activities are shown in Fig. 6. 
Mn SOD, Cu/Zn SOD, CAT and GPx activities all 
increased in both RU486-treated and control groups, 
relative to zero time controls (Fig. 3). Although 
activities of GPx, Cu/Zn SOD and Mn SOD were 
markedly higher in the controls of this study, relative 
to controls in the preceding agonist study, we are 
confident, through the use of a quality control, that 
this difference is not the result of interassay variation. 
RU486 treatment significantly elevated Mn SOD 
(23%) (Fig. 6A) and Cu/Zn SOD (12%) activities 
(Fig. 6B). GPx and CAT activities were unchanged 
relative to controls (Fig. 6C and D). 

The effects of RU486 and RU28362 on lung 
phospholipid metabolism 

The response of lung PC concentration and 
composition to treatment with the glucocorticoid 
agonists and antagonists was striking, especially in 
RU28362-treated animals (Table 1). Compared with 
the time zero control group, total lung PC 
concentration increased significantly in both exper- 
imental groups, whilst in saline-treated control 
animals there was no significant change. The increase 
was most marked for the RU28362-treated group, 
total lung PC concentration being 75% greater than 
in the control group. The molecular species 
composition of lung PC was similar for both control 
and RU486-treated rats, and did not significantly 
differ from the time zero control group. By contrast, 
the changes in PC content after treatment with 
RU28362 was highly selective in terms of molecular 
species composition. There was no agonist-induced 
accumulation of either of the monounsaturated 
species PC16: O/16: 1 or PC16: O/18 : 1, while con- 
centrations of the disaturated species PC14: O/16 : 0 
and PC16:0/16: 0 increased by 175% and 84%, 
respectively. The ratio of PC16: O/16:0 to PC16:0/ 
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Fig. 4. The effect of RU486 treatment on the body weight (A) and food intake (B) of obese male 
Zucker rats. RU486 was injected S.C. at 9.00 a.m. each day for 11 days. Data shown are mean t SEM 

for five control and five treated animats. * Indicates statistically significant differences (P < 0.05). 

18: 1 (P/O ratio), which we have previously used as 
an indicator of surfactant maturity in the newborn 
guinea pig [29,30], changed from 2.03 f 0.09 in 
control to 3.11 f 0.20 in RU28362-treated rats, an 
increase of 53%. Intriguingly, in direct contrast to 
the unaltered concentrations of monounsaturated 
species, all of the three polyunsaturated species 
identified (PC16 :0/22 : 6, PC16 : Of20 : 4 and PC16 : O/ 
18:2) were present at increased ~n~ntrations 
(Table 1) in the RU28362-treated animals (increases 
of 173%, 44% and 119%, respectively). 

DISCUSSION 

Efiects of RU406 and RiJ28362 on the obese state 

Our previous studies have shown that the obese 
Zucker rat is highly sensitive to glucocorticoids by 
virtue of its increased numbers and activity of 
glucocorticoid receptors in the brain [21] and possibly 
in the periphery [22,23]. In the present study we 

have confirmed our previous finding that RU486 
attenuates the weight gain and reduces the food 
intake of obese Zucker rats [18]. 

RU28362, being an agonist of the glucocorticoid 
receptors, may have been expected to promote the 
development of a more extreme obesity in the 
Zucker rat. However, treatment with this powerful 
glucocorticoid agonist had the opposite effect and 
abolished weight gain and hyperpha~a of the obese 
rats more effectively than RU486. The reduction of 
food intake by RU28362 was consistent with a 
previous report of hypophagia induced by synthetic 
glucocorticoids in rats [31]. The effects of the drug 
on body weight would appear to be due to the 
induction of a catabolic effect. Hypophagia alone 
would not adequately explain the cessation of weight 
gain and lossof fat observed. Lifelong food restriction 
of obese rats fails to attenuate the obese condition 
[32]. High-dose glucocorticoids are known to exert 
catabolic effects via the type II receptors [13]. The 
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Fig. 5. The effects of RU486 treatment on lung weight 
(A), lung protein content (B) and lung DNA content (C) 
of obese male Zucker rats. RU486 was injected S.C. at 
9.00a.m. each day for 11 days. Data shown are 
mean ‘- SEM for five control and five treated animals. *, 
** Indicate statistically significant differences between 
control and RU486-treated groups (P < 0.05. 0.01, 

respectively). 

increased activity of glucocorticoid-sensitive hepatic 
TAT demonstrates this type II effect. 

