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Abstract-A single intraperitoneal injection of butylated hydroxytoluene (BHT), at adose of 400 mg/kg 
of body weight, to mice caused enlargement of their lungs. which was found to be associated with 
some modifications in certain parameters of the cyclic nucleotide systems. These include: (a) increased 
levels of cyclic GMP, with cyclic AMP levels remaining unaffected. tb) increased levels of phos- 
phodiesterases for cyclic GMP and cyclic AMP, with the lowest ratio of these activities seen at the 
beginning of the tissue mass increase, (c) increased levels of both cyclic GMP-dependent and cyclic 
AMP-dependent protein kinases, and (d) increased levels of stimulatory modulator of the cyclic 
GMP-dependent enzyme. with unaltered levels of inhibitory modulator of the cyclic AMP-dependent 
enzyme. Since increases in levels of cyclic GMP. the cyclic GMP target enzyme and its stimulatory 
modulator, as well as of the activity of DNA polymerase, occurred prior to or coincided with the 
pulmonary hypertrophy and hyperplasia, it is suggested that the cyclic GMP-mediated processes may 
be particularly crucial for cell proliferation after toxic injury of the lung by BHT. . 

It has been shown that intraperitoneal injection of 
the antioxidant, butylated hydroxytoluene (BHT), 
to mice produces lung damage which is followed by 
extensive hyperplasia, hypertrophy and general 
disorganization of cellular components [I, 21. The 
initial toxic injury of the lung by BHT and by a 
variety of pulmonary toxicants involves damage and 
death of type I alveolar cells; the subsequent tissue 
repair is characterized by proliferation of type II 
alveolar cells [2-51. Determination of biochemical 
parameters indicative of the presence of toxic lung 
damage has been unsuccessful. One reason may be 
that, in the lung, cell death is often quickly followed 
by cell proliferation. Thus, increases in the content 
of DNA and in the activities of thymidine kinase, 
uridine kinase and DNA polymerase in the lung have 
been demonstrated shortly after BHT injection [2]. 

An increased cyclic GMP level has been shown 
to be associated with tumors [6, 71 and rapidly grow- 
ing tissues[S], whereas an increased cyclic AMP 
level has been implicated in decreased proliferation 
and increased differentiation of cells[9]. The 
present investigation was undertaken to examine 
whether any changes in certain cyclic nucleotide- 
related parameters may occur in the lung in response 
to toxic injury by BHT. We found that modifications 
in cyclic nucleotide systems favoring expression of 
the cyclic GMP effect have indeed occurred in lung 
undergoing hyperplasia and hypertrophy. 

* This work was supported by Grants HL-156%. 
CA-16255 and T32-GM-07594 from USPHS. 

MATERIALS AND METHODS 

Materials. Male CS7B1/6Sp inbred mice, weigh- 
ing about 25 g, were purchased from Charles River, 
Wilmington, MA; [y-32P]ATP, cyclic [8,5’-3H]GMP 
(39.7 Cilm-mole), cyclic [G-3H]AMP (27.9 
Ci/m-mole) and [methyl-3H]TMP were from New 
England Nuclear, Boston MA; arginine-rich histone 
(HA) was from Worthington; cyclic AMP, cyclic 
GMP and butylated hydroxytoluene (BHT) were 
from Sigma, St. Louis, MO. 

Methods. The mice were given a single intra- 
peritoneal injection of BHT dissolved in 0.5 ml corn 
oil in a dose of 400 mg/kg of body weight. The 
control animals received only 0.5 ml corn oil. The 
mice were killed at periodic intervals, as indicated 
in the tables. The lungs were immediately dissected 
and were homogenized in 10 vol. of ice-cold 50 mM 
Tris-Cl buffer, pH 7.5, containing 3 mM mercapto- 
ethanol. The homogenates were centrifuged for 20 
min at 30,OOOg. Appropriate aliquots of extracts 
were used for assaying enzymes so that the enzyme 
activities were linear with reaction time and amount 
of enzyme protein employed. 

