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Conn (1) has drawn recenrt attention to 
the alterations in carbohydrate metabolism 
produced by potassium deficiency. Such 
changes have been investiga.ted in )both ex- 
perimental animals (2-5) and in man (6). I t  
has been reported that ptassium deficient 
animals have an increased hyperglqrcemic re- 
sponse to diazoxide (7), an experimental non- 
diuretic thiazide whose hyperglylcemic effeots 
have received much attention. These reqmts, 
coupled with the knowledge that potassium 
has an important role in normal carbohydrarte 
metatbolism (8,9) have led us it0 this c m -  
parative study of the responses of various 
hyperglycmic agents (diazoxide, hydmcorti- 
sone, mannoheptulose, glucagon, a.nd epineph- 
rine) in ptassium deficient cmimals. 

Methods and Materials. Sprague-Dawley 
male rats3 ( 145-1 55 gm) were divided into 
two groups. The low potassium p u p  was 
fed a special low potassium biet4 and de- 
ionized water ad libitum. The control group 
was fed lthe low potassium diet with added 
potassium salts and deionized water ad libi- 
tum in order It0 restore the potassium content 
of the diet to a normal level. (For contents 
of each diet see Table I.) Both groups re- 
mained on this regimen for 25 days. 

On the day of each experimenlt a randm 
p u p  of 10 or 12 animals was selected for 
confirmation af potassium deficiency. Ani- 
mals were housed 2-3 per cage, urine samples 
were collected under toluene for 24 hours, and 
levels of sodium, potassium, and chloride were 
determined. While in metabolic cages, the 
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TABLE I. Contents of Diets." 

Special low potassium diet, 
fortified with vitamins % 

d( +)-Dextrose 62.7 
Casein 30.0 
Butterfat 3.5 
CaCO, 1.3 
NaCl 1.0 
MgC12 1.5 
Potassium content (analysis) .001 

a Special control diet ,  same as low potassium diet 
but with 200 gm KCl and 375 gm K,HPO, added 
per 100 lb. of diet. 

animals wxeived deionized water 90 that 
leakage could not alter t0ta.I electrdyte levels. 
After the urine colleotions, bload samples 
were olbtained by decapitation for determina- 
tion of serum sodium, potassium chlorides, 
and carbon dioxide content. 

Immediately following this, a muscle 
sample was obtained from ,the leit quad& 
cqs muscle. The szur~p1e.s (wet wt. 100-200 
mg) were prepred Top determination of ptas- 
sium by homogenizing with 5 ml of deionized 
water using a glass grinder. Sodium, potas- 
sium, ch,loride, and carbon dioxide levels in 
blood land muscle were determined by stand- 
ard Technicon AutoAnalymr mtliods. 

A number of rats in the I k l i n e  p u p  
had additional samples of muscle and liver 
taken fwr aglymgen estimation. Liver samples 
were taken from 3 different lobes to insure 
a reliable average value in each a n i d .  The 
samples were quick flrozm with liquid nii4m- 
gen, and tissue bnmgemtes were atsayed far  
glycogen 'by potassium hydroxide digestion 
and orcinol reaction of the ethanol-dum 
sulfate precipitated glycogen by a modifica- 
tion of the method of Bruckner (10). 

The rats receiving the low p t a s i u m  diet 
were then divided in two groups, one group 
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TABLE 11. Weiglitv of Rats Receiviiig Low Potas- 
siuiii or Control Diets for 25 Itays. 

E;icli value represents the average of 12 animals. 

Av wt. (gm) 

Group Diet Iiutial Final  Gain 

Diazoxitle I ,ow po t.assium 
Cloii t rol 

Epiiic1)liri iic I ,ow po tassiuni 
Control 

M:uiiiolicl~- Low potasuiuni 
tulose Coiitrol 

I Iytlrororti- Ilow pot:issiuni 
SOII(' ('011 t rol 

(i1ue:igoii Low potassiuni 
Control 

1W Ii5 25 
150 250 100 

150 180 30 
150 220 i0 

150 180 30 
350 240 90 

150 I75  25 
150 250 100 

150 100 10 
150 250 100 

received the drug and the other group received 
the vehicle as control. This was done also 
in the animals receiving the control diet, thus 
producing a total of four group in each 
experiment. 

All samples for blood sugar levels were 
obtained from the tail vein and estimated 
by the standard autoanalyzer method of Hoff- 
man (11). Animals were fed until the time 
of experiment. Rats receiving mannoheptu- 
lose were fasted for 18 burs prior to the 
experiment. All animals were allowed free 
access to deionized water between blood 
samplings. 

