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T h e  c o n c e n t r a t i o n s  o f  f ive 1 6 - a n d r o s t e n e  s t e r o i d s  w e r e  d e t e r m i n e d ,  b y  a G C - M S  m e t h o d ,  in 
f r e s h l y - p r o d u c e d  a p o c r i n e  s w e a t  ( a d r e n a l i n e - i n d u c e d ) ,  in 8 m e n  a n d  2 w o m e n .  T h e  r a n g e s  o f  
c o n c e n t r a t i o n s  ( n m o l / ~ l )  in a p o c r i n e  s w e a t  we re :  5 ~ - a n d r o s t - 1 6 - e n - 3 - o n e  (5~-A),  0.1-2.0 a n d  4,16- 
a n d r o s t a d i e n - 3 - o n e  ( a n d r o s t a d i e n o n e ) ,  0-1.9. 5 , 1 6 - A n d r o s t a d i e n - 3 f l - o l  ( a n d r o s t a d i e n o l )  was  a lso  
f o u n d  in 5 o f  t he  s u b j e c t s  ( r a n g e  0.05-1.05). 5 ~ - A n d r o s t - 1 6 - e n - 3 ~ -  o r  3fl-ols [ 3 ~ ( f l ) - a n d r o s t e n o l s ]  w e r e  
on ly  f o u n d  in s m a l l  a m o u n t s  ( <  0.1 n m o l / / d )  in a f ew sub jec t s .  In  t he  s e c o n d  s t udy ,  p r i o r  to a p o c r i n e  
s w e a t  c o l l e c t i o n  ( a d r e n a l i n e  i n j ec t ion ) ,  t he  a x i l l a r y  sk in  o f  6 o f  the  m a l e  s u b j e c t s  w a s  w a s h e d  w i t h  
d i e t h y l  e t h e r  on  a n  a d j a c e n t  s i te  o f  t he  a x i l l a r y  vau l t .  T h e  c o n c e n t r a t i o n s  o f  1 6 - a n d r o s t e n e s  w e r e  
c o m p a r e d  in t he  e t h e r e a l  e x t r a c t s  a n d  a p o c r i n e  swea t .  T h e  f o r m e r  c o n t a i n e d  d e t e c t a b l e  l eve l s  
( p m o l / c m  2) o f  a n d r o s t a d i e n o n e  (17.9 + 2.4), 3 ~ - a n d r o s t e n o l  (6.9 + 3.7), 3 f l - a n d r o s t e n o l  (1.8 + 1.0) 
a n d  a n d r o s t a d i e n o l  ( 1 . 9 _  0.5) ( m e a n s  + S E M )  in all  6 sub j ec t s .  All b u t  1 s u b j e c t  a l so  h a d  5~- 
a n d r o s t e n o n e ,  t he  m e a n  v a l u e  f o r  the  o t h e r s  b e i n g  2.5 + 0.6. T h e  a x i l l a r y  skin  leve ls  o f  3~- a n d  
3 f l - a n d r o s t e n o l s ,  a n d r o s t a d i e n o l  and ,  in 3 sub j ec t s ,  a n d r o s t a d i e n o n e  e x c e e d e d  t hose  in t he  a p o c r i n e  
s w e a t  o b t a i n e d  f r o m  the  s a m e  s u b j e c t s ,  w h e r e a s  leve ls  o f  5 ~ - a n d r o s t e n o n e  in t he  sk in  e x t r a c t s  w e r e  
all  l o w e r  t h a n  in a p o c r i n e  s w e a t  s a m p l e s ,  w h e n  r e l a t e d  to  t he  c o r r e s p o n d i n g  a r e a s  o f  sk in  s a m p l e d .  
T h e  m e t a b o l i s m  o f  1 6 - a n d r o s t e n e s  was  s t u d i e d  in vi tro in t he  p r e s e n c e  o f  two  a e r o b i c  c o r y n e f o r m  
b a c t e r i a ,  p r e v i o u s l y  s h o w n  to m e t a b o l i z e  t e s t o s t e r o n e  as wel l  as b e i n g  c a p a b l e  o f  p r o d u c i n g  o d o u r  
f r o m  e x t r a c t s  o f  a x i l l a r y  s w e a t  in an  o d o u r - g e n e r a t i o n  tes t .  A l t h o u g h  b o t h  c o r y n e f o r m s  c a u s e d  
c o m p l e x  m e t a b o l i c  r e a c t i o n s  a n d  w e r e  c a p a b l e  o f  o x i d a t i o n  o r  r e d u c t i o n  a t  C-3 a n d  C-4,  the  o v e r a l l  
d i r e c t i o n  f a v o u r e d  r e d u c t i o n .  F o r  e x a m p l e ,  l a r g e  q u a n t i t i e s  o f  t he  m o r e  o d o r o u s  5 ~ - a n d r o s t e n o n e  
a n d  3 ~ - a n d r o s t e n o l  w e r e  f o r m e d  f r o m  a n d r o s t a d i e n o l  a n d  a n d r o s t a d i e n o n e .  In  c o n t r a s t ,  s t r a i n s  o f  
c o r y n e b a c t e r i a ,  u n a b l e  to p r o d u c e  o d o u r  a n d  i n c a p a b l e  o f  m e t a b o l i z i n g  t e s t o s t e r o n e ,  w e r e  a lso  
u n a b l e  to  m e t a b o l i z e  1 6 - a n d r o s t e n e s .  We  p r o p o s e  t h a t ,  e v e n  w i t h o u t  t he  de novo s y n t h e s i s  o f  o d o r o u s  
1 6 - a n d r o s t e n e s  b y  a x i l l a r y  b a c t e r i a ,  the  s m a l l  q u a n t i t i e s  o f  t he se  s t e ro id s ,  i n c l u d i n g  the  w e a k l y  
o d o r o u s  a n d r o s t a d i e n o l ,  p r e s e n t  in a d r e n a l i n e - i n d u c e d  a p o c r i n e  swea t ,  c o u l d  be  c o n v e r t e d  b y  
a e r o b i c  c o r y n e f o r m  b a c t e r i a ,  r e s i d e n t  on  the  a x i l l a r y  sk in  s u r f a c e ,  to  a m o r e  o d o r o u s  m i x t u r e  o f  
1 6 - a n d r o s t e n e s ,  s u c h  t h a t  t he  h u m a n  o l f a c t o r y  t h r e s h o l d  o f  p e r c e p t i o n  w o u l d  be  e x c e e d e d .  
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INTRODUCTION 

