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SUMMARY 

I. A number of cytoplasmic enzymes of the adrenal cortex are active in the 
reduction of NADP. However, the rate of corticoid synthesis from endogenous 
cholesterol would seem to be regulated primari ly by  the rate of reduction of NADP 
by glucose-6-P dehydrogenase. Estrogens and several other hormones are competitive 
inhibitors of NADP-binding to NADP-specific dehydrogenases. The competitive 
inhibition by estrogens of the rate of reduction of NADP by  glucose-6-P dehydro- 
genase was correlated with the competitive inhibition to the rate of corticoid synthesis. 
Examples of the molecular structure and mode of action of hormone inhibitors are 
given. Inhibition is non-competitive for substrate such as glucose-6-P. 

2. A second possible biochemical site of action of estrogen invo;ves a non- 
competitive activation of the NAD-specific lactic dehydrogenase of the cytoplasm. 
The Km for the activation of lactic dehydrogenase by estradiol in the presence of 
excess lactate is 2.7. l°-9 M. 

3. The inhibitiolts and activations by estrogens were also found to occur with 
the dehydrogenase enzymes of the anterior pi tui tary.  By an interplay of inhibition 
or activation of metabolic pathways, estrogen may act as a regulatory hormone in 
tissues that  are target  organs of estrogen. 

INTRODUCTION 

Estrogens have been found previously to inhibit the formation of corticoids by  ra t  
adrenals in  vitro I and after administration z in vivo of high doses. Inhibition caused 
by low doses of estrogen can be compensated for by an increase in corticotrophin 
secretion. A number of dehydrogenase enzymes of the cytoplasm were also found to 
be inhibited by estrogens, androgens s and thyronine compounds 4. I t  seemed reason- 
able that  the inhibition of NADP-specific dehydrogenase by  estrogens and other 
hormones could explain the inhibition to corticoid synthesis. This is now proven to 
be the case. I t  was also suggested that  these hormones regulate the dynamic balance 
between the adrenal and the p i tu i tary  hormones, and in the case of estrogens, lead 
to a stimulus from the p i tu i tary  to pentose shunt metabolism in a number of tissues 6 
such as adipose ~ and liver v. The mechanisms of the  estrogen inhibition have been 
extended and clarified in this paper. In addition, the peculiar importance of the 
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pentose shunt dehydrogenases in the rate of reduction of NADP for corticoid synthesis 
is demonstrated. The competitive relationship between estrogens and NADP for 
binding sites on glucose-6-P dehydrogenase (EC 1.1.1.49 ) and the relationship of this 
inhibition to corticoid synthesis is shown. It  has also been found that estrogens can 
activate the oxidation of lactate by NAD-specific lactic dehydrogenase (EC -'.1.!.37) 
of the cytoplasm at concentrations (io -9 M) which have no effect on NADP dehydro- 
genases. This seems to be an additional regulatory mechanism of estrogen in both 
adrenal cortex, anterior pituitary, and possibly other hormone-sensitive tissues. 
Preliminary reports of some of these results have appearedS, 9. 

EXPERIMENTAL PROCEDURE 

The methods for assay of extramitochondrial enzymes, purification of glucose-6-P 
dehydrogenase, and the determination of Michaelis constants have been described 
elsewhere 4. Batches of slices of fresh cow adrenal cortex were made with a Stadie- 
Riggs slicer from adrenals of 8 or io cows. Slices consisting mostly of fasciculata 
cells were homogenized in o.154 M KC1 without preincubation, immediately frozen, 
and used within one week. Rat adrenals were handled and preincubated as de- 
scribedlO, n. Estroge~ "z freshly distilled dioxane or ethanol was added to homo- 
genates with rapid mixing before reactions were started by the addition of substrate 
or pyridine nucleotide. After incubation of adrenal tissue the corticoids were extracted 
with methylene dichloride and measured by the blue tetrazoliunl method 12. 

