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A B S T R A C T The influence of metabolic inhibitors and low temperatures upon 
D-xylose transfer has been studied in rat diaphragm muscle preparations in 
vitro. Using intact fiber preparations, it has been confirmed that at body tem- 
perature metabolic inhibitors like DNP have an insulin-like action in that 
they permit D-xylose to distribute into previously unavailable intracellular 
aqueous regions; inhibitors, unlike insulin, disturb cation distribution in asso- 
ciation with increased sugar penetration. Although the studies with inhibitors 
suggest an energy requirement for maintenance of D-xylose exclusion, the D- 
xylose exclusion mechanism is effectively maintained at 0 ° for many hours, 
and under these conditions, inhibitors have little or no effect on D-xylose dis- 
tribution, though they do produce potassium loss. In cut muscle fiber prepara- 
tions, in which insulin significantly increases the rate at which D-xylose equil- 
ibrates between cell water and external medium, DNP does not increase the 
rate of D-xylose entry, but does abolish the effect of insulin in this preparation. 
The  results suggest that insulin action upon sugar permeability in muscle in- 
volves two barrier systems; some of the characteristics of these systems have been 
defined. 

In  previous  work  we have  studied the in vitro sugar pe rmeab i l i ty  character is -  
tics of  r a t  d i a p h r a g m  muscle  prepara t ions ,  where in  the fibers were  e i ther  
in tac t  or cu t  a t  bo th  ends (1). As first shown by  Kipnis  and  Cori  (2), in tac t  
f iber p repara t ions  re ta in  pe rmeab i l i ty  character is t ics  similar to those which  
obta in  in vivo, whereas  cu t  f iber p repara t ions  exhibi t  a l te red  pe rmeab i l i ty  
characterist ics.  Thus ,  in in tac t  fibers, sucrose and  mann i to l  do  not  pene t r a t e  
significantly into the cell water ,  while  "non-u t i l i z ab l e"  sugars like D-xylose and  
D-galactose are  exc luded  f rom a b o u t  75 per  cen t  of  the total  cell wate r  of the 
p r epa ra t i on ;  insulin ma rked ly  increases the dis t r ibut ion of D-xylose and  D- 
galactose in cell water ,  w i thou t  inf luence on  the exclusion of  sucrose or 
manni to l .  In  cut  fibers, on the o ther  hand ,  the evidence  indicates  tha t  (a) 
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manni to l  and  sucrose pene t ra te  into the fibers via the  cut  ends and  dis t r ibute  
in sizable fractions of the cell water ,  (b) D-xylose and  D-galactose enter  and  
dis t r ibute  in the total  cell water ,  and  (c) insulin increases the ra te  of D-xylose 
and  D-galactose equi l ib ra t ion  be tween  extra-  and  in t racel lu lar  water.  

In  an a t t emp t  to e lucidate  the act ion of insulin upon  sugar transfer,  we 
have  studied the inf luence of d in i t rophenol  (DNP)  and  o ther  metabo l ic  
inhibi tors  as well as o ther  factors upon  D-xylose en t ry  into in tac t  muscle 
fibers; in addi t ion  we have  c o m p a r e d  the effect of D N P  upon  D-xylose en t ry  
in the cut  as well as in in tac t  muscle fibers, in the presence and  absence of 
insulin. Whi le  these studies were  in progress, R a n d l e  and  Smith  (3) r epor t ed  
tha t  anaerobiosis  and  inhibi tors  like d in i t rophenol ,  arsenite,  and  cyan ide  
have  an  " insul in- l ike"  effect in tha t  they facil i tate D-xylose pene t ra t ion  into 
the cell wate r  of in tac t  preparat ions .  

M E T H O D S  

The methods of preparing intact and cut fiber rat diaphragm muscle preparations 
and estimating pentose, sucrose, and inulin, as well as evaluating D-xylose penetra- 
tion into the cell water of the preparation have been previously described (1). We 
have again assumed that sucrose is a measure of extracellular space in the intact 
diaphragm preparation and that inulin measures the extracellular space in cut 
hemidiaphragms. 

