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ABSTRACT

Steroid hormones are implicated in the
determination and maintenance of regional depots
of adipose tissue in humans. This review focuses
on the effects of steroids (estrogens, androgens,
progestins and glucocorticoids) on fat distribution
during growth and maturation. General and
specific relationships that link androgens with
android (abdominal) adiposity and estrogens with
gynoid (gluteofemoral) adiposity are covered
as they apply across the lifespan. Supporting
relationships on steroid hormones and adipose
tissue morphology include: adipogenesis and
adipocyte hypertrophy and hyperplasia in puberty;
regional adiposity in adults; aging and changes
at menopause; regional differences in the cellular
and metabolic characteristics of adipocytes,
including lipoprotein lipase (LPL) activity and
lipolysis, and the effects of steroids on these
processes. At least in part, the distribution of
adipose tissue in men and women appears to be
determined by sex steroids. This generalization
does not, however, entirely hold in obesity. This
is because the additional adipose mass sequesters
and produces steroids by aromatization: steroid
metabolism varies throughout the body. In obese
women, androgen/estrogen balance can account
for adipose tissue distribution: such obesity
involves a greater tissue exposure to unbound
androgens, notably testosterone and dihydro-
testosterone, due to reduced levels of sex hormone
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binding globulin (SHBG). Although lower in
obese relative to non-obese women, SHBG is
lower still in android obese than in gynoid obese
women, tissue exposure to unbound androgens
being greater for android obese women.
Androgen/estrogen balance is not reflected by
adipose tissue distribution in obese men who,
despite a lowered androgen/estrogen ratio, tend to
be android. Although many investigators have
implied that cortisol is related to the distribution
of adipose tissue in men and women, especially
in obesity, the literature lends uneven support.
If cortisol is related to adipose tissue distribution
in normal individuals, it is perhaps through the
differentiation of adipocyte precursors during
adolescence and the induction of abdominal
adipose tissue LPL activity, possibly through
interactive effects with progesterone in women.
Further investigation of relationships between
steroid hormones and regional adiposity will
prove invaluable for clarifying the known
associations of adipose tissue distribution with
disease risk, and documenting changes during
normal growth, maturation and aging.
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sex hormone-binding globulin, cortisol, fat
distribution, adipose tissue, adipocyte, lipolysis,
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INTRODUCTION

The patterns of adipose tissue distribution vary
in different individuals. There are two principle
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patterns: android, or abdominal, in which most of
the body’s adipose tissue is on or within the
abdomen, and gynoid, or gluteofemoral, in which
most of the adipose tissue is on the buttocks or
thighs. Android obesity is associated with greater
health risk than gynoid obesity. Both patterns
can occur in either sex. The earliest description
of these patterns was provided several decades
ago by Vague [1, 2], who also noted that android
obesity was more commonly observed in men,
and gynoid obesity more often observed in
women. Obesity per se is not a requirement for
the association of android adiposity with
increased disease risk, although it can be a
contributing factor. The strongest risk factor to
emerge from prospective studies is actually the
combination of low level of obesity (low body
mass index) and android adiposity (high waist-to-
hip circumference ratio) [3]. Prospective studies
that examined the relationship of fat distribution
to mortality and disease in both men and women
[4-8] have found android fat distribution to be a
potent risk factor, greater than and independent of
level of obesity, for cardiovascular disease,
hypertension, stroke and diabetes.

Numerous other studies support the association
of android adiposity with glucose intolerance,
hyperinsulinemia, hyperlipidemia [9-16] and
hypertension [17, 18]. Abdominally localized
adipose tissue is also associated with increased
risk and incidence of human breast [19, 20],
endometrial and ovarian [21] carcinoma, and
anthropometric indicators of android adiposity
may be of predictive value for these malignancies.
Conversely, gynoid adipose tissue distribution per
se is not directly associated with any health risks
[13, 17, 21, 22].

Given the association of morbidity with adipose
tissue distribution, there is a need to understand
the mechanisms responsible. How is it that
women can be considerably fatter than men, yet
experience far less of the morbidity and mortality
associated with obesity? Certainly, the high estrogen
levels of women in their premenopausal years
would appear to provide protection from many
diseases, especially cardiovascular disease, and
postmenopausal women on estrogen therapy
enjoy the same protection [23-27]. An alternative
answer is provided by the respective distributions

of adipose tissue in men and women. Is it a
coincidence that low disease risk, high estrogen
levels and gynoid fat distribution are associated
with each other in women, while high disease
risk, high androgen levels and android fat
distribution are associated with each other in
men?

Whether android adipose tissue distribution is
causative in itself of high disease risk, or whether
it is the associated hormonal or other factors that
influence morbidity and mortality is not the object
of discussion here; those questions have been
reviewed elsewhere [3, 28], and remain the object
of continued research.

This paper examines the roles of steroid hormones
in the determination and maintenance of regional
depots of adipose tissue in humans, a topic that
to our knowledge has only been briefly reviewed
[3, 29-31]. We have reviewed the effects of
steroid hormones on fat distribution during
normal growth and maturation, separating out the
confounding effect of obesity, but have not
reviewed obesity in general or the cardiovascular
and metabolic complications of obesity, topics
that have been covered in detail by others.

Sex- and age-dependent differences in
adipose tissue

Childhood and puberty

Adipose tissue develops in the fetus as early as the
second trimester of pregnancy [32]. At birth,
females have slightly more fat than males [33],
but sexual dimorphism of fat patterns is not
apparent [32]. Skinfold thicknesses decrease from
age 9 months to 7 years, and then rise again, with
a sex difference appearing at about 8 years [33].
Puberty results in marked differences between the
sexes: skinfold thicknesses decrease in boys but
continue to increase in girls [33, 34] (Figure 1).
There is a large increase in lean body mass and
decrease in body fat in boys through puberty:
percent body fat (%BF) (by underwater weighing)
declines from about 21% at age 11 years to
about 11% at age 18 years [35] while skinfold
thicknesses, despite a brief prepubertal peak
(Figure 1), show little change [36]. For girls, %BF
(about 26%) shows little change over the same
age span [35], whereas skinfold thicknesses
increase significantly [36].
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Figure 1. Age changes in skinfold thickness at six sites. (Cross-sectional data,
plotted from tabular form [289].)
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Figure 2. Pubertal changes in body fat distribution. Trunk-to-arm skinfold ratio
(subscapular + suprailiac/biceps + triceps) from birth to maturity in boys and girls,
showing means and standard errors. (Longitudinal data, plotted from tabular form [37].)
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Thus puberty results in marked sex differences in
the amount of adipose tissue and the distribution
of body fat as well (Figure 2). A two-decade
follow-up study found that a clear sexual
difference in body fat distribution appeared in the
course of development: 85 out of 86 males (99%)
were found to have android fat distribution, and
50 out of 78 females (64%) were found to have
gynoid distribution, based on skinfold ratios
discriminating central adipose tissue on the trunk
from peripheral adipose tissue on the limbs [37].
In support of this observation are earlier reports of
a rapid increase in thigh and calf skinfold
thicknesses with no concomitant rate of increase
at upper body sites in pubertal girls [38], and
sex differences in the waist-to-thigh girth ratio
(WTR) during development (Figure 3). Several
other groups have found an android pattern
develops at adolescence in most boys but in few
girls [39-42]. When fat patterns were studied
across ethnic groups, the only consistent sex
difference was the trunk-limb contrast, and it
accounted for 34 to 57% of the total variance in
subcutaneous adipose tissue distribution [41].
Thus, adolescent females tend to develop a
peripheral fat distribution, whereas males tend to
store fat centrally.

The waist-to-hip circumference ratio (WHR), by
far the most common method of assessing the
degree of android/gynoid fat in adults, has not
been widely applied to children or adolescents.

This is unfortunate as the WHR is considered by
many to be the best and simplest index of android
adiposity [13, 43-48] and, consequently, of the
health risk imposed by centrally located fat. In
adults it is highly correlated with internal-visceral
adipose volume determined by computed
tomography [49], a valid method for quantifying
the size of subcutaneous and visceral fat depots
[50-52]. The WHR s also significantly correlated
with abdominal fat percentage as determined
by photon absorptiometry, another validated
in vivo method [53]. Cadaver dissection studies
have directly validated the WHR as an
anthropometric indicator of abdominal adiposity
relative to gluteofemoral adiposity [54]. Although
circumferences are thought to be more reliable
than skinfolds when assessing fat distribution
in adults, their validity as measures of such in
pre-adults is not known [55]. The waist-to-thigh
circumference ratio (WTR) may be more accurate
than the WHR for assessing central fat in
pre-adults [56].

Neither type of fat distribution is confined solely
to one sex or the other; a substantial percentage
of females, especially obese females, have the
android distribution, and a small percentage of
males have the gynoid form [57]. Obese
adolescents, in particular, appear not to achieve
sexual dimorphism of fat patterning characteristic
of the non-obese [58, 59] and it has been found
that obesity which originates during or close to
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Figure 3. Age changes in waist-to-thigh girth ratio. (Cross-sectional data,

plotted from tabular form [289].)
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adolescence is usually an android type of obesity
for both boys and girls [60].

Aging

In men the degree of android adiposity tends to
increase during adulthood, but though women also
tend to accumulate fat as they age they still retain
the gynoid pattern. However, around menopause
women undergo a shift from gynoid to android
fat distribution, reducing the degree of sexual
dimorphism during middle and old age [2, 61-67].
The shift seems to coincide with the upper limit
of reproductive age - just as the lower limit of
reproductive age seems to coincide with the
onset of gynoid adiposity in girls - but there is
a confounding factor. Overall fatness tends to
increase with age, and body mass index (BMI) has
a positive correlation with WHR (android
adiposity) in both men [68] and women [4].

In summary, there are relatively few differences
in the pattern of adiposity between males and
females until puberty. In girls, puberty results in
essentially no change in total fatness (relative to
lean body mass), but fat distribution tends to
become more gynoid. In boys, total body fat
decreases markedly (relative to lean body mass)
and fat distribution becomes more android. These
aspects of sexual dimorphism are maintained until
menopause, when women commonly undergo a
shift from gynoid to android fat distribution. As

Vague has pointed out, though fat distribution is
very definitely a sex-based characteristic, there is
a high degree of overlap between one sex and the
other, especially at the two extremes in life [2].
This suggests that hormonal changes coinciding
with puberty and menopause are connected to
changes in the pattern of adipose tissue
distribution in humans.

Steroid hormones in relation to adipose tissue
morphology

The steroid hormones considered here are
the estrogens, androgens, progestins and
glucocorticoids. Pathways of steroid biosynthesis
are outlined in Figure 4. The mineralocorticoids
will not be discussed, as they are not known to
have any direct connection with adipose tissue
distribution. That steroid hormones may be
involved in the morphology of adipose tissue is
suggested by several observations. There is much
evidence that adipose tissues are bona fide target
tissues for steroid hormones. In experimental
animals, cytoplasmic estrogen and progesterone
receptors have been demonstrated in adipose
tissue [69-74], as have glucocorticoid receptors
[75, 76]. In human adipose tissue, however,
although cytoplasmic glucocorticoid binding has
been demonstrated [77], different technigques such
as gel filtration chromatography, isoelectric
focusing and monoclonal antibodies have failed
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Figure 4. Pathways of steroid biosynthesis. (Adapted from [290]).
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to demonstrate any cytoplasmic estrogen or
progesterone receptors [30]. Androgen receptors
have been identified in human adipose tissue [78].

Adipogenesis in pubertal girls

The effect of sex hormones on adipogenesis, the
formation of differentiated adipocytes, is of
considerable interest in view of changes in the
amount and configuration of adipose tissue in
girls at puberty. Adipose tissue mass is dictated
not only by the amount of triglyceride in each
adipocyte but also by the number of adipocytes
with the capacity to store triglyceride. Various
studies in vitro have established the fact that
many mammals, including adult humans, possess
adipocyte precursors capable of replication and
complete differentiation into mature fat cells
[79-82]. This observation has been confirmed
in vivo [83]. The composition of the adipocyte
precursor pool is thought to be an important
determinant of the growth of adipose tissue, and
appears to explain inter-regional and inter-
individual differences [84].

Adipocyte precursors are polyclonal mixtures.
Preadipocytes obtained from the fat of
experimental animals during tissue culture have
been shown to demonstrate marked variation
among colonies in the rate at which constituent
cells accumulate lipid [84, 85]. An individual
could therefore be predisposed to regional
adiposity, or obesity in general, because of an
unusual proportion of cells programmed for rapid
differentiation in the precursor pool [86]. But
while genetic susceptibility cannot be discounted
in human variation of fat distribution, recent
investigations have shown an additive genetic
effect of between 20-25% [87] and 24-31%
[88] of remaining variance in amount of lower
trunk fat and in the relative proportion of lower
trunk versus extremity fat. Undoubtedly, other
mechanisms are involved; the sex steroids may
mediate genetic effects, as well as exerting their
own unique influence.

Studies in vitro have shown that 17R-estradiol,
at physiological concentrations, can stimulate
replication of human omental adipocyte
precursors in culture [89, 90], and a similar
investigation of rat adipocyte precursors found
that administration of both 17R-estradiol and

progesterone  stimulated differentiation and
consequent new fat cell formation [91]. In vivo
studies in the mouse have demonstrated that
17R-estradiol promotes adipocyte hyperplasia
[92], while relaxin promotes adipocyte hypertrophy
[93]; the effect of 17R-estradiol and relaxin
together on adipocyte precursors is differentiation
in which both proliferation and lipid accumulation
occur [94]. These studies suggest that in girls
at puberty, female sex steroids might regulate
adipose tissue storage capacity by means of
inducing differentiation of adipocyte precursor
cells, thus increasing the number of adipocytes.

Estrogen may induce the production of mitogenic
proteins in pubertal girls [95]. MCF-7 mammary
carcinoma cells release mitogenic polypeptides
when cultures are treated with estrogens [96, 97].
Furthermore, results of in vivo experiments
have shown that human preadipocytes release
mitogenic proteins, and preadipocytes from
massively obese persons release substances with
higher mitogenic activity than cells from lean
persons [98]. Using preadipocytes from massively
obese women, it has been shown that cells grown
in the presence of 17R-estradiol are characterized
by significantly higher mitogenic activity, whereas
17R-estradiol is not effective in promoting cell
multiplication; these observations suggest that
estrogens exert their mitogenic effect on
preadipocytes through local factors, presumably
via paracrine mechanisms [95]. In this manner,
estrogens likely initiate the synthesis of mitogenic
proteins by activating pertinent genes [99, 100].

Evidence for the role of ovarian steroids in
influencing regionally specific preadipocyte
differentiation and conversion to adipocytes at
puberty has been obtained utilizing a highly
sensitive procedure to quantify differentiated and
undifferentiated preadipocytes in normal and
ovariectomized rats [101]. Results indicated that
in normal female rats at puberty there was: (a) an
increase in differentiated preadipocytes and in fat
cell number; (b) enlargement of specific regional
“female” depots, including the femoral; and (c) a
concomitant decline in the percentage of
undifferentiated preadipocytes in all but the
femoral depot. Ovariectomized animals were
found to have reduced pubertal adipose growth
in the femoral and parametrial depots, and an



Steroids and adipose tissue distribution

unpreserved femoral undifferentiated preadipocyte
pool. It was concluded that the association
between ovarian hormones and body fat
topography could be accounted for, in the female
rat, by the finding that the femoral depot contains
an ovarian-dependent infinite pool of fat cell
precursors, and that sex steroids may determine
the amount and recruitment rate of preadipocytes
and, consequently, regional adipose tissue mass
[101].