RESULTS 

Relative activities of extramitochondrial dehydrogenases and effects of estrogen~ 

All the NADP dehydrogenases shown in Table I were inhibited by estrogens at 
Io -7 M. The enzymic activities of the controls vary somewhat in different batches 
oi cow adrenal. The NAD-specific lactic dehydrogenase was stimulated by estrogens. 
At lO -9 M there was no effect of estrogen on the NADP dehydrogenases (at least at 
the fairly high NADP level of one #mole), but the reaction 

lactate + NAD--~ pyruvate + NADH 2 

was stimulated 33 % by estradiol, while the reverse reaction 

pyruvate + NADH z --~ lactate + NAD 

was stimulated only 9%. Estrone and estradiol were slightly less effective. There 
was no reduction of NADP or NAD when substrates or nucleotides were omitted 
from the reaction mixture. When the reduction of added NADP or NAD was allowed 
to go to completion there was no re-oxidation or effect of estrogen. No transhydro- 
genase was detected in the cytoplasm. 

The relation of dehydrogenase activity tc corticoid synthesis 

The importance of the dehydrogenase enzymes of the pentose shunt for corticoid 
synthesis is demonstrated by the data of Table II. The basic principles of enzyme 
kinetics were applied to these metabolism studies. NADP was added at a level 
(9" xo-S M) to give a good, but less than maximal, rate of corticoid synthesis with 
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TABLE I 

RELATIVE ACTIVITIES OF EXTRAMITOCHONDRIAL DEHYDROGENASES IN COW ADRENAL CORTEX AND 
EFFECT OF ESTROGENS AT IO -? ~[ 

Each enz:me system consisted of an appropriate buffer, 3 pmoles substrate indicated (lactate 
150/mlolesL i oo/ll of high-speed supernatant fraction irom a t 5 ° mg/ml adrenal-cortex homogenat e 
in a total volume of 3 ml. Each cuvette had either x pmole NADP, 2 pmoles NAD for the lactate, 
or 0.2 pmole of NADH 2 for the pyruvate substrate The reaction was started by injecting t o o / d  
of substrate from a micro-syringe into the cuvette. A Beckman ModeI-DU Spectrophotometer 
coupled to a Honeywell Electronik High Speed Recorder was used to measure the initia 1. velocity 
at 34 ° mtt. Temperature 25 °. Values are the means of 5 determinations. Velocity expressed as 

• tmoles NADH 2, NAD or NADPHI per rain per x5 mg cortex. I, inhibition; S, stimulation. 

NA D P-spccifw dehydrogenases NA D-specific dehydrogerut, es 

Glu-6-P 6.P-gluconic Isocitric Malic Lactic Pyruvic 

Velocity control o 76 0.70 0.25 0.65 0.57 0.63 

Estrone (o~, change) IO 1 4 1 13 I io 1 24 S x 9 S 

Estradiol (% change) 37 I 31 I 24 1 38 1 25 S 14 S 

Estriol (% change) 25 I o II  I 3 I 32 S x8 S 

TABLE I I  

THE RELATION OF DEHYDROGENASE ACTIVITY TO CORTICOID SYNTHESIS 

The incubation medium for corticoid synthesis contained 7.8 pmoles of a substrate with o.i87 
pmole (9" IO -5 M) of NADP or NAD with lactate, or just o.i87 pmole of NADk'ii , ,  0. 4 ml of 
homogenate (too mg), 2.2. lo -4 M CaC1, and Krebs-Ringer bicarbonate buffer to 2 ml. Incubation 
was for 3 ° min at 57 ° under O 3-CO 2 (95 : 5). The corticoids formed were extracted with methylene 
dichloride and estimated by the blue tetrazolium method. Enzyme activities at 25 ° were measured 
as in Table I using 5o pl of the high-speed supernatant fraction from the same batch of homogenate 

used for corticoid synthesis. Values are the means of 4 or more closely agreeing values. 

Glu*6-P 6-P-gluc.onic Isoci4ri~ Malic Lactic I~:4DPH 2 

per 1oo mg adrenal cortex 

Co:ticoids (pg/3o rain) 26.2 12.0 2.8 4.2 0.6 

NAOPH z or NADH., 7.7 1.8 4.0 0.8 2.0 
(~tmoles/min) 

