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Diabetes Mellitus and Genetic Prediabetes

DECREASEDREPLICATIVE CAPACITY OF CULTUREDSKIN FIBROBLASTS
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Biochemistry, McMaster University Medical Centre, Hamilton, Ontario L8S 4J9

J. STUARTSOELDNER,RAY E. GLEASON, and DONALDM. BARNETT, E. P. Joslin
Research Laboratory, Department of Medicine, Peter Bent Brigham Hospital
and Harvard Medical School, and the Joslin Clinic Division of the Joslin
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A B S T RA C T The idea that the gene(s) that cause
diabetes mellitus can be expressed in extrapancreatic
cells has been examined by tissue culture techniques.
Skin biopsies were obtained from 25 normal subjects
(N), 26 overt diabetics (D), 16 of juvenile onset (JOD)
and 9 of maturity onset (MOD), and 21 subjects geneti-
cally predisposed to diabetes (P) on the basis of maturity-
onset diabetes in both parents. Each biopsy was sub-
divided, multiple skin fragments were explanted in
vitro, and several parameters of cellular outgrowth
were monitored in primary and secondary cultures
until cell division ceased because of senescence. In
general, the rank order of growth vigor was N > P > D
although differences were often marginal and statisti-
cally significant between Nand JODand(or) MOD.Out-
growth of epithelial cells was more vigorous in N ex-
plants in early stages, but later, JOD and MODcells
grew better than those of N. Outgrowth of fibroblast
cells from N explants was more vigorous both at early
and later stages and required less time to achieve maxi-
mumpercent outgrowth. In secondary cultures, N cells
grew faster than the other three groups so that fewer
days elapsed between subcultures but significant dif-
ferences were only seen between N and one or two of
the other groups over some of the first seven subcul-
tures. The onset of cellular senescence occurred earlier
in P and JOD cultures both in mean population dou-
blings and calendar time. N cultures had a higher per-
cent surviving clones after picking than MOD, and a
shorter recloning time than clones of JOD. The replica-
tive life-spans of cultures (mean population doublings
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+SE) were N = 52.54+2.24, P = 47.84+2.43, JOD
= 47.12+2.99, and MOD= 46.40+4.04, but differences
did not reach significance for Nvs the other three groups.

The data demonstrate that cellular growth is im-
paired in both JOD and MODtypes of cultures and
to a generally lesser extent in P cultures. This is con-
sistent with intrinsic genetic defects but the possibility
that persistent deleterious effects of in vivo patho-
physiology contribute alone or in combination cannot
be ruled out. Therefore, the diabetic defect(s) can be
expressed in extrapancreatic cells of mesenchymal
origin. This system should prove useful in exploring
the interplay between genetic and environmental fac-
tors in diabetes, the mechanisms(s) of hyperglycemia
and other metabolic derangements, and the propensity
that affected individuals have to develop degenerative
diseases.

INTRODUCTION

Diabetes mellitus is a complex disorder of unknown
etiology (1). Whereas the potential to develop diabetes
is inherited, the precise nature of genetic transmission
remains a mystery (2-4). Recent studies indicate that
great heterogeneity exists in the clinical and patho-
logical picture, and it follows that the genetic basis will
be equally diverse (2-4). Moreover, like many complex
genetic disorders, the variable expression of diabetes
is influenced by several environmental factors such as
viruses, nutrition, obesity, and in particular, the aging
process (1-5).

Irrespective of the underlying basis and provocative
agents, clinical expression occurs when there is an ab-
solute or relative deficiency of effective insulin lead-
ing to an inappropriately high level of blood glucose.
But whereas this definition implicates endocrine cells
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that secrete hormones involved in glucose metabolism,
it is now clear that certain specific forms of diabetes
have (lefects that reside in nonendocrine tissues. Thus,
despite the delivery of active insulin, often in abnor-
mally high concentrations, these "peripheral" cells show
a blunted response (6-11). Because the bioclhemiiical
components of cells are genetically determined, and
many gene products are expressed in all cells, some
defects may be shared such that both hormone pro-
duction and peripheral responsiveness are simulta-
neously defective (12, 13).

In an earlier study we demonstrated that skin
fibroblasts cultured from donors genetically predis-
posed to diabetes had reduced growth capacity comll-
pared to normal controls, showing a reduced ability
to form colonies (14). Such "prediabetic" donors were
used rather than overt diabetics to preclude any ad-
verse effects oIn in vitro growth that could ensue as a
result of prior in vivo derangements of metabolism or
anatomic pathology. In the present report we have ex-
aminied a new series of normal subjects and individuals
genetically at risk to develop diabetes. We have also
added overt diabetics with both juvenile-onset and
maturity-onset forms of the disease who were predom-
iinantly free of clinical sequelae. The results to be pre-
sented confirm and extend the previous findings on
the deleterious effects of the diabetic genotype and(or)
metabolism on cellular growth in vitro. Preliminiarv
reports have been pulblished (15-17).

METHODS

Subjects
The normal group. This group consisted of subjects in

excellenit health with repeatedly normal glucose tolerance
tests and a negative family history of diabetes (Table I).