During past decades, intensive studies have been 
directed towards investigating the source(s) of human 
odour. T o  a large extent such work has focussed on the 
human axillae because these have been described as 
perfect sites for odour dispersal[I ] .  At least three 
groups of compounds,  present in axillary secretions, 
have now been described as being contributors 
to human axillary odour: aliphatic fatty acids, 16- 
androstene steroids and, most recently, the 2-methyl-  
3-hexenoic acids. Some members  of  the first of 
these groups, the aliphatic fatty acids, have been 
recognized for many  years as giving rise to the 
'sweaty '  notes of axillary secretions. This  applies es- 
pecially to 2-methylbutanoic  acid, but  more recently, a 
whole range of aliphatic fatty acids from C-2 to C-16, 
have been characterized in human axillary sweat [2], 
and some of these are quite intensely odorous. The  
second group, the 16-androstenes, have also been 
quantified in axillary sweat and axillary hair [3-8] 
and, bearing in mind the low olfactory thresholds for 
three of these steroids notably 5~-androst-16-en-3-  
one (5~-androstenone),  5~-androst-16-en-3~-ol  (3~- 
androstenol) and 4,16-androstadien-3-one (andros- 
tadienone)[9],  the quantities present could easily 
contribute to human axillary odour in men [10]. How-  
ever, freshly produced apocrine sweat is odourless [11] 
and was thought  to contain little or no 16-androste- 
nes [12]. I t  was therefore postulated that some odour-  
less substrate, initially present in sterile apocrine sweat, 
was t ransformed in the presence of axillary bacteria to 
the odorous 16-androstenes noted above. Numerous  
intensive studies, involving incubation of putative sub- 
strates, such as, testosterone [13], 5 ~ - D H T  [13, 14], 
and pregnenolone [14] with appropriate aerobic 
corynebacteria have been undertaken without convinc- 
ing evidence for 16-androstene biosynthesis [14, 15]. 
There  seems to be little doubt that the aerobic 
Corynebacterium spp. are those which are especially 
associated with axillary odour [16-18]. 

The  third group of substances, the isomeric 
2-methyl-3-hexenoic acids [19-21], are said to have 
an 'unwashed '  or 'unhygienic '  odour,  although the 
olfactory thresholds for the isomers differ and anosmias 
have been reported [21]. 

In the present communication,  we have re-examined 
freshly produced apocrine sweat for the presence of 
16-androstenes by a sensitive G C - M S  method and 
have compared the concentrations found therein and in 
ethereal extracts of the axillary skin of the same sub- 
jects. In  addition, the metabolism of 16-androstenes 
by two aerobic corynebacteria previously shown [22] 
to be able to catalyse the metabolism of testosterone 
and to be associated with the generation of odour 
(UAO + ve) [16, 17] has been investigated. Since some 
16-androstenes appear to be present even in freshly- 
produced apocrine sweat, we have discussed the possi- 
bility that metabolism of these steroids as substrates by 
aerobic Corynebacterium spp. resident on the axillary 

skin surface is the only requirement  for the odorous 
steroids to be found in axillary secretions, and that 
the de novo synthesis (as originally predicted) is not 
required. Such a proposal would explain our earlier 
failure to produce convincing evidence for the bac- 
terial synthesis of 5a-androstenone from non-odorous 
precursors [ 15]. 

M A T E R I A L S  A N D  M E T H O D S  

Most authentic steroids were purchased from Sigma 
Chemical Co. (Poole, Dorset,  England). Androsta-  
dienone and androstadienol were obtained f rom the 
M R C  Steroid Reference Collection, Queen Mary  
College, University of  London  (courtesy of Professor 
D. N. Kirk). Reagents for steroid derivatization were 
purchased from Pierce and Warriner,  Ltd.  (Luton,  
England) and Aldrich Chemical Co. (Dorset, England). 
Solvents were purchased either from Sigma Chemical 
Co. or from Fisons, Ltd. (Loughborough,  Leicester, 
England). Ethyl acetate, used for extraction of steroids, 
and diethyl ether, used in axillary collections, were 
distilled before use. New, unused glassware was 
used throughout  these studies. Prior to use, glassware 
was soaked overnight in chromic acid, then rinsed 
thoroughly with de-ionized water and, finally, with 
acetone. All closures were polypropylene or, if they 
were in contact with organic solvents, PTFA-l ined .  
Samples for G C - M S  were contained in silanized vials 
(0.5 dram) with PTFA- l ined  closures. 

Collection of apocrine sweat 

Apocrine sweat was collected from human volunteers 
(8 men and 2 women) using adrenaline injection; 2 of 
the males were sampled on two separate occasions. 
Prior to the experiment,  informed, written consent was 
obtained from all volunteers some of whom were drawn 
from the Staff of Division of Biochemistry, United 
Medical and Dental  Schools ( U M D S ,  Guy ' s  Hospital)  
and f rom the authors of this communication.  Subjects 
used non-per fumed soap shown on previous occasions 
to be devoid of substances which might have interfered 
with the assay of steroids [4, 5], and refrained f rom 
using anti-perspirants or deodorants for at least 5 days 
prior to sampling. None  of them had used any anti- 
microbial medication for at least 2 weeks prior to the 
test. The  axillae of the subjects were shaved of hair 24 h 
before sampling. On the morning of the test, subjects 
washed with non-per fumed soap and were sampled 
approx. 6 h later. 