Effects of RU486 and RU28362 on ~~~rnonar.~ 
ant~#xidant enzyme activities 

RU486 and RU28362 had pronounced effects on 
lung phospholipid metabolism and antioxidant 
enzyme activities in the youngfu/fa rat. Whilst there 
is direct evidence for increased glucocorticoid 
receptor numbers only in the brain of the obese rat, 
elevated activity has been demonstrated in the liver 
[22], and CNS-mediated effects on the lung would 
seem improbable. In both experiments, control 
antioxidant enzyme activities increased over and 

above the activities seen in zero time controls. This 
suggests that in rats aged 4-6 weeks the maturational 
development of the pulmonary antioxidant defences 
is still proceeding. RU28362 blocked this devel- 
opmental trend, while RU486 treatment mediated 
slight increases in Mn SOD and Cu/Zn SOD 
activities. These results are consistent with a role for 
the type I glucocorticoid receptors in the regulation 
of antioxidant enzyme activity by glucocorticoids. 
RU486 blockades the type II sites. and in the 
hypothalamus this disrupts the hypothalamic- 
pituitary-adrenal axis, consequently increasing cir- 
culating corticosterone concentrations. Cortico- 
sterone levels were not determined in the present 
study, but have previously been shown to rise by 
470% in the RU4S6-treated obese Zucker rat [IS]. 
Elevation of corticosterone concentrations in RU486- 
treated rats, with fully blockaded type II receptors. 
would be expected to increase binding to the type I 
sites. The observed concomitant rise in SOD 
activities may suggest a role for type I receptor sites 
in the lung. in the regulation of antioxidant enzyme 
activities. Whether these effects are mediated directly 
at the gene level, or through changes in lung cell 
populations is unclear. 

RUB362 would be expected to decrease cortico- 
sterone synthesis due to increased hypothalamic 
feedback. However. such a decrease was not 
observed (control 64 2 19. RU28362 68 + 19 ng/mL 
in plasma). RU28362 has a half life of 16 hr at the 
receptor. which may have allowed some remission 
from its effects on each day of the experiment. As 
no injection was given on the last day of the study. 
the final corticosterone concentration may not have 
been representative of levels during the majority of 
the study. Assuming that endogenous steroid 
synthesis was inhibited, corticosteroid binding to 
type I sites would be insignificant. Under such 
circumstances, any glucocorticoid stimulus of anti- 
oxidant activity via the type I sites may be removed. 
and accordingly RUB362 was observed to inhibit 
developmental changes in antioxidant enzyme 
activities. 

This hypothesis that corticosteroid binding to type 
I receptors promotes increased antioxidant activities, 
is not consistent with the observations of other 
workers [7,8,33] who reported that synthetic 
steroids enhance the antioxidant enzyme activities 
of foetal tissues. Changes in receptor subpopulation 
distribution and function during the development of 
the rat from foetus to ‘*adolescent” might explain 
the inconsistency. Additionally, changes in the cell 
populations of the lung during RU28362 treatment, 
indicated by lung protein/DNA ratios may account 
for some of the differences between the findings of 
this, and previous studies. 

Effects of RU486 and RU28362 OII pl~i~~nar~ PC 
metabolism 

The effects of glucocorticoid agonists and 
antagonists on lung PC metabolism have largely 
been studied in relation to the maturation of 
pulmonary surfactant in late foetal development. 
Prenatal steroid treatment, in rats, results in 
accelerated lung maturation and increased foetal 
lung content of both total and disaturated PC [34]. 
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Fig. 6. The effects of RU486 treatment on antioxidant enzyme activities of obese Zucker rat lung. (A) 
Mn SOD, (B) Cu/Zn SOD, (C) GPx, (D) CAT. RU486 was injected se. at 9.00 a.m. each day for 11 
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Table 1. The effect of RU28362 and RU486 on the composition of individual molecular species 
of lung PC 