The high-risk (prediabetic) group. Subjects in this group
were offspring of two parents with clinically overt maturity-
onset diabetes (Table I). These subjects will be referred to

TABLE I
Age and Sex of Subjects and Percenit Ideal Body Weight

at Time of Biopsy*

Sex
Age

tl N1 F Age ranige Weightl

yr yr o

Nonnal 25 8 17 44.3±17.5 15-76 104.6±14.6
Prediahetic 21 13 8 40.0±15.1 19-62 108.9+24.5
Juvenile-oniset

diabetes 16 8 8 29.3±3.0 14-60 98.0±13.8
Niaturity-onset

diabetes 9 6 3 59.7±13.4 39-76 107.9±4.0

* Meain SD.
t Fromii Metropolitan
build andi height.

as high risk or prediabetic even though it has been reportedl
that only 35% will go on to develop overt diabetes by age
85 yr (18). After the first analysis (15) a group of ninie pre-
diabetics was eliminated from the series. These subjects
either had one parent with juvenile-onset (liabetes (three sub-
jects), were the nondiabetic monozvgotic twin of an overt
diabetic (four subjects), or were offspring of parents with in-
sufficiently documented diabetes (two subjects). The first
seven were excluded because their risk to diabetes seems to
represenit an entirely different entity (19-22).

Each prediabetic had receivedl at least two stanclard 3-h
oral glucose tolerance tests (18), the last one within 1-5 mo
before biopsy. The high-risk subjects had predominantlv
nonrmal criteria throughout these tests. A few had "chemical
diabetes" with one or more abnormal bloo10 glucose levels
after an oral glucose challenge, but none hadl fastinig hyper-
glycemia.

The juvenile-onset and mnaturity-onset diabetic groups.
These groups (Tables I and II) consistedl of individluals with
overt dliabetes who were outpatients or ambulatory inpatients
in the Diabetes Teaching Unit of the Joslin Clinic.

Juvenile-onset diabetes was defined, for 15 of the 16 sub-
jects in this study group, as the development of continuous
insulin requirement with onset under 19 yr of age. The re-
maining subject had onset at 31 yr of age, but required multiple
dailv insulin doses for adequate control. All maturity-onset
diabetics were 36 yr of age or older at onset. Most subjects
were free of renal, cardiovascular, and ocular manifestations
of dliabetes (Table III).

Biopsy and preparation of tissue
Biopsies were scheduled in three sessions about 8 wk apart

at the Josliin Research Laboratory in Boston. Subjects from
the four study groups were assigned consecutive code num-
bers as they appeared in random order for biopsy. After biopsy,
skin samples were immediately placed inlto regular growth
mediumii (vide infra) and kept at 0-4°C. All preparations were
then transported from Boston to Hamilton and explanted
within 48+2 h in the same sequence as biopsied. All tissue
culture operations were carried out by one of us (E. J. Moer-
man) with no knowledge of the specific iclentities or group
categories of each subject.

Biopsy techniques have been previously described (14, 23,
24). In brief, a 4-mm diameter plug of skin was excised with a
stainless steel punch andl scissors from the anterior forearm
1-2 in below the elbow crease with Xylocaine anaesthesia
without epinephrine (Astra Pharmaceutical Prodlucts, Inc.,
WVorcester, NMass.). A full thickness one-quarter portion of
the biopsy was divided with sharp scalpel blades, prepared for
frozen section, multiply sliced in 2 ,um thickness with a micro-
tome, mounted on slides, stained by hematoxylin and eosin,
then stored for later histological examination.

Another one-quarter portion was similarly removed for
direct dissociation of cells. This protocol was carried out on
the first 25 subjects in an attempt to determine the primary
plating efficiency of cells dissociated directly from skin. The
procedure involved mincing of skin with fine scissors followed
by sequential incubation with trypsin and DNase, and filter-
ing through a sterile nylon mesh of 55 ,um pore size. Cells
in the resulting filtrate were counted and 1,000-5,000 cells
were plated into 100 x 20-mm (Falcon Plastics, Division of
BioQuest, Oxnard, Calif.) Petri dishes. Attempts were also
made to separate epidermis from dermis, (the latter being
the precursor layer for cultured fibroblasts) to reduce the num-
ber of "background" epidermal cells, which would not con-
tribute to colony formation under these conditions. Skin frag-
ments were digested with collagenase and the epidermal
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TABLE II
Clinical Details on Diabetic Subjects*

Paraimieter juvenile onset Maturity onset

Age at onset, yr 14.2±5.9 48.2±8.4
Mean duration of diabetes, yr 15.1 11.4
Symptoms at onset

Acute (polydipsia, polyphagia, polyuria) 12 5
Mild 3 3
None 1 1

Birth weight, pounds 6.8± 1.9 (n = 11)4 6.9±2.6 (n = 5)
Parents with dialetes

None 13 (n= 14) 6
One 1 3

Number of diabetic siblinigs (n = 15) (ni = 8)
None 14 4
One 0 2
Two 1 0
Three 0 2

Number of siblings 2.3±1.6 5.3±5.4
Number of diabetic children 0 (n = 15) 0.1±0.3
Number of children 1.1±1.4 2.2±0.9
Percent ideal weight at onset, % 90.0±30.1 (12) 122.7±11.8
Initial treatmienit

Diet 1 1
Oral agent 1 4
Insulin 14 4

Current treatment
Oral agent 0 2
Insulin 16 7

Insulin dose
Single 7 4
Split 9 3

Units of insulin per clay, U 43.6±22.7 37.8±11.2

* Mean±SD.
4 Where tl < 16 for juveniile-onset diabetes or <9 for maturity-onset diabetes, data were
not obtainable.

layers removed with forceps under a dissecting microscope.
The remaining dermis was dispersed and the cells plated.
Extremely erratic results led us to abandon this portion of
the protocol.

The remaining portion of the skin biopsy was subdivided
with sharp scalpel blades into -1-mm full thickness fragments.
Three such fragments were explanted into each 60 x 15-mm
Petri dish where they were evenly spaced and pressed un-
der a 25-mm2 glass coverslip secured at one corner by a pat
of sterile silicone grease (14, 23, 24). In the first group of
biopsies, where one-quarter of the material was consumed
in attempts at direct dissociation of skin, 12 skin fragments
(i.e., four replicate dishes) were explanted. In subsequent
groups enough skin was available for explantation so that six-
eight replicate dishes were used (i.e., 18-24 skin fragments)
from each donor.

