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S U M M A R Y  

I. Cortisol incubated with muscle tissue is metabolized to cortisone, dihydro- 
cortisol, corticosterone, II-fl-hydroxyandrostenedione, Reichstein's substances E 
and U, dihydrocortisone, Kendall's Compound A and adrenosterone. 

2. The reaction, cortisol ~ cortisone is TPN specific. DPN appears to inhibit 
the reaction. No evidence was obtained for the presence of a transhydrogenase in 
muscle tissue. Reduction at C-4, 5, and C-2o appears to be TPNH specific. 

3- Studies of the metabolism of cortisone in muscle and liver indicate that the 
major product in liver is cortisol. The major product in muscle is Reichstein's 
substance U. 

INTRODUCTION 

Since the original observations that DPN plays a role in the metabolism of testosterone 
by the liver 1-3, the role of phosphopyridine-nucleotides has been studied extensively 
in the synthesis 4-7, hepatic degradation ~,e,8 and placental metabolism 8-12 of the 
steroid hormones. The advent of radioactive isotope techniques now makes possible 
studies of the relationship of these co-factors to the metabolism of steroid hormones 
in peripheral tissue, which is probably a site of action for several of the steroid 
hormones. In this study, it has been found that cortisol is metabolized to five products 
in muscle. One of the products (cortisone) is converted to four additional compounds. 
Several steroid conversions in muscle and connective tissue appear to be mediated 
through TPN and TPNH. 

EXPERIMENTAL 

I.O g bovine* (psoas major) or mouse leg muscle (approx. 5.% connective tissue, 
estimated histologically) or 0.2 g mouse facia (subdermal loose connective tissue) 
was incubated in a medium containing sodium phosphate buffer, 0.05 M, pH 7.35; 

Abbrev ia t ions :  D P N ,  d iphosphopyr id ine  nucleot ide;  DPlXlH, reduced d iphosphopyr id ine  
nucleot ide ;  T P N ,  t r i phosphopyr id ine  nucleot ide;  T P N H ,  reduced t r iphosphopyr id ine  nucleot ide .  

* Ob ta ined  f rom s l augh t e r  house,  kep t  on ice and  teased  free of fa t  and  iacia. Ac t iv i ty  bore a 
re la t ionship  to  t he  t i me  t a k e n  for p repara t ion .  If  too long an  in t e r im  ensued  the  p repa ra t i ons  
were inact ive .  Age oi the  a n i m a l  also seems  to  be a factor  in t he  degree of ac t iv i ty .  
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MgC12, o .oo4M; KC1, o.o25 M; 16,ooo counts/min cortisol (specific activity 4.o4 
~C/mg) or cortisone (specific activity o.18 ~C/mg and 13.9/xC/mg) at 37 ° for 2 h. 
Cofactors were employed in concentrations of I . IO  -a and I . lO  -4 M. The soluble 
enzyme of muscle was prepared from the supernatant fraction (32,ooo × g, for I h) 
of a homogenate (I part  tissue, 5 parts above buffer) by fractionating between IO and 
60 ~o saturated ammonium sulfate. A quanti ty of extract equivalent to 7-5 g of 
muscle tissue was employed tor each experiment. 

After incubation, three volumes of acetone were added to the incubation flasks 
(flasks contained 5-1o ml of incubation mixture) to precipitate the protein. The 
acetone was subsequently removed by vacuum distillation. The water residue was 
extracted with chloroform which was evaporated under reduced pressure. The 
chloroform residue was dissolved in chloroform-methanol (I : i) solution and chroma- 
tographed according to the methods of ZAFFARONI la. Radioactive areas of the chroma- 
tographs were located and analyzed by means of a strip feed counter 14,15. Specific 
identification procedures are referred to below. In the oxidation procedures 15, 0.5 mg 
of chromium trioxide was employed for cleavage of the side chain; o.I mg for oxida- 
tion of the hydroxyl groups. Dryness of the chromium trioxide was assured by  
preliminary washing of the crystals with the glacial acetic acid. Control experiments 
with buffer indicated no steroid conversions. 