4.6 

g lucose -6 -P  as  s u b s t r a t e .  T h e  30-nfin i n c u b a t i o n  t ime  w a s  se lected f r o m  t ime  s t u d i e s  

to  e n s u r e  t h a t  t he  r a t e  of  s y n t h e s i s  of cor t ico ids  w a s  l inear .  S u b s t r a t e s  were  in excess  

so as  n o t  t o  be  ra te - l imi t ing .  O n l y  u n d e r  these  cond i t i ons  could  t h e  re la t ive  efficiencies 

of t h e  v a r i o u s  N A D P H , - g e n e r a t i n g  s y s t e m s  be eva lua t ed .  Most  of t h e  cor t i co id  

s y n t h e s i s  occu r r ed  w h e n  a d d e d  N A D P  w a s  r e d u c e d  b y  the  e n z y m e  s y s t e m s  glucose-  

6 - P  a n d  6 - P - g l u c o n a t e  d e h y d r o g e n a s e .  I s o c i t r a t e  d e h y d r o g e n a s e  p r o d u c e d  consider-  
a b l y  less cor t ico ids  t h a n  i ts  c a p a c i t y  to  r e d u c e d  N A D P  w o u l d  indica te .  T h e  mal ic  

d e h y d r o g e n a s e  s y s t e m  w a s  of  low a c t i v i t y  b o t h  in t h e  r a t e  of  r e d u c t i o n  of  N A D P  a n d  

in cor t ico id  syn thes i s .  T h e  h y d r o x y l a t i o n  a n d  o t h e r  s y s t e m s  of t h e  n f i t o c h o n d r i a  

g e n e r a t i n g  cor t ico ids  f r o m  p r e f o r m e d  choles te ro l  a re  specific for  N A D P H  2 as  s h o w n  

b y  t h e  fact  t h a t  t h e  g e n e r a t i o n  of N A D H  2 b y  the  lact ic  d e h y d r o g e n a s e  s y s t e m  

p r o d u c e d  no  s ignif icant  a m o u n t s  of  cor t ico ids  in t h e  s y s t e m  i n  v i t r o .  T h e  s t i m u l a t i o n  
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of lactic dehydrogenase by e';trogens may be important in vivo due to a possible 
increase in the rate of generation of NADHz with subsequent electron transport to 
ATP. This could increase protein synthesis. 

Rather surprisingly, NADPH z itself, when added to the homogenate, generated 
corticoids at a slow rate. NADPH 2 was purchased from Pabst Laboratories, Milwaukee, 
Wisc., and was found by analysis to be the completely reduced nucleotide. One would 
have expected that preformed NADPH 2 woul d be as good as a NADPHz-generating 
system unless (as seems to be the case) there is some unique association of the pentose 
shunt dehydrogenases in the cytoplasm with the hydroxylation enzymes of the mito- 
chondria or microsomes. :' 

TABLE Ill  
R E L A T I V E  A C T I V I T I E S  O F  E X T R A M I T O C H O N D R I A L  D E H Y D R O G E N A S E S  1N 

~ V H O L E  R A T - A D R E N A L  H O M O G E N A T E S  

Enzyme assays were carried out as described in Table [I. 

GIu-6-P 6-P-Gluconic lsocittic Malic Lactic Pyruvic 

per zoo mg whol¢ adrenal 

NADPH 2 or NADH 2 1.68 0.86 2.68 0.59 3.5I - -  

(ttmoles/min) 

The incubation of homogenates without substrate or NADP produced no 
measurable corticoids. However, considerable precursor steroid--probably cholester- 
o l - w a s  present in the adrenals. The rate of corticoid synthesis seems thus to be 
regulated by the rate of reduction of NADP, primarily by hydrogen transfer from 
glucose-6-P. 

Similar inhibitory effects of estrogens on NADP-specific dehydrogenases and a 
similar unique association of glucose-6-P and 6-P-gluconate dehydrogenases with 
corticoid synthesis were found for rat adrenals. The relative enzyme activities for 
whole rat adrenals are given in Tab!e III .  Isocitrate dehydrogenase showed more 
NADPH2-generating capacity than glucose-6-P dehydrogenase but stimulated the 
rate of eorticoid synthesis at only io % the rate. The corticoid values are not given 
since no attempt was made to separate the medulla or slice the cortex and the 
relationship between enzyme activity and corticoid synthesis is therefore less precise 
than in the case of cow adrenal cortex (primarily fasciculata cells). 