Medium
Eagle's minimum essential growth medium supplemented

with "non-essential" amino acids, Fe (NO3)3, pyruvate, and
250 mg/dl glucose was used throughout the study (23). Fetal
calf serum (Grand Island Biological Co., Grand Island, N. Y.)

was added to 15%by volume. Limited space for frozen storage
necessitated the purchase of serum from two lot numbers.
The order of biopsies and subsequent cultures was random-
ized among the four study groups to adjust for possible sys-
tematic bias in growth performance caused by different serum
lots. In addition, when several cell strains developed in me-
dium that contained one lot of serum were cultivated in
medium that contained the second lot, growth parameters ap-
peared almost identical.

Incubation of explants and secondary cultures
All tissue culture material was incubated at 37.0+0.3°C in a

humidified atmosphere of 95%air and 5%CO2, with total me-
dium replacement once each week. Skin fragments were scored
every 2 d for various growth parameters (Fig. 1). The growth
of explanted tissue in culture is known as the "primary cul-
ture" stage, whereas that after harvest of cells produced by
explants is known as "secondary culture." A complete glossary
of terms used in this study protocol appears in the Appendix.
The time of harvest was determined by the appearance of
the first confluent fibroblast sheet in explant dishes. The two
dishes of explants showing the best growth were chosen for

360 Goldstein, Moerman, Soeldner, Gleason, and Barnett



TABLE III
Presence of Pathophysiological Sequelae in Diabetic Groups

Juvenile-onset diabetes Maturity-onset diabetes

Type of sequelae Present Absent Present Absent

Cataracts 1 15 0 9
Ocular hemor-

rhages 1 15 2 7
Microaneurysms 3 13 2 7
Exudates 3 13 4 5
Neurological

(paraesthesiae
and so forth) 6 10 5 4

Claudication 0 16 2 7
Gangrene 0 16 0 9
Amputation 0 16 0 9
One or more

nonpalpable
pedal pulses 0 16 1 8

Stroke 0 16 0 9
Congestive heart

failure-
treated 0 16 2 7

Angina 0 16 2 7
Myocardial

infarction 1 15 2 7
Cardiac

arrhythmia 1 15 2 7
Proteinuria 1 15 1 8
BUN>25

mg/lOOmg 1 8(n=9) 1 6(n=7)
Triopathy* 2 14 1 7 (n = 8)

* Triopathy indicates simultaneous: (a) ocular changes in the
lens and(or) retina i.e. hemorrhages, exudates, and micro-
aneurisms. (b) renal impairment as persistent proteinuria
and(or) elevation of blood urea nitrogen (BUN) and creatinine,
and (c) neurological (sensory-motor) impairment by objective
clinical criteria.

secondary culture. In most cases all three fragments within
a dish, and never fewer than two, showed the requisite amount
of growth. For harvest, cells from both dishes were liberated
and pooled after treatment with a 0.125% solution of trypsin
(Difco Laboratories, Detroit, Mich., 1:250) in phosphate-buf-
fered saline for 5-10 min at 37°C. After addition of 10 vol
of growth medium to inhibit enzyme action, cells were dis-
persed by rapid pipetting. An aliquot of the cell suspension
was counted on a Cytograf electronic cell counter (25), which
was frequently calibrated with hand counting on a hemocytom-
eter. Cells were inoculated at low density (500 per dish)
into six replicate 100 x 20-mm plastic Petri dishes. The re-
maining cells were inoculated into two 100 x 20-mm Petri
dishes at high density for continuous passage at a 1:4 sub-
culture ratio. This expression indicates that the harvested cells
were diluted 1:4 with respect to the surface area of the 100-
mmdish. Thus, when cells became confluent, 2 mean popula-
tion doublings (MPD)l were counted 14, 26). The number of

IAbbreviations used in this paper: JOD, juvenile-onset
diabetes; MOD,maturity-onset diabetes; MPD, mean popula-
tion doubling(s).

MPDthat occur in attaining the first confluent monolayer
in primary cultures is unknown. No attempt has been made
in this study to estimate this value, and therefore, it has not
been included in calculations of MPD.

When cells in each of the secondary culture dishes became
confluent, they were subdivided at a 1:4 dilution ratio into
four dishes with identical surface areas, again counting 2 MPD
when confluency was achieved. Counts were not performed
routinely to quantify the percent of cells that adhered after
each subculture. However, this measurement on randomly
selected cultures ranged from 80 to 100% for early passage
cultures to as low as 50% at late passage with no significant
differences between groups. For simplicity, therefore, a 100%
plating efficiency was assumed in determining the number of
MPDrequired to achieve confluence between subcultures.
Although this underestimates the cumulative number of MPD
in all cases, the four groups canl still be compared with
validity.

Confluent cells harvested after the second subculture, i.e.
at 4 MPD, were banked in multiple aliquots in liquid nitro-
gen in sealed glass ampules that contained 0.5 ml of cells
(1-2 x 106 cells/ml) in growth medium plus 10%dimethvl sulf-
oxide. In general, the remainder of the study was carried out
in 60-mm dishes with serially passaged cells that were un-
interrupted by storage in liquid nitrogen. In a few cases
where strains were lost because of sporadic contamination,
cells were reconstituted from frozen storage at 4 MPDand
subcultivation was resumed from that stage. Good agreement
was found in various growth parameters, such as low density
plating efficiency and growth rates of mass cultures, between
the continuously cultivated cultures before conitamiiination and
cells newly reconstituted from frozen storage.

