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Beginning with the discovery of x-rays by Wilhelm

Konrad Roentgen in 1895 , man has had the capacity to

greatly increase radiation levels of his environment,

especially with the advent of nuclear weapons in recent

years. Radioisotopes are finding progressively wider

use in medicine, research, power production, etc., with

increased hazards to the workers and communities involved.

The biological effects that follow exposure to ionizing

radiation are a realistic problem. It would, therefore,

be desirable to understand more about the mode of radia

tion action so that possible hazards associated with

ionizing radiation can be fully controlled.

There is at present a need to investigate further

the effects of ionizing radiation on metabolic processes

and factors involved in the metabolic mechanism of the

cell in intact animals. The purpose in the preparation

and work involved in this thesis was to investigate one
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aspect of metabolism in animals after x-irradiation,

namely, carbohydrate metabolism. Radiorespirometric

experiments were designed to study pathways of glucose

catabolism in mature rats and changes in relative parti

cipation of glucose pathways after x-irradiation at the

LD 50 dose.

To successfully carry out these experiments, a

14respiratory C02 and C0„ analyzer was developed featur

ing accurate and continuous analysis of respiratory C09

14
for four concurrent experiments. CO from the metab

olizing animal was measured by means of a vibrating reed

electrometer and total C02 excretion by means of infra

red absorption spectrometry. Readout of data was accom

plished in digital form in a manner which allowed a

14
minute by minute tally of CO- yield from

14
the administered C labeled substrate in each of the

concurrent experiments. The precision of such measure

ment is estimated to be less than one percent.

The radiorespirometric method involves the use of

14differences in rates and yields of C0„ formation from

14
C specifically labeled carbon atoms of a substrate.

Such information reflects directly the nature of the

catabolic sequence traversed by the substrate.

14
An aqueous solution of C specifically labeled glu

cose containing 1.5 g of glucose was administered to the

14rat via stomach tubing. Production of respiratory CO^



was followed until the end of the complete time course

of utilization of the labeled substrate.

Radiorespirometric data obtained in experiments

with normal rats indicated that more than 50% of the

administered glucose was utilized via the EMP-TCA se

quence. Smaller, but significant, portions of the admin

istered glucose was routed into the pentose phosphate

pathway and the glucuronic acid pathway.

With rats immediately after 800 R of x-irradiation,

the EMP-pyruvate decarboxylation pathway was drastically

inhibited, with greater portions of the administered

glucose being routed into the pentose phosphate pathway

and the glucuronic acid pathway. There was evidence

that the fructose-6-phosphate derived from the pentose

phosphate pathway was routed more extensively through

the pentose cycle pathway. At 80 hours after x-irradia

tion at 800 R in rats , the operation of the pentose

phosphate and the glucuronic acid pathways had increased

approximately twofold in relative extent when compared

to the normal rat. The EMP-pyruvate decarboxylation

pathway was still inhibited, to some extent, 80 hours

after x-irradiation.

No change could be found in nicotinamide coenzyme

levels or NADH oxidase activity in liver homogenates of

x-irradiated rats that could explain the significant

inhibition of the EMP-pyruvate decarboxylation pathway



in glucose catabolism observed after x-irradiation.

The observed change in the catabolic picture of

rats after x-irradiation leads one to speculate that the

enzyme F-6-P kinase, or some other enzyme in the imme

diate subsequent steps of the EMP scheme, may have been

preferentially inhibited by x-irradiation.
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EFFECT OF X-IRRADIATION UPON GLUCOSE

CATABOLISM IN THE INTACT RAT

I. INTRODUCTION

Low levels of ionizing radiation have been an ele

ment of the terrestrial environment during the entire

period in which life has evolved. However, beginning

with the discovery of x-rays by Wilhelm Konrad Roentgen

in 1895 , therapeutic use of x-rays and radionuclides has

increased drastically, especially within the last twenty

years. Since the first nuclear explosion at Alamogordo

in 1945 man has had the capacity to greatly increase

radiation levels, either generally by a nuclear war or

locally by accident. In addition to the well-established

use of radionuclides in medicine and research, radio

nuclides have been finding progressively wider applica

tion in agricultural and industrial research and in

industrial processes.

However, the great energy that makes radiation use

ful also makes it a hazard to living organisms. Lethal

injury to an adult human can result from a dose of 500

rads of ionizing radiation -- an energy equivalent to

that of a warm cup of tea. The biological effects that

follow exposure to ionizing radiation are a realistic

problem. We need to understand more about the mode of

radiation action so that possible hazards associated with



ionizing radiation can be fully controlled.

Biological Effects of Radiation

At the levels ionizing radiation is generally used,

radiation effects are considered to result from energy

absorption giving rise to radiolytic reactions which in

turn affect physiological and biochemical mechanisms.

The initial effects produced by radiation may lead to

observable alterations expressed promptly or months or

years after irradiation.

Early effects for large doses of radiation exposure

by man are rather clearly known from studies of nuclear

workers in nuclear accidents, survivors from atom bomb

blasts and the therapeutic use of x-rays and radionuclides
"1 O "1 o o c.

such as I and Ra used in radiotherapy.

The best estimate of the median lethal dose for man

is 300-500 rads for short-term total-body radiation. All

organs in man and animals can be temporarily or perma

nently affected by ionizing radiation. Injury to blood

and blood-forming organs, to the gastrointestinal tract

and to the nervous system are the most critical elements

in determining the prognosis of a human subject exposed

to total-body irradiation.

With doses of several, thousand rads, the outcome for

the irradiated subjects is fatal within hours; the
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clinical picture is predominantly neurological. Gastro

intestinal symptoms are predominant between 500 and 2,000

rads. They usually develop within a few hours, subside

within a few days, and then recur suddenly with death

occurring within a week. With doses between 100 and 500

rads , gastrointestinal symptoms may develop within a short

time. These are followed by an apparent recovery which

changes within about three weeks, when injury to the

blood-forming organs becomes apparent.

Late effects are inferred in man from knowledge of

specific effects produced in animal experiments, from

large-scale observations on populations, and from occu

pational and medical exposure. They include the follow

ing:

1. Many types of neoplasm, including leukemia.

2. Local effects on tissues such as sterility,

cataract and precancerous lesions.

3. Changes in life span.

4. Effects on growth and development; irradiation

of the fetus can produce abortion, stillbirth

and developmental abnormalities.

5. Effects on subsequent generations.

In general the late effects are not related directly to

radiation effects. For the most part they are indis

tinguishable from diseased states induced by causes



commonly present in the population.

Because ionizing radiations are extremely energetic

they bring about many radiolytic reactions and there is

no organic cell constituent that cannot be altered by

radiation in such a way as to lose its biological activ

ity. One of the basic problems of radiobiology is to

determine which of the many different initial chemical

reactions are responsible for initiating biological

damage.

The Primary Lesion

In spite of the substantial advances that have been

made in radiation biology in the last ten years, many of

the principal problems concerning the initial chemical

lesion in the cell remain obscure. The basic difficulty

arises from the apparent non-selectivity of radiation.

For most organic substances somewhere between two and ten

molecules are chemically altered for every 100 ev of

energy absorbed; i.e., G value = 2-10 (7,1).

Assuming an average G value of five for all com

pounds concerned, absorbed energy equivalent to 500 rads

(5 x 104 ergs, or 3.1 x 1014 ev) is sufficient to destroy

about 1020 molecules in an average human being weighing

70 kg. Consequently the only type of substance which

could act as the primary lesion is one for those that:
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a) the function of a few of such molecules is essential

to the cell survival; b) the G value of these molecules

is relatively large; c) the concentration is very small

in the body on the order of micro-millimoles. Typical

compounds of this type in the body are deoxyribonucleic

acid (DNA), vitamins, hormones, and coenzymes.

The genetic material deoxyribonucleic acid deserves

particular attention with respect to the primary chemical

lesion, since there are indications that each of such

molecules has a unique function and that they cannot be

readily substituted. Direct damage to DNA leads to

chromosomal exchange and hence, as a consequence, to such

well-known manifestations of radiation influence as:

arrest of cell-division, chromosomal, aberrations, muta

tion, and cell-death. This particular point of view

seems to explain numerous facts accumulated by radiation

genetics and seems especially attractive in the light of

such new biochemical achievements as (114,7,78):

1. The observed link between the sequence of

nucleotides in DNA, the structure of messenger

RNA, and the sequence of amino acids in proteins

synthesized in the microsome of cells.

2. The easy depolymerization of DNA by irradiation

with greater radiosensitivity of DNA-synthesis

in cells,
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3. The proven possibility of destruction of purine

and pyrimidine bases of DNA by way of deamina-

tion of adenine and oxidative decay of thymine

under the influence of radiation.

All this experimental data in general fits perfectly

well with the hypothesis that DNA is the site of the

primary chemical lesion. However, it remains question

able that the primary chemical lesion is really exclu

sively concerned with DNA. Bacq and Alexander (7) state

that there are no reports in the literature that show

significant changes in DNA immediately after irradiation.

In a recent paper on the role of DNA in the radiation

damage of the cell, Kuzin (78) stated that simplified

views on the direct effect of radiation on DNA as the

only reason for the subsequent changes in irradiated

cells did not agree with observed facts. Kuzin concluded

that the decisive factor in radiation damage in the cell

was not exclusively the radiolysis of DNA molecules

themselves, but that the changes in metabolic processes

which take place in irradiated cells were also of impor

tance in connection with the primary lesion. Observed

changes in DNA-metabolism and state under the influence

of radiation could be understood by taking into consid

eration all the complex disturbances in metabolism which

take place both in the nucleus and the cytoplasm. In
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another paper (79) on the role of the disturbance of

metabolic processes in the radiation damage of the cell,

Kuzin concluded that the origin of radiation damage was

bound up not only with direct changes of DNA under the

influence of ionizing radiation, but also with those

complex biochemical processes that appear in the cyto

plasm of the cell. Consequently, there is need at

present to investigate the effects of ionizing radiation

on the metabolic processes and the factors involved in

the metabolic mechanism of the cell.

It has been known for some time that metabolism

plays an essential role in the progression of radiation

injury from the molecular to the physiological level.

It is also probable that changes in metabolism in the

irradiated animal affects its ability to recover from

radiation injury. It would, therefore, be interesting

to study changes in metabolism after irradiation from

the viewpoint of recovery of the animal.

Since changes in metabolic processes and factors

involved in the metabolic mechanism of the cell would be

reflected directly in carbohydrate metabolism, it would

be of interest to know the effects of x-irradiation on

pathways of glucose metabolism in animals. The work

described herein was designed to study the pathways of

glucose metabolism in mature rats and changes in



relative participation of glucose pathways after

x-irradiation at the LD 50/30 dose level.

Several hypotheses have been advanced to account for

the disturbance of the metabolic balance of the cell, by

ionizing radiation. Some of the hypotheses suggest that

this may arise because the proper functioning of the cell

requires a delicate balance between enzymatic systems

(11.2); or that radiation modifies intra-cellular mem

branes so that cellular components become hopelessly

disorganized (7,70); or that radiation produces anti

metabolites which inhibit critical cellular functions

(127); or that the change in metabolic balance results

from radiation-induced modification of a crucial molecule

(8). These hypotheses were based on preliminary work by

Dale, Barron and others and have inspired a voluminous

amount of work on different parameters involved in the

metabolic balance of the cell which is reviewed briefly

in the next section.



II- LITERATURE REVIEW ON FACTORS EFFECTING

CARBOHYDRATE METABOLISM IN IRRADIATED ANIMALS

Diet and Blood Sugar Levels

Lourau and Lartigue (89,92) showed, through a series

of well-controlled experiments (89), that mortality of

guinea pigs following whole-body irradiation could be

affected by diet. Supplementing the diet with beet

rather than cabbage 'sensitized' the animals to radia

tion. Similar results were observed when the diet

supplement was sucrose (92).