DNA polymerase was assayed by the method of 
Guzzo and Glazer[ IO]. The assay method for 
phosphodiesterases was a modification [ 111 of that 
described by Thompson and Appleman [ 121, using 
I FM concentration of either radioactive cyclic 
AMP or cyclic GMP as substrate. One unit of the 
phosphodiesterase is defined as that amount of 
activity that hydrolyzes 1 pmole cyclic nucleotide/ 
min. The standard assay system [ 13, 141 for protein 
kinases contained, in a final volume of 0.2 ml, 
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Table I. Effects of BHT treatment on certain parameters in mice lungs* 

Day of 
BHT 

injection 

ControlS 
I 
2 
3 
4 
5 
6 
7 

Lung 
weight 
tmg) 

I82 + I2 
I85 232 
I%? IO 
208 + I2 
261 -t IO]1 
275 -t 1911 
360 + 3511 
352 * 2111 

Lung 
protein 

tmg) 

22 * 3 
24 + 2 
26?3 
30 + 4 
31 + 211 
32 + 311 
31 -t 211 
32 -t 3/l 

Lung 
DNA 
fmg) 

I.1 kO.1 
1.2 kO.1 
1.3 20.1 
l.4-tO.l 
1.8~0.1/~ 
2.5 ? 0. II/ 
2.5 ?O.l(l 
2.6?0.11) 

DNA 
polymerase 

(units)t 

12.4 2 0.6 
13.2 +0.8 
19.1 2 I.211 
25.0 5 I.611 
42. I ? 0.911 
46.5 + 1.811 
57.6 2 I.911 

ND 

Cyclic Cyclic 
AMP GMP 

(pmoleslmg protein) 

23.3 z 0.9 5.3 c 0.5 
NDEj ND 

19.9 2 2.2 4.6 0.2 c 
26.7 + 3.6 6.9 ? 0.211 
22.2 + 3.7 7.3 2 0.411 
22.5 * 3.1 5.5 t 0.6 
24.9 + 1.3 5.5 + 0.3 
27.7 + 2.7 4.2 + 0.8 

* Assay methods for the parameters measured were as described in the text. The data presented are mean 2 S.E. 
of the values obtained from three to eight mice/group. 

t Defined as pmoles [:‘H]TMP incorporated/min. 
$ Combined from three mice each from groups receiving corn oil for 0. 2. 4 and 6 days (oil injection had no effect 

on all parameters measured). 
!i Not determined. 
/j Significantly different from the control groups (P < 0.05 to < 0.005). 

potassium phosphate buffer, pH 7.0. 10 pmoles; 
theophylline, 0.5 pmole; arginine-rich histone, 40 
pug; MgCl,, 2 pmoles; [@*P]ATP, 1 nmole, con- 
taining about I. I x lo6 cpm; either cyclic GMP or 
cyclic AMP, 80 pmoles; appropriate amounts (5-30 
pg) of enzyme proteins; and stimulatory 
modulator [ 14, 151 of cyclic GMP-dependent protein 
kinase, 20-40 pg. Since stimulatory modulator has 
no effect on cyclic AMP-dependent protein kinase. 
the present system is suitable for assaying both 
classes of protein kinases in tissue extracts or crude 
enzyme preparations in the same incubation 
solution [ 16, 171. The reaction was carried out for 
10 min at 30°C. One unit of the enzyme is that 
amount of activity that transfers 1 pmole 3zP from 
[y-32P]ATP to recovered histone. 

Crude protein kinase modulator was prepared 
from lung extracts by heating and precipitating from 
5% trichloroacetic acid [ 14, 181. The activity of stim- 
ulatory modulator in the crude modulator prepara- 
tion thus obtained was assayed based upon its 
ability to specifically stimulate purified cyclic GMP- 
dependent protein kinase[l4. IS], whereas the 
activity of inhibitory modulator was assayed based 
upon its ability to specifically inhibit cyclic AMP- 
dependent protein kinase [ 14, 151. under the assay 
conditions used for protein kinases. Histone was 
used as the substrate for either case. One unit of 
stimulatory modulator is defined as that amount of 
activity that stimulates 20 units of the guinea pig 
fetal lung cyclic GMP-dependent enzyme 20 per 
cent in the presence of 0.5 /IM cyclic GMP. One unit 
of inhibitory modulator is defined as that amount of 
activity that inhibits 20 units of the bovine heart 
cyclic AMP-dependent enzyme 20 per cent in the 
presence of 0.5 PM cyclic AMP. 