RESULTS 

Presumptive identifications of the radioactive products obtained in the experiments 
below were based on the following evidences: 

Cortisol: Migrates with index cortisol in the chloroform system. Acetylation 
of combined index and radioactive areas gives compounds which migrate identically 
with cortisol acetate-2I (chloroform system). Mild oxidation of the acetate results 
in a compound identical with cortisone acetate-2i.  Oxidation of the unacetylated 
compound gives rise to adrenosterone. 

Cortisone: Chromatographs with index cortisone in the chloroform system. 
Elution and acetylation of the combined forms of the steroids (radioactive and non- 
radioactive) results in derivatives which migrate in the chloroform and benzene 
systems at an identical rate to that  of cortisone acetate. Oxidation of the unacetylated 
compound gives adrenosterone as a product. 

Reichstein's substance E (4-pregnene-zI-beta, 17-alpha, 2o-beta, 2z-tetrol-3-one): 
Chromatographs near the origin of the chloroform system. When the elution solvent 
(chloroform) is allowed to drop from the chromatogram (6 h) the radioactivity 
migrates with Reichstein's substance E. Acetylation of the compound forms a 
diacetate which migrates at the same rate as substance E-diacetate. Mild oxidation 
converts the radioactive compound to Kendall 's compound E. Strong oxidation 
converts it to adrenosterone. 

2o-epi Reichstein's substance E: This compound is slightly more polar than 
substance E. I t  forms a diacetate which cannot be distinguished from substance E 
diacetate when chromatographed in the benzene system (6 h). Mild oxidation of the 
acetylated compound converts it to substance U acetate. This compound was ob- 
served primarily in liver after the incubation of cortisone. BERLINER et al. 1~ have 
reported it to be a product of cortisol metabolism in connective tissue. 

Biochim. Biophys. Acta, 44 (196o) 217-223 



P E R I P H E R A L  METABOLISM OF C O R T I S O L  219 

Reichstein' s substance U (4-pregnene-z7-alpha, 2o-beta, 2I-triol-3,H-dione) : Mi- 
grates between Kendall's compounds E and F in the chloroform (front system.) When 
the eluent is dropped from the front of the chromatogram (4 h), the compound 
runs identically with the index compound. Upon acetylation, the compound forms a 
diacetate which positions itself with substance U-diacetate in the chloroform and 
benzene systems. Mild oxidation converts the free compound to compound E. 
Strong oxidation converts the free compound to adrenosterone. 

Dihydro F (pregnane-xz-beta, 17-alpha , 21-triol-3, 2o-dione): This compound 
chromatographs slightly ahead of compound F in chloroform. When the solvent is 
dropped, the radioactive compound is resolved from the compound F and migrates 
identically with the index carrier compound. Acetylation of the radioactive com- 
pound forms a monoacetate which migrates identically with the acetate of index 
dihydrocortisol. Upon mild oxidation of the acetate a slightly less polar compound 
is formed which corresponds to dihydro compound E acetate. 

Dihydro E (pregnane-~7-alpha , 2x-diol-3, H,  2o-trione) : This compound chroma- 
tographs in a region slightly ahead of cortisone in the chloroform system. When the 
solvent is allowed to drop from the front of the chromatogram (3 h), the compound 
separates from cortisone. Acetylation gives rise to a monoacetate which migrates 
slightly ahead of cortisone acetate. An index compound was not available for this 
substance, but the chromatographic characteristics in respect to Kendall's compound 
E afford strong evidence that it is pregnane-i 7 alpha, 2i-diol-3, II ,  2o-trione. 