After MPD4, all subcultivations were carried out at 1:8
dilutions counting 3 MPDwith each such manipulationi. All
dishes were inspected daily by microscope ad passaged
within 1 d of becoming confluent. At early passage, most
cell strains became confluent <7 d after subculture. Cells that
failed to reach confluence within this time were refecl with
fresh growth medium. Toward the end of their life-spans,
cells grew slower and became swollen and granular in spite
of weekly medium renewal.

Low density plating efficiency was determined at the near-
est decile of MIPD, i.e., at harvest time (0 MPD), 10, 19, 31,
40, and 49 MPDby diluting a known concentration of sus-
pended cells with growth medium. Suspensions of 250-1,000
cells were inoculated into dishes of 60 or 100 mmdiameter.
Cells were refed 1 wk later and after 2 wk dishes were
stained with Giemsa and scored for plating efficiency. Repli-
cate dishes that contained cells plated at 0 MPDwere ex-
amined by transillumination to identifv mature colonies,
which were circled with a red wax pencil. The circled colonies
were then examined microscopically under low power (x40),
and the margins were precisely delineated. Five colonies
were carefully selected as distinct from neighboring colonies
and were then "picked" by the steel cylinder method of Puck
et al. (27). Briefly this method involved aspiration of the
medium, rinsing, and then placing a steel cylinder (height
12 mm, o.d. 9 mm, i.d. 6 mm) over a colony and securinig
it with sterile silicone grease. Cells were liberated by adding
three or four drops of trypsin solutioni into the cylinder, then
flooding the remainder of the dish with growth mediumn, and(l
incubating for 5-10 mill at 37°C. Several drops of medlium
were then added to the interior of the cylinder to arrest trypsini
action. The cells were removed with a pasteur pipette, tranis-
ferred to a 35-mm dish, and incubation continued under stand-
ard growth conditions. Colonies that produced confluenit
sheets were then replated after counting and dlilution, fol-
lowed by Giemsa staining and scoring as secondary colonies.
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DAYSBETWEENSUBCULTURE
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4 FIRST REFEEDING

*XPLANTATION
(TIME ZERO) I......................... MEANPOPULATIONDOUBLINGS 0

PRIMARYCULTURE SECONDARYCULTURE

50

TIME

FIGURE 1 Diagram illustrating parameters used to monitor vigor of cellular outgrowth from
diabetic, prediabetic, and normal skin explants and subsequent secondary cultures. Harvest day
is the time of the first subcultuire and is designated as 0 MPD. Determination of low density
plating efficiencv begins at this stage and continues at the nearest decile of MPD(see text).

Dr. Leonard Hayflick of Stanford Uniiversity Medical School
examined all cell strainis at least twice durinig their life-span
anid againi on terminationi for mycoplasma wvith negative re-

sults.

Analysis of data
On completion of the tissue cultuire portion of the study,

data were transcribed to precoded forms, keypunched, and
analyzed on an IBM 370/168 computer (IBM1 Corp., White
Plains, N. Y.).

The null hypothesis proposed for this study was that fibro-
blasts from normnal control subjects would perform no better
in tissue culture than those obtained from the offspring of
two diabetic parents, juvenile-onset diabetics, or maturity-
onset diabetics. The decision to accept or reject this hypoth-
esis was based upon a single-tailed t test proceclure (vide
infra).

Preliminary analyses indicated that the mnean ages among
the study groups differed significantly. Because donor age is
a critical factor in the performnance of fibroblasts in tissue
culture ( 12-14, 26, 28), the anialvsis of covariance was used
to adjust for these age differences (29). The adjusted means

for normnal controls were then compared with those from the
other three groups in all the data presented below. The stand-
ard Student's t test, however, is not valid for such comparisons,
because they are not independent. Therefore Dunnett's one-

sided t test for comparing all means with a control (30) was

used. Conventional Pearson's correlations were used to deter-
mine if significant relationships existed between variables
within the sttudy groups (31).

RESULTS

Primary Culture
Epithelial cells. Epithelial cells from explants of

normal donors showed an early advantage at day 2 and 4
in intensity of growth per fragment (Table IV).
However, juvenile-onset diabetes (JOD) cells as well
as prediabetic cells appeared to outgrow normal cells at
later stages from day 10 to day 14, after which in-
volution began to appear. There were no significant dif-
ferences between the four groups in the percent of
fragments showing epithelial growth (not shown). It
was noteworthy that by the 1st day of observation (day
2), over 60% of the fragments in all four groups were

positive for growth with the maximum only rising
thereafter to 80-87% on day 14. The 1st plateau in
normals occurred at 5.82+0.70 d (mean-+SE) com-

pared to 6.20+0.76 in prediabetics, 7.64+±0.93 in JOD,
and 7.00+1.26 d in maturity-onset'diabetes (MOD), but
the differences between these means were not sta-
tistically significant.

Fibroblasts. Unlike epithelial cells, normal fibro-
blasts performed significantly better than JOD in the
percent of fragments showing growth, but only at the
single early stage of day 4 (Table V). The mean max-

imum percent of fragments showing growth was about
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TABLE IV
Primary Culture: Growvth of Epithelial Cells Per Fragment: Cumulative Score*

Juvenile-onset Maturity-onset
Das Nonnal Prediabetic diabetes diabetes P valuet

2 1.22+0.09 1.00+0.10 0.75+0.12 0.78+0.16 N vs. JOD < 0.01; N vs. MOD< 0.05
4 1.78+0.08 1.66+0.08 1.43+0.10 1.48+0.14 N vs. JOD < 0.01
6 1.96+0.09 1.92+0.10 1.82+0.12 1.89+0.16 NS
8 2.17+0.11 2.32+0.12 2.48+0.15 2.28+0.20 NS

10 2.55+0.14 2.93±0.15 3.33±0.19 2.66±0.26 N vs. JOD < 0.01
12 2.87±0.18 3.44±0.20 4.05±0.25 3.37±0.33 N vs. P = 0.05; N vs. JOD< 0.01
14 3.10±0.26 4.17±0.28 5.17±0.34 3.92±0.46 N vs. P < 0.01; N vs. JOD< 0.01

Epithelial cells were scored with each unit representing an outgrowth radius of 0.24 mm. The
maximum possible score per fragment was 10 U (see Appendix for further details).
* Mean±SE arbitrary units.
t N, normal; P, prediabetic; JOD, juvenile-onset diabetes; MOD, maturity-onset diabetes.

