These studies establish the feasibility of

designing inhibitors of PTH in vivo, and

may facilitate further studies of the

mechanism of PTH action. Such analogs

may ultimately prove useful as diagnos-

tic and therapeutic agents in clinical dis-

orders of the parathyroid glands.
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DNA Methylation Decreases in Aging but Not in Immortal Cells

Abstract. When normal diploid fibroblasts from mice, hamsters, and humans were
grown in culture, the 5-methylcytosine content of their DNA’s markedly decreased.
The greatest rate of loss of 5-methylcytosine residues was observed in mouse cells,
which survived the least number of divisions. Immortal mouse cell lines had more

stable rates of methylation.

Normal diploid cells do not replicate
indefinitely in vitro unless they are al-
tered by some heritable transformation
(I) to produce immortal cell lines that
may or may not be tumorigenic in nude
mice (2). The mechanism underlying the
spontaneous conversion of cells from
senescence to immortality is unknown,
but alterations in gene expression are
probably involved in the process.

The methylation. of DNA influences
vertebrate gene expression and methyl-
ation patterns are tissue-specific (3). The
patterns are inherited with a high but not
absolute fidelity (4, 5), and alterations in
them could cause changes in gene
expression that might be involved in
aging in culture. We have therefore de-
termined the levels of cytosine methyl-
ation in senescing cells from mice, ham-
sters, and humans and compared them to
cell lines derived from the same species.

The growth kinetics of normal popula-
tions of diploid cells from these three
species were followed (Fig. 1). The num-
ber of population doublings (computed
from the increases in cell number with-
out correction for plating efficiency) that
the cells could undergo before senes-
cence was lowest for mouse embryo
(C3HME) cells that showed a maximum
of four to eight population doublings.
Spontaneous regrowth of the culture oc-
curred after 12 passages, which is char-
acteristic of the well-known abilities of
mouse cells to form immortal lines (2).
Syrian hamster embryo (SHE) cells were

maintained for 25 doublings before de-
creased plating efficiency and cell death
caused a decrease in the computed
growth curve. Human fibroblasts can
replicate for 100 population doublings
(I). Human fetal lung fibroblasts (IMR
90) were followed for more than 40 dou-
blings without change in growth rate
(Fig. 1).

The levels of DNA methylation in
these cultures were measured as a func-
tion of population doubling (Fig. 2A).
The percentage of cytosine residues
modified to 5-methylcytosine in freshly
explanted mouse fibroblasts was 3.8 per-
cent; the ratio decreased dramatically
with increased time in culture. This de-
crease was in marked contrast to the
situation with two immortal mouse cell
lines in which the level of methylation
was stable, or increased slightly, over
many passages representing a large num-
ber of cell divisions (Fig. 2B).

Hamster fibroblasts, which underwent
approximately 25 population doublings
(Fig. 1), showed a lower rate of loss of 5-
methylcytosine as a function of time in
culture and human fibroblasts showed
the lowest rate of decrease (Fig. 2A).
Thus, the cell populations that rapidly
senesced in culture showed the greatest
rate of loss of methyl groups from their
DNA'’s.

The 5-methylcytosine content of other
cell types available in the laboratory was
also determined to assess the generality
of these findings (Table 1). The rapidly

Table 1. Methylcytosine content of cells.

5-Methyl- Number
Cell line Description Passage cytosine* of
number
(%) samples
Mouse cells
C3H C1V Immortal S 2.95 +0.19 3
7 3.82 = 0.31 3
11 3.66 2
23 3.64 2
Hamster cells
A(T,) C13 Oncogenic and immortal Unknown 2.25 £ 0.24 5
Human cells
T-1 Normal diploid 8 3.00 2
22 2.88 2
36 2.37 2
HT1080 Oncogenic and immortal 44 2.32 2

*The percentage of S-methylcytosine (SmC) was calculated as follows: [(SmC)/(SmC + cytosine] X 100.
Values represent the average of at least two samples, and standard deviations are provided where

appropriate.
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dividing population of C3HC1V cells iso-
lated in the experiment shown in Fig. 1
had a cytosine modification level of 2.95
percent at passage S which increased to
3.82 percent at passage 7 and stabilized
at 3.65 percent between passages 11 and
23. This value was similar to those of the
established mouse lines (Fig. 2B), but we
do not know whether the increase was
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Fig. 1. Representative population growth
curves. (A) Mouse. Freshly prepared C3HME
cells (@) from C3H/HEN(MTV —) mice were
passaged by trypsinization every 3 to 4 days;
3 X 10° cells were seeded per T-75 flask at
each passage. The surviving 2.5 X 10* cells at
passage 12 were seeded into a 60-mm dish and
fed twice a week for 2 weeks, at which time a
colony (C3HC1V) developed. C3HC1V cells
(O) were then passed as above. (B) Hamster.
Golden Syrian hamster embryo (SHE) cells
were prepared from 10-day embryos; 2 X 10°
cells were seeded per T-25 flask at each
passage. (C) Human. Human fetal lung fibro-
blasts (IMR 90) were obtained from the Insti-
tute for Medical Research (Camden, New
Jersey) at passages 6 (A) and 16 (A) with
known division histories. The cells were pas-
saged by trypsinization every 7 days and
3 x 10° cells were seeded per T-75 flask.
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the result of de novo methylation or the
selection of cells with high methylation
levels from the aging population. A ham-
ster cell line A(T;)C13, which was de-
rived by oncogenic transformation of
hamster fibroblasts in vitro (6), showed a
decreased 5-methylcytosine content rel-
ative to freshly explanted fibroblasts
(Fig. 2A).

