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Abstract

The purpose of this study was to determine if the insulin resistance we have previously reported in surgically postmenopausal primates
treated with combined hormone therapy (HT) is due in part to effects on adipose tissue. Eighty-seven ovariectomized monkeys were fed a
moderately atherogenic diet (0.28 mg cholesterol per kilocalorie [0.07 mg/kJ]) and randomized to receive no hormones (control, n = 29),
estrogen therapy (ET, conjugated equine estrogens, 0.625 mg/d human equivalent; n = 29), or HT (ET + medroxyprogesterone acetate,
2.5 mg/d human equivalent; n = 29) in the diet for 2 years. Fasting glycemic measures were made at baseline and at the end of treatment.
Circulating adiponectin measures, insulin tolerance tests, glucose tolerance tests, and isolated adipocyte glucose uptake assays were
performed at the end of the trial. Hormone therapy—treated animals were insulin resistant, as determined by greater fasting insulin
concentrations (P = .008), greater homeostasis model assessment of insulin resistance (HOMA-R) value (P = .005) and slower glucose
disposal after insulin administration (Kyrr; P = .02) when compared with controls. Subcutaneous adipocytes from HT-treated monkeys had a
greater EDs for insulin (2 = .04) and lower maximal glucose uptake per cell (P < .001) compared with controls, suggesting impaired
adipocyte insulin sensitivity. Adipocytes were smaller (P = .001) and adiponectin concentrations were greatest in the ET group (P = .02),
with no difference between controls and HT-treated monkeys. In conclusion, estrogen therapy resulted in smaller adipocyte size and greater
adiponectin concentrations than control or HT. Hormone therapy resulted in impaired insulin sensitivity and adipocyte glucose uptake
compared with controls, whereas there was no difference between ET and controls. Because no adverse effects were found with ET alone, it is
likely that the progestin, medroxyprogesterone acetate, resulted in the negative effects of the combined HT regimen on whole-body insulin
sensitivity, which were mediated, in part, by reductions in adipose tissue responses to insulin.
© 2007 Elsevier Inc. All rights reserved.

1. Introduction including plasma lipids, body composition, and fasting
glucose and insulin concentrations [4]. In women with
diabetes mellitus, ET improves fasting glucose levels [5]
and decreases insulin requirements [6,7], suggesting im-
proved insulin sensitivity. In contrast, the addition of a
synthetic progestin, such as medroxyprogesterone acetate
(MPA), which is commonly prescribed with an ET regimen
(hormone therapy [HT]), typically impairs glucose metab-
olism in both humans [2] and monkeys [8].

The physiologic mechanisms responsible for changes in
insulin sensitivity with sex hormones is unclear, but effects
on the main insulin-responsive tissues such as adipose, liver,
and muscle are likely. Several studies suggest that women
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Menopause results in estrogen and progesterone defi-
ciency and is associated with insulin resistance and
increases in cardiovascular disease (CVD) risk factors such
as increased low-density lipoprotein cholesterol, decreased
high-density lipoprotein cholesterol, and increased body fat.
Approximately 44% of otherwise healthy postmenopausal
women are insulin resistant [1,2]. More importantly, hyper-
insulinemia, an indicator of insulin resistance, is indepen-
dently associated with coronary artery disease [3]. Estrogen
therapy (ET) favorably affects many CVD risk factors,
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independent predictor of CVD [9,10]. Treatment of
monkeys with ET has been shown to prevent weight/fat
gain associated with menopause, whereas addition of MPA
attenuates the benefits of estrogen on body composition [8].
A previous report on the current trial showed that monkeys
treated with HT had greater abdominal soft tissue mass
(including fat mass) compared with control or ET-treated
monkeys [11]. Similarly, the Postmenopausal Estrogen/
Progestin Interventions Trial showed that women treated
with HT (most regimens containing MPA) tended to gain
more weight and to have greater increases in hip and waist
girth compared with those assigned to ET, but all treatment
groups gained less than controls [12].

Estrogen treatment in ovariectomized rats results in
smaller adipocytes, whereas progesterone treatment results
in larger, more insulin resistant fat cells [13,14]. Although
compared with muscle, adipose tissue accounts for a
relatively small percentage of insulin-stimulated glucose
disposal [15], fat tissue influences whole-body insulin
sensitivity via release of numerous adipocytokines, such
as adiponectin, which may affect both insulin sensitivity and
vascular reactivity [16]. Thus, the objective of the current
study was to determine if adipose tissue is partly responsible
for the insulin resistance associated with HT.

