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Studies on the Mechanism of Action of Aldosterone: 
Hormone-Induced Changes in Lipid Metabolism* 

David B. P. Goodman,t James E. Allen, and Howard Rasmussen 

ABSTRACT: Studies to elucidate the mode of action of aldo- 
sterone in the amphibian urinary bladder have been carried 
out. Within 20 min after its addition, aldosterone causes 
increased decarboxylation of [l-14C]glucose and an alteration 
in the pattern of conversion of uniformly labeled [14C]glucose 
into lipid, suggesting stimulation of the hexose monophos- 
phate shunt and increased lipid synthesis. With [2-14Cjpyru- 
vate as radioactive precursor aldosterone stimulates lipid 
labeling and increased incorporation of radioactive label 
into the 2 position of phospholipids during a 60-min incuba- 
tion. No specific individual phospholipid class was prefer- 
entially labeled. Gas-liquid chromatography of the L14C]fatty 

T he toad urinary bladder has been used as an in citro 
system to elucidate the mode of action of the steroid hormone 
aldosterone (Sharp and Leaf, 1966; Edelman and Fimognari, 
1968). Addition of aldosterone leads to  an increase in the 
active transepithelial transport of sodium after a latent period 
of 45-120 min. Because the observed augmentation of sodium 
transport is prevented by pretreatment with actinomycin D or 
puromycin, the hormone has been thought to act cia the 
synthesis of new RNA and protein molecules (Edelman et al., 
1963; Porter et al., 1964). Two proposals have been advanced 
to  explain the function of the hormonally induced protein(s): 
(1) the hormone increases sodium permeation across the 
mucosal cell surface; (2) the hormone increases the supply of 
energy for the active extrusion of sodium across the serosal 
cell surface (Sharp and Leaf, 1966; Edelman, 1968). 
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acids derived from phospholipids from toad bladders treated 
with aldosterone for 30 and 90 min revealed an increase in the 
specific activity of fatty acids of chain length up to  18:2. 
After 6 hr, phospholipid fatty acids from hormone treated 
tissue show an increase in the weight percentage and spe- 
cific activity of several long-chain polyunsaturated fatty acids. 
In addition, pretreatment of bladders with a phospholipase 
Az containing solution significantly shortened the “latent 
period” observed before the aldosterone-induced increase 
in sodium transport. These results suggest that a fundamental 
action of aldosterone in the toad urinary bladder is to  alter 
the fatty acid metabolism of membrane phospholipids. 

Our interest in the problem of aldosterone action arose 
from the results of an investigation of the effects of hyperbaric 
oxygen on toad bladder function (Allen and Rasmussen, 1971). 
In this study, it was observed that under appropriate metabolic 
conditions, high partial pressures of atmospheric oxygen led 
to  a reversible inhibition of transcellular sodium transport. 
This inhibition was greatly potentiated by prior treatment of 
the tissue with aldosterone. Since the intracellular level of 
ATP rose, this indicated that the inhibition of transport 
resulted from either an inhibition of Na+-K+-activated ATP- 
ase or an inhibition of Na+ entry. Work in other systems 
(O’Malley et a/., 1966; Schauenstein, 1967; Haugard, 1968) 
had led to  the concept that lipid peroxide formation may be an 
important aspect of the biochemical events underlying oxygen 
toxicity. It therefore seemed possible that the potentiation 
of poisoning by aldosterone in the toad bladder might be due 
to  an alteration in the lipid composition of the bladder cell 
membranes. In addition, aldosterone treatment causes an 
alteration of two other membrane-related processes. Goodman 
et al. (1969) found that pretreatment of the bladd.er with aldo- 
sterone led to the potentiation of the action of the peptide 
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hormone vasopressin upon both sodium transport and bulk 
water flow across this membrane. Similar findings have also 
been reported by Handler et al. (1969a). Finally, pretreatment 
of this tissue with aldosterone led to  a n  increased sensitivity 
of sodium transport to inhibition by the cardiac gylcoside, 
ouabain, known to  bind to  and inhibit membrane-bound 
Na+-K+-activated ATPases. Thus, three different lines of 
evidence suggested that aldosterone might act by changing the 
lipid composition of the membranes of the toad bladder. 

To test this hypothesis, we undertook an  investigation 
of the effects of aldosterone upon lipid metabolism in this 
tissue. The present results show that aldosterone alters lipid 
metabolism in the toad bladder in three ways: by increasing 
(1)  the conversion of [2-14C]pyruvate into fatty acids, (2) the 
incorporation of newly synthesized lipid into the 2 position of 
phospholipids, and (3) the weight percentage of several long- 
chain polyunsaturated fatty acids in the phospholipid fraction 
of the tissue lipids. 

Materials and Methods 

Experimentul Aninials and Preincubation. Female toads 
(Bufo marinus) were obtained from National Reagents Co., 
Bridgeport, Conn., and kept on moist bedding at 70 i 5°F. 
To reduce endogenous aldosterone secretion, all animals were 
placed in 0.1 h i  NaCl for 4-6 hr prior to  an  experiment. Ani- 
mals were then quickly pithed and their two hemibladders 
removed and placed overnight at  room temperature in a sub- 
strate-free aerated Ling-Ringer phosphate solution (Ling, 
1962), pH 7.4, that contained 50 mgL of both penicillin G and 
streptomycin sulfate. The following morning experiments 
were performed. 

