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S u m m a r y  

The  m e c h a n i s m  by  which  the  u t i l iza t ion of  t r ans fe r r in -bound  iron is l inked 
wi th  cellular m e t a b o l i s m  was invest igated using rabb i t  r e t i cu locy tes  and bone  
m a r r o w  cells. The  ra te  o f  m e t a b o l i s m  was a l tered  by  the use of  inhibi tors  which 
act  a t  d i f f e ren t  sites in the  m e t a b o l i c  p a t h w a y  (NaF,  sod ium f luo roace ta t e ,  
r o t e n o n e ,  2 ,4 -d in i t ropheno l ,  NaCN)  and by  the  add i t ion  of  m e t a b o l i c  sub- 
s t rates  ( inosine,  s od i um  py ruva t e ,  sod ium lactate) .  Measuremen t s  were  m a d e  of  
the  rates of  iron and t ransferr in  u p t a k e  and,  in m a n y  of  the expe r imen t s ,  of  
cellular ATP and N A D H  concen t r a t i ons .  The  results  showed  tha t  there  was a 
s ignif icant  cor re la t ion  be t ween  the ra te  of  iron u p t a k e  and the  ATP concen t ra -  
t ion o f  the  cells, bu t  no  cor re la t ion  was f o u n d  with  the  N A D H  concen t r a t i on .  
The  ra te  of  t ransfer r in  u p t a k e  was inhib i ted  to  a lesser degree  than  t ha t  o f  iron 
up t ake ,  and on ly  when  the  ATP c o n c e n t r a t i o n  had  fallen be low tha t  necessary  
to inhibi t  iron up take .  I t  is conc luded  tha t  the  ra te  of  u p t a k e  o f  t ransferr in-  
b o u n d  iron by  i m m a t u r e  e ry th ro id  cells is d e p e n d e n t  on the in t racel lular  con-  
cen t r a t i on  of  ATP bu t  is i n d e p e n d e n t  o f  the  N A D H  concen t r a t i on .  

I n t r o d u c t i o n  

I m m a t u r e  e r y t h r o i d  cells are able to  t ake  up t r ans fe r r in -bound  iron and  uti- 
lize it fo r  h a e m o g l o b i n  synthes is  [1 ,2] .  I t  is recognized  t ha t  the  s teps in this 
process  are d e p e n d e n t  on a supp ly  of  m e t a b o l i c  energy  [2- -4] .  However ,  the 
m e c h a n i s m  by  which  u t i l iza t ion  o f  t r ans fe r r in -bound  iron is l inked wi th  cellular 
m e t a b o l i s m  is no t  known .  At  least  th ree  possibil i t ies m u s t  be cons idered ,  viz. 
(1) the  process  is d e p e n d e n t  on the  in t racel lular  c o n c e n t r a t i o n  of  ATP, (2) 
there  is a d i rec t  l ink be t ween  iron ut i l iza t ion and m i t o c h o n d r i a l  oxida t ive  meta -  
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bolism and (3) NADH forms the link be tween  cell metabol i sm and iron up take  
[4,51. 

The exper iments  descr ibed in this paper  were designed to investigate the  
three possibilities listed above.  Cellular metabol i sm was al tered by using differ- 
ent  metabol ic  inhibi tors  and metabol ic  substrates in o rder  to  ascertain the steps 
of  in te rmedia ry  metabol i sm upon  which the up take  of  t ransfe r r in -bound iron 
was dependen t .  Cellular concen t ra t ions  of  ATP and NADH were measured in 
serveral of  the exper iments  so tha t  any  corre la t ion  be tween  the concen t ra t ions  
of  these substances and iron up take  could  be evaluated.  The results indicate  
tha t  the up take  of  t ransfe r r in -bound iron by rabbi t  re t icu locytes  and bone  mar- 
row cells is d e p e n d e n t  on the concen t r a t i on  of  ATP in the cells bu t  is indepen-  
den t  of  NADH concen t r a t i on  and is no t  d i rec t ly  l inked with mi tochondr ia l  
func t ion .  