Investigating blood sugar levels after x-irradia

tion at 500 R, Lourau and Lartigue (92) found that

x-irradiation produced a hyperglycemia which was maximum

between the 13th and 20th days post-irradiation. They

also found a diminished glucose tolerance beginning on

the fifth day post-irradiation with a return to the

normal state one month after exposure.

Kohn (75) found an increase in blood sugar levels

in rats six hours after x-irradiation at 100 to 900 R.

The levels reverted to normal by the fifth day post-

irradiation. If the adrenals or pituitary glands of the

rats were removed prior to irradiation, the return to

normal was even sooner. McKee (103) reported that the

blood sugar level of fasted rats which had received

1,500 R of x-irradiation fell less in the following
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12-hour starvation period than did that of the control

animals. Kay and Enterman confirmed the rise in blood

sugar in fasted rats at 24 to 48 hours after 500 R of

x-irradiation (69). X-irradiation produced a hypergly

cemia (133) and prolonged the hyperglycemic period after

glucose administration in rabbits (103).

Lourau (88) carried out a series of experiments with

mice exposed to 500 to 2,000 R of x-irradiation. The

14
mice were injected subcutaneously with C-glucose either

immediately or 24 hours post-irradiation and were killed

60 to 75 minutes later. In the first hour after irradi-

14
ation there was a decreased rate of appearance of C

activity in the blood of the irradiated mice, which then

retained a slightly higher activity than that of the

control. In three-day-old chicks no change in blood

sugar level was detectable one to five hours after a

1,000 R exposure (18).

A distinct hyperglycemia that reached a maximum two

to four hours after a dose of 500 R was found in rabbits

(138). The blood sugar concentration returned to normal

in 24 hours.

Biochemical studies reveal that factors in the con

trol of blood glucose vary in importance from one species

to another and may be changed in relative importance with

different nutritional backgrounds. It is, therefore,
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difficult to compare results with different species

obtained at varying states of inanition or development.

However, in those mammals examined so far, a decrease in

glucose tolerance and an increase in blood sugar level

has been noted after x-irradiation.

Intestinal Absorption in the Intact Animal

Decreased absorption of glucose and other sugars in

the gastrointestinal tract of intact animals results from

irradiation. In 1931 Buchwald (23) first reported de

creased absorption of glucose 20 to 40 hours after

x-irradiation of rats. The exposure dose given was not

stated except that they were sublethal. This finding was

confirmed in rats by Barron et _al. (14) after as little

as a 50 R exposure of x-rays. These workers employed the

Cori technique (32) in which the glucose was administered

by means of stomach intubation. Similar experiments were

carried out by Lourau and Lartigue (91). They used

guinea pigs exposed to 500 R of x-irradiation. In these

experiments the animals were not examined until 11 days

post-irradiation when maximal alterations in glucose

tolerance occurred. The interpretation of these findings

and those obtained in subsequent experiments was modified

by the observations of Goodman et al. (50) and by Swift

et al. (136) . They found that after irradiation the
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gastric emptying time of rats was delayed by an exposure

of 450 R of x-irradiation and that normal values were not

achieved even at 21 days post-irradiation.

Farrar et. _al. (44) , however, administered sugars by

duodenal intubation to rats after x-irradiation at

1,410 R. They found that glucose and fructose absorp

tions were slightly but significantly reduced four hours

post-irradiation. Mass (102) compared the effects of

local irradiation of the bowel versus the effects of

total-body exposure with the bowel exterior to the body

and shielded. In the latter case no alteration in glu

cose absorption occurred, while a decreased absorption

of both glucose and arabinose was evident with localized

irradiation of the bowel. The reduction in organophos-

phate levels of dried mucosa caused by x-irradiation as

previously reported by Barron e_t _al. (14) was confirmed.

However, since the arabinose absorption as well as that

of glucose was depressed, it was suggested that reduced

diffusion was also a significant factor.

Weseman e_t _al. (155) reported that when small intes

tines of rats were given localized x-irradiation at

1,200 R active transport of glucose was enhanced while

the uptake of glucose was reduced. Detrick et_ a_l. (36)

observed that whole-body x-irradiation at 600 R reduced

the rate of glucose transport across the rat intestinal
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wall. The reduced rate of glucose transport was at its

lowest level three to six days post-irradiation.

Chang et a_l. (27) have presented evidence which

suggests that the rate of absorption of glucose was im

paired significantly only in the lower portion of the

intestine.

Maisen et al. (100) have shown that the decrease in

the absorption of lipids noticeable three days after

x-irradiation with 1,500 to 2,500 R was due essentially

to gastric retention. Fat preparations introduced

directly into the duodenum were absorbed at the normal

rate .

The proposed explanation of the slowing down of

glucose absorption in x-irradiated animals involves two

factors active in normal animals -- increasing glycemia

and progressive dilution of ingested glucose in the

stomach. To verify this hypothesis, Lourau (94) examined

guinea pigs 14 days after x-irradiation with 500 R.

Concentrations of glucose in the stomach decreased during

the first hour from 140 mg/ml to an average of 56 mg/ml

in control animals and 60 ± 10 mg/ml in irradiated

animals. A second stage of dilution began at the end of

the first hour in normal animals with the glucose con

centrations being reduced at an exponential rate. In

irradiated animals this phase did not begin until near
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the third post-absorption hour. It was concluded by

Lourau that the slowing down of absorption at the end of

the first post-irradiation hour was not due, as once

thought, to temporary inhibition of gastric drainage by

glucose present in the stomach, but was rather due to

increased glycemia and thus a decreased concentration of

glucose.

There seems to be no great change in the absorption

of glucose by the intestine shortly after irradiation in

spite of the damaged condition of the intestinal mucosa

(7). Glucose absorption appears to be slightly decreased

during the time following irradiation with minimum ab

sorption at three to six days after irradiation.

Enzyme Sensitivity in. vivo and _in vitro

Prior to 1940, the results of respiration studies on

radiation effects were conflicting and difficult to com

pare because of the wide range of conditions used and the

incomplete knowledge of the variables involved. In 1940.

however, Dale (33) studied the effect of _in vitro irra

diation of crystalline carboxy-peptidase and noted that

the radiosensitivity of the enzyme was greatly increased

in dilute solutions, but the enzyme could be completely

protected if irradiated in the presence of its substrate.

A partially purified polyphenol oxidase was similarly
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inactivated. Subsequently, Dale (34) found that the

protein of D-amino acid oxidase and its coenzyme, allox-

izine-adeninedinucleotide (AAD), were radiosensitive.

Simple compounds such as amino acids were able to reduce

the damage of the coenzyme and the protein. As a result

of Dale's work, studies were made of the action of radi

ation in. vivo on numerous enzymes.

Barron et al. (15) showed that the purified SH

enzymes such as phosphoglyceraldehyde dehydrogenase,

succinic oxidase, adenosinetriphosphatase (ATPase), and

yeast hexokinase were more sensitive to x-irradiation

than certain non-SH enzymes such as crystalline trypsin,

catalase and ribonuclease, purified lactic dehydrogenase

and cytochrome oxidase. In the exceptional case of aged

ATPase an inhibition was observed with a dose of one to

25 R, a phenomenon which they explained on the basis of

a chain reaction mechanism. With in vivo total-body

x-irradiation (100-900 R) in rats, Barron (12) found

that the respiration of various tissues (spleen, liver,

kidney, adrenals and testes) and the oxidation of sub

strates requiring SH enzymes were diminished within four

hours after irradiation. Oxidation of pyruvate, suc

cinate, D-amino acids and L-glutamate was inhibited in

the different tissues examined.

The result of an inhibition of SH enzymes on the
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animal would furnish an adequate explanation for many of

the biological effects of radiation, but unfortunately

the work of Barron has not. been confirmed. In fact many

workers have not observed inhibition of SH enzymes in rat

liver and kidney slices x-irradiated at lethal doses.

Le May (86) could find no evidence for a depression of

the activity of rat kidney succinic dehydrogenase one to

two hours after irradiation at 400 to 800 R. Ballin and

Doull (9) reported no diminution in the activity of a

number of SH-oxidizing enzymes from rat liver, brain,

heart, and kidney even at 24 hours after irradiation at

20,000 R.

In radiosensitive tissue no reduction in the activ

ities of SH enzymes could be established by Thomson et al.

(140). They exposed rats to 800 R of y-radiation and

found no marked change in the activity of succinic de

hydrogenase or ATPase of thymus three hours later. In

mouse spleen at four hours after irradiation at 640 R,

the activity of succinic dehydrogenase was unaffected (6).

However, four days post-irradiation a fall in activity

could be detected (45).

The literature published between 1952 and 1960

encompassed many articles that report no radiation damage

in SH enzymes and other enzymes involved in carbohydrate

metabolism. The succinodehydrogenase activity of homo

genates of rat kidneys was unchanged two hours after
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x-irradiation with 400 to 800 R (86). This was confirmed

in mice, not only with kidney tissue, but with liver

tissue also (45). Gershbein et al. (48) reported no

decrease in the activity of succinic dehydrogenase of the

rat liver locally irradiated (6,500 R.) and Ryser reported

similar findings after whole-body exposure (123) .

Studies during this same period of time (146,40,124)

with homogenates from rats or mice indicated that:

1. ATPase activity increased and oxidative phos

phorylation decreased after a whole-body dose of

x-irradiation at 25 to 100 R if the homogenate

was prepared within one hour following the

irradiation.

2. Neither of these changes was observed if the

homogenate was irradiated in vitro even at a

dose of 20,000 R. but changes were observed with

homogenates of exteriorized irradiated spleens

with the rest of the body being shielded.

3. The reduction in oxidative phosphorylation was

due neither to the increased ATPase activity

nor to the decreased anaerobic glycolysis.

324. Experiments using P indicate that a reduction

in phosphorylation also occurs in vivo in spleen

and thymus (1.45).

5. In certain conditions normal phosphorlyation

may be restored by addition of cytochrome c.
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Some data on the effects of radiation on enzymes

taken since 1960 is summarized in Table I. Kivy-

Rosenberg et al. (72) investigated three Krebs cycle

dehydrogenase systems (sucinate, malate and isocitrate-

dependent) of the liver and spleen of rats (72) after

both lethal (650 R) and sublethal (250 R) doses of whole-

body x-irradiation. They observed a reduction in enzyme

activity of as much as 35% as early as five to ten min

utes post-irradiation. This reduction persisted through

out the 28-day experimental period. Activity was

measured by use of 2-p-iodophenyl-3-p-nitrophenyl-5-

phenyl-tetrazolium chloride (INT) as an electron acceptor.

These authors concluded that the functional capacity of

the Krebs cycle pathway may have been impaired in both

liver and spleen, but that the reduction of activity

could not account for mortality resulting from whole-body

irradiation at 650 R.

The reported impairment of the Krebs cycle activity

by irradiation was verified by Dubois and co-workers (38),

who investigated the effect of lethal (800 R) and sub

lethal (200 and 400 R) whole-body irradiation on citrate

accumulation in male rat organs _in vivo. The method of

study was the fluoroacetate inhibition technique of

Potter et al. (118). The accumulation of citrate after

whole-body irradiation was inhibited in the spleen,



Table I. Summary of Recent Experiments on the Effects of X-Irradiation on
Enzymes Involved in Carbohydrate Metabolism

Enzyme

Succinic

Dehydrogenase

Succinic

Dehydrogenase

Succinic

Dehydrogenase

Malate

Dehydrogenase

Malate

Dehydrogenase

Lactic

Dehydrogenase

Lactic

Dehydrogenase

Isoenzymes of
Lactate

Dehydrogenase

Glyceraldehydi-
phosphate
Dehydrogenase

Tissue Dose(R) Effect
Time After

Exposure
Comments Ref.