Cyclic AMP and cyclic GMP were assayed by 
the protein kinase catalytic methods reported 
elsewhere [ 191. DNA was determined by the method 
of Dische [20], and protein was determined by the 
method of Lowry er al. [21]. 

RESULTS 

Significant increases in the weight as well as in the 
protein and DNA contents were noted for the lungs 
of mice on day 4 after a single dose (400 mg/kg) of 
an intraperitoneal injection of BHT (Table 1). An 
increase in the pulmonary DNA polymerase activity 
and the cyclic GMP content, however, was noted 
as early as days 2 and 3, respectively (Table I). 
These results confirm earlier findings reported by 
others [2] that BHT causes hyperplasia and hyper- 
trophy in mice lungs. It appeared that the cyclic 
AMP content was not significantly affected by the 
BHT treatment. 

Phosphodiesterases for cyclic GMP and cyclic 
AMP hydrolysis in the lung were higher in the mice 
on day 5 (Table 2). The ratio of cyclic GMP tocyclic 
AMP phosphodiesterase activity, however, was 
lowest 4 days after treatment, when the enlargement 
of the lung became evident, and the value returned 
to the control level on day 6. Kinetic analysis re- 
vealed that the pulmonary phosphodiesterases from 
the BHT-treated mice had higher V,,, values for 
both cyclic GMP and cyclic AMP without altering 
the K,, values for both cyclic nucleotides (Table 3), 
indicating that BHT caused increases in the amounts 
of the enzymes rather than affecting the species of 
the enzymes. 

The protein kinase activity, assayed either in the 
absence or presence of cyclic GMP or cyclic AMP, 
was elevated as early as 2 days after the BHT in- 
jection. reaching a peak level around day 6 (Table 
4). The ratio of protein kinase activity stimulated 
by cyclic GMP to that stimulated by cyclic AMP, 
however, remained rather constant throughout the 
entire experimental period. A pronounced increase 
in stimulatory modulator (of cyclic GMP-dependent 
protein kinase) was noted in the BHT-treated mice 
(Table 5). Inhibitory modulator (of cyclic AMP- 
dependent protein kinase), in contrast, remained 
practically unaffected by the agent, resulting in an 
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Table 2. Effects of BHT treatment on phosphodiesterases Table 3. Comparison of kinetic parameters of phospho- 

for cyclic GMP and cyclic AMP in mice lungs* diesterasesforcyclicGMPandcyclicAMPinlungextracts 
of mice with or without BHT treatment* 

Phosphodiesterase activity 
Day of (unitslmg protein in extracts) 

BHT in- 
jection Cyclic GMP Cyclic AMP 

Activity 
ratio 

Control+ l97? 24 134 2 I6 I .48 2 0. IO 
I 211220 169249 1.2820.25 
2 197222 178521 l.lOtO.lI 
3 209-c I6 167 -t IO I .29 + 0.09 
4 IJO+ I6 167 + IO I .04 2 0.05$ 
5 289? l6$ 257 + 8$# 1.12+0.03~ 
6 382 2 IV1 228 ? 22$1 I .72 ? 0.226 
J 299 * l7$?i 208 t l2$ I.50 + 0.241 

Mice 

Phosphodiesterases for hydrolysis of: 
Cyclic GMP Cyclic AMP 

K,, m.,\ V KU, V!,, \ 
(PM) (units) (pM) (units) 

Control* 
BHT-treated 

1.2 2.0 0.9 2.4 
I.2 4.6 0.9 6.7 

* The concentration of cyclic GMP or cyclic AMP used 
as substrate for phosphodiesterase was I CM. The 
amounts of extracts used for enzyme assay ranged from 
20 to 25 pg. The data presented are the means (2 SE.) 
of the values obtained from three mice/group. 

