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Abstract

Confluent cultures of human skin fibroblast lines established
from fetal and postnatal donors were exposed to a broad range
of oxygen tensions (10-600 mmHg)for 1 wk; superoxide dis-
mutase (SOD) activity was subsequently determined. Hyper-
oxia increased SODactivity slightly in postnatal lines but not
in fetal lines. The magnitude of the increase in postnatal lines
was not significant. Fetal lines exhibit only about one-fifth the
SODactivity observed in postnatal lines. The results indicate
that, while development-associated changes in SODdo occur
in human cells, these alterations do not result from variations
in ambient oxygen tension.

Introduction

Superoxide dismutase (SOD)' (EC 1.15.1.1), is an enzyme that
catalyzes removal of superoxide free radicals (O2 from cells; it
produces hydrogen peroxide and molecular oxygen. SODac-
tivity changes during cell state transitions of various types (1).
Tumor cells, which have regressed from a fully differentiated
state, exhibit lower SODactivity than do healthy cells of simi-
lar tissue origin (2-6). SODactivity increases dramatically
during the development of a variety of organisms belonging to
phylogenetic groups as diverse as slime molds (7-1 1), insects
(12), amphibians (13), and mammals (14-18). The underlying
causes of change in SODactivity in tumor cells and during
development are unclear.

It is known that elevation of ambient oxygen tension can
stimulate the activity of SODin normal, fully developed tis-
sues (19). It has been hypothesized that removal of developing
organisms from their in utero environment into the relatively
high oxygen atmosphere at birth is the cause of subsequent
increases in SODactivity (20-22). Consistent with this hy-
pothesis is the observation that the activity of SODis more
readily induced by oxygen in the tissues of some developing
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1. Abbreviations used in this paper: SOD, superoxide dismutase;
MnSOD,mangano-isozyme SOD.

organisms and newborns than in adults (20-24). However,
birth is a phenomenon that occurs only in higher organisms;
development-associated changes in SODactivity are also ob-
served in lower life forms not subjected to any sudden increase
in ambient oxygen throughout life (7-13). The activity of SOD
increases before birth in many mammalian species (15-18,
25). Furthermore, Frank et al. (21) report that SODactivity
fails to change in response to oxygen in some newborn mam-
mals. It has also been postulated that developmental changes
in SODactivity are independent of ambient oxygen concen-
tration (18, 25). To further study the underlying nature of
development-associated alterations in SODactivity, we have
determined the effects of a 1 -wk exposure to different oxygen
concentrations ranging from 10 to 600 mmHgon the SOD
activity of cultured human skin fibroblasts obtained from
donors whose ages ranged from fetal to nonagenarian. The
results of this study demonstrate that developmental differ-
ences exist in the SODactivity of skin fibroblasts derived from
fetal and postnatal humans and that these differences are
maintained in culture independently of ambient oxygen ten-
sion.

Methods

Details of the cell cultivation procedures have been described pre-
viously (26, 27). Cells were grown without shaking in DMEwith 1
g/liter glucose (Gibco Laboratories, Grand Island, NY), supplemented
with 2 mML-glutamine, and 10% (vol/vol) FBS. Antibiotics were not
used except in the initial outgrowth from primary cultures. All cultures
employed for experimentation were free of mycoplasma contamina-
tion. Humanskin fibroblasts cultures were established from skin sam-
ples obtained from fetal, young, and old donors; the ages of the post-
natal donors employed in this study ranged from 4 to 98 yr. In some
individuals, biopsies were obtained from the upper outer quadrant of
the buttock, other cultures were established from normal skin excised
as Burrow's triangles during repair of surgical procedures. Addition-
ally, AG7725, AG4059, AG6234, AG6291, and AG6308 were ob-
tained from the National Institute on Aging cell repository. Fetal skin
fibroblast cultures (AG443 1, AG4525, AG4449, AG4392, AG445 1,
AG6561, AG6557, and AG6559) were obtained from the National
Institute on Aging cell repository at the Institute for Medical Research,
Camden, NJ. During the initial phase when the cell lines were ex-
panded, the cultures were inoculated into polystyrene flasks at 104
cells/cm2. After the cultures had become confluent (7-d growth) the
flasks were refed with fresh medium that contained 0.5% FBS. The
flasks were equilibrated with an atmosphere that contained 0, 5,20, 35,
50, or 95% 02, 5% C02, where the balance was made up by N2, and
then they were incubated at 37'C for an additional 7 d. Immediately
before harvest the oxygen tension of the medium was determined using
a blood gas analyzer as previously described (26, 27). Cells were har-
vested by trypsinization, washed three times with PBS and frozen
under liquid nitrogen until measurements were made. Although tryp-
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sinization of cells has been observed to decrease SODactivity in some
cases (28), we have found that neutralization of trypsin with soya bean
trypsin inhibitor (Sigma Chemical Co., St. Louis, MO) prevents any
loss of SODactivity during harvest.

The positive assay of Misra and Fridovich (29) was used to quantify
the activity of SODisozymes as previously described (30). Units of
activity were determined by standardizing this procedure with samples
of commercially prepared SOD, the activity of which was measured
with the cytochrome c procedure (31). The mangano-isozyme
(MnSOD) was determined with the above procedure except that 2 mM
KCNwas added to the o-dianisidine solution.