Materials and Methods  

Materials. I ron-59 (FeCI3, 10- -20  /~Ci/pg) and iodine-125 (NaI, carrier-free) 
were purchased f rom the Radiochemica l  Centre,  Amersham,  England. NaCN 
was ob ta ined  f rom B.D.H. Ltd . ,  Poole,  England. The o the r  metabol ic  inhibi tors ,  
the metabol ic  substrates  and the reagents used to assay ATP and NADH were 
purchased f rom Sigma Chemical  Co., St. Louis,  Mo., U.S.A. With excep t ion  of  
ro t enone ,  the  solut ions of  inhibi tors  and substrates were prepared  by dissolving 
the c o m p o u n d s  in 0.15 M NaC1 and adjusting the pH to 7.4 with 0.1 M HC1 or 
0.1 M NaOH. R o t e n o n e  was dissolved at high concen t r a t i on  in 95% e thanol  and 
then  di lu ted to the final concen t r a t i on  with 0.15 M NaC1. The r o t e n o n e  was 
then  in the fo rm of  an emulsion.  Controls  for  the incubat ions  in which r o t e n o n e  
was present  con ta ined  the same concen t ra t ion  of  e thanol  as did the incuba t ion  
mix tures  which con ta ined  ro t enone .  

Purification and labelling o f  proteins. Rabbi t  t ransferr in  was isolated and 
labelled with ~25I and S9Fe as previously descr ibed [6 ,7] .  In some exper iments  
the  t ransferr in  present  in freshly ob ta ined  rabbi t  plasma was labelled with SgFe 
by addi t ion  of  the radio i ron  as its comp lex  with ni t r i lo t r iacet ic  [81, care being 
taken  that  the la tent  i ron-binding capaci ty  of  the plasma was no t  exceeded .  

Reticulocytes and bone marrow cells. Ret icu locy tes  were ob ta ined  f rom 
rabbits with pheny lhydraz ine - induced  haemoly t i c  anaemia [8] .  The  cells were 
washed three  t imes in ice-cold 0.15 M NaC1 and then  suspended in Hanks and 
Wallace balanced salt so lut ion [9] .  The re t i cu locy te  counts  of  the cells used in 
the present  exper iments  varied f rom 32 to  95%. Bone mar row cells were 
ob ta ined  f rom the long bones of  normal ,  un t r ea t ed  rabbits.  Th ey  were washed 
and suspended in Eagle's med ium [10]  conta in ing  1% bovine serum albumin as 
descr ibed previously [ 11 ]. 

Incubation procedure. All incubat ions  were pe r fo rmed  at 37 ° C. The m e th o d s  
used to incubate  the cells and to  col lect  and wash samples for  coun t ing  of  radio- 
act ivi ty were the  same as in earlier work  [11] .  In some exper iments  the inhibi- 
tot~ were added to the  cells at the  same t ime as the  t ransferr in  labelled with S9Fe 
and '2sI or plasma labelled with 59Fe. In o the r  exper iments  the cells were pre- 
incuba ted  with the inhibi tors  and /o r  substrates at 37°C before  the labelled 
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transferrin or plasma was added. The preincubation time was 60 min unless 
otherwise stated. 

Analytical methods. Iron concentra t ion was measured by the procedure 
recommended by the International Commit tee  for Standardization in Haemato- 
logy [12].  The total iron-binding capacity of solution containing transferrin 
was determined by the method of  Morgan and Carter [13].  Reticulocytes were 
counted on dry smears after staining with new methylene blue. Cell samples 
were deproteinized with HCIO4 [14] and ATP was then measured by a standard 
method [15] which utilizes hexokinase (ATP:D-hexose-6-phosphotransferase, 
EC 2.7.1.1) and glucose-6-phosphate dehydrogenase D-glucose-6-phosphate: 
NADP oxidoreductase,  EC 1.1.1.49). For the estimation of NADH, samples 
were removed from the incubation mixture and processed and assayed accord- 
ing to the method of  Burch [16]. 

Radioactivity was measured in a three-channel well-type scintillation coun- 
ter. The rate of iron uptake was calculated from the linear regression of at least 
four values obtained over a 30 rain incubation period. Three aspects of trans- 
ferrin uptake [4] were determined, (1) adsorption, the amount  of transferrin 
bound to the cells immediately after mixing with them at 4°C, (2) rate of 
uptake, the initial rate of uptake of  the protein by the cells during the first 2 
rain of  incubation at 37°C and (3) amount of  uptake, the difference between 
the quant i ty  of transferrin on the cells when the plateau phase of uptake was 
reached (after 10--15 min incubation at 37°C) and that resulting from adsorp- 
tion. 