Rat

Liver

5 iic/g
32P Normal 65

Rat

Liver

250-650 Reduced

6-35%

5 min -

30 days
Microchemical

Method

72

Rat

Spleen

250-650 Reduced

6-34%

5 min -

30 days
Microchemical

Method

72

Rat

Liver

250-650 Reduced

10-32%

5 min -

30 days
Microchemical

Method

72

Rat

Spleen

250-650 Reduced

8-31%

5 min -

30 days
Microchemical

Method

72

Rat & Mice

Thymus
800 Decrease

50-70%

2 hr 55

All Organs

of Rat

25, 100

& 600

Marked

Decrease

4 hr Decrease Last

3-4 Weeks

144

Rat

Tissue

800 Increase

In Activity
1 hr

3 days
67

Human

Erythrocyte
800 Increase 20

^D



Table I. (Continued)

Enzyme

Glyceraldehydi-
phosphate
Dehydrogenase

Isocitrate

Dehydrogenase

Isocitrate

Dehydrogenase

Glucose-6-

Phosphate
Dehydrogenase

Glucose-6-

Phosphate
Dehydrogenase

Cytochrome
Oxidose

Hexokinase

Glucokinase

Glucokinase

Phosphorylase

Tissue Dose(R) Effect

Mice & Rat

Thymus
800 Decrease

50-70%

Rat Liver 250-650 Reduced

22-61%

Rat

Spleen
250-650 Reduced

14-37%

Human

Erythrocytes
800 Increase

Rabbit

Blood

500 Normal

Rat

Liver

5 u.c/g
32P

Normal

Rat

Liver

700 Reduced

10-15%

Rat Liver

& Spleen
1,000 Reduced

10-30%

Rat Liver

& Spleen
1,000 Normal

Rat Liver 5 |_ic/g
32p

Normal

Time After

Exposure
Comments Ref.

2 hr. 55

5 min - Microchemical 72

30 days Method

5 min - Microchemical 72

30 days Method

20

77

65

12-72 hr Homogenate 22

24-48 hr High Glucose
Diet

11

24-48 hr Fasted

Animals

11

65

O
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thymus, ileum, pancreas, and testes but not in the brain

or heart.

Using the same technique (INT as an electron accep

tor) , Kivy-Rosenberg e_t al. (73) examined the radiation

effect upon the activities of glucose-6-phosphate and

6-phosphogluconate dehydrogenase, both being key enzymes

of the pentose phosphate pathway, in both liver and

spleen of rats. The response was similar in both tissues

-- depression immediately after irradiation (10-15%),

with an increase in activity of both enzymes beginning on

the fifth post-irradiation day. The authors pointed out

the evident parallelism that existed between elevated

activity of the glucose-6-phosphate and 6-phosphoglu

conate dehydrogenase activities and the increased ana

bolic activity of the animals beginning about the fifth

day with weight being regained in spleen, thymus and

muscle mass as well as in total body mass (26).

Barreback et al. (11) have shown that with rats fed

a high glucose diet (70% glucose, 3% Hawk-Oser salt mix

ture and 0.5% vitamin B mixture) for three days prior to

whole-body irradiation at 1,000 R and fed 2.5 ml of the

same solution every six hours after irradiation, the

specific activity of hepatic glucokinase was decreased

by 30% when measured at 24 or 48 hours after irradiation.

The depressing effect of x-irradiation upon hepatic
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glucokinase activity was of special interest because it

was also demonstrated in the hypophysectomized rat. This

could be contrasted with other irradiation effects on

hepatic carbohydrate metabolism that are no longer demon

strable after removal of the pituitary gland — for

example, the increase in liver glycogen and the changes

in enzyme activities other than glucokinase concerned

with carbohydrate metabolism (153).

Bonsignore et al. (22) found that the hexokinase

activity in the liver of rats, x-irradiated at 700 R,

was reduced by 10-20% at 12, 24 and 72 hours after ir

radiation with a net increase in activity of 10-20% at

48 hours.

Hagen et. al. (55) , using mice and rats, have shown

that in thymus nuclei isolated during the first two hours

following 800 R whole-body x-irradiation, the enzymic

activity of lactate dehydrogenase and glyceraldehyde-3-

phosphate dehydrogenase was reduced 50-70% that of the

controls. Within eight hours the nuclear glyceralde-

hyde-3-phosphate dehydrogenase was completely inactivated.

This effect occurred simultaneously with the death of the

cell; however, in the cytoplasm this enzyme was un

affected. The authors suggested that the enzymes were

released from the nucleus into the cytoplasm in an early

post-irradiation period as a result of damage to the

nuclear membrane. The activity of all nicotinamide
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adenine dinucleotide dependent dehydrogenases in skin,

liver and intestines decreased uniformly after 800 R

total-body irradiation in rats (66).

Coenzyme Sensitivity

The significance of SH enzymes relative to the

effect of radiation has been referred to previously.

Although, in general, SH enzymes do not appear sensitive

to radiation _in vivo, the protective action of SH com

pounds has stimulated examination of coenzyme A levels

in animals after x-irradiation. Neither DuBois et al.

(39) , Thomson and Mikuta (139) , nor Romantsev and Zhula-

nova (120) could find any evidence for decreased acety-

lation of sulfanilamide or p-aminobenzoic acid in rats

after exposure to 400 to 3,320 R of x-irradiation.

Schreir e_t al. (130) found no interference with hippuric

acid synthesis in rats exposed to 700 R. Gardella and

Lichtler (46) have shown that even 12,000 R failed to

inactivate coenzyme A in aqueous solutions. The content

of coenzyme A in liver, thymus and Yoshida ascites sar

coma tumor cells remained normal when doses of 100 to

1,600 R were given in_ vivo. More recently, Strubelt

(135) noticed a decrease in the coenzyme A content of

rat liver, kidney and intestine on the second day after

x-irradiation with 700 R. Hutchinson and Narcross (64)
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observed inactivation of coenzyme A by x-irradiation,

but only after a dose in the range of ten megarads. It

would thus appear that although coenzyme A is one of the

most potent protectors against radiation damage a deple

tion of the coenzyme due to irradiation was not respon

sible for the early biochemical lesion.

Since nicotinamide adenine dinucleotide (NAD) is an

essential component of a number of anarobic dehydro

genases , it was important to determine whether whole-

body irradiation had any effect on this coenzyme.

Swallow (136) and Barron (13) made extensive studies

of the changes produced in NAD-NADH systems after ir

radiation in vitro. Swallow showed that NAD was hardly

affected by x-irradiation in the absence of oxygen,

unless alcohol or one of several other substrates was

present; in which case, it was reduced to a form which

could not react with the usual enzyme systems. This

reduced form was thought to be a dimer.

Very little data is available about pyridine nucle

otide coenzyme levels after whole-body exposure. Eichel

and Sprites (42) studied NAD and NADH concentrations in

rat livers five to 150 hours after x-irradiation at 700

to 980 R. No changes were found in NAD levels , but

irradiation at 980 R reduced the NADH concentration in

liver by 15 to 32%. The authors did not consider that
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this reduction was of importance relative to the radia

tion lesion. Eichel (41) has shown that specific activ

ity of NADH cytochrome c reductase in rat liver homo

genates was increased significantly over that of control

experiments at 13 and 37 hours after exposure. Lunde-

gardh and Larkum (95) found that the basic mechanism for

electron transport through the respiratory system (cyto

chrome chain and associated systems) in Baker's yeast

was resistant to irradiation up to a dose of 200,000 R.

Myers and DeWolfe (110) examined 24 enzyme or

enzyme systems in regenerating rat liver at various

times after partial hepotectomy and found the effect of

irradiation on enzyme synthesis in regenerating liver to

be highly selective in that only three enzymes were

affected: namely, deoxycytidylate deaminase, thymidine

phosphorylase and nicotinamide adenine dinucleotide

pyrophosphorylase. The observed reduction in activity

of NAD pyrophosphorylase indicated that the synthesis of

NAD might be affected upon irradiation. This was shown

to be true by several authors (66,68).

Scaife (126) examined NAD levels of thymocytes fol

lowing x-irradiation _in vivo or _in vitro. NAD was found

to constitute about 95% of the total oxidized pyridine

nucleotides in thymocytes while the level of reduced NAD

was very low. They found a rapid loss of NAD principally
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from the nucleus of the cell which was observed with a

dose as small as 25 R. There was no concomitant rise in

the reduced NAD levels following irradiation. Concen

trations of NAD in liver and Ehrlich ascites tumor cells

of mice were found to be decreased by 12% after irradia

tion at 5,000 R by Schneider et al. (129). Recently,

Altenbrunn (3) observed a 10-15% decrease in NAD concen

trations of hepatic and splenic tissue after whole-body

irradiation with 10,000 R. He found the smallest change

at 500 R and the greatest change (40% reduction in con

tent in gonadal tissue) at 10,000 to 25,000 R.

Although it is difficult to pinpoint any particular

enzyme concerned in carbohydrate metabolism as being

specifically and immediately totally inactivated, it is

possible that very small individual alterations in a

number of linked reactions might exert a profound effect

on glucose catabolism as a whole. Evidence in this

regard is provided by Maass e_t al. (98) . By detecting

the intermediate products of glycolysis and ATP they

were able to show that even slight changes in the con

centration of NAD can regulate triose phosphate dehydro-

genation.

Glycogen Synthesis

As shown by the reported findings given in Table II



Table II. Tissue Glycogen Levels After X-Irradiation

Species- Dose(R) Time After Effect
Tissue Exposure

Comment

Rat Liver 500-2,000 24 hr

Rat Liver 300

Rat Liver 1,500

3 hr

12 hr

Rat Liver 250-1,500 5 hr
1,500 70 hr

Rat Liver 880 24 hr

Rat Liver 550-5,000 24 hr
48 hr

Rat Liver 200 24 hr

Rat Liver 750

Increase, Fasted

max. effect

Increase Fasted

Increase

Increase

Decrease

Increase Fasted

Increase Fasted

Increase

6- to 10-fold Fasted

increase

No consistent Fasted after

increase before x-irradiation

18 hr

High glucose
diet and fasted

Return to normal

in 24 hr

Dropped by 40% of
normal on day 3

Fasted before

and after

Fasted before

and after

Rat 1,000 24 and Increase

Liver 48 hr

Rat 600 1.5 to Decrease

Leucocytes 3 hr

Rat 600 2 days Normal

Liver

Ref,

111

121

103

104

35

69

106

31

11

147

51

<1



Table II. (Continued)

Species- Dose (R)
Tissue

Rat

Liver

Guinea

Pig

Guinea

Pig

Guinea

Pig

Mouse

Mouse

700

1,000

500

2,000

1,000

500

600

110,000

60,000

Monkey 700
Liver and

Muscle

Time After

Exposure

6,24,48,72,
96 hr

24 hr

10-20 days

4 hr

24 hr

4 hr

24 hr

4 hr

24 hr

30-60 min

Immediately
after

Immediately
after

1-6 days

Effect Comment

Slight increase Restricted diet
to 50% increase Starvation
at 6,24,48 hr

Increase

Decrease

Fasted

Given glucose,
killed 6 hr later

Increase Fasted

Increase Fasted

Normal Fasted

Slight increase Fasted
Normal Fasted

Normal Fasted

Max. increase, Fed

normal at 6 hr

Decrease

Decrease Fed

Decrease

Ref,

21

113

90

90

131

87

83

115

to

CO
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there is an increase in liver glycogen in the three mam

mals examined extensively after exposures of up to

2,000 R. The increase appeared earliest in mice. Most

workers found little alteration up to 12 to 18 hours

after irradiation of rats.