The cut hemidiaphragm preparations were incubated in 5 ml. of Krebs-Ringer 
phosphate buffer containing 5 mg. per ml. D-xylose plus 7 mg. per ml. inulin. The 
intact preparations were incubated in 50 ml. of a modified Krebs-Ringer phosphate, 
containing the following (in milliequivalents per liter); NaC1 (128), KC1 (5.1), 
CaCI~ (2.7), MgSO4 (1.0), Na phosphate buffer (20) pH 7.2, and D-xylose at either 
4 or 5 rag. per ml. plus sucrose at 8 or 10 mg. per ml. Unless otherwise stated all 
incubations were at 37.5 ° with shaking, with 100 per cent oxygen as gas phase. In 
the experiments involving insulin, a crystalline Zn insulin Lilly preparation was used 
at a maximal concentration of 0.3 unit per ml. 

In certain of these experiments, the distribution of monovalent cations in muscle 
fibers was studied using methods previously described (4). Sodium and potassium 
were measured with a flame photometer using lithium ion as internal standard; 
lithium was estimated by flame photometry using the direct method. The intra- 
cellular concentration of ions was calculated on the assumptions that sucrose and 
inulin are a measure of the extracellular compartment of the tissue in intact and cut 
preparations respectively, and that the cation concentrations in the medium and in 
the extracellular space are equivalent. 

R E S U L T S  

T a b l e  I illustrates results ob ta ined  when  intact  d i a p h r a g m  prepara t ions  are 
incuba ted  at  37.5 ° for  one  h o u r  wi th  DNP,  azide, or iodoaceta te .  I t  can  
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be seen, in confirmation of Randle  and Smith (3), that these metabolic in- 
hibitors increase the distribution of D-xylose in the cell water of intact fiber 
preparations without marked influence on extracellular space as evaluated by 
sucrose. It  should be noted, however, that there are striking differences 
between inhibitors and insulin with regard to the cellular distribution of 
potassium and sodium. Both D N P  and azide decrease the intracellular potas- 
sium; the potassium loss with DNP, but  not with azide, is associated with a 
gain of sodium, but  the sodium entry does not balance the potassium loss. 

T A B L E  I 

T H E  EFFECT OF METABOLIC I N H I B I T O R S  
ON T H E  D I S T R I B U T I O N  OF D-XYLOSE AND SUCROSE 

IN I N T A C T  D I A P H R A G M  PREPARATIONS 
INCUBATED FO R l H O U R  AT 3 7 . 5  ° 

D-Xylolle Intraeellular cations 
Extracellular sucrose Distribution 

space* in call water:~ K Na 

mL per lOO gm. Per cent 

Normal  23.5-4-4 (25) § 24.0-4-1 (7) 133±4 (7) 
Insulin 23 .5±4(24)  65.5±1 (7) 153±6(7) 
DNP (0.2 mM) 20 .7±2(8)  81 .6±6(6)  46 .7±7(6)  
DNP (0.02 mM) 24 .0±3(5)  73 .8±4(5)  65 .4±2(5)  
Na azide (1.0 mM) 23.6±1 (7) 85.0±6(11)  7 2 . 7 ± 3 0 1 )  
" plus insulin 24 .0±1(6)  84 .9±6(6)  - -  

Iodoacetate  (1.0 m~) 19.5±1 (4) 81 .0±3(4)  - -  
" plus insulin 19.34-1 (4) 81 .0±3(4)  - -  

m~ per liter 

$7. l±2(7) 
32 .3±3  (7) 
82 .0±6(6)  
57 .6±4(5)  
39 .2±4(9)  

* Volume of sucrose dis t r ibut ion in muscle (wet weight).  
Calculated on the assumption tha t  sucrose is a measure of the extracel lular  water,  

§ Mean,  s tandard  error,  and  n u m b e r  of determinat ions.  

Thus, both of these inhibitors reduce the total intracellular concentration of 
monovalent cations. It  may  be noted in Table  I, however, that in the presence 
of inhibitors (a) intracellular potassium while lowered, nevertheless is still 
accumulated against an apparent  gradient, and that external sodium is still 
excluded, in large part, from the fiber water at a time when the D-xylose ex- 
clusion mechanism does not appear to be operative, and (b) sucrose still is 
excluded from the cell. Insulin, in marked contrast to the inhibitors, increases 
intracellular potassium and tends to decrease intracellular sodium. The 
metabolic poisons studied thus appear to exert a generalized deleterious 
effect upon the permeabili ty properties of the intact muscle fibers, whereas 
insulin acts to facilitate sugar entry without disturbing cation distribution. 

