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ABSTRACT

Five strains of mice were used in metabolic studies measuring 
oxygen consumption to determine if aging rates were affected 
according to the free radical theory of aging. The strains were the 
C57BL/6, DBA/2J, B6D2F1, B6 OB/OB, AND BALB/cJ. Oxygen 
consumption was higher in all strains, except the BALB strain, in the 
mice that were food restricted. This refutes the theory that food 
restriction reduces metabolic rate thus lowering oxygen 
consumption. Possible explanations are included.
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INTRODUCTION AND LITERATURE REVIEW

Aging is the gradual accrual of changes with time associated 

with or responsible for the all-encompassing degradation of a 

biological system. These time-related changes are caused by the 

aging process (Harman, 1981).

The nature of the aging process has been the subject of numerous 

studies, but one of particular interest is the theory of free radical 

reaction damage (Harman, 1981).

It has been shown that food restriction is the only known 

technique that consistently extends maximum longeveties in 

mammals (Young,1978; Harrison et al.,1984; Weindruch et al,1986; 

Harrison and Archer,1987). It may also decrease 02 consumption, 

thus reducing free radical damage to some degree. (Harman,1981). In 

return, aging rates may be retarded if aging is caused by free radical 

damage, mostly from toxic 02 radicals.

The free radical theory of aging (Harman,1981) assumes that 

there is a single fundamental cause of aging, varied by genetic and 

environmental factors, and surmises that free radical reactions are 

implicated in age-related disorders and aging itself. Although this 

theory can be applied to all life, this study is concerned with 

mammalian aging, in which 02 is the antecedent of damaging free 

radical reactions, because of the possibility of slowing the aging 
process in man.

Total reduction of a molecule of 02 to water takes four electrons, 

and in an orderly monovalent process numerous intermediates are
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formed (Fridovich,1978). The intermediates are the superoxide 

radical (02'), hydrogen peroxide (H2O2), and the hydroxyl radical 

(0H°), and they are extremely reactive (Fig. 1). Nevertheless, 

because 02 reduction is the main energy source within every aerobic 

living system, these dangerously reactive intermediates must be 

accommodated. The hydroxyl radical, in particular, is highly 

reactive and it is vital that its production is minimized. However, 

because it is the third intermediate in the univalent pathway of 02 

reduction, its generation can be avoided by efficiently removing the 

first two, 02' and H2O2. This is fortunate since the 0H° radical 

readily reacts with many substances and its specific enzymatic 

scavenging would be impossible (Ames and Saul, 1986).

The basic defense against oxygen free radical damage is provided 

by enzymes that act as catalytic scavengers on the 02 

intermediates. 02' is scavenged by superoxide dismutases which 

catalyze its conversion to H20 and 02; H2O2 is eliminated by 

catalases which convert it to H20 and 02 and peroxidases which 

reduce it to H20. Catalase is most effective against relatively high 

concentrations of H2O2, whereas peroxidases are most effective 

against low levels of H2O2 (Fridovich,1979). Catalase has an 

advantage over peroxidases in that it does not consume any 

reductant other than H2O2. In this light, it could be called a 

hydrogen peroxide dismutase. In addition to the previously stated 

antioxidants, there are numerous other oxidants utilized by a living 
system (Table. 1).

<k Fluxes of 02', generated enzymatically or photochemically, have

been shown to induce lipid peroxidation (the process by which fat 

becomes rancid), damage membranes, inactivate virus (Fridovich,
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1978) , promote cross-linking of proteins, cause cutting of 

polypeptides, and facilitate changes in DNA (Young, 1979). Collagen 

crosslinks may also be damaged (Brody,1988). There is evidence 

that it is not the 02' species itself that causes the aforementioned 

problems, but is a precursor of a more powerful oxidant whose

4 production depends on the coexistence of H2O2. Whatever the actual

mechanism, it is clear that 02" and H2O2 do contribute jointly to 

the generation of an oxidant more potent than themselves (Fridovich,

1979) .

