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Abstract--The effects of AS-THC and AX-THC on testosterone metabolism by rat liver microsomal 
enzymes were studied in vitro. A~-THC (25/zM) inhibit the 5¢x-reduction of testosterone while A~-THC 
has no effect at double the concentration. Both Ag-THC and AS-THC inhibit the hydroxylation of 
testosterone. This inhibition is dose dependent over the dose range (25-100 ,uM) tested. At the same 
molar concentration, AS-THC inhibits testosterone hydroxylation to a greater extent than Ag-THC. The 
kinetic data suggest that the observed inhibition on 5c~-reduction and total hydroxylation by the 
tetrahydrocannabinoids is of the competitive type. 

The tetrahydrocannabinoids and the steroid hor- 
mones show a striking similarity in their chemical 
structure[l] .  One would, therefore, expect the 
tetrahydrocannabinoids to interact with steroids at 
the cellular level. Recent studies have shown that 
tetrahydrocannabinoids affect the plasma levels of 
testosterone [2] and corticosterone [3], possibly via 
a central mechanism. In the present investigation, 
we have studied the interaction of cannabinoids and 
testosterone at the site of liver metabolism. 

Our study was divided into two parts: (I) the 
reduction of testosterone by A4-ketosteroid reduc- 
tase (5~z) and (2) the hydroxylation of testosterone 
by mixed function oxidases in the liver microsomal 
preparation. 

MATERIALS AND METHODS 

Animals. In all experiments male Sprague-Dawley 
rats weighing 180-220 g were used. They were fed 
on standard Purina rat chow and water ad lib. The 
rats were not starved before the day of the 
experiment. 

Chemicals. Ag-THC and A~-THC were gifts from 
Dr. M. C. Braude, National Institute for Drug 
Abuse, U.S.A. Testosterone references (6fl-hy- 
droxytestosterone,  2,8-hydroxytestosterone, 7c¢-hy- 
droxytesterone) were generously supplied by 
Professor W. Klyne and Professor D. N. Kirk from 
the Steroid Reference Collection, Medical Research 
Council, U.K. Testosterone, NADP +, sodium iso- 
citrate and isocitric dehydrogenase were purchased 
from Sigma Chemical Co., St. Louis, MO. [4- 
C~4]Testosterone was purchased from the Radio- 
chemical Centre, Amersham, U.K. All organic 
solvents were of analytical grade and obtained from 
commercial sources. 

* This work is supported by a Medical Faculty Research 
Grant to MYC. 

Preparation of  liver microsomes. Liver micro- 
somes were prepared as described by Davis et al. 
[4]. Liver microsomal protein concentration was 
determined by the method of Lowry et al, [5] with 
crystalline bovine albumin as the standard. 

