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Induction of type II iodothyronine 5'-deiodinase and mitochondrial 
uncoupling protein in brown adipocytes differentiated in cell culture 
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Brown adipocytes differentiated in primary cell culture were found to contain a type II iodothyronine 5'-deiodinase (5'D). Incubation of confluent 
cells with norepinephrine or dibutyryl-cAMP caused up to 17-fold increase in 5'D activity with a maximum after 8 h. Activation of 5'D required 
mRNA and protein synthesis and was accompanied by parallel, up to 5.8-fold increase in the amount of mitochondrial uncoupling protein with 
a maximum after 24 h. Analysis of adrenergic stimulation of 5'D suggested predominant involvement of the fl-receptors and increased intracellular 

cAMP levels, while the contribution of ~-receptors was small. 
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1. I N T R O D U C T I O N  

Brown  ad ipose  t issue (BAT) ,  the  m a j o r  site o f  non-  
shiver ing thermogenes i s  in n e w b o r n  and  cold-  
acc l ima ted  an imals  ( for  review see [1]) conta ins ,  
s imi la r ly  to  the  bra in ,  p i t u i t a ry  and  p inea l  g land ,  type  II 
i o d o t h y r o n i n e  5 ' - d e i o d i n a s e  ( 5 ' D )  [2]. In  con t ras t  to 
type  I enzyme present  in liver and  k idney ,  type  II  5 ' D  
is insensi t ive to p ropy l th iou rac i l ,  exhibi ts  d i f fe ren t  
kinet ics  and  has low gm values  for  T4 and  reverse T3 in 
the  n a n o m o l a r  range  [3,4]. 

Ac t iv i ty  o f  5 ' D  in B A T  is largely  s t imula ted  dur ing  
pe r ina t a l  r ec ru i tment  o f  t he rmogen ic  func t ion  [5-7],  in 
h y p o t h y r o i d  and  co ld -exposed  an imals  [8-11] and  by  
sympa the t i c  s t imula t ion  [12]. The  local  p r o d u c t i o n  o f  
T3 by  5 ' D  in B A T  in concur rence  with no rep ineph r ine  
[13,14] is essent ial  for  the  synthesis  o f  m i t o c h o n d r i a l  
uncoup l i ng  p ro te in  (UCP) ,  the  key and  ra te - l imi t ing  
c o m p o n e n t  o f  B A T  thermogenes i s  [1,15]. W h e n  ful ly 
ac t iva ted ,  5 ' D  o f  B A T  represents  a subs tan t ia l  source  
o f  systemic T3, in h y p o t h y r o i d  an imals  in pa r t i cu la r  
[9-11].  

H o r m o n a l  regu la t ion  o f  5 ' D  in B A T  is still no t  very 
c lear .  Invo lvement  o f  oq-adrenergic  receptors  in act iva-  
t ion  o f  5 ' D  by  no rep ineph r ine  was d e m o n s t r a t e d  in 
vivo [12] but  a large increase  in 5 '  D act iv i ty  was also in- 
duced  by  i sopro te reno l ,  insul in and  g lucagon  [16]. Ac-  
t i va t ion  by  insul in and  Odl- bu t  no t /3 -adrenerg ic  agonis ts  
was fur ther  obse rved  in some exper iments  with i so la ted  
ad ipocy te s  f rom rat  B A T  [17,18], while in o thers  [19], 
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a p r o n o u n c e d  effect  o f /3 -  and  synergis t ic  inf luence  o f  
a l - a d r e n e r g i c  agents  was found .  

Exper imen t s  are r epo r t ed  here tha t  were car r ied  out  
to  examine  5 ' D  in b r o w n  ad ipocy tes  which d i f fe ren-  
t i a t ed  in p r i m a r y  cul ture  f rom p recur so r  cells to  a s ta te  
a l lowing  full express ion o f  the U C P  gene [20]. 

