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Abstract

Having reported that omental preadipocytes from massively
obese persons release into the culture medium proteins mito-
genic for preadipocytes, this study aimed to determine whether
estrogens contribute to the production of these factors. Sub-
cultured omental preadipocytes from 13 massively obese
women were grown in the presence or absence of 17-beta-es-
tradiol, and during the last 24 h the conditioned medium was
prepared in the absence of serum. Media from cells of 8 of 13
subjects contained significantly higher mitogenic activity when
grown in the presence of 17-beta-estradiol. 17-Alpha-estradiol
was not effective. The bioassay system involved rat perirenal
preadipocytes, since these have been well characterized. Par-
tial purification by gel filtration chromatography indicated that
the estrogen-dependent factors had Mr > 250,000 and

30,000. Thus, estrogens might contribute to the develop-
ment of massive obesity in genetically susceptible subjects by
promoting the production of paracrine/autocrine principles by
adipose cells.

Introduction

The finding that 17-beta-estradiol ((3E2)' stimulated the rep-
lication of human omental preadipocytes in culture evoked
questions regarding the possible significance of this observa-
tion in vivo and the mechanism mediating this effect (1). We
postulated that enhanced preadipocyte multiplication might
be involved in the alterations in the configuration of adipose
tissue in girls at puberty.

Wesubsequently also found that human preadipocytes re-
leased into the culture medium proteins mitogenic on other
preadipocytes (2). It was suggested that these principles repre-
sented autocrine/paracrine factors. Notably, moreover, pread-
ipocytes from massively obese persons released substantially
higher mitogenic activity than cells from lean persons (2).

Part of this work was presented in 1986 at the Meeting of the Canadian
Society for Clinical Investigation, Toronto, Canada, and appeared in
abstract form in 1986 (Clin. Invest. Med. 9:A36).
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1. Abbreviations used in this paper: f3E2, 17-beta-estradiol.

In view of the preceding findings, and knowing that estro-
gens bring about the release of mitogenic autocrine/paracrine
polypeptides from the MCF-7 mammarycarcinoma cell line
(3, 4), we have postulated that estrogens might exert their mi-
togenic effect on preadipocytes through local factors. Using
cells from massively obese women, we now present evidence in
favor of this mechanism.

Methods

Subjects. After informed consent, omental adipose tissue was obtained
from 13 massively obese women, 25-45 yr of age, undergoing gastric
restriction surgery. Massive obesity was defined arbitrarily by a body
weight > 170% of the references provided by the revised Metropolitan
Life Insurance Company Tables (5). Subjects were considered lean
when their body weight was up to 119% of reference, and moderately
obese up to 170% of reference.

Isolation and culture of preadipocytes. Except for the specified
modifications, human omental preadipocytes and rat perirenal pread-
ipocytes (from male Sprague-Dawley rats weighing 150-175 g) were
isolated and cultured according to our reported methods (1, 2, 6-1 1).

To isolate human preadipocytes, vascular elements were excised
from fat tissue, which was then digested with 1 mg/ml collagenase in
75-cm2 flasks containing HBSSat 370C for 35 min. After mild centrif-
ugation the pellet was suspended in Alpha MEMsupplemented with
15% (vol/vol) fetal bovine serum, sodium bicarbonate, and 15 mM
Hepes, pH 7.4, as well as antibiotics. Inoculation, cell washing, and
change of medium were conducted as reported (2, 10). Whenprimary
cultures were contaminated with endothelial cells, these were removed
with trypsin and direct scraping from plates. After reaching monolayer
confluence, they were washed with HBSS(devoid of calcium and mag-
nesium) and then incubated with 0.25 mg/ml trypsin and 2 mM
Na2EDTAin the Ca- and Mg-free HBSSat 370C for 10 min. After
mild centrifugation of the detached cells, - 250,000 cells/75-cm2 flask
and - 400,000/150-cm2 flask, were grown in 15 and 30 ml, respec-
tively, of the described supplemented Alpha MEM.Up to six passages
were carried out by the same method.

To isolate rat preadipocytes, perirenal fat tissue was digested with 1
mg/ml collagenase at 21-24'C for 15 min. Other details of culture
were as described for human preadipocytes and as reported (10, 1 1).
There was never any appreciable contamination with endothelial cells.