Of the 02 consumed by a mammal, over 90% is utilized in the 

mitochondria. The rate of both nuclear and mitochondrial 02 

consumption is under genetic control. It seems reasonable to 

assume that some of the free radicals generated with 02 reduction 

would produce changes in the mitochondria at a rate proportional to 

02 consumption. Such changes, in the mitochondrial DNA for 

example, could have an accumulated detrimental effect on the 

functioning of the mitochondria. These changes could lead to the 

observed changes with age on mitochondrial number, morphological 

characteristics, and enzymatic activity. Thus, the relationship 

between lifespan and Basal Metabolic Rate (BMR), constant 

throughout life, may reflect the cumulative rate of total 

mitochondrial damage secondary to free radical reactions (Harman, 
1981).

With the exception of altering lifelong 02 uptake, this rate may 

be safeguarded from external influences by the highly selective

* permeability of the inner membrane of the mitochondria

(Harman,1981). Due to this membrane, it would seem that damage 

from extramitochondrial free radical reactions may be controlled 

and decreased much more easily by external addition of antioxidants
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such as Vitamin E than can reactions arising from the interior of the 

mitochondria. Thus, mitochondria may serve as a "biologic clock," 

signalling death when total mitochondrial function, or function in 

key regions such as parts of the CNS, drop below a designated 

"critical" level (Harman, 1981).
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MATERIALS AND METHODS

I. Materials: The following equipment was used in this project:

1. Oxvmax-85

Oxymax-85 was developed by Columbus Instruments to 

measure and control the flow of oxygen into, and carbon dioxide out 

of a special airtight cage containing a test mouse (Fig. 2). The cages 

are designed to individually house mice so that 02 consumption and 

C02 elimination can be measured with little disturbance. The cages 

are lined with wood chips to help in acclimatizing the mouse and 

minimizing stress from the change in its living environment. The 

machine is designed to test two separate cages (thus, two mice) at 

once.

The Oxymax-85 is comprised of a C02 sensor, an 02 sensor, two 

cage supply pumps, a system sample pump, two cages, a nitrogen 

tank, a calibration gas tank (20.62% 02, 0.50% C02, balance of N2), a 

computer/controller with a keyboard, and a printer.

In my study, a large plexiglass cylinder containing a lid with 

rubber tubing through it was added. Room air was drawn into the 

cylinder through the tubing and then taken from inside the cylinder 

to be drawn through the cage into the Oxymax. This was a better 

alternative to drawing the air directly from the room because when 

air is taken straight from a room where people may be working, the 

concentration of 02 and C02 may be altered by the room inhabitants.

6 Before the experiment, the electrodes were calibrated by

computer. Then the weight, animal number and strain of the mouse 

being tested were entered into the computer and a separate record
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book. The animal was then placed in the cage and the experiment 

begun. Each cage was monitored by the computer, and samples such 

as volume of 02 consumed and volume of C02 eliminated were taken 

at 90-sec intervals. The Oxymax-85 takes a minimum of 60 samples 

over 90 min. but can take more samples over a longer period of time.
*

In my experiments, the majority of the data was based on 60 

samples, but I also collected data from tests comprised of 300 and 

450 samples. By doing this, I compared 60 sample tests with 300 

sample tests to make sure that 60 samples were a valid number to 

use for statistical analysis. During these testing periods, whether 

60 or 300 samples, no food was placed in the cage with the animals 

and only occasionally water for an overnight testing. This was done 

so because all of the mice are fed only once a day.

The day was split up into five quartiles to facilitate keeping 

track of the time according to the diurnal cycles of the mice.

Quartile I was 9:00-11:30am, II was 11:30-2:00pm, III was 2:00- 

4:30, IV was 4:30-7:00, and Quartile V was after 7:00pm. I 

distributed the experiments evenly so they would occur in these 
time periods.