When rats were given very high exposures and the

liver was examined soon after irradiation there was a

sharp fall in glycogen content (83,84,85,87). With a

dose of 10,000 R the decrease was evident 10 to 20 min

utes after exposure, and it was possible to detect a

transient hypoglycemia followed by elevated blood sugar

levels. Accelerated glycogenolysis as a result of

intense adrenal stimulation seemed to be a likely ex

planation to this finding.

Two factors were certainly concerned in the increase

in liver glycogen within 24 hours after lower exposures:

the actions of the pituitary-adrenal axis and the tissue

degradation which followed total-body irradiation. Both

issues have been explored in great detail. Hypophysec-

tomy or adrenalectomy effectively prevented the post-

irradiation increase in liver glycogen (11,104,35,106).

Although there were some discrepancies (69) between the

time courses of elevation in blood sugar and glycqgen

content after exposure, it seemed possible that irradia

tion of adrenalectomized animals produced insufficient
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rise in blood sugar to promote liver glycogen synthesis

(106) .

Some insight into the mechanism of synthesis after

irradiation has been gained by radiotracer experiments.

Lourau found that glucose U- C uptake into mouse liver

glycogen was enhanced with the maximal effect occurring

50 minutes after irradiation (88). This agrees well with

the results found in mice by Sherman and Dwyer (131) and

in rats by Morehouse and Searcy using C-acetate (108).

Hill and his colleagues extended this work to a study of
14^ , ., 14
C-glucose and C-fructose uptake by rat liver slices

taken from rats exposed to 1,000 R of x-irradiation (58).

Liver slices taken four hours after irradiation showed

an increased rate of oxidation of both glucose and fruc

tose, but at 24, 48 and 72 hours post-irradiation there

was a marked incapacity for the liver tissue to convert

14
C-glucose to C02 and glycogen, whereas fructose metab

olism was normal. The authors concluded that the radia

tion lesion was at some point before the triose phosphate

stage of glycolysis. The diminished incorporation of

glucose into glycogen was confirmed in intact rats given

glucose intravenously to avoid decreased gastrointestinal

absorption. Attention was drawn to the similarity be

tween the results at 24 hours post-irradiation and those

found in rats with diabetes (58). In this connection
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Steadman and Grimaldi (133) stated that post-irradiation

hyperglycemia in rabbits after exposure to 500 to 2,000 R

of x-irradiation could be prevented by insulin.

The source of precursors for the increased biosyn

thesis of liver glycogen was reported to be tissue pro

tein (114). Haberland et al. (53) and Laurenstein et al.

(80) injected rats with glycine-2- C and phenylalanine-

14 14
3- C and found that the C activity of liver protein

was increased at 48 hours, whereas that in muscle,

thymus, and spleen decreased. The increase in liver

14 . .
C activity was thought to be associated with the loss

14
in muscle C activity. Morehouse and Searcy (107) fol

lowed the incorporation of glycine-U- C and alanine-

14 14
U- C and leucine-1- C into liver glycogen immediately

after whole-body x-irradiation at 1,500 R. All three

amino acids were found to be converted to glycogen more

extensively after x-irradiation, especially if the rats

were fasted.

Additional information on tissue breakdown after

irradiation was provided in the work of Caster and

Armstrong (26) who studied organ weight changes in rats

after 700 R. Spleen weights were detectably lower three

hours after exposure, reaching a minimum (36.7% control)

by four days; a reduction in thymus weight was evident

by 24 hours and was a minimum at 48 hours (11.5%).
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Muscle weight was detectably reduced by three hours,

reaching a minimum at four days (80.2% control). Addi

tional evidence of muscle catabolism in post-irradiated

animals was provided by studies on creatinuria (54,156).

Rats and monkeys exhibited a marked creatinuria, especi

ally in the second day, but no increase in creatine or

creatine excretion could be detected after 400 to 500 R

of x-irradiation in dogs.

In summary, it appears that accumulation of liver

glycogen found within 24 hours after x-irradiation was

due to enhanced tissue protein breakdown and the conse

quential, transformation of amino acid carbon skeletons

into carbohydrate reserve. This is promoted by the

presence of the appropriate hormones, but, although

stimulation of the pituitary-adrenal axis may occur as a

result of x-irradiation, it does not seem that the

stimulation per se is the cause of the glycogen deposi

tion. Changes in glucose tolerance and glycogen levels

are difficult to interpret, since they occur against a

background of generalized tissue reorganization and

recovery.

Glucose Metabolism

Previous experimental findings on changes in tissue

glycolysis after x-irradiation are summarized in Table
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III. There appears to be no significant change immedi

ately after exposure; however, a reduction in glycolytic

activity does occur at later time periods. Hickman and

Ashwell extended their work on mouse spleen glycolysis

to cover glycolytic phosphorylation (57). Their finding,

a marked reduction in phosphorylation by 24 hours post-

irradiation, was attributed to either the post-irradia

tion rise in ATPase or to a direct effect on transphos-

phorylation.

Potter and Bethel (116) found that in rat spleen

mitochondria, which normally oxidize succinate with

coupled phosphorylation, the capacity of phosphorylation

was reduced in rats previously exposed to lethal doses

(800 R) of x-irradiation. Similar results have been

obtained for liver, kidney, and thymus homogenates from

irradiated animals (57).

In a further study with mice spleen homogenates,

Ashwell and Hickman (5) have shown an 80 to 90% reduc

tion of glycolytic activity after a dose of x-irradiation

of 650 R. Thymus homogenates studied by Thomson e_t al.

(139) were found to have a diminished esterification of

inorganic phosphate with no change in the ATPase content

after being exposed to 800 R of y-irradiation.

The probability that some alteration in glucose

metabolism does occur was shown by Hevesy and Foresberg



Table III. Effect of X-Irradiation Upon the Glycolytic Pathway in
Animal Tissue

Tissue Dose (R) Time After

Exposure

Test System Effect Ref.

Rat

Thymus
500 4 hr

24 hr

CO2 Production Normal

40% of control
12

Rat

Intestine

900 4 hr CO„ Production Normal 14

Rat and

Rabbit

Bone Marrow

1 ,000 6 and 24

3-6 days
hr Normal

Reduced

96

Rat Liver

Slices

5 uc/g
32p

24 hr CO„ Production 60% Reduction 65

Mouse

Liver

60,000 Immediately
after

Lactic acid

formation

Normal 83

Mouse

Spleen
640 1-9 days Lactic acid

formation

Normal 57

Mouse 600 12 min 14o xC Incorporation Normal 47

Yoshida

Ascites

20,000
in vitro

into palmitic
acid from ,.

glucose-1,2- C

Immediately Lactic acid
after formation

50% of control 62

4^



Table III. (Continued)

Tissue

Yoshida

Ascites

Yoshida

Ascites

Ehrlich

Ascites

Ehrlich

Ascites

Dose (R) Time After Test System
Exposure

5-100 kR Immediately Respiration
after Leucine-l-14c

incorp.

10 kR Immediately Glycolytic
after intermediates

10-20 kR Immediately Respiration
after

70 kR Immediately
after

Effect Ref.

Reduced 25

Reduced 99

Normal 61

Complete
inhibition

74
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(56). They found that the amount of C02 exhaled from
14

mice given glucose-U- C was depressed within ten min-

14
utes after irradiation with 2,000 R while the C content

of the liver fat in the irradiated animal was concomi

tantly increased.

DuBois et al. (38) also produced evidence that liver

metabolism is altered in rats after exposure to x-irra

diation at 800 R. They gave fluoroacetate intraperi-

toneally at times varying from six to 72 hours post-

irradiation. When they analyzed the tissue for citrate

accumulation three hours after inhibitor injection they

found that the heart and brain continued to accumulate

citrate at a normal rate while the kidney, spleen, and

thymus showed a depressed accumulation of the acid after

irradiation. Adult female rats, who normally accumulate

citrate in their livers , continued to do so after being

given fluoroacetate while the males, who normally do not

respond in this way, accumulated the acid after irradia

tion. DuBois e_t al. (38) concluded that some of the

acute as well as the delayed effects of radiation on

metabolism may have resulted from alteration of the

steroid hormones. These findings were confirmed in rats

exposed to 500 R (113). However, it was considered that

these findings were immaterial to the survival of the

animal (113).
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Malashko (101) investigated changes in the content

of the intermediate products of glycolysis in rat brain

after whole-body x-irradiation at 400 R. The content of

glucose-1-phosphate increased for two days post-irradia

tion and remained at this elevated level throughout the

120-day experimental period. An increased content of

glucose-6-phosphate was observed on the second day post-

irradiation; thereafter, a reduced content was found.

The content of fructose-1 ,6-diphosphate and triose phos

phates increased slightly after irradiation and remained

unchanged throughout the remainder of the experimental

period.

Cherkoskova et. al. (28,29) independently completed

an experiment similar to that of Malashko except that

the radiation was given in fractional amounts of 40 R

until integrated eventually to a total dose of 760 R.

In all time intervals post-irradiation, the content of

glucose-1-phosphate and glucose-6-phosphate increased to

higher than normal values while fructose-6-phosphate

almost disappeared. These results indicated disturb

ances in carbohydrate metabolism with the result that

utilization of energy-producing metabolites in rat brain

was greatly decreased.

Maass and his associates conducted a long series of

experiments on the effects of y-irradiation on metabolism
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in Yoshida ascites sarcoma tumor cells (97,98,62).

Immediately after irradiation (1-45 kR) of a suspension

of these cells, aerobic glycolysis was inhibited more

than anaerobic glycolysis while respiration remained

normal. The steady-state concentrations of various

intermediates of glycolysis were measured in these cells

after 25 kR. A large increase in the concentrations of

dihydroxyacetone phosphate and fructose-1, 6-diphosphate

and a small increase in the concentration of adenosine-

diphosphate (ADP) were found. A decrease in the concen

tration of adenosinetriphosphate (ATP), inorganic phos

phate, and pyruvate was noted. Although triosephosphate

dehydrogenase activity was not inhibited, evidence was

presented to show that a block existed in glycolysis at

the triosphosphate step of glycolysis. The level, of an

important co-enzyme, nicotinamide adenine dinucleotide

(NAD), was considerably decreased immediately after

irradiation. These results were later confirmed by Koch

and Klemm (74).

Since the rate of glycolysis depends on NAD concen

tration, several experiments have been carried out which

show that the inhibition of glycolysis after irradiation

was caused by the lowered NAD concentration (74,97,98,62).

The normal concentration of NAD was restored by increas

ing nicotinamide concentrations. The decrease in
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concentration of ATP after irradiation, which was a con

sequence of the reduced glycolysis, causes all reactions

which require ATP to furnish the irreplaceable energy

(synthesis of protein, DNA, RNA, etc.) to be slowed down.

Hilz and Berndt (59) showed that when ascites tumor

cells are y-irradiated, the NAD content, the rate of

glycolysis and the synthesis of DNA and protein are im

paired, whereas respiration remained normal. The inhi

bition of DNA synthesis was shown to come about in two

ways. After y-irradiation. at 5,000 R, most of the DNA-

synthesizing cells completely lost the capacity to

incorporate tritiated thymidine, whereas the remaining

cells showed a moderately impaired rate of uptake. When

nicotinamide was added after irradiation, an increase

was noted in both the number of DNA-synthesizing cells

and the extent of labeling with thymidine in the individ

ual cells. This work suggests a possible important

relation between DNA and NAD content in the cell.

An initial attempt to estimate the effects of

x-irradiation on intermediary metabolism in an intact

rat was made by Rust et al. (127) . They concluded only

that ionizing radiation has an effect on the intermedi

ary metabolism of the rat, the importance of which could

not be evaluated in their experiments.
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III. MATERIALS AND METHODS

Experimental Method

One of the approaches in determining the nature of

the effects of radiation on the metabolic balance of the

cell has been to assay for each of the metabolites in

volved both before and after irradiation. The short

coming with this type of experiment lies in the fact

that the cell is in a. dynamic state and the assay method

does not yield results reflecting the normal dynamic

state of the cell. The content of a compound in the

cell may not change, but by some process such as intra

cellular membrane breakdown the compound may no longer

be located at its proper site of action, causing failure

of the metabolic process involved.