The  subjects lay supine, the right axilla exposed, 
which was swabbed with 70% aqueous ethanol and 
allowed to dry. An intra-dermal injection (0.05 ml) of  
1 : 1000 adrenalin BP (Antigen Ltd.,  Roscrea, Ireland) 
was made into the centre of the axillary vault, where 
the hair follicles were most dense. Volunteers were 
closely monitored with blood pressure measurements  at 
intervals for up to 2 h  post-injection. Apart  f rom 
slight t rembling of the hands and fingers, no untoward 
side-effects were noted in any subject. T h e  Ethical 
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Commit tee  of  Guy ' s  Hospital  had previously sanc- 
tioned the project. 

Droplets  of  apocrine secretion appeared within 5 min 
and could be distinguished f rom eccrine sweat by their 
association with pilosebaceous ducts and by their milky 
appearance. T h e  apocrine sweat was collected in 
sterile 2/~1 microcapillary tubes (Shadon Scientific) 
and the volume determined by measuring the height 
to the meniscus using a metal  ruler with 0 . S m m  
graduations. T h e  apocrine sweat was then expelled 
into sterile bijou bottles, which were either empty  
(for odour determinat ion[16,17] ,  see also below) 
or contained 1 ml ethanol in which were dissolved 5~- 
androstan-3/3-ol (5~-androstanol) and 5~-androstan-3-  
one (5~-androstanone),  each 1 ng, as internal standards 
for G C - M S  determinat ion [8]. Finally, the micro-  
capillaries were also dropped into the bottles and 
crushed with a sterile spatula in order to recover 
t rapped material. 

Extraction and purification of steroids 

Extraction was per formed with 3 × 3 ml of  ethyl 
acetate and the pooled extracts were purified by passing 
through a two-stage column [8]. T h e  upper  part  was a 
Pasteur pipette,  containing anhydrous Na2SO4, held in 
place with a plug of fat-free cotton wool. T h e  pipette 
had the tip end removed so that it could be inserted 
into a Florisil Sep-Pak cartridge (Waters Associates, 
Milford, MA,  U.S.A.),  to form the lower part  of 
the column. T h e  purified extracts were evaporated to 
dryness under  vacuum at room tempera ture  using a 
Buchler evaporator  (Gal lenkamp Ltd. ,  London,  EC3) 
and the residues were fur ther  cleaned by H P L C  [22] 
before being derivatized ready for G C - M S  analysis 
(see below). 

Ethereal extracts of axillary skin 

In  the second study, prior  to apocrine sweat collec- 
tion (adrenaline-induced),  the axillae of six of the male 
subjects were extracted with diethyl ether (2 × 5 ml) 
using the cup-scrubbing method [23] on an adjacent 
site of the axillary vault. Briefly, a sterile Teflon ring 
(i.d. 2 cm) was placed firmly on the skin and the 
enclosed area ' sc rubbed '  for 30 s with diethyl ether, 
using a Teflon-coated glass rod (care was taken not 
to damage the skin surface). The  ethereal extract was 
collected into a dry glass tube and the process 
was repeated, the extracts being pooled and retained 
pending analysis. 

Bacteria 

Aerobic coryneforms used in this study were isolated 
as described prev ious ly[17 ,24 ,25] .  T h e  ability of  
axillary isolates to metabolize testosterone was deter- 
mined [13, 22] and two aerobic coryneforms F1 and 
F47, which were active in this respect and also in the 
product ion of under  arm odour,  (UAO + ve) in the 
standardized odour generation test [16, 17] (see below) 
were selected for study in the metabolism of 16- 

androstenes. Isolate F46 was inactive and served as a 
control. 

Odour generation test 

This  was per formed as described previously [16, 17]. 
In  essence ethereal extracts of human axillary skin were 
filtered through sterile cellulose acetate filters (0.22 p m  
porosity) and the ether evaporated with a stream of 
GC-grade ,  filtered N 2. After addition of phosphate 
buffer (0.1 M, p H  6.0), incubation was per formed at 
37°C for 6 h in the presence of the axillary bacterial 
isolate under  investigation. Odours were scored on a 
scale of  0-5 and were determined organoleptically by a 
trained panel of  experts [16]. T w o  controls were used, 
one with no bacterial cell suspension and one with no 
axillary extract. In  the present work the above method 
was modified slightly to enable odour formation to be 
assessed when apocrine sweat samples were incubated 
with U A O  + ve coryneform F1 and U A O  - ve coryne- 
form F46 for 6 h at 37°C. 

Metabolism of four 16-androstenes by aerobic coryne- 
forms FI and F47 

Unlabelled 5~-androstenone,  3~-androstenol,  an- 
drostadienone and androstadienol (0.5 mg) were separ- 
ately incubated with bacterial isolates without  shaking 
for up to 2 weeks at 37°C. T h e  steroids were dissolved 
in ethanol, and 0.5 ml portions added to 9.5 ml of  broth 
[3%, v/v T ryp tone  Soya Broth (Oxoid C M  129), 
containing 0.1% (w/v) yeast extract (Oxoid L21 and 
0.1% (w/v) Tween  80]. Controls were prepared in the 
absence of bacteria. 