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

The stromal-vascular cells from BAT of 3-4-week-old mice 
(Balb/c, outbred strain) were isolated and cultivated as previously 
described [20] at a standard inoculation of 2 x 104 cells/cm z in 35-mm 
Petri dishes using modified [20,21] Eagle's minimal essential medium 
containing 10°70 fetal calf serum. Experiments were performed with 
cells cultured for 7 days. Incubation of cells with the agents indicated 
was terminated by two brief washes with PBS and cells were harvested 
by scraping into 150 #1 PBS. They were homogenized (10 s sonication) 
and frozen in liquid nitrogen for later analysis. 

5'D activity was assayed according to [3] with the following 
modifications: the incubation mixture (200 tzl) contained 100 mM 
sodium phosphate (pH 7.0), i mM EDTA, 10 mM DTT, 0.15 nM 
[t231]T4 ( -  50000 cpm of L-[3',5'-I25I]T4, > 44TBq/g; from IZIN- 
TA, Hungary), 2.25 nM unlabeled "1"4 and 1 mM 6-n- 
propyl-2-thiouracil. After 1 h at 37°C, 50 #1 of 2°70 BSA was added 
followed by 350 #1 of ice-cold 10070 TCA. Released 123I- was 
separated from iodothyronines on Dowex 50W-X2 columns and 
counted as previously described [3]. The tracer was purified by paper 
electrophoresis before each assay and blank values (no protein) were 
less than 1 °70 of the radioactivity added. The results are expressed as 
fmol T3 produced per h per mg protein. 

The content of mitochondrial UCP was measured by immunoblot- 
ting as before [6,20]. The protein content was determined as described 
[22] using BSA as standard. 

Norepinephrine, isoprenaline, phenylephrine, propranolol, for- 
skolin, dibutyryl-cAMP and cycloheximide were from Sigma, 
prazosin from Pfizer and actinomycin D from Merck. 

3. R E S U L T S  A N D  D I S C U S S I O N  

Abbreviations: BAT, brown adipose tissue; dbcAMP, dibutyryl- 
cAMP; 5' D, iodothyronine 5 '-deiodinase; UCP, uncoupling protein 

Cu l tu red  B A T  cells p r o d u c e d  a r o u n d  conf luence  (6-7 
days  af te r  inocu la t ion)  a measu rab le  5 ' D  ac t iv i ty  as 
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Fig. 1. Time course (A) and concentration dependence (B) of the in- 
crease in 5' D activity induced by 10 tiM norepinephrine (o) and 1 mM 
dibutyryl-cAMP (o). In B, cultured cells were exposed for 24 h to.the 
indicated concentration of norepinephrine. Values are the means of 

two independent experiments performed in duplicate. 

well  as a de tec tab le  a m o u n t  o f  spon t aneous ly  synthesiz-  
ed U C P .  W h e n  the 7-day  cells were supp lemen ted  with 
10 #M norep ineph r ine  or  1 m M  d i b u t y r y l - c A M P  
( d b c A M P ) ,  5 ' D  became  largely  s t imula ted  resul t ing in 
a m a x i m a l l y  7 - f o l d  and  17- fo ld  increase  in 5 ' D  activi-  
ty,  respect ively (Fig.  1A). The  t ime course  o f  bo th  the 
no rep ineph r ine  and  d b c A M P  effect  on  5 '  D is seen to  be 
s imi lar .  Whi le  the  enzyme act iv i ty  qu ick ly  increased  
dur ing  the first  8-12 h there  was no measu rab le  increase  
in the  5 ' D  act iv i ty  in con t ro l  cells for  24 h. The  
d o s e - r e s p o n s e  curve for  no rep ineph r ine  s t imula t ion  o f  
5 ' D  was s igmoid  with a m a x i m u m  at 10 #M 
no rep ineph r ine  (Fig.  1B). W h e n  exposed  to 
n o r e p i n e p h r i n e  or  d b c A M P  for  more  than  24 h cells 
s t a r t ed  to  de tach  f rom the dishes.  