In the study of intermediary metabolism of animals

one needs to estimate relative rates of biochemical re

actions and how the rates are changed by environmental

factors such as x-irradiation. To properly maintain the

normal physiological state of the animal, it is neces

sary to work with living systems using non-destructive

experimental procedures. In recent years this has been

made possible by use of carbon-14 labeled substrates and

a technique called radiorespirometry (147,151).

The term, radiorespirometry, refers to a type of
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experiment in which the time course for the evolution of

14
respiratory C02 by a. biological system metabolizing
14

C specifically labeled substrate is followed. The

data obtained from this type of experiment would be very

useful in studies of radiation effects on metabolism

since the conversion of a given carbon atom of a sub-

14strate to respiratory C02 reflects directly the extent

and the rate of one or several pathways. It is, there

fore, possible to make use of the radiorespirometric

data, representing the kinetics of the respiratory activ

ity to detect the mechanism of a specific pathway, the

inhibition or stimulation of a known pathway by external

factors such as radiation and the relative participation

of concurrent pathways such as the pathways of glucose

metabolism. Of great importance is the fact that pro

duction of respiratory C02 is prompt and hence the data

would exhibit radiation effects soon after irradiation.

An initial attempt to estimate the effects of

x-irradiation on intermediary metabolism in an intact

rat was made by Rust ejt al. (122) . Due to their experi

mental procedure, however, they could make no definite

statement in regard to the effects of x-irradiation on

metabolic pathways. They concluded only that ionizing

radiation has an. effect on the intermediary metabolism

of the rat; the importance of which could not be
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evaluated.

The work of Rust et al. suffered from two debatable

items in procedure that are common in the literature on

respiratory work, i.e., use of improper substrate level

and use of the ratios of C02 from carbon one (C-l) and

carbon six (C-6) of glucose for estimation of glucose

pathways.

In order to have meaningful results from radiorespi

rometric experiments with intact animals, it is important

to choose a proper route of substrate administration and

an adequate substrate level. There are several possible

ways to administer the substrate to the rat such as:

via intraperitoneal injection, via. intravenous injection,

via intravenous infusion, and via stomach tubing. The

first three routes by nature limit the level of substrate

that can be used. In fact, one cannot inject more than

a few mg of substrate via the intravenous injection

route. It is possible that the dilution of a small

amount of substrate administered by intravenous injec

tion to animals by a relatively large amount of endoge

nous substrate may create problems in the proper inter

pretation of results.

The intraperitoneal route may be subject to the

problem of uneven rate of substrate uptake, thereby

making data analysis a difficult task. The intravenous

infusion route is a. reasonably good way to feed a steady

stream of substrate into the animal body, thus making it
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possible to simulate a physiological steady state. How

ever, the difficult techniques involved may present some

limitation.

Via stomach tubing it is possible to administer up

to gram quantities of a substrate into a rat body. This

is particularly desirable in experiments with carbohy

drates such as glucose, since a relatively large amount

of substrate glucose is required to overcome the effect

of dilution by endogenous glucose.

In the present work, all substrates were adminis

tered to rats by means of stomach tubing. The substrate

level for glucose experiments was 1.5 g of glucose dis

solved in 3 ml of water. This substrate level was

chosen on the grounds that it is the same magnitude as

the normal food intake of a rat and yet it is consider

ably higher than the endogenous glucose pool, thereby

minimizing the diluting effect of the labeled substrate

by the endogenous substrate and the complications

derived from substrate transport through compartments

and pools.

When a glucose molecule undergoes catabolism via

the Embden-Meyerhof-Parnes tricarboxylic acid

cycle (EMP-TCA) pathway, C-l and C-6 have an equal

chance of appearing in the respiratory C0„, whereas the

pentose pathway (PP) calls for a preferential conversion
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of C-1 to CO^- Based on this rationale the ratio of

specific activity of C0~ derived from C-1 and C-6 of

glucose respectively, has been used to study the relative

participation of the two pathways by many earlier

workers. However, this approach is for several reasons

quite inadequate when used to draw conclusions about

quantitative aspects of pathway participation (4,63) ,

especially in rats. The ratio C-l/C-6 tends to approach

unity irrespective of the pathways if the animal is

allowed to catabolize the administered glucose for very

long periods of time. Reverse aldolase reaction or the

time factor involved in the relative rates of release of

C-1 and C-6 may also result in misleading C-l/C-6 ratios.

The fact that the glucuronic acid pathway, which in

volves a direct oxidative cleavage of C-6 of glucose, is

present in the rat, has been almost completely ignored

by workers in the field. Thus it might be possible to

have a C-l/C-6 ratio of nearly one in the rat and still

have a high percentage of PP pathway operative. Such

difficulties as mentioned above may be at least partial-

14
ly overcome by using glucose-3(4)- C according to the

method of Barbour et al. (10).

In the present work, the radiorespirometric method

is used to study the effects of x-irradiation on metab

olism of glucose in the intact mature rat. To
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successfully carry out this study, a new radiorespiro-

meter was designed and is described in the next section.

Animal Radiorespirometer

Radiorespirometric studies using the time course

14
for evolution of respiratory C0~ to identify and

estimate catabolic pathways operative in biological sys

tems have been in use for some time. A given biological

system is examined by analyzing the kinetic data on

14
C02 production from individually labeled carbon atoms

of a substrate. Use is made of the differences in rates

and yields of C02 formation from different carbon atoms

of a substrate, which reflect directly the nature of the

catabolic sequence traversed by the substrate.

The use of radiorespirometry in metabolism studies

has been handicapped by the time consuming and tedious

procedures involved in the preparation of counting

samples of respiratory C0?. In preliminary studies for

this work the respiratory CO- from rats metabolizing

14
C labeled substrates was analyzed gravimetrically for

chemical amounts while the radioactivity in CO- was

measured by means of a Geiger-Mueller counter using

14
Ba CO., as the counting form. Inasmuch as the samples

of respiratory C02 for each rat were collected every

hour for a period of 16 hours , the tedious analytical
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procedures constituted a major limitation in the earlier

phase of this work.

Arespiratory C02 and 14C02 analyzer was developed
featuring accurate and continuous analysis of respira

tory carbon dioxide for four concurrent experiments.

14C0 from the metabolizing animal was measured by means

of a vibrating reed electrometer (30,142) and total C02

excretion by means of infra-red spectrometry. Readout

of data was accomplished in digital form in a manner

which allowed a minute by minute comparison between four

concurrent experiments and allowed a prediction of the

yield of recovered 14C02 to within less than one percent.
The air flow system for the respirometer is shown

schematically in Figure 1. Air was pumped by a Gast

pump through soda lime traps into a C02 free air reser

voir which acted as the air supply for each channel used

during an experiment.

A second Gast pump pulled air through the animal

chamber at a flow rate controlled by a needle metering

valve and measured by an air flow meter. The air was

pulled from the animal chamber through a drierite gas

drying unit to remove water from the air stream. The

gas drying unit also contained an air filter for remov

ing particulate matter. The clean dry air was then

passed through the ionization chamber and infrared
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analyzer and then finally exhausted. A U-tube manometer

on a manifold common to each channel was used to check

the pressure of the system. The metabolism chambers

were specifically designed for metabolic studies with

the radiorespirometer.

A schematic diagram of the detection and readout

components of the radiorespirometer are shown in Figure

142. The beta radiation from the C0? flowing through

the ionization chamber produces electrons which are

collected on the center electrode of the ionization

chamber. These electrons produce a current directly

proportional to the radioactivity present in the chamber.

This d-c signal is converted to a 435 cycle a-c potential

in the pre-amplifier unit of the electrometer. This a-c

signal is further amplified by the main a-c amplifier of

the electrometer, demodulated synchronously, and used as

the input to a voltage-to-frequency converter (VTFC).

The VTFC produces an output frequency that is

directly proportional to the input voltage , ranging from

0 cps for an input voltage of zero to 10,000 cps for a

full-scale voltage on the range selected. This fre

quency can then be read on a counter to give a direct-

reading digital display of the input voltage.

The digital output of the VTFC is displayed by a

six decade preset count transistorized scaler. As shown
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in Figure 2, the scaler of each experiment, a timer, and

printer are connected to a programmer. When either the

scaler or the associated timer reaches a preset indica

tion, information from each scaler is printed on tape by

the printer. The programmer controls the printing

sequence with the time printed first, then each scaler

count. The printer then resets the timer and scalers

and the counting sequence begins again. The programmer

can accommodate up to 12 scalers, thus the number of

concurrent experiments could be increased.

Each electrometer-sealer combination was calibrated

separately using a tank of compressed 0.51% CO~-in-air

14
which contained 0.0109 microcuries C per liter. The

precision of the calibration was about 0.2%. After

calibration of the unit, the total number of digits

accumulated by the scaler per unit time can be converted

to the amount of radioactivity that passed through the

ionization chamber during that same period of time. The

instrument must be calibrated for each flow rate since

sensitivity was not a linear function of flow rate (see

Figure 3).

A comparison was made between the ionization cham

ber-sealer method and the barium carbonate-planchet

method by placing a sodium hydroxide trap after the

ionization chamber and collecting samples every hour.
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14
The two methods agreed within 0.1% in cumulative CO-

recovery.

Two important facets in the use of the radiorespi

rometer in metabolic studies are the response time and

equilibrium time. The term "response time" of the

radiorespirometer is defined as the time required for

14the scaler to react to abrupt changes in CO^, concen

tration in the animal chamber. The term "equilibrium

time" is defined as the time for the scalers to change

14
from a steady count rate at one CO,-, concentration to

another steady count rate after an abrupt change in

14
C0„ concentration is introduced into the metabolism

chamber. Hence the term "50%" equilibrium time is the

time to reach one half the difference in the final count

rate and the initial count rate, etc. The magnitudes

of the response time and the equilibrium time determine

the resolving power of the radiorespirometer which is

14
its ability to record instantaneous C0~ content in the

respiratory gases derived from the metabolizing animal.

The resolving power of the radiorespirometer is a

function of: a) the volume of the animal chamber, the

volume of the ionization chamber, and the air flow rate;

and b) the electrical response time characteristics of

the ionization chamber-vibrating-reed electrometer com

bination. This electronics response time is usually
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of the order of from one to ten seconds and is seldom a

consideration. Therefore, the mixing of fresh C02 free

air with stale air in the metabolism chamber and the

continuous change of air in the ion chamber constitute

the limiting factors in the resolving power of the

respirometer. All other volumes of the flow system are

small and do not allow mixing of the gases.

Response times and equilibrium times were obtained

experimentally by adding 14C02 to the flow system from
a tank of compressed 14C02 of about the same specific
activity exhaled by the experimental animal. Table IV

summarizes the values found for different flow rates and

indicates the resolving power of the radiorespirometer

and how it changes with flow rate. Since radiorespiro

metric experiments in animals last 12 to 16 hours , the

resolving power for the respirometer as indicated by the

data in Table IV appears much better than necessary to
14

obtain adequate information on the time course of C02

production.
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Table IV. Response and Equilibrium Times for
Animal Respirometer with One Liter
Ionization Chamber

50% Equili- 90% Equili- Equili-
Flow Rate Response brium Time brium Time brium
cc/min. Time (sec) (sec) (sec) Time(sec)

500 140

1,000 75

1,500 50

2 ,000 40

340

160

120

85

520 600

270 360

200 250

160 180

14
The effect of flow rate on the sensitivity of C

detection for a one liter ionization chamber and a 250

cc ionization chamber is illustrated in Figure 3. This

data was obtained in experiments involving passing

through an ionization chamber a gas of constant specific

activity at various flow rates. At the higher flow

rates the sensitivity is lowered as a result of the

shorter ion chamber "dwell-time" and appears to be more

flow dependent than at lower rates.