Diazoxide" suspended in methyl cellulee 
was administered in a dose of 100 mg/kg 
(i.p.) . Blood samples were taken at 0, 90, 180, 
and 300 min. 

Epinephrine dissolved in a normal saline 
( 1 : 10,000) was administered in a dose of 
450 &kg (i.p.). Blood samples were taken 
at  0, 90, 180, and 270  min. 

Glucagon dissolved in normal saline was 
administered in a dose of 600 pg/kg (i.p.) 
and blood samples were obtained at  0, 1 5, 3 5, 
55, and 75 min. 

Mannoheptulose' dissolved in distilled water 
was administered in a dose of 750 mg/kg 
(i.p.) . Blood samples were taken at  0, 90, and 
180 min. Samples were diluted 1/20 with 

*; Courtesy of Schering Corp., Bloomfield, N. J. 
c, Courtesy of Professor F. Simon, Weitzman Tn- 

stitute, Jerusalem, Israel. 

distilled water, and blood sugar was deter- 
mined by glucose oxidase method ( 12) in 
order to measure true glucose values as 
mannuheptulose interferes with the Hoffman 
( 11) determination. 

Hydrocortisone was administered in a dose 
of 2 4 0  m d k g  i.p. while controls were given 
an equivalent volume of normal saline. Blood 
samples were collwted at 0, 60, 150, and 
240 min. 

Statistical analyses were performed by 
standard error estimation and by the Student 
t test. 

Results. Twenty-five days on the low 
potassium diet decreased Ithe rate of growth 
while the animals receiving the same diet with 
added potassium grew normally (Table 11). 
There were very few d a t h s  wiath the law 
potassium diet. 

Pilot experiments revealed an unsuspected 
picture of magnesium deficiency since this 
element was not added to the diet. The clas- 
sic signs of patchy hair loss and extreme 
irritability were seen after about 14 days. 
When these animals were given magnesium 
chloride (2%) in the drinking water their 
coats regained the usual texture and became 
normal within a few days. For the experi- 
ments reported here 1.5 gm% magnesium 
chloride was added routinely to the diet by 
Nutritional Biochemicals Corp. 

The rats receiving the low potassium diet 
were found to have a hypokalemic, hypochlo- 
remic, metabolic dkalosis when compared to 
the animals receiving the control diet. This 
pattern was consistently demonstrated in each 
group of animals prior to experiment (Table 
111). 

The serum levels of potassium and chi+ 
ride were significantly reduced by the diet 
while the serum carbon dioxide content was 
significantly elevated. The serum sodium was 
not appreciably changed (Table 111). 

Muscle biopsies in the low potassium group 
showed significantly lwwer levels of potassium 
when compared to the animals on the control 
diet (Table 111). 

Urine values showed a decreased 24-hour 
excretion of potassium in the animals on the 
low potassium diet as compared to those on 
the control diet. The excretion of sodium and 
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~~ 

Uriiiary elec trolg t r s  

Scruni electrolytes (mEq/litcr) (FWdaY) 
Muscle yotas- 

Esptl. co, Potas- Gum (wet  wt. 
group 1)ic.t Sodiuni Potassium Cliloritlcs coiiteiit Sodiuni siuni Cliloriile mEq/100 g m )  

133 & 1.8 
139 +_ 0.8 
; .5 

132 k l.i 
129 k 2 .6  

> .5 

138 f 9.3 
136 +_ 8.2 

> .5 

139 f 2.3 
142 f 1 . 0  

> . 2  

135 & 1 . 1  
137 +_ 6.5  

> .t! 
1"; & 5.1 
135 2 4.4 

> .2 

3.9 & 0.2 
7.4 f 0.3 

< .05 

4.3 t 0 . 1  
8.9 & 1.4 

<.or) 

3.3 * 0.4 
i . 0  2 0.7 

<.05  

11.9 & 1.1 
6.8 2 0.8 

< .05 

.5.3 * 0.4 
7.9 _t 0.i 

< .05 

4.3 & 0.5 
8.2 & 0.8 

<.hi 

72 & 6.0 
104 & 0.8 

<.05 

86 & 4.1 
100 & 1.2 
< .05 

82 & 3 . 1  
99 & 1.0 

<.05 

80 & 1.0 
102 & 1.4 

<.or> 
89 & 1.3 

102 & 0.4 
<.05 

81 & 6.3 
105 * 0.t; 