Extraction and purification of metabolites 

Cultures were extracted with ethyl acetate (3 × 3 ml) 
and purification was achieved using Florisil Sep-Pak 
cartridges, as described above, for steroids in apocrine 
sweat. T h e  eluates f rom this process were evaporated 
to dryness (Buchler Vacuum Evaporator)  and the 
residues re-dissolved in dichloromethane (0.1 ml) and 
25#1 of each were subjected to T L C  on Kieselgel 
60 glass plates (BDH,  Dagenham,  Essex, England) 
in benzene-acetone (4: 1, v/v) run once. In  order to 
locate the 16-androstene metabolites, without having 
recourse to the use of  destructive colour-producing 
reagents, a sample of radiolabelled metabolites of  
[4-14C]testosterone (0.25/~Ci) was also spotted on to 
the T L C  plates. Th is  mixture was obtained from a 
previous incubation of the labelled testosterone with 
coryneform F1 [22] and was known from previous 
work to contain, 4-androstenedione,  5 ~ - D H T ,  5~- 
androstanedione and 5/3-androstanedione. The  radio- 
labelled spots were visualized by radioautography 
using X-ray  film (DEF-2 ,  single-sided; Eastman 
Kodak,  Liverpool,  England), placed in contact with the 
plates for 3 days [24]. In pilot experiments,  it had been 
discovered that the mobilities of 5~-androstanedione 
(R I 0.51) and 4-androstenedione (Rj 0.44) corresponded 
exactly to those of 3~-androstenol and androstadienol,  
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respectively. In addition the mobilities of two other 
testosterone metabolites with Rj values above that of 
5c~-androstanedione (Ry 0.66 and 0.58), corresponded 
to those for 5c~-androstenone and androstadienone, 
respectively. It was therefore possible to locate the 
regions of the plate corresponding to the positions of 
the various 16-androstenes. These zones of Kieselgel 
were scraped off and eluted with ethyl acetate (5 ml). 
After addition of internal standards [8], 5c~-andros- 
tanone and 5~ -androstanol (1 #g of each), the solutions 
were carefully evaporated to dryness, compare Ref. [26] 
as above, and the steroids derivatized, as described 
below, prior to G C - M S  analysis. 

Derivatization of steroids 

The extracts of apocrine sweat, axillary skin and the 
fractions obtained after T L C  separation were evapor- 
ated to dryness under vacuum usually in silanized glass 
vials (0.5 dram, Pierce & Warriner). For oxosteroids, 
the pentafluorobenzyl (PFB) oximes were prepared 
using Florox (O-[pentafluorobenzyl] hydroxylamine 
HC1) as described previously [8, 22]. For alcohols, 
the tert-butyldimethylsi lyl  (TBDMS)  ethers were 
preppared [8, 22], using a reagent mixture consisting 
of acetonitrile, N-methy l -n- ( ter t -buty ld imethy ls i ly l ) -  
trifluoroacetamide, M T B S T F A  and T B D M S  
imidazole, containing 1% (v/v) T B D M S  chloride, 
500:100:5,  by vol.; 100/tl of reagent were added to the 
dried-down fractions and heated at 60°C for 30-60 min 
in a heating block. 

G C - M S  

GC was performed with a Varian 3400 instru- 
ment (Varian Associates, Walton-on-Thames,  Surrey, 
England) equipped with a fused silica column 
(25 m x 0 .33mm, i.d.), coated with SE-30, and an 
on-column injection system. The GC was directly 
interfaced with a VG Analytical (Manchester, England) 
Model 305 mass spectrometer. Data were collected on 
a Technivent System (Technivent, St Louis, MO, 
U.S.A.). Samples, dissolved in n-decane (1 #1) were 
injected onto the column, the temperature of which was 

175°C initially and then programmed up to 310°C with 
a 30°C/min ramp. 

S elected ion monitoring (S IM) was performed for the 
PFB oximes of androstadienone, 50~-androstenone and 
5c~-androstanone (internal standard) at m / z  values 465, 
467, and 469, respectively. These derivatives, as shown 
earlier [22, 27] gave intense ions corresponding to the 
[M] +. In the case of the T B D M S  ethers, however the 
tert-butyl  group was lost readily to give [M-57] + and 
resulting in prominent ions for androstadienol, 3~(/3)- 
androstenols and 5e-androstanol (internal standard) of 
m / z  329, 331 and 333, respectively [22, 27]. Standard 
curves for all five 16-androstene with, in each case the 
appropriate internal standard, were prepared over the 
range 0-100 ng; the limit of detection was 10 pg. 

RESULTS 

Apocrine sweat collection 

With the exception of one female, all subjects 
produced tiny droplets of apocrine sweat from the 
pilosebaceous duct openings, in an area of approx. 4 c m  2 

around the adrenaline injection site. The secretions 
tended to dry quickly so that the volumes given here are 
only those which could be collected. These ranged from 
16-350 nl (mean + SEM: 149 + 33, n = 11). It was esti- 
mated that about 50% of the secreted apocrine sweat was 
actually collected into the microcapillaries from each 
subject. In most cases, eccrine sweat was also stimulated 
but this could be differentiated easily with a magnifying 
lens, since it was clearer in appearance than the turbid 
apocrine sweat and was not associated with piloseba- 
ceous duct openings. Two of the male subjects produced 
coloured sweat, one yellow and the other dark brown. 
The latter was not a consistent feature, however, since 
on other occasions this subject produced colourless, 
milky secretions. 

Odour formation following incubation of apocrine sweat 
with human coryneform isolates 

Table 1 summarizes the results of the standard 
odour generation test [16, 17] in which portions of the 

Table 1. Odour formation following incubation of apocrine sweat with 
UAO +ve coryneform FI and U A O - v e  coryneform F46 for 6h at 

37°C 

UAO intensity grade 

nl of apocrine Sterile apocrine Apocrine sweat 
Subject Sex sweat used sweat Plus F1 Plus F46 

1 M 57 0 4 0 
2 M 47 0 3 0 
3 [1] M 5 0 1 0 
3 [2] M 10 0 3 ND 
4 [1] M 16 0 3 0 
4 [2] M 24 0 5 ND 
5 M 16 0 3 0 
6 M 38 0 5 0 
7 M 167 0 2 0 
8 F 58 0 3 ND 
9 F 16 0 5 ND 

[ ], sampling occasion; ND, not determined. 
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Subject 

16-Androstenes (nmol/pl)  

Sex 5~-Androstenone Androstadienone 3~-Androstenol  3/~-Androstenol Androstadienol  