It is reasonable to expect that similar events occur
in humans, and several observations support this
hypothesis. In a group of pre-menarcheal girls
maturation-matched for Tanner’s breast stage M2,
total serum levels of estrone, estradiol, and
testosterone, and the non-SHBG-bound fractions
of estradiol and testosterone varied significantly
with WHR [102]. Except for obese subjects,
serum concentrations of estrone and estradiol, and
the non-SHBG bound fraction of estradiol
decreased with increasing WHR. Obese girls were
characterized by the greatest WHR, and a
significantly greater percentage of non-SHBG
bound testosterone than leaner girls. The authors
concluded that lower WHR (a more gynoid form)
is representative of pubertal endocrine activity in
girls, and that this type of fat distribution is likely
a result of ovarian activity [102]. The extent to
which the development of gynoid adiposity
reflects increases in adipocyte number versus
increases in adipocyte size in the gluteofemoral
region remains to be investigated in pubertal
girls. However, gynoid women consistently have
greater number [103-105] and size [106, 107] of
gluteal and femoral adipocytes relative to fat
cells located in other regions, supporting an
inferred effect of estradiol in regionally-specific
adipogenesis.

The pubertal changes in girls’ body fat
topography via adipogenesis may not be entirely
dependent upon ovarian hormone production.
It is possible that development of regional
fat depots is facilitated by peripheral estrogen
production - secondary to ovarian-estrogen-
dependent adipogenesis. Peripheral aromatization
of androgens to estrogens by adipose tissue could
result in the newly formed estrogens acting upon
their own cell of origin and on neighboring
adipocytes by autocrine and paracrine mechanisms,

inducing the production of mitogenic proteins,
and consequently increasing the number of
preadipocytes. This process may occur in adult
obesity [95]. Steroid metabolism is not uniform
throughout the body. The activity of adipose
tissue aromatase varies by site [108-110], and
gynoid women (in whom there is a greater
number of gluteofemoral adipocytes) demonstrate
significantly = greater rates of  peripheral
aromatization of androgens to estrogens than
do android women [111]. Though only estradiol -
not estrone - has been demonstrated to effect
adipogenesis, interconversion of estrone to
estradiol [112] and extragonadal conversion of
testosterone to estradiol [113] could provide
sufficient estradiol to effect adipogenesis at the
local level, even given the low relative yield of
these pathways. Adipose tissue represents a
hormone pool in which total steroid expression
can be much greater than that in serum [114-116].

Androgens do not induce growth or replication of
human adipocyte precursors [90], but rather are
inhibitory to these processes [29]. Given that
dehydroepiandrosterone sulfate (DHEA-S) may
act as a precursor for ovarian testosterone
production in women [117], observations of
high serum levels of DHEA-S in association
with android fat distribution in adolescent girls
[118, 119] and female primates [120] suggest that
gluteofemoral adipogenesis might be inhibited
in androgenic girls at puberty by consequent
testosterone formation, thus partly explaining
their tendency towards an android rather than
gynoid distribution of body fat. Serum DHEA
levels have been shown to decrease in
peripubertal girls following weight loss [121], but
unfortunately, associated changes in regional
adiposity were not considered in this study.

In summary, the peri-menarcheal increase in
estrogen production is related to an increase in
overall adiposity, as well as to the development
of a gynoid fat distribution in girls at puberty.
These events appear to be due to an increase in
both the number and size of gluteofemoral
adipocytes in response to increased estrogen
concentrations. Both ovarian and peripheral
mechanisms of estrogen production are implicated
in adipogenesis, which appears to involve an
estrogen-induced mitogenic effect on preadipocytes,
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mediated by locally-produced autocrine or
paracrine factors. Androgens do not induce
preadipocyte differentiation or replication, but
probably inhibit gluteofemoral adipogenesis when
dominant in pubertal girls.

Pubertal boys

The onset of increased testosterone secretion in
the pubertal male or administration of exogenous
testosterone to the hypogonadal male is
accompanied by a decrease in %BF and a change
toward android fat distribution [65, 122, 123].
Subcutaneous adiposity decreases in the arms
and especially the thighs; fat becomes localized at
the abdomen, shoulders and neck. Testosterone
is also known to reduce adiposity in animals
[124]. Regionally specific testosterone-dependent
decreases in adipose tissue mass in humans appear
to involve significant decreases in adipocyte
number mainly in the trochanteric but also deltoid
and femoral regions; these changes are accentuated
by secondary decreases in adipocyte volume at
these sites [65, 125]. It should be noted, however,
that the methodology and assumptions required to
determine change in regional adipocyte number
are difficult to validate. Regardless, it is clear that
in both humans and animals, the degree of sexual
maturation in males (dependent upon testosterone
production) is inversely related to body fatness
[126]. Estradiol levels are positively related to
overweight in adolescent boys for any given level
of testosterone [127].

Whereas gonadarche results in decreases in
overall adiposity and development of an android
fat distribution in males, effects of adrenarche
are not as clear. Dehydroepiandrosterone sulfate
(DHEA-S) concentrations are inversely associated
with fatness in male primates [120], but positively
associated with high levels of body fat in boys
throughout puberty [128]. However, pubertal boys
in the latter study [128] also demonstrated an
association between high levels of DHEA-S and
advanced skeletal age, independent of the
association between advanced skeletal age and
testosterone, the latter relationship implying that
fatness should be low. It is possible that effects
of DHEA-S on fatness in early puberty are
confounded by concomitant cortisol secretion,
but increased adrenal androgen production at
adrenarche is not accompanied by a parallel rise in

glucocorticoid secretion [129, 130]. In humans the
association between DHEA-S, high levels of body
fat and advanced skeletal age in boys throughout
puberty could be explained by the hypothesis that
excess prepubertal fatness may potentiate elevated
secretion of adrenal androgens and precipitate
earlier sexual maturation [128]. Longitudinal
studies have yet to confirm this hypothesis, but
excess adiposity [131], particularly the android
form [66], is associated with early sexual
maturation. It is tempting to speculate that in
relatively lean boys in whom DHEA-S is
unrelated to fatness, testicular conversion of
DHEA-S to testosterone in a manner similar to
ovarian production of testosterone from DHEA-S
[117] could indirectly promote android adiposity,
but there are no reports of any direct association
of adrenal androgens with adipose tissue
distribution in non-obese pubertal boys.

Glucocorticoid hormones could also be involved
in the development of android adiposity at
puberty, inducing preadipocyte differentiation and
promotion of abdominal adipocyte hyperplasia
specifically. Corticosteroids bind to human
adipose tissue with regional specificity [77], and
comparatively high concentrations of cortisol
have been found in abdominal adipose tissue
[132]. In both in vivo [133] and in vitro [134]
investigations, differentiation of human adipocyte
precursors (from normal weight subjects) into
mature adipocytes has been shown to be triggered
by a combination of cortisol and insulin, and
there is a highly significant inverse correlation
(r = -0.78) between the frequency of adipose
differentiation and the age of subjects (age range
20 to 83 years) [134]. But most importantly,
adipose differentiation is greater in cells from the
abdominal in contrast to cells from the femoral
region [135]. Thus, there could be regional
differences in the capacity of adipose tissue
depots to form mature adipocytes under the
influence of cortisol and insulin in vivo. As the
effects of cortisol are independent of sex steroids
but dependent upon insulin [134], it is relevant
that insulin responsiveness and sensitivity in the
abdominal region are greater in men than in
women, with both sexes having greater
responsiveness and sensitivity in the abdominal,
than in the gluteofemoral, region [136]. However,
the catabolic effects of glucocorticoids on body
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protein during a period when lean body mass is
generally increasing relative to adipose mass,
suggest that any substantial effect of cortisol on
adipogenesis is limited to obese adolescents in
whom there is accelerated adrenocortical function
or excess caloric intake leading to hyperinsulinemia.

In summary, the development of android adiposity
in boys at puberty appears mainly due to regional
decreases in adipose tissue mass via effects of
testosterone and perhaps adrenal steroids, which
might act as precursors for gonadal testosterone
production. Whereas in girls the onset of estradiol
production results in increases in the number and
size of gluteofemoral adipocytes, the onset of
increased testosterone secretion in pubertal boys
appears to be followed by decreases in the size
and number of peripheral adipocytes, and
increases in the size and number of abdominal
adipocytes. Android adiposity in adult men is
characterized by a larger size of abdominal
adipocytes than those located elsewhere [43, 103,
136], and the majority of this android fat is
located internally, not subcutaneously [51, 137].
As subcutaneous abdominal adipocytes are larger
than intra-abdominal adipocytes in both men and
women [138] the high internal proportion of
android fat reflects a greater proportion of intra-
abdominal adipocytes. Thus, intra-abdominal
adipocyte hyperplasia could be a factor in android
adiposity, but only cortisol, not testosterone, is
effective in inducing preadipocyte differentiation.
The capacity of cortisol to induce preadipocyte
differentiation is much greater in cells from the
abdominal region than in those from the femoral
region, and is independent of sex steroids, but
further investigation is required to implicate any
role for cortisol in the development of android
adiposity during adolescence.

Adulthood

Given the effects of steroid hormones on growth
and differentiation of adipose tissue at puberty,
certain relationships should hold in adulthood.
For example, serum estradiol concentrations and
%BF are significantly correlated in active, non-
obese young women [139] and in postmenopausal
women [140]; in men, BMI is significantly and
inversely correlated with testosterone [141]. In
terms of regional fat distribution, numerous
observations support associations of android

adiposity with androgens and gynoid adiposity
with estrogens. In non-obese and obese adult
women, android adiposity (high WHR and/or high
WTR) is positively correlated with total serum
testosterone [111, 142, 143], free testosterone [44,
144-146], free testosterone to total testosterone
ratio [147], the production rates of testosterone
and dihydrotestosterone [111], the production rate
and metabolic clearance rate of androstenedione
and the metabolic clearance rate of DHEA [148].
In young adult women, total serum testosterone
and the ratio total serum testosterone to total
serum estradiol explain significant portions of the
variance in WHR and waist girth [149]. Women
with android adiposity have significantly larger
abdominal adipocytes than women with gynoid
adiposity [18, 44, 103, 105]; abdominal adipocyte
hypertrophy is a characteristic of men and android
women [3, 104]. Not surprisingly, the more
masculine hormonal profile of android women
is also frequently associated with masculine
characteristics of muscle mass and morphology
[3, 150], as well as hirsutism and virilism [143,
145, 151]. Clearly illustrating this are women
with the polycystic ovary syndrome, in whom
hyperandrogenism is associated with android
fat distribution irrespective of obesity level
[145], oligo-ovulation or hirsutism [152]. Men
predominantly have android adiposity, but in the
few who have gynoid fat distribution, plasma
estradiol concentrations are elevated [153]. In
hypogonadotropic men, there is a major reduction
in testosterone production [154] in association
with elevated estrogen production rates and
predominantly gynoid distribution of adipose
tissue.

Sex  hormone-binding  globulin  (SHBG)
concentrations are inversely related to WHR [44,
102, 111, 143, 155, 156] and abdominal adipocyte
size [44]; estrogen levels are inversely related, and
androgen concentrations are positively related,
to android adiposity. Such observations suggest
that body fat topography is a function of relative
androgenic/estrogenic balance, an hypothesis
put forward by many [28, 44, 142, 144, 157].
Specifically, it appears that in both men and
women, adipose tissue distribution is android
when androgens dominate and gynoid when
estrogens dominate. The theoretical concept that
androgen/estrogen balance can account for the
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distribution of adipose tissue has been empirically
demonstrated: in women aged 20-35, the ratio
total serum testosterone to total serum estradiol
accounted for more of the variance in WHR than
either total serum testosterone or total serum
estradiol alone [149].

Effects of exogenous hormonal intervention also
support the concept that body fat distribution is
regulated, at least in part, by the androgenic/
estrogenic activity ratio. Shifts toward gynoid fat
topography occur in males undergoing estrogen
therapy [158]. Male-to-female transsexuals given
estrogens have female SHBG levels [159]
and gynoid adiposity [125]. Conversely, female-
to-male transsexuals given androgens develop
android adiposity [125]. Indeed, one of the many
goals of endocrine therapy for sex changes is to
provide feminization or masculinization of body
shape, and this is usually achieved [160].

The concept of androgenic/estrogenic balance is
important. In considering a theoretical ratio of
total or free levels of androgens to estrogens,
small differences in either the denominator or
numerator could have a large effect on the ratio of
androgenic to estrogenic activity or vice versa.
Thus, in empirical comparisons of groups or
individuals, total amounts of either androgens or
estrogens may not be as important as their relative
activity. Regional adiposity that is clearly
opposite to that which would be expected based
upon sex is probably most often not associated
with absolute dominance of androgens over
estrogens or vice versa, but rather on relative
dominance of one over the other. A useful way to
illustrate this thesis is by way of changes that
occur at menopause.

Menopause

Menopause is accompanied by a shift in the
hormone balance from estrogen dominant toward
more androgen effect. Ovarian estrogen production
ceases almost completely, but androgens continue
to be produced by the ovaries [161, 162].
Testosterone production is only slightly decreased
in comparison with the premenopausal years, but
postmenopausal ovaries continue to secrete minor
amounts of androstenedione and DHEA [130].
Menopausal levels of plasma estradiol and estrone
are lower than those observed in the follicular

phase of the normal ovarian cycle in young
women [163], and the estrone to estradiol ratio is
greater than two [161, 163, 164], as it is in men
[163] (this ratio is close to unity in the follicular
phase of normal young women [163, 165]).
SHBG decreases to values similar to those of
adult men [166, 167], and thereafter serum levels
of both estrone and estradiol stay relatively
constant with increasing age [140].

The observed shift from gynoid to android
adiposity around menopause is thus consistent
with the transition toward a more masculine
hormonal profile, but no prospective studies of
hormones and adipose tissue distribution have
been performed. Regardless, gynoid adiposity
appears to be estrogen-dependent; with the
decrease of estrogens and alteration in androgen/
estrogen balance at menopause, the previous
difference in size between gluteofemoral and
abdominal adipocytes disappears [106, 136].
Contributing to this convergent morphology of the
sexes in middle age is the age-associated decline
of testosterone and associated increase of SHBG
in men [168, 169], indicating increased estrogenic
relative to androgenic activity.

Postmenopausal women undergoing estrogen
replacement therapy decrease in fat mass [170],
particularly android fat [171]. Furthermore,
postmenopausal women reporting  estrogen
treatment at any point during their menopausal
years have a lower WHR than women who report
never using replacement estrogens [172]. These
observations suggest that estrogens counteract
the menopause-associated change to android
adiposity by shifting androgen/estrogen balance
back towards premenopausal levels.

Obesity
Human obesity is associated with several
abnormalities of androgen and estrogen

metabolism such that the relationship of sex
steroids with regional adiposity is not clearly
understood. Furthermore, as the abdominal region
is the most responsive to changes in weight [173],
obesity tends to be associated with increased
abdominal adiposity. Large population studies
have reported moderate positive correlations
between obesity and WHR in both men [68] and
women [4]. Although the most common form of
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obesity is indeed the android type, to characterize
all obesity as the same is to ignore the relationship
of steroid hormones with adipose tissue.