2. Urine Collection Cages:

This apparatus consists of a small one-mouse cage
complete with feeding and watering facilities, and a funnel with a 

metal filter to separate feces from urine. A large rack holds 24 

such cages. The mice were placed in these urine collection cages 

and remained there for 72 hr. The urine was collected in a 15-ml

< test tube at the bottom of the funnel every 24 hr. The urine from the

first 24 hr (day 1) was discarded to allow for an adjustment period. 

The urine was then collected for the next 48 hr (days 2 and 3). The
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initial 24 hr (day 2) collection was refrigerated and combined with 

that collected in the remaining 24 hr (day 3). Maximum sample size 

was 6 ml. The 24 samples were then frozen at -70° C until they 

could be tested.

Urine was collected to measure free radical damage to DNA. In 

both human and rat urine, three products have been identified that 

are derived from the repair of oxidized DNA (Ames, 1987). These 

products are thymine glycol, thymidine glycol and

hydroxymethyluracil. Recently, Ames et al. (1987) reported the 

presence of 8-hydroxyguanine also in human and rat urine, and this 

is what we were interested in. In a collaborative study, the urine 

was sent to the lab of Bruce N. Ames, Dept. of Biochemistry, 

University Calif, at Berkely, for 8-hydroxyguanine electrochemical 

analysis.

II. Mice: The strains of mice that were used in the food-

restricted/metabolic activity test were all male and were produced 

and maintained at the Jackson Laboratory, Bar Harbor, Maine 

(Harrison- Grant # AG-06232, 1987). They are as follows:

1. C57BL/6J (B6)- a black mouse used because it is long-lived.

2. DBA/2J (D21- a brown/sandy mouse chosen because it is 
derived

independently from the B6 and has different aging patterns with 

shorter lifespan.

3. B6D2F1 - a black mouse that is a cross between the C57BL/6J 

(B6) and DBA/2J (D2) mice; used because it is even longer-lived than 

its B6 parent.
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4. B6 ob/ob- a genetically obese mouse with percentage of body

fat near 65%.

5. Balb/cBJ- a white mouse chosen for testing for the same 

reason as the D2 strain.

> These mice were varied in that some were on restricted diets, some

were not; some were on powdered diets, some were on pellets (diet 

detailed below); some were singly-housed, some were multiple- 

housed. All of the mice were very close in age, not varying by more 

than two months.

Another important part of the experiment was determining the RQ 

(respiratory quotient-volume of CO2 produced/volume of 02 

consumed) from the data obtained on the OXYMAX-85. From this, a 

rough indication of the type of food material metabolized can be 

obtained. The caloric value of oxygen consumed can be determined, 

assuming only fat and carbohydrates are metabolized (Brobeck, 
1974).

III. Diet: The restricted diet used is semi-chemically defined, 

based on the AIN 76 diet developed by Bieri et al (Harrison, 1987). 

The protein had been reduced, starches altered from 50% sucrose 

plus 15% cornstarch to 27.4% sucrose, 32.3% cornstarch and 5% 

dextrose (Harrison, 1987). These alterations (Table 2) increase the 

amounts of complex starches and the resulting powder can still be 

pelleted, if desired. Food- restricted mice were fed 72% the weight
• of diets eaten by animals fed ad libitum. Amounts of the majority of

nutrients were constant, but the caloric intake was reduced to 68% 

by reducing the amount of carbohydrates and fat (cornoil). When
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using this diet, it is vital to avoid malnutrition by supplementing 

the diets of the restricted animals by an extra 43% of each nutrient 

(except for carbohydrates and fats that are reduced to provide the 

reduction in calories).

The dry powdered food was placed directly into the mouse cages 

fc each day. Because the mice were singly housed, there was no danger

of an animal not getting the proper allotment of food.
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RESULTS

The mean and standard deviation were determined for each strain 

of mouse in two categories: oxygen consumption and respiratory 

quotient These figures are shown in Table 3.

02 Consumption

The data indicated that 02 consumption, in all strains except 

for the BALB strain, was higher in animals on the restricted diet 

even though they weighed less.