Kendall's compound B (4-pregnene-xx-beta, 2z-diol-3, 2o-dione): In the chloro- 
form and benzene systems, this compound migrates identically with the standard 
compound. It  forms a monoacetate which migrates with compound B acetate. Mild 
oxidation converts the compound (or its acetate) to Kendall's Compound A (or its 
respective acetate). Cleavage of the side chain by strong oxidation gives a highly 
polar compound corresponding to cholanic acid. 

Kendall's compound A (4-pregnene-2I-ol-3, ~x, 2o-trione): Chromatography in 
the benzene and chloroform systems demonstrated this compound to migrate identi- 
cally with an authentic sample of Kendall's Compound A. A monoacetate is formed 
upon acetylation and runs at the same rate as the index acetate. Strong oxidation 
results in a highly polar compound corresponding to cholanic acid. 

• I-beta-hydroxyandrostene-3, I7-dione: This compound migrates with the non- 
radioactive carrier compound in the benzene and hexane-benzene systems. Mild 
oxidation converts it to adrenosterone. It  does not form an acetate. 

Adrenosterone (4-androstene-3, xI, I7-trione): This compound migrates with the 
carrier compound in the benzene and hexane-benzene systems. It  does not form an 
acetate. Under the conditions of oxidation described above, this compound is not 
oxidized to another product. 

Fig. I is a chromatograph of the steroid products of radioactive cortisol incubated 
with muscle. A similar spectrum of products has been observed with cultured human 1~ 
and mouse fibroblasts TM. In the presence of TPN, the respective peaks are elevated, 
while in the presence of DPN there appears to be an inhibition. A similar effect 
of TPN has been shown when cortisol is incubated with connective tissue (Fig. 2), 
albeit the oxidized cofactor does not seem to lend to an increase in the quantity of 
the high polar compounds in this latter tissue. When a TPNH generating system 
was incorporated with the connective tissue preparations, the high polar components 
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were increased in quan t i ty .  The magn i tude  of cortisol metabol i sm in connective 
tissue is 3 to 4 t imes t ha t  of the  muscle tissue. 

To de te rmine  whether  the  specifici ty of the  oxida t ion  of cortisol to cort isone 
in respect  to T P N  and  D P N  was real  or due to a membrane  barr ier ,  an act ive soluble 
ex t rac t  was p repared  and  studied.  In  F ig  3, t rac ing No. 6 was ob ta ined  when no 
cofactors were added  at  a p H  of 7-4. When  TPN was added  at  this  pH,  a significant 
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Fig. I. Influence of T P N  and D P N  on cortisol 
metabol i sm by  muscle tissue. The tracings are 
from radiochromatographic  recordingsobtained 
f rom cort isolproducts  initially chromatographed 
in ZAFI*ARONI'S chloroform-formamide  system. 
The respective peaks were fur ther  chromatog-  
raphed to give evidence of the following com- 
pounds:  Peak a is largely composed of Reich- 
s tein 's  substance E, peak bis  unchanged cortisol, 
peak c is largely dihydrocort isol  and an as yet  
unidentified compound,  and peak d is cortisone. 
The elevated area between cort isone and the 
front  of the chromatogram contains  Kendall 's  
compound B and I I -be ta-hydroxyandros tene-  
d i o n e . - - ,  TPN;  . . . . .  , D P N ; - - - ,  control. 

Fig. 2. Influence of TPN and D P N  on cortisol 
metabol ism in connective tissue. The respective 
radioactive areas after fur ther  ch romatography  
resolve to essentially the same products  as 
those referred to in Fig. I. Subscript  " K "  refers 
to Kendall 's  steroid des ignat ion . -  ....... , TPN;  

, DPN;  - - ,  control.  