Results  

Changes in rate of  iron uptake and cellular A TP concentration 
Bone marrow cells or reticulocytes were incubated from zero time with the 

inhibitors and SgFe-labelled plasma. Iron uptake and ATP levels were measured 
during a 30 rain period of  incubation. The inhibitors used were NaCN (50 mM) 
2,4-dinitrophenol (2.5 raM), ro tenone  (0.01 raM), NaF (25 raM) and sodium 
fluoroacetate (50 raM). The results obtained with NaCN are stlown in Figs. 
1 and 2. Iron uptake by bone marrow cells (Fig. 1) and by reticulocytes (Fig. 2) 
was the same in the presence of  NaCN as in its absence during the first 5 rain of 
incubation. This was followed by a marked reduction in the rate of iron uptake 
during the subsequent period of incubation. Cellular ATP levels began to fall 
immediately after commencing the incubations and had reached low levels by 
the time the rate of iron uptake had diminished. The pattern of changes found 
with the other  inhibitors was the same as with NaCN. In all cases the rate of 
iron uptake did not  commence  to fall until after 4--6 rain incubation and in 
this time cellular ATP values for bone marrow cells declined to 30% or less of 
the control  values and for reticulocytes had decreased to 40--60% of the con- 
trois. 

Effects o f  metabolic inhibitors and substrates 
The role of cellular metabolism in iron and transferrin uptake was investi- 

gated by incubating reticulocytes with the inhibitors and/or  substrates for 1 h 
at 37°C and then incubating with ~2sI-and S9Fe-labelled transferrin. In the first 
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Fig.  1. E f f e c t  o f  N a C N  (50  raM)  o n  i r o n  u p t a k e  a n d  c e l l u l a r  A T P  c o n c e n t r a t i o n  in  r a b b i t  b o n e  m a r r o w  

cel ls  i n c u b a t e d  a t  3 7 ° C .  The  i r o n  a n d  t r a n s f e r r i n  c o n c e n t r a t i o n s  o f  t he  i n c u b a t i o n  s o l u t i o n  were  0 . 0 0 9  
and  0 . 0 1 0  raM, r e s p e c t i v e l y .  

series of  e x p e r i m e n t s  the subst ra tes ,  inosine,  sod ium lac ta te  and  sod ium pyru-  
vate were  used in c o m b i n a t i o n  wi th  NaCN. The  results  are s u m m a r i z e d  in Table  
I. NaCN (50 mM) inhib i ted  the  rates  of  u p t a k e  o f  bo th  t ransfer r in  and iron,  bu t  
i ron u p t a k e  was inhib i ted  to  a grea ter  degree.  Each of  the  subs t ra tes  when  used 
a lone  s t imula ted  the rate  of  i ron u p t a k e  bu t  had  no e f fec t  on the  ra te  of  trans- 
ferrin up take .  Ne i the r  NaCN nor  the  subs t ra tes  had  a s ignif icant  e f fec t  on trans- 
ferrin adso rp t i on  or the  a m o u n t  o f  t ransfer r in  up t ake .  

Cyan ide- induced  inh ib i t ion  of  iron u p t a k e  was p reven ted  when  inosine was 
also presen t  in the  incuba t ion  mix tu re .  In addi t ion ,  the  ra te  of  t ransferr in  
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Fig.  2. E f f e c t  of  N a C N  (50  raM)  o n  i r o n  u p t a k e  a n d  ce l l u l a r  ATP c o n c e n t r a t i o n  i n  r a b b i t  r e t i c u l o c y t e s  

i n c u b a t e d  a t  3 7 ° C .  The  i r o n  a n d  t r a n s f e r r i n  c o n c e n t r a t i o n s  o f  t h e  i n c u b a t i o n  s o l u t i o n  were  0 . 0 2 2  a n d  
0 . 0 3 1  raM, r e s p e c t i v e l y .  The  r e t i c u l o c y t e  c o u n t  was  78%. 
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T A B L E  ! 