Substrate Decurboxylations. The hemibladders from four 
to six toads were each cut into approximately four equal 
pieces and distributed into erlenmeyer flasks containing 
Ling-Ringer phosphate (pH 7.4) with 4 mM glucose. The tissue 
was incubated with gentle shaking for 1 hr at  room tempera- 
ture and then changed into 25 ml of fresh substrate-contain- 
ing buffer. These flasks contained, in addition, 0.1 pCl/ml 
of either [ l - l  4C]glucose or [6-14C]glucose. The incubation was 
continued with the flasks open to  the air. At appropriate times, 
I-ml aliquots were taken from each flask and the [14Cc]COj 
content of the sample determined by conventional techniques 
in closed erlenmeyer flasks with center walls containing 
Hyaniine hydroxide (Nuclear-Chicago). A Packard liquid 
scintillation counter Model 3001 was used for this and all 
other radioactivity determinations. This open-flask incubation 
technique was devised because of the inherent variability in 
substrate decarboxylation encountered from one animal to  
another. Utilizing this technique the same pieces of tissue 
could be monitored throughout the entire incubation and 
each incubation flask served as its own control. No measur- 
able loss of [14C]COn to  the atmosphere occurred with this 
open-flask technique as the same pieces of tissues exhibited 
equal rates of substrate decarboxylation when studied in 
control experiments in either open flasks or the conventional 
closed flasks. At the appropriate time, either aldosterone 
(Calbiochem) M in methanol or carrier methanol was 
added to each flask. All radioactive compounds used in this 
study were purchased from New England Nuclear. 

Incirburiorz uncl Liliid Exrraction. The epithelial cells from 
15 to 20 toad bladders weie scraped from their connective 
tissue backing into ice-chilled Ling-Ringer phosphate con- 
taining 4 mM glucose, washed three times quickly, and divided 
approximately equally into two flasks containing fresh buffer 
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enriched with substrate and 0.1 pCi/ml of [U-14C]glucose. 
The incubation was carried out for 1 hr, after which aldo- 
sterone M or carrier methanol was added to  the appropri- 
ate flasks and the experiment allowed to  continue for 20 or 
90 min. The cells were then quickly decanted into chilled 
centrifuge tubes, which were subsequently spun for 1 min at  
top speed on an  International Equipment Co. Model C L  clini- 
cal centrifuge. The cells were quickly resuspended and washed 
three times before being extracted with 15 ml of chloro- 
form-methanol (2 : 1, v'v).  The extraction tubes were gassed 
with nitrogen and tightly sealed, and the lipid extraction allowed 
to continue overnight at room temperature in a rotary shaker. 
The extracts were then filtered through glass wool, washed 
three times with two-tenths volume of 0.1 % NaC1, and con- 
centrated under a gentle stream of nitrogen before further 
analysis. For quantitative studies of substrate incorporation 
into lipids, and characterization studies of labeled lipids, 
matched, intact hemibladders from four toads were used in 
each experiment. The preincubation in radioactive substrate 
before hormone addition was similar to  that described above 
except that a combination of 4 mM glucose and 0.5 mhi sodium 
pyruvate was used as substrate with 0.1 pCi,'ml of [2-14C]- 
pyruvate as label. Bladders were exposed to aldosterone for 
1 hr, blotted gently on filter paper, and dropped into liquid 
nitrogen. The frozen tissue was then pulverized to  a fine pow- 
der with a stainless steel mortar and pestle, kept in Dry Ice. 
The frozen powder was then placed in chloroform-methanol 
(2: 1, v,v), homogenized quickly, and extracted as described 
above. C3H]Palmitic acid was added to the extract before wash- 
ing to act as a standard for correction of lipid recovery during 
the washing. The weight of the lipid in the extract was deter- 
mined by weighing dried aliquots of the extract. Protein 
concentration was determined by the method of Lowry er a / .  
(1951). 

Lipid Fructionution und Deterinination of Puttern of Incor- 
poration. The pattern of neutral lipid labeling after hormone 
treatment was determined utilizing the Freeman and West 
(1966) double development thin-layer chromatographic pro- 
cedure for separating principal lipid classes. To determine 
the pattern of phospholipid labeling, neutral lipids and phos- 
pholipids were first separated by absorption of the total lipid 
extract onto silica gel G and elution of neutral lipids with 
solvent system I of Freeman and West (diethyl ether-benzene- 
ethanol-acetic acid, 40: 50: 2: 0.2, c v). Phospholipids were 
then eluted with methanol and concentrated under N.. The 
phospholipid classes were then separated on a thin layer of 
silica gel H using a chloroform-methanol-acetic acid water 
(50:30:8:4, v,v) solvent system (Skipski et ul., 1964). Jn all 
experiments chromatographic lipid standards (Applied Science 
Laboratories, and Sigma Chemical Co.) were run. The plates 
were stained with 0.05 % Rhodamine 6G in 95 % ethanol and 
visualized under uv light, and appropriate zones scraped into 
scintillation vials. Cab-0-Si1 (Packard Instruments) was used 
as a gelling agent to keep the silica gel suspended for scin- 
tillation counting (Snyder and Stephens, 1962). 