+ Combined from three miceeachfromgroupsreceiving 
corn oil for 0, 2, 4 and 6 days (oil injection had no effect 
on the enzyme activities). 

* Lung extracts pooled from the controls (oil injection) 
and the BHT-injected (5 and 6 days after treatment) mice 
were assayed for phosphodiesterase activities. The same 
amount of extracts (25 tg protein) from the two groups of 
mice was used as the enzyme source. The concentrations 
of either cyclic GMP or cyclic AMP used as substrates for 
kinetic analysis were 0.8. 1.0, 1.5, 3.0 and 5.0 PM. 

t Same control mice from Table 2. 

$ Significantly different from the control groups 
(P < 0.05 to < 0.0005). 

$ Significantly different from the 4-day group (P < 0.05). 

approximately 4-fold increase in the ratio of the two 
types of modulator activities. In order to verify the 
unilateral increase in stimulatory modulator activity 
in the enlarged lung (Table 5). the two modulator 
activities in the crude preparations were separated 
on Sephadex G-100 columns, and their activities 
quantitated, according to the method described 
earlier [ 14, IS]. The results shown in Fig. 1 confirm 
the observations shown above. 

DISCUSSION 

The most striking observation made in the present 
studies is the specific increase in stimulatory modu- 
lator in the lung after BHT injection (Table 5 and 

Fig. I), while inhibitory modulator remains un- 
altered in the enlarged lung. Thus. this change, 
coupled with a specific increase in cyclic GMP 
(Table I), would allow a unilateral augmentation of 
the cyclic GMP-dependent protein kinase activity, 
which is also increased in the enlarged lung (Table 
4). It seems, therefore, that pulmonary hyperplasia 
and hypertrophy induced by BHT may be charac- 
terized as a process of enhanced cyclic GMP ex- 
pression. This contention is in line with earlier 
observations made by others that greatly elevated 
cellular cyclic GMP contents, or increased ratios 
of cyclic GMP to cyclic AMP, are related to cell 
proliferation, exemplified by rapidly growing hepa- 
tomas [6], psoriatic lesions [24] and rapidly growing 
neonatal kidneys [8]. We recently observed that the 
activity of cyclic GMP-phosphodiesterase is greatly 
reduced, whereas that of cyclic AMP-phosphodi- 
esterase is elevated, in the fast-growing Morris 
hepatoma 3924A [25]. Our earlier findings [22] that 
the level of cyclic GMP-dependent protein kinase, 

Table 4. Effects of BHT treatment on protein kinases stimulated by cyclic GMP and cyclic 
AMP in the lung extracts of mice* 

Day of 
BHT 

injection 

ControlS 
I 
2 
3 
4 
5 
6 
7 

Protein kinase activity 
(units/mg protein in extracts) 

Basal + Cyclic GMP + Cyclic AMP 

II728 210 5 I5 276 f 26 
IOI? 13 178 2 33 234 r+_ 36 
172 zz 75 293) IOEj 372? 228 
189 2 45 286 2 I29 353 -t 17s 
l84? IS!? 288 ? 308 360241 
294-7s 413 2 49 492 -t 206 
286? I99 452 -’ I31 531 2 128 
2% * 225 425 2 308 491 -c 325 

Activity 
ratio+ 

0.60 t 0.03 
0.56 2 0.06 
0.61 2 0.03 
0.60 2 0.01 
0.60 -c 0.01 
0.62 * 0.08 
0.68 + 0.03 
0.69 2 0.07 

* Aliquots (0.02 ml. containing 20-25 pg protein) of extracts were assayed for protein 
kinase activity in the presence and absence of 0.4 ,uM cyclic GMP or cyclic AMP, and 
in the presence of 25 pg of stimulatory modulator, according to the method described in 
the text. The data presented are the means (2 S.E.) of the values obtained from three 
mice/group. 

t Defined as: cyclic GMP-stimulated activity/cyclic AMP-stimulated activity [22, 231. 
$ Combined from three mice each from groups receiving corn oil for 0, 2, 4 and 6 days 