Results and Discussion

Total SODactivity and the activity of the MnSODand Cu/Zn
isozymes were determined within several weeks of the date of
harvest. Although SODactivity was more variable in the post-
natal group than in the fetal group, as indicated by larger
standard deviations (Fig. 1), no age-associated trends in SOD
activity were observed in the postnatal lines. Also, no age-de-
pendent differences in variance were observed when the data
from young and old postnatal donors were compared. Since
the activity of SOD, determined in cells from young and old
postnatal donors, was not statistically different, these data
were averaged into a single group (postnatal group) in this
report. Exposure of human skin fibroblasts, derived from
postnatal donors, to either 50 or 95% oxygen for 7 d induced
an increase in total SOD(Fig. 1 A) and in MnSOD(Fig. 1 B) as
compared with the SODactivity found at 0% oxygen. This
stimulation occurred in all 14 of the postnatal lines employed
for study and thus represents a statistically significant trend
(Runs test P < 0.001); however, a comparison of high and low
average SODactivities revealed that the magnitude of the in-
crease was not significant. No stimulation of total SODor
MnSODwas observed in fetal lines. Cu/Zn SODactivity was
stimulated by oxygen in both fetal and postnatal lines, but the
magnitude of the stimulation was too small to be significant.
These results indicate that induction of SODactivity by 02 is
of limited magnitude in both fetal and postnatal lines of skin
fibroblasts.

In contrast to the modest ability of oxygen to induce SOD
in human skin fibroblasts, development exerts a profound in-
fluence on SODactivity. Total SODactivity (Fig. 1 A) was
lower in fetal lines than in postnatal lines (ANOVA, P < 0.01).
This difference was due to MnSODactivity (Fig. 1 B), which
was significantly lower in the fetal lines (ANOVA, P < 0.01).
Cu/Zn SODactivity was similar in fetal and postnatal lines
(Fig. 1 C). Comparison of data presented in Fig. 1, A and C
reveals that in fetal lines, Cu/Zn SODis 55% of the total SOD
activity, whereas Cu/Zn SODactivity is only 17% of total SOD
activity in postnatal lines. These results demonstrate marked
developmental changes in MnSODactivity and indicate that,
in human skin fibroblasts, the changes are not the result of
altered ambient oxygen tension. The relatively greater varia-
tion in SODactivity observed in the postnatal group as com-
pared with the fetal group suggests that the magnitude of devel-
opment-associated change in SODactivity is subject to indi-
vidual variation.

Few investigators have examined whether development-
associated increases in SODwere the result of changes in only
one isozyme. Tanswell and Freeman (18) reported that in
newborn rats MnSODdid not exhibit a large, rapid increase

Partial Pressure of Oxygen in mmHg

Figure 1. SODactivity in fetal and postnatal lines of human skin fi-
broblasts exposed to various oxygen tensions. (A) Total SOD; (B)
MnSOD;(C) Cu/Zn SOD. Fetal, n = 7; postnatal, n = 14.

whereas Cu/Zn SODdid. In organisms such as mice, rabbits,
and rats, oxygen can rapidly induce total SODactivity (21).
Conversely, Frank et al. (21), found that newborn guinea pigs
and hamsters cannot increase their SODactivity rapidly and
therefore succumb to hyperoxia. Frank et al. (21) suggested
that the ability to respond to oxidative stress may itself be
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related to the stage of development. They further postulated
that guinea pigs and hamsters, which are more developed at
the time of birth than rats, rabbits, or mice, are past the devel-
opmental stage at which SODmay be induced. The human
fetal cell lines used in this study were obtained from individ-
uals not more than 17 wk gestational age; thus, if such a phase
of rapid SODinduction exists in humans, it would be quite
early in their developmental history. It would also seem rele-
vant that SODactivity is not induced by hyperoxia in human
fetal lung fibroblasts after a 48-h exposure and that the level of
activity we previously observed in fetal lung fibroblast corre-
sponds to the activity in fetal skin fibroblasts that we report
here (32).

The underlying cause of developmental changes in SOD
activity is not clear. Mitochondrial number increases in mam-
malian cells during development (33). It is, therefore, possible
that development-associated differences in MnSODactivity
observed here are due to differences in the number of mito-
chondria. However, in Physarum, MnSODactivity increases
by as much as 46-fold during differentiation, whereas, the
number of mitochondria either remains constant, or decreases
during this process (7). Furthermore, in insects the increase in
MnSODactivity observed during metamorphosis is far greater
than can be explained by changes in mitochondrial number
(34). It has been postulated that variations in the level of en-
dogenous oxidative stress are responsible for changes in SOD
activity observed during development (1). Although the range
of oxygen tensions used in this study exerts a strong influence
on a wide variety of physiological and biochemical parameters
(26, 27, 32), it induced no significant increase in the SOD
activity of human skin fibroblasts. The failure of elevated oxy-
gen tensions to significantly alter SODactivity in fetal and
postnatal lines may indicate that the influence of hyperoxia on
these cells is largely mediated by factors other than O° genera-
tion. However, the failure of hyperoxia to induce SODactivity
does not rule out the possibility that the rate of superoxide
radical generation is different in fetal and postnatal lines.

As noted above, many tumor cells exhibit low SODactiv-
ity; it has also been observed that the lower activity in trans-
formed cells often results from loss of MnSOD(2-6). It has
been postulated that loss of MnSODactivity plays a causal role
in cellular transformation (4, 5). We recently demonstrated
that liposomal addition of SODto a nondifferentiating strain
of Physarum induces differentiation in the organism (35).
Whether development-associated changes in SODactivity in
mammalian cells have any influence on gene expression is
presently unclear. Further study is required to determine the
precise cause of development-associated differences in SOD
activity and whether these changes exert any effects on the
expression of other genes.

The results of this study reveal that developmental varia-
tions in SODexpression are maintained in vitro. On the basis
of this study, we infer that development-associated alterations
in SODactivity in human cells are not due to changes in the
ambient oxygen concentration.
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