Both plasma levels and metabolism of estrogens
are elevated in obesity. These observations are
explained in part by close relationships between
excessive body weight and the metabolic
transformation of androstenedione to estrone
[174]. This pathway of metabolism becomes more
active in the obese due to the increased fat mass
available for aromatization [174-178]. Thus, the
aromatization rates of androstenedione to estrone
and testosterone to estradiol correlate with
adiposity in postmenopausal women [113, 140,
164, 179]. Serum levels of estrone and estradiol
are mildly correlated with the degree of obesity
and fat mass in obese postmenopausal women
[164, 180-182], and total and free plasma estradiol
levels correlate with body size in postmenopausal
women with and without endometrial cancer [183,
184]. These data suggest that the circulating levels
of estrone and total or free estradiol are higher in
obese postmenopausal women, primarily due to
their additional fat mass.

In  premenopausal obese women estrone
production rates increase with body weight and
the peripheral aromatization of androstenedione to
estrone increases as a function of obesity [185].
However, no difference in the total circulating
serum levels of estrone or estradiol has been
demonstrated as assessed by single assays of
plasma [186, 187], or the mean 24 hour serum
concentration of these hormones [188]. Any
contribution of peripheral estrogen production to
total estrogen levels in obese premenopausal
women thus appears overwhelmed by ovarian
estrogen production. However, for reasons
explained below, free estradiol is elevated in
obese premenopausal women [189], as in obese
postmenopausal women [183, 184]. Obese men
are characterized by elevated plasma estradiol and
estrone levels [188, 190-192], elevated estradiol
and estrone production, and elevated rates of
aromatization of androstenedione to estrone and
testosterone to estradiol [190].

As the android type is the most commonly
observed form of human obesity, and as estrogens
are typically related to gynoid adiposity, increased
production rates and levels of estrogens in obese

men and women appear to present a paradox. This
apparent paradox, however, is explained in part by
the well-known inverse relationship of obesity
with SHBG concentrations [184, 193-197]. Major
changes in the metabolism, action and ultimate
impact of sex steroids normally bound to SHBG
are a consequence of low SHBG levels.

In obese women, free estradiol and the free
fraction of testosterone are elevated as a
consequence of subnormal levels of SHBG [189].
Proportionately equal elevations in the production
rate and metabolic clearance rate of both
testosterone and dihydrotestosterone have been
reported [196, 198], and blood conversion rates of
testosterone to dihydrotestosterone are positively
correlated with the free fraction of testosterone
independent of total plasma testosterone in obese
women [198]. These data indicate that in response
to depressed SHBG, there is increased exposure
to potent androgens (free testosterone and
dihydrotestosterone) in female obesity, which
probably explains associations with android
adiposity, notwithstanding the increased free
estradiol milieu. It has long been known that
obese women have accelerated testosterone
metabolism [199], and recent epidemiological
investigations have related android obesity
specifically to increased tissue exposure to
unbound testosterone [146].

At extremes of obesity and hormone metabolism,
any biological effect of elevated free estradiol
on the distribution of adipose tissue is probably
overshadowed by elevated free testosterone
and accelerated metabolism of testosterone to
dihydrotestosterone. Thus in obese women android
obesity is characterized by elevated levels of free
testosterone and free estradiol. But this does not
imply that increased levels of free estradiol in
obesity are necessarily without consequence. As
discussed, estradiol is probably responsible for
adipogenesis in extreme obesity [95], whereby
adipocyte numbers are increased by autocrine or
paracrine mechanisms. High serum levels of free
estradiol [200, 201] and low levels of SHBG
[202] are also implicated in the pathogenesis of
human breast and endometrial carcinoma, and
the action of estradiol in inducing the release
of mitogenic polypeptides from cancerous cells
[96, 97] parallels the estradiol-dependent release
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of mitogenic proteins from preadipocytes during
adipogenesis [95]. Despite relationships between
estradiol and breast and endometrial carcinoma,
these cancers are strongly associated with android
obesity [19-21], and it has been reported that
serum testosterone levels are elevated in women
with breast cancer [203, 204]. The nature of these
inter-relationships between estrogen-dependent
cancers, android obesity, elevated estradiol and
testosterone, have not been clarified. However,
the predominantly android distribution of adipose
tissue in female obesity primarily reflects
increased tissue exposure to free testosterone,
whereas the mass of adipose tissue (i.e. in terms
of adipocyte number), and the risk and incidence
of certain carcinomas, may reflect increased tissue
exposure to free estradiol.

Given that the adrenal androgens, androstenedione,
DHEA and DHEA-S are poorly bound by
SHBG, the obesity-related reduction in SHBG
concentration has little effect on their levels and
metabolism. However, adipose tissue serves as an
important steroid hormone reservoir [116], and
steroid sequestration by adipose tissue may serve
to increase the clearance and metabolism of
adrenal androgens. It has been reported that
despite normal circulating levels [44, 148, 205],
the production rate and metabolic clearance rate
of DHEA, androstenedione and DHEA-S are
elevated in obese women [148, 206]. Presumably
the increased production rate of adrenal androgens
occurs to compensate for an increased metabolic
clearance rate, the latter a function of adipose
mass [148]. However, the ratio DHEA/
testosterone is significantly lower in obese women
[189], which could indicate increased tissue
activity of 3B-hydroxysteroid dehydrogenase as
well as 17-R-hydroxysteroid-dehydrogenase. The
abdominal region specifically contains a large
pool of tissue-bound DHEA in obese women
[206, 207]. Therefore, beyond the enhanced
metabolic clearance rate of bound androgens, the
greater propensity of abdominal adipose tissue to
sequester steroids in obesity may elevate the
clearance and metabolism of androgens,
especially those not significantly bound to SHBG.

An increase in the production rate of adrenal
androgens can lead to increased production of
their metabolites. As-androstenediol (As-adiol), a

17-R-hydroxysteroid-dehydrogenated metabolite
of DHEA, has unique properties in relation to
estrogen. It can compete for the estrogen receptor,
inhibit estradiol metabolism, and increase the free
fraction of estradiol by displacing it from SHBG
[208]. Interestingly, DHEA and DHEA-S have
also been observed to have a modulating effect on
estrogen metabolism, noncompetitively inhibiting
the conversion of estrone to estradiol at near-
physiological concentrations, particularly in
omental as opposed to subcutaneous abdominal
adipose tissue [116]. Given that significant
correlations of As-androstenediol with DHEA
have been observed in omental and subcutaneous
abdominal tissue [116], it appears that adrenal
androgens may influence peripheral estrogen
metabolism, further promoting androgenic versus
estrogenic effects and, consequently, the android
form of obesity.

In obese men, depressed serum SHBG levels are
associated with subnormal serum levels of total
[190, 191, 193, 209-211] and free testosterone
[141, 189, 193, 212]. It has been argued that free
testosterone is relatively normal due to low SHBG
levels [190], except perhaps in morbid obesity
[209], but such controversy appears resolved
with the report that serum levels of total, non-
SHBG-bound and free testosterone are all highly
correlated inversely with total body fat over a
broad range of values [141]. Levels of free and
non-SHBG-bound testosterone thus decrease in
proportion to degree of obesity, as does the total
serum testosterone level. Serum levels of
androstenedione are normal or slightly low in
obese men, but the metabolic clearance rate and
production rate of androstenedione are elevated
[190, 213, 214].

Why then, given a diminished androgen/estrogen
ratio, do obese men generally have the android
form? This observation is discordant with
documented relationships between androgens and
android adiposity, and estrogens and gynoid
adiposity in both men and women. It could be
contended that as the abdominal region is the
most responsive to changes in weight [173], the
greater proportion of excess fat in extreme obesity
is deposited in the subcutaneous abdominal and
intra-abdominal adipose depots irrespective of
pre-existing biological mechanisms concerning
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the bodily distribution of adipose tissue. However,
this is not necessarily the case: high BMI is
associated with elevated abdominal and peripheral
adiposity in men, whereas high WHR is
associated with increased abdominal adiposity
(especially visceral fat) only [215]. Thus despite
correlations between BMI and WHR, WHR is not
dependent on BMI. Perhaps BMI is better related
to low androgen levels and high estrogen levels
than high WHR; such a relationship would
implicate estrogen-dependent adipogenesis as the
mechanism by which peripheral adiposity is
increased in addition to abdominal adiposity. The
effect of obesity on serum levels of androgens and
estrogens in men may vary with the distribution
of adipose tissue, and suggest application of the
android-gynoid dichotomy in further investigations
of obese men, an approach not yet attempted.
Such an approach has had tremendous utility in
the study of obese women, where the hormonal
milieu of gynoid obesity has been found to be
considerably different from that of android
obesity [111].

Few studies have examined the endocrine
environment of women with differing forms of
obesity. Women with android obesity have higher
levels of free and total serum estradiol and
testosterone, but similar serum concentrations
of androstenedione, estrone, dihydrotestosterone,
DHEAS and cortisol when compared to those
with gynoid obesity [111]. The metabolic clearance
rates of testosterone and dihydrotestosterone were
greater in the android obese women, and the
blood production rate of testosterone was higher.
Gynoid obese women had higher serum
concentrations of SHBG, greater rates of peripheral
conversion of androstenedione to estrone, and
greater urinary excretion rates of estrone [111].
Other studies have shown that android obesity,
again specifically in comparison to gynoid
obesity, is characterized by elevated secretion of
testosterone, androstenedione and cortisol after
stimulation by adrenocorticotropin (ACTH) [3].

The significant differences in androgen and
estrogen levels, metabolism and excretion rates
between android and gynoid obesities, provide
clear evidence that obesity in women is not a
homogeneous entity. Women with android obesity
have increased tissue exposure to testosterone and

dihydrotestosterone as a result of lower
concentrations of SHBG. The effect of elevated
levels of free estradiol in android obese women
appears minimal in terms of the distribution of
adipose tissue, although free estradiol is
implicated in influencing the amount of adipose
tissue via adipogenesis, and also in the
pathogenesis of certain cancers. The ability of
fatty tissue to sequester steroids probably
increases the clearance of androgens, leading to an
extremely large pool of steroids and enhanced
androgen metabolism in the obese. Adrenal
androgens, not bound significantly by SHBG,
might thus contribute substantially to the
distribution of adipose tissue via local effects. But
perhaps the most important difference between
the android and gynoid forms of obesity is the
extent to which SHBG is decreased. Though
always lower in the obese relative to the non-
obese, SHBG is lower in android obesity than in
gynoid obesity, and the degree of tissue exposure
to unbound androgens is correspondingly greater
in android versus gynoid obesity. As in normal
growth and maturation, relative androgen/estrogen
balance affects adipose tissue distribution in
obese women.

In obese men, despite the fact that total serum
estrogen levels are elevated and that free and total
serum levels of testosterone are subnormal, it is
possible that differences in androgen/estrogen
ratios and metabolism exist in relation to the
relative distribution of adipose tissue, as in obese
women. This hypothesis requires investigation;
male obesity may be no more a homogeneous
entity than is female obesity. But the elucidation
of relative differences in sex steroid levels and
metabolism, even if such differences did vary
with the distribution of the adipose mass, would
not likely account for the tendency of abdominal
adipose mass to increase with increasing weight
when there is absolute dominance of estrogens
over androgens. Though increases in overall
adiposity might be attributed to estrogen-induced
adipogenesis in both abdominal and peripheral
regions, it is probable that other factors are
involved. Genetic influences cannot be overlooked,
nor can dietary factors or other hormones,
particularly peptide hormones, be disregarded. For
example, elevated plasma insulin concentrations
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in extreme obesity and inter-relationships between
insulin and steroid hormones influence adipocyte
metabolism and size [45, 103, 216, 217]. High
insulin levels are implicated in the suppression
of SHBG [218, 219], which is also suppressed
by above-average consumption of dietary lipids
[220, 221]. Not excluding other relevant factors,
rigorous investigations of steroid hormones and
their relationship with the distribution of adipose
tissue are required in obese men.

Cortisol and android obesity

Several early reports suggested that android
obesity was associated with a minor degree of
hypercortisolism.  Relationships were noted
between cortisol production rates and masculine
characteristics of fat distribution [222-224], but
these early reports were not followed by rigorous
studies. Elevated cortisol production was thought
to be due to an increased sensitivity of the adrenal
to ACTH in android obese subjects, as suggested
by greater plasma cortisol after intravenous
injection of BY** corticotropin [225]. The report
that Cushing’s syndrome was associated with
hyperandrogenism [226] seemed to support the
hypothesis that elevated adrenocortical function,
with increased production of cortisol and
androgens, was related to android obesity [57].
However, it is currently accepted that plasma
levels of cortisol, its circadian secretion, and the
response of cortisol to metyrapone or ACTH are
not altered in obesity [205, 227-232].

Normal plasma levels of cortisol are maintained in
obesity and, despite early claims of accelerated
production rates [228, 233, 234], it is clear that
the production rate of cortisol is not altered in
obesity. In both obese and non-obese individuals,
cortisol production rate has been shown to be
closely correlated with lean body mass [235, 236],
and it has been demonstrated that the production
rate of cortisol is weight-invariant when corrected
for lean body mass by expressing it per gram
urinary creatinine [237]. Therefore relative to lean
persons, obese persons do not have accelerated
adrenocortical function, nor are the obese exposed
to a greater impact of cortisol.

Notwithstanding that plasma cortisol levels,
production and excretion rates are not affected in

obesity, there is circumstantial evidence that pure
hypercortisolemia favours the android form of
obesity. It has been observed that high doses of
cortisol, when administered for therapeutic use,
increased android adiposity independently of the
degree of obesity in subjects ranging from non-
obese to more than twice their ideal body weight
[57]. In an unrelated study, subjects on extended
glucocorticoid therapy were observed to have
larger mediastinal fat areas in comparison to normal
subjects [238]. Relatively high concentrations of
cortisol have been observed in abdominal adipose
tissue [132], and mid-morning plasma cortisol
levels (0900 hrs) have been found to correlate
weakly (r = 0.29) with WHR in obese women
with and without hirsutism [143]. Glucocorticoid
receptor density is higher in intra-abdominal
relative to subcutaneous abdominal tissue, but
there are no differences in receptor affinities
between these two sites [77]. However, regarding
the expression of glucocorticoid receptors in
regional fat depots, mMRNA concentration is highest
in omental fat tissue, and lower in subcutaneous
abdominal and femoral fat depots [239].

Hypercortisolism present in Cushing’s syndrome
is associated with enlargement of the abdominal
but not gluteofemoral fat depots in women [240].
Subjects with true Cushing’s Disease, studied by
computed tomography have higher levels of
subcutaneous abdominal fat by a factor of two and
greater levels of intra-abdominal fat by a factor
of five in comparison to normal subjects [241].
The administration of glucocorticoid antagonists
(acting at the receptor level) ameliorates the
central adiposity of Cushing’s syndrome [242].
These data support the previously noted early
reports suggesting an association between cortisol
and android adiposity. However, the extent to
which glucocorticoids influence adipose tissue
distribution has not been thoroughly investigated,
and rigorous longitudinal studies of individuals
with android and gynoid obesity are required
to elucidate the relationship further [243]. It
currently appears that android adiposity is related
to cortisol only in situations where there is
pure hypercortisolemia; i.e. sustained exposure to
high levels of exogenous corticoids, or elevated
endogenous levels of cortisol as in Cushing’s
Disease.
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Cellular and metabolic characteristics of
adipocytes

Not only do steroid hormones affect
differentiation and growth, they also affect the
adaptation of cells to new metabolic demands.
Thus, the influence of steroid hormones on
adipocyte metabolism is important in view of
effects upon adipocyte size, particularly in
adulthood. It is suggested that inter-regional
differences in the number of adipocytes reflect, in
general, steroid hormone-mediated events that
occur in adolescence and early adulthood. This,
however, does not rule out the possibility of
steroid hormone-mediated  adipogenesis in
adulthood, in which estrogen [90], progesterone
[91], and cortisol [134] have all been implicated.
For example, a moderate increase of body fat in
adulthood is associated with enlargement of
existing adipocytes, but additional weight gain is
followed by increases in the number of adipocytes
[13, 244].

