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SUMMARY 

The age-related decline in immune function, which is thought to be responsible for the 

increased incidence with age of certain diseases, including cancer, has been attributed 

primarily to a loss of T-lymphocyte function. As free radical reactions may contribute to 

cellular deterioration and loss of cell function with age, we investigated the effect of 

adding an immunopotentiating antioxidant, 2-mercaptoethanol (2-ME), to the diet of 

BC3F 1 mice in a longitudinal study. For the study, young mice were divided into two 

groups, one of which received the 2-ME-supplemented diet. Approximately every 3 months 

for 2.5 years, mice from each group were sacrificed and the spleen lymphocytes assessed 

for immune function (proliferative response to concanavalin A, phytohemagglutinin, and 

lipopolysaccharide and the humoral response to sheep red blood cells). The accumulation 

of fluorescent products indicative of free radical damage was measured in the spleen 

lymphocytes and the cytochrome P-450 content and activity assessed in the liver. The 

effect of the 2-ME-supplemented diet on the mean and maximum life span and tumor 

incidence was also determined. The results showed that the animals fed the 2-ME diet 

had an increased mean and maximum life span and a postponed onset and decreased 

incidence of tumors. In general the T-cell-dependent immune responses were higher 

in the 2-ME-fed mice compared to the controls when the animals were young. No differ- 

ence was observed between the two groups during mid-life. The responses declined in 
both groups during the latter half of the life span, but the responses of the 2-ME-fed 

animals declined to a lesser extent. The accumulation of fluorescent products of lipid 

peroxidation damage was also delayed in the lymphocytes of the 2-ME-fed mice. Cyto- 

chrome P-450 content and activity in the liver was not different in the two groups. The 
results suggest that the antioxidant activity of 2-ME delayed the accumulation of free 

radical damage in spleen lymphocytes, which resulted in a delay in the decline of immune 
function and was associated with the decreased tumor incidence and increased life 
span. 
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INTRODUCTION 

Normal immune functions decline with advancing age in both animals and man, 
resulting in the increased incidence of some diseases and increased susceptibility to 

death [1 -3 ] .  The age-related decline in immune function is primarily due to a loss 

of thymus-derived lymphocyte (T-cell) function [3 -5 ] .  The underlying cause of this 

loss of T-cell function and the particular subclass(es) of  T-cell(s) affected have not yet 
been totally defined. Age-related changes observed in cells of  some other tissues have 
been attributed to free radicals producing lipid peroxidation damage and the accumula- 
tion of autotluorescent lipopigments within the cells [6,7]. In some animal studies, the 
addition of an antioxidant to the diet has resulted in a delay in the accumulation of the 
autofluorescent material and a prolonging of the life span of the animals [8 -14] ,  presum- 
ably because the antioxidant traps free radicals and reduces the amount of free radical 

damage in cells. 
In 1972, Click et al. [15] reported that the antioxidant 2-mercaptoethanol (2-ME) 

enhanced the immune function of mouse lymphocytes when the compound was added 

to in vitro assays. Subsequently, it was demonstrated that 2-ME could enhance the 
age-suppressed responses of lymphocytes from old mice in vitro [16,17] and also in 

vivo [18,19]. In this study we added 2-ME to the diet of  young mice and assessed in a 

longitudinal study the effect of the antioxidant on the life span, immune system, liver 
function and tumor incidence in the animals and determined the amount of lipid peroxi- 
dation damage in the spleen lymphocytes. 

MATERIALS AND METHODS 

Experimental design 

The experimental design of the longitudinal study is shown in Fig. 1. Six hundred and 
sixty male BC3F1/Cum mice (C57BL × C3H/Anf) were obtained from Cumberland View 
Farms, Clinton, TN, when 5 weeks old. When the mice were 16 weeks of age they were 
randomly divided into two groups; one group was fed a diet of Wayne Mouse Breeder 

Blox (Allied Mills, Inc., Chicago, IL) and the other group was fed the same diet with 
0.25% (w/w) 2-ME added. Sixty animals from each group were set aside to determine the 
effect of the 2-ME-supplemented diet on the life span of the mice. These animals were 

kept until they died of natural causes. The remaining mice were used to determine the 
effect of 2-ME on the immune function, liver function, tumor incidence and accumula- 
tion of free radical damage in the spleen lymphocytes of the animals as they aged. 
Approximately every 3 months for the next 2.5 years at 21, 29, 42, 56, 70, 81, 95, 108, 
121 and 134 weeks of age, 5 mice from each group were randomly selected, weighed, 
sacrificed and the spleens removed. The spleen cells from each individual mouse were 
assessed for their ability to respond to the mitogens, concanavalin A (Con A) and lipopoly- 
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Fig. 1. Experimental design. 

saccharide (LPS). In the latter part of  the study, the response to phytohemagglutinin 
(PHA) was also assessed. The amount of  lipid peroxidation damage in the spleen cells 
was determined by fluorescence analysis. To compare the humoral response of  the two 
groups, at the same time periods, another 5 animals from each group were injected with 
sheep red blood cells (SRBC) and 7 days after injection, the mice were sacrificed, their 
spleens removed and the number of  anti-SRBC antibody secreting cells determined. Liver 
function was assessed at 70 and 121 weeks by determining the activity of  cytochrome 
P-450. 

