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The aromatase-knockout (ArKO) mouse provides a useful model to
examine the role that estrogens play in development and ho-
meostasis in mammals. Lacking a functional Cyp19 gene, which
encodes aromatase, the ArKO mouse cannot synthesize endoge-
nous estrogens. We examined the adipose depots of male and
female ArKO mice, observing that these animals progressively
accumulate significantly more intraabdominal adipose tissue than
their wild-type (WT) littermates, reflected in increased adipocyte
volume at gonadal and infrarenal sites. This increased adiposity
was not due to hyperphagia or reduced resting energy expendi-
ture, but was associated with reduced spontaneous physical ac-
tivity levels, reduced glucose oxidation, and a decrease in lean
body mass. Elevated circulating levels of leptin and cholesterol
were present in 1-year-old ArKO mice compared with WT controls,
as were elevated insulin levels, although blood glucose levels were
unchanged. Associated with these changes, a striking accumula-
tion of lipid droplets was observed in the livers of ArKO animals.
Our findings demonstrate an important role for estrogen in the
maintenance of lipid homeostasis in both males and females.
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Aromatase is encoded by the Cyp19 gene and catalyzes the final
step in the biosynthesis of C18 estrogens from C19 steroids. The

sexually dimorphic distribution of adipose tissue in humans has
implicated sex steroids in the regulation of adiposity and distribu-
tion of fat depots. Thus, whereas premenopausal women tend to
have a lower body or gynoid distribution of fat, men and postmeno-
pausal women tend to have an upper body or android distribution
of fat. This phenotype is associated with a greater risk of insulin-
resistant diabetes, cardiovascular disease, and breast cancer (1).
Estrogen insufficiency is thought to be largely responsible for the
increase in adiposity during menopause because postmenopausal
women who receive estrogen replacement therapy do not display
the characteristic abdominal weight gain pattern usually associated
with menopause (2). The role that estrogens play in lipid metab-
olism in the body is also highlighted by the fact that individuals of
both sexes with natural mutations of the gene encoding aromatase,
the enzyme responsible for estrogen biosynthesis, develop truncal
obesity, insulin resistance, hypercholesterolemia, and hypertriglyc-
eridemia (3–6).

We have recently developed a mouse model of estrogen
insufficiency by targeted disruption of the aromatase gene: the
aromatase-knockout (ArKO) mouse (7). In the course of these
studies, we observed that the animals displayed a progressive
increase in adiposity as compared with wild-type (WT) litter-
mates. The aim of the present investigation was to characterize
the obese phenotype of these animals in the expectation that this
would throw light on the role of estrogens in lipid homeostasis.

Materials and Methods
Mice. ArKO mice were generated by disrupting the Cyp19 gene
as described (7). Heterozygous males and females were bred to

produce WT and homozygous-null offspring. Mice were geno-
typed by PCR as described (8). Animals were maintained under
specific pathogen-free conditions and had unlimited access to
drinking water and a mouse diet containing 15% of calories as
fat, 20% of calories as protein, and 65% of calories as carbohy-
drate (manufactured by Glen Forrest Stockfeeders, Glenn For-
rest, Western Australia).

Tissue Collection and Histology. Mice were anesthetized with
pentobarbitone sodium (Nembutal, Rhone Merieux Australia,
Pinkenba, Australia) administered by i.p. injection (60 mg per
kg of body weight). Thirty minutes later, trunk blood was
collected after decapitation. Blood was allowed to clot. The
serum was separated and stored at 220°C. Gonadal fat pads
and infrarenal fat pads were removed and the wet mass was
measured. Infrarenal white adipose tissue lay behind the
kidneys next to the abdominal wall in a well-defined depot and
did not include the fat surrounding the kidneys. Liver samples
were collected at the same time. Samples of gonadal fat and
liver were immersion-fixed in Bouins f luid, then stored in 70%
alcohol at 4°C. Samples were embedded with a random
orientation in paraffin and sliced into 10 mm sections. Sections
were stained with hematoxylin, counterstained with eosin,
then coverslipped with DPX (BDH).