<.05 

28.5 k 2.7 
2 0 . i  2 1.4 

<.05 

3 1  & 1.5 
2 3  2 0.7 

<.05 

25 f 2.4 
18 & 1.0 
< .05 

28 2 1.4 
20 * 1.9 
< .05 

28 & 2.2 
24 2 1.3 

<.15 

24 f 1.4 
2 2  & 0.7 

<.15 

348 
536 

22(; 
240 

174 
8 53 

520 
1000 

269 
241 

1 on 
229 

195 
63 1 

42 
2 40 

83 
808 

1 00 
1010 

15 
225 

180 
5 (j 1 

695 
656 

817 
43 1 

282 
593 

180 
500 

676 
623 

186 
464 

6.7 & 0.3 
10.9 & 0.9 

< .05 

6.4 & 0.7 
10.8 & 0.2 

<.05 

5.5 & 0.5 
9.3 & 0.2 

<.05 

4.3 & 0.4 
8.6 2 0.8 
< .05 

8.2 ? 0.5 
9.9 & 0.6 

<.05 

6.6 0.7 
10.2 & 1.0 

<.05 

chloride was variable (Table 111). 
Levels of glycogen showed significantly in- 

creased glycogen stores in both muscle and 
liver in the animals on the low potassium diet 
when compared with the control group 
(Fig. 1 ) .  

When diazoxide was administered, the ani- 
mals on the low potassium diet showed a sig- 
nificantly increased hyperglycemic response 
when compared to the animals on Ithe control 
diet (Fig. 2 and Table IV) .  This increased 
response could be reduced to the usual hyper- 
glycemic response to diazoxide by the addi- 
tion of potassium chloride (2%) in the drink- 
ing water for 4 days. 

Epinephrine, glucagon, and mannoheptu- 
lose, however, produced hyperglycemic re- 
sponses in the animals on the low potassium 
diet which were identical ,to the responses of 
the animals on the control diet (Tables V 
and V I ) .  

Hydrocortisone, 1 i ke (1 iazoxide, produced ii 

hyperglycemic response in the low  potassium 
group which was statistically greater than 

the animals receiving the control diet (Table 
IV)  . 

Discussion. Many investigators have used 
low potassium diets, but the degree of potas- 
sium d,eficiency has not been accurately de- 
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FIG. 1. Muscle glycogen (mg%) and liver glymgen 
(gm%) of mts  maintained on IQW potassium (open 
columns) or con.trol diets (shaded columns) for 25  
days with their j~ values. (Bars represent standard 
c'rror of the mean, SEM.) 
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T A B L E  IV. Effect of Diazoxide and Hydrocorti- 
sone and  Their Solvents on Blood Sugar  Levels in  
Rats  Maintained 011 a Low Potassium or Control 

Diet for 25 Days. 

Low 
T i m  potassium Control 

Drug (min) diet diet p value 
~~ 

l h z o s i d c  0 126 + 2.8" 130 & 3.9 
90 286 15.5 213 & 4.5 

180 4 G l  k 27.3 349 225.6 
300 497 k 58.0 309 229.0 

Solvent 0 119 f 2.6" 123 2 3.2 
90 105 k 3.1 118 * 2.1 

180 105 & 2.5 115 2 2.0 
300 1 0 8 2  3.7 113-e 3.5 

Hydro- 0 122 k 2.8" 127 2 1.4 
cortisone 60 188 & 17.2 144 * 4.4 

150 1 6 6 2  14.5 134j1: 3.9 
240 120 & 5.7 139 2 4.3 

Solvent 0 120 f 3.0 117 * 3.2 
60 120 4.8 126 2 5.8 

150 1 0 9 5  4.1 1 1 7 k  7.4 
240 l l S +  6.4 122 & 5.1 

~~ 

<0.40 
< O . O o l  
< O . O O l  
< O . o o l  

<O.M 
<0.05 
< 0.05 
<0.40 

<0.20 
<0.05 
<0.05 
<0.05 

<O.W 
<0.40 
<0.35 
<0.60 

~~ ~~~ 

a Mean value of 11 animals & standard error of 
the mean (SEM).  

termind, )but rather assumed (7,13,14). At 
first we used the technique of oral adminis- 
tration of a sodium polystyrene resin (Kay-  
exelate) by intubation. This was done in 
order to accelerate the potassium deficiency 
by removing all potassium fm the diet. The 
technique was soon abandoned because of 
the high death rates in the intubated animals. 

T A B L E  V. Effect of Epinopllrine and  Its Solvent 
on Blood Sugar  IJevels of Rats  Maintained on a 

Low Potassium or Control Diet for  25 Days. 