E F F E C T  O F  I N O S I N E ,  L A C T A T E ,  P Y R U V A T E  A N D  N a C N  ON I R O N  A N D  T R A N S F E R R I N  U P T A K E  

R e t i c u l o c y t e s  were  p r o - i n c u b a t e d  w i t h  t he  s u b s t a n c e s  i n d i c a t e d  fo r  6 0  m i n  a t  37  ° C. T r a n s f e r r i n  l a b e l l e d  

w i t h  1251 a n d  5 9 F e  was  t h e n  a d d e d  a n d  i r o n  a n d  t r a n s f e r r i n  u p t a k e  was  m e a s u r e d  d u r i n g  i n c u b a t i o n  a t  

37¢~C for  3 0  ra in .  The  c o n c e n t r a t i o n s  u s e d  were :  i n o s i n e ,  10  m M ;  s o d i u m  l a c t a t e ,  10 m M ; s o d i u m  p y r u -  

r a t e ,  10 h iM;  N a C N ,  50 raM. The  r e s u l t s  are g i v e n  as a p e r c e n t a g e  o f  t he  v a l u e  o b t a i n e d  w i t h  c o n t r o l  ce l l s  

w h i c h  were  i n c u b a t e d  w i t h o u t  the  a d d i t i o n s  s h o w n  in  the  t ab le .  Each  va lue  is the  m e a n  + S.E.  o f  f o u r  

m e a s u r e m e n t s  or  the  m e a n  a n d  r ange  o f  v a l u e s  ( in  p a r e n t h e s e s )  o f  t w o  m e a s u r e m e n t s  m a d e  i l l  s e p a r a t e  

e x p e r i m e n t s .  

S u b s t a n c e  a d d e d  Pe rcen t  c o n t r o l  v a l u e  

Ra t e  o f  i r o n  u p t a k e  R a t e  o f  t r a n s f e r r i n  u p t a k e  T o t a l  t r a n s f e r r i n  uptak~ 

l n o s i n c  141  -+ 9 .8  1 0 4  ~ 2 .5  94  ~ 1 .0  

L a c t a t e  137  + 7 .4  1 0 5  + 2.7 103  ± 1 .5  

P y r u v a t c  111 ( 1 0 6 ,  1 1 7 )  9 5  (92 ,  98 )  1 0 0  (95 ,  1 0 5 )  

C y a n i d e  23 + 2 .0  63 + 1.2 93  ' 2 .6  
l n o s i n e a n d l a c t a t e  1 2 0  + 4 .5  1 0 9  -+ 2 .2  106  ~ 1 .5  

I n o s i n e  a n d  p y r u v a t e  1 2 5  ( 1 2 5 ,  1 2 5 )  117  ( 1 1 4 ,  1 2 0 )  1 2 9  ( 1 2 1 ,  1 3 7 )  

I n o s i n e  a n d  c y a n i d e  86 ± 5.6 1 0 6  + 4.7 1 0 6  + 2.1 

L a c t a t e  a n d  c y a n i d e  16 + 3 .2  77 + 2.1 92  ~ 2.1 

P y r u v a t c  a n d  c y a n i d e  34  (24 ,  44 )  49  (30 ,  70)  80  (76 ,  84)  

uptake was returned to the control  level. By contrast  to the effects of inosine, 
neither sodium lactate (10 raM) nor sodium pyruvate (10 mM) had any effect  
on the inhibition of the rate of iron uptake produced by NaCN. 

Measurements of cellular ATP and NADH concentrat ions were made in one 
exper iment  in which reticulocytes were preincubated with different  combina- 
tions of NaCN, inosine and sodium lactate prior to incubation with labelled 
transferrin (Table II). Incubation with NaCN caused a fall in both ATP and 
NADH levels. However, while the ATP concentrat ion fell to 15% of  the con- 

T A B L E  II 

E F F E C T  O F  C Y A N I D E ,  I N O S I N E  A N D  L A C ' T A T E  ON C E L L U L A R  A T P  A N D  N A D H  C O N C E N T R A -  

T I O N S  A N D  I R O N  A N D  T R A N S F E R R I N  U P T A K E  

The  c o n c e n t r a t i o n s  o f  t he  a d d e d  s u b s t a n c e s  were :  N a C N ,  50  m M ;  i n o s i n e ,  10  m M  a n d  s o d i u m  l a c t a t e ,  10 

mM.  The  cel ls  ( 88% r e t i c u l o c y t e s )  were  p r e - i n c u b a t e d  w i t h  t he  a d d i t i o n s  fo r  3 0  ra in  b e f o r e  i r o n  a n d  

t r a n s f e r r i n  u p t a k e  were  m e a s u r e d .  The  r e su l t s  arc g i v e n  as p e r c e n t a g e  o f  c o n t r o l  va lues  o b t a i n e d  w i t h  cel ls  