Estrogen Replacement. ArKO and WT female mice were im-
planted with 21-day release 17b-estradiol or placebo pellets (0.05
mg of 17b-estradiol per pellet; Innovative Research of America)
at 7 weeks of age. After 21 days, tissues were collected as
described above.

Adipocyte Volume Measurement. Adipocyte volume was determined
by measuring point sampled intercepts on the paraffin sections (9).
Intercepts were measured in two directions by using CASTGRID
Version 1.10 (Olympus, New Hyde Park, NY) on an Olympus BX50
microscope. Sections were exhaustively sampled by using a system-
atic uniform random scheme with the x and y shifts set at 50 mm.
Approximately 100 measurements of volume were determined
across the tissue sections derived from each sample.

Body Fat Composition by Proton Magnetic Resonance. Body fat
composition was determined at the Southwestern Medical Cen-
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ter and the Howard Florey Institute. Whole-body proton MRI
was used to determine percent body fat as described (10).
Briefly, animals were placed in a coil which covered the entire
body, then inserted into a 4.7-T Oxford magnet. Proton spectra
were obtained and resolved into the water and lipid resonances.
The areas of each were quantified by using the NMR-1 software
program (Tripos Associates, St. Louis). The percent of fat is
calculated as a ratio of the fat peak area to that of water.

Body Composition Analysis. Methods for the chemical analysis
of mouse body composition were adapted from those de-
scribed (11).

Measures of Energy Balance. Energy intake, spontaneous physical
activity, and resting energy expenditure were measured in female
ArKO and WT mice. Daily caloric consumption was measured
over a 4-day period. During this time, mice were individually
housed in Perspex boxes so that daily spontaneous physical
activity levels could be simultaneously measured by using an
infrared light beam monitor (Columbus Instruments, Columbus,
OH). After these measurements were completed, and after a 2-h
fast, rates of resting energy expenditure, glucose oxidation, and
fat oxidation were measured by using indirect calorimetry (Co-
lumbus Instruments) as described (12).

Measurement of Serum Glucose, Insulin, Leptin, Cholesterol, Triglyc-
erides, and High Density Lipoprotein (HDL). Blood serum was ana-
lyzed for glucose, insulin, leptin, cholesterol, triglycerides, and
HDL. The glucose oxidase method was used to determine serum
glucose by using a Yellow Springs Instruments glucose analyzer.
Serum leptin and insulin were determined by radioimmunoas-

says (Linco Research Immunoassay, St. Charles, MO, and
Amersham Pharmacia, respectively). Levels of cholesterol, tri-
glycerides, and HDL were quantified by using the appropriate
Dimension clinical chemistry system for each—Cholesterol Flex,
Triglyceride Flex, and Automated HDL Cholesterol kits, respec-
tively (Dade Behring, Newark, DE).

Statistical Analysis. Data are expressed as mean 6 SEM. Com-
parisons between ArKO and WT mice were made by using the
Student’s two-tailed t test (Microsoft EXCEL 97). All experiments
conformed to the National Health and Medical Research Coun-
cil (Australia) ethics code of practice.

Results
Body and Fat Pad Masses. Adult female ArKO mice were signif-
icantly heavier and had significantly larger gonadal and infra-
renal fat pads than WT littermates from 3 months of age onward

Fig. 1. Body mass and gonadal fat pad mass for ArKO (filled bars) and WT (empty bars) mice. (A) Female body mass. (B) Male body mass. (C) Female gonadal
fat pad mass (two pads). (D) Male gonadal fat pad (pad) mass. Minimum six animals per group. *, P # 0.05.