In vitro study of  testosterone 5~ reduction. The 
enzyme kinetics of A4-ketosteroid reductase in rat 
hepatic microsomal fractions was followed by incu- 
bating testosterone in a mixture containing NADPH 
generating system and hepatic microsomes. Since 
the rate of steroid reduction by microsomal prep- 
arations from different rats varies [6], the experi- 
ment was designed on a paired (related) sample 
basis. Thus for each rat, the microsomal testo- 
sterone reduction capacity, K,n and V,,,a~, were 
determined with and without the addition of A~-THC 
or A~-THC. Each flask contained 500ttl 0.3 M 
Tris-HCI buffer (pH 7.4), 15/d M MgCI2, 6.3 mg 
sodium isocitrate (final cone. 8 raM), 1 mg NADP + 
(final cone. 0.33 mM) and 0.36 units of isocitric de- 
hydrogenase in a final volume of 2 ml. Testosterone 
dissolved in absolute ethanol (0.15 m-mole/10 ml) 
was added to the incubation mixtures in volumes 
ranging from 10-35 #1 (final cone. 50-175 #M). 
Ag-THC (final cone. 25 #M) or AS-THC (final cone. 
50 itM) in 10 #1 of ethanol was added to the set of 
test flasks and 10 ~i ethanol to the set of control 
flasks. Blank samples containing A9-THC or AS-THC 
but without testosterone were also prepared. The 
reaction was started by the addition of 1 ml of liver 
microsome preparation (3.0 mg protein/ml). Incu- 
bation was at 37°C with shaking for 10 min. The 
reaction was terminated by the addition of 10 ml 
dichioromethane to the incubation mixture. Testo- 
sterone and its metabolites were extracted into the 
dichloromethane layer. An aliquot 5 ml of diehloro- 
methane was dried in a stream of air and the 
residue was dissolved in 5 ml of ethanol. The u.v. 
absorption of ethanol samples was read at 240 nm '  
(Beckman DU). The amount of testosterone that 
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had  no t  u n d e r g o n e  r ing A r educ t i on  was  ca lcu la ted  
f r o m  an  e x t r a c t e d  t e s t o s t e r o n e  s t a n d a r d  c u r v e  and  
the  a m o u n t  r e d u c e d  ca lcu la ted  by  s ub t r ac t i on  [7]. 
The  Michae l i s  c o n s t a n t  Km a n d  Vmax were  de te r -  
m ined  by  the  m e t h o d  of  H a n e s  plot ,  t he  l ine be ing  
fit ted by  the  m e t h o d  of  leas t  squares .  T he  a m o u n t  
of  t e s t o s t e r o n e  r e d u c e d  and  the  ra t io  of  u n r e d u c e d -  
r e d u c e d  t e s t o s t e r o n e  were  ca lcu la ted  f r o m  the  sub-  
s t ra te  c o n c e n t r a t i o n  of  150 pM.  

In v i t ro  study o f  testosterone hydroxylation. 130 
/zg t e s t o s t e r o n e  (final conc .  150/zM) was  used  as 
subs t r a t e  t oge the r  wi th  0 .05 /zCi  [4-C ~4] t e s t o s t e r o n e  
(sp. act .  50 mCi /m-mole ) .  T he  i ncuba t ion  mix tu re  
and  incuba t ion  p r o c e d u r e  were  as desc r ibed .  T he  
reac t ion  was  s t opped  by  the  add i t ion  of  10 mi of 
d i c h l o r o m e t h a n e .  T e s t o s t e r o n e  and  its h y d r o x y -  
la ted  me tabo l i t e s  in the  i ncuba t ion  mix tu re  were  
e x t r a c t e d  wi th  d i c h l o r o m e t h a n e  and  s e p a r a t e d  in 
the  Bush  sy s t em,  t o l u e n e - m e t h a n o l - w a t e r  (2: 1: 1). 
The  c h r o m a t o g r a m s  were  cu t  in to  1 inch s t r ips ,  
and  the  r ad ioac t iv i ty  was  m e a s u r e d  by l iquid scin-  
t i l lat ion s p e c t r o m e t r y  (Corumat i c /200  Trace r l ab ) .  
F o u r  m a j o r  p e a k s  of  r ad ioac t iv i ty  were  ident i f ied 
which  had  the  s ame  R I va lue  as t e s t o s t e r o n e ,  2fl- 
h y d r o x y t e s t o s t e r o n e ,  6 f l - h y d r o x y t e s t o s t e r o n e ,  and  
7 ~ - h y d r o x y t e s t o s t e r o n e .  T he  las t  spot  was  k n o w n  
also to con ta in  16~ - byd r oxy t e s t o s t e r one [ 8 ] .  T h e  
rad ioac t iv i ty  peak  in mos t  cases  c o r r e s p o n d e d  to the  
u .v .  a b s o r p t i o n  peak ,  e x c e p t  for  the  6f l -hydroxy-  
t e s t o s t e r o n e  w h e r e  the  u .v .  a b s o r p t i o n  spot  was  too  
fa in t  to  be  ident if ied.  T h e  a m o u n t  of  h y d r o x y l a t e d  
t e s t o s t e r o n e  or  the  a m o u n t  of  u n h y d r o x y l a t e d  
t e s t o s t e r o n e  was  ca l cu la t ed  f r o m  the  rad ioac t iv i ty  
p r e sen t  in the  va r ious  a reas  of  the  pape r  chro-  
m a t o g r a m  and  was  e x p r e s s e d  as  a p e r c e n t a g e  of  
subs t r a t e  added ,  tak ing  in to  a c c o u n t  the  pe rcen t -  
age of  s u b s t r a t e  loss.  