Competit ive inhibit ion o f  N A D P - b i n d i n g  by estrone 

The competitive relationship between NADP and estrogens for binding sites on 
purified glucose-6-P dehydrogenase is shown by the example in Fig. I. The I7-keto- 
androgens, A4-androstendione and dehydroepiandrosterone 3, as well as stilbestrol 5, 
hexestrol, estradiol, estriol and the thyronine hormones 4, were also found to be 
competitive inhibitors of NADP-binding to NADP-specific dehydrogenases. The 
corticoid series such as I7~,-hydroxycorticosterone and the progesterone series are 
very weak inhibitors a. Thus, all these hormones may participate in varying degrees 
in the regulation of adrenal metabolism depending upon their inhibitory activity 
and the amount of non-protein-bound hormone in the circulation. These hormones, 
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at  leas t  in t he  case of t he  e s t r o g e n s  a n d  t h y r o n i n e  c o m p o u n d s ,  are  n o n - c o m p e t i t i v e  

w i t h  respec t  to  t he  s u b s t r a t e  g lucose-6-P .  

10, 

A -  m I - ,  v ( ~ )  e. 

6 .  

4 .  

- -  ~ ~pS~ 

o O J  o - J  
~ ' ~ ~  81TOR 

NA~ (IO'4M) 
- -  

Fig. ]. Competitive inhibition of the binding of NADP to glucose-6-P dehydrogenase by estrone 
as demonstrated by a Lineweaver-Burk plot. Each point represents the average of 5 or more 
determinations. Each reaction mixture in Tris buffer (pH 8.0) contained enzyme, xo -a M glucose-6-P 
and varying amounts of NADP. Estrone was added to the inhibitor series at t" xo -5 M. Km (NADP) 

= 3.5" 1 o - 5  M,  KI  = 3.8" t o  -5  M.  

TABLE IV 

EFFECT OF INCREASING NADP CONCENTRATION ON ESTRADIOL INHIBITION OF 
CORTICOID SYNTHESIS IN HOMOGENATES OF NAT ADRENALS 

Quartered adrenal glands from 4 ° rats were preincubated for t h in Krebs-Ringer bicarbonate 
buffer with added glucose. The incubation medium was discarded and the glands were homogenized 
in xo.5 ml o.i M KC1 solution. The final incubation with homogenate was for 3o rain at which 
time the ra:e of corticoid synthesis was still linear. Each beaker of the series of 32 contained in 
2 ml final volume of buffer 23 mg of homogenate, 4" 1o-S M Glu-6-P, 2.2. xo -~ M CaC1 v and NADP 
as shown. Estradiol was added to the inhibitor series at 7.5" xo-6 M. There were four controls 
without added NADP, GIu-6-P or estradiol. Incubation was carried out at 37 ° under O2-CO a 

(95:5), The corticoids formed were exfracted and estimated as in Table II .  

Corticoid production 
NADP (#g/loo mg adrenal)* Inhibition concentration (%) 

(M X zo -I) NADP control NADP + eStradiul 

1.5 6.3 3.1 51 
3.0 x3.8 IO.5 24 
9 .0 37.3 29.4 2t 

27.0 4 °.8 37-5 8 

* Each value is the mean of 4 determinations. 

Compet i t i ve  re la t ionsh ip  between estradiol and  N A D P  in  the s yn thes i s  o f  corticoids 

T h e  r a t e  of  r e d u c t i o n  of N A D P  b y  t h e  g lucose -6 -P  d e h y d r o g e n a s e  s y s t e m  w o u l d  

seem to  be  t h e  m a j o r  r a t e - l i m i t i n g  s t e p  in  t h e  s y n t h e s i s  of cor t icoids .  I f  e s t r o g e n  is 

c o m p e t i t i v e  w i t h  t h e  b i n d i n g  of  N A D P  tiffs s h o u l d  m a n i f e s t  i tself  in  a c o m p e t i t i v e  

fash ion  w i t h  t h e  r a t e  of  cor t i co id  syn thes i s .  T h a t  t h i s  is so can  be  a p p r e c i a t e d  f r o m  

t h e  d a t e  of  T a b l e  IV.  (As t h e  a m o u n t  of  a d d e d  N A D P  i n c r e a s e d  t h e  p e r c e n t a g e  