Preparation of diet 
Because of  the disagreeable odor of  2-ME, we were concerned that the experimental 

mice might eat less of  the antioxidant-supplemented diet and that any results observed 
might inadvertently be the effect of  caloric restriction. Consequently, before beginning 
the longitudinal study, several methods of  incorporating the antioxidant into the animals' 
food or water were tried in order to determine the highest concentration of  2-ME the 
mice would tolerate while still eating the same amount of  food as the control animals. 
Young mice were given either food or water containing various concentrations of  2-ME 
for a 4oweek period and their weights monitored daily. At a concentration of  0.25% 
2-ME or less, the experimental mice consumed the same amount of  food as did the 
controls and maintained equal weights for the 1-month period. The animals refused to 
drink water with 2-ME in it and ate less of  diets containing concentrations of  2-ME 
higher than 0.25%. To incorporate the 2-ME into the food, the mouse pellets were 
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weighed and then placed end to end in a single layer on shallow trays. The appropriate 
amount of 2-ME (0,25% of the weight of the pellets) was diluted in a volume of water 

previously determined necessary to moisten the pellets completely. One-half of the 
2-ME solution was then sprayed onto the pellets in a fine mist. After drying, the pellets 
were turned over and the process repeated. The pellets were stored in air-tight containers. 
Fresh diet was prepared weekly. 

Maintenance o f  aging mouse colony 
The mice in the longitudinal study were maintained under barrier conditions according 

to guidlines* obtained from the National Institute on Aging. The mice were housed in 

shoe-box type cages (5 mice/cage) with polyester Econo-filter covers (Maryland Plastics, 
New York, NY). Cages, bedding, filter covers and water bottles were heat sterilized and 
the drinking water was sterilized by filtration though Millipore filters. Animal caretakers 
and investigators entering the room were required to wear gowns, plastic shoe covers, 

masks and gloves. Every 6 months during the study, blood samples from randomly 
selected animals were sent to Microbiological Associates Virus Diagnostic Laboratory, 

Bethesda, MD, for virus testing. At no time during the study did the serum samples show 
a positive test for any murine virus, such as Sendai virus or ectromelia virus, which would 

have affected the results of the study. 

Chemicals 
2-ME was obtained from Eastman Organic Chemicals, Rochester, NY. Con A was 

purchased from Sigma Chemical Co., St. Louis, MO, PHA (M form) from Grand Island 

Biological Co., Grand Island, NY, and LPS (E. coli 055:B5) from Difco Laboratories, 
Detroit, MI. The optimum concentration of each mitogen lot was determined experimen- 

tally using spleen lymphocytes from both young and old mice. For all three mitogens, 

the concentration required to produce maximal stimulation ill young lylnphocytes also 
produced maximal stimulation in tile old lympbocytes. Tritiated thymidine [mettu,l-3tt] 
was obtained from New England Nuclear, Boston, MA. 

Mitogen assays 
The proliferative response of the spleen lymphocytes to the T-cell mitogens, Col/ A 

and PHA, and to the B-cell mitogens, LPS, was determined by culturing the lymphocytes 

with the optimum concentrations of the mitogens and subsequently assessing the amount 
of proliferation by measuring the amount of [all] thymidine incorporated into the DNA 
of the dividing cells. The procedures for preparing the spleen lymphocyte suspensions, 
cell cultures and for harvesting the cells have been reported elsewhere [17]. Each animal 
was assayed individually with ten replicate cultures. 

*Personal communication, Don (7. Gibson, DVM, MPH, National Institute on Aging. 
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Humoral immune response 
The humoral immune response of the mice was assessed by determining the ability 

of the animals to produce antibodies to SRBC. Five animals from each group were 
randomly selected and injected intraperitoneally with 0.1 ml of a 20% suspension of 
SRBC. The SRBC were obtained from Grand Island Biological Diagnostic Laboratories. 
A fresh suspension of SRBC from the same donor sheep was obtained for each assay time 
over the 2.5-year period. Seven days after injection of the antigen, the mice were sacri- 
ficed and a spleen cell suspension was prepared as previously described [ 17]. The number 
of spleen cells secreting anti-SRBC antibody was then determined using a hemolytic 
plaque assay. The slide method (gel) modification [20] of the procedure originally 
developed by Jerne et al. [21] was used. The results were calculated both as the number 
of antibody-forming cells per spleen and as the number of antibody-forming ceils per 
106 spleen cells. 

Liver function 
Mouse liver microsomes were prepared and assays for microsomal aminopyrine and 

aniline metabolism were conducted as previously described [22], except that 50 gM 
EDTA was added to reaction mixtures with aminopyrine as substrate. Total cytochrome 
P-450 concentrations were determined from the dithionite-reduced CO-difference spectra 
using the extinction coefficient of 91 mM -1 cm -1 as described by Omura and Sato [23]. 

Microsomal protein concentrations were determined by the method of Lowry et al. 
[241. 

Measurement o f  fluorescent lipid peroxidation products 
The amount of free radical damage occurring in the spleen lymphocytes was assessed 

by measuring the fluorescent lipid peroxidation products as described by Fletcher et al. 
[25]. Equal numbers of spleen lymphocytes (10 × 106) from the 2-ME-fed and control 
mice were taken from the cell suspensions prepared for mitogen assay. The cells were 
centrifuged, rinsed and then lysed by freezing and thawing. The cell lysates were centri- 
fuged and then extracted with 3 ml of chloroform-methanol (2:1, v:v). All procedures 
were carried out under incandescent light. Interfering fluorescent flavin compounds 
were removed by a water wash and interfering retinol was removed by exposing the 
chloroform-rich extract to high-intensity ultraviolet light for 30 sec. The excitation 
(360 nm) and emission (430 run) fluorescence spectra of the extracts were measured with 
an Aminco-Bowman spectrophotofluorometer. Quinine sulfate at a concentration of 
1/ag/ml of 0.1 N H2SO4 was used as a standard for fluorescence intensity and wavelength 
calibration. 