w h i c h  were  i n c u b a t e d  in  t he  a b s e n c e  o f  t he  a d d e d  s u b s t a n c e s .  The  ce l l u l a r  A T P  a n d  N A D H  v a l u e s  are t h e  

m e a n s  o f  f o u r  d e t e r m i n a t i o n s  m a d e  o n  cel l  s a m p l e s  r e m o v e d  a t  0, 12 ,  24  a n d  36 m i n  d u r i n g  i n c u b a t i o n  
w i t h  5 9 F e -  a n d  1 2 5 I _ l a b e l l e d  t r a n s f e r r i n .  The  m e a n  A T P  a n d  N A D t t  c o n c e n t r a t i o n s  o f  t he  c o n t r o l  cel ls  

were  2 .46  a n d  0 . 1 2  p m o l / m l  cells ,  r e s p e c t i v e l y .  E a c h  v a l u e  g i v e n  in  t he  t ab l e  is t he  m e a n  ~ S.E. o f  f o u r  
m e a s u r e m e n t s  

A d d i t i o n  

C y a n i d e  
I n o s i n e  
h l o s i n e  a n d  c y a n i d e  
L a c t a t e  

L a c t a t e  a n d  c y a n i d e  

I n o s i n e  a n d  l a c t a t e  

Pe r ce n t  c o n t r o l  v a l u e  

A T P  N A D H  R a t e  o f  i r o n  T o t a l  t r a n s f e r r i n  
u p t a k e  u p t a k e  

1 5  + 0 .3  73 ± 3.1 11 ± 3 .5  79 ~ 3 .3  
1 2 0  + 5.7 1 1 0  ± 3 .3  1 0 5  + 4.1 96  + 7 .0  

41 ~_ 0 .9  68-+ 1.7 52 ± 5.4 1 1 5  ~ 7 .0  
93  ~ 2 .2  1 0 3  ± 2.4 1 1 2  ~- 5.1 1 0 5  ± 4 .9  
17 ± 1.3 74 -+ 1.3 13 ± 4 .5  97 + 6 .4  

1 1 3  + 3 .0  8 5  + 1 .4  1 0 3  + 4 .2  1 0 9  + 7.1 
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trol value, that  of NADH decreased to only 75% of the controls. With inosine 
there was an increase in both cellular ATP and NADH levels. In the presence of 
inosine plus NaCN, ATP levels increased to nearly three times the values 
obtained with NaCN alone. However, there was no change in the cellular NADH 
concentrat ion.  When sodium lactate was used in combinat ion with NaCN the 
ATP and NADH values were similar to those found with NaCN alone. The 
effects of the various treatments on the rate of  iron uptake were generally sim- 
ilar to those on ATP concentrat ions but  appeared to be unrelated to NADH 
concentrations.  However, it should be noted that  inosine produced a relatively 
greater increase in ATP concentrat ion than in rate of iron uptake,  while lactate 
decreased ATP levels slightly but  increased iron uptake. 

The relationship between the cellular ATP and NADH concentrat ions and 
iron and transferrin uptake by reticulocytes was further investigated using 
different  concentrat ions of rotenone.  The results are summarized in Table III. 
The ATP concentrat ions fell progressively as the ro tenone concentrat ion was 
increased from 0.00001 to 0.1 mM. By contrast,  cellular NADH levels increased. 
The rate of iron uptake remained relatively constant until the ro tenone concen- 
tration was raised to between 0.0005 and 0.005 mM but then decreased to 
reach a value of only 8% of the control  when 0.1 mM rotenone was used. There 
was little inhibition of transferrin uptake except  at the highest concentrat ion of 
rotenone.  

Relationship of cellular ATP and NADH concentration and rate o f  iron uptake 
The data on the rate of iron uptake and cellular ATP levels from eleven 

experiments with reticulocytes and four experiments with bone marrow were 
analysed. The values for the rate of iron uptake, expressed as a percentage of 
control  values, were plot ted against the values for cellular ATP concentrat ion,  
also expressed as a percentage of controls. There was a highly significant corre- 
lation between the rate of iron uptake and ATP concentrat ion,  both for reti- 
culocytes (Fig. 3) and bone marrow cells (Fig. 4). 