Preparation of conditioned medium. The human preadipocytes in
passages 2-6 were grown in the presence of either 1 0- M #E2 or
vehicle (10 ml methanol diluted 104-fold with Alpha MEMand 102_
fold with supplemented Alpha MEM). In some experiments, 10-' M
17-alpha-estradiol (aE2) was substituted for the beta epimer. 1-2 d
after confluence the cells were washed four times with HBSSand then
incubated for 24 h with Alpha MEMdevoid of nucleosides, and with-
out serum or estrogen. The overlying medium was centrifuged at
40,000 g for 40 min and decanted. The resulting supernatant fluid was
designated "conditioned medium." It was concentrated 75-100 times
to -1 mg/ml protein under N2 at 55 lb/in.2 with a concentrator and a
filter excluding proteins of M, 1,000 (Amicon Corp., Danvers, MA).
The conditioned medium was stable in terms of mitogenic activity at
-80°C in liquid N2 for at least 6 mo. Protein concentration was deter-
mined with the assay kit calibrated with gammaglobulin (Bio-Rad
Laboratories, Richmond, CA).
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Bioassay. Rat perirenal preadipocytes were chosen for the assay
because under appropriate culture conditions almost all of these cells
can undergo adipose differentiation (10, 11). Except for the details to
be described, replication of rat perirenal preadipocytes was assessed as
previously reported (10). The preadipocytes in second passage were
seeded in 24-well plates (Linbro, Flow Laboratories, Hamden, CT) at a
density of - 10,000 cells/well in 0.5 ml supplemented Alpha MEM.
After - 24 h the preadipocytes were washed thoroughly and rendered
quiescent by decreasing the concentration of fetal bovine serum to
0.5%, at the same time switching to Alpha MEMwithout nucleosides.
After culture for an additional 24 h, conditioned media (from human
omental preadipocytes grown in the presence or absence of estrogen)
or ordinary media were added at equal volumes of 25 p1. The positive
control consisted of 5%serum. After a further 24 h, 1 pCi (37 kBq) of
[3H]thymidine (sp act 43 Ci/mmol; Amersham International, Amer-
sham, UK) was added to each well to a total volume of 0.5 ml. After 24
additional h the cells were washed with HBSSdevoid of calcium and
magnesium, and detached with trypsin-EDTA. The suspended cells
were placed on filters (Whatman Laboratory Products Inc., Clifton,
NJ) in a Millipore apparatus (Millipore/Continental Water System,
Bedford, MA) (10). The filters were washed twice with 5 ml 5%TCA,
dried, and suspended in Econofluor scintillation fluid to count the
radioactivity in a beta counter (RackBeta; LKB, Wallac Oy, Finland).
[3H]Thymidine incorporation into DNAcorrelated well with cell enu-
meration with a Coulter Counter (Coulter Electronics Inc., Hialeah,
FL), which was in turn validated with a hemocytometer.

Superose 6B gelfiltration. Concentrated conditioned media were
partially purified on a 1.6 X 50-cm Superose 6B column (K16/70;
Pharmacia Fine Chemicals, Piscataway, NJ), equilibrated, and eluted
with 0.05 Mammonium acetate, pH 7.0, containing 0.05 M2-mer-
captoethanol, at 4°C and flow rate of 0.5 ml/min. 2-ml fractions were
collected and pooled, as will be indicated. The pools were then con-
centrated with an Amicon apparatus, and a filter of molecular exclu-
sion at 1,000 D. Protein concentrations and mitogenic activity were
determined as described.

Results

Analysis of data. For each factor and factor level the [3H]thy-
midine radioactivity incorporated into rat perirenal preadipo-
cyte DNAwas determined for 3-5 wells and averaged. For
each set the SEMwas calculated. Because of the differences
between plates caused by uneven cell distribution and varia-
tion in growth, the results were expressed as follows: mean
disintegrations per minute of test sample/mean disintegrations
per minute with medium not exposed to cells to give percent of
control. This value was used to compare the mitogenic activity
of conditioned media prepared from cells grown with or with-
out estrogen. The paired sample, one-tailed t test was used to
determine statistical significance. As far as the reproducibility
of the bioassay is concerned, variance for conditioned medium
from the same cell strain at a given passage was significantly
less (P < 0.05) than variance for comparisons between cell
strains under analogous conditions (P < 0.0005).