72-79% with no significant differences between the
four groups. A large amount of variation was found in
each group at all stages. In terms of the cumulative
vigor of outgrowth per fragment (Table VI), there was
significantly better growth in normal than in both JOD
and MODexplants at day 4, and again at days 12-16
between normals and JOD. Thereafter all four group
scores became similar, but unlike the case in epithelial
cells, none surpassed normals at later stages. The 1st d
plateau was attained earlier in normals compared to
prediabetics, JOD, and MOD(Table VII).

The day of harvest ranged from 19 to 38 d after explan-
tation of skin fragments for all study groups combined
with an overall mean of 24.85 d. There were no signifi-
cant differences between groups for this parameter.

Secondary cultures
Normal fibroblasts appeared to grow more vigorously

requiring fewer days to attain confluence (Fig. 2) but

significant differences were only noted between
normals and one or two of the other three groups at
some of the first seven subcultures. Although the
growth advantage of normals appeared to persist over
this time, all four groups showed a gradual lengthening
of the growth interval up to nine subcultures (not
shown). After this time, a progressive number of cell
strains ceased to divide resulting in a decline in the
number of cultures and an increase in variability with
no further significant differences observed.

Senescence. The onset of senescence appeared sig-
nificantly earlier in prediabetic and JOD cells such
that refeeding was required earlier than in normal
strains (Table VIII). This was seen in terms of MPD
level but not for calendar time. The apparent differ-
ences between normals and MODdid not reach signifi-
cance because of the larger variance in the latter group.
The number of MPDand days to slowing showed sim-
ilar trends between normals and the other groups

TABLE V
Primary Culture: Percent of Fragments Showing Fibroblast Growth*

Juveniile-onset NMaturity-onset
Day Normial Prediabetic (liabetes diabetes P value

2 0.35+0.27 0.02+0.29 0.36+0.36 0.21±+0.49 NS
4 17.36+3.08 16.97+3.34 5.90+4.10 6.00+5.55 N vs. JOD < 0.05
6 32.94+3.48 38.37±3.79 32.56±4.65 28.10±6.29 NS
8 45.03±3.80 51.10±4.13 47.31+5.07 40.24+6.86 NS

10 58.01+3.12 59.78±3.39 57.54±4.16 55.87±5.63 NS
12 65.43±2.78 68.12±3.02 65.92±3.70 61.64±5.01 NS
14 70.38±2.83 72.87±3.07 69.38±3.77 66.68+5.10 NS
16 70.92+2.85 74.14±3.10 72.18+3.80 70.91±5.14 NS
18 71.43±2.81 76.05±3.05 75.15±3.75 75.42±5.07 NS
20 71.88±2.71 78.24±2.95 78.12+3.62 78.80±4.90 NS

Abbreviations as in Table IV.
* Mean±SE.
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TABLE VI
Primary Culture: Fibroblast Growth Per Fragment: Cumulative Score*

Juvenile-onset Maturith-onset
D)aN Normiial Prediabetic diabetes diabetes P value

2 0.007+0.003 0.0003±0.004 0.002±0.004 0.004±0.006 NS
4 0.19+0.03 0.16+0.03 0.05±0.04 0.07±0.05 N vs. JOD < 0.01; N vs. MOD< 0.05
6 0.34±0.04 0.39±0.04 0.34±0.05 0.28±0.06 NS
8 0.56±0.05 0.60±0.06 0.54±0.07 0.49±0.09 NS

10 0.93±0.07 0.87±0.07 0.80±0.09 0.82+(0.12 NS
12 1.41±0.09 1.29±0.10 1.11±0.12 1.28±0.16 N vs. JOD = 0.05
14 1.88±0.11 1.64±0.12 1.38±0.14 1.91±0.20 N vs. JOD < 0.01
16 2.21±0.12 1.94±0.13 1.80±0.16 2.18±0.22 N vs. JOD < 0.05
18 2.31±0.12 2.14±0.14 1.99±0.17 2.48±0.22 NS
20 2.38+(0.12 2.27±0.13 2.25±0.16 2.56±0.22 NS

Fibroblast cells were score(d with each unit taking into account both the ouitgrowth radius and the cell
number. The maximum possible score was 4 U (see Appendix for further details). Abbreviations as in Table IV.
* Mean±SE in arbitrary units.

(Table VIII) but these parameters were not signifi-
cantly different.

The mean number of cells at the time of confluence
(Table IX) was consistently higher in normal cells over
the first four deciles of secondary culture but did not
reach statistical significance. This parameter has been
shown to correlate inversely with age in vivo (28) and
in vitro (25, 26, 28). The present observations include
counts of the first confluent sheet, which are somewhat
obscure because cultures at this specific stage con-
tained both fibroblast and epithelial cells. Although the
latter were relatively resistant to detachment by trypsin
and tended to have involuted by the time of harvest,
they could not, if present in the cell suspension, be
discriminated by the electronic cell counter. Beyond
this stage, epithelial cells were rapidly overgrown and
cell counts reflected cells of fibroblast morphology al-
most exclusively.