Study of  the dose effect o f  cannabinoids on testo- 
sterone hydroxylation. T he  s u b s t r a t e  c o n c e n t r a t i o n  
and  the  i n c u b a t i o n  mix tu re  were  as  de sc r ibed .  In 
th is  case  poo led  m i c r o s o m e s  f r o m  th ree  ra ts  were  

used .  Ag-THC or  AS-THC was  added  to m a k e  
incuba t ion  c o n c e n t r a t i o n s  rang ing  f rom 25 to 
100/zM. I n c u b a t i o n  t ime  was  20 min.  The  ex t rac -  
t ion,  s epa ra t ion  and  ident i f ica t ion of  t e s t o s t e r o n e  
and  its h y d r o x y l a t e d  me tabo l i t e s  were  as desc r ibed .  

All va lues  were  s h o w n  as m e a n s  and  m e a n  differ- 
ences .  The  s tat is t ical  s ignif icance of  m e a n  differ- 
e n c e s  b e t w e e n  the  tes t  and  con t ro l  pairs  was  
ca lcu la ted  by  S t u d e n t ' s  pa i red  t test .  In all cases  
w h e r e  a s ignif icance level of  P > 0.05 or  be t t e r  was  
ob t a ined ,  a s imilar  level  of  s ignif icance was  also 
ind ica ted  by  the  n o n p a r a m e t r i c  sign test .  

RESULTS 

Effects on testosterone 5¢~ reduction. The  r ing A 
r educ t i on  of  t e s t o s t e r o n e  was  m e a s u r e d  by  the  
d e c r e a s e  in a b s o r b a n c e  at  240 n m  tha t  o c c u r r e d  wi th  
the  sa tu ra t ion  of  the  4-5  doub le  bond .  At  a 
c o n c e n t r a t i o n  of  25 /zM,  Ag-THC inh ib i t ed  the  5c~ 
r educ t i on  of  t e s t o s t e r o n e  (Tab le  1). The  a m o u n t  of 
t e s t o s t e r o n e  r e d u c e d  was  d e c r e a s e d  (P < 0.01) to 
a b o u t  90 pe r  c e n t  of the  cont ro l .  The  ra t io  of  unre-  
d u c e d  t e s t o s t e r o n e  to 5 ~ - h y d r o x y t e s t o s t e r o n e  was 
i nc r ea sed  (P < 0.01). In the  p r e s e n c e  of  Ag-THC, the 
K,, fo r  the  r eac t ion  was i nc r ea sed  f rom a con t ro l  
va lue  of  2 . 7 ×  10 - S M  to 3 . 5 ×  10 - S M  ( P < 0 . 0 5 )  
whi le  the  Vma~ r e m a i n e d  re la t ive ly  u n c h a n g e d .  This  
inh ib i to ry  effect  of  Ag-THC was  s h o w n  graphica l ly  
us ing the  H a n e s  m e t h o d  of  p lo t t ing  the  Michae l i s  
e q u a t i o n  (Fig. 1), and  it is seen  that  paral lel  l ines 
were  ob ta ined .  

Aa-THC, w h e n  added  in c o n c e n t r a t i o n s  up to 50 
/zM, had  no  s ignif icant  effect  on  K,, or  Vmax. The  
ef fec t  of  AS-THC on t e s t o s t e r o n e  5~x r educ t i on  is 
i ncons i s t en t  (sign tes t  P < 0.18) and  in spi te  of the  
a p p a r e n t  large m e a n  d i f fe rence  in K,, ,  th is  d i f fe rence  
is not  s ta t is t ica l ly  s ignif icant .  The  a m o u n t  of  test-  
o s t e r o n e  r educed  in the  p r e s e n c e  of  AS-THC (50 
/zM) was  c o m p a r a b l e  to  the  con t ro l  in six s epa ra t e  
d e t e r m i n a t i o n s .  