Mitogenic activity of conditioned media. Fig. 1 indicates
the effect of fE2 added to the growth medium on the mitogenic
activity of the respective conditioned media. In 8 of 13 cases
fiE2 led to medium capable of stimulating rat preadipocyte
replication to a significantly higher degree than did medium
from control cells. Except for cells from subject 9, moreover, a
trend toward greater multiplication was observed in the four
other cases (Fig. 1). The conditioned media in each case were
prepared from the same number of human preadipocytes, 1
million/S ml medium. For these comparisons, 100 pg/ml of
protein was used for the assays, except for subjects 6-9, for
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Figure 1. Effect of #E2 on release of mitogenic factors by human
omental preadipocytes. The mitogenicity of estradiol-affected (cells
grown in the presence of 10-9 MfiE2) and ordinary conditioned
media from the preadipocytes were compared. As detailed in the
text, the incorporation of [3H]thymidine into DNAof rat perirenal
preadipocytes was taken as a measure of the degree of replication of
these cells (mitogenicity). This measurement was divided by the
quantity of (3H]thymidine incorporated by cells grown with medium
devoid of factors from cells, resulting in the percent of control
shown. For each cell strain, the results for 100 g/ml of protein in
the conditioned media are shown except from subjects 6-9, for
which the highest levels of protein tested were 50, 90, 60, and 80
,ug/ml, respectively. Error bars represent SEMderived from the aver-
age of three to five determinations for each experimental condition.
Open bars represent the mitogenicity of ordinary conditioned media,
solid bars that of estradiol-affected conditioned media. Statistical
analysis was carried out by the one-tailed t test for paired samples. UP
< 0.05 **P < 0.005).

which the highest levels of protein tested were 50, 90, 60, and
80 pg/ml, respectively (Fig. 1). However, in the case of cells
from subject 10, a significant difference was only observed at
lower protein levels (i.e., 10-20 pg/ml). The subjects whose
cells responded to fiE2, as indicated by the mitogenic activity
of the conditioned medium, did not reveal any obvious clinical
differences, including degree of adiposity, from the persons
whose cells were not influenced significantly. It should be em-
phasized that, in contrast to the conditioned media, #E2 did
not directly stimulate the replication of rat perirenal preadipo-
cytes.

Effects of different protein concentrations. The possible ef-
fects of different protein concentrations in the various condi-
tioned media were examined in the case of preparations from
10 subjects. Four examples are presented in Fig. 2, one (subject
4) in which no difference for #E2 was found (Fig. 2 A), and
three in which statistically significant differences were ob-
served. In the case of conditioned media prepared from pread-
ipocytes from the other three subjects (5, 7, and 10), a signifi-
cant effect of #E2 was already observed at 10-20 pg/ml protein,
but the significance was no longer evident at 50 pg/ml for
subject 10 (Fig. 2, B-D). As shown in Figs. 1 and 2 A, the
conditioned medium prepared with cells from subject 4,
grown without added estrogen, had relatively higher mitogenic
activity than conditioned media from preadipocytes grown
under the same conditions derived from the other subjects. It is
conceivable that the cells from subject 4, possibly on a genetic
basis, produced larger quantities of mitogenic compounds.
These would then stimulate the rat peadipocytes maximally,
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Figure 2. Influence of
protein concentration
on the mitogenic activ-
ity of conditioned
media. Ordinary (open
bars) and estradiol-af-
fected media (solid
bars) were compared in
the case of preadipocyte
strains from subjects 4
(A), 5 (B), 7 (C), and 10
(D). Error bars repre-
sent the SEMderived
from the average of
three to five determina-
tions for each experi-
mental condition. The
percent of control was
calculated, and other
details are as described
for Fig. 1. *P < 0.05
**P < 0.005).

z , Subject 12 Figure 3. Influence of
cc° 17-alpha-estradiol com-
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PROTEIN (ug/mi) media (solid bars), and

conditioned media from cells grown with 17-alpha-estradiol (hatched
bars) from preadipocytes of subject 12. The mitogenic activity,
shown as percent of control, was calculated as indicated in Fig. 1.
Error bars represent the SEMderived from the average of three to
five determinations for each experimental condition (each bar).
Other details are described in the legend to Fig. 1. *P < 0.05.

exemplified for preparations from subject 5 (Fig. 5). While the
protein profiles were very similar, scanning from the exclusion
volume to the total column volume, pools 1 (Mr > 250,000)
and 4 (Mr 30,000) revealed significantly higher mitogenic
activity when the conditioned medium was derived from cells
grown with added ,3E2, as compared with those not supple-
mented with hormone. In each case, lower protein levels (4-10
,ug/ml) resulted in mitogenic activity, reflecting some degree of
purification (3-5-fold) relative to the original conditioned me-
dium. At the present stage of characterization, we do not know
whether the Mr - 30,000 factor(s) is related to the Mr
> 250,000 compound(s), either as a monomer or part of an in
vitro aggregate, nor do we know of a relationship to any known
entity.

accounting for lack of an additional significant increment in
the mitogenic activity of the conditioned medium prepared
with cells cultured with added estrogen.