Adipocyte metabolism

The main function of adipose tissue is to store
triglyceride during periods of nutrient sufficiency
and to release the stored lipid as fatty acids
when energy is needed. Uptake of triglyceride
(triacylglycerol) into adipose tissue is controlled
by the rate-limiting enzyme lipoprotein lipase
(LPL). This enzyme hydrolyzes the triacylglycerol
transported in very low density lipoproteins and
chylomicrons, making triacylglycerol fatty acids
available for uptake in adipose and other tissues.
Specifically, LPL hydrolyzes triacylglycerol to
diacylglycerol to monoacylglycerol and then into
free fatty acids and glycerol. Uptake into adipose
tissue is accomplished by esterification. The
release and efflux of fatty acids from adipose
tissue (lipolysis) is accomplished by action of
hormone-sensitive lipase; this is the key enzyme
responsible for hydrolysis of triacylglycerol in
adipose tissue to free fatty acids and glycerol.
Lipolysis and LPL activity have sex hormone-
related and regional differences. Aspects of
adipocyte metabolism as well as the direct effect
of steroid hormones on these processes have been
studied.

Lipolysis

Human adipocytes possess both B- and o,
adrenoreceptors coupled respectively in a positive

and negative fashion to plasma membrane
adenylate cyclase. Adenylate cyclase has a central
role in controlling the lipolytic activity of
adipocytes (via cyclic-AMP production) through
protein-kinase and hormone-sensitive lipase
activation.  Catecholamines are the major
lipolysis-promoting hormones in adult human
adipocytes, and this effect is mediated by
R-adrenoreceptors [245]. In human adipocytes,
however, unlike in fat cells from other species,
catecholamines also have antilipolytic properties
that are mediated by a,-adrenoreceptors [246].

There are marked regional variations in
catecholamine-induced lipolysis. In men and
women, epinephrine and norepinephrine are both
more lipolytic in abdominal than in gluteofemoral
adipocytes [12, 103, 246-252]. The enhanced
lipolytic effect of catecholamines in abdominal
adipocytes appears to reflect a greater number of
R-adrenoreceptors (with normal affinity and
normal coupling to plasma membrane adenylate
cyclase) in abdominal adipocytes relative to
adipocytes in other regions [253, 254]. The lower
lipolytic response of femoral adipocytes to
catecholamines could reflect either a greater
number of a,-adrenoreceptors or inhibition
of R-adrenoreceptor-induced lipolysis [12, 247,
248, 255]. Variation in the ratio of B- to
o~ adrenoreceptors [246] via differences in the
expression of genes encoding for adrenoreceptor
types [254] could provide a molecular mechanism
for regional differences in the lipolytic response
of adipose depots to catecholamines, but also may
relate to the influence of circulating steroids on
adrenoreceptor activity.

Free testosterone concentrations are significantly
correlated with abdominal adipocyte volume [44],
which suggests that testosterone may enhance
abdominal a,-adrenoreceptor activity. This finding
is apparent in castrated male hamsters: testosterone
treatment in vivo promotes ay-adrenoreceptor-
mediated antilipolysis to a greater extent than it
increases the R-adrenergic lipolytic effect of
catecholamines [256]. This action of testosterone
could explain why men and androgenic women
accumulate adipose tissue in the abdominal
region. However, an in vitro study of adipose
precursor cells from male rats suggests
that testosterone stimulates lipolysis at the
R-adrenoreceptor level and that both testosterone
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and dihydrotestosterone increase  adenylate
cyclase activity [257]. As the authors of this latter
study claim that the ay-adrenergic action of
testosterone is weak and perhaps nonexistent,
caution must be taken in extrapolating these
findings to humans. Little a,-adrenergic control of
lipolysis occurs in rats and the validity of a rat
model is questionable. The hamster model much
better approximates human [3/a,-adrenergic control
of lipolysis, and it is not surprising that the results
of the hamster study [256] are incongruent with
those of the rat study [257].

In middle-aged men, testosterone has been found
to stimulate norepinephrine-induced abdominal
lipolysis [258], supporting an effect of testosterone
on [-adrenoreceptor-mediated lipolysis. It is
unknown to what extent, if any, that
op-adrenoreceptors were stimulated in this study.
Furthermore, if testosterone does indeed
preferentially stimulate 3-adrenoreceptor-mediated
lipolysis in abdominal adipocytes, an inverse
relationship between abdominal adipocyte size
and testosterone could be postulated. These
variables, however, have been shown positively
rather than inversely correlated [44]. Although an
inverse relationship has been demonstrated
between free testosterone concentration and the
amount of intra-abdominal fat [259], such a
relationship is confounded by various lifestyle
factors and the previously noted decrease in total
and free serum testosterone that occurs with
increasing obesity and chronological age. Given
discrepancies in the data reported to-date, the
precise effects of testosterone in B/a, control of
lipolysis remain to be elucidated.

Cortisol may affect adipocyte responses to
adrenoreceptor agonists [260]. For example,
norepinephrine-stimulated lipolysis is low in the
abdominal region in women with Cushing’s
syndrome [240], and in women exposed to
exogenous corticosteroids there is a decrease in
gluteal adipocyte size and in gluteal skinfold
thickness [261]. These observations are consistent
with the commonly observed peripheral to central
redistribution of fat seen with elevated levels of
adrenal glucocorticoids. Analogous findings have
been reported in the rat [262, 263].

In rats, estrogens increase in vitro catecholamine-
stimulated lipolysis in adipocytes by enhancing
hormone-sensitive lipase activity [74]. As in

humans, the strong regulatory effects of estradiol
on enzyme activities in rat adipose tissue are
mediated by cyclic-AMP [264]. Estrogens likely
promote lipolysis in rat fat cells by this
mechanism [265]. Treatment of rats with 178-
estradiol alone or in combination with progesterone
has been shown to facilitate lipolysis with
regional variation in response, but administration
of progesterone alone has no effect [266]. In
humans, it appears that estradiol is especially
lipolytic in the abdominal region [30].

To summarize the above data, it is clear that
adipose tissue lipolysis is normally much greater
in the abdominal region than in the gluteofemoral
region in both men and women. This phenomenon
appears to relate to the effect of steroids on
lipolytic sensitivity, and the relative number of
o~ Versus R-adrenoreceptors within these adipose
depots. In the rat, 17R-estradiol increases lipolytic
sensitivity to catecholamines, with regional
variation in response, and it appears that in
humans, estradiol promotes lipolysis specifically
in the abdominal region. Extrapolation of these
observations to humans suggests that given their
estrogenic dominance, young women would be
leaner about the waist than men, androgenic and
postmenopausal women, consistent with gross
relationships between androgen/estrogen activity
ratio and android relative to gynoid adiposity. The
effects of cortisol and testosterone on adipocyte
metabolism have not been researched adequately.
In women, excess cortisol production is associated
with a decrease in gluteal adipocyte size in
association with low rates of lipolysis in the
abdominal region, and similar findings in the rat
also suggest that cortisol influences adrenoreceptor
response to lipolytic agents with the potential to
promote android (or central) adiposity. Again, this
notion is consistent with descriptive data. Data
about the role of testosterone in R/o,-adrenergic
control of lipolysis are contradictory, but given
significant regional changes in adipocyte size
concomitant with testosterone therapy, it is
probable that testosterone exerts regionally
specific metabolic effects, though such effects are
likely inter-dependent on other factors not yet
known.

Lipoprotein lipase (LPL) activity

Steroid hormones also account for sex and
regional differences in LPL regulation of
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adipocyte size by influencing the uptake of fatty
acids. In the rat, LPL activity is highest in gonadal
regions and lowest in subcutaneous sites [267,
268]. There is also regional variation of LPL
activity in humans. In non-obese premenopausal
women with normal ovarian and adrenal function,
LPL activity is greater in the gluteofemoral region
than in the abdominal region [250]. Moderately
obese women have higher activities of LPL in the
gluteal and femoral regions than in the abdominal
or triceps region, in parallel with the cell size
differences [269, 270]. A study of morbidly obese
men and women also found that fat cell size and
LPL activity were greater in the femoral region
than in the subcutaneous abdominal region in
women, with men showing less marked regional
variation [107]. Other studies have reported
higher adipose tissue LPL activity in the gluteal
region of females compared to males [271-273];
however, these latter investigations did not
contrast regional differences in LPL activity
between the sexes. Men generally have low
adipocyte LPL activity in the femoral region, even
lower than in postmenopausal women; LPL
activity is greater in abdominal than in femoral
adipocytes in men [136]. Postmenopausal women
have lower femoral LPL activity than
premenopausal women [251]. Furthermore, no
difference in LPL activity or lipolytic response
between femoral and abdominal adipocytes is
found in postmenopausal women [251]. These
data indicate the presence of mechanisms serving
to emphasize gynoid adiposity in premenopausal
women via enhanced gluteofemoral LPL activity,
whereas android adiposity is promoted in men
and postmenopausal women.

Glucocorticoids may promote LPL activity in
certain adipose depots. Young women with
Cushing’s syndrome demonstrate considerably
greater LPL activity in the abdominal region in
comparison to control subjects [240]. This
observation explains in part the large abdominal
adipocytes by which Cushing’s syndrome is
characterized, and is consistent with descriptive
data associating abnormally high levels of
glucocorticoids with android adiposity. In rats,
although regional effects of corticosteroids on
LPL activity are not definite [274, 275],
glucocorticoids do mediate regionally specific
effects upon glucose uptake [263].

Available data regarding direct sex steroid effects
on adipose tissue and plasma LPL activity in
humans are contradictory. However, endogenous
sex steroid levels have only been measured in a
few investigations; most studies have utilized
exogenous sex steroids and have looked
specifically at their effect on postheparin plasma
LPL activity. A recent investigation of endogenous
sex steroid levels and their relationship with
LPL activity in obese pre- and post-menopausal
women found estradiol to be a major negative
regulator of fasting adipose tissue LPL activity,
independent of degree of obesity [276]. Estradiol
reduces LPL activity in both intact and
gonadectomized animals of a variety of species
[71, 74, 277-280]. Estradiol also affects hormone-
sensitive lipase activity [101] whereas progesterone,
only affecting adipose tissue in females [71],
counteracts the negative estrogen effects on LPL
activity [71, 279]. Androgens also appear to
inhibit LPL activity [258], but it has been
suggested that under in vivo conditions, androgen
inhibition of adipose tissue LPL is indirect via
aromatization to estradiol [281]. The inhibition by
estradiol of adipose tissue LPL activity might be
related to its function in promoting regionally
specific lipolysis, but the potential of estradiol to
inhibit LPL activity with regional specificity has
not been studied. It is possible that in women
estradiol selectively inhibits abdominal adipocyte
LPL activity concomitant with the promotion of
abdominal adipocyte lipolysis. Any inhibitory
effect of estradiol on gluteofemoral adipocyte
LPL activity may be marginal, thus partially
explaining gynoid distribution of adipose tissue
in premenopausal women and postmenopausal
women on estrogen replacement therapy.

Progesterone  effectively ~ competes  with
glucocorticoids present in human adipose tissue
[77]. This may explain how progesterone
counteracts estrogen effects on LPL activity.
Interestingly, progesterone alone has no effect on
LPL induction in in vitro experiments, but
addition of cortisol to the progesterone-containing
culture medium increases the cortisol effect on
LPL activity [282]. However, a directly anabolic
role for progesterone in adipose tissue lipogenesis,
independent of cortisol, has been suggested on
the basis of rat experiments [283]. Progesterone
reverses the adiposity-reducing actions of estradiol
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in rats, but in hamsters the action of estradiol and
progesterone together is weight loss [284]; weight
loss also occurs in postmenopausal women
undergoing therapy with estrogen and progestins
[170], and the majority of this weight is lost from
the abdominal region [171]. These data suggest
synergistic effects of estrogen and progestins in
adipose tissue LPL induction. The data also
suggest that in humans the respective positive and
negative effects of progesterone and estrogen on
adipose tissue LPL activity are regionally specific.

In premenopausal women, progesterone appears
to increase femoral LPL activity under in vivo
conditions [285], and this observation is
consistent with the large femoral adipocytes in
these women. Thus, a lack of progesterone in
postmenopausal women and greater levels of
testosterone in men might explain the smaller size
of femoral adipocytes in these groups [30]. This
thesis also has implications for fat distribution in
women with anovulation and amenorrhea. Low
progesterone production could result in less fat
being accumulated in the typical gluteofemoral
depots and more fat being accumulated
abdominally, especially as the lipolytic effect
of estrogen on abdominal adipocytes would
be diminished if estrogen levels were low.
Importantly, when progesterone levels are low,
such as in women with the polycystic ovary
syndrome, there are no differences in LPL activity
between abdominal and femoral fat depots [286].
Nor are there any differences in LPL activity
between the subcutaneous abdominal and femoral
regions in postmenopausal women [136], but
administration of estrogen and progestin to
postmenopausal women significantly enhances
LPL activity in femoral relative to abdominal
adipocytes [136].

Estrogen appears to be required for the
progesterone effect on femoral LPL activity; the
formation of specific progesterone receptors for
translocation of the hormone to the nucleus
requires estrogen [70, 287]. Furthermore, in the
ovariectomized rat uterus, estradiol and non-
steroidal anti-estrogens (tamoxifen and mono-
hydroxytamoxifen) increase progesterone receptor
content [288]. Progesterone has been implicated
in the control of peripheral aromatase activity in
humans [132]; it is possible that progesterone

promotes production of the estrogens required for
formation of its own receptors.

In summary, these data suggest that female sex
steroids stimulate lipoprotein lipase activity
specifically in gluteofemoral adipocytes. In
premenopausal women characterized by varying
degrees of adiposity, gluteofemoral LPL activity
is always greater than abdominal LPL activity.
Gluteofemoral LPL activity is much greater in
premenopausal women than in men. LPL activity
decreases in the gluteofemoral region in women at
menopause, and the previous difference between
gluteofemoral and abdominal LPL activity
disappears. Human and animal studies implicate
progesterone as the most important female steroid
for induction of LPL activity; in contrast, estradiol
appears to reduce LPL activity, which probably
relates to its pro-lipolytic effect. However,
estradiol appears necessary for the effect of
progesterone in promoting LPL activity. Although
testosterone seems to inhibit LPL activity, it is
possible that this effect of testosterone is indirect
and mediated by aromatization to estradiol. The
possibility that cortisol promotes LPL activity
specifically in the abdominal region is suggested
by findings in women with Cushing’s syndrome.
The promotion of LPL activity by progesterone
may reflect effective competition with cortisol for
glucocorticoid receptors. However, more data are
required to clarify the precise role of cortisol in
the regional induction of adipose tissue LPL
activity.

Summary

The distribution of adipose tissue clearly varies
with degree of reproductive maturation and by
gender. Body fat distribution is similar in males
and females throughout childhood, but changes at
puberty. Sexual dimorphism in both the amount
and the distribution of body fat then becomes
apparent. Males decrease in relative fatness and
take on an android (abdominal) fat distribution,
while females have essentially no change in
relative fatness but take on a gynoid (gluteofemoral)
fat distribution. Whereas the android pattern of
adipose tissue distribution dominates in males
throughout adulthood, the gynoid pattern of
women changes at middle age. Menopause is
associated with a shift from gynoid to android
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body fat topography, and fat distribution between
sexes becomes similar again later in life. On the
basis that changes in serum concentrations and
rates of synthesis of steroid hormones at puberty
and menopause occur concomitant with shifts of
body fat topography, steroid hormones are
implicated in mediating these changes in the
distribution of adipose tissue.

