
Decreased Sensitivity of Old and

Progeric Human Fibroblasts to a Preparation of

Factors with Insulinlike Activity

C. B. HARLEY, S. GOLDSTEIN, B. I. POSNER, and H. GUYDA, Departments of
Medicine and Biochemistry, McMaster University, Hamilton, Ontario,
Canada L8N 3Z5; McGill University, Departments of Medicine and Pediatrics,
Montreal, Quebec, Canada H3A IAI

A B S T R A C T To determine whether old cells have
a reduced response to a preparation of factors from
human plasma with insulinlike activity (ILA), we
analyzed the response to ILA of early and late passage
human fibroblasts from young, old, and progeric donors
in the acute stimulation of [3H]2-deoxy-D-glucose (2dG)
uptake and the delayed stimulation of [3H]thymidine
(TdR) incorporation into DNA. The ILA concentra-
tion required to produce equivalent, relative stimula-
tion of TdR incorporation was increased two- to three-
fold in late passage cells and cells from old and progeric
donors (P < 0.01). 50 and 95% of maximal stimulation
(ILA50, ILA95) was achieved by 0.26+0.07 and
1.38±0.13 ng insulin equivalents/ml (mean+SD)
respectively, in cells from young adults at early
passage. Corresponding values were 0.54+0.05 and
2.90±0.25 in cells from old donors; >0.9±0.1 and
>3.1+0.1 in cells from a 9-yr-old progeric donor; and
0.4±0.05 and 1.1±0.04 in cells from normal children
(9-13 yr). For two cell strains from young adults,
ILA50 and ILA95 were 0.30+0.02 and 1.0±0.3 ng
eq/ml at 30% of their in vitro lifespan completed
(%LC) and these values increased at rates of 0.005 ng
eq/ml per %LC and 0.04 ng eq/ml per %LC, re-
spectively.
The mean stimulation of 2dG uptake ratio (ILA/

control) decreased from early to late passage from
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2.1±0.6 to 1.3±0.1 in young adult donors (P < 0.05),
but there were no significant differences between
young and old donors at either early or late passage.
The mean stimulation ratio in progeric cells (1.2±0.2)
did not change with in vitro passage, but was sig-
nificantly lower than that of age-matched normal cells
(2.1±0.8, P < 0.001). In progeria cells, the reduced
stimulation of 2dG uptake upon addition of ILA was
due to an increased basal rate of uptake (0.19+0.01
pmol [3H]2dG/min per mg protein vs. 0.13±0.01 in
age-matched normal cells), and not to a decline in the
maximal rate of uptake (0.26±0.01 vs. 0.27+0.02,
respectively). Similar results were found for in vitro
aging in cells from an old donor.

INTRODUCTION

Biological aging is accompanied by a deterioration
of glucose tolerance (1) and it has now been shown
that this is due to reduced tissue sensitivity to
insulin in the face of normal or elevated levels of
circulating insulin (2). In recent years, attention has
been directed to a group of insulinlike growth factors
that stimulate metabolism and proliferation of various
cell types (3, 4) but it is still not known whether aging
diminishes tissue sensitivity to these factors in vivo.
Part of the problem relates to the low levels of these
hormones in blood but most importantly to their
crossreactivity on radioimmune and radioreceptor
assays with insulin and with each other (3, 4). Knowl-
edge of the circulating levels of these hormones and
tissues sensitivity to their actions would clearly be
important in exploring the basis of the age-dependent
diminution in the ability to carry out tissue growth
and repair (5, 6).
We have previously investigated the response of

cells in vitro to a partially purified preparation of
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peptides with insulinlike activity (ILA)1 prepared
from human plasma (7, 8). ILA produced a large, acute
stimulation of glucose uptake and a large but delayed
and transient stimulation of DNA synthesis. We have
now attempted to determine the effect of aging on the
acute and delayed response of cells to ILA. We have
compared normal diploid fibroblasts from young and
old donors at both early stages of passage and at late
passage ("aging in vitro") (9, 10) as well as from a pa-
tient with the Hutchinson-Gilford (progeria) syndrome
that manifests several features of premature aging
plus severe stunting of somatic growth.