Analysis o f  data 
Lymphocyte responses to mitogens and antigens were log-transformed and analyzed 

by t-test, using the Alpha 325 Univariate Statistics Pak and Significance Pak for a Litton 
Monroe Alpha 325 Scientist programable calculator. 
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RESULTS 

Effect o f  2-ME on life span 
The survival curves of the BC3F1 mice fed either the control or 2-ME-supplemented 

diet are shown in Fig. 2. The mean survival time for the mice fed the control diet was 

114.6 _+ 3.2 weeks (+ standard error) whereas the mice fed the 2-ME diet had a signifi- 
cantly greater (p < 0.005) mean survival time of 29.1 -+ 3.0 weeks; a 13.2% increase in 

mean life span. Maximum survival for the control animals was 150 weeks compared to 

168 weeks for the 2-ME-fed animals, a 12.0% increase in maximum survival time. The 

mean survival time for the longest lived 10% of each group (N = 6) was 144 -+ 1.5 weeks 

for the control mice and 159 -+ 1.9 weeks for the 2-ME-fed mice. This represents a signifi- 

cant increase (p < 0.001) in the mean survival of the longest lived 10% of the population. 

The Gompertz function [26], or relationship of the death rate to age for the two 

groups after 84 weeks of age, is plotted in Fig. 3. The plot indicates that the Gompertz 

function for the 2-ME group is displaced downward from the control group but the slope 

of the line for the 2-ME group (0.055012) is not significantly different from the slope 

of the line for the control group (0.058744). Thus 2-ME did not alter the mortality rate 

of the mice but delayed the onset of  exponential death with age. 
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Fig. 2. Effect of dietary 2-ME on the life span of BC3F~ mice. Two groups of 60 mice each were 
randomly selected from a total of 660 animals. When the mice were 16 weeks of age, one group was 
changed to a diet containing 0.25% (w/w) 2-ME. The animals were allowed to die of natural causes 
and the number of deaths were recorded daily. Both the mean and the maximum life span of the two 
groups were significantly different. 
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F i g .  3 .  Comparison of Gompertz  curves for the control and 2-ME-fed groups. Age-specific rates o f  

mortality after 84 weeks of  age were plotted on a logarithmic scale v e r s u s  age. Mortality rates, w r 
were calculated a s  

1 N ( t  - -  h )  

w t = - -  l o g  e - -  
2 h  N ( t  + h) 

where 2h is the t ime interval (12 weeks) and N(t) is the number of animals living at time t .  

Body weight, spleen weight and food consumption 
The animals, randomly selected for the assays during the longitudinal study, were 

weighed immediately before sacrifice to monitor their weight. The results are shown in 
Table I. For unexplained reasons, the control animals selected for assay at 56 weeks 
weighed significantly more than the 2-ME-fed group. At all other assay points, there 
was no significant difference in the weights of  the two groups. The amount of  food 
consumed by the two groups was periodically monitored by measuring the weight of  
control or 2-ME-supplemented pellets consumed by representative cages of  the animals 
in the life span study. For the first half of  the life span there were no differences in the 
amount of  food consumed by the test animals in the two groups. However, after about 
80 weeks of  age until 115 weeks of  age the 2-ME-fed animals consumed approximately 
10-20% more of  their diet than did the control animals, although, as previously indi- 
cated, the body weights were not significantly different during this time. The spleen 
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TABLE I 

BODY WEIGHTS AND SPLEEN WEIGHTS OF CONTROL AND 2-ME-FED MICE AT DIFFERENT 
AGES 

The body and spleen weights of the animals randomly selected for sacrifice were measmed at each 
assay time. Values are the average of at least l 0 animals/group +_ S.E.M. 

Age 
(weeks) 

Body weights (g} *- S.E.M. Spleen weights (rng) ± S.E.M. 

Contro I 2-ME-fed Co ntro l 2-ME-fed 

21 41.5 +- 1.5 41.5 _+ 1.3 
29 46.4 +- 1.0 46.4 -+ 1.0 
42 43.4+_ 1.4 41.4±1.1 131.2_+ 8.9 129.6+- 9.3 
56 56.7 +- 0.6 45.1 _+ 0.7 a 162.8 +- 9.0 138.6 ± 6.5 a 
70 52.1 ± 0.6 53.8 ± 0.8 164.4 +_ 9.6 146.8 +, 8.9 
81 52.6 +, 1.9 53.8 +, 0.9 187.3 _+ 15.0 152.7 +, 11.0 
95 37.8 +, 3.2 42.7 +, 3.0 131.0 +, 9.5 207.6 _+ 30.9 a 

108 41.8 _+ 3.0 41.6 _+ 1.5 186.0 +, 31.9 154.5 +_ 16.5 
121 45.5 +, 2.2 42.6 _+ 1.3 184.4 +_ 16.8 182.4 +- 10.1 
134 37.8 _+ 2.1 41.5 _+ 1.4 158.0 +_ 16.8 233.2 _+ 27.3 a 

aValues for 2-ME-fed animals significantly different from controls (P < 0.05). The body weights of 
the control animals recorded at 56 weeks seem unusually high in our experience with this strain of 
mice and it is possible lhat the balance scale was misread or incorrectly tared when the animals 
were weighed. 

weights  for the  two  groups were significantly different  at 56, 95, and 134 weeks o f  age 

(p < 0.005),  but  no consistent  pa t te rn  o f  difference was observed,  ie .  at 56 weeks, 

con t ro l  > 2-ME; at 95 weeks,  cont ro l  < 2-ME; and at 134 weeks,  con t ro l  < 2-ME. 