Table 1. The effect of Ag-THC and AS-THC on 5cc reduction of testosterone in vitro 

Amount of 
Vmax testerone 

(nmole/ reduced* 
K,, mg protein/ (nmole/ 

(× 10 -s M) 10 min) mg protein) T/Rt  

N = 8  
Control 2.66 132.12 102.67 3.06 
AO-THC 3.83 126.50 89.77 3.86 
(25 pM) 

Mean Difference I. 17~ 5.62 12.90§ 0.805 
_S .D.  +_0.41 +_5.06 +_4.15 +_0.19 

N = 6  
Control 3,74 147.30 103.43 3.71 
Aa-THC 6.32 182.40 100.39 3.75 
(50/zM) 

Mean Difference 2.28 35.10 3.03 0.04 
+_ S.D. +_ 0.96 +_ 20.44 ± 3.72 ± 0.25 

* Incubation mixture contained 150 pM testosterone and 25 pM A°-THC or 50 pM AS-THC. 
t Percentage of unreduced testosterone/percentage of reduced testosterone. S.D. = standard 

deviation of mean difference. 
P < 0.05, § P < 0.02 as calculated by Student's paired t test. 
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Fig. 1. Hanes plots showing the inhibition of A4-3-keto - 
reductase (5ct) activity in vitro by Aa-THC (2.5 × 10 -~ M). 
S = molar concentration of testosterone. V = nmoles test- 
osterone metabolized per mg protein per 10 rain. Control 

(© ©); with Ag-THC (O ~). 

Effects  on testosterone hydroxylation.  T he  hy-  
d roxy l a t i on  of  t e s t o s t e r o n e  was  a f a s t e r  ra te  p r oce s s  
t han  5ct r educ t ion ,  and  the  ra t io  of  u n h y d r o x y l a t e d  
t e s t o s t e r o n e  to h y d r o x y l a t e d  t e s t o s t e r o n e  was  
lower  t han  tha t  of  u n r e d u c e d  t e s t o s t e r o n e  to re- 
d u c e d  t e s t o s t e r o n e .  Bo th  Ag-THC and  AS-THC in- 
h ib i t ed  t e s t o s t e r o n e  hyd roxy la t i on .  In the  p r e s e n c e  
of  Ag-THC or  AS-THC the  a m o u n t  of  t e s t o s t e r o n e  
h y d r o x y l a t e d  was  r e d u c e d  (P < 0.01, Tab le  2) and  
the  ra t io  of  u n h y d r o x y l a t e d  t e s t o s t e r o n e  to hy- 
d r o x y l a t e d  t e s t o s t e r o n e  was  i n c r e a s e d  (P < 0.01). 
Wi th  Ag-THC (25 #M) ,  the  deg ree  of  inh ib i t ion  of  
5~ r educ t i on  of  t e s t o s t e r o n e  was  g rea t e r  than  tha t  
of  total  h y d r o x y l a t i o n  in the  s ame  m i c r o s o m a l  
p repa ra t ions .  N o  d i rec t  c o m p a r i s o n s  of  the  degree  
of  inh ib i t ion  by  the  two  c a n n a b i n o i d s  cou ld  be  m a d e  
as the  e x p e r i m e n t s  we re  p e r f o r m e d  on  d i f fe ren t  
m i c r o s o m a l  p r e p a r a t i o n s  wh ich  had  d i f fe ren t  hy-  
d roxy la t ing  ac t iv i ty .  Our  c h r o m a t o g r a p h i c  da t a  
fa i led to s h o w  a c o n s i s t e n t  pa t t e rn  of  h y d r o x y l a t i o n  

at  the  va r ious  s i tes  wh ich  var ied  wi th  the  micro-  
somal  p r epa ra t i on .  H o w e v e r ,  Ag-THC a p p e a r e d  to 
exe r t  a p r e d o m i n a n t l y  inh ib i to ry  effect  a t  t he  2fl 
pos i t ion  a c c o u n t i n g  fo r  60 per  c en t  of  the  total  
inh ib i t ion ,  w h e r e a s  wi th  AS-THC the  inhib i t ion  ap- 
pea red  to be  p r e d o m i n a n t l y  at  the  6fl pos i t ion  whe re  
the  inhib i t ion  was  o v e r  40 pe r  c en t  of  the  total  
inhibi t ion .  