In any size of chamber it is necessary to have

relatively high flow rates in order that response time

be fairly short. For a one liter ionization chamber, a

flow rate of from 1,000 to 1,500 cc/min. gave a response

time short enough for time course studies when substrate

was given by stomach intubation and the sensitivity was

comparatively high. For a 250 cc ionization chamber,
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the sensitivity was quite flow dependent and was reduced

significantly at higher flow rates. Tolbert (141) has

shown that the detection sensitivity of one to 20 liter

ionization chambers for steady gas samples is about

equal, while chambers less than one liter in volume are

considerably less sensitive. For these reasons, one

liter ionization chambers were used in the present work.

With the overflow valve of the main C0? free air

reservoir completely open, the pressure in the animal

chambers was about two cm of water less than atmospheric

pressure. By adjusting the overflow valve, the pressure

in the animal chambers could be made nearly atmospheric

or slightly positive in pressure.

Radiorespirometric Experiments

14 14 1,4
Glucose-1- C, glucose-2- C, and glucose-6- C

were obtained from New England Nuclear, Inc. Glucose-

14
3(4)- C was prepared in the laboratory from rats

14
injected with sodium bicarbonate- C according to the

method of Wood, Lifson, and Lorber (156). The purity of

each of the labeled compounds was examined by means of

paper chromatography and autoradiography.

Male albino rats (Sprague-Dawley, Northwest Rodent

Farms, Pullman, Washington) weighing 280-300 g were used

for all experiments. Each rat was fasted 48 hours prior

to the experiment. The use of fasted animals as the
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test system allowed better reproducibility of radio

respirometric data. This is presumably due to the fact

that one encounters less interference from endogenous

metabolite reserves. Food, but not water, was withheld

from the time of irradiation to the completion of each

experiment.

Following administration of the labeled substrate,

the rat was placed in the respiratory chamber, 1.5 liter

in capacity. A stream of C0~ free air flowed through

the chamber at a rate of one liter per minute to sweep

the chamber atmosphere continuously into the one liter

14ionization chamber where the radioactivity of C0?

respired from the animal was detected as mentioned

previously.

Irradiation Procedure

All irradiations were carried out with a General

Electric Maxitron unit. The pertinent irradiation con

ditions were as follows: 250 kVp, 15 ma, 3 mm Al inher

ent filtration plus 1 mm of Al and ^ mm Cu added filtra

tion and TSD of 115 cm. This resulted in a first half

value layer (HVL) of 1.25 mm Cu and a second HVL of

4.25 mm Cu. Under these conditions the exposure rate

was 14.3 R/min. as measured in air with a Victoreen 25 R

chamber. During irradiation, the animals were placed in
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lucite boxes on a turntable rotating approximately

three rpm.

Determination of

Nicotinamide Nucleotide Coenzymes

The type and treatment of rats used in this set of

experiments was exactly the same as those in the radio

respirometric experiments mentioned previously. The

method of Bassham et al. (17) for determination of re

duced and oxidized pyridine nucleotides in animal tissues

was used with modifications. It depends on the selective

destruction of oxidized forms of the coenzyme by alkali

and reduced forms by acid, and on the specificity of

alcohol dehydrogenase for nicotinamide-adenine dinucleo

tide (NAD) and of glucose-6-phosphate dehydrogenase for

nicotinamide-adenine dinucleotide phosphate (NADP).

Preparations of NAD, NADH, NADP, NADPH, glucose-6-

phosphate, glucose-6-phosphate dehydrogenase and alcohol

dehydrogenase were purchased from Sigma Chemical Company.

All other chemicals used were standard stock solutions

from chemistry stockroom.

The fluorescence developed from samples containing

pyridine nucleotides was measured with an Aminco Bowman

spectrophotofluorimeter at 460 mu,, the excitation wave

length being 360 m|_i. The instrument was regularly stand

ardized against a solution of quinine sulphate at
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0.1 mg/1 of 0.1. N-H2S04.

The efficiency of the extraction procedure was

evaluated by adding known amounts of the coenzymes to

the tissue preparation during the extraction procedure.

Determination of

Liver NADH and NADPH Oxidase Activity

Two series of experiments were performed with male

white rats of the Sprague-Dawley strain under conditions

identical to those given for rats in the radiorespiro

metric experiments. In the first series of experiments

the rats were given 1,500 mg glucose in 3 ml of water by

stomach tubing and NADH (or NADPH) oxidase levels were

determined at later intervals of time for both control

and irradiated rats (800 R.) . The second series of

experiments differed from the first in that no glucose

was given. Water was provided ad libitum in both series

of experiments but food was withheld.

The animals were sacrificed by decapitation and the

liver was immediately removed. After excision, test

tissues were washed free of adhering blood and homoge

nized in cold 0.25 M sucrose with a Ten Broel glass

homogenizer. Each homogenate was diluted to 20 ml with

0.25 M sucrose solution. One ml was removed for nitro

gen analysis and the remaining homogenate was centri-

fuged at 600 G for ten minutes and then 20,000 G for
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20 minutes. The supernatant aqueous layers were re

moved with Pasteur pipettes and placed in an ice bath

and retained for analysis.

NADH and NADPH oxidase activity was determined

spectrophotometrically (Beckman DB Spectrophotometer) at

30°C essentially according to the method of Potter and

Albaum (117). The activity of all homogenates was cal-

culated with the value 6.22 x 10 cm /mole as the ex

tinction coefficient of NADH or NADPH at 340 m|i. The

specific activity of the oxidase activity was expressed

as micromoles of NADH (or NADPH) oxidase reduced/minute/

mg nitrogen. Nitrogen was determined using a micro-

Kjeldahl procedure. Reagent NADH and NADPH were pur

chased from Sigma Chemical Company.

Rate of Transport and Absorption of

Administered Glucose and Metabolites Derived

Therefrom Through the Gastrointestinal Tract

Decreased absorption of glucose by the gastrointes

tinal tract and increased gastric retention have been

reported in intact animals after irradiation. Inasmuch

as the radioactive glucose was given to the rat via

stomach tube, it was necessary to determine what effect

decreased absorption of glucose and increased gastric

retention might have on a time course study outlined

above.
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Male rats (Sprague-Dawley strain having physical

conditions identical to those for rats in the radiores

pirometric experiments) were given, via stomach tube,

14
2 \±c of glucose-U- ' C with 1,500 mg of unlabeled glucose

in 3 ml of water. After intubation, the animals were

sacrificed at different intervals of time and the stom

ach , small intestine, cecum and large intestine were

14
removed for determination of C content.

Each piece of tissue was placed in liquid nitrogen

contained in a mortar. As the liquid nitrogen evaporated

the frozen tissue was ground into a fine powder. The

powdered tissue was washed from the mortar with water to

a final volume of 100 ml of which one ml was taken for

analysis, using the Schoniger combustion technique (71).

This technique involved the combustion of the sample to

C02 in an oxygen atmosphere. The C0„ formed was then

completely absorbed in 10 ml of 1:2 solution of ethanol-

ethanolamine, one ml of which was added to a 20 ml glass

counting vial containing 4 ml of 1:2 solution of ethanol-

ethanolamine and 10 ml of fluor solution. The fluor

solution was 1,4-bis-2(5-phenyloxazolyl)-benzene

(30 mg/1) and p-terphenyl (3 g/1) dissolved in toluene.

The radioactivity content of each counting vial was then

determined by liquid scintillation counting.
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IV. RESULTS AND DISCUSSION

Radiorespirometric Experiments

Although much has been done by numerous workers on

the effects of ionizing radiation on metabolism in tis

sue slices, tissue homogenates, isolated cells, and

isolated enzyme systems, it was difficult to assess the

significance of the observed changes in reference to

intact animals. It is true that one may conclude from

the reported findings that a close relation exists

between metabolic processes , the factors involved in the

metabolic mechanisms of the cell, and radiation injury.

In order to examine the cause and effect of the relation

ship between metabolism and radiation injury in intact

animals, a series of radiorespirometric experiments were

designed to examine the nature of the effect of x-irra

diation, if any, upon glucose metabolism and pathway

participation in intact animals. By use of the animal

radiorespirometer described in the preceding section,

one is able to obtain detailed kinetic information on

CO- evolution from the rat metabolizing C specifi

cally labeled substrates.

1. Glucose Metabolism in Normal Mature Rats

Typical radiorespirometric data which include the

14interval and cumulative percentage C02 yields, are
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shown in Figure 4 and summarized in Table VI for normal

14
rats utilizing C specifically labeled glucose sub

strate. When the interval yield data expressed as the

percent of administered substrate radioactivity is

plotted against time, the area under each of these

curves represents the overall yield of the substrate

14radioactivity in the expired C09. The radiorespiro

metric data in this work, such as Figure 4, represent

the average value of six experiments, the variation

among replica experiments being less than three percent.

Owing to the response time of the radiorespirometer and

the rate at which glucose is absorbed and metabolized in

the rat, printout of data every ten minutes was found to

be completely adequate to provide sufficient information

14
on CO- evolution.

It is desirable to first examine the basic common

nature of the kinetic information given in Figure 4.

The ascending slope of each of the curves presumably

reflects at least two major events, i.e., the uptake of

the substrate glucose which involves the transport-

absorption processes and the rate of sequence(s) of

catabolic reactions leading to the oxidation of glucose

carbon atoms to CO-. Since the uptake rate of glucose

is concerned with the whole molecule it would be a con

stant base line for all carbon atoms of the substrate
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glucose. This fact implies that the difference in the

ascending slope of individual curves, in reality, repre

sents the rates of one or several sequential reactions

for the conversion of the labeled carbon atom(s) of

glucose to respiratory CO-.

The descending slope of each of the curves presum

ably reflects two events:

a. The dilution of the labeled substrate by the

endogenous compound. Eventually, the specific

activity of the labeled substrate declines to

an extent that the specific activity of the

14
CO- produced therefrom is so low that it

cannot be detected by the measurement device.

b. The exhaustion of the labeled substrate glucose

insofar as active catabolism is concerned. It

is understood that a portion of substrate glu

cose may have been engaged in anabolic pro

cesses , thereby removed from active catabolism.

The major portion of the substrate glucose is

degraded to intermediates and then to CO-.

It can, therefore, be seen that if the substrate

level is considerably greater than the amount of endog

enous substrate the descending slope primarily reflects

the exhaustion of substrate from active catabolism. On

the other hand, if the substrate level is low, as in the
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case of intravenous injection of a few milligrams of

glucose into a rat, the descending slope may reflect

primarily the dilution of substrate glucose by endoge

nous glucose. In the present work, a sufficiently large

amount of glucose carrier (1.5 g) was used and hence the

descending slope of the radiorespirometric curves repre

sents primarily the exhaustion of labeled substrate

glucose from active catabolism. This fact permits one

to make use of the cumulative data collected at the end

of the time course of glucose utilization for pathway

estimation studies.

Semi-qualitatively, on the basis of the radiores

pirometric data of Figure 4, one can conclude that the

Embden-Meyerhof-Parnes (EMP)-pyruvate decarboxylation

pathway is the predominant pathway for glucose catabo

lism in normal intact rats , as evidenced by the prompt

and extensive conversion of C-3,4 of administered glu

cose to C02. The prompt conversion of C-1 of glucose to

C02 presumably reflects the operation of the pentose

phosphate (PP) pathway. Similarly, the conversion of

C-6 to C02 was only slightly lower than that of C-2,

which may reflect the operation of the glucuronic acid

pathway in conjunction with the EMP-TCA sequence. Via

the EMP-TCA sequence one would expect that the conver

sion of C-2 of glucose would be much more extensive
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than that of either C-1 or C-6 (134).