Ef fec t  o f  2-ME on l ymphocy te  proliferative response to mitogens 

A compar i son  o f  the  prol iferat ive response o f  spleen l ymphocy te s  f rom the  2-ME-fed 

and con t ro l  mice to the T-cell mi togen,  Con A, during the  longi tudinal  s tudy is shown 

in Fig. 4. The 2-ME-fed mice demons t ra ted  a significantly higher response early in the 

s tudy.  During mid-life no difference be tween  the  two groups was observed.  As the 

animals grew older the  normal  response declined at a faster rate such that ,  in the  later 

part o f  the  s tudy,  the 2-ME-fed mice again showed a higher response than  the controls.  

The response o f  the  2-ME-fed mice was significantly higher than  the  controls  during the  

last 6 months  o f  the study (at 121 and 134 weeks o f  age). Beginning at 70 weeks o f  

age, the response o f  the  l ymphocy te s  to a second T-cell mi togen,  PHA, was measured 

(Fig. 5). Similar to the  response to Con  A, the  PHA response o f  the  2-ME-fed animals 

decl ined at a slower rate than  the  controls ,  leading to an enhanced response by  the 2-ME- 

fed animals over  the  controls ,  which was significantly greater  during the last 6 m o n t h s  o f  

the  study.  The response o f  the two  groups to  the  B-cell mi togen,  LPS, is shown in Fig. 6. 

The 2-ME-fed mice had a higher response to this mi togen  at only  two  t ime points,  29 

weeks and 95 weeks,  and the  magni tude  o f  the greatest enhanced response (at 95 weeks) 
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Fig. 4. Response of  spleen lymphocytes  f rom the 2-ME-fed and control mice to the T-cell mitogen 
Con A. The proliferative response was measured as the cpm [3H]thymidine incorporated into DNA 
of proliferating cells. At the indicated ages, 5 mice from each group were randomly selected and 
tested individually (10 cul tures /mouse) .  The average response of  the  5 2-ME-fed mice (solid bars) 
is indicated as a percentage of  the average control  response (dotted line) set at 100% (i.e. when the 
solid bars are above the dot ted line, the  2-ME-fed animals demonst ra ted  a greater response than the 
control animals).  The highest response for bo th  groups (controls 62 767 cpm/cul ture ,  and 2-ME-fed 
63 242 cpm/cul ture)  was observed at 42 weeks after which the response in both  groups declined, but  
to a lesser degree in the  2-ME-fed mice (e.g. at 134 weeks: controls  3479 cpm/cul ture ,  and 2-ME-fed 
33 395 cpm/culture) .  

was much less than that observed with the T-cell mitogens. No enhancement over the 

controls was observed during the latter part of the longitudinal study. 
We were interested in whether the 2-ME diet was maximally stimulating the cells or 

if they could be further stimulated by adding additional 2-ME to the in vitro cultures. 
Consequently, at one time point, 29 weeks, when the 2-ME-fed mice demonstrated an 
enhanced response over the controls, we added 2-ME (5 × 10 -5 M) to replicate lympho- 
cyte cultures. The results (Table II) indicate that further stimulation of the lymphocytes 
was possible by adding 2-ME to the cultures. 

Effect o f  2-ME on the humoral immune response 

The ability of the control and 2-ME-fed mice to produce antibodies to a T-cell- 
dependent antigen (SRBC) throughout the study is shown in Fig. 7. The response of 

the 2-ME-fed animals was significantly higher than the control animals at 56 weeks of 

age and also in the latter part of the life span at 95, 108 and 121 weeks of age. At the 
very last assessment (134 weeks), the humoral response of the 2-ME-fed mice was higher 
than the controls, but the increase was not significant (P > 0.05). 
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TABLE II 

EFFECT OF ADDING 2-ME TO IN VITRO CULTURES OF LYMPHOCYTES FROM 2-ME-FED 
AND CONTROL MICE 

Values are the mean cpm/culture ± S.E.M. of lymphocyte culIures from 5 control and 5 2-ME-fed 
mice (10 cultures/mouse). 2-ME was added at a concentration of 5 × 10 ̀5 M. The mice were 29 weeks 
of age and the experimental animals had received the 2-ME-supplemented diet for 13 weeks. 

Additions to cprn/culture ± S.E.M. 2-ME-fed/ 
culture control 

With 2-ME~without 2-ME 

Control 2-ME-fed Control 2-ME-fed 

None 542 ± 15 538 ± 12 0.99 
Con A 26,641 ± 1,335 35,418 ± 3,986 1.33 

1.78 1.53 
Con A + 2-ME 47,536 ± 1,111 a 54,273 ± 1,674 a 1.14 
LPS 9,099 ± 728 12,762 ± 919 1.40 

3.11 2.45 
LPS + 2-ME 28,350 ± 2,120 a 31,288 ± 1,550 a 1.10 

acultures with 2-ME added in vitro had significantly higher cpm (P < 0.005) for both control and 
2-ME-fed mice. 

Liver  f u n c t i o n  

In order  to  de te rmine  if  2-ME feeding af fec ted  hepat ic  mic rosomal  (endoplasmic  

re t iculum) drug metabol i sm funct ion ,  the metabol i sm of  model  type  I and type I1 sub- 

strates,  aminopyr ine  and aniline, respect ively,  [27] was examined  wi th  mic rosomes  

f rom con t ro l  and 2-ME-fed mice  at 70 weeks.  The data shown  in Table III indicate that  

o 
o 
~ SO0' 

A 
.J 
0 
~ .400 '  
Z 
0 
0 

0 3 0 0 ,  
<[ 

W 
u.  201~ 
ul  z .  
0 loo.  
u. 

m AFC/SPLEEN 

A F C / I ~  C E L L S  

* P ~ 0 . 0 5  , 

21 29 42 56 70 81 95 108 121 134 

A G E  ( w e e k s )  

Fig. 7. Effect of 2-ME on the humoral response to SRBC. The response was measured as the number 
of antibody-forming cells (AFC) per spleen and as per 106 spleen ceils in 2-ME-fed or control mice, 
7 days after injection with SRBC. The average response of the 5 2-ME-fed mice (solid and striped 
bars) is indicated as a percentage of the average control response (dotted line) set at 100%. The highest 
response for both groups was observed at 56 weeks (control, 36 108 AFC/spleen; 2-ME-fed, 91 728 
AFC/spleen). 
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TABLE III 

LIVER WEIGHTS AND HEPATIC DRUG METABOLISM FUNCTION OF CONTROL AND 
2-ME-FED MICE AT 70 WEEKS 

The values shown are the mean ± S.E.M. (number of livers). The differences between the control 
and 2-ME fed groups were not significant (P > 0.05) for liver weight, aminopyrine metabolism, aniline 
metabolism and cytoehrome P-450 content. 