PC (~mo~/mg DNA) 

Molecular species 

14:0/16:0 
16:0/16:1 
16:0/22:6 
16:0/20:4 
16:0/18:2 
16:0/16:0 
16:0/18: 1 
Total PC 

P/O ratio 

Time zero Saline control RU28362 RU486 
N=5 N= 12 N=5 N=5 

0.11 2 0.01 0.16 + 0.02 0.44 2 0.031 0.16 + 0.01 
0.16 IO.01 0.18 IO.02 0.16 t 0.03 0.18 2 0.02 
0.07 + 0.01 0.15 -t 0.01 0.41 * 0.04t 0.13 2 0.02 
0.09 2 0.01 0.09 2 0.01 0.13 2 0.01* 0.10 lr 0.01 
0.17 * 0.01 0.16 ‘- 0.01 0.35 * 0.01t 0.19 r 0.02 
0.44 * 0.04 0.61 2 0.04 1.12 ;c 0.06t 0.69 f 0.04 
0.21 It 0.02 0.30 * 0.02 0.36 ? 0.01 0.26 r 0.02 
1.25 -+ 0.09 1.65 2 0.13 2.92 r 0.17t 1.82 ? 0.061 

2.09 t 0.06 2.03 + 0.09 3.11 t 0.20t 2.65 ? 0.15% 

*, t Denote RU28362 significantly different to saline control P < 0.01. P < 0.001. 
$ Denotes RU486 significantly different to zero time control. 
Values shown are mean + SEM. 

In the present study, while there was an effect of and an increased P/O ratio are consistent with an 
RU486, treatment with RU28362 clearly had the enhancement of lung maturation. The observation 
most pronounced effect on lung PC composition. 
Elevated total PC content, PC16: O/16: 0 content 

that the concentration of the other major disaturated 
species, PC14 : O/16: 0, was also increased demon- 
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strated, however, that the response of lung PC to 
agonist treatment, was not specific for the surface 
active PC16:0/16: 0. No specific functional role for 
PC14: O/16 : 0 has been described in the lung. 

The enhancement of levels of the polyunsaturated 
PC species in response to RU28362 was both 
dramatic and unexpected. While disaturated PC 
species are formed from fatty acids that can be 
synthesized endogenously within the lungs, fatty 
acids incorporated into polyunsaturated species must 
be supplied to the lung from the circulation. There 
is a well recognised differential response of lipid 
metabolism to a number of glucocorticoid agonists, 
with increased lipolysis in muscle and adipose tissue 
[35], and stimulated lipogenesis and glycerolipid 
synthesis in liver [36,37], which is dependent on 
glucocorticoid-induced hyperinsulinaemia, which is 
observed in the Zucker rat without agonist treatment 
[38]. Polyunsaturated fatty acids are selectively 
esterified into PC species for preferential export into 
lipoprotein from rat liver [39], and act to supply 
polyunsaturated fatty acids to other tissues (40,411. 
One plausible scheme of action for the effect of 
RU28362 on obese rat lung PC metabolism, could 
thus involve the enhanced supply of substrate 
polyunsaturated fatty acids to the lung, secondary 
to stimulated adipose tissue and muscle lipolysis and 
liver lipoprotein secretion. Although RU486 elevates 
circulating corticosterone levels, and promotes 
lipolysis, similar effects on lipid metabolism would 
not be observed if these were mediated via the type 
II receptors. 

Conclusion 

The working model is, therefore, that pulmonary 
antioxidant enzyme activities are regulated by 
glucocorticoids binding to type I receptors, in the 
lung. Hence, RU486 treatment, which channels an 
increased endogenous steroid level towards these 
sites, enhances antioxidant defences. Pulmonary 
phospholipid synthesis and uptake from the 
circulation are under glucocorticoid control at the 
level of type II sites, and are, therefore, stimulated 
by the pure agonist RU28362. This model could be 
further investigated using type I agonists and 
antagonists. 
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