The  dose  effect  of  c a n n a b i n o i d  on  t e s t o s t e r o n e  
h y d r o x y l a t i o n  was  inves t iga t ed  wi th  poo led  l iver  
m lc ro somes .  The  inhib i t ion  of  t e s t o s t e r o n e  hy- 
d roxy la t i on  by Ag-THC and  Aa-THC was s h o w n  to 
be  dose  d e p e n d e n t .  W h e n  the  rec iproca l  of  the  
a m o u n t  of  h y d r o x y l a t e d  t e s t o s t e r o n e  (v) was  p lo t ted  
aga ins t  the  c a n n a b i n o i d  c o n c e n t r a t i o n  [i], l inear  
l ines were  ob t a ined  for  the  c o n c e n t r a t i o n  range  of 
25 -100 /zM (Fig. 2; Ag-THC, r = 0.978, AS-THC, 

1 . 8  
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i/v ~ "~ ~" ~" " 

1 4 ~ ° ~  

1 . 2  

' T "  I I I I 
25 50 [ i ] ,  75 100 ~M 

[i] 

Fig. 2. The relationship between cannabinoid concen- 
tration and testosterone hydroxylation. [i] Final concen- 
tration of Aa-THC (e) and AS-THC ([3). v % of hydroxy- 

lated testosterone. 

Table 2. Effect of Ag-THC and AS-THC on testosterone hydroxylation in vitro 

U n -  

Hydroxylation (%) hydroxylated 
testosterone 

7~ ± 16~ 6fl 2fl Total (%) T/H* 

N = 6  
Control 19.57 5.26 14.34 39.15 45.06 1.174 
Aa-THC 20.72 2.64 10.75 34.10 49.49 1.465 
(25/zM) 

Mean Difference 1.22 2.61 3.29t 5.05:~ 4.37t 0.262:~ 
± S.D. ± 0.76 ± 1.04 - 1.16 - 1.36 ± 1.33 ± 0.044 

N = 6  
Control 28.24 12.12 12.28 52.68 40.23 0.819 
AS-THC 26.28 9.96 11.67 47.86 46.48 1.053 
(50 pM) 

Mean Difference 1.96 2.15~ 0.67 4.82~: 6.25~ 0.2332 
± S.D. ± 1.01 ± 0.65 ± 1.08 ± 0.89 ± 1.52 _ 0.059 

* Percentage of unhydroxylated testosterone/percentage of hydroxylated testosterone. 
S.D. Standard deviation of mean difference. 

t P < 0.05, 1: P < 0.01 as calculated by Student's paired t test. 



1728 M.Y.  CHAI~ and A. TSE 

r = 0 . 9 9 8 ) .  For  the same molar  concent ra t ion ,  
A~-THC exer ted  a greater  degree  of inhibition on 
tes tos te rone  hydroxyla t ion  than Ag-THC in the 
same microsomal  preparat ion.  Thus at a concen-  
tration of  100/zM the inhibition of  tes tos te rone  
hydroxyla t ion  by AU-THC was 19.3 per cent ,  and 
AS-THC 27.0 per cent.  