Liver weight (g) Aminopyrine meta- 
bolism (formaldehyde 
produced, nmol/min/ 
mg protein) 

Aniline metabolism 
(p,~minophenol 
produced, nmol/min/ 
mg protein) 

Cytochrome P-450 
(speci¢~c content, 
nmol/mg protein) 

Control 2.88 ± 0.17 (5) 5.42 ± 0,05 (4) 1.35 ± 0.09 (4) 0.67 ± 0.03 (4) 
2-ME Fed 2.97 ± 0.28 (5) 6.39 ± 0.38 (5) 1.58 ± 0.10 (5) 0.77 ± 0.09 (5) 

2-ME feeding had no significant effect on these enzyme-catalyzed reactions. The data 

also indicate that neither the liver weights nor the specific content of  cytochrome P-450, 

the terminal oxidase of  the membrane-located enzymatic system that catalyzes these 

reactions, were significantly affected by  the 2-ME diet. At 121 weeks of  age, only 2 of  

the 5 animals sacrificed from either the control  or 2-ME-fed group were judged free of  

liver pathologies and suitable for assay. However, even at this age these normal livers of  

both groups maintained a cytochrome P-450 specific content (0.63 in control and 0.72 

in 2-ME-fed, each an average of  two livers) similar to that seen at the earlier age (Table 

Ill).  Liver weights at this age, however, were decreased (1.87 g in control  and 1.67 g in 

2-ME-fed) compared to liver weights at 70 weeks (Table II1). 

Effect o f  dietary 2-ME on lipid peroxidation damage in spleen lymphoeytes 

Damage to cell membrane structures by lipid peroxidat ion from free radical reactions 

appears to be an important  deteriorative mechanism of  cellular aging, and the amount of  

damage can be measured by  determining the age-related accumulation of  soluble fluores- 

cent products of  lipid peroxidat ion in the cells [25].  Figure 8 shows the effect of  dietary 

2-ME on the accumulation of  soluble fluorescent products  with age in the spleen lympho- 

cytes. The spleen lymphocytes  from the 2-ME-fed mice had significantly less soluble 

autofluorescence than did the control  mice at 95, 108, 121 and 134 weeks of age 

(p < 0.05). 

Tumor incidence 
The development o f  tumors  in the animals was assessed by gross examination of  the 

ten or more animals sacrificed from each group at the 3-month intervals. Hepatomas 

were the most frequent tumors observed, followed by lymphomas and renal tumors. 

Figure 9 shows the percentage of  animals with tumors at each assay point. The first 

tumors appeared later (56 weeks) and the total  incidence of  tumors was less (29%) in 

the 2-ME-fed group compared to the controls (42 weeks, 50%). 
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DISCUSSION 

The objective of  our research is to develop a method to prevent or delay the onset 

of  chronic diseases of aging in humans and to decrease the proportion of the life span 
spent suffering from the effects of chronic disease, thereby decreasing the high costs 

of medical care for our increasing numbers of elderly. Such a strategy will be successful 
only if the maximum life span of man does not increase [28,29]. For this reason, we 

were particularly interested in antioxidants because of previous studies by others 
which showed an increase in mean life span without an increase in maximum life span 
[11,13,14]. Some investigators, however, have reported an increase of maximum life 
span with antioxidants [9,10,14]. This study confirms the work of others that antioxi- 
dants, when incorporated into the diet, will extend the mean life span of mice. In our 
study an increase in the maximum life span was also observed. In addition, our study 
correlates this extension of life span with a delay in the decline of immune function and 
a decreased incidence of tumors. It is not clear why some antioxidant studies show a 
maximum life span increase and others do not. Although the observed increase in the 
maximum life span in our study was not necessarily a desirable result, it may be possible 
to eliminate an extension in maximum life span by removing the antioxidant from the 

diet during later life. 
Walford's group [30-32]  has demonstrated that the decline in immune function can 

be delayed and life span extended by caloric restriction. It has been suggested that in 
previous studies of antioxidants, the experimental animals may not have eaten as much 

of the antioxidant-supplemented diet as did the control animals and the reported effects 
may have inadvertently been due to caloric restriction rather than the antioxidant [9]. 
In the present study, the concentration of 2-ME added to the diet was chosen only after 

determining that the animals receiving the experimental diet consumed as much as did 
the control animals. Total body weights of the two groups were not different except 
at one time point, 56 weeks (Table I). During the third quarter of the life span (80-  
115 weeks), the 2-ME-fed animals actually consumed more (10-20%) of their diet than 
did the controls, although the body weights were not significantly different. During 
the later part of the study, the 2-ME-fed mice were observed to be more active than the 
control animals and generally presented a better physical appearance (less hair loss, 
healthier appearing coat). It is possible that during this time the 2-ME-fed mice utilized 
more calories than did the less active controls. In diet restriction studies, the very young 
diet-restricted mice have lower than normal immune responses and a higher incidence of 
early deaths than the control mice [30]. In contrast, in the present study the very young 
2-ME-fed mice had higher than normal responses to Con A and LPS (Figs. 4 and 6) and 
early deaths were not a problem. 