Table 1. Infrarenal fat pad masses

Mice

Wet weight, mg

3 months 4 months 1 year

Females
ArKO 75.4 6 10.3 (7)* 96.3 6 26.3 (3)* 190.2 6 30.5 (23)*
WT 44.1 6 8.0 (22) 42.0 6 9.0 (17) 96.1 6 27.8 (8)

Males
ArKO 93.1 6 20.0 (13) 206.9 6 17.0 (8)* 213.2 6 17.6 (11)*
WT 115.6 6 16.4 (13) 132.4 6 41.5 (3) 105.8 6 8.3 (11)

Results are presented as mean 6 SEM (n). *, At least P , 0.05 compared to WT.
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(Fig. 1 A and C and Table 1). Male ArKO mice also had
significantly heavier gonadal fat pads than WT males from 3
months of age and heavier infrarenal fat pads from 4 months of
age (Fig. 1 B and D and Table 1). However, their body weight
failed to show a significant increase until 1 year of age.

Estrogen Replacement. Administration of exogenous 17b-
estradiol for 21 days to 7-week-old female ArKO mice restored
their fat depots to masses comparable to, or less than, those of
WT littermates (Table 2). A comparison between placebo- and
estradiol-treated ArKO animals, for both gonadal and infra-
renal fat pad masses, showed that the reduction in mass was
statistically significant.

MRI. In agreement with the fat pad data, MRI showed that ArKO
males and females have a significantly greater percentage of
adipose tissue than their WT littermates from as early as 10
weeks, through 1 year of age (Table 3). By 1 year of age, both
knockout and WT females had more body fat than males. The
considerable increase in body fat measured in 1-year-old animals
reflects the significant increase in fat pad mass observed be-
tween 4 months and 1 year of age.

Body Composition Analysis. Despite the marked increase in adi-
posity at 3 months of age, the male ArKO animals failed to show
a corresponding increase in body weight and the female ArKO
mice showed only a mild increase in body weight, suggesting
there was a concomitant decrease in lean mass. To assess this,
body composition was analyzed (results presented in Table 4). It
can be seen that the increase in fat mass was accompanied by a
significant decrease in lean mass in the ArKO mice.

Adipocyte Volume. Adipose tissue accretion may be due to an
increase in the number of adipocytes or an increase in the volume
of individual adipocytes, or both. Visual assessment of gonadal
fat tissue from 1-year-old male animals indicated that adipocyte
size was larger in ArKO animals than in WT animals (Fig. 2). To
evaluate adipocyte volume, stereological analyses were con-
ducted. As shown in Fig. 3, adipocyte volume is unchanged over
time in WT control animals, and cell volume appears to be very
similar between WT males and females. At 3 months of age,
adipocyte volume was the same between knockout and control

animals for both genders. By 4 months of age, however, there was
a significant increase in the volume of individual adipocytes in
the gonadal fat pads of male and female ArKO mice when
compared to WT mice. This increase in cell volume was main-
tained through 1 year of age.

Energy Balance. The female mice used for the energy balance
studies were the same as those used for the body composition
analysis described above. Body weights of the 3.5-month-old
female ArKO mice (n 5 10) and WT mice (n 5 10) were similar
(25.6 6 1.3 g in ArKO and 24.7 6 0.7 g in WT), whereas lean
body mass was lower and fat mass was higher in ArKO mice
(Table 4). Increased adiposity in these ArKO mice was not
associated with hyperphagia. In fact, there was a strong trend for
food intake to be lower in ArKO mice as compared to WT mice
(15.7 6 0.8 vs. 19.1 6 1.1 kcalyd, P 5 0.06). In younger female
mice, studied at 5 weeks of age, this phenomenon was also
observed (14.5 6 0.3 vs. 19.9 6 2.1 kcalyd, P 5 0.03, n 5 6).
Adiposity in the older female ArKO mice was, however, related
to reduced spontaneous physical activity, ArKO mice being half
as active as WT mice (43,285 6 4,205 vs. 93,839 6 15,925
ambulatory movements per day, P , 0.01). A similar trend was
observed in the younger mice, although this was not significant
(45,577 6 7,516 vs. 63,058 6 11,149 ambulatory movements per
day). Resting energy expenditure was not significantly lower in
ArKO mice than in WT mice (5.99 6 0.33 vs. 6.68 6 0.56
kcalyd), and fat oxidation rates were not significantly lower in
the ArKO mice than in WT mice (0.34 6 0.02 vs. 0.32 6 0.03
mgymin). Resting energy expenditure and fat oxidation re-
mained similar in ArKO and WT mice when normalized for
fat-free mass or fat mass, respectively. Glucose oxidation rates,
however, were 59% lower in the ArKO mice (0.11 6 0.03 vs.
0.26 6 0.05 mgymin, P , 0.02). This difference in glucose
oxidation was still present when normalized for lean body mass.