METHODS

Subjects. Normal individuals aged 9-76 yr consisted of
subjects in excellent health and no known family history of
diabetes mellitus or growth disorders. The progeric subject
was a 9-yr-old male with the classic syndrome as de-
scribed (11, 12).

Cell culture. All cultures were established in our labora-
tory following a 4-mm skin punch biopsy of the anterior fore-
arm and propagated as described (13, 14), in a 37°C 5% CO2/
95% air humidified atmosphere. The culture medium con-
sisted of Eagle's minimal essential medium supplemented
with 15% fetal calf serum, nonessential amino acids, glucose
to a final concentration of 15 mM, and 1 mM pyruvate.
Table I lists the cell strains used and their in vitro lifespan
(mean population doublings from the first passage until
termination) (9). Since -10 population doublings are in-
volved in establishing the primary culture (15), these
doublings are included in determining the percent of the
in vitro lifespan completed.
Preparation of the cells for assay. Cells at various stages

of the replicative lifespan were inoculated into 35-mm
plastic dishes (Coming Glass Works, Science Products,
Coming, N. Y.) at a split ratio of 1:4 or 1:8. Subconfluent
cells were rinsed once with phosphate-buffered saline, and
the growth medium was replaced with serum-free medium
(growth medium minus calf serum plus 0.1% albumin) or
test medium containing various concentrations of ILA. Con-
trol medium contained an appropriate volume of normal
saline.
Thymidine (TdR) incorporation. Cells were prepared as

above. 48 h after cells were rinsed and refed with serum-
free medium, TdR incorporation was reduced to a minimum
(8). ILA or control medium (normal saline) was added to the
serum-free medium and a small volume of serum-free
medium containing [3H]TdR was then added over a 1-8-h in-
terval centered between 16-24 h following ILA addition.
Cells were then prepared for liquid scintillation counting as
described (8).
Uptake of 2-deoxy-D-glucose (2dG). Cells were prepared

as above but allowed to reach confluence. After incubation
with the test medium for 3-4 h, cells were rinsed and
assayed for uptake of [3H]2dG as described (8).

1Abbreviations used in this paper: 2dG, 2-deoxy-D-
glucose; ILA, insulinlike activity; ILA50, ILAI5, concentra-
tions of ILA required to achieve 50 or 95% maximal stimu-
lation, respectively; %LC, percent lifespan completed; TdR,
thymidine.

TABLE I
Fibroblast Cultures Used in This Study

In vitro lifespan
Cell Donor age (MPD)*

yr

Children
Normal A2 9 70

RE 13 65
Progeria P5 9 42

Young adults EM 28 44
TM 24 52
J004 22 68
CBH 23 50

Old adults J088 76 48
J069 67 49
J087 76 32
J046 67 34

* MPD = mean population doublings accumulated from time
of first cellular outgrowth from explants to cessation ofgrowth.
Cultures were subdivided each time they reached confluence
at a 1:4 or 1:8 split ratio counting two or three MPD, respec-
tively, each time in the cumulative total.

Preparation of ILA. A preparation of partially purified
ILA was obtained from Cohn fraction IV of human plasma
by acid-ethanol extraction and Sephadex chromatography
under acid conditions as described in detail (7). At this stage
of purification, the ILA migrated with a molecular mass of
6-12,000 daltons on Sephadex G-75. It contained <0.01%
insulin and consisted of three insulinlike peptides (acidic,
near neutral, and basic) as judged by isoelectric focusing
(7). Because the material was quantified during purification
by an insulin radioreceptor assay, its potency has been ex-
pressed in nanogram equivalents (ng eq) of insulin in which
1 ng eq equals 25 ,uU of porcine insulin in the radioreceptor
assay (7). The minimal specific activity of pure ILA, based
on the activity of our purest preparations, is 1,075 mU/mg.
The material used in the studies reported here was 2-4%
pure, but it contained essentially no insulin.