T A B L E  i I I  

T H E  E F F E C T  O F  P R E - I N C U B A T I O N  W I T H  R O T E N O N E  O N  C E L L U L A R  A T P  A N D  N A D H  C O N C E N -  

T R A T I O N S  A N D  I R O N  A N D  T R A N S F E R R I N  U P T A K E  IN R E T I C U L O C Y T E S  

Th e  cel ls  ( 78% r e t i c u l o c y t e s )  were  p r e - i n c u b a t e d  w i t h  r o t e n o n e  a t  3 7 " C  fo r  15 ra in  b e f o r e  s a m p l e s  were  

t a k e n  fo r  e s t i m a t i o n  o f  A T P  a nd  N A D H .  I r o n  a n d  t r a n s f e r r i n  u p t a k e  was  t h e n  m e a s u r e d .  The  ce l l u l a r  A T P  

a n d  N A D H  c o n c e n t r a t i o n s  in  c o n t r o l  cel ls  p r e - i n e u b a t e d  fo r  15  m i n  in  t he  absence  o f  r o t e n o n c  were  
2 .72  a n d  0 . 1 4  p m o l / m l  cel ls ,  r e s p e c t i v e l y .  

R o t e n o n e  c o n c e n -  

t r a t i o n  

( raM) 

P e r c e n t  c o n t r o l  va lue  

A T P  N A D H  I r o n  u p t a k e  T r a n s f e r r i n  u p t a k e  

R a t e  R a t e  A m o u n t  T o t a l  

0 . 0 0 0 0 1  89 1 1 3  1 0 0  1 0 0  96  1 0 0  
0 . 0 0 0 0 5  81 110  97  96  1 0 5  100  

0 . 0 0 0 5  6 8  1 6 4  96  104  1 1 5  1 0 6  
0 . 0 0 5  43  1 7 4  56 103  [ 1 8  1 0 8  

0 .01  4 2  1 8 8  50 1 0 0  1 1 8  109  

0.1 40  2 0 5  8 .$4 89 66  
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Fig.  3. R e l a t i o n s h i p  b e t w e e n  ra te  o f  i r o n  u p t a k e  a n d  c e l l u l a r  A T P  c o n c e n t r a t i o n  in  r a b b i t  r e t i c u l o c y t e s .  

The  A T P  c o n c e n t r a t i o n  was  a l t e r e d  b y  p r e - i n c u b a t i n g  the  cel ls  w i t h  m e t a b o l i c  s u b s t r a t e s  or  i n h i b i t o r s  as 

d e s c r i b e d  in  t h e  t e x t .  The  e q u a t i o n  o f  the  r e g r e s s i o n  l i ne  is y = 0 . 9 7 x  + 3 .2  (r = 0 . 8 7 ,  P ~ 0 . 0 0 5 ) .  
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Fig.  4. R e l a t i o n s h i p  b e t w e e n  ra te  o f  i r o n  u p t a k e  a n d  c e l l u l a r  ATP c o n c e n t r a t i o n  i n  r a b b i t  b o n e  m a r r o w  

cells .  The  A T P  c o n c e n t r a t i o n  was  a l t e r e d  b y  p r e - i n c u b a t i n g  t he  cel ls  w i t h  m e t a b o l i c  s u b s t r a t e s  o r  i n h i b i -  

tors .  The  e q u a t i o n  o f  t he  r e g r e s s i o n  l i ne  is  y = 1 . 0 2 x  - -  14 .7  (r  = 0 . 8 0 ,  t '  < 0 . 0 1 ) .  

Fig.  5. R e l a t i o n s h i p  b e t w e e n  ra te  o f  i r o n  u p t a k e  a n d  c e l l u l a r  N A D H  c o n c e n t r a t i o n  in  r a b b i t  r e t i c u l o c y t e s  

p r e - i n c u b a t c d  w i t h  v a r i o u s  m e t a b o l i c  s u b s t r a t e s  a n d  i n h i b i t o r s .  

D a t a  on iron u p t a k e  rates  and cellular  N A D H  levels ob ta ined  in five ret iculo- 
cy t e  e x p e r i m e n t s  were ana lysed  in a similar  manner .  However ,  no s ignif icant  
cor re la t ion  was found  (Fig. 5). 