inh ib i t i on  decreased . )  T h e  d a t a  f r o m  a s imi l a r  e x p e r i m e n t  a re  e x p r e s s e d  in Fig.  2 
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Fig. 2. A Lineweaver-Burk plot of the corn- Fig. 3- The estrogen activation of lactic de- 
petitivc relationship between i7~-estradioland hydrogenase in the high-speed supernatant 
NADP for binding sites on glucose-6-P de- fraction of cow adrenal-cortex tissue as demon- 
hydrogenase, expressed in terms of corticoid strafed by a Lineweaver-Burk plot. Each point 
synthesis from rat-adrenal homogenates, The represents the average cf 5 or more determi- 
incubation procedure with glucose-6-P, NADP nations. Each reaction mixture in glycine buffer 
and estradiol and the measurement of corticoids (pH 7.o) contained excess sodium lactate and 

were the same as in Table IV. varying amounts of NAD. Estradiol was added 
to the steroids series at Io -g M. The A'm for 

activation of lactic dehydrogenase by estradiol was determined to be 2.7" IO -~ M. Estradiol was 
non-competitive for NAD. 

as a L i n e w e a v e r - B u r k  plot  a n d  the  compet i t ive  re la t ionsh ip  is c lear ly  seen. E v e n  the  
lowest  level  of added  N A D P  is p r o b a b l y  m u c h  h igher  t h a n  t h a t  found in vivo, so t h a t  
i t  is no t  unl ike ly  t h a t  concen t r a t i ons  of es t rogen m u c h  lower t h a n  7.5" lO-6 M are 
effective inh ib i to rs .  

Activation of la¢tie dehydrogenase by estrogen 

A kine t ic  s tudy  was m a d e  of the  s t i m u l a t o r y  effect of es t rogen on the  ve ry  act ive  
lact ic  dehydrogenase  sys t em of ad rena l  cortex.  As shown in Fig. 3, es t radiol  was non-  
compe t i t ive  for NAD. T h e  Km for a c t i v a t i o n  is ex t r eme ly  low. The  m e c h a n i s m  of 
th i s  effect is u n k n o w n  a n d  is be ing  s tud ied  fur ther .  The  lact ic  dehydrogenase  in the  
cy top la sm of a n t e r i o r  p i t u i t a r y  t issue was also s t imu la t ed  b y  es t rogen a n d  th i s  
ac t i va t i on  m a y  be  a genera l  enz}maic si te  of ac t ion  of t h e  s t imu la to ry  effects of !ow 
levels of es t rogens  obse rved  in m a n y  tissues. 

DISCUSSION 

The  p resen t  pape r  re la tes  the  compet i t ive  inh ib i t ion  of ghicose-6-P dehydrogenase  
b y  es t rogen to  t h e  inh ib i t ion  of cor t icoid synthesis .  

The re  seems to  be  a special r e q u i r e m e n t  for the  reduc t ion  of N A D P  b y  t h e  
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dehydrogenase enz~anes of the pentose shunt pathway in the synthesis of corticoidsl 
Glucose-6-P dehydrogenase in the cytoplasm is by far the most important system 
for the generation of NADPH 2 required by the hydroxylating enzymes of the 
particulate fraction. The regulation of the rate of synthesis of corticoids seems to be 
primarily dependent upon the rate of reduction of NADP. Adequate stores of pre- 
formed cholesterol are normally present, unless excessive stimulation to the adrenal 
has occurred. The regulation of the rate of corticoid synthesis can be influenced by 
estrogens and certain other hormones. Examples of the classes of hormones that are 
competitive with NADP for binding sites on NADP dehydrogenases and are thus 
regulators of the metabolic activity of the adrenal cortex are shown in Fig. 4. The 
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Fig. 4' Structural relationship of the competitive inhibitors of NADP-specific glucose-6-P dehydro- 
genase to NADP. The spatial separation of the ketone of phenolic hydroxyl groups of the inhibitors 
is in the range I2-I 5 A. Thus the hydrogen-bonding groups for NADP on the dehydrogenase must 

also be in this range. 