2. Methods

2.1. Animal studies

This study used 87 adult female cynomolgus monkeys
(Macaca fascicularis) imported from Indonesia through a
collaborative agreement with Institut Pertanian Bogor
(Bogor, Indonesia) as part of a larger, separate study [17]
examining the effects of hormone treatment on development
of atherosclerosis. After quarantine, all animals were
ovariectomized and fed a moderately atherogenic diet
containing 42% of energy from fat and 0.28 mg cholesterol
per kilocalorie (0.07 mg/kJ) for 6 months. Social groups of
monkeys (n = 5) were randomized by using a permuted
block randomization scheme into 1 of 5 treatment groups.
Only 3 treatment groups are reported in the current study.
The following treatments were given for 2 years: (1) no
hormones (control, n = 29); (2) ET as conjugated equine
estrogens (CEE, 0.042 mg/kg, 0.625 mg/d dose equivalent
for women, n = 29); or (3) HT as CEE combined with MPA
(0.167 mg/kg, 2.5 mg/d equivalent dose for women, n =
29). The hormones were administered within the diet. At the
end of the trial, animals were sedated with ketamine
(Ketaset, 15 mg/kg IM; Fort Dodge Laboratories, Fort
Dodge, [A) and anesthetized with sodium pentabarbitol
(60 mg/kg 1V; Butler, Columbus, OH), after which time
subcutaneous and visceral abdominal fat samples were
immediately removed. All procedures involving animals
were conducted in compliance with state and federal laws of
the US Department of Health and Human Services and
guidelines established by the Wake Forest University
Animal Care and Use Committee.

2.2. Clinical chemistry measures

Animals were sedated with ketamine (15 mg/kg IM) for
sample collection of baseline plasma (6 weeks after
ovariectomy) before initiation of treatment for determination
of fasting glucose (intra-assay coefficient of variation [CV],
<5.0%; Glucose Diagnostic Kit, Sigma, St Louis, MO),
insulin (intra-assay CV, 5.5%; Human Insulin Specific RIA
Kit, Linco Research, St Charles, MO), and fructosamine
concentrations (intra-assay CV, 4.8%; Fructosamine Diag-
nostic Kit, Sigma). The human insulin radioimmunoassay
has <0.2% cross-reactivity with human proinsulin. Homeo-
stasis model assessment of insulin resistance (HOMA-R)
values were calculated from the product of glucose
(mmol/L) and insulin (pUI/mL) divided by 22.5 and used
as an indicator of insulin resistance [18]. After 21 months of
hormone treatment, insulin sensitivity was assessed by an
intravenous glucose tolerance test (IVGTT) in half of the
study animals (n = 14 for control; n = 12 for ET; n = 14 or
HT) and by an insulin tolerance test (ITT) in the other half
(n = 15 for control; n = 17 for ET; n = 15 for HT) as
previously described [8,19]. Because the order of treatment
was randomly assigned, this should provide a random
sample for the 2 tests. Posttreatment fasting glucose and
fructosamine concentrations were measured with the Glu-
cose Reagent Kit (intra-assay CV, <3.0%) and Unimate
Fructosamine Kit (intra-assay, CV <3.0%) for the Cobas
Fara II (Roche Diagnostic Systems; Somerville, NJ).
Adiponectin concentrations in plasma were determined by
enzyme-linked immunosorbent assay (Linco Research).
Measurements for the GTT and ITT included the glucose
area under the curve (AUC), calculated as the total area
including all time points; the disappearance rates (K value)
for glucose and insulin were calculated from the linear
portion of the curve [19].

2.3. Isolation of and glucose uptake in adipocytes

Fresh subcutaneous and visceral fat (2.0 g each) biopsy
specimens from the abdominal region were minced and
digested in 6.0 mL of sterile digestion medium (1.3 mg/mL
collagenase, 10 g/L. Dulbecco’s modified Eagle’s medium-
low glucose, 25 mmol/L HEPES, 4 mmol/L NaHCO;, 4%
bovine serum albumin [BSA] fatty acid free) for 45 minutes
at 37°C to release adipocytes [20]. After digestion, they
were filtered (250 umol/L) to remove connective tissue and
washed 3 times in wash buffer (116 mmol/L NaCl, 5 mmol/L
KCI, 2 mmol/L CaCl,, 1 mmol/L MgSO, - 7H,0, 1 mmol/L
NaH,PO4 H,O, 25 mmol/LL HEPES, 2 mmol/L Na
pyruvate, 0.4% BSA, pH 7.6). Viability of cells was
confirmed by Trypan Blue exclusion, and aliquots of cell
suspension were stored at —70°C for DNA quantitation.