The  Km for  T4 o f  the  5 ' D  induced  in cu l tu red  adi-  
pocytes  by  no rep ineph r ine  and  d b c A M P  was a r o u n d  
10 -  9 M, s imilar  to  mic rosomes  o f  cerebra l  cor tex  [3] or  
i n f r a n a t a n t s  o f  B A T  [3] f r o m  h y p o t h y r o i d  adul t  rats .  
The  5 ' D  o f  cu l tu red  cells was also insensi t ive to 1 m M  
p r o p y l t h i o u r a c i l  ( lower  t han  10°70 inh ib i t ion  at 0.2 nM 
and  2 nM T4 as subs t ra te) .  There fo re ,  the  5 '  D induced  
in b r o w n  ad ipocy tes  d i f f e ren t i a t ed  in cell cul ture  cor-  
r e sponds  to  the type  II  enzyme present  in B A T  o f  dif-  
ferent  roden t  species [2,10] and  no t  to  the  type  I enzyme 
o f  ovine  and  bovine  B A T  [23,24]. 

I n c u b a t i o n  o f  cu l tu red  ad ipocy tes  with d b c A M P  (1 
m M )  toge ther  with cyc lohex imide  (10 # g / m l )  or  ac- 
t i nomyc in  D (60 n g / m l )  which were a d d e d  10 min  
be fo re  add i t i on  o f  d b c A M P  comple t e ly  p reven ted  the 
s t i m u l a t o r y  effect  o f  d b c A M P  (Table  I). This  suggests  
t ha t  ac t iva t ion  o f  5 '  D in cu l tu red  cells is ful ly based  on 
de novo  pro te in  synthesis  which requires  active m R N A  
synthesis  and  is not  due  to  increased  t r ans la t ion  o f  pre-  
exist ing m R N A ,  s imi lar ly  as in the case o f  norep ine-  

Table 1 

Effect of cycloheximide and actinomycin D on dibutyryl-cAMP- 
stimulated 5'D activity in cultured BAT cells 

Cell treatment 5' D activity 
(fmol T3/h/mg protein) 

(A) 
dbcAMP (l mM) 109.2 
dbcAMP + cycloheximide (10 #g/ml) 0 
dbcAMP + actinomycin D (60 ng/ml) 2.6 

(B) 
dbcAMP (1 mM) 90.1 
dbcAMP + cycloheximide (10 #g/ml) 20.5 
dbcAMP + actinomycin D (60 ng/ml) 22.7 

In (A), cells were exposed for 8 h to dbcAMP and inhibitors were add- 
ed 10 min before dbcAMP. In (B), cells were exposed to dbcAMP for 
24 h and inhibitors were present for the last 16 h (added 8 h after 
dbcAMP). The values are the means of 2 experiments performed in 

duplicate. 

phr ine -  and  co ld -ac t iva ted  B A T  5 ' D  in vivo [16,25]. 
Bo th  inh ib i tors  also induced  large and  ra ther  fast  
decrease  o f  5 ' D  when a d d e d  8 h af ter  d b c A M P  (Table  
I). This  implies  fast t u rnove r  o f  bo th  the 5 ' D  pro te in  
and  its m R N A ,  in agreement  with their  shor t  half- l ives 
obse rved  in vivo (to.s o f  p ro te in  0 .4 -0 .7  h, to.s o f  m R N A  
be low 2 h [16,25]). 

A d d i t i o n  o f  no rep ineph r ine  and d b c A M P  to cul tured  
ad ipocy te s  m a r k e d l y  e levated also the  specific conten t  
o f  U C P  (Fig. 2). In con t ras t  to changes  in 5 ' D ,  the 
U C P  conten t  con t inuous ly  increased with t ime unti l  the 
m a x i m u m  was ob t a ined  af te r  24 h (4 .9 - fo ld  and  
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Fig. 2. Specific content of mitochondrial uncoupling protein (UCP) in 
cells exposed to norepinephrine and dibutyryl-cAMP. Cultured BAT 
cells were incubated for the indicated times with 10 #M ( [] ) or 0.1 #M 
norepinephrine ( • ) or 1 mM dbcAMP (e). Untreated cells (o) served 
as controls. 10/zg protein aliquots of ceils harvested by scraping were 
analysed by immunoblotting for UCP content. Data are the means of 

two experiments performed in duplicate. 
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Table II 

Effects of adrenergic and cAMP-concentration-modulating agents on 
5'D activity in cultured BAT cells 