Fig. 3. Influence of T P N  and D P N  on cortiso] 
metabol ism in a soluble ext rac t  of musclet issue 

incubated at  various pH ' s .  

increase in the  q u a n t i t y  of cort isone was formed (No. 2). A t  a p H  of 9.2 in the  presence 
of TPN,  a large increase was observed.  When  the p H  was lowered, as depic ted  in 
t rac ing No. 3, the  q u a n t i t y  of cort isone formed was decreased.  When  the D P N  was 
added  at  p H  7.4 and 9.2 (No. 8, No. 7), a small  q u a n t i t y  of cort isone was observed;  
a t  p H  of 6.2 (No. 9), only  a t race was observed to be formed. In  all exper iments  in 
which D P N  was added,  no increase of the  q u a n t i t y  of cort isone was no ted  over the  
control.  To de te rmine  whether  a t r anshydrogenase  possibly  funct ioned in this  system, 
D P N  and T P N  or T P N H  in combina t ion  were incuba ted  wi th  the  ex t rac t  and  radio-  
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active cortisol. No evidence was found that  DPN played an auxiliary role in these 
reactions (compare No. 4 with No. 6). Spectrophotometric studies also failed to 
demonstrate an effect of cortisol in the rate of reduction of either TPN or DPN. 
A suggestion that  ATP might play a role in the reaction is seen in the tracing No. 5 
in which ATP was added to the preparation together with TPN and DPN. Activity 
at the C-2o position is greatly diminished in the soluble preparation. 

The data depicted in Fig. 3 is evidence that  the oxidation of cortisol to cortisone 
is TPN specific. T P N H  appears to be the specific cofactor in the reduction of cortisol 
at the 4-5 double bond and the C-2o ketone group. Cortisone seems to be the major 
steroid product of cortisol metabolism in unfortified muscle mince. The addition of 
TPN induces a small, but significant increase in the cortisone formed. A greater 
magnitude of increase is noted in the dihydro and C-2o reduced products when 
exogenous TPN is added. These observations are difficult to evaluate, but suggest a 
preferential affinity of TPN with the ii-dehydrocortisolase system in the endogenous 
preparation. The limited effect of exogenously added cofactor on the quanti ty of 
cortisone formed may be due to either a steric hindrance at the C-I I  position or a 
limited quantity of the dehydrogenase. 
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Fig. 4. A compar i son  of the  m e t a b o l i s m  of cor t i sone  is musc le  and l iver .  Glucuronic  ac id  con juga t ion  
occurs w i t h  some s t e ro id  p roduc t s  in  l iver ,  bu t  has  no t  been de tec ted  in  muscle  t i ssue .  Subsc r ip t  

"R" refers to  Re ichs te in ' s  s teroid  designat ion.  - - - - - ,  control ;  . . . . . .  , added  TPN.  

Studies of the reverse reaction (cortisone ~ cortisol) in both muscle and liver 
were also carried out in this investigation. Distinct differences were noted between 
the two tissues. When [4-14Clcortisone is incubated with mouse muscle tissue, the 
dominating product is Reichstein's substance U; when incubated with mouse liver 
tissue the major product is cortisol (Fig. 4). The quantities of cortisol recovered from 
incubations of cortisone in muscle and liver tissue fortified with either TPN or T P N H  
do not appear to be significantly different from the controls (Fig. 4). However, the 
overall production of cortisol in liver seems to be increased with addition of coenzyme 
as Reichstein's substance E (2o-epi), a secondary product of cortisol, is markedly 
increased. Fortification of the incubation mixtures with coenzyme appreciably 
increases the quanti ty of Reichstein's substance U in both tissues. The relative 
quantities of the products formed in muscle and liver are listed in Table I. Probable 
interrelations of cortisol, cortisone and their respective products is depicted in Fig. 5. 
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TABLE I 
METABOLISM OF CORTISONE BY MUSCLE AND LIVER TISSUE 

Origin peak E R or Epi E R F K U R 

%* counts/rain** % counts/rain % countslmin % counts/rain 

I. Muscle 
Control 2o.1 1,382 19.8 1,359 23. 3 1,596 36.8 2,524 
Addition of TPN 

I- lO.9 I,O53 8.2 798 16.4 1,582 64.5 6,239 
2- 12.2 937 lO.2 774 14.8 I , I3I  62.8 4,820 