Statistical tests. A two-tailed Student's t test for un-
paired data was used to ascertain the significance of ob-
served differences between cell strains. When testing the ef-
fect of ILA on a single strain, the alternative to the null
hypothesis was that ILA stimulated growth or uptake, and
hence a one-tailed Student's t test was used.

RESULTS

Stimulation ofDNA synthesis. The time-course for
incorporation of [3H]TdR into late-passage cells and
cells from older and progeric donors was synchronous
with that of early-passage cells from young donors2
(8). Fig. 1 shows the dose-response curve for ILA
stimulation of DNA synthesis in cells from a young
donor. It may be seen that quantitative differences
exist in both the maximum extent of stimulation and
the concentration of ILA required to achieve this

2 Harley, C. B., and S. Goldstein. Unpublished data.
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FIGURE 1 Response to ILA of early-( -0*) and late-
passage (O 0) fibroblasts (A2) to increasing doses of ILA.
DNA synthesis was measured as [3H]TdR incorporated into
DNA during the synthetic peak from 18-24 h after addition
of ILA. ILA50 and ILA95 are indicated by the arrows (V early
passage; V late passage). Mean (+SD) for replicate cultures
in a single experiment are shown.

maximum. The ratio of maximally stimulated DNA
synthesis in ILA-treated cells to that of control (saline-
treated) cells was greater in early-passage cultures
compared to late-passage cultures from all donors,
but there was considerable variability in this parameter
(Table II). Serum starvation inhibits DNA synthesis
to varying degrees day to day, and the stimulation ratio
is very sensitive to the "basal" rate since it is small
and appears in the denominator of the ratio. Although
cells from old and progeric donors had lower absolute
incorporation of [3H]TdR than young, normal cells2,

TABLE II
ILA Stimulation of [3H]TdR Incorporation into Fibroblast

DNA Expressed as the Ratio to Control

Passage
Donors (N)* level Mean ratio+SD (n)*

Young (6) Early 6.6+3.8 (9)
Late 3.0±1.8 (7) (P < 0.05)

Old (4) Early 11±10 (3)
Late 6±2 (4)

Progeria (1) Early 8.0+2.5(3)
Late 2.5 + 1.6 (2) (P < 0.10)

Data represent the mean ratio for the ILA-stimulated incor-
poration [3H]TdR into acid-insoluble material vs. untreated
controls during a 1-8-h interval centered about the peak of
DNA synthesis following exposure to ILA. Early- and late-
passage levels refer to <40% and >75% ofthe in vitro lifespan
completed, respectively. Differences between donor groups
at either early or late passage were not significant. Differences
between individual strains within a donor group at corre-

sponding passage levels were not significant.
* N is the number of strains tested and n is the number of
independent experiments.

the interpretation of these data requires a comparison
of the efficiency of serum starvation and the intra-
cellular specific activity of [3H]TdR triphosphate in
the different cell strains.
A reliable index for comparison of the various cells

is the relative sensitivity to ILA expressed as the
concentrations required to achieve 50 or 95% of the
maximal stimulation (ILA50 and ILA95, respectively)
(Fig. 1). These parameters correlated with both
cellular age in vitro (Fig. 2) and donor age (Fig. 3).
For two young normal strains (Fig. 2), ILA50 was