The estimation of the relative participation of

each of the catabolic sequences in glucose catabolism

can not readily be made for three or more concurrent

glucose pathways, since a method is yet to be developed

for this type of estimation. Nevertheless, based on the

observation that approximately 60% of C-3,4 of glucose

was converted to respiratory C02 in the active phase of

catabolism, it appears that at least one half of the

administered glucose was catabolized by way of the EMP

pathway. A smaller but significant fraction of the

administered glucose is believed to be routed into the

pentose phosphate pathway and the glucuronic acid path

way. These conclusions are in agreement with those of

other workers (19,132,43,151).

2. Glucose Metabolism in Mature Rats Immediately

After X-Irradiation

Radiorespirometric data representing the interval

14
and cumulative percentage CO- yields from rats imme

diately after exposure to 800 R of x-irradiation are

shown in Figure 6 and summarized in Table VI. With rats

exposed to 800 R of x-irradiation, one finds that the

14
respiratory CO- production is much slower when com-

14
pared to the normal rat. This slow rate of CO- pro

duction can be accounted for by three possible factors:
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1) increased gastric retention, 2) decreased absorption

of glucose in the gut, and 3) an inhibition of individ

ual pathways.

The data given in Table V and Figure 5, which were

obtained in experiments performed under identical condi

tions to that of the radiorespirometer experiments,

indicate that gastric retention was increased and ab

sorption of glucose in the gut was much slower with

x-irradiated rats. At two hours post-irradiation

approximately 58% of the administered glucose was still

in the stomach of the irradiated rat, as opposed to only

eight percent for the normal, rat. However, the activity

of the stomach content had practically all disappeared

at nine hours after intubation in the case of the

irradiated rat, in contrast to seven hours observed with

the control animals.

Consequently the radiorespirometric data for irradi

ated rats can still be compared to that of the normal

rat if one uses cumulative yield data observed at the

end of the complete time course of utilization of the

labeled substrate. For the normal curve in Figure 4,

this may be taken at any time between eight and 16 hours,

14since the production of respiratory C02 from all car

bon atoms of glucose has declined to a steady low mag

nitude. For rats exposed to 800 R of x-irradiation,
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Figure 5. Percent Retention of C Substrates

Isolated from the Gastrointestinal

Tract of Normal and Irradiated Rats

68



o
U

Pi
o
Eh

$
H

ft
CO
W
ft

Em
O

P
P
Eq

C)
ft
w
ft

2 r-

TIME (hrs)

GLUCOSE-1-14C
GLUCOSE-2-14C
GLUCOSE-3,4-l4c

GLUCOSE-6-14C

TIME (hrs)

The graphic presentation is based on data
selected at 10 minute intervals.

Figure 6. Radiorespirometric Patterns Representing
Interval and Cumulative 14C02 Yields from
14c Specifically Labeled Glucose Metab
olized by Mature Rats Immediately After
X-Irradiation at 800 R.

69



Table V. Distribution of Glucose-U- C in Normal and
Irradiated Rats Two and Four Hours After
X-Irradiation at 800 R

Percent of Total Activity
Administered ± S.E.M.

4 Hours*

70

2 Hours*

Normal Irradiated Normal Irradiated

"co2 4±1 4±1 22±1 18±2

Stomach 4+1 2±1 1±1 0

Stomach Content 8±1 58+4 4±1 39±4

Small Intestine 2±1 2+ 1 2±1 2+1

Small Intestine
Content 33+2 3+1 11+2 7+1

Cecum 0 0 0 0

Liver 9+1 9+2 16±2 17 + 3

14. >f carrier glucose* 2 \xc of glucose-U- C with 1500 mg oj
in 3 ml of water was given to the rat immediately
after irradiation,

the stomach and small intestine are empty at about 12

hours post-irradiation (Figure 5). Also, one notes that

the production of respiratory C02 from C-3,4 and C-1

of glucose, which represent the primary events of two

major pathways of glucose metabolism, have declined to a

very low magnitude at 14 or 15 hours after intubation.

Consequently, the cumulative 14C02 yields observed at 16
hours in the irradiation experiments, which represents

the data observed at the end of the time course for

glucose utilization, can be cross compared with that
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observed with normal rats.

14When C02 yields for individual carbon atoms are

comparatively examined, one finds that the extents of

alteration, as induced by x-irradiation, are by no means

14
the same. After 800 R of x-irradiation, CO- yields

from C-1, C-2, and C-6 are essentially the same as that

14found with normal rats, while the C02 yield from C-3,4

of glucose was reduced approximately 40%.

These findings can be crudely interpreted to repre

sent the following variations in catabolic pathways as

induced by x-irradiation:

a. The significant decrease in the rate and extent of

14
the conversion of C-3,4 of glucose to CO„ indicates a

drastically reduced ability of the irradiated rat to

utilize administered glucose via the EMP-pyruvate de

carboxylation pathway. Another possible explanation for

14the reduced C-3,4 yield in respiratory CO.-, is that a

smaller amount of glucose was engaged in catabolic pro

cesses while more went into anabolic processes such as

conversion to glycogen. However, this is not likely,

since one would then find a general reduction of corre

sponding extent in the conversion of the other carbon

atoms to CO-. This was not observed. The inhibition of

the EMP-pyruvate decarboxylation pathway by x-irradia

tion is in agreement with what has been previously
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observed in tissue homogenates and isolated cells (65,16,

57,98,99,60,61); however, this is the first experimental

demonstration of such an inhibition in intact animals.

b. The conversion of C-1 of glucose to respiratory

CO- remained about the same in extent as that observed

with normal rats. The observed reduction in operation

of the EMP-pyruvate decarboxylation pathway would result

in a corresponding reduction in extent of conversion of

C-1 of glucose to C02 via the EMP-TCA sequence , unless

there was a more extensive conversion of the acetate

units derived from the EMP-pyruvate decarboxylation

pathway to CO-. This is not considered to be likely,

since it is noted that the yield of respiratory C02 from

C-3,4 of glucose was found to be only 39%, a fact that

implies that the maximum amount of acetate derived from

glucose would be equivalent to 39% of the administered

glucose. Inasmuch as 36% of C-1 of glucose was found

in respiratory CO.-,, and if the observed yield was

exclusively the result of the operation of the EMP-TCA

pathway, one would have to conclude that practically all

the acetate units derived from glucose have been com

busted biologically to C02. Such an exhaustive combus

tion of acetate has never been observed in any biological

system. Therefore, a more logical conclusion is that a

greater portion of the administered glucose has been
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routed into the PP pathway.

c. Using the same reasoning, the observed extent of

conversion of C-2 of glucose to C02, 33% in comparison to

36% with normal rats, appears to indicate that fructose-

6-phosphate (F-6-P) derived from glucose via the PP path

way has engaged more extensively in the pentose-cycle

pathway (PCP) as shown in the following scheme. Carbon-

2 of substrate glucose is transpositioned primarily to

C-1 of the reformed hexose-6-phosphate.

< ,
(1) CHO

I

(2) HCOH
l

(3) HOCH
I

(2) (2) CHoOH (2) (2) CHO
I I

(3) (3) HCOH
\

(2) (3)H0CH —>(2) (3)H0CH

(3) (3) CO

(4) HCOH 3(1)CO? (4) (4) HCOH (4) (4) HCOH
I

(5) (5) HCOH(5) HCOH

(6)

(glucose)

CH2OH

(5) (5) HCOH

(6) (6) CH2-0-P (6) (6) CH2-0-P
(fructose-6-P) (glucose-6-P)

+
(4) CHO

(5) HCOH

(6) CH2-0-P

(glyceraldehyde-3-P) (pyruvate)

(Numbers in parentheses refer to the carbon atom)

(4) COOH
I

-> (5) CO
I

(6) CH3

Further catabolism of the reformed G-6-P will give rise

to preferential conversion of C-2 of the original sub

strate glucose to respiratory C02. The more active

participation of pentose cycle pathway in irradiated

rats can be accounted for by the fact that F-6-P,
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derived from substrate glucose via the PP pathway, was

not extensively utilized via the EMP pathway due to the

inhibition of the latter by x-irradiation.

d. Similarly, the observed rate of conversion of C-6

of administered glucose to C02, 28% in comparison to 33%

with normal rats , presumably reflects that a greater

portion of the glucose has been channeled into the glu

curonic acid pathway.

3. Glucose Metabolism in Mature Rats Eighty Hours

After X-Irradiation

In order to gain further insight into the effect of

x-irradiation on glucose catabolism, a number of addi

tional radiorespirometric experiments were carried out.

These experiments were performed with normal rats and

with rats 80 hours after x-irradiation at 800 R. The

data obtained in this series of experiments is given in

Table VI and Figure 7.

The general radiorespirometric pattern for a rat 80

hours after x-irradiation resembles that of the normal

rat and is different than that for rats immediately after

x-irradiation. This finding can be explained, at least

in part, as being due to less gastric retention than was

observed immediately after irradiation (Figure 5). How

ever, it is possible that 80 hours after x-irradiation

the rate of glucose absorption may have been recovered
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Table VI.

16

16

14 1.4
Production of Respiratory CO- from C

Labeled Glucose Substrates by Normal Rats

and Rats Immediately or 80 Hours After

X-Irradiation at 800 R

Substrate, 14C02 Yield, Percent
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Time(hrs) Normal Irradiated
0 hrs. 80 hrs

Normal Irradiated

0 hrs. 80 hrs.

14
Glucose-1- C

34±1 36±2 56±2

14
Glucose-3,4- C

65±2 39±2 50+2

Glucose-2- C

36+1 33+2 46+3

14
Glucose-6- C

33+1 28±1 44±2

Radiorespirometric experiments were carried out
immediately or 80 hours after x-irradiation.

to a state nearer to that of the normal rat.

It is very interesting to note that at the end of

the time course of utilization of administered glucose,

14one finds that cumulative C02 yields from C-1 of glu

cose were increased 65% as a result of x-irradiation.

Similar increases, but to a lesser extent, were observed

14 14
in the glucose-2- C and glucose-6- C experiments. In

14contrast to the increases noted above, the C02 yield

from C-3,4 is still significantly reduced below that

observed with normal rats. These findings lead one to

conclude that:

a. The inhibition of the EMP pathway persists even

at 80 hours after x-irradiation. This observation is in

agreement with that found with tissue slices and
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homogenates (65,57).

b. The participation of the pentose phosphate

pathway and the pentose cycle pathway in glucose catabo

lism appears to be much more pronounced 80 hours after

x-irradiation. In the present case, the conversion of

glucose to C02 was higher than that of C-3,4. One could

definitely conclude that the increased yield of C-1 in

C02 is definitely not due to a more extensive conversion

of acetate, derived from glucose via the EMP pathway, to

C02 via the TCA cycle route.

14
c. The cumulative recovery of CO- from C-2 of

administered glucose was considerably higher than that

observed with normal rats. This fact leads to the con

clusion that a significant portion of F-6-P derived from

substrate glucose via the PP pathway was engaged in the

pentose cycle pathway. As a crude estimation, the ex

tent of operation of the pentose cycle pathway in rats

80 hours post-irradiation appears significantly more

predominant than that observed in rats immediately after

irradiation.

d. Similarly, the participation of the glucuronic

acid pathway in glucose catabolism appears to be sig

nificantly more predominant in rats 80 hours post-

14
irradiation since the CO- yield from C-6 of glucose

was considerably higher than that observed with normal
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rats .