Serum Cholesterol, Triglycerides, and HDL. At 3–4 months of age,
there was no difference in serum cholesterol, triglycerides, and
HDL between knockout and WT females or between knockout
and WT males (Table 5).

However, 1-year-old female and male ArKO mice had signif-
icantly elevated cholesterol levels compared with gender-
matched WT control littermates (P 5 0.02 and P 5 0.04,
respectively). Interestingly, a between-gender comparison at 3–4

Fig. 2. Gonadal fat pads from 1-year-old male mice were fixed, sectioned, and
stained with hematoxylin and eosin. (A) WT. (B) ArKO. (Bar represents 50 mm.)

Table 2. Effect of estrogen replacement on fat depot masses

Mice and treatment

Wet weight, mg

Gonadal fat pad Infrarenal fat pad

ArKO 1 placebo 1033.2 6 53.4 95.1 6 7.6
WT 1 placebo 612.3 6 373.6* 49.0 6 19.7*
ArKO 1 E2 replacement 228.1 6 13.8* 19.3 6 1.3*

Results are presented as mean 6 SEM (n 5 3 for all groups). *, At least
P , 0.05 compared to ArKO placebo treatment.

Table 4. Body composition analysis on 15-week-old female mice

Mice

Composition, %

Lean Fat Ash

ArKO 75.7 6 2.7* 20.0 6 2.8* 4.3 6 0.5
WT 83.4 6 1.2 12.2 6 1.4 4.5 6 0.3

Results are presented as mean 6 SEM (n 5 8 per group). *, P , 0.03
compared to WT.

Table 3. Percent adipose tissue as determined by MRI

Mice

% adipose tissue

10 weeks 1 year

Females
ArKO 17.6 6 4.4 (5)* 64.3 6 11.0 (19)*
WT 4.9 6 1.0 (5) 42.1 6 6.7 (9)

Males
ArKO 15.2 6 2.3 (5)* 40.3 6 3.8 (13)*
WT 7.3 6 1.7 (5) 29.5 6 3.7 (16)

Results are presented as mean 6 SEM (n). *, At least P , 0.05 compared to WT.
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months of age revealed that cholesterol levels were significantly
lower in female WT mice compared with male WT mice (P 5
0.004), and although a similar trend was observed between
ArKO female and male mice, the difference was not significant.

At 1 year of age there was no difference in circulating triglyceride
levels between ArKO and WT females. However, triglyceride levels
were significantly elevated in 1-year-old ArKO vs. WT males (P 5
0.03). A between-gender comparison at 3–4 months of age showed
that ArKO and WT female mice had lower circulating levels of
triglycerides (ArKO, P 5 0.001; WT, P , 0.001), compared with
age-matched male mice of the same genotype.

By 1 year of age, ArKO females and males had significantly
elevated levels (P 5 0.008 and P 5 0.05, respectively) of
circulating HDL compared with gender-matched WT mice. A
between-gender comparison at 3–4 months of age showed that
ArKO and WT female mice had elevated circulating levels of
HDL (ArKO, P 5 0.002; WT, P 5 0.03), compared with male
mice of the same genotype.