Respiratory Quotient (RQ)

These numbers showed a slightly different pattern than 02 

consumption. The RQ's were higher in the diet-restricted mice in 

two strains (B6 ob/ob, DBA), and lower in the remaining three 

strains (B6D2F1, B6, BALB).

Comparisons of oxygen consumption of B6 ob/ob restricted mice 

in Quartile II were made to see exactly how 02 consumption varied 

with time. The results showed that there were three distinctly 

different patterns and levels of 02 consumption in three very 
similar mice.

4-Factor ANOVA (analysis of variants)

This statistical analysis was performed using Genotype, Cage, 

and Feeding as X (category) variables and Oxygen Consumption as the

< lone Y variable. The results (Table 4) show that 02 consumption of

all strains placed in cage 1 was higher in the restricted animals (fr) 

than in the ad libitum-fed (fd) ones. This was true for all but the
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BALB strain, where ad libitum-fed animals were higher. The same 

was true for all strains including the BALB strain placed in cage 2. 

The VO2 of all restricted animals was higher than the ad libitum- 

fed. See Table 5 for significance of mean square variance in 

Genotype, Food and Cage.

Urine samples were sent for analysis to determine DNA damage by 

free radicals, but it was later discovered that the chemical that 

marked DNA damage, 8-hydroxyguanine, was also found in the food of 

the mice. Because the mice had dragged their food into the main 

cage instead of keeping it in the feeding area, all 48 samples were 

food contaminated.
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DISCUSSION AND CONCLUSIONS

02 consumption (Table 3) of all strains except for one was higher 

in the food- restricted animals. This seems to disprove the 

hypothesis that food restriction reduces metabolic rate and thus 

reduces 02 consumption.

The refutation of this theory is a very important finding in the 

study of free radical reactions on a living system. There were, 

however, a few obstacles, or perhaps a combination of 

circumstances, that made the data difficult to interpret.

One problem was the differences in the 02 consumption readings 

between cages 1 and 2. Cages 1 and 2 gave readings that were 

drastically different when they should have been similar. It was 

shown, by a statistical analysis of varients (ANOVA), that the 02 

consumption of the mice placed in cage 2 was consistently twofold 

higher than that of the mice in cage 1. Also, in the first 

approximately 20 experiments that were performed in my study, 

only cage 1 was used due to a malfunction in cage 2. This may have 

caused the data differences.

Secondly, the factor of time of day cannot be ignored. Mice are 

nocturnal animals and tend to be quite inactive during the day unless 

they have been disturbed. Therefore, 02 consumptions should be 

lower during the daylight testing hours and higher during night 

testing. In this study data were collected during the day and this

W may have affected the results significantly. I tried to account for

this effect by dividing the day into five quartiles, as described 

earlier, and distributing the mice evenly among these five time
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periods. It may be that the diurnal cycle of the mice has been 

readjusted to the opposite of what it is naturally. The mice were 

fed between 7:30 am and 9:30 am-- a time period when they would 

normally be sleeping. This would explain the high oxygen

* consumptions during the daylight hours.

Lastly, there is a possibility that the metabolic values are not

typical of normal activity, but are due to the mice becoming 

acclimatized to their new environment. Every animal will scout 

around a new cage and stake out his territory. This is strenuous 

activity and 02 consumption will be increased. I noticed, in the 

majority of the 60- sample experiments that the VO2 used usually 

decreased after about 30 samples or 45 min. However, in the 

experiments with larger numbers of samples, data were collected 

over a longer period of time and decreases in VO2 were more 

evident.

Furthermore, 60 samples may not be a long enough time period to 

collect adequate data. I conclude that the time it takes to collect 

60 samples (1.5 hr) barely gives the animals time to get used to 

their new surroundings. In follow-up studies, a much longer sample 

time should be used such as a 3-day period.

