
liver glycogen level in fasting animals 
after administration of Carbutamide 
and Tolbutamide (3, 1 5 ) , point toward 
mechanisms that are independent of the 
stimulating effect of these oral antidia- -
betics on insulin output. 

6. v. HOLT, L. V. HOLT, 

intact during the transport process (2 ) .  
T h e  procedure is similar to that de- 

scribed in an earlier paper ( 3 ) .  Injec- 
tion of a solution containinq the blue 
dye, T-1824, qlucose labeled xvith car-
bon-14 in the 1 position, and creatinine 
is made ncarlv instantaneouslv into the 

J. KRACHT,B. KRONER,J. K ~ ~ H N A Urenal artery of an anaesthetized dog. 
Department of Biochemistiy and 
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Transport of Glucose by the Renal 

Tubule Cells of Anesthetized Dogs 

Under ordinary circumstances the re- 
moval of glucose from the urine in 
the proximal tubules of the kidney is 
sufficiently complete to prevent the es-
cape into the bladder of any significant 
fraction of the glucose crossing the glo- 
merular barrier. T h e  glucose moiety ab- 
sorbed by the proximal tubule is usually 
considered to combine reversibly with a 
postulated intracellular carrier and to be 
returned to the Deritubular fluid and 
thence to the peritubular capillaries and 
the renal vein. I t  is generally tacitly as-
sumed that the transport process does 
not involve breakdown and resynthesis 
of the six-carbon chain of glucose. I t  has 
been suggested as an alternate hypothe- 
sis that the transport might inl.olve a 
three-carbon unit ( I ) .  Evidence is pre- 
sented here to substantiate the assump- 
tion that the six-carbon chain remains 

Thirty successive samples of renal ve-
nous blood are obtained by means of a 
polycthylcne catheter introduced into 
thc left renal vein by way of the inferior 
vena cava. T h e  concentration of each in- 
jected substance, determined in each 
blood sample, is divided by its concen-
tration in the mass injected. T h e  re-
sultant concentration ratios are plotted 
as ordinatcs against sample number or 
time after iniection as abscissas. T h e  re- 
sults of a representative experiment are 
shoxtrn in Fig. 1 ( top ) .  

Tha t  the radioactivity in the venous 
blood samples was derived from glucose 
rather than from other nonvolatile car-
bon co ln~ounds  was established as fol-
lows. Paper chromatogrnms were pre-
pared of desalted perchloric acid filtrates 
of the blood samples. Glucose was iden- 
tified by means of aniline phthalate. Ra-  
dioautograms and strip scanning for 
radioactivitv indicated that elucosc was 
the only substance present that posseused 
significant radioactivity. 

T h e  difference between the glucose 
and crcatinine curvcs is assumed to rep- 
resent the ~ lucose  absorbed from tubular 
urine by the proximal tubule cells and 
delivered to the peritubular capillaries. 
A necessary cnrollrrry of this as&mption 
is that phlorhizin vhould, by blocking 
tubular transport of glucose, obliterate 
the differences between the glucose and 
creatinine curves. That  it does thiq is 
shown in Fig. 1 (bottom). T h e  broken 
line in Fis. 1 ( top ) ,  relating t h ~  differ-
ences between the glucose and creatinine 
ratios, may therefore be taken to repre- 
sent glucose returned to the circulation 
by the tubule cell. 

Degradation, by a microbiological pro- 
cedure (4),of the glucose in the venous 
blood samples containing this returned 
glucose showed that essentially all the 
recovered radioactivity resided in the 1 
position. This absence of randomization 
establishes that there is no breakdown 
and resynthesis of the six-carbon chain 
of 	 glucose in its transport across the 
tubule cell. 