0.3+±0.02 ng eq/ml insulin at 30% of their lifespan
completed (30%LC) and increased at a rate of 0.005
ng eq/ml per %LC (P < 0.001). This gives a doubling
time for ILA50 of 60% of the total in vitro lifespan.
ILA95 was 1.0+0.3 ng eq/ml at 30% LC and increased
at a rate of 0.04 ng eq/ml per % LC (P < 0.005), a

doubling time of 25% of the lifespan. The relatively
greater rate of increase in ILA95 reflects a flattening of
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FIGURE 2 Effect of cell passage on ILA50 and ILA95 for DNA
synthesis in cultured cells. Dose-response curves were gener-
ated as in Fig. 1 and the results for ILA50 (bottom panel) and
ILAas (top panel) were plotted against the percent lifespan
completed. Arrows indicate a minimum estimate as maximum
stimulation could not be attained at the top dosage of ILA
used (4.1 ng eq/ml). Two strains of normal fibroblasts
(O- 0), were used (A2 and J004). The rate of increase
in ILAas and 1LAs5 was determined by linear regression on
the pooled data for these strains (see text). The single progeric
strain (A) was examined in two experiments at mid-lifespan.
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the dose-response curve with in vitro aging, as seen in
Fig. 1. Progeria cells at mid-lifespan were significantly
less sensitive to ILA than the age-matched normals, re-

quiring >0.9 ng eq/ml (P < 0.001) and 3.1 ng eq/ml
(P < 0.01) to obtain 50 and 95% of the maximal stimu-
lation, respectively. Fig. 3 shows the relative sen-

sitivity to ILA of cells from young, old, and progeric
donors at early passage. There was a significant in-
crease in ILA50 and ILA95 in both progeria and old
adults. In some assays of cells from progeric and old
donors, the maximal response to ILA could not be ob-
tained from the dose-response curve. In such cases,

minimum estimates of ILA50 and ILAS5 were used in
the statistical comparisons. The true values of these
parameters would show even greater differences than
those reported here. Differences between children
(9-13 yr) and young adults (22-28 yr) were not sig-
nificant. Between young and old adult donors, the
mean increase in ILA50 was 0.007 ng eq/ml per yr and
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FIGURE 3 Effect of donor age on ILA." and ILAt5 for DNA
synthesis. Cells from donors of various ages indicated were

assayed at early passage (<60% LC). Arrows indicate mini-
mum estimates because maximum stimulation was not at-
tained at the uppermost ILA dose of 4.1 ng eq/ml. Data from
all 11 donors (Table I, except EM and J088, which were not
assayed at early passage) are shown. Two or three different
cell strains were used in each normal age group (0) while
the progeric strain (A) was examined on two separate oc-

casions.

TABLE III
Effect of ILA on Stimulation of 2dG Uptake by Fibroblasts

In vitro Uptake ratio
age (ILA/control)

Donor (N) Age (yr) (%LC) mean±S.D. (n)

Normal child (1) 9 <40 2.0±0.4 (9)
40-55 2.3±1.0 (11)
>75 1.7+0.4 (3)*

mean 2.1±0.8 (23)

Progeria (1) 9 <40 1.3±0.2 (2)
>75 1.2+0.1 (3)

mean 1.2+0.2 (5)*

Young adults (3) 22-28 <50 2.1+0.6 (4)*
>85 1.3+0.1 (2)t

Old adults (4) 67-76 <45 2.7±+1.3 (5)
>55 1.6+0.2 (2)t

Uptake of 2dG was measured 3-4 h after addition of ILA
(4 ng eq/ml) or control medium as described in Methods.
The mean ratio of the treated to untreated uptake rates±SD
of n experiments is reported for cells from N donors at the
indicated stages of their in vitro lifespan.
* Effects of ILA on progeria cells were significantly less
than effects on age-matched or adult normals at early passage
(P < 0.01).
t There was a significant decline in the uptake rate as a
function of%LC for young adults (r = -0.997, P < 0.0005) and
old adults (r = -0.671, P < 0.05) but not for the normal child.
Differences between normal donors were not significant.

for ILA95, 0.04 ng eq/ml per yr. The doubling time
for both ILA50 and ILA9,5 was -40 yr. These rates
are remarkably similar to the increases seen per percent
lifespan completed during the in vitro passage of cells
from young donors.