possible significance of some of these hormone effects on the adrenal-pi tu i tary  axis 
and the metabolism of other tissues has been discussed previously 4,s. Since the in- 
hibitors are competitive with NADP-binding, the amount of inhibition depends on 
the tissue level of NADP but was found to be independent of the level of substrate. 
Of the various potent inhibitors of NADP dehydrogenases the estrogens would seem, 
in the normal human female, to be of special physiological significance in the regulation 
of metabolism. The levels of circulating estrogen synthesized by the ovary vary 
cyclicly with the phases of the menstrual cycle and large amounts of estrogens are 
produced by the placenta during pregnancy (as much as TOO nag per day during late 
pregnancy). The inhibitory effects of the lower levels of estrogen on the adrenal 
cortex can clearly be compensated for by an increase in the rate of corticotrophin 
synthesis and an enlargement of the adrenal as discussed previouslyS, *. The higher 
levels of estrogen found in late pregnancy may have an effect on the adrenal beyond 
the capacity of the pituitary to compensate for. It  is difficult to assess the physiological 
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effectiveness of the adrenal secretions in pregnancy since there are several other 
changing parameters. The certisol-binding protein increases 13 and most of the cortisol 
circulates in the protein-bound and presumably inactive form, with a slower in- 
activation time than for free cortisol. The metabolic activity of the l ive :  and the 
liver-inactivation rate for cortisol increases and the turnover time for free cortisol 
is increased j4. These changing parameters of cortisol metabolism are at least partially, 
if not wholly, compensated for by an enlarged adrenal and an increased rate of 
synthesis of the adrenal hormones. Whether the physiologically effective amount of 
corticoids is changed or not during late pregnancy, it is entirely possible that a large 
rebound phenomenum occurs after the separation of the placenta and the removal 
of the estrogen block to the adrenal. The rate of corticotrophin secretion is high 
and the enlarged adrenal could suddenly increase its rate of synthesis of corticoids. 
This may be a useful mechanism since it has been shown that single large doses of 
cortisol and related compounds are the trigger to the synthesis of milk in the mammary 
gland ~s. I t  seems certain that the exogenous administtation of high levels of estrogen 
can be inhibitory to adrenal function. The daily administration of estrogen in the 
form of contraceptive pills has been shown to be inhibitory to cortisol synthesis in 
the human le. High doses of administered estrogen are inhibitory to adrenal function 
in the intact rat ~ while even low doses are inhibitory in the hypophysectomized rat. 

I t  is interesting that further evidence of a unique role for glucose-6-P dehydro- 
genase has recently been demonstrated in the humanlL This enzyme showed a marked 
increase in activity after corticotrophin administration. It  had been shown previously 
that glucose-6-P dehydrogenase is linked with the production of reduced NADP 
required for Ilfl-hydroxylation ts, 19 and other steps in corticoid biosynthesis 2°. 

A second biochemical site of estrogen action involves the activation of lactic 
dehydrogenase. The level required for activation is extremely low and is independent 
of both NAD and lactate level. The stimulation to the rate of oxidation of lactate 
to pyruvate with an increase in the rate of production of NADH2 and ttms ATP, 
could increase protein synthesis in those tissues high in lactic dehydrogenase. Thus, 
for example, it would be poqsible to have a direct stimulus for the increase of adrenal 
size because of the increase in protein synthesis as well as the indirect stimulus to 
increased size from the pituitary which has been discussed previously 5. As the level 
of estrogen rises, the inhibitory effect on the rate of reduction of NADP would be 
expected to predominate and inhibit metabolic function. Whether the effects of 
stimulation to the rate of NADH 2 or inhibition to the rate of NADPH 2 production 
predominate may also depend on the relative proportion of these enzymes in the 
target tissue and their ability to bind estrogen. For example, both erizv'me systems 
were found to be active in the adrenal, pituitary and placenta; on the other hand, 
the myometriur "~ of the human cervix of the uterus was relatively more active in 
NAD lactic dehydrogenase than in NADP dehydrogenases. The inhibitory effects 
of estrogen on NADP dehydrogenases and stimulatory effects on NAD-specific lactic 
dehydrogenase at low levels were also found with the enzymes of the anterior pituitary. 
Thus, these effects of estrogen may be a general regulatory mechanism in tissues 
responsive to estrogen. The significance of the effects of estrogen on dehydrogenase 
enzymes and on gonadotrophin synthesis in the anterior pituitary during the 
menstrual cycle, in pregnancy and with exogenous administration of estrogen will 
be discussed in a subsequent communicatien. 
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