Low density plating efficiency. Plating efficiencies
(Table X) showed no significant differences among the
four groups at the time of harvest or at four subsequent
deciles; However, in all cases there was a consistent
downward trend with passage level as has been re-
ported earlier (14, 32).

When five of the best clones that developed after
primary plating at 0 MPDwere transferred separately
to individual 35-mm dishes (Table XI), more normal
clones were able to grow to confluence than MOD
clones. In clones that were able to attain confluency,
the time taken was shorter in normals than in JOD
(Table XI). It must be emphasized that these means
are biased towards lower values particularly in the three
abnormal groups; we could not include the time taken
by clones that failed to attain confluence because in
these cases this value approached infinity. The number
of cells at confluence ranged from 2.2-2.6 x 105 with
no significant differences between groups. Similarly,
when these confluent clones were replated at low den-
sity, secondary plating efficiencies in the four groups
were 21-26% with no significant differences among
them.

The apparently higher total number of cumulative
MPDin normal cells before termin4tion of secondary
cultures (Table XII) did not reach significance com-
pared to prediabetics, JOD, and MOD.The same held
true for the total number of days.

No significant intra- and intergroup differences re-
lated to the sex of the donor were found that woul(d
influence the results reported here.

TABLE VII
Primary Culture: Intensity of Outgrowth at Late Stages*

Juvenile-onset Maturity-onset
Normal Prediabetic diabetes diabetes P value

First plateau, d 13.24+0.63 15.45+0.69 17.41+0.84 18.21+ 1.14 N vs. P < 0.05; N vs. JOD < 0.01
N vs. MOD< 0.01

Abbreviations as in Table IV.
* Mean-+SE.
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DISCUSSION

Although the differences were often marginal, these
results confirm and extend our initial observations that
the growth capacity of skin fibroblasts bearing the
diabetic genotype is reduced. A number of growth
parameters were examined in primary and secondary
cultures, many of which had not been previously
assessed. In general, the effects of the diabetic gene(s)
are more pronounced in overt diabetics than in those
who are presumed to be genetically predisposed but
who do not show overt metabolic derangements. More-
over, the detrimental effect of diabetes was evident in
both groups with JOD and MODeven though certain
decrements seemed to occur in one group more than
the other. However, a large degree of variance was

encountered, not only in both diabetic groups but also
in normals and prediabetics. Studies of several
physiologic parameters over the human life-span have
demonstrated similar degrees of variance related to the
disparity between biological and chronological age
(33-35). The large amount of genetic heterogeneity now
known to exist in diabetes (1-4) and in every normal
individual (36) would also contribute to the variation as
well. Because we have averaged various cellular
growth parameters across a wide age-span in four
groups classified only on the basis of glucose tolerance,
the variance is not unexpected.

Intergroup differences in growth capacity occurred
during both primary and secondary phases of culture.
In the first phase, prior in vivo influences almost
certainly persist, whereas in the second, where new

TABLE VIII
Secondary Culture: Onset of Senescence*

Juvenile-onset NMaturitv-onset
Normal Prediabetic diabetes diabetes P value

Early
No. NMPDto first refeeding 23.89±2.86 12.57+3.11 12.38±3.81 13.52+5.16 N vs. P < 0.05; N vs. JOD < 0.05
No. days to first refeeding 53.15+6.09 30.27±6.61 31.58±8.12 31.37±11.0 N vs. P < 0.05; N vs. JOD < 0.05

Late
No. MPDto slowing 31.32+2.88 26.15±3.13 25.80+3.84 27.68±5.19 NS
No. days to slowing 72.34±6.72 66.14±7.30 67.44±8.96 68.61±12.12 NS

Abbreviations as in Table IV.
* \lean-SE.
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TABLE IX
Secondary Culture: Number of Fibroblasts at Confluence*

juvenile-onset Maturity-onset
MPDlevell Normal Prediabetic diabetes diabetes P value

cells per dish X 10-6

0 1.36+0.12 1.06+0.13 1.10+0.16 1.09±0.22 NS
10 0.72±0.10 0.50+0.10 0.56±0.13 0.62±0.17 NS
19 0.76±0.12 0.50±0.14 0.50±0.17 0.55±0.23 NS
31 0.68±0.15 0.44±0.17 0.35±0.20 0.53±0.28 NS

* Mean±SE cells in 60-mm dish.
t 0 MPDrepresents the harvest of primary cultures and the beginning of secondary culture.

daughter cells have been generated in a relatively
uniform environment, the genetic capacity of cells
should be more prominently expressed. In any case,
several growth parameters were less vigorous in
prediabetic and diabetic explants compared to normals
for fibroblasts and for epithelial cells at early stages of
explantation. It is of interest, therefore, that the emigra-
tion rate of cells from explants is reduced as a function
of donor age in humans (28, 37) and lower forms
(38-40). Curiously, epithelial cells were more vigorous
in diabetic and prediabetic explants at late stages
before involution. No objective measurement was
made of the rate of involution, but in view of the results
and currently improved methodology for growing
epithelial cells (41), this kind of analysis now deserves
further attention.

It may be argued that the differences in secondary
cultures ensue as a result of persistent deleterious
effects of deranged diabetic metabolism and(or)
anatomic pathology in vivo. Two main points argue
against this possibility. First, although they showed
slower growth at initial explant stages, prediabetic cells
and both groups of diabetic cells appeared to catch up at
late stages of primary culture so that their cumulative
scores and harvest times were equal to those of normals.
Second, prediabetic individuals with no overt glucose

intolerance, and who were presumably, therefore, free
of other severe metabolic derangements, also showed
defective fibroblast growth. Moreover, this growth
performance was almost always intermediate to that of
normals and overt diabetics. These considerations
taken together favor the idea that impaired growth in
secondary cultures is a consequence of intrinsic genetic
mechanisms. On the other hand, the intermediate
performance of prediabetic cultures is still in accord
with the idea of persistent but more subtle in vivo
derangements in prediabetic donors. This raises the
possibility that a significant proportion of fibroblast
growth reduction in diabetic and prediabetic cultures is
in part determined secondarily, that is, as a consequence
of long-term hyperglycemic and other metabolic
disturbances. In this sense, therefore, diabetes could
have a significant "environmental" as opposed to
genetic component.