In pubertal males, the development of android
adiposity seems mainly due to decreases in
gluteofemoral adipose mass via the effects of
testosterone and perhaps adrenal steroids that
could act as precursors for gonadal testosterone
production. Increased testosterone secretion
decreases the size and number of peripheral
adipocytes, accentuating the size and number of
abdominal adipocytes, although a direct effect of
testosterone in mediating increases in abdominal
adipocyte size cannot be excluded. Android
adiposity in adult men is characterized by a larger
size of abdominal adipocytes compared to those
located elsewhere. The majority of this android fat
is located intra-abdominally, not subcutaneously.
This greater proportion of intra-abdominal fat
reflects a greater number of internal adipocytes,
and thus intra-abdominal adipocyte hyperplasia
could be a factor in android adiposity. However,
only cortisol, not testosterone, is effective
in inducing preadipocyte differentiation. The
capacity of cortisol to induce preadipocyte
differentiation is much greater in cells from the
abdominal compared with the femoral region. The
implications of regional specificity are unclear. A
small proportion of men have gynoid adiposity;
this is associated with elevated estradiol levels or
production rates and/or with hypogonadism.

The onset of estrogen production in girls during
the peri-menarcheal period is followed by an
increase in absolute adiposity and development of
a gynoid distribution. These events appear due to
an increase in both the number and size of
gluteofemoral adipocytes in response to increased
estradiol concentrations. Both ovarian and
peripheral mechanisms of estrogen production are
implicated in adipogenesis, in which estrogens act
by paracrine or autocrine mechanisms to induce
the production of mitogenic proteins by
preadipocytes, leading to an increased number of
adipocytes. As androgens seem to inhibit the

differentiation and replication of preadipocytes,
gluteofemoral adipogenesis is probably inhibited
in androgen-dominant pubertal girls. In adult
women, android adiposity is positively related to
total and free levels of androgens and their
production rates, and women with android
adiposity have larger abdominal adipocytes than
women with gynoid adiposity. Abdominal
adipocyte hypertrophy thus is a characteristic of
men and android women, and reflects androgen
dominance.

As adipose tissue distribution is android when
androgens dominate, and gynoid when estrogens
dominate, many investigators believe that body
fat topography is a function of relative
androgen/estrogen balance. The concept that body
fat distribution is regulated in part by
androgenic/estrogenic activity ratio is supported
by topographical shifts in body fat distribution
that occur with therapeutic administration of sex
steroid hormones. In both males and females,
estrogen therapy effects changes toward gynoid
adiposity, whereas administration of androgens
effects changes toward android adiposity.
Furthermore, in women at menopause, it appears
that the disproportionate decrease in estrogen and
progesterone levels relative to continued androgen
production effects the shift from gynoid to
android  adiposity; abdominal  adipocytes
hypertrophy, and the previous difference in size
between gluteofemoral and abdominal adipocytes
disappears.

The concept that androgen/estrogen balance
explains adipose tissue distribution applies to
female, but not male, obesity (Table 1). In
women, obesity is clearly not a homogeneous
entity; significant differences have been observed
in androgen/estrogen levels, metabolism and
excretion rates between women who have android
obesity, and those who have gynoid obesity.
Obesity in females is characterized by increased
tissue exposure to unbound androgens, most
notably testosterone and dihydrotestosterone, as a
consequence of reduced levels of SHBG. The
ability of fatty tissue to sequester steroids as a
function of adipose mass could also increase
androgen clearance, leading to an extremely large
pool of steroids and enhanced androgen
metabolism. The difference between the android
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Table 1. Relationships between steroid hormones, obesity and abdominal fat distribution in men and women*t.

Steroid Measure Men Women
Cortisol total serum concentration +afd (weak)
production rate weight-invariant weight-invariant
Testosterone total serum concentration -0 Yo +afd, Tao
free and non-SHBG-bound -0 Yo To, +afd: Tao
production rate To. +afd
metabolic clearance rate To. Tao
Dihydrotestosterone production rate To, +afd
metabolic clearance rate To. Tao
Dehydroepiandrosterone production rate o
metabolic clearance rate To. +afd
DHEA-St total serum concentration +o0 TO
production rate To
metabolic clearance rate TO
Androstenedione production rate To To. +afd
metabolic clearance rate To To. +afd
Estrone total serum concentration To *o
aromatizatio_n rate from %o +o, Yao
androstenedione
Estradiol total serum concentration o +0, Ta0
free and non-SHBG-bound +0. To. Tao
aromatization rate from testosterone To *o
SHBGS total serum concentration bo Yo, -afd: Yao

* +/- symbols denote the nature of statistically significant correlations with obesity (+g/-g) or android fat distribution

specifically (+afd/-afd)-

t T symbols indicate the nature of statistically significant differences either for obese relative to non-obese persons
(To/4o) or for android obese persons relative to gynoid obese persons specifically (Ta0/4a0)-

1 DHEA-S denotes dehydroepiandrosterone sulfate.
8 SHBG denotes sex hormone-binding globulin.

and gynoid forms of obesity appears to reflect the
extent to which SHBG is decreased. Though
always lower in obese relative to non-obese
women, SHBG is lower in android obesity than in
gynoid obesity, and the degree of tissue exposure
to unbound androgens is correspondingly greater
in android versus gynoid obesity. Tissue exposure
to free estradiol is also greater as a result of low
SHBG, but the biological effect is better related
to adipogenesis and the pathogenesis of certain

carcinomas than to adipose tissue distribution.
Relative androgen/estrogen balance is therefore
reflected by adipose tissue distribution in female
obesity.

In men, obesity is probably no more a
homogeneous entity than in women, but definitive
conclusions cannot yet be drawn. The relative
distribution of adipose tissue in obese men could
reflect variability in the serum levels and metabolism
of androgens and estrogens, but such an
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investigation has never been reported. Despite a
decreased androgen/estrogen ratio, most obese
men are nevertheless android. Factors other than
sex steroids are therefore implicated in
determining the predominant distribution of
adipose tissue in obese men, be they genetic,
endocrine or dietary. Males may lack gluteofemoral
adipocyte precursors. Insulin may directly or
indirectly interact with sex steroids or
glucocorticoids in effects on abdominal adipocyte
metabolism, size, or number. Investigations of
such factors and inter-relationships with specific
adipose depots (e.g. subcutaneous abdominal,
intra-abdominal, gluteofemoral) in obese men
classified on the basis of their gross anatomical
distribution of adipose tissue would help to
resolve the discordance between android obesity
and low androgen/estrogen ratio.

It is of interest that pure hypercortisolemia seems
to favour an android fat distribution. The
therapeutic administration of high doses of
cortisol has been observed to increase android
adiposity independent of the level of obesity.
Individuals on extended glucocorticoid therapy
have increased amounts of intra-abdominal fat.
Relatively high concentrations of cortisol have
been observed in abdominal adipose tissue, and
cortisol concentrations have been found to
correlate weakly with android adiposity. These
associations may reflect high glucocorticoid
receptor density in intra-abdominal adipose tissue.
In individuals with Cushing’s syndrome, the
gluteofemoral fat depot is normal, but the
subcutaneous abdominal and intra-abdominal fat
depots are much larger than in normal individuals.
Administration of glucocorticoid antagonists
ameliorates this android fat distribution of
Cushing’s syndrome. It appears that android

adiposity is related to cortisol only in situations
where there is true hypercortisolemia. When
corrected for lean body mass, the circadian
secretion, production and metabolic clearance
of cortisol in obese people is weight-invariant.
Obese persons thus do not have accelerated
adrenocortical function, nor are they exposed to a
greater impact of cortisol.

The concept that body fat distribution is regulated
in part by androgenic/estrogenic balance requires
that steroids be capable of effecting regional
changes in adipocyte metabolism, and therefore in
the size of adipocytes. Much descriptive data
suggest that female sex steroids specifically
stimulate lipid uptake by gluteofemoral adipocytes
(Table 2). In women, gluteofemoral LPL activity
is greater than abdominal LPL activity, and
gluteofemoral LPL activity is much greater in
women than in men. LPL activity decreases in the
gluteofemoral region in women at menopause,
and the difference between gluteofemoral and
abdominal LPL activity disappears. Human and
animal studies implicate progesterone in the
induction of LPL activity; in contrast, estradiol
appears to reduce LPL activity, which probably
reflects its pro-lipolytic effect. Estradiol, however,
appears necessary for the effect of progesterone
on LPL activity. Testosterone can inhibit LPL
activity, but this effect may be indirect via
aromatization to estradiol. Cortisol may promote
LPL activity specifically in the abdominal region,
and it has been speculated that the promotion of
LPL activity by progesterone reflects effective
competition of progesterone with cortisol for
glucocorticoid receptors. More data are required
to clarify cortisol’s role in the regional induction
of adipose tissue LPL activity.

Table 2. Adipocyte metabolism by region in women and men.

Region Pre-menopause Post-menopause Men
Relative lipolytic enzyme activity according to adipocyte region
Abdominal moderate high high
Gluteal-femoral low high moderate
Relative lipoprotein lipase (LPL) activity according to adipocyte region
Abdominal low moderate moderate
Gluteal-femoral high low low
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Lipid mobilization also appears to be regulated by
steroid hormones, but the role of steroids in
lipolysis is poorly understood. Adipose tissue
lipolysis is much greater in the abdominal region
than in the gluteofemoral region in humans. This
phenomenon appears to relate to the effect of
steroids on lipolytic sensitivity, and the relative
number of a,- versus B-adrenoreceptors within
these adipose depots. In the rat, 17R-estradiol
increases lipolytic sensitivity to catecholamines
with regional variation in response. However, in
humans, estradiol promotes lipolysis in the
abdominal region specifically. Given estrogenic
dominance, this could explain why premenopausal
women are leaner about the waist than men and
postmenopausal women. The effects of cortisol
and testosterone on lipolysis remain to be fully
elucidated. In women, excess cortisol production
seems to correspond to a decrease in gluteal
adipocyte size in association with low rates of
lipolysis in the abdominal region. Similar findings

in the rat suggest that cortisol influences
adrenoreceptor response to lipolytic agents.
Data regarding the role of testosterone in
R/a-adrenergic control of lipolysis are inconsistent,
but it seems probable that testosterone exerts

regionally specific metabolic effects.

CONCLUSION

The distribution of adipose tissue in humans
appears to be determined and maintained, at least
in part, by the relative effects of androgens versus
estrogens (Table 3). General and specific
relationships between androgens and android
adiposity, and estrogens and gynoid adiposity
apply throughout the lifespan, and in all states of
biological importance. An exception is male, but
not female obesity, in which total and free
testosterone levels are suppressed in response to
hyperestrogenemia brought about by increased
serum levels of estrogens produced peripherally in
direct proportion to the surplus adipose mass.

Table 3. Summary of steroid hormone effects on adipocyte formation, metabolism and adipocyte size by

region in men and women.

Steroid Effect on new Effect on adipocyte size  Effect on adipocyte metabolism
adipocyte formation
Abdominal adipose tissue
Cortisol promotes* increases promotes lipoprotein lipase activity;
inhibits lipolysis
Testosterone inhibits decreases inhibits lipoprotein lipase activity;
promotes lipolysist
Estradiol no decreases inhibits lipoprotein lipase activity;
promotes lipolysis
Progesterone no no not clear
Gluteofemoral adipose tissue
Cortisol no decreases inhibits lipoprotein lipase activity;
promotes lipolysis
Testosterone inhibits decreases inhibits lipoprotein lipase activity¥;
promotes lipolysis
Estradiol promotes no pro-lipolytic effect inhibited by
progesterone
Progesterone no increases promotes lipoprotein lipase activity;

inhibits pro-lipolytic effect of estradiol

* dependent on insulin, independent of sex steroids.
t precise effects on R/ap control of lipolysis are unclear.

¥ possibly indirect via aromatization to estradiol in women.
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Several routes of study have been proposed to
elucidate the factors responsible for this
discordance. Nonetheless, in separating out the
confounding effect of male obesity, the magnitude
and complexity of inter-relationships between
steroid hormones and the distribution of the
adipose mass become more evident. It is clear that
total serum levels of sex steroids are not as
important as their free fractions and degree of
tissue exposure. Measurement of free and/or non-
SHBG-bound proportions of steroids, and their
production rates and metabolic clearance rates are
therefore crucial in assessing the relative impact
of androgens and estrogens upon regional
adiposity.

Though many authors have implied that cortisol
concentrations are related to the distribution of
adipose tissue in men and women, especially in
obesity, the literature lends little support to this
hypothesis. If cortisol levels are related at all to
adipose tissue distribution in normal individuals,
it is perhaps involved in the differentiation of
adipocyte precursors during adolescence and in
the induction of abdominal adipose tissue LPL
activity, possibly via interactive effects with
progesterone in women. There is much evidence
associating cortisol with android obesity in
individuals treated with exogenous cortisol and
in individuals with Cushing’s Disease, but it
is physiologically inappropriate to infer that
similar relationships might exist in healthy
persons. More relevant in terms of the distribution
of adipose tissue, therefore, are sex steroids, not
glucocorticoids. As discussed, genetic factors are
implicated in the determination of body fat
distribution, but genetic factors do not account for
all variation in the distribution in adipose tissue.
Further investigation of relationships between
steroid hormones and regional adiposity will
prove invaluable for clarifying the known
associations of adipose tissue distribution with
disease risk, and documenting changes during
normal growth, maturation and aging.

ACKNOWLEDGEMENTS

Appreciation is expressed for helpful criticism
and encouraging comments on earlier drafts of
this paper by Charles Faiman, MD, MSc, FRCPC,
MACE, Chairman, Department of Endocrinology,

Cleveland Clinic, Cleveland, Ohio, U.S.A. This
work was supported in part by a Killam
Fellowship through the Killam Trusts Foundation,
Canada.

REFERENCES

1. Vague, J. 1947, La Presse Med., 30(24
Mai), 339-340.

2. Vague, J. 1956, Am. J. Clin. Nutr., 4(2),
20-34.

3. Bjorntorp, P. 1988, Acta Medica. Scand.,
723(Suppl.), 121-134.

4. Lapidus, L., Bergtsson, C., Larsson, B.,
Pennert, K., Rybo, E., and Sjostrom, L.
1984, Br. Med. J., 289, 1257-1261.

5. Larsson, B., Svardsudd, K., Welin, L.,
Wilhelmsen, L., Bjoérntorp, P., and Tibblin,
G. 1984, Br. Med. J., 288, 1401-1404.

6. Stokes, J., Garrison, R. J., and Kannel, W.
B. 1985, The independent contribution of
various indices of obesity to the 22-year
incidence of coronary heart disease: The
Framingham heart study, in Metabolic
Complications of Human Obesities, Vague,
J., Bjorntorp, P., Guy-Grand, B., Rebuffé-
Scrive, M., and Vague, P. (Ed.), Excerpta
Medica, Amsterdam.