Following treatment with DNP, the intact diaphragm preparation is simi- 
lar to the cut hemidiaphragm in that D-xylose enters and equilibrates in most 
or all the cell water in both preparations. Table  II  shows the rate of n-xylose 
entry into the cell water of intact preparations pretreated with inhibitor and 
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of hemidiaphragms, with or without DNP, in the presence and absence of 
added insulin. The intact diaphragm preparations were preincubated with 
DNP (0.2 m~) for 1 hour at 37.5 ° in the absence of D-xylose, then transferred 
to fresh medium containing D-xylose plus inhibitor; the hemidiaphragm 
preparations were not pretreated with DNP. These results may be sum- 
marized as follows: (a) In hemidiaphragms, DNP has no detectable influence 
on the rate of sugar entry in the absence of added insulin, but does abolish the 
effect of insulin upon D-xylose entry. (b) The rate of entry of D-xylose 

T A B L E  I I 

T H E  RATE OF D-XYLOSE ENTRY I N T O  T H E  CELL WATER 
OF H E M I D I A P H R A G M S  AND INTACT D I A P H R A G M  PREPARATIONS 

PRETREATED W I T H  DNP 

Per cent distribution in cell water at varying intervals of incubation (rain.)* 

7,5 15 30 60 

Cut fibers 

No additions 434-2 (6) :~ 644-2 (6) 784-2 (4) 944-6 (4) 
Insulin 524-3 (7) 794-2 (6) 924-3 (5) 1004-3 (4) 
DNP 384-2 (10) 644-3 (6) 794-3 (4) 964-4 (6) 
DNP "4- insulin 414-2(10) 654-4(6) 774-4(6) 964-2(6) 

Pretreated intact fibers§ 

DNP 274-1 (4) 524-2 (4) 824-2 (4) 924-3 (4) 
DNP "4- insulin 294-1 (4) 544-2(4) 834-4(4) 934-3(4) 

* Based upon the assumption that inulin is a measure of extracellular space in the cut fibers of 
hemidiaphragms; in the intact fiber preparations, the sucrose space after 1 hour of incubation in 
DNP (of. Table I) was assumed to represent the extracellular space during the 2nd hour of in- 
cubation. 
~/Mean, standard error, and number of determinations. 
§ Preincubated for 1 hour at 37.5 ° with DNP (0.2 m~t). 

into intact fibers pretreated with DNP is not increased by insulin. (c) The 
rate of D-xylose entry in intact fibers, pretreated with DNP, is essentially 
similar to that observed in cut fibers in the absence of added insulin. 

Attempts to reverse the effect produced by pretreatment with DNP by 
"washing" the intact preparation in Ringer's several times prior to the second 
incubation period, were uniformly unsuccessful. In preparations incubated 
for 1 hour at 37.5 ° with DNP, washed twice with 50 ml. of fresh medium, and 
then incubated in medium without inhibitor, the entry rate of D-xylose was 
similar to that observed when inhibitor had been present in both incubation 
periods, and no effect of insulin on D-xylose entry could be detected. These 
results may be an expression of irreversible damage to the system, or be a 
consequence of the ineffectiveness of our washing procedure in removing 
DNP from the tissue. 
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To obtain information about the energy requirement  for the maintenance 
of the D-xylose exclusion mechanism, intact d iaphragm preparations were 
incubated in Ringer's medium with D-xylose at 0 ° for 1 to 8 hours. These 
results shown in Table I I I  demonstrate that after 8 hours at 0 °, D-xylose dis- 
tributes in only 40 per cent of the cell water. If the D-xylose exclusion mecha-  
nism is damaged by preincubation with DNP (0.2 rnM) at 37.5 ° for 1 hour 
and the preparation is subsequently incubated with fresh medium containing 

T A B L E  I I I 

T H E  D I S T R I B U T I O N  OF D-XYLOSE IN T H E  FIBER WATER OF  
PREPARATIONS INCUBATED AT 0°C, IN  T H E  PRESENCE 

AND ABSENCE OF INHIBITORS 

Per cent xylc~e Intracellular cations 
Period of Extracelluar distribution in 

incubation sucrose space cell water K Na 

hrs. # u  I~r rot. 