In any case, it is possible that the decreased
performance of diabetic and prediabetic cultures is a
more direct consequence of two factors, alone or in
combination: first, decreased cellularity in the stem cell
pool of the dermis which gives rise to the cultured
fibroblast; second, a quantitative or qualitative impair-
ment of connective tissue such as glycosaminoglycans
or collagen which mechanically restricts emigration of

TABLE X
Secondary Culture: Plating Efficiency*

Juvenile-onset Maturity-onset
MPDlevel Normal Prediabetic diabetes diabetes P value

0 21.99+1.70 18.36+1.85 19.51+2.27 20.02+3.07 NS
10 17.31±+0.98 16.98±+1.07 16.46±+1.31 17.50±+1.77 NS
19 17.05±+1.36 14.11±+ 1.48 12.80±+ 1.81 16.94±+2.45 NS
31 13.41+1.73 10.29±1.92 8.18+2.29 12.79+3.27 NS
40 6.62±+1.10 6.38±+1.20 5.25±+1.48 5.95+2.00 NS

* 250-500 cells were plated into 60- or 100-mm dishes and clones grown and scored as in
Methods.
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TABLE XI
Growth of Primarty Clones after Subculture*

Juvenile-oniset Maturitv-onset
Normal Prediabetic diabetes (lialbetes P value

Percent survivors after picking, % 85.77+5.76 75.61±6.26 78.08±7.68 54.61±10.39 N vs. MOD< 0.05
Recloning time of picked clones, d 12.02±0.77 13.55±0.85 14.97± 1.04 14.90±+1.32 N vs. JOD < 0.05

Abbreviations as in Table IV.
* Mean±SE.

the fibroblast progenitor cell and subsequently limits
its ability to give rise to cultured cells. The latter
possibility is real (42) but cannot be evaluated on the
basis of the present protocol. It clearly warrants further
study. The first possibility can be pursued by
histological analysis of each skin sample for cellularity.
Indeed it has been demonstrated that skin cellularity
decreases with chronological age (43, 44) although no
data are available for diabetics. However, it will be
difficult to identify with certainty and to subsequently
quantify the cell or cells that give rise to the cultured
fibroblast (45,46). But even if there were, for example, a
twofold reduction in dermal progenitor cells in
diabetics, it is hard to imagine that this would lead to
slower growth performance over several subsequent
stages, especially in secondary cultures.

The reduced colony-forming ability observed in
prediabetic cells in an earlier study (14) was not
demonstrable in the present work and was not
confirmed in a recent series of juvenile diabetic
cultures (47). The reasons for this are unknown. It is
possible that in selecting the two "best dishes" for
harvest we may have been biased against portions of
skin with a patchy or clonal growth deficit in
prediabetic and diabetic cultures. Indeed such he-
terogeneity of cellular growth potential has been
clearly demonstrated in normal cultures (48). Although
a similar procedure was followed in the earlier study
(14), fewer dishes were then available to choose from at
the time of harvest. But it is more likely that improved
growth medium was a factor, as predicted earlier (14).
Previously, the mean plating efficiencies on first testing
were 12.1 and 7.0% in normals and prediabetics,

respectively, whereas in the current study all groups
scored about 20%. Thus, improvement in certain
nutrient and hormonal factors in the fetal calf serum
used in the current work may have corrected
deficiencies that were elicited by a nutritionally
inferior growth medium in the earlier study. The work
of Hamand co-workers (49-51) clearly demonstrates
that cellular growth requirements determined under
conditions of precisely limited nutrient availability can
be masked by supplementation with fetal calf serum in
the concentrations used here. Indeed, the idea that in
vivo aging may have occurred to a greater extent in
subjects with the diabetic genotype so as to compromise
the growth capacity of their cells in vitro (12, 14) may
just as readily be explained by auxotrophy. Accordingly,
diabetic and other poorly replicating cells would have a
relative inability to utilize or synthesize growth factors
from the medium. Ample precedent exists for this idea
in cultured cells derived from individuals with genetic
defects, both autosomal recessive and dominant (52). It
is also possible that some cells will only reveal a growth
deficit when grown in aggregate culture where they
attain a precise spatial configuration and(or) interact
with other cells (41, 53).

The results in Tables X and XI help to answer the
question posed in our previous study (14) whether a
universal decrease in growth capacity occurs in
diabetic fibroblasts growing out of the explant or
whether only a subpopulation is affected adversely.
Plating efficiencies were not different between the
groups but fewer MODclones survived after picking.
This suggests that a subpopulation of diabetic cells is
affected although this only becomes evident after much

TABLE XII
Secondary Culture: Replicative Life-span of Fibroblast Strains*

Juvenile-onset \Maturitv -onset
Normal Prediabetic diabetes diabetes P valtue

Total MPD 52.54±2.24 47.84±2.43 47.12±2.99 46.40±4.04 NS
Total d 180.33±6.72 169.83±7.31 162.48±8.97 156.73±12.13 NS

The total number of days included the 28 d immediately before tenrination of cultures.
* lean+SE.
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of the replicative lifespan is consumed. These ob-
servations support the idea of premature cellular aging
in MODcultures.