Agent 5' D activity 
(fmol T3/h/mg protein) (n) 

Control 6.0 + 3.7 23 
Norepinephrine (10/~M) 42.4 + 12.1 12 
Isoprenaline (10 t~M) 37.2 _+ 9.5 7 
Phenylephrine (10 #M) 8.8 _+ 8.4 5 

Forskolin (1 /~M) 98.2 _+ 38.3 5 
dbcAMP (1 #M) 101.1 + 36.7 7 

Norepinephrine (1 #M) 27.1 + 5.1 6 
+ propranolol (10 #M) 9.8 _+ 3.7 4 
+ prazosin (10 #M) 21.3 _+ 5.7 4 

Cultured BAT cells were exposed for 8 h to the agents indicated. 
Values are the means + SD from n experiments performed in 

duplicate. 

5 .8- fo ld ,  respectively) and the opt imal  concent ra t ion  o f  
norepinephr ine  was 0.1 #M. The lower induct ion o f  
U C P  at 10 #M norepinephrine is in accordance  with 
previous data  on synthesis o f  U C P  and its m R N A  in 
pos tconf luent  cells [7,20,26]. The data  indicate that  the 
same adrenergic and cAMP-med ia t ed  st imulat ion ac- 
tivates the synthesis o f  bo th  5 '  D and U C P  but the con- 
trol o f  expression o f  the two genes appears  to be dif- 
ferent.  This is not  surprising in the light o f  evidence that  
active 5 ' D  and binding o f  locally produced  T3 to 
nuclear  receptors [27] is required for induct ion o f  U C P  
synthesis. Interestingly, the perinatal  development  o f  
B A T  in several species shows coincidental,  but  not  ex- 
actly parallel changes in 5 '  D activity and U C P  content  
[5,7,24,28]. 

The  extent o f  s t imulat ion o f  5 '  D activity in cultured 
B A T  cells exposed for  8 h to different  adrenergic and 
c A M P  modula t ing  agents is shown in Table II.  
I soproterenol  (10 #M), the ~-selective agonist ,  was 
found  to be similarly effective a s  o~t,/3-agonist, 10/~M 
norepinephr ine  (6.2-7-fold increase, respectively) while 
the effect o f  the a l -agonis t  phenylephrine (10 #M) was 
negligible. An  even more  p ronounced ,  16-fold increase 
in 5 ' D  activity was induced by 1 #M forskolin,  an ac- 
t ivator  o f  adenylate cyclase, in agreement  with activa- 
t ion o f  5 ' D  caused by membrane-pe rmean t  d b c A M P  (1 
mM).  The effect o f  the subtype-selective adrenergic an- 
tagonists  was tested by using propranolo l  and prazosin 
in a 10-fold excess over norepinephrine (Table II). The 
induct ion o f  5 '  D activity in cultured b rown adipocytes  
by 1/~M norepinephrine was almost  completely abolish- 
ed (82%) by 10 #M propranolo l ,  the /3-selective an- 
tagonist .  The a~-selective antagonis t  prazosin (10/~M) 
was significantly less inhibi tory and prevented only 
27% o f  norepinephr ine- induced 5 ' D  activity. 

The results obtained with cultured BAT  cells thus 
convincingly demonst ra te  that  adrenergic st imulat ion 
o f  5 ' D  synthesis involves predominant ly /3-adrenerg ic  

receptors and changes in cellular c A M P ,  similarly as 
f o u n d  in cultured astroglial cells [29], or  pineal glands 
[30]. The large extent o f  5 ' D  st imulat ion and in vitro 
condi t ions  rule out  the possibility o f  an indirect effect 
o f  13-agonist [16]. At  variance with in vivo experiments 
[12,16], and experiments with cells isolated f rom BAT 
o f  euthyroid  and hypo thyro id  rats [19], little stimula- 
t ion o f  5 '  D by phenylephrine and low inhibi tory effect 
o f  prazosin as well as significantly higher activation o f  
5 '  D by d b c A M P  and forskolin than by norepinephrine 
suggest that  o~l-receptors are only weakly involved in 
adrenergic st imulat ion o f  5 ' D  in cultured BA T cells. 
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