Stimulation of 2-deoxy-glucose (2dG) uptake. Be-
cause DNA synthesis is a delayed and transient re-
sponse to ILA exhibited by a relative minority of the
cell population (8), we determined the effects of aging
on the stimulation of 2dG uptake.
Although ILA stimulation of the rate of 2dG uptake

occurs as an acute cellular response, i.e. within
minutes, maximal stimulation of uptake requires 2-4 h
of incubation with ILA (8). In the experiments re-
ported here, we have compared the rates of 2dG up-
take during a 15 min interval, 3-4 h after addition of
ILA. ILA had a significant effect on the rate of 2dG
uptake for each strain (P = 0.0001-0.04). However,
late-passage cells were stimulated less than early-
passage cells for all donor types, with significant dif-
ferences observed in cells from young and old adults
(Table III). The progeria response was significantly
less than either the age-matched controls or all normal
cells combined (P < 0.01).
Because higher rates of glucose consumption have

been observed in late-passage cells and in cells from
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FIGURE 4 Basal and stimulated rates of2dG uptake in normal
and progeric cells. Confluent, early-passage cells from the

progeria donor (40% LC) and early-passage cells from the age-

matched normal child (A2, 26% LC) were assayed for the rate
of 2dG uptake during a 15-min interval 3 h after addition of
ILA or control medium (Methods). The bars represent mean

rates (+SD) of three or four determinations in a single
experiment.

progeria and old donors3 (16, 17) we compared the basal
(saline-treated) and ILA-stimulated rates of2dG uptake
in progeria and the age-matched normal strain (Fig. 4).
There was no significant difference between normal
or progeria cells in the maximal ILA-stimulated rate
of 2dG uptake. The overall reduced response of
progeric cells was due to a significantly elevated basal
rate (P < 0.001). Qualitatively similar results were

obtained with cells from an old donor (J069). The
reduced response to ILA as a function of in vitro age

(29 vs. 72% LC) resulted from a small (12%) decrease
in the stimulated rate of uptake (P < 0.05) and an ele-
vated basal rate (21% increase, P < 0.07). Comparison
of absolute rates of 2dG uptake as opposed to stimu-
lated/basal ratios (Table III) requires precise knowl-
edge of specific activity and cellular densities and was

not done in the other strains listed in Table III.

DISCUSSION

We have analyzed the sensitivity of early- and late-
passage human fibroblasts from young, old, and

3 Goldstein, S., S. R. Ballantyne, A. L. Robson, and E. J.
Moerman. In preparation.

progeric donors to a preparation of factors with ILA
using two parameters, the acute response of glucose
uptake and the delayed response of DNA synthesis.
Our observations indicate (a) that the sensitivity of
cells from young and old donors to ILA stimulation
of DNA synthesis decreased with in vitro age. That is,
the concentration of ILA required to produce equiva-
lent, relative stimulation of [3H]TdR incorporation in-
creases with passage, doubling in an interval repre-

senting -50% of the in vitro lifespan. (b) The sen-

sitivity of cells from old donors and a subject with
progeria is less than that of cells from young, normal
donors. Old and progeria cells at early passage re-

quire 2-3 times as much ILA as young cells to produce
the same relative stimulation of DNA synthesis. (c) At
early passage, there is no significant difference in
stimulation of 2dG uptake between normal donors of
any age group (9, 22-28, and 67-76 yr), but the re-

sponse of progeric cells is greatly reduced. (d) The
stimulation of 2dG uptake decreases as a function of in
vitro age in cells from young and old adult donors.
(e) The apparent reduced response of progeric and late-
passage cells to ILA stimulation of 2dG uptake is due
primarily to an elevated basal rate of uptake.
The reduced sensitivity of late-passage cells and

cells from old and progeric donors to stimulation of
DNA synthesis by ILA cannot be ascribed to a reduced
acute metabolic response to glucose because cells
from old donors responded as well, or better than cells
from young donors in the assay for 2dG uptake. Thus,
the decreased proliferative capacity of old, progeric
and late-passage cells is likely to be a primary defect
rather than a consequence of decreased glucose entry.
A recent report (18) shows that while insulin and
multiplication stimulation activity, a related insulin-
like growth factor, exert their effects on glucose
metabolism in rat adipocytes via the insulin receptor,
their effect on DNA replication in human fibroblasts
acts through a different (unidentified) receptor. Our
data, then, suggest that there may be a diminution in
the number, affinity and/or sensitivity of this particular
receptor with donor age and with tissue culture age.