The main conclusion of this study is, as before (14),
that an effect of the diabetic gene(s) and(or) the
resultant metabolic imbalance in vivo is to decrease the
growth capacity of some or all fibroblasts either in the
initial explant or in cells that grow out subsequently.
Similar results have now been found by an increasing
number of investigators (54-57). Thus, a diabetic
defect can be demonstrated in cells other than the
pancreatic beta cell. Although the molecular basis is un-
known, it is clear that the basic defect in diabetes need
not be restricted to insulin production and(or) release.
It is noteworthy that a diversity of defects has recently
been demonstrated in cultured fibroblasts derived from
subjects with premature aging syndromes which also
feature overt diabetes and(or) insulin resistance (12,
13, 25, 54, 58). Indeed, these studies clearly indicate
that diabetes can be expressed in peripheral cells in
association with or consequent to premature cellular
senescence. It remains to be proven whether the pres-
ent results relate to cellular senescence, auxotrophy, or
whether these two phenomena are somehow interde-
pendent.

In conclusion, a persistent, heritable abnormality is
present in cells originating from mesenchymal tissue of
an extrapancreatic site of donors with overt diabetes or
the predisposition to this disease. This system should
prove useful in exploring the clinical and genetic
heterogeneity of diabetes, the mechanisms which lead
to hyperglycemia and other metabolic derangements,
and also the propensity that affected individuals have to
earlier onset and more severe development of age-
dependent degenerative diseases.

APPENDIX

Study protocol and glossary of terms (see
Fig. 1)
Primary culture. The interval from initial explantation of

skin fragments until harvest of cells, i.e. first subculture.

EXPLANTATION

The time at which explants were placed into medium and
incubation at 37°C began (time zero).

FIBROBLAST CELLS

Elongated, spindle-shaped cells with frequent angular proc-
esses that tended to emigrate in uneven growth patterns from
the circumference of fragments.

SCORINGOF INITIAL DAY OF OUTGROWTHAND
CUMULATIVEPERCENTOUTGROWTHIN FRAGMENTS

Cultures were examined with an inverted microscope (x40).
The first visible outgrowth of fibroblast-like cells was noted

in each fragment. Then the number of fragments showing
any such growth over the period of observation was scored
as a percent of total number of fragments.

Maximum rise. The maximum percent of fragments show-
ing fibroblast growth.

First day of plateau. The earliest time in days at which
the maximum percentage of fragments showed growth.

Cumulative intensity of growth per fragment. The micro-
scopic field was calibrated and had a diameter of 5.12 mm.
Each skin fragment was positioned in the center of the field
and scored on a scale of 1-4 by specific objective criteria,
taking into account both the distance of cell emigration from
fragments and the number of cells: (1) 1-100 cells at a radius
of 0.32 mmfrom edge of fragment; (2) >100 cells grown
to 0.64-0.96 mmfrom edge of fragment; (3) Cells almost con-
fluent to a radius of 0.96 mmfrom fragment; (4) Cells con-
fluent and approaching edge of Petri dish. The maximum pos-
sible score for fibroblast outgrowth is 4.

Harvest day. The day at which cellular sheets in two
dishes of explants became confluent.

Epithelial cells. Epithelial cells were distinguished from
fibroblasts by their round to polygonal shape and higher re-
fractility under light microscopy. In contradistinction to fibro-
blasts, epithelial cells tended to emigrate in dense confluent
sheets around the entire circumference of each fragment. They
appeared earlier than fibroblasts but generally ceased dividing
about 10-14 d and began to involute after 14 to 21 d, usually
before the time of harvest. At this time they were much more
resistant to trypsin than fibroblast cells and were detached
only minimally by the enzymatic procedure. Epithelial cells
were identified and scored separately during the primary cul-
ture period on a scale of 1-10, where each unit represented
an outgrowth radius of 0.24 mm. Scoring was done only to
day 14 because of cell involution. Maximum possible score
per fragment is 10. Percent outgrowth in fragments, maximum
rise, and earliest day of plateau determined as for fibroblasts.

Secondary culture. The beginning of continuous subcul-
tivation after initial harvest of cells arising from explants.

MPD. The average number of times that the cell popula-
tion doubles without reference to the true number of cell
generations that may have occurred. That is, some cells may
not divide at all, whereas others may divide several times
during 1 MPD.

First subculture. The transfer of initial confluent sheets
of cells from primary explant dishes to secondary culture
(count 2 MPD).

Second subculture. Cells subcultured at a 1:4 dilution
with respect to the surface area of dishes (count 2 MPD , cu-
mulative total of 4 MPD). Cells were banked in liquid nitrogen
storage at this stage.

Third subculture to termination. From this stage onward,
cells were subcultured each time they became confluent at
a 1:8 dilution. (Count 3 MPDwith each such manipulation--
cumulative totals of 7, 10, 13, and so forth.)

Counting of interval of subculture. The days between sub-
cultures as a measure of growth vigor, i.e., shorter time interval
indicates more vigorous growth.

Time offirst refeeding (in calendar days and MPD). When
cells first failed to become confluent in 7 d and hence required
fresh medium; this is an early sign of senescence.

First slowing of growth (in calendar days and MPD).
When cells that required refeeding slowed even further and
needed significantly >7 d and one medium change to attain
confluency; this is a later sign of senescence.

Plating efficiency after low density plating. Measure of
ability of an individual cell to attach and form a visible colony
within 2 wk.

Recloning time. The interval in days after picking of pri-
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mary clones (plated at 0 MPDonly), anid transfer into 35-mm
dishes for cells to form a confluent sheet.

Seconidary platinig. The replating of primary clones that
were able to survive picking and grow to confluence. After
2 wk of growth, colonies were stained and scored to determine
the secondary plating efficiency.
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