7. Ducimetiére, P., Richard, J., and Cambien,
F. 1986, Int. J. Obes., 10, 229-240.

8. Donahue, R. P., Abbott, R. D., Bloom, E.,
Reed, D. M., and Yano, K. 1987, Lancet,
1(8537), 821-824.

9. Craig, L. S., Waxler, S., and Noble, R.
1968, Ann. NY. Acad. Sci., 148, 897-905.

10. Feldman, R., Sender, A. J., and Siegelaub,
A. B. 1969, Diabetes, 18, 478-484.

11. Krotkiewski, M., Sjostrom, L., Bjorntorp,
P., Carlgren, G., Garellick, G., and Smith,
U. 1977, Int. J. Obes., 1, 395-416.

12.  Smith, U., Hammersten, J., Bjorntorp, P.,
and Kral, J. G. 1979, Eur. J. Clin. Invest.,
9, 327-332.

13.  Krotkiewski, M., Bjorntorp, P., Sjéstrom,
L., and Smith, U. 1983, J. Clin. Invest., 72,
1150-1162.

14. Kalkhoff, R. K., Hartz, A. J., Rupley, D.,
Kissebah, A. H., and Kelber, S. 1983, J.
Lab. Clin. Med., 102, 621-627.

15. Evans, D. J., Hoffman, R. G., Kalkhoff, R.
K., and Kissebah, A. H. 1984, Metab. Clin.
Exp., 33, 68-75.



24 Mark Daniel
16. Després, J.-P., Tremblay, A., Pérusse, L., Metz, S. A., Molitch, M. E., Morley, J. E.,
LeBlanc, C., and Bouchard, C. 1988, Int. J. Rogol, A. D., Ryan, W. G., Sherwin, R. S,
Obes., 12, 1-13. and Vaitukaitis, J. L. (Ed.), Yearbook

17.  Blair, D., Habicht, J.-P., Sims, E. A. H., Medical Publishers, Chicago, 283-299.
Sylwester, D., and Abraham, S. 1984, Am. 32. Poissonnet, C. M., Burdi, A. R., and Garn,
J. Epidemiol., 119(4), 526-540. S. M. 1984, Early Hum. Dev., 10, 1-11.

18. Hartz, A. J., Rupley, D. C., and Rimm, A. 33. Tanner, J. M. 1978, Foetus into Man:
A. 1984, Am. J. Epidemiol., 119(1), 71-80. Physical Growth from Conception to

19.  Bruning, P. F., Bonfrer, J. M. G., Ansink, Maturity, Harvard  University  Press,
A., Russell, N. S., and de Jong-Bakker, M. Cambridge.

1988, Eur. J. Surg. Oncol., 14, 115-122. 34. Gamn, S. M. and Clark, D. C. 1976,

20.  Schapira, D. V., Kumar, N. B., Lyman, G. Pediatrics, 57(4), 443-456.

H. and Cox, C. E. 1990, Ann. Intern. 35 Baumgartner, R. N., Siervogel, R. M,
Med.. 114, 182-186. Chumlea, W. C., and Roche, A. F. 1989,

21.  Lapidus, L., Helgesson, O., Merck, C., Int. J. Obes., 13, 31-41.
and Bjérntorp, P. 1988, Int. J. Obes., 12, 36. Baumga_rtner, R. N. and Roche, A. F. 1988,

22. Vague, J., Vague, P., Meignen, J.-M., 37. Rolland-Cachera, MF Bellisle, F.,
Jubelin, J., and Tramoni, M. 1985, Android Deheeger, M., Pequignot, F., and Sempe,
and gynoid obesities, past and present, in M. 1990, Int. J. Obes., 14, 473-481.

. S 38. Tanner, J. M. 1962, Growth at
Metabolic - Complications ~of _Human Adolesé:ence 2 Ed Blaci<well Scientific
Obesities, Vague, J., Bjorntorp, P., Guy- Publications OXfOI’(;

Grand, B., Rebuffé-Scrive, M., and Vague, ' .

P. (Ed.), Excerpta Medica, Amsterdam 39. Harasha, D. W., Voors, A. W., and

3;11 " ' k E\e;ﬁnson,l S3 383.3 éggo Am. J. Phys.
' . nthropol., 53, -337.

23. Hazzard, W. R. 1986, J. Am. Geriatr. Soc., 40. Muellef, W. H. 1982, Soc. Sci. Med., 16,
34, 455-471. 191-196.

24. Pgrlman, J. A, Wolf, P. H., Ray, R., and 4]. Baumgartner, R. N., Roche, A. F., Guo, S.,
Liebertnecht, G. 1988, Am. J. Obstet. Lohman, T., Boileau, R. A., and Slaughter,
Gynecol., 158(6 Pt 2), 1568-1574. M. H. 1986, Hum. Biol., 58(5), 719-735.

25. Hazzard, W. R. 1989, Postgrad. Med., 42. Baumgartner, R. N., Roche, A. F.
85(5), 271-8, 281-3. ) Chumlea, W. C., Siervogel, R. M., and

26.  Barrett-Connor, E., Wingard, D. L., and Gluek, C. J. 1987, Am. J. Epidemiol., 126,
Criqui, M. H. 1989, J. Am. Med. Assoc., 614-629.

261(14), 2095-2100. 43.  Ashwell, M., Chinn, S., Stalley, S., and

27.  Cedeno, J., Mendoza, S. G., Velazquez, E., Garrow, J. S. 1978, Int. J. Obes., 2, 289-302.
Nucete, H., Speirs, J., and Glueck, C. J. 44,  Evans, D. J., Hoffman, R. G., Kalkhoff, R.
1990, Metabolism, 39(5), 511-517. K., and Kissebah, A. H. 1983, J. Clin.

28.  Kirschner, M. A. and Samojlik, E. 1991, Endocrinol. Metab., 57(2), 304-310.

Int. J. Obes., 15, 101-108. 45.  Kissebah, A. H., Evans, D. J., Peiris, A.,

29.  Bjorntorp, P. 1987, Ann. NY Acad. Sci., and Wilson, C. R. 1985, Endocrine
499, 66-72. characteristics in regional obesities: role of

30.  Rebuffé-Scrive, M. 1988, Acta Medica. sex steroids, in Metabolic Complications
Scand., 723(Suppl), 143-146. of Human Obesities, Vague, J., Bjérntorp,

31. Peiris, A. N., Gustavson, A. B., and P., Guy-Grand, B., Rebuffé-Scrive, M.,
Kissebah, A. H. 1989, Health and regional and Vague, P. (Ed.), Excerpta Medica,
adiposity: implications for the clinician, Amsterdam, 115-130.
in Yearbook of Endocrinology, Bagdade, 46. Haffner, S. M., Stern, M. P., Hazuda, H.

J. D., Braverman, L. E., Halter, J. B.,
Horton, E. S., Korenman, S. G., Kornel, L.,

P., Rosenthal, M., and Knapp, J. A. 1986,
Am. J. Epidemiol., 123(5), 830-839.



Steroids and adipose tissue distribution

25

47.

48.

49,

50.

51.

52.

53.

54.

95.

56.

57.

58.

59.

60.

61.

62.

Peiris, A. N., Hennes, M. ., Evans, D. J.,
Wilson, C. R., Lee, M. B., and Kissebah,
A. H. 1988, Acta Medica. Scand.,
723(Suppl.), 179-188.

Del Ponte, A., Guagnano, M. T., Graziani,
D., and Sensi, S. 1989, Int. J. Obes.,
13(Suppl. 1), 68.

Ferland, M., Despres, J. P., Tremblay, A.,
Pinault, S., Nadeau, A., Moorjani, S.,
Lupien, P. J., Theriault, G., and Bouchard,
C. 1989, Br. J. Nutr., 61(2), 139-148.
Borkan, G. A., Gerzof, S. G., Robbins, A.
H., Hults, D. E., Silbert, C. K., and Silbert,
J. E. 1982, Am. J. Clin. Nutr., 36(1), 172-7.
Grauer, W. O., Moss, A. A., Cann, C. E,,
and Goldberg, H. 1. 1984, Am. J. Clin.
Nutr., 39, 631-637.

Enzi, G., Gasparo, M., Biondetti, P. R.,
Fiore, D., Semisa, M., and Zurlo, F. 1986,
Am. J. Clin. Nutr., 44, 739-746.
Schlemmer, A., Hassager, C., Haarbo, J.,
and Christiansen, C. 1990, Int. J. Obes.,
14(7), 603-611.

Martin, A. D., Daniel, M., Clarys, J. P.,
and Marfell-Jones, M. J. 2003, Int. J.
Obes., 27(9), 1052-8.

Mueller, W. H. and Malina, R. M. 1987,
Am. J. Phys. Anthropol., 72(4), 437-439.
Mueller, W. H., Marbella, A., Harrist, R.
B., Kaplowitz, H. J., Grunbaum, J. A., and
Labarthe, D. R. 1990, Am. J. Hum. Biol.,
2,117-124.

Vague, J., Boyer, J., Jubelin, J., Nicolino,
C., and Pinto, C. 1969, Adipomuscular
ratio in human subjects, in Physiopathology
of Adipose Tissue, Vague, J. and Denton,
R. M. (Ed.), Excerpta Medica, Amsterdam,
360-386.

Katch, V., Marks, C., Beque, M. D.,
Moorehead, C., and Rocchini, A. 1989, Int.
J. Obes., 13(Suppl. 1), 84.

Parizkova, J., Hainer, V., and Kunesova,
M. 1989, Int. J. Obes., 13(Suppl. 1), 84.
Deutsh, M. I., Mueller, W. H., and
Malina, R. M. 1985, Ann. Hum. Biol.,
12(3), 275-286.

Angel, J. L. 1949, Am. J. Phys. Anthropol.,
7,433-471.

Edwards, D. A. W. 1951, Clin. Sci., 10,
305-315.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Skerlj, B., Brozek, J., and Hunt, E. E.
1953, Am. J. Phys. Anthropol., 11, 577-
600.

Chien, S., Peng, M. T., Chen, K. P,
Huang, T. F., Chang, C., and Fang, H. S.
1975, J. Appl. Physiol., 39(5), 825-830.
Vague, J., Vague, P., and Combes, R.
1978, Cortisol and testosterone effect on
adipose tissue cellularity in man, in
Diabetes, Obesity and Hyperlipidemias,
Crepaldi, G., Lefebvre, P. J., and Alberti,
K. (Ed.), Academic Press, New York,
159-167.

Frisancho, A. R. and Flegel, P. N. 1982,
Hum. Biol., 54(4), 717-727.

Rutishauser, 1. H. E. and McKay, H. 1986,
Med. J. Aust., 144(Suppl), S8-S10.

Ohlson, L. O., Larsson, B., Svardsudd, K.,
Welin, L., Eriksson, H., Wilhelmsen, L.,
Bjorntorp, P., and Tibblin, G. 1985,
Diabetes, 34, 1055-1058.

Wade, G. N. and Gray, J. M. 1978,
Endocrinology, 103(5), 1695-1701.

Gray, J. M. and Wade, G. N. 1979,
Endocrinology, 104, 1377-1382.

Gray, J. M. and Wade, G. N. 1980, Am. J.
Physiol., 239, E237-E241.

Gray, J. M. and Wade, G. N. 1981, Am. J.
Physiol., 240, E474-E481.

Gray, J. M., Dudley, S. P., and Wade, G.
N. 1981, Am. J. Physiol., 240, E43-E47.
Wade, G. N., Gray, J. M., and Bartness, T.
J. 1985, Int. J. Obes., 9(Suppl 1), 83-92.
Feldman, D. and Loose, D. 1977,
Endocrinology, 100, 398-405.

Feldman, D. 1978, Endocrinology, 103,
2091-2097.

Rebuffé-Scrive, M., Lundholm, K., and
Bjorntorp, P. 1985, Eur. J. Clin. Invest.,
15, 267-271.

Miller, L. K., Kral, J. G., Strain, G. W., and
Zumoff, B. 1990, Steroids, 55, 410-415.
Van, R. L. R., Bayliss, C. E., and Roncari,
D. A. K. 1976, J. Clin. Invest., 58, 699-704.
Van, R. L. R. and Roncari, D. A. K. 1977,
Cell Tissue Res., 181, 197-203.

Roncari, D. A. K. and Van, R. L. R. 1978,
Clin. Invest. Med., 1, 71-79.

Van, R. L. R. and Roncari, D. A. K. 1978,
Cell Tissue Res., 195, 318-329.



26 Mark Daniel
83.  Klyde, B. J. and Hirsch, J. 1979, J. Lipid 103. Kissebah, A. H., Vydelingum, N., Murray,
Res., 20, 691-704. R. W., Evans, D. J., Hartz, A. J., Kalkhoff,
84. Dijan, P., Roncari, D. A. K, and R. K., and Adams, P. W. 1982, J. Clin.
Hollenberg, C. H. 1983, J. Clin. Invest., Endocrinol. Metab., 54, 254-260.
72, 1200-1208. 104. Lanska, D. J., Lanska, M. J., Hartz, A. J.,
85. Roncari, D. A. K., Lau, D. C. W., and Kalkhoff, R. K., Rupley, D., and Rimm, A.
Kindler, S. 1981, Metabolism, 30, 425-427. A. 1985, Int. J. Obes., 9, 241-246.
86. Wood, R. W. 1984, Aesthet. Plast. Surg., 105. Vansant, G., Den Besten, D., Weststrate,
8, 247-251. J., and Deurenberg, P. 1988, Int. J. Obes.,
87.  Bouchard, C. 1988, Acta Medica. Scand., 12, 133-140.
723(Suppl.), 135-41. 106. Rebuffe-Scrive, M. and Bjorntorp, P. 1985,
88.  Selby, J. V., Newman, B., Quesenberry, C. Regional adipose tissue metabolism in
P., Fabsitz, R. R., Carmelli, D., Meaney, F. man, in Metabolic Complications  of
J., and Slemenda, C. 1990, Int. J. Obes., Human Obesities, Vague, J., Bjorntorp, P.,
14(7), 593-602. Guy-Grand, B., Rebuffé-Scrive, M., {ind
89.  Roncari, D. A. K. and Van, R. L. R. 1978, Vague, P. (Ed.), Excerpta Medica,
3. Clin. Invest., 62, 503-508. Amsterdam, 149-159.
90. Roncari, D. A. K. 1981, Int. J. Obes., 5, 107. Fried, S. K. and Kral, J. G. 1987, Int. J.
DA7-952. 108 gr%iilyPlg 12R%-eld4ol\ﬁ J.,and James, V.H. T
oL égs’_ﬁ'g?gl?{g;nlt_orp’ P. 1987, Exp. Cell 1980, J. Steroid Biochem., 13, 1427-1431.
92.  Bani, G. and Bigazzi, M. 1984, Acta Anat,, 09 Jasonni, V. M., Lodi, S., Preti, S., Bonavia,
119, 149-154. M., Bulletti, _C.,_Bolelll, G., Franceschetti,
93, Bianchi, S., Bani, G., and Bigazzi, M. F., and Flamigni, C. 1981, Cancer Detect.
1986, J. Endocrinol. Invest., 9, 153-160. 110 Eg‘i‘é'e'rg' éﬁﬁ'ﬁgé 4 M. and James. V. H
94.  Bani-Sacchi, T., Bianchi, S., Bani, G., and " 1982, J. Steroid Bio;:he.m.’16(2) 297.302.
Bigazzi, M. 1987, Acta Anat., 129, 1-9. 111. Kirséhﬁer M. A. Samoji,ik E. ’Drejka M
95. Cooper, S. C. and Roncari, D. A. K. 1989, Szmal, E Schn’eider, G.,, ar’ld Erteli, N.,
o JAlfk'é’:l 'gvﬁt-'ﬁi'pﬁ):r?‘ﬁ% Casid, A 1990, J. Clin. Endocrinol. Metab., 70(2),
: 2 G » ML E, A 473-479.
and Schoenberg, D. R. 1985, Cancer Res., 119 | gngcope, C., Layne, D. S., and Tiat, J. F.
45, 2608-2615. 1968, J. Clin. Invest., 47, 93-106.
97. g;%léscorn,RE\./ Bé a;gl 4I6|ppman, M. E. 1987, 113 Longcope, C., Baker, R., and Johnston, C.
- Rev., 8, 29-40. C. 1986, Metabolism, 35(3), 235-237.
98. Lau, D. C. W, Roncari, D. A. K., and 114 Feher, T. and Bodrogi(, )L. 1982, Clin,
Hollenberg, C. H. 1987, J. Clin. Invest., Chim. Acta, 126(2), 135-141.
79, 632-636. _ 115. Feher, T., Bodrogi, L., Vallent, K., and
99.  Funder, J. W. 1987, Science (Wash DC), Ribai, Z. 1982, Endokrinologie, 80(2),
237, 236-237. 173-180.
100. Evans, R. M. 1988, Science (Wash DC),  116. Deslypere, J. P., Verdonck, L., and
240, 889-895. Vermeulen, A. 1985, J. Clin. Endocrinol.
101. Krakower, G. R., James, R. G., Arnaud, C., Metab., 61(3), 564-570.
Etienne, J., Keller, R. H., and Kissebah, A. ~ 117. Haning, R. V., Flood, C. A., Hackett, R. J.,
H. 1988, J. Clin. Invest., 81, 641-648. Loughlin, J. S., McClure, N. and
102. Ridder, C. M., Bruning, P. F., Zonderland, Longcope, C. 1991, J. Clin. Endocrinol.
M. L., Thijssen, J. H. H., Bonfrer, J. M. G., Metab., 72, 1088-1095.
Blankenstein, M. A., Huisveld, I. A., and  118. Katz, S. H., Hediger, M. L., Zemel, B. S.,

Erich, W. B. M. 1990, J. Clin. Endocrinol.
Metab., 70(4), 888-893.

and Parks, J. S. 1986, Hypertension, 8(4),
277-284.