Comparison of aE2 with 3E2. In five experiments, each
with a preadipocyte strain from a different subject, cells were
grown in parallel experiments with either f3E2 or aE2. As ex-
emplified by Fig. 3, aE2 did not lead to conditioned medium
with mitogenic activity significantly greater than medium de-
rived from preadipocytes grown in the absence of this epimer
of ,3E2. The latter did lead to significantly higher activity at
20-50 ,g/ml, but not at 2 ,g/ml protein in the conditioned
medium.

Three experiments were aimed at estimating the range of
maximal activity of the mitogenic factors in the conditioned
medium prepared from omental preadipocytes grown with
and without iE2. As exemplified by Fig. 4, 6-h pulses of
[3Hjthymidine yielded data suggesting that the factors acted
maximally at 24-30 h, at least for conditioned media from
cells grown with added (3E2 . In the absence of supplementation
with this hormone no inference could be made, but taking the
data of all three experiments together a trend toward a similar
temporal pattern was observed. The timing of the bioassay
does not influence the results; in particular, the rat preadipo-
cytes do not require conditioned medium, and thus the active
compounds do not prolong their survival.

Superose 6B molecular sieve chromatography. Condi-
tioned media from preadipocytes of subjects 3, 5, and 8, grown
with or without (iE2, were partially purified in each case by
molecular sieve chromatography on a Superose 6B column, as
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Figure 4. Addition of [3H]thymidine pulses at different times after
introduction of conditioned media prepared with preadipocytes from
subject 10. At the time designated 0, equal aliquots of estradiol-af-
fected or ordinary conditioned media were added to the culture
wells. [3H]Thymidine was added 12, 18, 24, or 30 h later, and the
cells were harvested 6 h after each addition. The degree of cell divi-
sion is indicated by the amount of [3Hjthymidine incorporated into
DNA, measured in disintegrations per minute. The mitogenic activ-
ity, when no factors were added, is shown by hatched bars, that of
ordinary conditioned medium by open bars, and that of estradiol-af-
fected conditioned medium by solid bars. Error bars represent the
SEM, derived from the average of three determinations for each ex-
perimental condition. *Significant difference (P < 0.05) between es-
tradiol-affected and corresponding ordinary conditioned medium. o,
The activity of either type of conditioned medium is significantly
greater (P < 0.05) than that of medium devoid of factors from cells.
Other details are as described in Fig. 1.
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ments. 2-ml fractions were collected and pooled as indicated by the square brackets. The level of mitogenic activity for 5 jig protein of each
concentrated pool was calculated as indicated in Fig. 1. Open bars represent the mitogenic activity of pools from ordinary conditioned me-
dium; solid bars represent the activity of pools from estradiol-affected conditioned medium. Both types of conditioned media were from preadi-
pocytes of subject 5. Error bars represent the SEMcalculated from the average of three determinations for each experimental condition. *P <
0.05. Other details are as described for Fig. 1.

Inhibition of replication was brought about by pool 5 of
conditioned medium derived from preadipocytes grown with
#E2; the meaning of this observation was not pursued.

Discussion

Major implications at both physiologic and pathobiologic
levels can be inferred from the finding that preadipocytes cul-
tured with added #E2 produce conditioned medium with
higher mitogenic activity in the case of cell strains from several
massively obese women. This mitogenic effect is probably re-
lated to the partially characterized proteins released into the
culture medium by massively obese subjects, and proposed as
paracrine/autocrine principles, as reported previously (2).
These factors probably account, at least partly, for the signifi-
cantly greater extent of replication of omental preadipocytes
from massively obese subjects (9).

These investigations were aimed in part at eluciding the
mechanism mediating the promotion of replication by (BE2 of
human preadipocytes, as originally reported by Roncari and
Van (1). The original studies were conducted with omental
preadipocytes from five lean men and five lean women (1).
While the mean level of response did not differ appreciably
between the cells from the lean subjects and between these and
the preadipocytes from the massively obese women in the
present study, more cell strains require analysis before a dif-
ferential response can be definitively excluded. One should
also consider that the response of preadipocytes from mas-
sively obese persons to 6E2 occurs at a significantly higher
basal level (without added estrogen) of replication than is the
case of cells from lean subjects, as inferred from our previous
studies indicating significantly higher degrees of proliferation
(9). The current findings, including the fact that the com-
pounds released into the medium result in a mitogenic effect at
an earlier time than #E2, suggest that the influence of the
estrogen is mediated by a paracrine/autocrine factor(s). Ac-

cording to the known mechanism of action of estrogens, these
hormones probably induce the synthesis of the mitogenic pro-
tein(s) by enhancing transcription of the pertinent genes
(12, 13).