2. Liver 
Control 5.6 1,392 13.4 3,308 69.0 17,o36 11.9 2,932 
Addition of TPN 

i- 6.7 1,949 28.4 8,I97 52.0 15,o31 12.8 3,702 
2- 8.7 2,449 34 .1 9,557 44 .1 12,368 13.1 3,674 

* Relative percentage of lipid soluble products. 
* * Counts/rain were calculated from the area under  the curve of the chromatograph as compared 

to a s tandard of known radioactivity. 

El  CI H20H [JR CI Hz0H 
H-CwOH ~ H-C--OH 
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HO. o ~  
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Hfl -Hyd fox yandrost ~ldione Adrenoster~e 

Fig. 5. In te~e la t ions  of cort isol  and i ts products in muscle tissue. 

DISCUSSION 

I t  is a p p a r e n t  f r o m  t i le  a b o v e  s t u d i e s  t h a t  cor t i so l  c a n  b e  d e g r a d e d  in m u s c l e  t i s sue  

v i a  a t  l e a s t  f ive s e p a r a t e  p a t h w a y s ,  n a m e l y ,  c l e a v a g e  of t h e  C-I  7 s ide c h a i n ,  o x i d a t i o n  

a t  C - I I ,  d e o x y g e n a t i o n  a t  C-I  7 a n d  r e d u c t i o n  a t  C-4, 5, a n d  20. I f  t h e  m e c h a n i s m  
of a c t i o n  of cor t i so l  is v i a  a c h e m i c a l  p roces s  ( the  p o s s i b i l i t y  ex i s t s  t h a t  cor t i so l  m a y  

e x e r t  i t s  i n f luence  b y  a p h y s i c a l  m e a n s  w i t h o u t  i n v o l v i n g  a m o l e c u l a r  c h a n g e ,  e .g . ,  

o r i e n t a t i o n  a t  a n  i n t e r f ace ) ,  i t  is poss ib le  t h a t  one  or  m o r e  of t h e s e  c h e m i c a l  r e a c t i o n s  

is i n v o l v e d  in  a k e y  h o r m o n a l  a c t i v a t i o n  process .  As  co r t i so l  is k n o w n  to  m o d i f y  a 

n u m b e r  of p h y s i o l o g i c a l  p rocesses  (e lec t ro ly t ic ,  g lycogen ic  a n d  a n t i - i n f l a m m a t o r y  
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activity, muscle work, etc.), it is also possible that the different chemical conversions 
are associated with separate physiological processes. That muscle tissue is a target 
organ of the cortico-steroids is evident from the work of INGLE TM and SOLOMON AND 
SAYERS TM. The relationship between the apparent endogenous affinity of TPN for 
i i-cortisoldehydrogenase and the mechanism of action of cortisol, as observed in the 
present experiments, remains to be determined. 

BUSH 2° has suggested that the organism tends to maintain the i i -oxygen  group 
of the corticosteroids in the reduced (hydroxyl) form. When i i -ke to  compounds 
were administered, a predominanc~ of the II-hydroxyl products were isolated in the 
urine. However, FUKUSHIMA et al. ~I have recently reported a predominance of the 
i i -ke to  urinary derivatives after administration of [4-14Clcortisol. The present studies 
suggest that reduction of cortisone to cortisol is primarily a hepatic function. In 
muscle there does not seem to be a marked tendency for C-II reduction in comparison 
to the reactions associated with the C-4,5, and 20 positions (Fig. 5). These obser- 
vations are consistent with the recognition that cortisone administered systematically 
has comparable effects with cortisol, but when employed locally is much less active ~2,~. 
In respect to local anti-inflammatory reactions, cortisol has been estimated to be 
7 to 8 times as effective as cortisone 24. 
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