The graph of the B6 ob/ob restricted mice was difficult to 

explain. There were three mice in this category, and it was assumed 

that all three would fall into the same area on the graph because of 

their similarity in genetic makeup, age, weight, time of day the 

experiment was carried out, and diet. As it turned out, there were
V three distinctly different patterns and levels of 02 consumption

(Fig.3). These large differences were attributed to the differences 

in cages 1 and 2.

CORETTE LIBRARY 
CARROLL COLLEGE
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The ANOVA proved to be a very interesting and powerful program, 

but would have been better utilized with more data. I could not run 

the ANOVA using Time as a variable because too many cells in the 

program were found unused and because my data were not 

distributed evenly in each time category. With five genotypes, two 

feeding regimens, two cages and five times, there were many 

categories to fill. The only way an analysis like this can be made is 

by generating a very large amount of data.

Because this study is based on a carefully monitored diet, the 

results of the measurement of the respiratory quotients are very 

important. From these RQ's a rough indication of the type of food 

material metabolized was obtained based on the following: the RQ 

for carbohydrates is approximately 1.00, for protein it is .703 and 

for fat it is .702 (Brobeck, 1974). The RQ is not an exact indicator 

of specific metabolic processes, but a resultant of all the changes in 

the body that require oxygen and lead to pulmonary excretion of CO2.

Perhaps the most serious limiting factor in this project was that 

of time. There was not enough time to accumulate as much data as 

was needed for strong statistical comparisons.

In summary, the study seems to refute the theory that a 

restriction of food intake reduces metabolic rate thus lowering 

oxygen consumption. Subsequent studies such as this, based on the 

free radical theory of aging, could be very valuable in the diagnosis, 

treatment and possible eradication of some age-related disorders.

If one were to continue this study, there are many areas in which 

* it could be improved. This would make data collection much easier

and make strong, valid data achievable. One such improvement would 

be in urine analysis for DNA damage. DNA is a telltale marker of

14



damage to an organism and its use in this experiment could be 

invaluable. Because mice will bring their food into the urine 

collection cage from the feeding area and drop it into the urine 

collection funnel, it would be necessary to find a way to feed them 

so that they are not permitted to drop food down into the funnel and 

contaminate the urine. I have proposed the idea to feed the mice 

intravenously each day for the required three days. This method 

would eliminate urine contamination by food and allow for a 

problem-free urine analysis for DNA damage.

A second improvement would be feeding the animals and testing 

02 consumption at night instead of the day. This new method would 

be in synchrony with the normal mouse diurnal cycle, thus giving 

much more accurate numbers for 02 consumption and respiratory 

quotient.

A third improvement, and perhaps the most important, would be 

with the cages. The cages would have to be taking measurements of 

02 consumption and RQ that were more comparable. Also, the two 

cages in my study only housed one mouse, so this made mass data 

generation (which was needed for this study) virtually impossible. 

The ideal cage would be equipped to house several mice, preferably 

four of five, and measure the V02, VC02, and RQ of each. Twenty or 

25 of these such cages would be needed to obtain the proper amount 
of data for valid statistical analysis.

Barbara Kent and I designed a cage to house four mice and take 

the proper measurements. The finishing touches were being put on 

the new cages when I left The Jackson Laboratory, so that they may 

be used for metabolic studies in the summer of 1989.
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Table 1. Action of antioxidant nutrients on elimination of free radicals

< Nutrient Activity

Vitamin C 
(ascorbic acid)

Important water-soluble cytosolic 
chain-breaking antioxidant; reacts 
directly with superoxide, singlet 02

Vitamin E 
( -tocopherol)

Major membrane-bound, lipid soluble 
chain-breaking antioxidant; reacts 
directly with superoxide, singlet 02

B-Carotene Most potent singlet 02 quencher, anti
oxidant properties particularly at low
02 pressure, lipid soluble

Zinc Constituent of cytosolic superoxide 
dismutase

Selenium Constituent of glutathione 
peroxidase

Copper Constituent of cytosolic superoxide 
dismutase and ceruloplasmin

Iron Constituent of catalase

Manganese Constituent of mitochondrial super
oxide dismutase
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Table 2. Composition of standard and restricted-food mouse diets 
based on the AIN-76 diet.