Phospholipase A.  Treurnienr of' Lipid Extract. Lipid extracts 
were treated with Crntulus adurnunreus venom (Sigma Chemi- 
cal Co.) as a source of phospholipase A?. After dissolving the 
extract in 2 ml of diethyl ether, 50 pl of a 1 mgjml buffered 
solution of venom (0.22 M NaCI, 20 nihi CaCI:, and 1 mM 
EDTA, pH 7.5) (Wells and Hanahan, 1969) was added to  
the extract. This mixture was purged with nitrogen, sealed, 
and incubated for 60 inin at  room temperature with shaking. 
Reactions were stopped by extraction with chloroform--meth- 
mol  (2:1, v v). The amount of radioactively labeled free 
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FIGURE 1 : Time course of the decarboxylation of [1-14C]glucose. 
Toad bladders were prepared as described in Materials and Methods. 
Aliquots of the incubation medium were removed at appropriate 
times and the [W]CO2 content was determined. Aldosterone (0) in 
methanol or carrier methanol (0) was added to matched-paired tissue 
at the time indicated. Data are plotted as the cumulative [14C]C02 
produced during the incubation. 

fatty acid released was determined by analysis of the reaction 
products using the Freeman and West tlc system. Aliquots 
of the labeled lipid extract were also analyzed directly without 
treatment with snake venom to  determine the amount of 
[14C]free fatty acid present. This correction was applied in the 
final calculation of free fatty acid release due to phospholipase 
action. Under these conditions, the phospholipase A reac- 
tion was complete by 50 min. 

Gas-Liquid Chromatography of the Methyl Esters of Phos- 
pholipids. Lipids were extracted from matched hemibladders 
of eight toads treated for 30 min, 90 min, or 6 hr with aldo- 
sterone or carrier methanol. Phospholipids were isolated as 
described above and the methyl esters prepared according 
to Kishimoto and Radin (1965). Gas chromatography was 
carried out on a Varian Aerograph Model 2100 gas-liquid 
chromatograph, equipped with flame ionization detectors. 
A 6 ft  X 4 mm i.d. glass U column packed with 10 EGSS-X 
on 100-120 mesh Gas Chrom P was employed for all analyses. 
Injector and column temperatures were maintained at 250 
and 195”, respectively. The mass response was quantitated 
with the aid of an  Infotronics digital integrator Model CRS- 
10AB. Qualitative tentative identification of the various peaks 
was made on the basis of (1) plots of log retention time GS.  

carbon number, (2) relative retention times given in the lit- 
erature (Ackman and Burgher, 1963), and (3) chromato- 
graphy with esters of known structure. To determine the 
specific activity of newly synthesized fatty acids, [ 14C]fatty 
acid methyl esters derived from the phospholipids of tissue 
incubated in the presence of [2-14CC]pyruvate were collected 
utilizing a Varian Model 96-0000-18 10 : 1 glass splitter-col- 
lector. 

Alteration of the Latent Period by the Action of Snake Venom 
on Intact Bladders. Hemibladders, depleted of endogenous 
aldosterone as described above, were mounted in an  Ussing- 
type voltage clamp (Sharp and Leaf, 1964) in which each hemi- 
bladder is clamped in a double chamber allowing independent 
measurement of short-circuit current from two halves of 
each hemibladder. The chambers were filled with Ling-Ringer 
phosphate containing 4 mM glucose, and short circuit was 
recorded continuously. Either the serosal or mucosal bathing 
solution of one side of the chamber received snake venom in 
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FIGURE 2: Time course of the decarboxylation of [6-14CC]glucose. 
Experiments were performed as described for Figure 1. 

a final concentration of 150 pg,’ml. After about 30-40 min 
when the short-circuit current had restabilized, lo-’ M aldo- 
sterone was added to  both sides of the chamber. The experi- 
ment was allowed to  continue for at  least 18 hr. The duration 
of the latent period was then determined on the control and 
the venom-treated sides. 

Results 

Previous studies of glucose decarboxylation in the toad 
bladder had shown that after a lag time of about 1 hr, aldo- 
sterone stimulated [ 14C]C02 from [6-1iC]glucose (Kirchberger 
et al., 1968). However, because we felt that lipid metabolism 
might be involved in the action of this hormone and because 
the hexose monophosphate shunt is regarded as a source of 
reducing equivalents for lipogenesis, we undertook a reinves- 
tigation of these parameters of substrate utilization. Using an  
alternate technique, we have found that within 20 min after 
the addition of aldosterone, increased [ 14C]C02 evolution 
from [l-14CC]glucose occurs. In  three consecutive experiments 
the rate of [14C]glucose decarboxylation increased 52.0 rt 
16.3% during the first 40 min after hormone addition. This 
increase is sustained for a n  additional 20-40 min after which, 
as had been previously observed (Kirchberger et a/ . ,  1968), 
the rate of decarboxylation of this isotope decreased to  less 
than the rate before hormone addition. The results of a 
typical experiment are plotted in Figure 1. During the time 
interval when [14C]C02 evolution from [l-14C]glucose is 
increasing, there is no change in the decarboxylation of [6-’C]- 
glucose (Figure 2). However, after a period of 40-60 min, a n  
increase in [14C]CO~ production from [6-14CC]glucose is ob- 
served concomitant with an  inhibition of [1JC]C02 evolution 
from [l-14C]glucose. The stimulation of [14C]COs evolution 
from [l-14C]glucose during the first hour after addition of 
hormone, at a time when there is no change in [ 14C]CO? pro- 
duction from [6-l JCC]glucose, we interpreted as a stimulation 
of the hexose monophosphate shunt. 