One can not make a quantitative calculation of

relative participation of pathways, since a good method

has not yet been developed. However, one can compare

the C-3,4 yields in C02 from glucose with normal rats

and with rats 80 hours after irradiation. Since the

yields of C02 in this regard reduced from 65% to 50%,
14one would anticipate that the C02 yields derived from

either C-1 or C-6 of glucose via the EMP-TCA sequence

should be correspondingly reduced. Since, in fact, the

yields of C-1 and C-6 of glucose in respiratory C02 were

found to be significantly increased, one can surmise

that the participation of PP pathway and the glucuronic

acid pathway in the overall glucose metabolism of irra

diated rats have been increased approximately two-fold

in relative extent when compared to a normal rat.

It may be speculated that the increased participa

tion of the glucuronic acid pathway and the pentose

cycle pathway in irradiated rat may reflect an increased

demand of NADPH or pentose, and its allied metabolite.

Alternatively, the inhibition of the EMP pathway in rats

by x-irradiation may reflect a direct effect on the

fate of F-6-P derived from glucose via the pentose phos

phate pathway. It is visualized that if F-6-P cannot

be extensively metabolized via the EMP pathway through
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the intermediary formation of F-l,6-diP, it follows that

there will be an enhanced conversion of F-6-P to G-6-P

and then routed into the pentose cycle sequence. One

may speculate then, that the enzyme F-6-P kinase, or

some other enzyme system in the subsequent reactions,

may have been blocked, which would account for the fact

that F-6-P was not extensively converted to F-l,6-diP.

It is also possible that the observed inhibition at

the EMP-pyruvate decarboxylation pathway may reflect a

disturbance of the co-enzyme system of the EMP pathway.

For this reason the content of oxidized and reduced

forms of NAD(NADP) and NADH(NADPH) oxidase activities

were determined and are presented in the next two

sections.

Nicotinamide Nucleotide Coenzyme Concentration

In Liver of Normal and X-Irradiated Rats

Since x-irradiation reduced drastically the ability

of the irradiated rat to utilize exogenous glucose via

the EMP pathway, the concentrations of the reduced and

oxidized forms of the coenzyme NAD, which is an essen

tial component of a number of dehydrogenase enzymes of

the EMP pathway, may have undergone considerable change

during and following radiation. To examine this aspect,

the concentrations of the nicotinamide nucleotide co

enzymes were determined under the presently devised
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experimental conditions in livers of normal rats and

rats immediately after x-irradiation with 800 R. Under

normal conditions, both NAD and NADH are present in tis

sues .

The concentrations of NAD, NADH, NADP and NADPH

based on wet weight of liver tissue are presented in

Table VII as a function of time after irradiation.

NAD/NADH and NADP/NADPH ratios are also presented. The

normal values are similar to those found by several

other investigators (76,17). It is interesting to note

that the NAD and NAD+NADP concentrations of the fasted

normal animals increased with time, after substrate

administration, peaking at about the third hour. The

NAD concentration in livers of irradiated rats did not

rise through a peak as did the normal rats, but remained

constant throughout the experiment. Although at three

hours post-irradiation the NAD level in livers of irradi

ated rats was approximately 15% lower than that for

controls, this drop probably reflects the decrease in

gastric emptying time more than it does a lack of NAD

synthesis or lack of conversion of NADH to NAD. There

fore, the small change in concentration of NAD with time

after x-irradiation was not believed to be significant

in explaining the large decrease in the utilization of

glucose by the EMP pathway.



Table VII. Nicotinamide Coenzymes in Liver of Normal
and Irradiated Rats (800 R)
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Time (hrs)

Coens

([im-moles/g fresh
Normal 800 R

syme Content

weight mean
Normal

NAT

± S .E .M. )
800 R

NAD )H

0.0 336± 9 384+20 222+ 1.1 180±17

1.5 387+16 355±15 190+ 8 190+15

3.0 418+21 355+13 203110 195+13
5.0 360+13 353+11 192+ 9 180+16

NADP NADPH

0.0 97+ 8 91+10 281±16 213+13
1.5 96± 7 89+ 9 279±19 224+18

3.0 102+ 9 83+11 299+13 281+21

5.0 98± 7 87+ 8 308+15 285±23

Ratios (Arithmetic Mean)

NAD/NADH NADP/NADPH

°-° 1.5010.38 2.13+0.61 0.34±0.06 0.43±0.13

1-5 2.03+0.46 1.87+0.49 0.34±0.07 0.40+0.12

3'° 2.06+0.48 1.82+0.47 0.34+0.06 0.30±0.07
5-° 1.88+0.39 1.96+0.43 0.32+0.06 0.31+0.08

Fluorimetric assays (modified from Bassham et al.,
1959) were done on two liver samples from eachTat,
Eight animals were used for controls and 12 for
irradiation.
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The concentration of NADH and NADPH dropped immedi

ately after irradiation by about 19% and 25% respective

ly but was not significantly different thereafter. This

magnitude of reduction in the level of reduced NAD has

been reported in the literature by several investigators

(125,42,49) .

On the basis of the results reported above it may

be inferred that concentration of NAD in rats, whether

oxidized or reduced, was not greatly affected by x-ir

radiation at 800 R. However, this fact alone does not

exclude NAD concentration as the factor responsible for

the decrease in the EMP pathway noted above. Maass

et al. (98) were able to show that only slight varia

tions in the concentration of NAD regulated triose phos

phate dehydrogenation. Such small changes could not be

detected by the above method due both to the procedure

and to complicating factors such as gastric emptying

time. As pointed out above, the cell is a dynamic

state; although the concentration of a compound in the

cell may not change, it may no longer be located at its

proper site of action due to intra-cellular membrane

breakdown.
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NADH and NADPH Oxidase Activity in Spleen and Liver

of X-Irradiated Rats

Cahill et al. (24) and McLean (105) have shown in

mammalian tissue that the rate of oxidation of a reduced

coenzyme and the amount of available oxidized pyridine

nucleotide may control a metabolic pathway. Hilz and

Berndt (59), Maass et al. (99) and Schmack et al. (128)

have shown that the reduction in glycolysis in Yoshida

ascites sarcoma cells after x-irradiation is due to a

decreased content of NAD. In the light of these works,

the specific activities of NADH oxidase and NADPH oxi

dase have been examined in normal and x-irradiated rats

under conditions described above in the radiorespiro

metry experiments.

As shown by the results in Table VIII, NADH and

NADPH oxidase activities in spleen homogenates of the

rat were not affected by x-irradiation (800 R). However,

it is seen from the data of Table IX that the NADH

oxidase activity of rat liver homogenate is reduced by

almost 50% immediately after irradiation. At 1.5 hours

after intubation of glucose, the oxidase activity of the

control fell off sharply and then appeared to rise

slowly until the eighth hour where the activities in the

normal and irradiated rat were approximately equal. It

was difficult to interpret these results completely

because it is evident that the administered glucose was



Table VIII.

Time (hr)

0.0

1.5

3.0

5.0

Specific Activities of NADH-Oxidase and
NADPH-Oxidase in Spleen Homogenates of
Normal and Irradiated Rats

,3
Specific Activity * xl0~

Normal Irradiated Normal Irradiated
(800 R)

NADH

17.9+2.5 19.0±3.0

21.3+2.3 18.9+2.1

19.7+1.0 21.0+2.4

19.4±2.5 14.0+3.0

(800 R)

NADPH

11.0±3.8 11.2+1.0

12.1+2.9 12.412.9

12.513.0 11.7+1.8

10.012.9 12.4+2.7

* Micromoles of oxidase reduced/min/mg of nitrogen
± S.E.M.

Experimental conditions are same as for radiorespiro
metric experiments. Rats received 1.5 g of glucose
at time zero immediately after irradiation.
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Table IX. Specific Activities of NADH-Oxidase and
NADPH-Oxidase in Liver Homogenates of
Normal and Irradiated Rats Given 1.5 g
of Glucose by Intubation

Time (hr)

0.0

1.5

3.0

5.0

8.0

Specific Activity * xl0~

Normal Irradiated Normal

(800 R)

Irradiated

(800 R)

NADH

43.7±5.0 22.212.6

23.1+3.2 15.3+3.0

25.2+3.4 18.2+3.0

25.213.6 14.6+2.0

27.2+2.0 27.2±2.0

NADPH

17.0±2.8

16.913.0

18.4+1.6

20.8+1.8

32.3+2.0

18.1+5.0

11.4+3.1

14.3±3.3

19.8+1.0

24.3+2.7

* Micromoles of oxidase reduced/min/mg of nitrogen
± S.E.M.

Experimental conditions are same as for radiorespiro
metric experiments. Rats received 1.5 g of glucose
at time zero immediately after irradiation.
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responsible for some of the reduction in oxidase activ

ity. To alleviate this problem, the above experiment

was repeated with the exception that no glucose was

given, either to the control or the irradiated rat, and

the results are reviewed in Table X.

Table X. Specific Activities of NADH-Oxidase and
NADPH-Oxidase in Liver Homogenates of
Normal and Irradiated Rats Given No
Glucose

Time (hr) Specific Activity * xlO3
Normal Irradiated Normal Irradiated

(800 R) (800 R)

NADH NADPH

0.0 43.7+5.0 22.212,6 17.0+2.8 16.1±3.8

1.5 33.9+2.6 20.4+1.0 16.8+2.2 13.914.9

3.0 31.311.4 29.511.0 15.711.0 10.7+1.3

5.0 30.112.1 29.6+1.5 15.8+2.7 13.2+2.9

8.0 32.5+1.0 29.6+0.8 16.6+2.3 11.010.6

* Micromoles of oxidase reduced/min/mg of nitrogen
1 S.E.M.

This experiment differs from that in Table IX only in
that no glucose was given in this experiment.

Several interesting findings are apparent by com

paring the data given in Tables IX and X:

a. Administration of 1.5 g of glucose reduced the

NADH oxidase activity by approximately 15%

under what it would have been with no glucose.

b. Immediately after irradiation (800 R) there
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was approximately a 50% reduction in NADH

oxidase activity. At about three to five hours

after irradiation there appeared to be very

little difference in NADH oxidase activity

between control and irradiated rats.

c. NADPH oxidase activity does not change sig

nificantly after x-irradiation (800 R).

In short, no change was found in NADH oxidase

activity that could account for the observed decrease

in the EMP pathway.
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V. SUMMARY

14 . 14Radiorespirometric data on C02 evolution from C

specifically labeled glucose by normal rat indicated

that normal rats metabolize glucose mainly via the EMP-

TCA sequence. Smaller but significant portions of the

glucose were routed into the pentose phosphate pathway

and the glucuronic acid pathway.

Immediately after x-irradiation of rats at 800 R,

14 14the time course data for C02 evolution from C speci

fically labeled glucose indicated that the EMP-pyruvate

decarboxylation pathway was drastically inhibited.

Greater portions of the administered glucose were routed

into the pentose phosphate pathway and the glucuronic

acid pathway. Fructose-6-phosphate derived from glucose

via. the PP pathway engaged more extensively in the oper

ation of the pentose cycle pathway. At 80 hours after

x-irradiation at 800 R, the operation of the EMP-pyru

vate decarboxylation pathway was still inhibited,

although by less extent than that obtained with rats

immediately after irradiation. Of greater interest was

the much more predominant role of the pentose cycle

pathway and the glucuronic acid pathway in glucose

catabolism in the rat 80 hours after x-irradiation.

No change was found in nicotinamide coenzyme levels

or NADH oxidase activity between normal rats and
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irradiated rats that could account for the large inhibi

tion of the EMP pathway in glucose catabolism by

x-irradiation.

The observed change in the catabolic picture of

rats after x-irradiation leads one to speculate that the

enzyme F-6-P kinase, or some other enzyme in the imme

diate subsequent steps of the EMP scheme, may have been

preferentially inhibited by x-irradiation.
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