The status of insulin receptors has been measured
on cultured fibroblasts as a function of donor age
(19, 20), and no significant change was found in re-

ceptor number, but an age-dependent increase in af-
finity was observed in one report (19). No studies have
yet been published on the status of insulin receptors
on cultured fibroblasts as a function of passage level.
However, Ladda (21) has reported that receptors for
epidermal growth factor increase per cell but not per

surface area in the progressively larger late-passage
cells. He also reported a shift to the right in the
epidermal growth factor dose-response curve for DNA
synthesis at late-passage (21).
Our data show a diminished sensitivity of cultured
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human fibroblasts in their response to ILA stimulation
of DNA replication as a function of culture age, donor
age, and in progeria. This may explain the decreased
ability of elderly people to repair tissue, and the in-
creased repair time at sites of chronic cell turnover
in persons of any age. In this latter situation, we specu-
late that cells in vivo have consumed more of their
replicative lifespan and hence behave like late-passage
cells in vitro. The data may also explain, at least in
part, the poor growth of mesenchymal tissues in
progeria and the severe stunting of growth. The re-
duced sensitivity of progeric and late-passage cells to
ILA may not be specific for this group of peptides since
the growth rate and net protein synthesis in response
to serum stimulation are also reduced in these cells.2
It is of interest that somatomedin-C levels in the
progeric subject were within normal limits of age-
matched children.4
The increased basal uptake of 2dG in late-passage

and progeric cells could result from a higher rate of
passive diffusion in these cells. We have previously
shown that ILA does not affect this component of
uptake, but rather stimulates specifically facilitated
transport (8). Because the maximal rate of uptake in
late-passage and progeric cells was slightly reduced
in comparison to young normal cells, the facilitated
transport component of uptake would show an even
greater reduction if passive diffusion were in fact
elevated in these cells. It would be of interest to deter-
mine the reason for the increased basal rate of 2dG
uptake in late-passage and progeric cells. There are at
least five possibilities. First, these cells may be un-
able to "down-regulate" metabolism in response to
conditions that slow growth. Second, if termination
ofthe replicative lifespan ofhuman fibroblasts is a form
of differentiation (22-25) then such post-mitotic
fibroblasts may simply require a higher metabolism
of glucose. Third, the increased basal activity of
late-passage and progeric cells may be the normal
response of cells to prolonged interference of cell
replication: they may be poised for growth, but blocked
by a defect in completing the cell cycle. Fourth, there
may be a defect in oxidative energy metabolism, thus
increasing the demand for glucose to supply energy
via the alternate pathway of glycolysis. Indeed, late-
passage and progeric fibroblasts consume more glucose
than early-passage or age-matched normal cells (16, 17).
Finally, the integrity of the cell membrane may
deteriorate in late-passage and progeric cells, allowing
greater passive diffusion of small molecules. As noted
above, however, this is not a complete explanation
since total uptake in the presence of ILA is not in-
creased. Although it remains difficult to distinguish
between these alternatives, our data clearly demon-

4 Bala, M., and S. Goldstein. Unpublished data.

strate the dichotomy that exists in fibroblast respon-
siveness to ILA on an acute metabolic effect vs. a
delayed effect on DNA synthesis. Further metabolic
studies, for example at different stages of growth in
young and old cells, may clarify the mechanisms
whereby ILA, insulin, and related peptides exert their
effects on these two parameters and how biological
aging impairs one and not the other.
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