1 M 
2 M 
3 M 

4 M 
4 ~ M 
5 M 
6 M 

7 M 
8 F 
9 F 

10 M 
Mean + SEM 

1.00 0 0 0 0 
0.2 0.23 0 0 0 
2.0 0 0 0 0 

0.1 0.15 0 0 0 
1.0 1.88 0 0.2 0.7 

0.3 0.48 0 0 0 
1.5 0.33 0 0.1 0.5 
N D  N D  0 0 0.1 
1.2 0.87 0.1 0.03 0.05 
N D  N D  N D  N D  1.05 

0.3 0 0 0 0 
0.84 + 0.2 0.44 + 0.19 0 0.03 _ 0.02 0.2 ___ 0.1 

aSecond estimation; ND,  not determined.  

apocrine sweat produced in response to adrenaline 
injection, were incubated with the U A O  + ve coryne- 
form F1 and the U A O - v e  F46. All samples of  apoc- 
fine sweat produced odour with coryneform F1 but  
none with F46 nor with control samples of apocrine 
sweat which was kept sterile. The  odour generated was 
qualitatively similar for all the apocrine sweat samples 
and also similar to the acrid/musk-like odour of  the 
ethereal extracts of axillary skin but was purer  in that 
it did not possess the 'acidic '  notes of the latter. T h e  
data in Table  1 also show that apocrine sweat obtained 
f rom some individuals produced a more intense odour 
than others. For  example,  apocrine sweat f rom subject 
6 (UAO score, 5) produced a much  more intense odour 
than that f rom subject 7 (UAO score, 2), even though 
only one-quar ter  of the volume was used. Apocrine 
sweat f rom female subjects produced U A O  which was 
qualitatively identical and within the same intensity 
range as the male subjects. 

Measurement of 16-androstenes in apocrine sweat 

Table  2 summarizes the results of  G C - M S  analyses 
(expressed as nmol/pl)  in the first study. The  principal 
16-androstenes present were 5~-androstenone (range 
0.1-2.0) and androstadienone (range 0-1.9). Andros-  
tadienol (range 0.05-1.05) was also found in 5 of 
the subjects. Only 1 subject (No. 8, a female) had 
3ct-androstenol present  but  this was at a very low 
(0.1 nmol//~l) concentration. Three  subjects (2 male 

and 1 female) had 3/%androstenol present but,  again 
these were 0.2 nmol /# l  or less. 

Comparison of concentrations of 16-androstenes in 
apocrine sweat and axillary skin extracts 

T h e  results of the second quantitative study with 
6 men are shown in Table  3. For  the purposes of 
comparison of data, the results have been converted 
into pmol /cm 2 of axillary skin. In the case of  apocrine 
sweat, this was an approximation,  since the sampling 
area was approx. 4 c m  2 around the adrenaline injection 
site and, as noted above, we estimated that only some 
50% of the apocrine sweat was harvested. Axillary skin 
extracts of  all 6 subjects contained detectable amounts  
of androstadienone (Table 3), 3~- and 3/3-androstenols 
and androstadienol. All but subject No. 4, also had 
5ct-androstenone present. The  skin levels of 3~- and 
3/3-androstenol, androstadienol and, in three cases, 
androstadienone exceeded those of the apocrine sweat, 
whereas the quantities of  5~-androstenone were all 
considerably lower. 

Metabolic interconversions of 16-androstenes in the 
presence of axillary coryneforms F I  and F47  

Figure 1 shows the S I M  traces obtained in G C - M S  
analysis of  metabolites of  androstadienone. For  con- 
ciseness, corresponding S I M  traces of metabolites of  
5~-androstenone,  3~-androstenol  and androstadienol 

Table 3. Comparison of the 16-androstene content (expressed as pmol /cm 2 of axillary skin) of apocrine sweat and diethyl ether 
extracts of the axillary vault of 6 male subjects 

16-Androstenes (pmol/cm 2 of axillary skin) 
Androstadienone 3~-Androstenol  3]~-Androstenol 

Apocrine Skin Apocrine Skin Apocrine Skin Apocrine Skin Apocrine Skin 
Subject sweat extract sweat extract sweat extract sweat extract sweat extract 

5~ -Androstenone Androstadienol  

A 18.10 4.1 0 13.2 0 25.6 0 6.9 0 4.1 
B 25.9 2.00 0 10.30 0 10.1 0 2.1 0 2.00 
C 11.8 2.7 0 26.60 0 1.3 0 0.4 0 1.10 
D 32.10 0 0 16.80 0 1.7 0 0.8 0 1.6 
E 47.70 4.4 26.50 21.80 0 1.4 0 0.3 0 0.80 
F 9.10 2.00 16.80 18.3 0 1.3 0 0.3 0 1.80 
M e a n + S E M  2 8 . 5 + 6 . 4  2 . 5 + 0 . 6  7 . 2 + 4 . 7  1 7 . 9 + 2 . 4  0 6.9__+3.7 0 1.8__+1.0 0 1.9___0.5 



414 D . B .  Gower  et al. 

65535 7 ngz 465 

1 o ! ! I I I I I I 

8104~ t m/z467 

0 I I I 
8 Minutes 

I I I 
9 

i I i 
IO 

b "A 
o 

i i i I I I i I I I I 

6 Minutes 7 
I I I I I 

8 

Fig. 1. SIM t races  o f P F B  oximes  and  T B D M S  e thers  of me tabo l i t e s  of 4 ,16-andros tad ien-3-one  f o r m e d  d u r i n g  
a 2 week incuba t ion  wi th  UAO + ve c o r y n e f o r m  F47 at 37°C. m / z  465: syn  and  ant i  f o r m s  of and ros t ad i enone ;  
m / z  467: a, syn  and  ant i  f o r m s  of 5~-andros tenone ;  b, syn  and  ant i  f o r m s  of  pu ta t ive  5f l -andros tenone;  
c, c ross- ta lk  f r o m  andros t ad i enone ;  m / z  329: a, andros tad ieno l ;  b, c ross- ta lk  f r o m  3~t-androstenol;  m / z  331: 

a, 3~-andros tenol .  

a re  n o t  s h o w n .  T h e  r e s u l t s  o f  t h e  i n c u b a t i o n s  w i t h  t h e  

f o u r  s u b s t r a t e s  ( T a b l e  4) c l e a r l y  s h o w  t h a t  t h e  t w o  