Low 
Drug Time potassium Control 

(i.p.dosc) (min) diot diet p value 

Epiiwph- 0 114 2.0" 
ri ne 90 216k31.5  

180 158f12.8 
270 123 k 6.5 

Vehicle 0 118 & 2.7 
90 104f  4.4 

180 109 f 3.9 
270 99 f 3.2 

113 k 2.6 >.9 
239 516.9 >.5 
159 k 3.9 >.9 
116 k 6.5 >.4 

120 k 3.2 >.5 
112 2 4.1 >.2 
106 2.8 >.6 
109 2 3.1 <.05 

However, 25 days on the low potassium diet 
alone produced a measurable potassium de- 
ficiency with a low death rate. The diet pro- 
duced a hypokalemic, hypwchloranic metabolic 
alkiillosis. This was repeatedly demonstrated 
in each group of animals before experiment. 

Out- chewations of the results of potas- 
sium deficiency are in agreement with Gard- 
ner et d. ( 2 )  and with Spergel et al. ( 5 )  who 
also found retarded growth rate, decreased 
tissue contents of potassium and increased 
glycogen levels in both liver and muscle. 

The increased hyperglycemic response to 
diazoxide in potassium ddcient animals sup- 
ports the previous work of Rvam and Stanlton 

B. G. 
mg 
% 
500 .. 

4 0 0  .. 

L O W  K 

D / E  T 

C O N T R O L  
D I E T  

I 

0 90 180 3 00 
t i m e  ( m i n )  

FIG. 2. The response to diazoxide dose and route 
in rats maintained on a )ow potassium or control 
diet for 2 5  days. (Bsrs indicate standard error of the 
mean SEM.) 

( 7 )  but these investigators used a low portas- 
sium diet for only 10 days prim *to experi- 
ment, and did not document the degree of 
potassium deficiency. It was this hypergly- 
cemic response of diazoxide which led us to 
the investigation of other hyperglycemic 
agents in potassium deficiency. 

Four gmups of mechanisms have been pro- 
posed for the hyperglycexnic effect of diaz- 
oxide: (i) I a b i t i o n  of the release and/or 
the synthesis of insulin by the pancreas (15, 
16). ( i i )  Catecholamine release ( 17,18). (iii) 
An effect of diazoxide on the cyclic adenylic 
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TABLE VI. Effcct of Glucagon and Maiinolqtu- 
love on Blood Sugar Levels in Rats Maintained 0x1 

a Low Potassium Diet for 25 Days. 

Low 
Drug Time potassium Control 

(i.p. close) (min) diet diet p value 

Mannoliep- 0 129 & 5.6" 132 f 1.8 >.S 
tulose 90 239 8.9 240 I+ 6.1 >.9 

180 171 & 7.3 168 k 5.1 >.7 

Glucagon 0 108 -e 3.7b 107 f 2.3 >.9 
15 122 2 7.1 125 f 3.8 >.8 
35 114 & 3.9 107 k 3.0 > .2  
55 118 f 6.3 114 k 1 1 . 0  >.8 
75 127 f23.2 111 f 3.7 >.8 

- 

a Mean value of 8 rats f SEM. 

acid system in Ithe liver ( 19-2 1 ) . (iv) Periph- 
eral mechanismsdscreased utilization of glu- 
cose in peripheral tissues ( 2 2 ) .  

Hydlmrtisone causes hyperglycemia by 
gluconmgenesis increasing hepatic glucose out- 
put from precursor substances ( 2 3 ) .  !kcon- 
dary effects include a reduced entry of pyru- 
vate into the trica.rboxylic acid cycle and a 
decreased g l u w e  uptake in adipose tissue. 

Elpinephrine causes hyperglycmia by pro- 
moting 'the formation of 3',5'-cyclic AMP 
which mediates the conversion of phosphoryl- 
ase B to mtive phosphorylase A which in turn 
stimulates glycogenolysis ( 2 4 )  ; epinephrine 
also has a secondary effect of decreasing the 
periphmd ut!ilizartim of glucose. Similarly, 
g lumpn has been shown to cause sbrt-lived 
hyperglycemia by increasing tbe synthesis of 
3',5'cyclic AMP ( 2 4 ) .  

