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Female rats were fed either ad libitum or 30% energy-restricted diets from 5 weeks through 25 weeks of 
age. Genomic DNA was extracted from mammary tissue and liver at 7, 9, 14 (mid-pregnancy), 16.5 
(mid-lactation), and 25 weeks of age. The 5-methyldeoxycytidine content of DNA was determined by 
high pressure liquid chromatography. As animals aged from 7-25 weeks, 5-methyldeoxycytidine increased 
in mammary tissue, whereas in liver it decreased. This suggests that 5-methyldeoxycytidine exhibits tissue 
specific patterns. No changes in 5-methyldeoxycytidine content due to 30% energy restriction were ob- 
served in either mammary tissue or liver. 
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Introduction 

Changes occur in D N A  methylation during basic proc- 
esses of cellular development including embryogenesis, 
differentiation, aging, and carcinogenesis. 1.: D N A  
methylation is possibly related to the regulation of gene 
expression in mammalian cells. There is an inverse 
correlation between the degree of D N A  methylation 
of certain genes and the extent to which those genes 
are expressed? Studies contradict each other as to the 
D N A  methylation state of various tissues during cel- 
lular development,  4,-~ but methylation changes occur- 
ring as a function of time suggest hypomethylation 
may be developmentally important. 1,6 5-Methyldeoxy- 
cytidine (5 mdC) constitutes 2 - 8 %  of the total cytidine 
in animal DNA.  It is the modified base in DNA,  and 
it occurs predominantly in the CG dinucleotides? The 
5 mdC levels have been shown to vary between species 
and within different tissues of the same organism. 1.7 

Energy restriction is known to reduce age-related 
loss of D N A  integrity by reducing chromosomal ab- 
errations or by altering D N A  methylation. 8~9 Dietary 
energy restriction may cause a change in the 5 mdC 
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level and possibly D N A  methylation pattern. Thus, 
the present study was undertaken to examine the en- 
ergy restriction-mediated changes in the degree of DNA 
methylation in mammary tissue as well as the liver of 
female rats throughout the different developmental 
stages. 

Methods and materials 

A n i m a l  and  diets 

Thirty female Sprague-Dawley rats (4 weeks old) were fed 
commercial rat diet until 5 weeks of age. From 5-25 weeks 
of age, 15 animals were fed diet A ad libitum, and 15 animals 
(30% energy restriction group) were fed diet B (Table 1). 
The concentrations of casein, DL-methionine, corn oil, min- 
eral mix, vitamin mix, and choline bitartrate in diet B were 
modified to provide a daily intake that is identical to the 
mean intake of the rats fed diet A. The amount of food 
ingested by each ad libitum fed rat was measured biweekly, 
and average consumption per rat per day was calculated as 
described previously. 1° Each rat receiving a restricted diet 
was fed a daily feed allotment of 70% of the average ad 
libitum consumption. 

The rats were housed singly in a barrier facility. The air 
pressure within the barrier was maintained at about 5 mmHg 
above the outside environment. The temperature was main- 
tained at 22-24 ° C with relative humidity ranging between 
50-60%. A 12-hour light/dark cycle was used. Water was 
provided ad libitum by an automatic watering system. At 
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Table 1 Composition of experimental diets 

Ingredients Diet A" Diet B ~ 

% 
Casein 20.0 28.6 
DL-methionine 0.3 0.43 
Cornstarch 32.0 20.0 
Sucrose 33.0 32.15 
Fiber 5.0 5.0 
Corn oil 5.0 7.1 
AIN mineral mix 3.5 5.0 
AIN vitamin mix 1.0 1.43 
Choline bitartrate 0.2 0.2 

Crude protein, % 18.0 25.7 
Digestible energy, Kcal/kg 3,843 3,870 

~Modified AIN-76 diet. 
~Diet B was formulated to provide isonutrient intake as diet A except 
for energy content, and fed at 70% of ad libitum of diet A. 

approximately 12 weeks of age, females were mated with 
proven males for a period of 10 days. Mating was confirmed 
by the presence of sperm in a vaginal smear and of vaginal 
plugs." Mammary and liver tissues were obtained from three 
animals per treatment at 7, 9, 14 (mid-pregnancy), 16.5 (mid- 
lactation), and 25 weeks of age and utilized for DNA 
extraction. 