U A O  + ve  c o r y n e f o r m s  c a u s e d  a c o m p l e x  se r i e s  o f  

i n t e r c o n v e r s i o n s  ( F i g s  2 a n d  3). B o t h  F1 a n d  F 4 7  h a d  

a s i m i l a r  e f fec t  in  t h a t  l a rge  y i e l d s  o f  5 ~ - a n d r o s t e n o n e  

a n d  3 ~ - a n d r o s t e n o l  w e r e  p r o d u c e d  f r o m  a n d r o s -  

t a d i e n o n e  a n d  a n d r o s t a d i e n o l ,  r e s p e c t i v e l y .  I n  m o s t  

cases ,  y i e l d s  w e r e  a t  l eas t  1 0 %  o f  t h e  o r i g i n a l  s u b s t r a t e ,  

c o r r e s p o n d i n g  to  at  l e a s t  50~ tg .  A n d r o s t a d i e n o l  a l so  

p r o d u c e d  s o m e  3 f l - a n d r o s t e n o l  b u t  a n d r o s t a d i e n o n e  

d i d  n o t  s e r v e  as a s u b s t r a t e  in  t h i s  case ;  r e v e r s i b l e  

t r a n s f o r m a t i o n s  o c c u r r e d  ( F i g s  2 a n d  3). F o r  e x a m p l e ,  

l a rge  q u a n t i t i e s  o f  5 ~ - a n d r o s t e n o n e  w e r e  p r o d u c e d  

f r o m  3 c ~ - a n d r o s t e n o l ,  a n d  c o n v e r s e l y ,  s i m i l a r  y i e l d s  

o f  3 c ~ - a n d r o s t e n o l  r e s u l t e d  w h e n  5 ~ - a n d r o s t e n o n e  

was  u t i l i z e d  as a s u b s t r a t e .  O t h e r  r e v e r s i b l e  r e a c t i o n s  

n o t e d  i n c l u d e d  t h e  i n t e r c o n v e r s i o n  o f  a n d r o s t a d i e n o n e  

to  a n d r o s t a d i e n o l ,  c o n v e r s i o n  o f  5 c ~ - a n d r o s t e n o n e  

to  a n d r o s t a d i e n o n e  a n d  a n d r o s t a d i e n o l ,  a n d  3 ~ -  

a n d r o s t e n o l  to  a n d r o s t a d i e n o l .  W h e n  3 c ~ - a n d r o s t e n o l  

was  u s e d  a s u b s t r a t e  e v i d e n c e  fo r  t h e  f o r m a t i o n  o f  i t s  

3 f l - e p i m e r  was  o b t a i n e d .  

T h e  S I M  d a t a  (F ig .  1) f o r  t h e  p r o d u c t s  o f  

t h e  a n d r o s t a d i e n o n e  i n c u b a t i o n  g a v e  e v i d e n c e  fo r  

Table 4. S I M  determination o f  16-androstene metabolites following incubation with aerobic 
coryneforms F I  and F 4 7  for  2 weeks at 37°C 

Substrate 

Quantities of metabolites formed expressed as percentages of substrates 
5~-Androstenone Androstadienone 3~-Androstenol Androstadienol 

F 1 F47 F 1 F47 F 1 F47 F 1 F47 

5~-Androstenone 
5fl-Androstenone a 0 
Androstadienone < 1 
3~ -Androstenol > 10 
3fl-Androstenol 1-10 
Androstadienol < 1 

- -  >10 >10 >10 >10 >10 >10 
0 >10 >10 0 0 <1 <1 

1-10 - -  - -  0 0 < 1 1-10 
> 10 > 10 > 10 - -  - -  1-10 > 10 
> 10 0 0 < 1 > 10 < 1 1-10 
1-10 < 1 < 1 1-10 1-10 - -  - -  

aPresumptive identification. 
- -  Indicates substrate. 
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Fig. 2. Pat tern  of 16-androstene  metabo l i t e s  f o r m e d  during incubat ion  of  U A O  + ve c o r y n e f o r m  F47 wi th  
5~-andros t -16 -en-3 -one  (left) and 5~-andros t -16-en-3a-o l  ( r ight) .  A, 5 , , -andros tenone;  B, androstadienone;  
C, 3~-andros tenol ;  D, 3 / ] -andros tenol ;  E, androstadienol .  Large arrows  indicate  >10% convers ions ,  sma l l  

arrows  indicate  < 10% convers ions .  

D 

considerable quantities of  a compound  which (a) 
possessed a ketonic function because it was converted 
to the PFB oximes (syn- and anti-forms being separ- 
ated), (b) it was detected at the same m/z as that for 
5~-androstenone;  (c) had a R/ similar to that of  the 
5~-isomer on T L C ,  but (d) was eluted appreciably 
earlier from the G C  column. These  data suggest that 
the metaboli te may be 5fl-androstenone but,  as neither 
the authentic 5fl-androstenone nor its precursor,  
5f l -androst-16-en-3~-ol  (which could be oxidized 
chemically to the ketone) are available. 

A more detailed study of the metabol ism of 
androstadienone was undertaken in the presence of 
five U A O + v e  and four U A O - v e  aerobic coryne- 
forms, previously isolated and tested as described 
in Materials and Methods.  Quantitative results 
(Table  5) obtained by S I M  clearly show that the 
U A O  + ve strains, F1, F20, F25, F32 and F47 possess 
the ability to reduce androstadienone to 5~-an- 
drostenone, while the U A O -  ve strains F5, F9, F13 
and F46 have no such ability. In  addition, F47 pro-  
duced some 5.5% of the metabolite,  suggested as being 
5 fl-androstenone. 

DISCUSSION 

In the present  work 16-androstenes were quantified 
in freshly-produced apocrine sweat. Other  workers [ 12] 
have analysed apocrine sweat for steroids but  were only 
able to measure androgens. All subjects, including one 
female, tested had detectable levels of  5a-androstenone 
in their apocrine sweat (Table 2). Androstadienone and 
androstadienol were also detected in the majority of  
cases. Most  subjects had no 3-androstenols,  and when 
present,  these were only just above the limit of  detection. 

