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Although the various physiological effects 
of insulin are well known, the specific mode 
of action of the hormone has not been clearly 
delineated. A t  present, it is generally be- 
lieved that insulin facilitates, in some manner, 
the phosphorylation of glucose which intro- 
duces carbohydrate into the metabolic pro- 
cesses of the cell. The exchange of glucose 
between glomerular filtrate and renal tubular 
cell appears to be a unidirection,al process 
and is characterized by a maximal rate of 
tubular cell uptake of glucose. Glucose is 
completely removed from the filtrate until 
filtered load of glucose is increased to a 
point where the tubular resorptive mechanism 
is saturated. Further increments in filtered 
glucose appear in the urine. This situation 

would appear to provide a unique opportunity 
to study the effect of insulin on the rate of 
cellular uptake of glucose in the intact animal 
as contrasted to most in v i m  work which has 
been concerned with the net exchange of glu- 
cose between cell and perfusing medium. 

Methods. Twelve male subjects 'aged 
47-68 years who were free of evidence of 
renal disease, cardiovascular disease, and de- 
rangement of carbohydrate metabolism were 
studied in the fasting state. The general 
procedure outlined by Goldring and Chasis( 1) 
for the determination of T m  glucose was 
followed. After suitable priming dose, glu- 
cose was infused as a 30% solution in water 
at a rate of approximately 1.5 g per minute 
throughout the entire procedure. Inulin was 

*The aufihor is indebted to Beard for tech- 
n i d  assistance and to Dr. Milton Landowne for 
suggesting an hypothesis to explain the observed 
reduction in Tm. 

added to the infusion fluid in quantities suf- 
ficient to maintain plasma levels of 2O-25 
mg %. Blood W U  Sampled at the mid-point 
of each urine collection period through an in- 
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TABLE I. Effect of Insulin on Tm Glucose," mg/min. 

Height, +3ontrcF1 period7 r-Poat -insulin period--> 
Subjeat Age,yr ern Wt,kg 1 2 3 4 5  6 7 8 

L. 
8. 
B. 
D. 
B. 
MkK. 
H. 
J. 
B. 
A.H. 
G 
F.C. 
Mean 

tT 
QMZl 

64 
48 
47 
65 
68 
63 
52 
62 
6'5 
47 
65 
63 

172 61.7 292 

172 68.5 324 
162 61.0 1518 
172 85.6 254 
172 86.0 227 
172 54.1 217 
178 70.0 289 
1865 61.0 341 
176 65.1 376 
168 56.8 243 
172 60.4 328 

170 59.9 28,s 

278.1 
58.5 
17.6 

2 64 
2154 
338 
133 
261 

218 
242 
322 
379 
286 
340 
2167. 

64. 
19. 

2125 

7 
5 
4 

255 2616 240 
282 298 321 
401 339 306 
126 149 134 
243 255 261 
234 210 186 
212 215 194 
276 278 247 
352 39'0 347 
377 360 302 
256 206 154 
334 339 334 

279.0 275.4 252.2 
73.7 69.6 69.2 
22.2 21.0 20.9 

220 272 252 
2161 321 299 
272 287 286 
116 146 127 
189 231 310 
176 174 204 

257 270 341 
286 306 299 
350 333 382 
217 198 217 
284 338 347 
234.6 259.0 272.8 

60.1 6'0.6 69.8 

187 232 210 

18.1 18.3 21.0 

Glucwe rabsorption ( TmG) is exprmed in mg/min. and is derived as the difference between 
the rate of filtration of gluaoae and the rate of urinary excretion of glucose. 

* Periods 1-3 represent 3 eonsecutive oontrol urine collection periods, eaeh of 12, min. dura- 
tion. Periods 4 4  reprment 5 consecutive 12 min. urine aollection periods following the intra- 
venom inj. of 20 units crystalline, zinc insulin. 

Values are not corrected for body surface area. 

dwelling needle in the femoral artery. 
Heparinized blood samples were centrifuged, 
and plasma was removed within 20 minutes 
after the sample was obtained. Urine col- 
lection periods were terminated by washing 
out the bladder with physiological saline. 
Following 3 control urine collection periods, 
20 units of crystalline zinc insulin were in- 
jected intravenously and 5 successive urine 
collection periods, each of 1 2  minutes dura- 
tion were obtained over the 60-minute period 
following the injection of insulin. Inulin was 
determined in diluted urine and in plasma 
filtrate by the method of Harrison( 2 ) .  Glu- 
cose was determined in diluted urine and 
plasma filtrate by the spectrophotometric 
method of Nelson ( 3  ) . 

Results. The intravenous administration 
of insulin in the present series converted the 
rising plasma glucose level of the control 
periods to a progressively decreasing level in 
the face of continuation of the infusion of 
glucose at  the same or at somewhat aug- 
mented rates (Table 11). Despite this in- 
crease in overall net cellular uptake of glu- 
cose, the rate of glucose uptake by the renal 
tubular cells from the tubular lumen actually 
decreased (Table I ) .  The decrease in Tm 
glucose, although small, occurred in all sub- 
jects during period 6 and was statisticlally 

significant a t  the 5% level of confidence for 
period 5 and at the 1% level of confidence for 
period 6.t That the decrease in TmG was not 
due to a decrease in the filtered load of glu- 
cose can be Seen in Table 11. The rate of 
filtration of glucose was rits great or greater 
following the injection df insulin than during 
the control periods. The ratio of filtered 
glucose to reabsorbed glucose was consistently 
greater during the post-injection periods than 
during the control periods. This increase in 
L/T ratio was due to both a slight increase 
in the glolmerular filtration rate and a slight 
decrease in the rate of tubular uptake of 
glucose. 