The decrease in DNA methylation
with passage of the IMR 90 cells (Fig.
2A) was also found with a strain of
human foreskin fibroblasts (T-1). Since
normal human immortal lines are not
available, we measured the 5-methylcy-
tosine content of a human tumor cell line
HT1080 (7), which showed a much de-
creased S-methylcytosine content rela-
tive to diploid fibroblasts.

Our results clearly demonstrate that
decreases in the levels of DNA methyl-
ation occur with time in culture in diploid
mouse cells, in contrast to the situation
with immortal cell lines. The increased
levels of cytosine methylation of the
newly derived mouse line relative to the
senescing cultures was interesting and
suggested that cells may require a certain
level of methylation to survive in cul-
ture. However, tumorigenic hamster and
human lines had lowered 5-methylcyto-
sine levels compared to their diploid
progenitors so that alterations in methyl-
ation patterns may be more important
than the final 5-methylcytosine content
reached.

The present data do not establish
whether the loss of methyl groups was
related to the number of divisions or
simply to time in culture. However,
methylation patterns most probably
charige after the synthesis of DNA (3).
Division may therefore lead to infidelity
of maintenance methylation, as has been
demonstrated at selective sites for other
dividing cells in culture. Significant vari-
ability in methylation at specific sites in
v-globin gene sequences (8) and in X-
chromosome sequences (9) of cloned and
serially passaged human fibroblasts have
been reported. The work of Wigler et al.
(4) suggested that mammalian cells were
capable of maintaining methylation of
foreign DNA with 95 percent fidelity per
site per gereration.

The observed loss of 5S-methylcytosine
in aging cells might be partially account-
ed for by selective decreases of highly
repetitive DNA sequences (/0) known to
contain the highest percentage of the
compound (3). However, the loss of se-
lective DNA sequences cannot com-
pletely account for the rapid decrease or
for the total reduction in 5-methylcyto-
sine content observed in aging C3HME
cells or in SHE cells (Fig. 2A). Highly

repetitive DNA constitutes only a small
portion of mammalian DNA and con-
tains less than 20 percent of the total 5-
methylcytosine (11). The decreases ob-
served here, which are more extensive
than this, may therefore reflect the com-
bined effects of removal of repetitive
DNA sequences and infidelity in the
maintenance of 5-methylcytosine pat-
terns.

Some data are available on possible
changes in DNA methylation during ag-
ing in vivo. Romanov and Vanyushin
(12) reported decreases in 5S-methylcyto-
sine in the DNA of aging cattle and
salmon, but Ehrlich et al. (13) failed to
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Fig. 2. The rate of DNA miethylation in aging
cells. Nonconfluent cells were grown for 24
hours in the presence of 30 to 100 uCi of
[6->H]uridine in 2 ml of medium. The cells
were lysed, and the percentage of 5-methylcy-
tosine was determined by two-dimensional
thin-layer chromatography after hydrolysis of
the DNA to bases (15). (A) Amounts of 5-
methylcytosine were determined for normal
diploid cells after various population dou-
blings. Curves were drawn by linear re-
gression analysis of the data for mouse
(A) (slope = —0.136 = 0.153), hamster (@)
(slope = —0.043 = 0.005), and human (O)
(slope = —0.021 = 0.004) cells (the * is stan-
dard deviation of slope). The mouse and ham-
ster data represent the compilation of data
from two separate experiments and each point
represents the average of two samples. (B)
The amount of 5-methylcytosine in the DNA
of BALB/3T3A31 C1 1-13 cells (®) and C3H/
10T", C1 8 cells (O) was measured at different
passages. Each passage represents a mini-
mum of three to ten doublings. Linear regres-
sion analysis provided positive slopes of
0.010 = 0.003 for BALB/3T3 cells and
0.016 + 0.014 for C3H/10T", C1 8 cells. Each
point represents the average of at least two
samples.
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detect such decreases in tissues obtained
from young and old humans. Ehrlich et
al. (13) also found no significant changes
in the S-methylcytosine content of hu-
man fibroblasts allowed to undergo ap-
proximately 10 to 15 doublings. Howev-
er, from our data, this may not have
represented a sufficiently long time span
for measurable differences to be appar-
ent in human cells.