In order for the apocrine sweat to develop odour,  
bacterial intervention was essential (Table 1). This  in 
turn suggests that if the 16-androstenes have a role in 
U A O  formation,  they must  be precursors of the 
odorous compounds.  T h e  relatively low levels of 3a-  
and 3fl-androstenol in apocrine sweat, in most  cases 
below the limit for detection, means that these steroids 
are more  likely to be the odorous compounds  in axillary 
sweat than 5a-androstenone.  This  is supported by the 
results of  the analysis of diethyl ether extracts of  the 
axillary skin, where all 6 subjects had detectable levels 
of both 3a-  and 3fl-androstenol (Table 3). 

A c Ho c 

B f - / I  

Fig. 3. Pat tern  of  16-androstene  metabo l i t e s  f o r m e d  during incubat ion  of UAO + ve c o r y n e f o r m  F47 wi th  
4 ,16-andros tad ien-3 -one  (left) and 5 ,16-androstadien-3f l -o l  ( r ight) .  F, 5fl -androstenone.  For abbreviat ions ,  

see legend to Fig. 2. 
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Table 5. Production of 5ct- and 5fl-androstenone from 
androstadienone by UAO +ve and U,40 - v e  axillary 
aerobic coryneforms during a 2 week incubation at 37°C 

Metabolite ng (% conversion in parentheses) 
Coryneform UAO 5a-Androstenone 5fl-Androstenone a 

F1 + 222.0 (0.45) 0 
F20 + 30.8 (0.54) 0 
F25 + 15.7 (1.09) 0 
F32 + 21.7 (0.67) 0 
F47 + 9.1 (3.36) 15.2 (5.50) 
F5 - 0 0 
F9 - 0 0 
F13 - 0 0 
F46 - 0 0 

aPresumptive identification. 

Assuming that the adrenaline injection had caused 
complete emptying of the apocrine tubules (a reason- 
able assumption on the basis of Hurley and Shelley's 
work on individual apocrine gland responses and 
refractory periods, [28]), it was possible to relate the 
output of 16-androstenes from apocrine sweat, to the 
axillary skin levels of the same subjects. Even with 
the most generous estimate of apocrine sweat contri- 
bution, the axillary skin levels of 3c~- and 3fl- 
androstenol and androstadienol could not be accounted 
for. This means that the androstenols on the axillary 
skin surface are probably the result of bacterial conver- 
sion of 5~-androstenone and androstadienone secreted 
in apocrine sweat by the transformations shown in 
Figs 2 and 3. 

From the analyses of apocrine sweat it is possible to 
conclude that the secretion may be the source of 
16-androstenes on the axillary skin surface. It also 
appears that the levels of these steroids in t h e  

axilla were higher than the average human threshold 
of detection [9] (5a-androstenone, 0 .2ppb;  andros- 
tadienone, 1 ppb; 3a-androstenol, 6.2 ppb) and there- 
fore sufficient to account for axillary odour [10]. 

It was unfortunate that all of the subjects 
pre-selected for this stage of the study fell into 
the medium or low odour groups, and there was no 
opportunity to examine the apocrine sweat or axillary 
skin 16-androstenes of high odour subjects. Due to 
the low number of subjects and the similarity in 
their odour scores, it was not possible to establish 
whether there was a relationship between apocrine 
sweat or axillary skin levels of 16-androstenes and 
UAO intensity. It is probable that high odour subjects 
have higher 16-androstene levels in their axillae (see 
also below). 

The experiments, using 16-androstenes as substrates 
for coryneform metabolism have demonstrated clearly 
that bacteria resident in the human axilla can inter- 
convert the highly odorous 16-androstenes believed to 
play a role in UAO (Figs 2 and 3). Moreover, this work 
has confirmed a link between steroid metabolism 
by axillary aerobic coryneforms and UAO formation, 
seen in earlier experiments with testosterone. Only 
U A O + v e  aerobic coryneforms produced detect- 

able levels of 5a-androstenone when incubated with 
androstadienone (Table 5). 

More detailed studies of the U A O + v e  axillary 
aerobic coryneforms, F1 and F47, showed that such 
microorganisms are capable of a complex array of 
interconversion between 16-androstenes. These two 
coryneforms were chosen for the 16-androstene 
experiments because of their potent testosterone- 
metabolizing enzymes, and the intensity of UAO 
formed from axillary extracts noted in our earlier 
work [ 16, 17, 22]. The testosterone experiments 
showed that both of these isolates possessed 4-ene 
5a(fl)-reductases, and 3a(fl)-hydroxysteroid oxido- 
reductases [22]. The  pattern of transformation of 5c~- 
androstenone, 3~-androstenol, androstadienone and 
androstadienol suggested that these enzymes may 
also be involved in 16-androstene metabolism, together 
with a 5-ene-3fl-hydroxysteroid dehydrogenase/ 
4,5-isomerase (involved in the androstadienol/ 
androstadienone reaction). This appeared to be revers- 
ible in our studies with coryneforms F1 and F47. In 
this context, the metabolic activity of other species 
related to skin bacteria may be compared. For example, 
C. mediolanum can transform D H A  to 4-androstene- 
dione [29], while C. simplex has the ability to catalyse 
the reversible conversion of the 5-ene-3fl-hydroxy- 
steroid, 5-androstenediol to the 4-en-3-oxosteroid, 
4-androstenedione [30]. In contrast, in mammalian 
species, there is only slight evidence for reversibility of 
such reactions [31]. 

All of the reactions detected here for coryneforms F1 
and F47 have been detected in porcine testis [32], 
including the reversibility of the 5,16-dienol to the 
4,16-dienone [33] reaction, viz: 

androstadienol ~ androstadienone --* 5e-androstenone 

3e-androstenol 3fl-androstenol 

A similar sequence has also been shown recently 
for human testis[34], although the possibility of 
reversibility of the initial reaction was not investigated 
in our studies. 