Ingredient Percentage by weight

Standard diet Restricted
diet

Casein 18.00 25.56

DL-Methionine 00.27 00.382

Sucrose 27.42 23.21

Corn starch 32.26 27.49

Dextrose (monohydrate) 05.00 04.24

Fiber (cellulose-type) 05.00 05.00

Corn oil 05.00 04.14

AIN-76 mineral mix 05.25 07.43

AIN-76 vitamin mix 01.50 02.12

Choline bitartrate 00.30 00.424
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Table 3. Volume of O2 consumed and respiratory quotient in restricted 
diet and ad libitum-fed mice.

VO2C RQd

RESTRICTED3 AD LIBITUM6 RESTRICTED AD LIBITUM

I. B6D2F1 1918 1680 .885 1.09 Mean

825 753 .115 .248 St. Dev.

6 6 6 6 No. of animals

II. B6 1695 1486 .873 .102

741 608 .194 .225

12 8 12 8

III. B6 OB/OB 1198 978 1.01 .942

620 467 .164 .172

7 10 7 10

IV. DBA 2283 2108 1.04 .914

978 1041 .145 .139

7 8 7 8

V. BALB 2026 2290 .962 .999

1170 923 .158 .153

7 6 7 6

a Mice placed on a semi-chemically defined diet based on the AIN 76 diet
(see Table 2)

b Mice not on restricted diet; these mice are fed the standard diet which
contains 32% more calories (higher amounts of fats and carbohydrates) 
than the restricted diet.
c Volume of O2 consumed (ml/kg/hr) by restricted and ad libitum-fed 

< mice.
d Respiratory quotient (vol. of CO2 produced/vol. of O2 consumed during 

the same period of time) of restricted and ad libitum-fed mice.
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Table 4. 4-Factor ANOVA using Genotype, Cage and Feeding as X variables 
and Oxygen Consumption as the lone V variable

Food: 
Cage:

fd fr
Totals:

1 2 1 2

G
en

o

B6
6

1172
2

2430.5
8

1420.875
2

2857
18

1609.667
No. of animals
02 consump.

FI
4

1200
2

2640
4

1396.5
2

2960.5
12

1798.917

Ob
7

766.143
3

1473.333
6

814.167
2

1998.5
18

1036.944

Be 2
1533.5

4
2668

4
1288.25

3
3009.333

13
2147.692

D2
4

1145.25
4

3071.75
4

1514.5
4

3172.75
16

2226.062

Totals:
23

1080.13
15

2501.333
26

1271.115
13

2873.154
77

1724.195

B6- Strain C57BL/6J of moine 
FI- Strain B6D2F1 of mouse 
Ob- Strain B6 ob/ob of mouse 
Be- Strain Balb/cBJ of mouse 
D2- Strain DBA/2J of mouse 
fd- Ad Libitum fed mice 
fr- Restricted diet mice
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Table 5. Significance of mean square variance in genotype, food 
and cage

SOURCE: df: MEAN SQUARE: F-TEST: P value

Genotype (A) 4 2063323.272 13.883 .0001

Food (B) 1 867561.582 5.837 .0189

Cage (C) 1 31406974.453 211.319 .0001
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* 02 —
„ - e"+2H+ e" + H+. e“+H +
02 --------> H202 —OH -----------

H20

H20

Fig. 1 Free radical formation
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CAGE SUPPLY 
PUMP *1

0

n

CAGE *1

CAGE SUPPLY 
PUMP *2

0

CAGE »2

Fig. 2 Diagram of the Oxymax-85
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VO
2(

1) + V02 (1) 
O VO2 (2) 
♦ VO2 (3)

Fig. 3 Oxygen consumption during time period Quartile II of three 
restricted diet mice in the strain B6 ob/ob.
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