Lipid metabolism was then investigated during the period 
of increased [14C]C02 evolution from [l-liC]glucose. Within 
20 min after its addition, aldosterone induced striking changes 
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FIGURE 3: Pattern of lipid labeling after a 20min exposure to aldo- 
sterone. Scraped epithelial cells were preincubated in uniformly 
labeled ["Clglucose for 60 min. Aldosterone (IW' M) in methanol 
or carrier methanol was then added totheappropriate flasks and the 
incubation allowed to continue. Lipids were then extracted and 
separated into the principal lipid classes on silica gel G a s  described 
in Materials and Methods. Appropriate zones of the thin-layer 
chromatography plate were scraped into scintillation vials and the 
'4C content was determined. The ordinateis thecounts per minutein 
each lipid class per IOM) cpm recovered in aldosterone-treated 
epithelial cells divided by the wunts per minute in each lipid class 
per loo0 cpm recovered in paired control cells. The data are ex- 
pressed as a percentage. P, phospholipids; M, monoglycerides, FA, 
fatty acids; CHOL, cholesterol; DG, diglycerides, TG, triglycerides; 
CE, cholesterol esters. 

in the pattern of lipid labeling. With 4 mM glucose as substrale 
and [U-14C]glucose as label, addition of aldosterone to  
scraped epithelial cells consistently led to an accumulation 
of radioactivity in the diglyceride fraction of a total lipid 
extract (Figure 3). If this same incubation was carried out for 
90 min, the hormone induced an accumulation of radioactivity 
in the phospholipid fraction with a concomitant decrease in 
the extent of labeling of the other principal lipid classes (Figure 
4). These data, taken together with the stimulation of [14ClCO~ 
evolution from [I-L'Clglucose, indicated that the steroid was 
inducing the synthesis of phospholipid. 

Utilization of a scraped cell preparation allowed localiza- 
tion of the hormonal effect to  the epithelial cell layer. How- 
ever, precise quantitative assessment of the degree of lipid 
synthesis was not possible because of the clumping of the 
cell preparation and the consequent difficulty in measuring 
equal aliquots of cells. Further studies were, therefore, per- 
formed utilizing whole intact bladders. To localize the site 

CpM/1000 CPM R e ~ m e m  jn C ~ n t m l  

FIGURE 4: Pattern of lipid labeling after a 9@min exposure to aldo- 
sterone. The experiment was performed as described in Figure 3, 
except that the incubation was carried out for 90 min. 
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FIGURE 5 : The effect of aldosterone on [Z- WJpyruvate incorporation 
into lipid. Matched hemibladders were preincubated for 60 min in 
[2-1'C]pyruvate before addition of aldosterone ( I F '  M) in methanol 
or carrier methanol. The incubation was allowed to continue for 60 
min before extraction of lipids. 

of incorporation of radioactive label to the fatty acid moiety 
of complex lipids, [Z-'*Clpyruvate was used as radioactive 
precursor since under these experimental conditions greater 
than 90% of the radioactivity in ''CC-labeled lipid was present 
as phospholipid and could be recovered as fatty acid methyl 
esters after saponification. As shown in Figure 5, hormone 
treatment stimulated pyruvate incorporation into lipid when 
either total protein or total lipid in the sample was used as a 
hasis for comparison. It should be noted, however, that in 
these experiments the lipid to protein ratio remained constant 
(control 0.1308 * 0.014 us. aldosterone treated 0.1438 f 
0.024) indicating that the hormonally induced lipid consti- 
tuted a small portion of the total tissue lipid. 

To  characterize the lipid synthesized after hormone addi- 
tion, the pattern of phospholipid labeling was investigated. 
As shown in Table I, aldosterone treatment did not cause the  
preferential labeling of any specific phospholipid. Thus, it 
appears that the fatty acids induced by hormone treatment are 

TABLE I: Pattern of Phospholipid *ling in Aldosterone- 
Treated and Control Hemibladders. 