5 m d C  content  o f  D N A  

Genomic DNA was extracted from a crude nuclear fraction 
with a proteinase K and RNAase A digestion? z The DNA 
was digested with nuclease P1 and alkaline phosphatase to 
the deoxynucleosides." The digests were injected onto a 
reversed phase HPLC column and eluted with KH~PO~ (pH 
4.0) buffer and 2.5% methanol. Nucleosides were detected 
by the absorbance at 254 nm. The peaks were identified by 
comparison of elution times with those of standards. The 
relative portions of the individual nucleosides were calcu- 
lated from the area under the peaks of the absorbance trace 
and the extinction coefficients of the nucleosides. The per- 
centage of 5 mdC was calculated according to the following 
formula: 

% 5 mdC = [5 mdC/(5 mdC + deoxycytidine)] × 100 

Statistics 

The data were analyzed using the general linear models 
routine of SAS/STAT (SAS Institute, Cary, NC USA) .  14 
Treatment differences within periods were measured by one- 
way classification analysis. Treatment differences, differ- 
ences between each pair of successive periods, and the treat- 
ment by period interaction were determined using 2 × 2 
factorial analyses. 

Results 

To study the effect of  energy restriction on D N A  
methylat ion,  female rats were fed either ad libitum or 
30% energy-restr icted diets. Genomic  D N A  was ex- 
tracted f rom m a m m a r y  tissue and livers at various 
weeks of age. 5 mdC content  of D N A  was measured 
by high pressure liquid chromatography.  

The effect of energy restriction on 5 mdC level was 
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tested by one-way classification within each period. 
Energy restriction did not affect (P > 0.05) 5 mdC 
levels in either m a m m a r y  or liver tissues. The 2 × 2 
factorial analyses of the pairs of successive periods also 
strongly indicated that the 5 mdC levels in two dietary 
t rea tments  were equal throughout  the entire experi- 
mental  period. There  were no significant interactions 
(P > 0.05) between t reatments  and periods. 

We tested differences between each pair of succes- 
sive periods by 2 × 2 factorial analyses to examine 
changes in 5 mdC levels during various stages. The 
results reveal age-dependent  changes in 5 mdC levels 
for both m a m m a r y  (Figure 1) and liver (Figure 2) 
tissues. Increases (P < 0.01) in 5 mdC levels in mam-  
mary  tissue were observed with advancing age from 
7-25 weeks: increases were significant (P < 0.01) at 
9 weeks compared  with 7 weeks,  at mid-lactation com- 
pared with mid-pregnancy,  and at 25 weeks compared  
with mid-lactation. In contrast,  the 5 mdC level in liver 
decreased (P < 0.01) as the animal aged from 7-25 
weeks (i.e., hypomethylat ion) .  