The data shown in Table III indicate that inclusion of 2-ME in the diet under the 
conditions used had no significant stimulatory or inhibitory effect on liver size, cyto- 
chrome P-450 specific content or cytochrome P-450 mediated hepatic function. Other 
studies have indicated that antioxidants result in stimulation [10], inhibition [33] or 
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selective stimulation and inhibition [34] of hepatic microsomal mixed function oxidase 
activity. Also, others have suggested that stimulation of immune function may alter 
hepatic microsomal enzymes [35]. However, the data shown in Table III indicate that 
this system was apparently not significantly perturbed by the 2-ME feeding regime used. 

The exact mechanism by which dietary 2-ME produced the observed effects on the 
immune function of the 2-ME-fed mice is not known but several modes of action may 
be involved. The delay in the accumulation of lipid peroxidation damage with age in the 
spleen lymphocytes from the 2-ME-fed mice (Fig. 8) correlated with the slower decline 
of T-cell function [proliferative response to Con A (Fig. 4) and PHA (Fig. 5) and the 
slower decline of the humoral response to the T-cell-dependent antigen SRBC (Fig. 7)]. 
This suggests that the accumulation of lipid peroxidation damage in T-lymphocytes may 
be in part responsible for the loss of T-ceil function with age and that the dietary 2-ME 
acted as a free radical inhibitor or enhanced other free radical scavenging capacity. This 
view is strengthened by our further studies showing that T-cells accumulate more of the 
fluorescent lipopigments indicative of lipid peroxidation damage with age than do B-cells 
and that young T-cells are more susceptible to free radical damage than young B-ceils 
[36]. However, it is also apparent that the dietary 2-ME influenced the lymphocyte 
responses by some other mechanism(s) because the responses of very young mice were 
also enhanced and the long-term accumulation of lipid peroxidation damage should not 
be a problem early in life. The ability of 2-ME to enhance the responses of old lympho- 
cytes both in vivo [18,19] and in vitro [16,17] without prior exposure or long-term 
exposure to the antioxidant also suggests a second mechanism in addition to long-term 
prevention of free radical damage. 

Studies of the action of 2-ME in enhancing lymphocyte function in vitro have resulted 
in a number of proposed mechanisms of action including activating a component of fetal 
calf serum which is able to substitute functionally for macrophages [37], promoting the 
production of T-cell growth factor (interleukin 2) [38], forming a mixed disulfide with 
cysteine (2-ME-cysteine) and thus facilitating the uptake of cysteine [39], and enhancing 
the availability of reduced glutathione thought to be necessary as a free radical scavenger 
to protect lymphocytes and macrophages from oxygen-derived radicals arising from the 
high pO2 in tissue culture conditions and from the oxygen-derived radicals produced by 
polymorphonuclear neutrophils and macrophages [40,41]. The latter study suggests 
that natural protective mechanisms in the cell may not be sufficient to prevent the 
destructive effects of lipid peroxidation even in lymphocytes from young mice and that 
additional short-term free radical scavenging capacity is beneficial at least in vitro. This 
is also supported by our study showing that the addition of 2-ME to in vitro cultures 
further stimulated lymphocytes from 2-ME-fed mice to proliferate (Table II). Whether 
these mechanisms are responsible for the enhanced activity seen in the lymphocytes from 
the young 2-ME-fed mice remains to be determined. 

There are varying opinions about how effective the immune system is in destroying 
malignant cells in situ and preventing the development of cancer. However, increasing 
evidence indicates the age-related loss of immune function is at least in part responsible 
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for the age-related increase in the incidence of cancer. Old mice with suppressed immune 

function are more susceptible to transplanted tumor cells [42] and to carcinogens [43]. 

Treatments known to delay the age-related decline of immune function or improve the 

age-depressed immune system decrease the incidence of tumors and increase longevity 

[44-47] ,  although in diet restriction studies tumor frequency varies with the portion of 

the life span during which restriction is imposed [31]. Dietary antioxidants decrease 

the incidence of spontaneous [48] and carcinogen-induced tumors [10,49]. In the 
studies of carcinogen-treated mice, it has been suggested that antioxidants inhibit the 

development and/or growth of tumors by influencing the metabolism of the carcinogen 

(increasing the synthesis of cytochrome P-450), and/or inhibiting the growth of the 

tumor cells [10,49]. (It is also possible that the antioxidants decrease the incidence of 

tumors by preventing free radical damage to lymphocytes and delaying the decline of 

immune function.) In this study, the mice were maintained in barrier conditions and 

not purposely exposed to any carcinogens. Cytochrome P-450 content and activity were 

not different between the control and 2-ME-fed mice at the two times measured (Table 

III), yet the 2-ME-fed mice developed fewer spontaneous tumors. The appearance of 

the first tumor was delayed for a time period similar to the observed delay in the decline 

of immune function, the delay in the accumulation of lipid peroxidation damage in 

spleen lymphocytes and the increase in mean and maximum life span. 

CONCLUSIONS 

The decreased incidence of tumors and increased mean and maximum life span observed 
in the BC3F 1 mice fed a diet supplemented with 2-ME may be due to the antioxidant 

activity of 2-ME retarding the accumulation of free-radical damage in lymphocytes, and 

delaying the age-related loss of immune function. 

ACKNOWLEDGEMENTS 

The authors thank Laura A. Gaul, Joy A. Yates, John Jackson and Kimberly A. Hanson 

for excellent technical assistance. This research was supported by the National Institute 

of Aging, Grant No. AG00904. 