Normal medium 1 22.5-4-1 (7)* 194445(7) 143.34445(7) 35.54441 (7) 
2 22.04441 (8) 244446 (8) ] 35.54446 (8) 4.5.04445 (8) 
4 22.1±1(4) 344444(4)  142.04-3(4) 44.14445(4) 
8 26.7-4-2(4) 404443(4)  127.04447(4) 50.24448(4) 

DNP (0.2 raM) I 23.54441 (10) 144441 (10) 137.64443(10) 41.04-2(6) 
2 22 .0±I (4)  284443(4 )  97.24442(4) 41.64-1(4) 

NaNa (1.0 mM) 1 22.5-4-1 (10) 234441 (10) 108.5.+2(4) 29. 14441 (4) 
2 21.54441 (4) 324441 (5) 854445(4) 41.3-4-1 (4) 

Preincubated DNP I 23 .Off= I (4) 534442 (4) - -  
a t  37.5°~ 2 23.54442(4) 754443(4) - -  

* Mean, standard error, and number of d e t e r m i n a t i o n s .  

:~ Preincubated with 0.2 mM DNP at 37.5 ° for 1 hour and t h e n  t r a n s f e r r e d  to  f re sh  medium con- 
taining v - x y l o s e  a t  0 ° a n d  incubated for 2 h o u r s  as indicated. 

D-xylose at 0 ° (cf. Table I I I ) ,  D-xylose penetration into the cell water can be 
readily demonstrated, the sugar distributing in 75 per cent of the cell water 
after 2 hours at 0 °. I t  may  be noted that  D-xylose penetration at 0 ° into in- 
hibitor-pretreated preparations is slow relative to the rate at 37.5 ° (half- 
time of complete equilibration being approximately five times greater at 
0 ° than at 37.5°; compare Tables II  and III) .  These results which demon- 
strate that at 0 ° the D-xylose exclusion mechanism retains its effectiveness for 
periods as long as 8 hours indicate that there is only a modest energy require- 
ment  for maintenance of the exclusion process at this temperature.  Under  
these conditions, DNP and azide likewise have little effect on the D-xylose 
exclusion mechanism as can be seen in Table III .  It  should be noted, in 
Table III ,  that at 0 ° these inhibitors retain their ability to cause potassium 
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loss from muscle, azide (1 raM) producing a somewhat greater effect than 
DNP (0.9 raM). As was previously observed at 37.5 ° (c/. Table  I) the potas- 
sium loss produced by these inhibitors is not accompanied by a corresponding 
gain of sodium; indeed, the sodium exclusion properties of the diaphragm 
preparations incubated at 0 ° are maintained almost as well, whether in- 
hibitors are present or absent. 

D I S C U S S I O N  

The present studies help to define certain aspects of insulin action upon sugar 
penetration in muscle, in that two insulin-responsive barrier systems appear 
to be involved. One, evident in the intact fiber preprations, which acts to 
exclude D-xylose from the cell water may  be designated as inhibitor-sensitive 
since at 37.5 ° this restraining system can be removed by dinitrophenol and 
other metabolic inhibitors, as first shown by Randle  and Smith (3). The 
other barrier system, evident in cut muscle fibers, does not exclude D-xylose, 
but  is modified by insulin so that the rate of sugar equilibration is increased; 
this system may be designated as inhibitor-insensitive, since DNP had no 
significant effect on the rate of w-xylose entry in hemidiaphragms. If  the 
inhibitor-sensitive mechanism in intact fibers is postulated to be localized at 
the cell membrane,  it would appear to be necessary to postulate that in cut 
fibers, insulin influences an alternative barrier system, presumably cytoplas- 
mic, which restricts intracellular permeation of sugars within the cell. While 
the available data do not permit a definitive localization of the site of insulin 
action upon sugar penetration, the suggestion arises as in our previous studies 
(1) that the effect of insulin on sugar permeability may involve modification 
of a cytoplasmic system. The substantial evidence in hemidiaphragm prepa- 
rations for effects of insulin on glycogen synthesis and amino acid incorpora- 
tion into protein which cannot be explained in terms of accelerated sugar 
transfer or amino acid transport (5, 6) supports the contention that insulin 
action involves modification of the cellular interior (7, 8) as well as the cell 
surface. 