Two other reactions, shown in Figs 2 and 3, deserve 
comment: first, the conversion of 3c~-androstenol to 
its 3fl-epimer, presumably by isomerization at C-3 
(Fig. 2). A similar isomerization, but at C-17, was 
reported for incubations of some Corynebacterium 
spp. with the conversion of 17fl-testosterone to its 
17~-epimer (17-epitestosterone)[13, 14]. The second 
reaction of potential interest is the presumed 5fl- 
reduction of the 4,16-dienone to 5fl-androstenone 
(Figs 2 and 3). For reasons stated in the Results, 
further investigation of this metabolite (which occurs 
in fairly high yield in some incubations) must 
await the authentic standard, which is not available 
commercially. Nonetheless, 5fl-reduction is well- 
known in microbiological transformations of steroids, 
e.g. androgens in the presence of Corynebacterium 
spp. [13, 14]. 
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ACTION BY AEROBIC CORYNEFORM BACTERIA ACCUMULATION OF ODOROUS METABOLITES ON SKIN 

"A B i ~ ANDROSTADIENONE v 5~-ANDROSTENONE .~ 3~(~)-ANDROSTENOLS 
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GLAND ] 
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HUMAN OLFACTORY THRESHOLD 

S c h e m e  1. P o s t u l a t e d  m e c h a n i s m s  for the  role of  16 -andros tenes  in odour product ion  in the  axil lae of  m e n .  
P r e s u m e d  e n z y m i c  react ions :  A, 5~- reduc tase ;  B, 3~ ( f l ) -hydroxys te ro id  dehydrogenases ;  C, 5 -ene-3f l -hydroxy°  

steroid d e h y d r o g e n a s e / s t e r o i d  4 ,5- i somerase .  

I f  the  resul ts  o f  the  p r e sen t  work  are  t aken  toge ther ,  
i.e. the  c o m p a r i s o n  o f  16 -andros t ene  con ten t s  of  f resh 
apoc r ine  sweat  wi th  axi l la ry  skin and  the me tabo l i c  
t r a n s f o r m a t i o n s  of  these  s te ro ids ,  it is poss ib le  to 
p r opose  a m e c h a n i s m  (Scheme  1) for the  i nvo lvemen t  
of  16 -andros t ene  s te ro ids  in the  f o r m a t i o n  o f  h u m a n  
axi l la ry  odour .  Cons i s t en t  wi th  ear l ie r  f indings  [18], 
it  is sugges t ed  tha t  in tens i ty  o f  an i n d i v i d u a l '  ax i l la ry  
o d o u r  is p r i m a r i l y  a func t ion  o f  the  p o p u l a t i o n  dens i ty  
o f  U A O  + ve ae rob ic  c o r y n e f o r m  bacter ia .  T h e  source  
o f  o d o u r  p r ecu r so r s  is apoc r ine  sweat  wh ich  con ta ins  
5 ~ - a n d r o s t e n o n e ,  a n d r o s t a d i e n o n e  and  and ros t ad i eno l  
at levels wh ich  are be low the  h u m a n  t h r e s h o l d  of  
de tec t ion .  T h e  la t te r  two are conve r t ed  to the  more  
o d o r o u s  m u s k - s m e l l i n g  3~-  and  3 f l - and ros t eno l s  by  the 
ac t ion  o f  5 - reduc tases  o f  specific s t ra ins  o f  ae rob ic  
c o r y n e f o r m  bac ter ia ,  u n d e r  cond i t ions  of  oxygen  
l imi ta t ion .  I n  the  case o f  a n d r o s t a d i e n o n e ,  this  w o u l d  
also r equ i r e  conve r s ion  o f  the  3 -ke tone  to an a lcohol  
g r o u p  by  the  ac t ion  o f  3 ~ ( f l ) - h y d r o x y s t e r o i d  ox ido -  
reduc tase .  T h e  two i somers  o f  5 - a n d r o s t e n o n e  m a y  also 
be  f o r m e d  f rom a n d r o s t a d i e n o n e  or  a n d r o s t a d i e n o l  by  
the  same m e c h a n i s m  or  f rom 3~-and ros t eno l .  I t  is 
sugges t ed  tha t  ax i l l a ry  o d o u r  becomes  pe rce ivab le  
by  h u m a n s  once the  and ros t eno l s  a n d / o r  the  an d ros -  
t enones  have a c c u m u l a t e d  on  the  axi l la ry  skin surface  
to levels above  the  t h r e s h o l d  o f  h u m a n  o l fac tory  de tec -  
t ion.  T h e  rate  at wh ich  and ros t eno l s  or  and ros t en one s  
accumula t e  on the ax i l l a ry  surface  is a func t ion  o f  
the  p o p u l a t i o n  dens i t y  o f  ae rob ic  c o r y n e f o r m s  and  the 
ac t iv i ty  o f  the i r  s t e r o i d - r e d u c i n g  enzymes .  T h i s  was 
t rue  in the  case o f  a pa t i en t  wi th  T r i c h o m y c o s i s  
axi l lar is  [10], who  had  a very  p r o n o u n c e d  pe r sona l  

o d o u r  ( remin i scen t  of  odo rous  16-andros tenes ) ,  g rea t ly  
inc reased  axi l la ry  microf lora ,  re la t ive  to ou r  n o r m a l  
va lues [17] ,  and  gross ly  ra ised 16-andros tenes  in 
his ax i l la ry  hair ,  i nc lud ing  3 ~ - a n d r o s t e n o l  and  5ct- 
and ros t enone .  In  the  case of  low o d o u r  subjec ts ,  how-  
ever,  the  t h r e s h o l d  of  h u m a n  o l fac tory  de tec t ion  is 
ra re ly  reached ,  not  because  the  o d o u r  p r e c u r s o r s  
are lacking,  bu t  because  the  p o p u l a t i o n  dens i ty  o f  
U A O  + ve c o r y n e f o r m  is too low. 
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