It is notable that (3E2 had no direct influence on rat perire-
nal preadipocytes, at least under the conditions that were used.
While estrogen receptors were not studied, it is conceivable
that receptors for (#E2 are not expressed in these particular
rodent cells, or that they are selectively not functional in terms
of mitogenic influence. Obviously, receptors for the mitogenic
proteins are present on the rat preadipocytes, the basis in fact
for the replication assay in these studies. During evolution,
paracrine/autocrine principles long preceded hormones
(14-16). It would thus be expected that receptors for the local
factors would be ubiquitous throughout evolution and more
widespread among cell types, while those for hormones would
be more recent and more selective for certain cell types. Ro-
dent tissues such as endometrial and mammary, of course,
have estrogen receptors, but as recently reported, rat femoral
fat depots, but not perirenal (consistent with the lack of jE2
effect on these cells in our studies), parametrial, or subcutane-
ous dorsal regions, contain a persistent pool of preadipocytes
that are dependent on ovarian factors (17). One of these factors
is probably estrogen, implying the presence of receptors on
femoral preadipocytes. While regional specialization is obvi-
ous in pubertal humans, estrogens can act on human adipose
cells from various fat tissue regions, suggesting wider distribu-
tion of specific receptors.

Dependence on estrogens for production of autocrine/par-
acrine factors has been studied in greatest detail in the human
mammary carcinoma line MCF-7 (3, 4, 18-24). Mitogenic
principles released into the medium include peptides related,
at least immunologically, to transforming growth factor-alpha
(and thus to epidermal growth factor), to insulin-like growth
factor I, as well as a 52,000-D protein. These factors can par-
tially replace estrogens in the promotion of MCF-7 cell growth
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in vitro and in vivo (21). Such observations, as well as our
studies of cultured preadipocytes, support the notion that, at
least in these two cases, the trophic effects of estrogens are
mediated by proteins produced locally.

Even after allowing for the variability of different determi-
nations, considerable variation occurred between cells from
different subjects, both in terms of basal release of the mito-
genic proteins and degree of stimulation by BE2 . Since the cells
were removed for several generations from the in vivo situa-
tion, these disparities probably reflected genetic differences. In
turn, such dissimilarities might contribute to individual varia-
tion in both distribution of adipose tissue and susceptibility to
obesity.

Conceptual extrapolation to events in adipose tissue envi-
sions an amplifying paracrine/autocrine system. In massively
obese women and men most of the estrogens are produced in
adipose cells by aromatization of adrenal and gonadal andro-
gens, principally estrone from 3,17-androstenedione (5). The
newly formed estrogens would act on their own cell of origin
and on neighboring cells by autocrine/paracrine mechanisms.
The resulting proteins would bring about an increased number
of preadipocytes, also by autocrine/paracrine mechanisms.
Considering that each locally active system is probably under
complex regulation, including partial dependence of the tro-
phic proteins on estrogen, an amplifying paracrine/autocrine
chain may be proposed.

As reported, cultured omental preadipocytes from mas-
sively obese subjects release much greater quantities of mito-
genic proteins than cells from lean subjects (2). Wesuggest that
the higher prevalence of obesity in women may be partially
due to higher circulating levels of estrogens, which would pro-
mote the production of some of the mitogenic proteins. By
interacting with environmental and intrinsic factors, the para-
crine/autocrine mechanisms would contribute to the develop-
ment of obesity in genetically susceptible women. Indeed, a
reflection in vitro of the genetic basis of massive corpulence
might be the excessive production of the mitogenic proteins by
cultured preadipocytes. A particularly vulnerable stage might
be pregnancy, which is associated with high levels of circulat-
ing estrogens.

As conceptualized, progressive adiposity would be inter-
linked with increasing autonomy, since the adipose cells would
eventually produce most of the estrogens; as suggested by our
findings, these hormones would in turn promote the genera-
tion of trophic paracrine/autocrine proteins, conferring in-
creasing independence from growth promoting influences ex-
ternal to the expanding adipose tissue of subjects susceptible to
massive obesity.
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