Serum Insulin and Glucose. Insulin levels were the same for ArKO
and WT males at 4 months of age [ArKO, 5.98 6 1.00 milliunits
(mU)yliter (n 5 3); WT, 5.26 6 0.75 mUyliter (n 5 3); mean 6
SEM]. By 1 year of age, however, ArKO males had significantly
elevated levels of insulin compared with WT mice [47.14 6 12.46
mUyL (n 5 6) vs. 12.42 6 3.27 mUyL (n 5 5), mean 6 SEM,
P 5 0.02]. Glucose levels, on the other hand, when measured in
1-year-old males, were unchanged [ArKO, 8.52 6 1.56 mmoly
liter (n 5 3); WT, 8.61 6 2.02 mmolyliter (n 5 3); mean 6 SEM].
Glucose levels were not measured in 4-month-old animals.

Serum Leptin. Circulating leptin levels were significantly elevated
in 4-month-old and 1-year-old male and female ArKO mice
compared with their WT littermates (Table 6). An age-related

increase in leptin concentration is evident in both ArKO and WT
female mice.

Fatty Liver. General inspection of internal organs at necropsy
revealed that in 1-year-old ArKO animals the liver was often
larger and paler in color than that of WT littermates. After
fixation, sectioning, and staining, the livers of 3-month-old and
1-year-old ArKO animals were observed to have a greater
accumulation of lipid droplets than WT control animals (Fig. 4).

Discussion
The present studies reinforce and extend the concept that
estrogens play an important role in the regulation of adiposity as
a function of age in both males and females. Estrogens have
important roles in adipose tissue, within the central nervous
system, in bone, and in other extragonadal sites (13). The present
study has shown that ArKO mice of both sexes with estrogen
insufficiency develop a progressive increase in adiposity due to
accumulation of intraabdominal fat. This was associated with an
increase in adipocyte volume, hyperleptinemia, hyperinsulin-
emia, and hypercholesterolemia. However, unlike many other
rodent models of obesity, excess body fat in the estrogen-
insufficient ArKO mice was not due to hyperphagia or reduced
resting energy expenditure, but was associated with decreased
lean mass and reduced spontaneous physical activity. The obese
phenotype is likely to be due to estrogen insufficiency rather than
testosterone excess because 17b-estradiol treatment normalized
body fat content in the ArKO mice, and the obese phenotype is
similar in male and female ArKO mice despite their greatly
different testosterone levels. Furthermore, a similar phenotype

Fig. 3. Adipocyte volume data for female (A) and male (B) mice. Empty bars,
WT; filled bars, ArKO. Minimum five animals per group. *, P # 0.05.

Table 5. Serum lipid profile of ArKO and WT mice

Mice

Lipid, mmol/liter

Cholesterol Triglycerides HDL

Females
3–4 months

ArKO 3.63 6 0.41 (6) 1.40 6 0.22 (6) 2.28 6 0.26 (6)
WT 3.25 6 0.15 (12) 1.27 6 0.11 (12) 2.20 6 0.12 (12)

1 year
ArKO 4.34 6 0.63 (5)* 2.28 6 0.57 (5) 2.92 6 0.33 (5)*
WT 2.74 6 0.28 (5) 2.23 6 0.49 (5) 1.77 6 0.18 (5)

Males
3–4 months

ArKO 4.29 6 0.22 (16) 2.85 6 0.35 (16) 1.57 6 0.10 (16)
WT 4.08 6 0.25 (23) 2.38 6 0.22 (23) 1.75 6 0.19 (23)

1 year
ArKO 4.79 6 0.73 (7)* 3.27 6 0.39 (7)* 2.84 6 0.33 (7)*
WT 3.39 6 0.29 (8) 2.08 6 0.43 (8) 2.10 6 0.26 (8)

Results are presented as mean 6 SEM (n). *, At least P , 0.05 compared to WT.