'Z of Total P'CILiuid Labeled* 

LiDid Aldosterone Control 

LPC. 0.7 f0.7 0.7 * 0.6 
SPH 1.4 * 1.1 1.6 f 0.8 
PC 8.0 * 6 7 5.9 f 4.9 
PI 4.1 f 3.6 4.5 * 5.4 
PS 4.6 f 5.2 5.3 f 4.4 
PE 78.3 f 7.0 78.5 + 6.5 
SF 2.8 f 1 1 2.6 f 1.5 

~ 

0 Abbreviations used are: L E ,  lysophosphatidylcholine; 
SPH, sphingomyelin; PC, phosphatidylcholine; PI, phospha- 
tidylinositol; PS, phosphatidylserine; PE, phosphatidyl- 
ethanolamine; SF, solvent front. * Data presented are the 
mean plus and minus standard deviation of five separate 
experiments. Bladders were preincubated for 60 min in [2- 
'Clpyruvate before addition of aldosterone M) in  
methanol or carrier methanol. The incubation was continued 
for 60 min; lipids were then extracted and fractionated into 
individual phospholipid classes. 
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TABLE 11: Relative Specific Activities of [2-14C]Pyruvate- 
Labeled Fatty Acids Derived from Toad Bladder Phospho- 
lipids after Aldosterone Treatmentan 

TABLE III: Fatty Acid Composition of Toad Bladder Phos- 
pholipids Derived from Aldosterone-Treated and Control 
Tissue.a 

Fatty Acid 30 min 90 min 6 hr Weight Fatty Acid in 

16 
16:1,2 
18 
18: l  
18:2 
20 
18:3 
20:2 
20:4, 22:l 
20:5 
24:1, 22:5w6 
2 2 : 5 ~ 3 ,  22:6 

1 . 8  
7.9 
4 . 9  
7 .0  
6 . 3  
1 . 2  
1 . 1  
0 . 4  
1 . 1  
0 . 2  
1 . 7  
1 .o  

0 . 5  
86.4 
5 . 1  
2 . 6  
1 . 7  
1 . 1  
0 . 8  
0 . 6  
0 . 8  
0 . 3  
1 . 2  
1 . 4  

1 . 6  
2 . 3  
3 . 2  

22.2 
2.8 
2 .9  
2 . 5  
6 .5  
4 .0  
0 . 7  
4 . 7  
3.5 

0 Data are represented as the ratio of the specific activities 
of fatty acids in aldosterone-treated tissue as compared to  
control tissue. Bladders were preincubated for 60 min in 
[2-14C]pyruvate before addition of aldosterone (lo+ M) in 
methanol or carrier methanol. The incubation was continued 
for 30 min, 90 min, or 6 hr, respectively, before extraction and 
preparation of fatty acid methyl esters. The specific activity 
of individual fatty acids was calculated by dividing the mass 
response of the detector by the amount of radioactivity 
recovered. 

Fatty Acid Aldosterone Control 

14 2.45 f 0.76  
14:l  5.07 i 0.34  
16 15.86 f 1.84 
16:1, 2 6 .09 f 0.46 
18 10.02 f 0.03  
18: l  13.62 f 1.23  
18:2 16.36 i 0.59 
20 2.68 i 1.06 
18:3 1 .58  i 0.15  
20:2 2.52 f 0.33  
20:4, 22:l 4 .73 i 1.45  
20:5 2.25 f 0.50  
24:l 3.87 f 0.43  
2 2 . 5 ~ 6  0 .96  i 0.14  
22 :5w3 1 .93  f 0.56 
22:6 0.87 + 0.10  

2.28 f 0.57  
5.00 f 0.26 

15.65 =t 1.13 
6.04 f 0.58 

10.28 f 0.49 
13.78 f 1.73  
16.68 f 0.59  
2.58 * 0.37 
1 .49  f 0.03 
2.33 f. 0.21 

15.15 =k 0.67 
1.82 =k 0.29 
3.03 & 0.33* 
0 .45  =t 0 . 1 5 ~  
0.76 f 0.180 
0.37 Z+Z 0.13* 

a Values are the mean plus and minus standard deviation 
of three separate determinations. * P < 0.05. cP < 0.02. 
Matched hemibladders were exposed to  aldosterone (10-7 M) 

for 6 hr before extraction. 

not incorporated preferentially into any specific phospholipid 
class. The possibility that newly synthesized fatty acid was 
being esterified preferentially in a specific position of phos- 
pholipid molecules was explored by utilizing phospholipase 
AP. When [2-14C]pyruvate-labeled lipid extracts were treated 
with this enzyme, in three separate experiments lipids from 
hormone treated tissue released on the average 3.7 times 
as much radioactivity into free fatty acids as  did untreated 
control tissue extracts (aldosterone treated 119 f 55 cpm 
released per 1000 cpm in lipid 6s. control 32 f 21 cpm released 
per 1000 cpm in lipid). 

When gas-liquid chromatography is carried out on fatty 
acid methyl esters derived from toad bladder phospholipids, 
no change in the weight percentage of any fatty acid class is 
observed within the first 90 min after hormone addition. How- 
ever, the specific activity of fatty acid methyl esters with chain 
length up to  18 :2 is increased by aldosterone treatment within 
30 min. This increase in specific activity is greatest in the 
16: 1,2-methyl esters; 30 min after aldosterone addition, there 
is a 7.9-fold and by 90 min an 86.4-fold increase in the spe- 
cific activity of these methyl esters (Table 11). Although 6-hr ex- 
posure to  aldosterone does not alter the weight percentage of 
fatty acids with chain length up t o  18 carbons, the weight 
percentage of several long-chain polyunsaturated fatty acids 
is increased in hormone-treated tissue phospholipids (Table 
111). The specific activity of these polyunsaturated fatty acids 
is also increased 3.5- t o  4.7-fold by aldosterone treatment 
(Table 11). Thus after 6 hr, aldosterone causes an  alteration 
in the fatty acid composition of toad bladder membrane 
phospholipids. 