REFERENCES 

1 I.R. Mackay, Ageing and immunological function in man. Gerontologia, 18 (1972) 285-304. 
2 M.M.B. Kay and T. Makinodan, lmmunobiology of aging: Evaluation of current status. Clin. 

Immunol. lmmunopathol., 6 (1976) 394-413. 
3 R.L. Walford, S.R.S. Gottesman, R.H. Weindruch and C.F. Tam, lmmunopathology of aging. 

Annu. Rev. Gerontol. Geriatr., 2 (1981) 3-48. 
4 T. Makinodan and W.H. Adler, Effects of aging on the differentiation and proliferation potentials 

ofceUs of the immune system. Fed. Proc., 34 (1975) 153 158. 
5 T. Makinodan, Immunodeficiencies and ageing. In G. Doria and A. Eshkol (eds.), The Immune 

System: Functions and Therapy o f  Dysfunction, Academic Press, New York, 1980, pp. 55-63. 



357 

6 J.F. Mead, Free radical mechanisms of lipid damage and consequences for cellular membranes. 
In W.A. Pyror (ed.), Free Radicals in Biology, Vol. I, Academic Press, New York, 1976, pp. 51 -  
68. 

7 W.A. Pryor, The formation of free radicals and the consequences of their reactions in vivo. Photo- 
chem. Photobiol., 28 (1978) 787-801. 

8 H. Donato, Jr., Lipid peroxidation, cross-linking reactions, and aging. In R.S. Sohal (ed.), Age 
Pigments, Elsevier/North-Holland Biomedical Press, New York, 1981, pp. 63-81.  

9 A. Comfort, I. Youhotsky-Gore and K. Pathmanathan, Effect of ethoxyquin on the longevity of 
C3H mice. Nature, 229 (1971) 254-255. 

10 N.M. Emanuel, Free radicals and the action of inhibitors of radical processes under pathological 
states and ageing in living organisms and in man. Q. Rev. Biophys., 9 (1976) 283-308. 

11 N.K. Clapp, L.C. Satterfield and N.D. Bowles, Effects of the antioxidant butylated hydroxy- 
toluene (BHT) on mortality in BALB/c mice. J. Gerontol., 34 (1979) 497-501. 

12 J. Miquel and A.C. Economos, Favorable effects of the antioxidants sodium and magnesium 
thiazolidine carboxylate on the vitality and life span of Drosophila and mice. Exp. Gerontol., 
14 (1979) 279-285. 

t 3 D. Harman, Free radical theory of aging: Effect of free radicalreaction inhibitors on the mortality 
rate of male LAF, mice. J. Gerontol., 23 (1968) 476-482. 

14 D. Harman, Free radical theory of aging: Beneficial effect of antioxidants on the life span of 
male NZB mice; Role of free radical reactions in the deterioration of the immune system with 
age in the pathogenesis of systemic lupus erythematosus. Age, 3 (1980) 64-73.  

15 R.E. Click, L. Benck and B.J. Alter, Enhancement of antibody synthesis in vitro by mercapto- 
ethanol. Cell. ImmunoL, 3 (1972) 156-160. 

16 T. Makinodan and J.W. Albright, Restoration of impaired immune functions in aging animals. 
II. Effect of mercaptoethanol in enhancing the reduced primary antibody responsiveness in 
vitro. Mech. Ageing Dev., 10 (1979) 325-340. 

17 M.L. Heidrick, J.W. Albright and T. Makinodan, Restoration of impaired immune functions in 
aging animals. IV. Action of 2-mercaptoethanol in enhancing age-reduced immune responsiveness. 
Mech. Ageing Dev., 13 (1980) 367-378. 

18 Y. Kikuchi, R.N. Hiramoto and V.K. Ghanta, Mitogen response of peripheral blood and splenic 
lymphocytes and effect of 2-mercaptoethanol in tumor-bearing mice. Cancer Immunol. lmmuno- 
ther., 12 (1982) 225-230. 

19 T. Makinodan and J.W. Albright, Restoration of impaired immune functions in aging animals. 
III. Effect of mercaptoethanol in enhancing the reduced primary antibody responsiveness in vivo. 
Mech. Ageing Dev., 11 (1979) 1-8 .  

20 B.B. Mishell, S.M. Shiigi and R.I. Mishell, Hemolytic plaque assays, slide method (gel). In B.B. 
Mishell and S.M. Shiigi (eds.), Selected Methods in Cellular Immunology, W.H. Freeman and 
Company, San Francisco, 1980, pp. 72-77.  

21 N.K. Jerne, A.A. Nordin and C. Henry, The agar plaque technique for recognizing antibody- 
producing cells. In B. Amos and H. Koprowski (eds.), Cell-bound antibodies, Wistar Institute 
Press, Philadelphia, PA, 1963, pp. 109-122. 

22 M.R. Past and D.E. Cook, Absence of cytosol effects on the rates of microsomal drug metabolism 
in alloxan and streptozotocin diabetic rats. Biochem. Pharmacol., 29 (1980) 2499-2503. 

23 T. Omura and R. Sato, The carbon monoxide-binding pigment of liver microsomes. I. Evidence 
for its hemeprotein nature. J. Biol. Chem., 239 (1964) 2370-2378. 

24 O.H. Lowry, N.J. Rosebrough, A.L. Farr and R.J. Randall, Protein measurement with the Folin 
phenol reagent.J. Biol. Chem., 193 (1951) 265-275. 

25 B.L. Fletcher, C.J. Dillard and A.L. Tappel, Measurement of fluorescent lipid peroxidation pro- 
ducts in biological systems and tissues. Anal  Biochem., 52 (1973) 1-9.  

26 B. Gompertz, On the nature of the function expressive of the law of human mortality and on a 
new mode of determining life contingencies. Philos. Trans. R. Soc. London, 1 (1825) 513-585. 