Table 6. Serum leptin levels in ArKO and WT mice

Mice

Leptin, ng/ml

Females Males

4 months
ArKO 8.18 6 0.78 (5)* 8.79 6 1.83 (6)*
WT 2.92 6 0.68 (5) 3.81 6 1.00 (7)

1 year
ArKO 19.86 6 4.90 (6)*† 8.47 6 1.85 (7)*
WT 6.19 6 2.33 (4)* 4.89 6 0.72 (8)

Results are presented as mean 6 SEM (n). *, at least P , 0.05 compared to
age-matched WT mice; †, at least P , 0.05 compared to 4-month-old,
genotype-, and sex-matched mice.

12738 u www.pnas.org Jones et al.



of fat accumulation is observed in estrogen-deficient ovariecto-
mized rats, which cannot synthesize androgens (14).

An increase in adiposity and a decrease in lean mass in the ArKO
mice suggests that estrogen affects nutrient partitioning. There are
several possible biochemical mechanisms by which estrogen may
have this effect. For example, oophorectomy is known to impair
muscle glucose uptake and storage (15) in rats, which could
decrease lean body mass. This decrease in glucose utilization by
muscle would make more glucose carbon available for lipogenesis
and could promote fat deposition. Muscle is responsible for most
postprandial glucose uptake, so this decrease in muscle glucose
uptake would also be expected to reduce whole body glucose
oxidation and induce insulin resistance, as we have observed in the
older ArKO mice. Alternatively, altered nutrient partitioning in the
estrogen-insufficient ArKO mice may be due to impaired uncou-
pling protein function. Hope et al. (16) have shown decreased UCP2
mRNA expression in skeletal muscle but not adipose tissue of
ovariectomized dunnarts (Sminthopsis crassicaudata) compared
with sham-operated animals. This may reduce the utilization of
nutrients specifically in muscle, reducing lean body mass and
increasing adipose tissue mass.

The reduced spontaneous physical activity we found in the
ArKO mice may also be partly responsible for the increase in fat
pad mass. It is of interest that reduced physical activity is also
reported to be a feature of estrogen deficiency in both ovariec-
tomized animals (14) and postmenopausal women (17). Re-
duced physical activity in the ArKO mice may be secondary to
the increase in fat mass and decrease in lean body mass seen in
these mice. However, it is also possible that this inactivity is
caused by an effect of estrogen insufficiency on the function of
the central nervous system in these mice.

The ArKO mice had circulating leptin levels which were 2- to
3-fold higher than those of the WT mice from 4 months of age. This
observation is not surprising, given the established association
between obesity and increased production of leptin in most human
subjects (18) and most animal models of obesity (19–22). Leptin
regulates body fat predominantly by decreasing food intake (23).
The fact that food intake is reduced in our ArKO mice suggests that

these mice are responding normally to leptin. This fits with data
showing that sensitivity to an intracerebroventricular dose of leptin
is normal in obese ovariectomized mice, which have 59% lower
estrogen levels than intact mice (24).

In older ArKO animals, the adiposity was associated with hy-
percholesterolemia and, at least in males, hypertriglyceridemia. The
hypercholesterolemia was reflected in elevated HDL. Two aro-
matase-deficient men with mutations in the human CYP19 gene
have also been reported to have altered circulating lipid profiles (4,
5). Blood serum levels of cholesterol, low density lipoprotein
(LDL), and triglycerides were elevated in both men, but the
concentration of HDL was decreased. Treatment with estradiol
restored these parameters closer to normal limits. The different
HDL response in aromatase-deficient mice and humans is likely
due to the fact that the dominant lipoprotein involved in delivery
of cholesterol to extrahepatic tissues and the liver (25, 26) is HDL
in rodents, whereas LDL serves this role in humans. Hence it is not
surprising that elevated serum cholesterol in mice is reflective, at
least in part, of elevated HDL. The action of estrogens to lower
circulating cholesterol in the form of LDL levels in humans has been
implicated in their cardioprotective action (27). Nevertheless, oral
estrogen increases serum triglyceride levels (27). This increase has
been attributed to the ‘‘first pass’’ effect of oral administration
exposing the liver to high concentrations of estrogen, because it is
not seen with parenteral administration (28). Thus, the aromatase-
deficiency phenotype and the results of parenteral administration
would suggest that estrogens at circulating physiological concen-
trations do not increase serum triglycerides, and may in fact
decrease them.