The decreases in 5-methylcytosine
that we have observed in cultured cells
from three different species may account
for aberrant gene expression in aging
cultures (14). However, it remains to be
seen whether this represents a response
to the culture environment or has any
significance in vivo.
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Glucose Stimulation of the Antilipolytic Effect of

Insulin in Humans

Abstract. Dose-response studies of the inhibition of lipolysis by insulin in isolated
human adipocytes were conducted with the use of a sensitive bioluminescent assay
of glycerol release. The addition of glucose to the incubation medium was associated
with an increase in insulin sensitivity and an increase in the maximum insulin effect.
The results suggest that glucose plays an important role in regulating the antilipoly-

tic action of insulin in humans.

Insulin inhibits lipolysis and stimulates
the cellular uptake and metabolism of
glucose in adipose tissue. The antilipoly-
tic effect of insulin in the rat is clearly
independent of any action of the hor-
mone on glucose metabolism (7). Dose-
response studies of the inhibition of li-
polysis by insulin in isolated rat fat cells
indicate that although glucose does not
influence the action of insulin on basal
lipolysis (2), it may completely abolish
the insulin inhibition of catecholamine-
stimulated lipolysis (3). It is unclear
whether glucose alters the antilipolytic
effect of insulin in humans. In human fat
cells insulin often fails to inhibit glycerol
release (4). This may be due to the
technical difficulties of estimating glycer-
ol release, which is generally used as an
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index of the rate of lipolysis (5) and is
about ten times more rapid from rat than
from human adipocytes (5, 6). We re-
cently developed a bioluminescent tech-
nique for the determination of glycerol
release from fat cells. This technique is
100 times more sensitive than the com-
monly used enzymatic, fluorometric
methods (7). In the present study we
used the bioluminescent technique to
determine whether there is an interaction
between glucose and the antilipolytic ef-
fect of insulin in man. We prepared iso-
lated human fat cells and measured the
rate of glycerol release in vitro (8).
Figure 1 shows the dose-response
curve for the effect of insulin on ba-
sal and isoprenaline-induced lipolysis.
When either a submaximal effective or a

maximal effective concentration of iso-
prenaline was used, we observed a dose-
dependent influence of glucose on the
antilipolytic effect of insulin. Further-
more, the two different isoprenaline con-
centrations produced almost identical re-
sults. When fat cells were incubated in a
glucose-free medium, they were unre-
sponsive to insulin added at physiologi-
cal concentrations. A slight inhibition of
lipolysis was observed in the presence of
2500 pU of insulin per milliliter. The
addition of glucose (1 mg/ml) to the me-
dium induced a shift to the left in the
dose-response curve for insulin, but a
plateau was never reached. A higher
concentration of glucose (2’ mg/ml) was
associated with a further shift to the left.
A maximum antilipolytic effect of insulin
was obtained with the higher insulin con-
centrations tested. The concentration of
insulin that produced a half-maximum
effect (EDs) in the presence of 2 mg of
glucose per milliliter was about 5 wU/ml
in both experiments with isoprenaline.

The addition of glucose to.the incuba-
tion medium did not induce a shift to the
left of the dose-response curve in the
basal state (Fig. 1). The basal rate of
lipolysis was inhibited by insulin at phys-
iological concentrations, with and with-
out the presence of glucose in the incu-
bation medium. The EDs for insulin was
2.5 wU/ml with 1 or 2 mg of glucose per
milliliter. However, the amplitude of the
dose-response curve was greater with
than without glucose. This indicates that
glucose may stimulate the maximum an-
tilipolytic effect of insulin (insulin re-
sponsiveness) in the basal state. Further
studies (9) showed that the addition of
glucose (2 mg/ml) to the incubation medi-
um was followed by an increase in insu-
lin responsiveness from 40 to 56 percent
(P < .01). Neither the isoprenaline-in-
duced rate of glycerol release nor the
basal rate were influenced by glucose
(Fig. 1).

The interactions among glucose, insu-
lin and lipolysis in human fat cells ob-
served in the present study were mark-
edly different from those described in rat
adipocytes (I-3). In the rat the inhibitory
effect of insulin may be either uninflu-
enced or abolished by the presence of
glucose in the incubation medium. Our
data indicate that, in man, glucose stimu-
lates the antilipolytic effect of insulin.
Furthermore, the present data suggest
that glucose may regulate the antilipoly-
tic effect of insulin in human adipocytes
in two ways. When lipolysis is maximal-
ly or submaximally stimulated by cate-
cholamines, insulin sensitivity is in-
creased by glucose. In the basal state
glucose does not influence insulin sensi-
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