One possible mechanism by which aldosterone might be 
altering the composition of membrane phospholipids is 

through activation of a phospholipid + lysophospholipid +. 
phospholipid cycle mediated by the enzymes phospholipase 
A and lysophospholipid-acylase, respectively. If this were 
the case, treatment of the intact bladder with phospholipase 
A, before addition of aldosterone, might be expected t o  
shorten the latent period that occurs before the usually ob- 
served hormone-stimulated increase in Naf transport. When 
this experiment was performed, treatment of the serosal sur- 
face of the tissue with a phospholipase A containing solution 
of snake venom significantly reduced the latent period in five 
consecutive experiments. On the control side, the latent period 
averaged 93 min; with phospholipase A treatment, the latent 
period was reduced 21.4 f 5.5 min ( P  < 0.02). Addition of 
phospholipase A to the mucosal surface of the tissue did not 
alter the latent period significantly in parallel experiments 
(P > 0.8). When tissue was prelabeled for 60 min with [3zP]P04 
and subsequently incubated in fresh buffer containing 150 
pg/mole of snake venom for 45 min, the 32P content of lyso- 
phosphatidylcholine increased from 2.1 f 0.7 % of the total 
[32P]phospholipid in control tissue to  15.9 f 6.3% in venom 
treated tissue. Thus under our experimental conditions in- 
creased lysophospholipid content results from snake venom 
treatment. 

Discussion 

The present report provides the first evidence for an effect 
of aldosterone on toad bladder membrane phospholipid 
metabolism. Within the first hour after its addition, aldo- 
sterone stimulates the conversion of [2-14C]pyruvate into fatty 
acids. These labeled fatty acids are not preferentially incor- 
porated into any specific phospholipid but are esterified pref- 
erentially in the 2 position of phospholipids. Although no 
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change in the weight percentage of any phospholipid fatty 
acid class is observed within the first 90 min after aldosterone 
addition, the specific activity of fatty acids of chain length up 
to  18 :2  is increased by aldosterone treatment within 30 min. 
After 6 hr, aldcsterone induces an increase in both the weight 
percentage and specific activity of several long-chain poly- 
unsaturated fatty acids. 

In  previous reports, the decarboxylation of [l-l 4C]glucose 
has been shown to be inh.ibited after at least 1 hr of hormone 
treatment (Kirchberger er a/. ,  1968; Handler et ul., 1969b). 
We have confirmed this observation in the present study. How- 
ever, to date, no explanation for this finding has been ad- 
vanced. This inhibition of [l-14C]glucose decarboxylation 
could result from an  activation of the Embden--MyerhoR 
pathway and the Krebs cycle secondary to increased energy 
requirements for active sodium transport. A hormone-in- 
duced shift in the cytoplasmic NAD:NADH ratio to  a more 
reduced state after 6 hr of aldosterone treatment has been 
reported (Handler er a/. ,  1969b). This altered redox state 
should be reflected in the cytoplasmic NADP-NADPH 
couple as well (Krebs and Veech, 1968). Thus. before the 
shift in cytoplasmic redox state, increased decarboxylation 
of [1-1*C]glucose is seen and reflects increased hexose mono- 
phosphate shunt activity to supply reducing equivalents for 
fatty acid synthesis. After activation of glycolysis and the 
Krebs cycle, the altered redox state in the cytoplasm serves to 
inhibit flux through the hexose monophosphate shunt, reduc- 
ing equivalents for lipid synthesis then being supplied rici 
a transhydrogenase shuttle involving a cytoplasmic NAD- 
linked malate dehydrogenase and malic enzyme. 

The increased labeling of the diglyceride fraction observed 
within 20 min after addition of aldosterone provided an 
initial clue that the hormone was altering lipid metabolism. 
An exact interpretation of this finding is not. however, pos- 
sible from these studies. The observed accumulation of radio- 
activity in this fraction could be due to increased de now 
synthesis of diglycerides which eventually are converted to 
phospholipids, or from an  inhibition of the conversion of 
diglycerides to  phospholipids. 

Fatty acyl-CoA labeled during the first hour after hormone 
addition might be acylating lysophospholipids directly result- 
ing in the labeling of phospholipids. This possibility is sup- 
ported by both the striking increase in the specific activity 
of phospholipid fatty acids of 16 and 18 carbons induced by 
aldosterone treatment for only 30 min and the evidence that 
pretreatment of the serosal surface of the toad bladder with 
phospholipase A resulted in a significant shortening of the 
time interval from addition of aldosterone until the increase 
in sodium transport and increased lysophospholipid forma- 
tion. 