The observation that ArKO mice develop a fatty liver phenotype
may be related to the observed hypercholesterolemia. One of the
ways in which estrogen is believed to lower circulating cholesterol
is by increasing the level of LDL receptor expression in the liver,
thus enhancing LDL uptake (29). Moreover, mice deficient in the
oxysterol receptor LXR (LXR2y2) fail to induce transcription of
cholesterol 7a-hydroxylase (Cyp7a), the rate-limiting enzyme in bile
acid synthesis, and accumulate cholesterol in the liver and have
marked hypercholesterolemia (30). It has been reported that es-

Fig. 4. (A and B) Sectioned livers of 3-month-old (A)
and 1-year-old (B) WT males. (C and D) Sectioned livers of
3-month-old (C) and 1-year-old (D) ArKO males. (Bar
represents 50 mm.)
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trogen and progesterone increase the activity of cholesterol 7a-
hydroxylase (31), so it is conceivable that both the fatty liver and
hypercholestrolemia in the ArKO mice are due to a reduction in bile
acid synthesis secondary to estrogen deficiency. Concomitant with
a possible perturbation in this pathway, Nemoto et al. (32) report
impairment in hepatocellular fatty acid b-oxidation in an aro-
matase-deficient mouse model they have independently generated.
Analyses revealed a decrease in both mRNA expression and
activities of specific enzymes required in fatty acid b-oxidation.
Evidently, estrogens play multiple roles in lipid homeostasis, and
are crucially involved not only in adipose depot accretion, but also
in lipid turnover in the liver.

Associated with both increasing age and fat accumulation was a
4-fold increase in circulating levels of insulin, glucose levels remain-
ing unchanged. Normoglycemia at the expense of hyperinsulinemia
is suggestive of insulin resistance in 1-year-old ArKO mice. Elevated
insulin levels are also found in humans with aromatase deficiency
(3–5). Insulin resistance is a characteristic of obesity. The mecha-
nism underlying this is unclear, but it appears to involve elevated
free fatty acids and tumor necrosis factor a (33, 34).

Evidence that estrogen action plays an important role in body
fat deposition is provided not only by these studies on the ArKO
mouse, but also by two other rodent models of estrogen depri-
vation. Ovariectomized rats show an increase in body mass and
fat deposition (14), as do a-estrogen receptor knockout
(aERKO) mice (35). b-Estrogen receptor knockout (bERKO)
mice, on the contrary, do not accumulate excess adipose tissue
(36). This observation suggests that estrogen action, in terms of
accumulation of fat, is mediated via ERa rather than ERb, which

is consistent with reports by ourselves and others that ERa, but
not ERb, is present in adipose tissue (ref. 36, ††).

At present it is not known whether the increase in abdominal
adiposity resulting from estrogen deficiency reflects direct actions
of estrogens on the adipose depots or central actions or both.
Estrogen is known to have direct effects on adipose tissue, e.g.,
oophorectomy decreases lipolysis in adipose tissue (37) of rats and
estradiol treatment lowers fatty acid synthesis and increases lipolysis
in fat cells (38). However, estrogen may also be involved in the
central regulation of body weight, e.g., estrogen deficiency is known
to increase hypothalamic neuropeptide Y expression (39) and
decrease hypothalamic corticotropin-releasing factor immunoreac-
tivity (40). Alternatively, estrogen may centrally regulate body
weight by enhancing glucose uptake into the brain (41), a process
that may facilitate recognition of the fed state. The fact that
estrogen receptors are expressed within the central nervous system
makes it possible that obesity in the ArKO and aERKO mice (35)
is due, at least in part, to impaired signaling of estrogen through the
a-estrogen receptor found in the hypothalamus of the brain.
Further investigations are needed to unravel the cellular and
biochemical mechanisms underlying the physiological phenomena
reported here.
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