D i s c u s s i o n  

The  resul ts  p resen ted  in this pape r  show tha t  the  u p t a k e  of  t ransfer r in ' -bound 
iron by  i m m a t u r e  e r y t h r o i d  cells is c losely cor re la ted  with  the  in t racel lular  con- 
cen t r a t ion  of  ATP. Such a cor re la t ion  suggests,  bu t  does  no t  prove,  t ha t  iron 
u p t a k e  is d e p e n d e n t  on cellular ATP levels. The  results  do no t  s u p p o r t  the  
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hypotheses that iron uptake is directly linked with the mitochondrial electron 
chain [4] or with the function of a NADH + H + coenzyme [5]. 

Several lines of evidence indicate the importance of ATP levels. Firstly, when 
reticulocytes or bone marrow cells were incubated simultaneously with S~Fe- 
labelled transferrin and metabolic inhibitors the rate of iron uptake did not 
start to decrease until 5--10 rain had elapsed, by which time the ATP concen- 
trations had fallen appreciably. Secondly, the rate of iron uptake by reticulo- 
cytes was significantly elevated when they were incubated with inosine which 
also elevated cellular ATP levels. Inosine,  too ,  was able to  p revent  the inhibi- 
t ion of  iron up take  p roduced  by NaCN and this was also accompan ied  by  an 
elevat ion of  ATP concen t ra t ion .  The two o the r  substrates used in combina t ion  
with cyanide,  sodium lactate  and sodium pyruvate ,  were w i th o u t  e f fec t  on 
cyanide- inhib i ted  iron up take  and on the depressed ATP values found  in the 
cyanide- t rea ted  cells. The  third line o f  evidence implicating ATP as the  link 
be tween  cellular metabol i sm and iron up take  is the significant d i rec t  correla- 
t ion found  be tween  the rate of  iron uptake  and ATP concen t ra t ions  of  reti- 
cu locy tes  (Fig. 3) and bone  mar row cells (Fig. 4). 

A closer cor re la t ion  be tween  the rate of  i ron up take  and cellular ATP levels 
was found  for  re t icu locytes  (r = 0 .873,  P < 0 .005)  than for  bone  mar row cells 
(r = 0.799,  P < 0.01).  This p robab ly  resul ted f rom the fact  tha t  cons iderably  
more  measurements  were made  with re t i cu locy tes  than with bone  mar row and,  
more  par t icular ly ,  because the re t icu locytes  consis ted of  a much  more  homo-  
geneous cell mix tu re  than  did the mar row cells. Nearly all o f  the cells in the 
re t icu locyte- r ich  b lood were re t iculocytes .  Hence,  t hey  would  near ly  all be able 
to  take up t ransfe r r in -bound iron and be a f fec ted  in a similar m an n e r  by the 
inhibi tors  and substrates  used. The bone  marrow,  on the o the r  hand,  was f rom 
normal  rabbits  in which only  abou t  25% of  the cells are immatu re  e ry th ro id  
cells and capable of  taking up iron. The metabol ic  inhibi tors  and substrates 
would  be expec t ed  to af fec t  the metabol i sm of  bo th  e ry th ro id  and non-ery th-  
roid cells and in the la t ter  types  of  cells p roduce  changes in ATP concen t ra t ion  
w i t h o u t  af fec t ing iron uptake .  

As a result  of  an earlier s tudy  on the effects  of  a series of  metabol ic  inhibi tors  
on iron and t ransferr in  up t ake  by re t icu locy tes  it was p roposed  tha t  i ron up take  
is closely l inked to the mi tochondr i a l  resp i ra tory  chain and is no t  s imply depen-  
den t  on respira t ion for  a supply  o f  ATP [4].  However ,  this hypo thes i s  does n o t  
s tand up to the more  detai led scru t iny  provided  by  the present  investigation. 
The  close cor re la t ion  be tween  the rate of  i ron up take  and ATP levels has been 
discussed above.  Moreover ,  inhibi tors  of  glycolysis (NaF) and of  the citric acid 
cycle (sodium f luoroace ta te )  b locked  iron up take  (and also lowered  ATP con-  
cent ra t ions)  in like manne r  to inhibi tors  of  mi tochondr ia l  func t ion .  Fur ther-  
more ,  res to ra t ion  of  cellular ATP values by incuba t ion  with inosine in the 
presence of  NaCN, r e tu rned  the rate of  i ron up take  a lmost  to the con t ro l  value 
even though mi tochondr ia l  e lec t ron  t ransfer  was still b locked  by  the NaCN. 
Finally,  d in i t ropheno l  which uncouples  oxidat ive phospho ry l a t i on  and lowers 
cellular ATP levels does no t  inhibi t  mi tochondr ia l  e lec t ron  transfer .  However ,  it 
is an effect ive inh ib i tor  of  i ron up take  by  re t icu locytes  and bone  mar row cells. 