(oil injection had no effect on the enzyme activities). 
5 Significantly different from the control groups (P < 0.05 to < 0.005). 
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Table 5. Effects of BHT treatment on stimulatory and 
inhibitory modulators of protein kinases in mice lungs* 

Protein kinase modulator 
activity 

(units/g fresh lung) 
Day of 

BHT in- Stimulatory Inhibitory 
jection (S) (1) S/t ratio 

Control+ 50 t 5 270 It 9 0.23 t 0.01 
1 56+ 13 225 -c 5 0.25 t 0.03 
2 622 IO 241 C8 0.26 t 0.03 
3 79 + lO$ 238 c 14 0.33 1- 0.03$ 
4 221 + 18$ 247 h 16 0.89 t 0.08$ 
5 204 c 1% 244 5 12 0.84 t 0.07* 
6 20s f 18s 247 i 19 0.83 + 0.08$ 

* Assay methods for the modulator activities were as 

described in the text. The data presented are the means 
(2 S.E.) of the values obtained from three to five 
mice/group. 

+ Combined from three mice each from groups receiving 

corn oil for 0, 2. 4 and 6 days (oil injection had no effect 
on the modulator activities). 

$ Significantly different from the control groups 
(P < 0.05 to < 0.005). 

60 CONTROL 

24 36 48 60 
FRACl 

Fig. 1. Sephadex G-100 gel filtration of crude protein 
kinase modulator prepared from the lung of mice injected 
with or without BHT. Aliquots (I ml, equivalent to 1 g of 
fresh lung) of the crude modulator from the control and 
the BHT-injected (6 days) groups of mice were applied to 
Sephadex G-100 columns (2.2 x 30 cm). which had been 
previously equilibrated with 5 mM potassium phosphate 
buffer. pH 7.0. Separation of the stimulatory and inhibi- 
tory modulator components was achieved by eluting the 
columns with the same buffer. as described elsewhere 
{l4, IS]. (The fraction size was 1.5 ml.) Aliquots (0.1 mif 
of the fractions were assayed for the modulator activities 

by the procedures described in the text. 

relative to that of the cyclic AMP-dependent 
enzyme in the guinea pig lung and heart, is highest 
in the fetus, lowest in the adult, and has an inter- 
mediate value in the neonate, lend further support 
to a prominent role of the cyclic GMP system in cell 
division and tissue growth. Our present findings 
indicate that increases in cyclic GMP protein kinase 
and stimulatory modulator activities, as in the case 
of DNA polymerase activity, preceded or coincided 
with increases in weight, protein and DNA of the 
lung of mice. It is conceivable, therefore, that pro- 
tein kinase activity, especially that of the cyclic 

GMP-dependent enzyme, may be crucial in pul- 
monary cell proliferation after toxic damage of the 
tissue by BHT. This contention, however, has to be 
considered as a working hypothesis, since the effect 
of stimulatory modulator in augmenting the phos- 
photransferase activity of cyclic GMP-dependent 
protein kinase to date has been observed only when 
histones (by far the most effective phosphate ac- 
ceptors) were used as substrates [26], and histones 
have not yet been identified as endogenous sub- 
strates for this class of protein kinase. 

The proliferation-related alterations in the cyclic 
nucleotide systems mentioned above may be com- 
pared with those of cardiac hypertrophy (devoid of 
significant cardiac hyperptasiaf produced under 
different conditions. In the case of cardiac hyper- 
trophy secondary to hypertension in the spontane- 
ously hypertensive rat, one adaptive modification 
involved depression of the level of cyclic GMP- 
dependent protein kinase, associated with an un- 
changed level of cyclic AMP-dependent protein 
kinase [231. In the case of cardiac hypertrophy in the 
rat induced by repeated administration of isopro- 
terenol, the biochemical m~ifications involved in- 
creased levels of cyclic AMP-phosphodiesterase 
and stimulatory modulatorof cyclicGMP-dependent 
protein kinase, accompanied by an unaltered level 
of both cyclic AMP-dependent and cyclic GMP- 
dependent protein kinases [27]. 
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