Manmheptulose, a seven carbon sugar ex- 
tracted from the avacado pear, has been 
shown to cause hyperglycemia by a stimula- 
tion of gluooneogenlasis in the periphery ( 2 5 ,  
2 6 ) ,  and also by inhibition of insulin release 

An hypothesis which would explain the re- 
sponses to both diamxide and hydrooortimne 
in the \presently reported series of experiments, 
is that potassium deficient rats itre more re- 
sponsive to the action of glucomrticoids, and 
t h t  diazoxide cituses an increased secretion 
of the adrenal hormone which was not seen 
with mmnoheptulm, glucagon and epineph- 
rine. This is supported by the results of Gard- 

Mean value of 10 rats f SEM. 

( 2 7 ) .  

ner et d. ( 2 ) ,  who found increased adrenal 
gland weights in poltassiulm ddcient animals 
as well as decreased peripheral eosinqhilia, 
(an indirect reflection of 11-17 oxy steroids). 
The observation of Zarday et al. (1 7 ) ,  who 
found that chronic diazoxide ahinistmtion 
increased adrenal weight, would also support 
this hypothesis. 

Summary. The hyperglycemic effect af di- 
amxide, hyd'mrtisone, epinephrine, gluca- 
p n ,  and mannoheptulose was studied in 
Sprague-Dawley rats maintaiined on a low 
potassium diet for  25  days, or cm a control 
diet. The low p e u m  diet produced a 
hypokalemic, hypochloremic, metabolic alka- 
losis. There were inoreased glycogen levels 
in both liver and muscle with the low potas- 
sium diet compared to controls. Dimxide 
and hydrocortisone pduced an increased 
hyperglycemic effect in the poltassiurn deficient 
antimlals. 

The response to mmoheptulme, glucagon, 
and epinephrine was identical in control and 
potassium depleted groups. The significance 
of these results is discussed. 
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Detection of in Yivo Protein Photooxidation by Means of Tritium Loss 
from the Histidine Moieties" (32735) 

ARTHUR P. HARRISON, J H . , ~  VIVIAN E. RAABE, AND GERTRUDE H.  RKUMMETT 
Biology Division, Oak Ridge h'atiomzl Laboratory,' Oak Ridge, Tennessee 37830 

In vitro protein photooxidetion with meth- 
ylene blue was discovered to involve prefer- 
entially the histidine moieties (1). To detect 
photodamage to histidine and other amino 
acids, proteins were acid-hydrolyzed, and as- 
says for the various amino acids were under- 
taken by chemical and mimbial methods. 
These methods are laborious and are incon- 
venient when many samples are required as, 
for example, in cell survival-time studies. A 
rapid and sensitive presumptive test for the 
photooxidation of protein histidine is desir- 
able. Such a test has been devised and is de- 
scribed in athis report. It takes advantage of 
the tritium lost from tritiated histidine dur- 
ing photooxidation. Tritium detected in cell 
filtrates correlates with photodamage to the 
cellular protein histidine, i f  the suspensions 
are kept cold and are compared with suitable 
controls. Furthermore, {this tritium loss is a 
more sensitive test for photodynamic action 
than is cell death. 

~ ~~ 

* This research was supported by the Nat. Cancer 
Inst., N d .  Inst. Health, and the U. S. Atomic 
Energy Commission. 

IPresent address: Department of Botany, Uni- 
versity of Missouri, Columbia. 

2 Operated by the Union Carbide Corporation 
for the U. S. Atomic Energy Commission. 

Materials and Methods. Eschmichia coli was 
cultivated in MYE medium, was harvested 
during exponential growth (log cells), was 
washed in buffer, and was suspended in buf- 
fer, usually a t  a cell concentration of 5 )( 
1 Oq/ml. Photosensitizer (methylene blue a t  
5 pg/ml, acridine orange at 5 pg/ml, or 
bem(a)pyrene at  1 pg/ml) was added, the 
suspension was placed in a small petri dish, 
and was allowed to equilibrate for 0.5 hour 
at 6°C before illumination. Media c o m p i -  
tion and other details have been given else- 
where ( 2 ) .  Illumination and all subsequent 
manipulations were at 6°C. Two controls 
were employed: cells held in darkness with 
photosensitizer (dark control), and cells illu- 
minated in absence of photosensitizer (illu- 
mination control). The dyes were illuminated 
with two 17-inch, 1 S-watt "daylight" flumes- 
cent tubes (G. E. F15T-D) in a desk type 
reflector 28 cm above the suspension. This 
gave an incident dose of 80 ergs per mm2 
per sec according to a YSI-Kettering model 
65 radiometer. The hydrocarbon was adminis- 
tered in colloidal form and was illuminated 
with 355 mp ultraviolet also at 80 ergs per 
mm2 per sec ( 2 ) .  

Bacterial protein was labeled during growth 
by including in the MYE medium a tritiated 