Steroids and adipose tissue distribution

27

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

Hediger, M. L. and Katz, S. H. 1986, Hum.
Biol., 58(4), 585-600.

Kemnitz, J. W., Goy, R. W., Flitsch, T. J.,
Lohmiller, J. J., and Robinson, J. A. 1989, J.
Clin. Endocrinol. Metab., 69(2), 287-293.
Pintor, C., Genazzani, A. R., and Buggioni,
R. 1980, Effect of weight loss on adrenal
androgen plasma levels in obeses preburtal
girls, in Adrenal Androgens, Genazzani, A.
R., Thijssen, J. H. H., and Siiteri, P. K.
(Ed.), Raven Press, New York, 59.

Vague, J., Nicolino, J., and Pouch, J. C.
1968, Ann. Endocrinol. (Paris). 29, 370-376.
Vague, J., Rubin, P., Jubelin, J., Lam-Van,
G., Aubert, F., Wasserman, A. M., and
Fondari, J. 1974, Regulation of the adipose
tissue mass: histometric and anthropometric
aspects, in The Regulation of the Adipose
Tissue Mass, Vague, J. and Bayer, J. (Ed.),
Excerpta Medica, Amsterdam, 296-310.
Robinzon, B., Rozenboim, I., Sayag, N.,
Gvaryahu, G., Waxler, J., and Snapir, N.
1987, Pharmacol. Biochem. Behav., 27(2),
223-226.

Vague, J., Meignen, J. M., and Negrin, J.
F. 1984, Horm. Metab. Res., 16, 380-381.
Glass, A. R., Anderson, J., and Herbert, D.
1987, J. Androl., 8(2), 116-122.
Laskarzewski, P. M., Morrison, J. A.,
Gutai, J., Orchard, T., Khoury, P. R,
and Glueck, C. J. 1983, Metabolism, 32,
262-268.

Katz, S. H., Hediger, M. L., Zemel, B. S,
and Parks, J. S. 1985, Hum. Biol., 57(3),
401-413.

Winter, J. S. D. 1978, Prepubertal and
Pubertal ~ Endocrinology, in Human
Growth, Faulkner, F. and Tanner, J. M.
(Ed.), Bailliére Tindall, London, 183-213.
Vermeulen, A. 1983, Androgen secretion
by adrenals and gonads, in Hirsutism and
Virilism, Mahesh, V. B. and Greenblat, R.
B. (Ed.), John Wright, PSG, Boston, 17-34.
Garn, S. M. and Haskell, J. A. 1959,
Science (Wash DC), 130, 1710-1711.
Newton, C. J., Samuel, D. L., and James,
V. H. T. 1986, J. Steroid Biochem., 24(5),
1033-1039.

Hauner, H., Schmid, P., and Pfeiffer, E. R.
1987, J. Clin. Endocrinol. Metab., 64,
832-835.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

Hauner, H., Entenmann, G., Wabitsch, M.,
Gaillard, D., Ailhaud, G., Negrel, R., and
Pfeiffer, E. F. 1989, J. Clin. Invest., 84(5),
1663-1670.

Hauner, H. and Entenmann, G. 1991, Int. J.
Obes., 15(2), 121-126.

Rebuffé-Scrive, M., Loénnroth, P., Mérin,
P., Wesslau, C., Bjorntorp, P., and Smith,
U. 1987, Int. J. Obes., 11, 347-355.
Ashwell, M., Cole, T. J., and Dixon, A. K.
1985, Br. Med. J., 290, 1692-1694.
Rebuffé-Scrive, M., Anderson, B., Olbe,
O., and Bjorntorp, P. 1989, Metabolism,
38(5), 453-458.

Rice, P. L. 1988, J. Sports Med. Phys. Fit.,
28, 145-150.

Jensen, J., Riis, B. J., Hummer, L., and
Christiansen, C. 1985, Br. J. Obstet.
Gynaecol., 92(3), 260-265.

Zumoff, B., Strain, G. W., Miller, L. K.,
Rosner, W., Senie, R., Seres, D. S., and
Rosenfeld, R. S. 1990, J. Clin. Endocrinol.
Metab., 71(4), 929-931.

Hauner, H., Ditschuneit, H. H., Pal, S. B.,
and Pfeiffer, E. F. 1987, Dtsch. Med.
Wochenschr., 112(18), 709-713.

Hauner, H., Ditschuneit, H. H., Pal, S. B.,
Moncayo, R., and Pfeiffer, E. F. 1988,
Metabolism, 37(3), 281-286.

Peiris, A. N., Mueller, R. A., Struve, M. F.,
Smith, G. A., and Kissebah, A. H. 1987, J.
Clin. Endocrinol. Metab., 64(1), 162-169.
Evans, D. J., Barth, J. H., and Burke, C. W.
1988, Int. J. Obes., 12, 157-162.

Seidell, J. C., Cigolini, M., Charzewska, J.,
Ellsinger, B.-M., Di Biase, G., Bjorntorp,
P., Hautvast, J. G. A. J., Contaldo, F.,
Szostak, V., and Scuro, L. A. 1990, J. Clin.
Epidemiol., 43(1), 21-34.

Seidell, J. C., Cigolini, M., Deurenberg, P.,
Oosterlee, A., and Doornbos, G. 1989, Am.
J. Clin. Nutr., 50(2), 269-273.

Kurtz, B. R., Givens, J. R., Komindr, S.,
Stevens, M. D., Karas, J. G., Bittle, J. B.,
Judge, D., and Kitabchi, A. E. 1987, J.
Clin. Endocrinol. Metab., 64(6), 1261-
1267.

Daniel, M., Martin, A. D., and Faiman, C.
1992, Int. J. Obes., 16(4), 245-254.
Bjorntorp, P. 1988, Horm. Metab. Res.,
19(Suppl.), 23-25.



28

Mark Daniel

151.

152.

153.

154,

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Mahesh, V. B. and Greenblatt, R. B. 1983,
Hirsutism and Virilism, John Wright, PSG,
Boston.

Azziz, R. 1989, Fertil. Steril., 52(5), 703-
725.

Sparrow, D., Bosse, R., and Rowe, J. W.
1980, J. Clin. Endocrinol. Metab., 51,
508-517.

Conte, F. A. and Grumbach, M. M. 1989,
Pathogenesis, classification, diagnosis and
treatment of anomalies of sex, in
Endocrinology, DeGroot, L. J. (Ed.),
Saunders, W. B., Philadelphia.

Lapidus, L., Lindstedt, G., and Lundberg,
P.-A. 1986, Clin. Chem., 32, 146-152.
Haffner, S. M., Katz, M. S., Stern, M. P.,
and Dunn, J. F. 1989, Int. J. Obes., 13(1),
1-9.

Kissebah, A. H. and Peiris, A. N. 1989,
Diabet. Metab. Rev., 5(2), 83-109.
Krotkiewski, M. and Bjérntorp, P. 1978,
J. Endocrinol. Invest., 1(4), 365-366.
Damewood, M. D., Bellantoni, J. J,
Bachorik, P. S., Kimball, A. W. J., and
Rock, J. A. 1989, J. Endocrinol. Invest.,
12(7), 449-454.

Prior, J. C., Vigna, Y. M., and Watson, D.
1989, Arch. Sex. Behav., 18(1), 49-57.
Judd, H. L., Judd, G. E., Lucas, W. E., and
Yen, S. S. C. 1974, J. Clin. Endocrinol.
Metab., 39, 1020-1024.

Greenblatt, R. B., Colle, M. L., and
Mahesh, V. B. 1976, Obstet. Gynecol.,
47(4), 383-387.

Samoljik, E., Santen, R. J., and Wells, S.
A. 1977, J. Clin. Endocrinol. Metab., 45,
480-487.

Vermeulen, A. and Verdonck, L. 1978,
Clin. Endocrinol., 9, 59-66.

Santen, R. J., Friend, J. N., Trojanowski,
D., Davis, B., Samoljik, E., and Wayne, B.
C. 1978, J. Clin. Endocrinol. Metab., 47,
1220-1229.

Duignan, N. M. 1976, Br. J. Obstet.
Gynaecol., 83(8), 593-602.

Murayama, Y., Sakuma, T., Udagawa, H.,
Utsunomiya, J., Okamoto, R., and Asano,
K. 1978, J. Clin. Endocrinol. Metab., 46,
998-1006.

Vermeulen, A. and Verdonck, L. 1972, J.
Clin. Endocrinol. Metab., 34, 730-735.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Duerr, P. and Pirke, K. M. 1973, Acta
Endocrinol., 177(Suppl.), 123.

Jensen, J., Christiansen, C., and Rodbro, P.
1986, Maturitas, 8, 209-216.

Seidell, J. C., Tonkelaar, D. I., van Noord,
P. A. H., and Baanders-van Halewijn, E.
A. 1989, Int. J. Obes., 13(Suppl. 1), 69.
Kaye, S. A., Folsom, A. R., Prineas, R. J.,
Potter, J. D., and Gapstur, S. M. 1990, Int.
J. Obes., 14, 583-591.

Garn, S. M., Sullivan, T. V., and
Hawthorne, V. M. 1987, Int. J. Obes., 11,
519-525.

MacDonald, P. C., Edman, C. D., Hemsell,
D. L., Porter, J. C., and Siiteri, P. K. 1978,
Am. J. Obstet. Gynecol., 130(107), 448-
455,

Hausknecht, R. U. and Gusberg, S. B.
1973, Am. J. Obstet. Gynecol., 116, 981-
984.

Siiteri, P. K. and MacDonald, P. C. 1973,
Role of extraglandular estrogens in human
endocrinology, in Handbook of Physiology,
Greep, R. O. and Astwood, E. B. (Ed.),
Williams & Wilkins, Baltimore, 615-629.
Longcope, C. 1974, Steroid production in
pre- and post-menopausal women, in the
Menopausal Syndrome, Greenblatt, R. B.,
Mahesh, V. B., and MacDonough, P. C.
(Ed.), Williams & Wilkins, Baltimore, 6-
11.

Riskallah, T. H., Tovell, H. M. M., and
Kelly, W. G. 1975, J. Clin. Endocrinol.
Metab., 40, 1045-1056.

Vermeulen, A. and Verdonck, L. 1979, J.
Steroid Biochem., 11, 899-904.
Vermeulen, A. 1980, Maturitas, 1, 81-85.
Meldrum, D. R., Davidson, B. J., Tataryn,
I. V., and Judd, H. L. 1981, Obstet.
Gynecol., 57, 624-628.

Klinga, K., von Holst, T., and Runnebaum,
B. 1983, Eur. J. Obstet. Gynecol. Reprod.
Biol., 15, 103-107.

Nisker, J. A., Hammond, G. L., Davidson,
B. J., Frumar, A. M., Takaki, N. K., Judd,
H. L., and Siiteri, P. K. 1980, Am. J.
Obstet. Gynecol., 138, 638-642.

Davidson, B. J., Gambone, J. C., LaGasse,
L. D., Castaldo, T. W., Hammond, G. L.,
Siiteri, P. K., and Judd, H. L. 1981, J. Clin.
Endocrinol. Metab., 52, 404-408.



Steroids and adipose tissue distribution

29

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Kirschner, M. A., Ertel, N., and Schneider,
G. 1981, Cancer Res., 41, 3711-3717.
Kopelman, P. G., Pinlkington, T. R. E.,
White, N., and Jeffcoate, S. L. 1980, Clin.
Endocrinol., 12, 363-366.

Dunaif, A., Mandeli, J., Fluhr, H., and
Dobrjanski, A. 1988, J. Clin. Endocrinol.
Metab., 66, 131-134.

Zumoff, B., Strain, G. W., Kream, J.,
O'Connor, J., Levin, J., and Fukushima, D.
K. 1981, Metabolism, 30(10), 1011-1014.
Zumoff, B. 1988, Acta Medica. Scand.,
723(Suppl.), 153-160.

Schneider, G., Kirschner, M. A,
Berkowitz, R., and Ertel, N. H. 1979, J.
Clin. Endocrinol. Metab., 48, 633-638.
Kley, H. K., Solbach, H. G., and
McKinnan, J. C. 1979, Acta Endocrinol.,
91, 553-563.

Brind, J., Strain, G., Miller, L., Zumoff, B.,
Vogelman, J., and Orentreich, N. 1990,
Int. J. Obes., 14, 483-486.

Glass, A. R., Swerdloff, R. S., Bray, G. H,,
Dahms, W. T., and Atkinson, R. L. 1977, J.
Clin. Endocrinol. Metab., 45, 1211-1219.
O'Dea, J. P. K., Wieland, R. G., Hallberg,
M. C., Llerena, L. A., Zorn, E. M., and
Genuth, S. M. 1979, J. Lab. Clin. Med., 93,
1004-1009.

Kim, M. H., Friedman, C. I., Barrows, H.,
and Rosenfield, R. L. 1982, Trans. Am.
Gynecol. Obstet. Soc., 1, 26-31.

Samoljik, E., Kirschner, M. A., Silber, D.,
Schneider, G., and Ertel, N. H. 1984, J.
Clin. Endocrinol. Metab., 59, 949-953.
Stefanick, M. L., Williams, P. T., Kraus, R.
M., Terry, R. B., Vranizan, K. M., and
Wood, P. D. 1987, J. Clin. Endocrinol.
Metab., 64(4), 723-729.

Vermeulen, A. and Ando, S. 1979, J. Clin.
Endocrinol. Metab., 48, 320-325.