The  mechanism by which inosine raises the ATP concen t r a t i on  of  e ry th ro -  
cytes has been investigated only  in mature  cells. After  en t ry  into the cell the 
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inosine undergoes phosphorolyt ic  cleavage to hypoxanthine  and ribose 1-phos- 
phate which in turn is metabolized to glyeeraldehyde 3-phosphate. Each mol of 
glyceraldehyde 3-phosphate can then be converted to pyruvate yielding 2 mol 
of ATP in the process [17,18].  Energy product ion in the ret iculocyte occurs 
principally by oxidative phosphorylat ion and to a less extent  by substrate level 
phosphorylat ions in the Embden-Myerhof  pathway [19].  However, it is likely 
that  energy product ion from inosine occurs by the same mechanism in reticulo- 
cytes as in mature erythrocytes .  Hence, when oxidative phosphorylat ion is 
inhibited, as by the use of NaCN, ATP product ion from inosine can still proceed 
and prevent the cellular concentrat ion of ATP from falling to levels as low as 
those observed when the inhibitor of oxidative phosphorylat ion is used alone 
(Table II). By contrast  to inosine, both pyruvate and lactate are metabolized 
after the energy-yielding steps of the Embden-Myerhof  pathway. This provides 
an explanation for the observation that  these compounds did not  elevate ATP 
concentrat ion or the rate of iron uptake when used in the presence of NaCN. It 
should be noted that  a very high concentrat ion (50 raM) of NaCN was used in 
the present experiments.  This concentrat ion was chosen because it was found 
in previous work that 25--50 mM NaCN was required to produce approx. 80% 
inhibition of iron uptake by rabbit reticuloeytes [4] and it was desired to pro- 
duce a large degree of  inhibition. 

The rate of iron uptake by reticulocytes did not  appear to be correlated with 
cellular NADH concentrat ions in the experiments performed in the present 
investigation (Fig. 5). For instance, iron uptake was inhibited in the presence 
of elevated (Table III) or slightly depressed (Table II) NADH values, and the 
addition of inosine to a NaCN-containing incubation mixture elevated iron 
uptake wi thout  altering the NADH level (Table II). Hence, the cellular concen- 
tration of  NADH does not  appear to act as a rate-limiting factor for iron uptake 
by reticulocytes.  This, plus the evidence discussed above, appears to exclude 
the hypothesis presented by Egyed [5],  that iron uptake by ret iculocytes is 
independent  of the ATP concentrat ion but is dependent  on an enzyme func- 
tion with a NADtt -t H * coenzyme which detaches iron from transferrin. It is 
more likely that  the detachment  of iron from transferrin is in some way depen- 
dent  on ATP and that this is the rate-limiting step in iron uptake. Egyed [20] 
has recently shown that ATP can release iron from transferrin in a cell-free in 
vitro system. However, the mechanism of ATP involvement in the cell remains 
to be elucidated. These considerations do not  rule out  the possibility that 
NADH is also involved in a step subsequent to that of ATP in the intracellular 
metabolism of iron (e.g. reduction to the ferrous form) but  this step is not  rate 
limiting. 

The metabolic inhibitors used in the present work affected the rate of iron 
uptake to a greater degree and/or  at a lower inhibitor concentrat ion than they 
affected the rate of transferrin uptake. Hence, in the presence of metabolic 
inhibitors the rate of  iron uptake is limited by the rate of  de tachment  of  iron 
from trm~sferrin or the rate of  passage through a subsequent port ion of its 
metabolic pathway rather than by the rate of uptake of its transport  protein. 
The rate of  uptake of transferrin was inhibited only under conditions in which 
the cellular ATP concentrat ion was reduced to very low levels. Possibly, trans- 
ferrin uptake, like iron uptake, is an ATP-dependent process, but is only limited 
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by the ATP concentration when this has fallen to a value considerably below 
that which leads to a decrease in iron uptake. Transferrin uptake by reticulo- 
cytes may occur by endocytosis  [21] ,  a process which has been shown to be 
dependent on cellular metabolism in many other types of cells [22] .  
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