T h e  mean transit time ( 5 )  from the 
glomerulus to the peritubular fluid cell 
border of glucose transported by the 
tubule cells is calculated as the differ- 
ence betxveen the mean transit times, 
from renal artery to catheter tip, of thc 
transported glucose and of the crea-
tinine; the assumption is made that crea- 
tinine does not enter these cells from 
either cell border. T h e  average of the 
values found in eight experiments is ap- 
proxim~tely 10 sec. If it is assumed that 

thc mean transit time of glucose from 
the glomerular barrier to the lumen 
border of the proximal tubule cells is 
of the order of 5 scc, then the mean 
transit time of glucose across the tubu- 
lar cells is approximately 5 sec. T h e  as- 
signment of the value of 15 u to the 
thicliness of the cells and the assumption 
that diffusion is the mechanism of the 
passage of the complex across the cell 
permit calculation ( 6 )  of a value for the 
diffusion coefficient in the cytoplasm of 
the postulated glucose-carrier complex. 
This value is 0.2 x 10-6 cmZ/sec. If it is 
now assumed, as was previously done for 
p-aminohippurate transport '61, that 

Fig. 1. Ordinates represent concentration 
of substance in sample divided by concen- 
tration in injection mass. Abscissas are the 
sample number. Filled circles indicate 
T-1824, open circles creatinine, half-filled 
circles zlucose-1-C1'. Arrows denote the 
moments of injection. (Top)  No phlo-
rhizin; broken line indicates xlucose re-
turned from tubule u h e ;  collection time, 
1.32 sec per sample; (bottom), after 
phlorhizin; collection time, 1.40 sec per 
sample 
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the \,iscosity of the cytoplasm is 10 times 
that of water, the particle weight of the 
complex is calculated to be of the order 
of 2000 g/mole. This calculation is pre- 
sentcd as the basis for the suggestions 
that the glucose-carrier complex, if such 
exists, is not a macro~nolecule and that 
the transport does not directly involve 
organized intracellular particles, such as 
mitochondria. 

In  another series of experiments, col- 
lcction of urine s a m ~ l e s  was made after 
injection into the renal artery of glucose 
uniformly labeled with carbon-14 and of 
ordinary creatinine; the excretion pat-
terns ( 6 )  were then determined. After 
a load of ordinary glucose to produce 
glucosuria, the excretion patterns of 
C14-labeled glucose and of creatinine 
!\,ere symmetrical. No displacement of 
the patterns, such as has been found with 
urea relative to creatinine ( 7 ) ,  was 
noted. This finding suggests that glucose 
entering the tubule cells does not return 
to the lumen. After the administration 
of phlorhizin, the excretion patterns of 
C14-labeled glucose and of creatinine 
Ivere essentially identical. I t  is inferred 
from these findings that the combination 
of glucose with the postulated intracel-
lular carrier occurs a t  the cell barrier 
rather than within the cell. That  glucose 
may enter the cells from the peritubular 
fluid side is suggested by the finding, in 
most experiments of the type illustrated 
in Fig. I, of glucose concentration ratio.: 
some~vhat less than the creatinine con-
centration ratios in thc samples a t  or pre- 
ceding the maxima. No marked change 
in this relationship was noted aftcr 
phlorhizin. 

These findings form the basic; for the 
follo~ving tentative conclusions. ( i )  
Glucose is transported by the renal tu- 
bule cells without breakdo~vn and rc-
synthesis of the six-carbon chain. ( i i )  
The  transport system is of the membrane 
carrier rather than of the cytoplasm car- 
rier variety. (iii) The  postulated glucose- 
carrier complex is not a macromolecule. 

4. 	 W. R. Taylor and R. G.  Langdon, Biochim. e t  
Hiopl~ys .Acta 21, 384 (1956). 

5. 	 P. AIeier and K. L. Zierler, J. Afifil. Physiol. 
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Protect ion of Sulfhydryl  G r o u p s  

against  Ionizing Rad ia t ion  

Sulfhydryl compounds have long been 
known to be among the most radiosensi- 
tive of all organic compounds. X number 
of them, such as cysteine, glutathione, 
cysteamine (p-mercapto ethylamine) 
and 2,3-dimercapto I-propanol (BAL) 
have been used as protective agents 
against the action of ionizing radiation. 
Their protective action was assumed to 
be owing to their ability to act as "free 
radical acceptorsH-that is, to compete 
with other components of the system for 
the free OH,  El, or 110, radicals formed 
as prlmary products of radiolysis of 
xvater. 