Bassoe, H. H., Djoseland, O., Holst-
Larsen, L., Stoa, K. F., and Thorsen, T.
1969, Testosterone excretion in obese
female patients, in Physiopathology of
Adipose Tissue, Vague, J. and Denton, R.
M. (Ed.), Excerpta Medica, Amsterdam,
390-393.

Choi, N. W., Howe, G. R., Miller, A. B.,
Matthews, V., Morgan, R. W., Munan, L.,

201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Burch, J. D., Feather, J., Jain, M., and
Kelly, A. 1978, Am. J. Epidemiol., 107(6),
510-21.

Enriori, C. L. and Reforzo-Membrives, J.
1984, Gynecol. Oncol., 17, 1-21.

Schapira, D. V., Kumar, N. B., and Lyman,
G. H. 1991, Cancer, 67(8), 2215-2218.
Secreto, G., Recchione, C., and Cavalleri,
A. 1983, Br. J. Cancer, 47, 269-275.
Secreto, G., Recchione, C., and Fariselli,
G. 1984, Cancer Res., 44, 841-848.
Grenman, S., Ronnemaa, T., Irjala, K,
Kaihola, H. L., and Gronroos, M. 1986, J.
Clin. Endocrinol. Metab., 63(6), 1257-1261.
Feher, T. and Halmy, L. 1975, Can. J.
Biochem., 53, 215-222.

Feher, T. and Halmy, L. 1975, Horm. Res.,
6, 303-304.

Adams, J. B. 1985, Mol. Cell. Endocrinol.,
41, 1-9.

Amatruda, J. M., Harman, S. M,
Pourmotabbed, G., and Lockwood, D. H.
1978, J. Clin. Endocrinol. Metab., 47,
268-271.

Stanik, S., Dornfeld, L. P., Maxwell, M. H.,
Viosca, S. P., and Korenman, S. G. 1981, J.
Clin. Endocrinol. Metab., 53, 828-832.
Barbato, A. I. and Landau, R. L. 1984,
Clin. Res., 22, 647A.

Strain, G. W., Zumoff, B., Kream, J.,,
Strain, J. J., Deucher, R., Rosenfeld, R. S.,
Levin, J., and Fukushima, D. K. 1982,
Metabolism, 31, 871-875.

Kley, H. K., Deselaers, T., Peerenboom,
Y., and Kruskemper, H. L. 1980, J. Clin.
Endocrinol. Metab., 50, 1128-1132.
Kirschner, M. A., Schneider, G., Ertel, N.
H., and Worton, E. 1982, Cancer Res.,
42(Suppl.), S3281.

Seidell, J. C., Bjorntorp, P., Sjostrom, L.,
Sannerstedt, R., Krotkiewski, M., and
Kvist, H. 1989, Int. J. Obes., 13, 289-303.
Kral, J. G., Lundholm, K., and Bjdrntorp,
P. 1977, Metabolism, 26, 1025-1031.
Thiébaud, D., DeFronzo, R. A., Jacot, E.,
Golay, A., Acheson, K., Maeder, E.,
Jéquier, E., and Felber, J. P. 1982,
Metabolism, 31, 1128-1135.

Plymate, S. R., Jones, R. E., Matej, L. A,,
and Friedl, K. E. 1988, Steroids, 52(4),
339-340.



30

Mark Daniel

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

Nestler, J. E., Powers, L. J., Matt, D. W.,,
Steingold, K. A., Plymate, S. R., Clore, J.
N., and Blackard, W. G. 1990, Abstracts:
72" Annual Meeting of the Endocrine
Society, Atlanta, Georgia, p 713.

Reed, M. J., Cheng, R. W., Simmonds, M.,
Richmond, W., and James, V. H. T. 1987, J.
Clin. Endocrinol. Metab., 64, 1083-1085.
Bennett, F. and Ingram, D. M. 1990, Am.
J. Clin. Nutr., 52, 808-812.

Vague, J., Codaccioni, J. L., Boyer, J., and
Vague, P. 1967, Relationship between
plasma insulin and cortisol production
rate in diabetic and non-diabetic obese
subjects, in Abstracts, Sixth Congress of
the International Diabetes Federation,
Stockholm, Sweden, July 30 - August 4,
1967, Excerpta Medica, Amsterdam, 165,
ICS 140.

Vague, J., Boyer, J., Vague, P., Clément,
M., and Codaccioni, J. L. 1967, Les
frontiéres de la maladie de Cushing, in Le
Syndrome de Cushing: Comptes Rendus,
IXeme Réunion des Endocrinologistes de
Langue Francais, Masson et Cie, Paris,
61-94.

Vague, J., Vague, P., Boyer, J., and Cloix,
M. C. 1971, Anthropometry of obesity,
diabetes, adrenal and beta-cell functions, in
Diabetes: Proceedings of the Seventh
Congress of the International Diabetes
Foundation, Buenos Aires, 23-28 August,
1970, Rodriguez, R. R. and Vallance-
Owen, J. (Ed.), Excerpta Medica,
Amsterdam, 517-525.

Boyer, J., Girodengo, M., Dzieniszewski,
J., and Vague, J. 1970, Ann. Endocrinol.
(Paris), 31(5), 869-877.

Bardin, C. W., Lipsett, M. B., and French,
A. 1968, J. Clin. Endocrinol. Metab., 28,
215-220.

Scheingart, D. E., Gregerman, R. I., and
Conn, J. W. 1963, Metabolism, 12, 484-497.
Migeon, C. J., Green, O. C., and Eckert, J.
P. 1963, Metab. Clin. Exp., 12, 718-739.
Laurian, L., Herzberg, M., and Balas, L.
1966, Acta Endocrinol., 51, 261-265.
Kobberling, J. and Von zur Muhlen, A.
1974, J. Clin. Endocrinol. Metab., 38,
313-318.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

Genazzani, A. R., Pintor, C., and Corda, R.
1978, J. Clin. Endocrinol. Metab., 47, 974-
977.

Komindr, S., Kurtz, B. R., Stevens, M. D.,
Karas, J. G., Biddle, B. J., and Givens, G.
R. 1986, J. Clin. Endocrinol. Metab., 63,
860-866.

Dunkelman, S. S., Fairhurst, B., Plager, J.,
and Waterhouse, C. 1964, J. Clin.
Endocrinol. Metab., 24, 832-835.
O'Connell, M., Danforth, E., Horton, E. S.,
Salans, L., and Simms, E. A. H. 1973, J.
Clin. Endocrinol. Metab., 36, 323-327.
Prezio, J. A., Carreon, G., Clerkin, E.,
Meloni, C. R., Kyle, L. H., and Canary, J.
J. 1964, J. Clin. Endocrinol. Metab., 24,
481-485.

Streeten, D. H. P., Stevenson, C. T.,
Dalakos, T. G., Nicolas, J. J., Dennick, L.
G., and Fellerman, H. 1969, J. Clin.
Endocrinol. Metab., 29, 1191-1211.

Strain, G. W., Zumoff, B., Strain, J. J.,
Levin, J., and Fukushima, D. K. 1980,
Metabolism, 29(10), 980-985.

Horber, F. F., Zurcher, R. M., Herren, H.,
Crivelli, M. A., Robotti, G., and Frey, F. J.
1986, Am. J. Clin. Nutr., 43(5), 758-7609.
Rebuffé-Scrive, M., Nilsson, A.,
Bronnegard, M., Eldh, J., and Bjérntorp, P.
1988, Regulation of steroid hormone
effects on human adipose tissue
metabolism and distribution, in Obesity in
Europe, Bjorntorp, P. and Rossner, S.
(Ed.), Libbey, London, 219-222.
Rebuffé-Scrive, M., Krotkiewski, M.,
Elfverson, J., and Bjorntorp, P. 1988, J.
Clin. Endocrinol. Metab., 67, 1122-1128.
Mayo-Smith, W., Hayes, C. W., Biller, B.
M. K., Kibanski, A., Rosenthal, H., and
Rosenthal, D. I. 1989, Radiology, 170(2),
515-518.

Nieman, L. K., Chrousos, G. P., Kellner,
C., Spitz, I. M., Nisula, B. C., Cutler, G.
B., Merriam, G. R., Bardin, C. W., and
Loriaux, D. L. 1985, J. Clin. Endocrinol.
Metab., 61(3), 536-540.

Rivera, M. P. and Svec, F. 1989, Med.
Hypotheses, 30(2), 95-100.

Hirsch, J. and Batchelor, D. 1976, J. Clin.
Endocrinol. Metab., 5, 299-311.



Steroids and adipose tissue distribution 31
245. Marcus, C., Ehrén, B., Bolme, P., and 260. Dercole, A. J., Stiles, A. D., and
Arner, P. 1988, J. Clin. Invest., 82, 1793- Underwood, L. E. 1984, Proceedings of the
1797. National Academy of Sciences, 81, 935-

246. Lafontan, M., Mauriege, P., Galitzky, J., 941.
and Berlan, M. 1985, Adrenergic 261. Krotkiewski, M., Blohmé, B., Lindholm,
regulation of  regional adipocyte N., and Bjérntorp, P. 1976, J. Clin.
metabolism, in Metabolic Complications of Endocrinol. Metab., 42, 91-97.

Human Obesities, Vague, J., Bjorntorp, P., 262. Krotkiewski, M. and Bjérntorp, P. 1975,
Guy-Grand, B., Rebuffé-Scrive, M., and Acta Endocrinol., 80, 667-675.
Vague, P. (Ed.), Excerpta Medica, 263. Hauner, H. and Pfeiffer, E. F. 1989, Horm.
Amsterdam, 161-172. Metab. Res., 21(10), 581-582.

247. Kather, H., Zéllig, K., Simon, B., and 264. Tomita, T., Yonekura, |., Okada, T., and
Schlierf, G. 1977, Eur. J. Clin. Invest., 7, Hayashi, E. 1984, Horm. Metab. Res., 16,
595-597. 525-528.

248. Lafontan, M., Dang-Tran, L., and Berlan, 265. Pasquier, Y. N., Pecquery, R., and
M. 1979, Eur. J. Clin. Invest., 9, 261-266. Giudicelli, Y. 1988, Biochem. Biophys.

249. Bolinder, J., Kager, L., and Oestman, J. Res. Commun., 154(3), 1151-1159.

1983, Diabetes, 32, 117-123. 266. Rebuffé-Scrive, M. 1987, Acta Physiol.

250. Rebuffé-Scrive, M., Enk, L., Crona, N., Scand., 129(4), 471-477.

Lonnroth, P., Abrahamsson, L., Smith, U.,  267. Cryer, A. and Jones, H. M. 1980, Biochem.
and Bjorntorp, P. 1985, J. Clin. Invest., 75, J., 186, 805-815.
1973-1976. 268. Gruen, R. K. and Greenwood, M. R. C.

251. Rebuffé-Scrive, M., Eldh, J., Hafstrom, L.- 1981, Am. J. Physiol., 241, E76-E83.

0., and Bjorntorp, P. 1986, Metabolism,  269. Lithell, H. and Boberg, L. 1978, Int. J.
35(9), 792-797. Obes., 2, 47-52.

252. Leibel, R. and Hirsch, J. 1987, 270. Bossello, O., Cigolini, M., and Battagia, A.
Metabolism, 28, 1198-1205. 1984, Int. J. Obes., 8, 213-216.

253. Wahrenberg, H., Lonnqvist, F., and Arner, 271. Bjorntorp, P., Enzi, G., Ohlson, R,
P. 1989, J. Clin. Invest., 84, 458-467. Persson, B., Spongberg, P., and Smith, U.

254. Arner, P., Hellstrom, L., Wahrenberg, H., 1975, Horm. Metab. Res., 7, 230-237.
and Bronnegard, M. 1990, J. Clin. Invest., 272. Taskinen, M.-R., Nikkila, E. A., Huttunen,
86, 1595-1600. J. K., and Hilden, H. 1980, Clin. Chim.

255.  Ostman, J., Arner, P., Engfeldt, P., and Acta, 104, 107-117.

Kager, L. 1979, Metabolism, 28, 1198- 273. Taskinen, M.-R. and Nikkild, E. 1981,
1203. Metabolism, 30, 801-817.

256. Perquery, R., Leneveu, M.-C., and 274. de Gasquet, P. and Pequignot, E. 1973,
Giudicelli, Y. 1988, Endocrinology, Horm. Metab. Res., 5, 440-443.

122(6), 2590-2596. 275. de Gasquet, P., Pequignot-Planche, E.,

257. Xu, X., de Pergola, G., and Bjorntorp, P. Tonnu, N. T., and Diaby, F. A. 1975,
1990, Endocrinology, 126(2), 1229-1234. Horm. Metab. Res., 7, 152-157.

258. Rebuffé-Scrive, M., Marin, P., and 276. lverius, P.-H. and Brunzell, J. D. 1988, J.
Bjorntorp, P. 1989, Int. J. Obes., Clin. Invest., 82, 1106-1112.
13(Suppl 1), 181. 277. Hamosh, M. and Hamosh, P. 1975, J. Clin.

259. Seidell, J.C., Bjorntorp, P., Sjostrom, L., Invest., 55, 1132-1135.

Krotkiewski, M., and Sannerstedt, R. 1989, 278. Wilson, D. E., Flowers, C. M., Carlile, S.
Abdominal obesity and metabolism in I., and Udal, K. S. 1976, Atherosclerosis,
men: possible role of behavioral 24, 491-499.

characteristics, in Obesity in Europe, P.  279. Steingrimsdottir, L., Brasel, J.,, and

Bjorntorp and S. Rossner (Ed.), Libbey,
London, 91-100.

Greenwood, M. R. C. 1980, Am. J.
Physiol., 239, E162-E167.



32 Mark Daniel
280. Dark, J., Wade, G. N., and Zucker, |. 1984, 287. Wade, G. N. 1976, Sex hormones,

Physiol. Behav., 32, 75-78. regulatory behaviors, and body weight, in
281. Gray, J. M., Nunez, A. A., Siegel, I., and Advances in the Study of Behavior,

Wade, G. N. 1979, Physiol. Behav., 23, Rosenblatt, J. S., Hinde, R. A., Shaw, E.,

465-4609. and Beer, C. G. (Ed.), Academic Press,
282. Cigolini, M. and Smith, U. 1979, New York, 201-279.

Metabolism, 28, 502-510. 288. Jordan, V. C. and Prestwich, G. 1978, J.
283. Mendes, A. M., Madon, R. J., and Flint, D. Endocrinol., 76, 363-364.

J. 1985, J. Endocrinol., 106(2), 225-231. 289. Ross, W. D. and Marfell-Jones, M. J. 1982,
284. Bhatia, A. J. and Wade, G. N. 1989, Kinanthropometry, in Physiological

Physiol. Behav., 46(2), 273-278. Testing of the Elite Athlete, McDougall, S.
285. Rebuffé-Scrive, M., Basdevant, A., and D., Wenger, H. A., and Green, H. A. (Ed.),

Guy-Grand, B. 1983, Horm. Metab. Res., Mutual, Ottawa, 75-115.

15, 566-568. 290. Griffing, G. T. and Melby, J. C. 1983,
286. Rebuffé-Scrive, M.,  Cullberg, G., Cushing’s Syndrome, in Hirsutism and

Lundberg, P. A., Lindstedt, G., and
Bjorntorp, P. 1989, Horm. Metab. Res.,
21(7), 391-397.

Virilism, Mahesh V. B. and Greenblatt, R.
B. (Ed.), John Wright, PSG Inc, Boston,
63-85.