Although the locus of the D-xylose exclusion mechanism in intact fibers is 
uncertain, our studies on low temperature and inhibitors do provide a basis 
for defining certain characteristics of this system. The fact that at 37.5 °, DNP 
and azide promote increased distribution of D-xylose in the cell water may he 
interpreted to indicate that at this temperature metabolic energy is required 
to maintain a system which excludes D-xylose. In essence, this is a restatement 
of the basic aspect of the theory proposed by  Randle  and Smith which postu- 
lates that the entry of sugars like D-glucose and D-xylose is restrained by a 
process dependent  upon a substance generated during oxidative phosphoryla- 
tion. Ours tud ies  reveal that at 0 °, the system maintains its effectiveness for 
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long periods of time, and that under these conditions D N P  and azide have 
little or no effect. It would therefore appear that at 0 °, the D-xylose exclusion 
mechanism is relatively "stable" and has only a modest energy requirement 
for maintenance. As temperature is increased, however, the system appears 
to become "metastable"  in the sense that maintenance at body temperature 
requires an adequate supply of metabolic energy. Such an explanation would 
serve to account for the lack of effect of D N P  or azide upon D-xylose pene- 
tration at 0 ° in contrast to their marked effects at 37.5 °. 

The relationship between D-xylose exclusion and the permeabili ty mecha- 
nisms involved in potassium accumulation and sodium exclusion is likewise 
difficult to assess. Although it is widely assumed that sodium e f u x  and potas- 
sium influx, controlled by an energy-requiring ion pump in the cell mem- 
brane, determine the distribution of cations in cells, certain results from the 
present experiments are not readily explicable in terms of this concept. 
Thus, while D N P  and azide at 37.5 ° produce potassium loss, the expected 
equivalent gain in sodium is not observed, the discrepancy being particularly 
evident with azide. This is particularly evident at 0 ° where both of these 
inhibitors decrease the level of intracellular potassium without sodium gain. 
Moreover, preparations treated with these inhibitors do not exhibit marked 
changes in total water or in extracellular space as evaluated by sucrose, de- 
spite the fact that the level of intracellular sodium plus potassium appears 
to be significantly reduced;  we have no explanation for this apparent  dis- 
crepancy. In any case the mechanisms involved in sodium exclusion and 
potassium accumulation are similar to the D-xylose exclusion process to the 
extent that while they are "dis turbed" by inhibitors at 37.5 °, they are never- 
theless maintained for many hours at 0 °, in the absence of added inhibitors. 
The  fact that azide and D N P  nevertheless cause potassium loss at 0 °, raises 
the question whether the effects of these compounds are exclusively due to 
their inhibition of cellular energetics. 

Finally, there remains to be considered, the relationship of these findings 
to the theory of Randle  and Smith, who have suggested that the entry of 
sugars like D-xylose into the cell is normally restrained by a process de- 
pendent  upon a supply of a substance generated during oxidative phos- 
phorylation, and that insulin acts in isolated diaphragm muscle by preventing 
access of this hypothetical substance to the process regulating sugar entry. 
While our limited data  in intact diaphragm preparations might be explained 
in terms of this particular hypothesis, as well as alternative mechanistic formu- 
lations, it is important  to note that our studies on hemidiaphragms are not 
consistent with the Randle-Smith thesis. Thus, if the established effect of in- 
sulin to increase the rate of D-xylose penetration into the cut fibers were due 
to the removal of a substance necessary for a process restraining D-xyIose 
entry, one should expect D N P  to produce an "insulin-like" effect in cut fibers 
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as well as in intact fibers. Our present evidence with D-xylose as well as pre- 
vious evidence with D-galactose (9) clearly demonstrates, however, that 
DNP does not increase the rate of D-xylose (or D-galactose) penetration in 
hemidiaphragms as does insulin; indeed the only discernible effect of DNP 
upon penetration of these sugars in cut fibers is to abolish the effect of insulin 
upon this process. If insulin action upon penetration involves two barrier 
systems in the muscle fiber, as this study suggests, then it would follow that 
the Randle and Smith hypothesis is an incomplete description of insulin 
action upon sugar transfer in muscle. 

This work was aided by grants from the National Science Foundation and the Commonwealth 
Fund. 
Rereived for publication, June 17, 1960. 
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