Recently, ho~iever,  Eldjarn ct al. ( I ) ,  
using "labeled" sulfur components, dem- 
onstrated that the protective action of 
cysteamine and cystamine (EIS-CH,- 
CEI,NES, and NH, CH,-CH,-S-S 
-CEI,-CH, NH,) was due not so 
much to their ability to scavenge free 
radicals, but rather to a specific chem- 
ical reaction of cyc;tamine with free sulf- 
hydryl groups of the protein molecules. 
By this reaction, cystamine forms a di-
sulfide linkage according to the sche~iie 

where R--S"-SX'-R represents the 
(labeled) cystamine and H-SX'-R rep-
resents the resulting cysteamine. T h e  re- 
sulting disulfide linkage appears to be 
much more resistant to the action of ion- 

reactions, rather than protecting them 
by competing reactions. Considerable 
work had been done in this direction. 
Schubert (2)  and Vuataz ( 3 ) found that 
a number of carbonyl compounds were 
capable of reacting with sulfhydryl com- 
pounds even in dilute aqueous solutions, 
forming mercaptals, and reported that 
some of these no longer showed the char- 
acteristic sulfhydryl reactions, such as the 
purple nitroprusside color. The situation 
seemed to be particularly favorable in 
the presence of a-amino groups (such 
as in cysteine), since stable thiazole rings 
could be formed: 

HS-CH, 
K-CH t I --3 

HN-CH 
H I 

COOH 

/ s-cw, 
R-CH I +Hz0 ( 2 )

\ N-CH 
H I 

COOH 

A number of aldehydes, dialdehydes, 
lieto aldehydes, and keto acids were 
tried as additives, using approximately 
100 percent excess. A nitroprusside test 
was made first; the mixture was then 
subjected to the action of atomic hydro- 
gen and y-rays. The techniques used for 
the production of hydrogen atoms as 
well as for treatment with y-rays from 
a Co") source have been described else- 
where ( 4 ) .  The best protection of cys-
teine against the action of atomic hy- 
drogen was provided by glyoxal, for-
maldehyde, pyruvic acid, pyruvic alde- 
hyde diacetyl, and glyceraldehyde, which 
reduced the amount of ES2S formed to 
10 to 15 percent of that formed in un-
protected solutions. By contrast, ascor-
bic acid used in tenfold excess reduced 
the amount of H,S orlly to about one-
half. Glutathione was protected best by 
glyoxal, pyruvic acid, and formaldehyde. 

The  protection against y-rays, used 
at a level of 5 x 10Grep, is even more 
favorable. No measurable amount of 
H,S was formed from cysteine solutions 
at pH 7 when either glyoxal or pyruvic 
acid was used as an additive in 100 per- 
cent excess. This compares favorably 
with ascorbic acid, which afforded only 
a 	 30 percent reduction of H2S forma- 
tion. lVith glutathione a t  p H  7, glyoxal 
( in  100 percent excess) prevented the 
formation of H,S almost completely, 
pyruvic acid provided a 65 percent re-
duction; ascorbic acid uscd for com-
parison resulted in a 50 percent reduc- 
tion of H,S formation. A number of 
aldoses \\ere tried but found to be in- 
effective, .r+ith the exception of glycer-
aldehyde. This is consistent with the 
assumption that sugars containing four 
or more carbons form cyclic hemiace- 
tals and thus do not possess a reactive 
aldehyde group. 
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izing radiation than the "unprotrcted" 
sulfhydryl group, thus accounting for 
the effectiveness of these compounds as 
protective agents. The blocking of the 
sulfhydryl groups is temporary, and they 
are eventually restored by normal bio- 
logical processes. 

I n  the course of invcstigations of the 
development of odors on irradiation of 
food, we became interested in the for- 
mation of hydrogen sulfide and mercap- 
tans as contributors to the odor prob-
lem, and consequently i11 methods of 
prevention of their forr~lntion Because 
of the extreme radioiensltivity of the 
sulfur compounds involvrd, particularly 
cyitc~ne and glutathione, cffective re-
duction of the hydrogen sulfide forma- 
tion by addition of free radical acccp-
tors such as ascorbic acid did not ap-
pear to be promising. 

The  work of Eldjarn pointed out an- 
other approach-namely, masking these 
sulfhydryl groups by specific chemical 