Our present evidence is inadequate to decide whether the 
hormone stimulates complete de noro synthesis of phospho- 
lipids or the hydrolysis of phospholipids to lysophospho- 
lipids followed by their reesterification to  phospholipid with 
a new fatty acid in the 2 position. The requisite enzymes for 
the lysophospholipid-phospholipid cycle have been identified 
in toad bladder (Rosenbloom and Elsbach, 1968a,b). The 
present data represent the first possible evidence for the hor- 
monal control of this cycle. The exact relationship between 
the stimulation of the synthesis of a small pool of 16- and 
18-carbon fatty acids and increased fatty acid incorporation 
into the 2 position of phospholipids during the first 60-90 
min after hormone addition and the increase in both the weight 
percentage and specific activity of several classes of long-chain 
polyunsaturated phospholipid fatty acids after 6 hr of hor- 
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mone treatment remains to be determined. This hormone-in- 
duced alteration in the fatty acid metabolism of toad bladder 
membrane phospholipids, however. raises two questions. 
(1) Can this alteration of membrane fatty acid metabolism 
explain the biological effects of the hormone? (2) How are 
these changes obsemed 6 hr after hormone addition, as  well 
a s  the effects on phospholipid metabolism observed as early 
as 20-30 min after aldosterone addition. related to previous 
results indicating that aldosterone euerts its efyects by altering 
RNA and protein synthesis'? 

With regard to the second question, the evidence i n  support 
of the hypothesis that aldosterone acts primarily by regulat- 
ing gene expression is based priniarily on experiments with 
inhibitors of RNA and protein synthesis. Pretreatment of the 
tissue with either class of inhibitors leads to an inhibition of 
hormone action (Edelman ('r (if., 1963; Edelman. 1968). How- 
ever, i t  has become increasingly clear that these inhibitors may 
not be completely specific in their action. There is also increas- 
ing evidence that control of gene expression in eukaryotic 
cells is considerably more complex than in bacterial cell\ 
(Schinike, 1969). Many key enzqmes turn over with a short 
half-life. If the activity of an enzyme with a relatively short 
half-life were essential for the response to  hormone, then treat- 
ment of the tissue with inhibitors of RNA or protein synthe- 
sis would lead to  a n  inhibition of the response to  hormone, 
even though the hormone had not altered the rate of protein 
synthesis. Thus, an equally valid conclusion to be d r a N n  from 
the studies with these inhibitors in the toad bladder is that a n  
enzyme with a short half-life is involbcti in tho hormont.-scn\i- 
tive process. This means that net synthesis of new proteins i \  
not a necessary part of the hormonally induced change\ in  
the toad bladder. 

The present findings concerning the eti'ect of aldosterone 
upon lipid metabolism and particularly the increase in specitic 
classes of the fatty acids in phospholipids could account for 
a number of the efi'ects of the hormone on this tissue. Changes 
in membrane fatty acid composition have been observed in a 
variety of tissues from goldfish acclimatized at diferent tem- 
peratures (Knipprath and Mead, 1968; Kemp and Smith, 
1970), and these differences i r i  fatty acid composition itre 
associated with differences in the activity of the membrane- 
bound ATPase (Smith and Kemp, 1969). A similar situation 
may exist in the toad bladder and account for the changes in 
Na' transport induced by aldosterone. It has also been found 
in artificial phospholipid membranes that an increase in the 
content of unsaturated fatty acids leads to  changes in per- 
meability (de Gier rr (11,. 1968). Similar changes in this bio- 
logical membrane may account for the increased permeability 
of aldosterone-treated bladders in the presence of base- 

pressin (Handler et d.. 1969a). A change in the lipid environ- 
ment of the Na---K--activated ATPase could also account for 
the increased susceptibility of aldosterone-treated tissuo to  
inhibition by ouabain (Goodman r r  id. .  1969). The increased 
requirement for reducing equivalents caused by the aldo- 
sterone-induced increase in fatty acid synthesis as well as an 
increasing degree of unsaturation of membrane fatty acids 
could also account for the increased sensitivity of aldosterone- 
treated bladders to  the toxic effects of hyperbaric oxygen. 
Although aldosterone produces only about a 3 change in the 
weight percentage of phospholipid fatty acids in whole toad 
bladders, the evidence from this study and from all other 
studies of aldosterone action in the toad urinary bladder in- 
dicates that the epithelial cell layer, which comprises at most 
10 of the mass of the toad bladder (Peachey and Rasmus- 
sen. 1961), is thc site of aldosterone action. Thus, it is not 
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surprising that the aldosterone-induced changes in whole 
bladder phospholipid fatty acid composition are small. If 
the observed changes were to  occur specifically in the serosal 
plasma membrane of the epithelial cells, they could easily 
account for the observed effects of aldosterone on toad blad- 
der function. 

Acknowledgments 

The authors thank Mrs. Heidi Renger and Mrs. Boo Shik 
Yoon for their expert technical assistance. Dr. Peter Braun 
provided much helpful advice during the course of the studies 

References 

Ackman, R. G., and Burgher, R. D. (1963), Can. J. Biochem. 
Physiol. 41,2501. 

Allen, J. E., and Rasmussen, H. (1971), Znt. J. Clin. Pharm. 
(in press). 

de Gier, J., Mandersloot, J. G., and Van Deenen, L. L. M. 
(1968), Biochim. Biophys. Acta 150,666. 

Edelman, I. S. (1968), in Functions of the Adrenal Cortex, 
McKerns, K. W., Ed., New York, N. Y., Appleton- 
Century-Crofts, p 79. 