Discussion. The slight, but statistically 
significant, decrease in TmG produced by the 
administration of insulin to non-diabetic hu- 
man subjects in the present study is in accord 
with the findings of Farber et aL(4 )  who re- 
ported a reduction in TmG when insulin was 
administered to diabetic subjects. The in- 
sulin induced depression in Tmc is clearly not 
a phenomenon peculiar to the diabetic indi- 
vidual, as has been suggested, but one which 
occurs in the non-diabetic subject as well. 

t Since each subject served as his own control, 
tests of significance were based on the differences ;be- 
tween the mean of 3 control periods and the period 
tested computed individually for each subject. 
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TABLE 11. Glomerular Filtration Rate, Plasma Glucose Lelvel, and Rate of Glucose Excretion 

-Control period- ,r Post-insulin period-, 
1 2 3 4 5 6 7 8 

Following Insulin.* 

-______ - _ _ _ _ _ _ _ ~  
Plaarna glucose, M n  500.5 545.4 578.3 606.5 599.1 567.8 550.0 529.7 

mg/100 cc bmn 16.9 15.3 17.4 17.6 19.9 23.5 26.1 32.1 
G m ,  cc/min. Mn 95.1 93.3 95.4 97.6 95.6 94.7 99.3 102.5 

OMll 5.0 5.6 6.3 6.0 6.3 6.7 6.6 7.3 
Rlteredglucose, 3J.n 476.7 509.5 550.1 588.7 571.2 531.0 538.9 538.1 

mg/min.  OM^ 30.5 33.9 37.2 40.5 41.3 36.4 35.9 41.9 
Glucoseexcretion, Mn 198.5 242.0 271.0 312.4 319.1 296.4 279.9 265.2 

h d / T  Nil 1.74 1.99 2.02 2.19 2.34 2.33 2.13 2.01 
QMn .09 .ll . lo  .12 .12 .13 .ll .11 

mg/ain. c Y n  23.3 26.6 26.4 30.2 29.1 26.5 25.2 26.9 

Mean values for  entire group of 12 subjects. 
* See footnote Table I. 

In  an attempt to reconcile the somewhat 
paradoxical findings wherein the rate of renal 
tubular reabsorption of glucose actually de- 
creases during the period when insulin pro- 
duces a marked increase in overall net cellular 
uptake of glucose, it will be well to recall 
that the dynamics of tubular uptake of glu- 
cose from the tubular lumen differs in several 
respects from that of glucose uptake by other 
cells such as those of skeletal muscle. Glucose 
is completely reabsorbed by the renal tubule 
from the filtrate until filtered load of glucose 
is increased to a point where the reabsorptive 
mechanism is saturated. The limitation in 
rate of uptake of glucose from the tubular 
lumen is most likely due to a limitation in the 
rate of regeneration of some intracellular sub- 
stance(S), presumably ATP. On the other 
hand, glucose is removed from extracellular 
fluid by muscle at  a relatively slower rate. 
ATP is not a limiting factor in the phospho- 
rylation of glucose by muscle tissue( 6 )  , and 
the mte of cellular uptake is enhanced by in- 
sulin. The reabsorption of glucose from the 
tubular lumen may be considered as a re- 
action in which glucokinase is abundant rela- 
tive to the concentration of one of the re- 
actants, ATP; while the cellular uptake of 
glucose by muscle may be viewed as a reac- 
tion in which the enzyme exists in relatively 
low concentration. Under these circum- 
stances, if the point of action of insulin is on 
the hexokinase reaction, the hormone would 
be expected to exert no direct effect on the 
rate of glucose uptake from the tubular lumen 
by the tubular cell, and to increase the rate 
of uptake by muscle cell. The observed re- 

duction in glucose T m  after administration 
of insulin would not be explained by the above 
considerations. However, if there exists in 
the renal tubular cell a mechanism for glucose 
uptake from peritubular fluid similar to that 
which exists in muscle tissue, augmentation 
of this rate of glucose uptake from the blood 
as a consequence of insulin 'administration 
could conceivably reduce the rate of glucose 
uptake from the tubular lumen by decreasing 
the amount of available ATP. 

1. The maximal rate of renal 
tubular reabsorption of glucose was deter- 
mined before and after the intravenous ad- 
ministration of 20 units crystalline zinc in- 
sulin in a series of 12 non-diabetic male sub- 
jects who were free of evidence of cardio- 
vascular or renal disease. Following the ad- 
ministration of insulin, there occurred a 
slight, but statistically significant, decrease 
in TmG during the period extending from 12 
to 48 minutes after injection. 2. The signifi- 
cance of these findings, with respect to the 
fundamental action of insulin, is discussed. 

Summary. 
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