DISCUSSION 

Rat liver mic rosomes  contain many A4-3 - 
ketosteroid  reductases  (5~) which catalyse  the 
hydrogenat ion  of  the 4-5 double  bond of  var ious  
3-ketosteroids  to yield the cor responding  5~- 
dihydrosteroid .  These  reductases  have  been shown 
to be relat ively specific for  their substrate  [9]. How-  
ever ,  when two steroids were  s imul taneously  incu- 
bated with mic rosomes  together  with N A D P H ,  the 
hydroxyla t ion  of  the larger steroid molecule  was 
inhibited by the smaller  s teroid,  whether  or  not the 
inhibitor was itself reduced  [7]. Our data  showed  
that the 5~ reduct ion  of  tes tos te rone  was inhibited 
by A9-THC (25/zM) but not by AS-THC up to a 
concent ra t ion  of 50 #M.  This  inhibition by Ag-THC 
appeared  to be of the compet i t ive  type with a de- 
c rease  in K,,.. This shift  in K,,, by Ag-THC can be 
interpreted as a non-specif ic act ion of  a lipid soluble 
drug on the penetra t ion of  substrate  into the micro-  
somes ,  or  as a specific in te r fe rence  with the bind- 
ing of reductase  to the tes tos te rone  substrate .  The  
fact  that A~-THC, which is chemical ly  similar to 
Ag-THC except  for  the posit ion of the double  bond,  
did not inhibit the 5cc reduct ion  of  tes tos te rone  indi- 
cates a fair degree  of  s tereospecif ic i ty .  

Both Ag-THC and A~-THC react  with microsomal  
P450 to give a type I binding spec t rum[10 ,  11]. 
Tes tos te rone  also reacts  with microsomal  P450 to 
give a type I spec t rum [8]. If the spectral  changes  
are indicat ive of  substrate  react ion with c y t o c h r o m e  
P450, which is the pr imary binding site of  substrate  
for  e n z y m e  hydroxyla t ion  [12], one  would  expec t  
the te t rahydrocannabinoids  to in terfere  with testo-  
s terone hydroxyla t ion .  Our results  showed  that both 
A~-THC and A~-THC inhibited tes tos te rone  hy- 
droxyla t ion  in vitro. These  inhibit ions were  dose 
dependen t  over  the dose range tested (25-100/zM).  
Again,  a di f ference in inhibitory act ivi ty  was demon-  
strated be tween  A 9- and A~-THC. Quant i ta t ive ly ,  
AX-THC was shown to exer t  a greater  inhibitory 
effect  on tes tos te rone  hydroxyla t ion  than an 
equimolar  concent ra t ion  of  Ag-THC, in the same 
microsomal  preparat ion.  Qual i ta t ively ,  our  chro-  
matographic  data  suggested that Ag-THC predomi-  
nantly inhibited hydroxyla t ion  at the 2fl posi t ion,  
while AS-THC predominant ly  inhibited hydroxy-  
lation at the 6fl position. Furl, her  chromatographic  
purification and quant i ta t ion is needed to clarify this 
point ,  especial ly  with regard to 7= and 16~ hydroxy-  
lation. Individual  s teroid hydroxylases  have  been 
demons t ra ted  to respond differently to drugs [13]. 
The  obse rved  differential  response  to Ag-THC and 
A~-THC might reflect the different  affinities of 
the te t rahydrocannabinoids  for  individual s teroid 

hydroxylases .  On the o ther  hand,  it might merely  
reflect a shift in substrate availabil i ty related to the 
se lec t ive  act ivi ty  of  the cannabinoids  on the reduc-  
tion of  tes tos te rone  at the 5c~ position. 

On the whole ,  the percentage  of  inhibition of  
tes tos te rone  5~ reduct ion and hydroxyla t ion  by 
A~-THC was in the range of  10-30 per cent  for doses  
ranging f rom 25 to 100 #M.  As the solution of  
cannabinoids  in the incubat ion medium varies with 
the carr ier  and the cell f ract ion used, this dose-  
response  relat ionship might be relat ive rather than 
absolute .  Moreove r ,  the te t rahydrocannabinoids  
are also substrates  for  microsomal  hydroxyla t ion  
[14]. The  possibili ty that metabol i tes  might be in- 
vo lved  in this react ion cannot  be excluded.  The 
p resence  of  metabol i tes  and the solubili ty of the 
cannabinoids  preclude quant i ta t ive  evaluat ion of 
the obse rved  inhibitory effect.  The  significance of 
this inhibition of  tes tos te rone  metabol i sm in whole 
animals has not yet  been studied. It might be 
obscured  by the sys temic  effects  of  the cannabin- 
oids on hepatic  enzyme  act ivi ty [15, 16]. 
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