27 J.B. Schenkman, S.G. Sligar and D.L. Cinti, Substrate interaction with cytochrome P-450. 
Pharmacol. Ther., 12 (1981) 43-71.  

28 J.F. Fries, Aging, natural death, and the compression of morbidity. N. Engl. J. Med., 303 (1980) 
130-135. 



358 

29 E.L. Schneider and J.A. Brody, Aging, natural death, and the compression of morbidity: Another 
view. N. Engl. J. Med., 309 (1983) 854-856. 

30 M. Gerbase-DeLima, R.K. Liu, K.E. Cheney, R. Mickey and R.L. Walford, Immune function and 
survival in a long-lived mouse strain subjected to undernutrition. Gerontologia, 21 (1975) 184-  
202. 

31 R.H. Weindruch, J.A. Kristie, F. Naeim, B.G. Mullen and R.L. Walford, Influence of weaning- 
initiated dietary restriction on responses to T cell mitogens and on splenic T cell levels in a long- 
lived Fl-hybrid mouse strain. Exp. Gerontol., 1 7 (1982) 49-64.  

32 K.E. Cheny, R.K. Liu, G.S. Smith, P.J. Meredith, M.R. Mickey and R.L. Walford, The effect of 
dietary restriction of varying duration on survival, tumor patterns, immune function, and body 
temperature in B10C3F~ female mice. J. Gerontol., 38 (1983) 420-430. 

33 A.D. Rahimtula, P.K. Zachariah and P.J. O'Brien, The effects of antioxidants on the metabolism 
and mutagenicity of benzo [c~] pyrene in vitro. Biochem. J., 164 (1977) 473-475. 

34 J.L. Speier, L.K.T. Lam and L.W. Wattenberg, Effects of administration to mice of butylated 
hydroxyanisole by oral intubation of benzo[a]pyrene-induced pulmonary adenoma formation 
and metabolism of benzo [~] pyrene. J. Natl. Cancer Inst., 60 (1978) 605-609. 

35 J.L. Eiseman, J.V. Bredow and A.P. Alvares, Effect of honeybee (Apis mallipra) venom on the 
cause of adjuvant-induced arthritis and depression of drug metabolism in the rat. Biochem. Phar- 
macol., 31 (1982) 1139-1146. 

36 L.C. Hendricks and M.L. Heidrick, Greater susceptibility of T-cells than B-cells to free radical 
damage with thne. Gerontologist, 23 (1983) 248. 

37 H.G. Opitz, U. Opitz, H. Lemke, G. Hewlett, W. Schreml and H.D. Flad, The role of fetal calf 
serum in the primary immune response in vitro. J. Exp. Med., 145 (1977) 1029-1038. 

38 M.P. Chang, B.L. Strehler and T. Makinodan. Requirement of 2-mercaptoethanol for in vitro 
growth factor production by T cells and vulnerability of the response to age. Mech. Ageing Dev., 
20 (1982) 65-73.  

39 H. Ohmori and I. Yamamoto, Mechanism of augmentation of the antibody response in vitro by 
2-mercaptoethanol in murine lymphocytes. II. P~ major role of the mixed disulfide between 2- 
mercaptoethanol and cysteine. Cell. ImmunoL, 79 (1983) 173-185. 

40 J.T. Hoffeld and J.J. Oppenheim, Enhancement of the primary antibody response by 2-mercapto- 
ethanol is mediated by its action on glutathione in the serum. Eur. J. lmmunol., 10 (1980) 391 - 
395. 

41 J.T. Hoffeld, Agents which block membrane lipid peroxidation enhance mouse spleen cell immune 
activities in vitro: relationship to the enhancing activity of 2-mercaptoethanol. Eur. J. lmmunol., 
11 (1981) 371 -376. 

42 S.A. Goodman and T. Makinodan, Effect of age on cell-mediated immunity in long-lived mice. 
Clin. Exp. Imrnunol., 19 (1975) 533-542. 

43 E.H. Perkins, N.K. Clapp, L.H. Cacheiro, P.L. Glover and W.C. Klima, A positive correlation 
between declining immune competence and early mortality associated with diethylnitrosamine 
carcinogenesis in aging mice.Mech. Ageing Dev., 10 (1979) 225-323. 

44 M. Bruley-Rosset, I. Florentin, N. Kiger, M. Davigny and G. Mathe, Effects of bacillus Calmette- 
Gferin and levamisole on immune responses in young adult and age-immunodepressed mice. 
Cancer Treat. Rep., 62 (1978) 1641-1650. 

45 V.N. Anisimov, V.KH. Khavison and V.G. Morozov, Carcinogenesis and aging. IV. Effect of low- 
molecular-weight factors of thymus, pineal gland and anterior hypothalamus on immunity, tumor 
incidence and life span of C3H/Sn mice. Mech. Ageing Dev., 19 (1982) 245-258. 

46 K.E. Cheney, R.K. Liu, G.S. Smith, R.E. Leung, M.R. Mickey and R.L. Walford, Survival and 
disease patterns in C57BL/6J mice subjected to undernutrition. Exp. Gerontol., 15 (1980) 237-  
258. 

47 R. Weindruch, S.R.S. Gottesman and R.L. Walford, Modification of age-related immune decline 
in mice dietarily restricted from or after midadulthood. Proc. Natl. Acad. Sci. USA, 79 (1982) 
898-902. 

48 D. Harman, Prolongation of the normal lifespan and inhibition of spontaneous cancer by antioxi- 
dants. J. Gerontol., 16 (1961) 247-254. 

49 J.T. Chart and H.S. Black, The mitigating effect of dietary antioxidants on chemically-induced 
carcinogenesis. Experientia, 34 ( 1978) 110-111. 