Edelman, I. S., Bogoroch, R., and Porter, G. A. (1963), 
Proc. Nut. Acad. Sci. U. S. 50,1169. 

Edelman, I. S., and Fimognari, G. S. (1968), Recent Prog. 
Hormone Res. 24, l .  

Freeman, C. P., and West, D. (1966), J.  LipidRes. 7,324. 
Goodman, D. B. P., Allen, J. E., and Rasmussen, H. (1969), 

Handler, J. S., Preston, A. S., and Orloff, J. (1969a), J. Clin. 

Handler, J. S., Preston, A. S., and Orloff, J. (1969b), J. Biol. 

Proc. Nat. Acad. Sci. U. S. 64,330. 

Invest. 48,823. 

Chem. 244,3 194. 
Haugard, N. (1968), Physiol. Rev. 38, 311. 
Kemp, P., andsmith, M. W. (1970), Biochem. J. 117,9. 
Kirchberger, M., Martin, D. G., Leaf, A., and Sharp, G. W. 

Kishimoto, Y., andRadin, N. (1965), J. LipidRes. 6,435. 
Knipprath, W. G., and Mead, J. F. (1968), Lipids 3,121. 
Krebs, H. A., and Veech, R. L. (1968), Advan. Enzyme Reg. 

Ling, G. A. (1962), A Physical Theory of the Living State, 

Lowry, 0. H., Rosebrough, N. J., Farr, A. L., and Randall, 

O'Malley, B., Mengel, C. W., Meriwether, W. D., and 

Peachey, L. D., and Rasmussen, H. (1961), J.  Biophys. Bio- 

Porter, G. A., Bogoroch, R., and Edelman, I. S. (1964), Proc. 

Rosenbloom, A. A., and Elsbach, P. (1968a), Amer. J. 

Rosenbloom, A. A., and Elsbach, P. (1968b), Biochim. 

Schauenstein, E. J. (1967), J.  Lipids Res. 8,417. 
Schimke, R. T. (1969), Curr. Top. Cell. Reg. I ,  77. 
Sharp, G. W. G., and Leaf, A. (1964), Nature (London) 202, 

Sharp, G. W. G., and Leaf, A. (1966), Physiol. Rev. 46,593. 
Skipski, V. P., Petersen, R. F., and Barclay, M. (1964), 

Smith, M. W., andKemp, P. (1969), Biochem. J .  114,659. 
Snyder, F., and Stephens, N. (1962), Anal. Biochem. 4,128. 
Wells, M. A., and Hanahan, D. J. (1969), Methods Enzymol. 

G. (1968), Biochim. Biophys. Acta 165,22. 

7,397. 

New York, N. Y., Blaisdel, Appendix H. 

R. J. (1951), J.  Biol. Chem. 193,265. 

Zirkle, L. G., Jr. (1966), Biochemistry 5,40. 

chem. Cytol. IO,  529. 

Nut. Acad. Sci. U. S. 52,1326. 

Physiol. 214,61. 

Biophys. Acta 164,72. 

1185. 

Biochem. J. 90, 374. 

14, 178. 

Studies on the Soluble 17P-Hydroxysteroid Dehydrogenase 
from Human Placenta. Evidence for a Subunit Structure* 
Joseph Jarabakt and M. Anne Street 

ABSTRACT: The molecular weight of the 17P-hydroxysteroid 
dehydrogenase, estimated from polyacrylamide electrophoresis 
in 0.1% sodium dodecyl sulfate, is 35,000. This is approxi- 
mately one-half the value obtained in an earlier study of the 
active enzyme and suggests that the enzyme is composed of 
subunits. Cross-linking with dimethyl suberimidate followed 
by electrophoresis in sodium dodecyl sulfate gives, in addition 
to a band of molecular weight 37,000, a second protein band 

E arly attempts to purify the 17P-hydroxysteroid dehydro- 
genase from human placenta were hindered by its instability 
(Langer and Engel, 1958; Talalay et al., 1958), but addition of 
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Pritzker School of Medicine, University of Chicago, Chicago, Illinois 
60637. Received MUJ~ 24, 1971. These studies were supported by funds 
provided by the Louis Block Foundation and by Grant A M  07422. 
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with a molecular weight of approximately 73,000. The molec- 
ular weight calculated using the Stokes radius and the sedi- 
mentation coefficient of the active enzyme is 72,000. The 
elution volume of the 17P-hydroxysterojd dehydrogenase on 
Sephadex G-200 filtration is markedly affected by the condi- 
tions of filtration: acidic pH or low temperature (4") pro- 
duces aggregation of the enzyme while sodium dodecyl sulfate 
leads to dissociation. 

glycerol to solutions of the enzyme protected it from inactiva- 
tion and permitted an extensive purification (Jarabak et af., 
1962). Further studies revealed that the instability of the 
enzyme was due to a partially reversible cold inactivation, 
during which the enzyme underwent aggregation (Jarabak 
et al., 1966). Taking precautions to protect the enzyme 
from cold inactivation, three groups of investigators (Des- 
comps et al., 1968; Jarabak, 1969; Karavolas et al., 1970) 
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