Discussion 

While studies have shown that D N A  methylat ion var- 
ies between species and within different tissues of the 
same organism, 3,4,15,16 little is known on D N A  methy- 
lation in m a m m a r y  tissue. The present  study demon-  
strated hypermethylat ion of D N A  in developing 
m a m m a r y  tissue. We observed increased 5 mdC levels 
in m a m m a r y  tissue at mid-lactation compared  with 
mid-pregnancy.  An increase in 5 mdC in m a m m a r y  
tissue at 25 weeks of age was significant relative to 
that during pregnant  or lactating states. However ,  the 
present  study did not include non-breeding controls; 
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Figure I 5-Methyldeoxycytidine (5 mdC) levels in mammary tissue 
of female rats fed either ad libitum (AL) or energy restricted (ER) 
diets at different physiological ages: 7 weeks, 9 weeks, 14 (mid- 
pregnancy), 16.5 (mid-lactation), and 25 weeks of age. Bars rep- 
resent mean _+ SE where SE = 0.11 and n = 3. Bars with different 
superscripts differ (P < 0.05). There were no significant (P > 0.05) 
differences between the two dietary groups at any age. 
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F i g u r e  2 5-Methyldeoxycytidine (5 mdC) levels in liver of female 
rats fed either ad libitum (AL) or energy restricted (ER) diets at 
different physiological ages: 7 weeks, 9 weeks, 14 (mid-pregnancy), 
16.5 (mid-lactation), and 25 weeks of age. Bars represent mean _+ 
SE where SE = 0.08 and n = 3. Bars with different superscripts 
differ (P < 0.05). There were no significant (P > 0.05) differences 
between the two dietary groups at any age. 

therefore, it is not clear whether the observed higher 
levels of 5 mdC at mid-lactation compared with mid- 
pregnancy reflect a difference in physiological stages 
or are simply due to animal age. Further studies that 
include non-breeding controls will be necessary to ex- 
amine 5 mdC changes during pregnancy and lactation. 
Mammary tissue is a target organ for reproduction. 
Thus, we could not rule out that the hypermethylation 
in mammary tissue of female rats that had experienced 
pregnancy might reflect the effects of mating, preg- 
nancy, tissue development, or combinations of these 
factors. 

In contrast to the hypermethylation exhibited by 
mammary tissue, the present study showed hypome- 
thylation of liver DNA with advancing age. Our find- 
ings are in accord with previous reports that show age- 
related hypomethylation in rat liver DNA through 25 
weeks of age. 5,17 The slow turnover rate of hepatic cells 
may explain the decrease in DNA methylation with 
advancing age. 17 While our studies, as well as others, 
show a general trend towards demethylation of liver 
DNA with advancing age, hypermethylation detected 
in the a-fetoprotein gene from the liver of mature 
mice 18 suggests that overall 5 mdC levels do not nec- 
essarily correlate with DNA methylation levels of spe- 
cific genes. 

Dietary energy restriction represents adaptation 
whereby the physiological focus is redirected towards 
optimum cellular economy by reducing the mainte- 
nance requirements and minimizing (avoiding) futile 
pathways. This shift in cellular activity is mediated by 
up-regulation of specific transacting factors 19 and their 
subsequent interactions with respective DNA binding 
sites in the control region (promotors or enhancers) of 
various genes in the mammary gland. The nutrition- 

mediated transcriptional activation may alter DNA 
methylation and gene expression. In the present study, 
we did not observe any changes in 5 mdC content of 
DNA due to energy restriction in either mammary 
tissue or livers throughout the entire experimental pe- 
riod. A previous study 2° also demonstrated no changes 
in DNA methylation in the male rat liver due to a 10- 
day starvation. The lack of energy restriction-related 
changes in 5 mdC level is possibly due to the short 
duration of the trial period (5 months). Energy restric- 
tion-mediated changes in gene expression usually occur 
after 10 months in rats. 1,1°,21 

The somatic mutation theory postulates the loss of 
DNA integrity as a cause of aging. 2~- Age-related 
changes in DNA and the chromatin structure include 
increased chromosomal aberrations, strand breaks, and 
alterations in DNA methylation. 2 Some data indicate 
that the sequence CG, if present in the unmodified 
form, may be a site for specific cellular endonu- 
cleases. 23 Therefore, methylation of CG dinucleotides 
in DNA may be a fundamental process ensuring the 
safety of the genome and probably preventing chro- 
mosomes from breaking. It is proposed that a possible 
consequence of age-related demethylation may be an 
increased risk of chromosomal breakage. 2,23 The ques- 
tion remains if energy restriction compensates for age- 
dependent DNA methylation, thereby maintaining the 
longevity of tissue specific gene expression and function. 
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