Glucose uptake was assessed by modification of previ-
ously published methods [21]. Cells were concentrated and
resuspended in glucose transport buffer (GTB, 116 mmol/L
NaCl, 5 mmol/L KCl, 2 mmol/L CaCl,, 1 mmol/L MgSO, -
7H,0, 1 mmol/L NaH,PO, - H,O, 25 mmol/L HEPES,
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Table 1

Effect of hormone replacement therapy on fasting carbohydrate measures in ovariectomized cynomolgus monkeys after 2 years of hormone treatment
Control, n = 29 ET, n = 29 HT,n = 29 ANCOVA P

Fasting glucose (mmol/L) 3.55 (—0.12, +0.12) 3.71 (—0.13, +0.13) 4.04 (—0.14,+0.14) .08

Fasting insulin (pmol/L) 179 (—15.8, +17.9) 239 (-21.5, +23.7) 259% (—23.7,425.8) .02

HOMA-R value 4.05 (—0.88, +1.1) 5.43 (—0.9, +1.1) 6.78* (—0.86,11.2) .005

Fructosamine (umol/L) 177.8 (—4.6, +4.6) 173.5 (—4.6, +4.6) 176.3 (—4.6,+4.7) .87

Data were originally log transformed and are presented here as the retransformed mean (—SEM, +SEM).

*P < .05, significantly different from control group.

2 mmol/L Na pyruvate, 1% BSA fatty acid free, pH 7.6) at a
ratio of 1 g cells per 12 mL GTB. Cell suspension (120 pL)
was incubated 30 minutes in 80 pL GTB containing 0 to
43 nmol/L insulin (Novolin R; Novo Nordisk, Clayton,
NC). The glucose analogue, phloretin (12 nmol/L, Sigma),
was used as a negative control because it inhibits glucose
transport. Cells were incubated in [2->H]deoxy-D-glucose
(0.062 uCi mmol ! L™!; ICN Radiochemicals, Costa Mesa,
CA) for 10 minutes and then placed in a 500-ul micro-
centrifuge tube containing 200 pL silicon oil (L-45, OSi
Specialties, Danbury, CT). The suspension was centrifuged
for 30 seconds (16,000g) to separate cells (above oil
interface) from unincorporated glucose (below oil interface).
The top half of the tubes were counted (Beckman Coulter
LS6500 Multi-Purpose Scintillation Counter; Fullerton,
CA), and counts were divided by phloretin controls to
correct for unincorporated glucose trapped in silicon oil
(intra-assay CV, 15.9%). Half-maximal glucose uptake
(EDsq for insulin) was calculated by nonlinear regression
analysis. Glucose uptake counts were normalized by cell
number (nanograms DNA in 120 pL cell suspension per 6 pg
DNA per cell). DNA was quantitated by using Hoechst
33258 fluorescent dye (Eastman Kodak, Rochester, NY) in
a minifluorometer (Hoefer, San Francisco, CA).

Fat cell size was assessed histomorphometrically as the
cell diameter of 100 viable adipocytes per animal for each
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Fig. 1. Mean + SEM for adiponectin concentrations in ovariectomized
monkeys treated for 2 years with no hormones (control), ET (CEE
0.625 mg/d human equivalent), or HT (ET + MPA 2.5 mg/d human
equivalent). ANOVA, P = .02. Unlike letters denote significantly different
values by post hoc analysis.

fat depot. Images were captured using a Sony Mavica digital
camera mounted on a Nikon Labophot-2 microscope and
analyzed with Scion Image for Windows (Beta 3b for
Windows; Scion, Frederick, MD).

2.4. Statistical considerations

BMDP Statistical Software (Release 7.0, Los Angeles,
CA) was used for all statistical calculations. Log trans-
formations were performed for variables that violated
assumptions for parametric tests (fasting glucose, fasting
insulin, fructosamine, all GTT calculations, all adipocyte
measures), and reported means and SEM were retransformed
into original units. Analysis of variance (ANOVA) was used
to detect whether treatment group was a significant factor
determining adiponectin, cell diameter, glucose uptake, and
calculated EDsy. Where baseline pretreatment values were
available measures (glucose, insulin, fructosamine, and
HOMA-R values), they were included in the ANOVA model
as a covariate (analysis of covariance [ANCOVA]) in
detecting whether treatment group was a significant factor
determining fasting carbohydrate. Duncan multiple range
test was used for post hoc comparisons for variables with
significant ANOVA/ANCOVA P values (<.05). Pearson r
was used to determine correlations between insulin sensi-
tivity and various outcomes.

To assess adipocyte 2-deoxy-D-glucose uptake in re-
sponse to different concentrations of insulin, nonlinear
regression analysis was performed with Sigma Plot version
4.0 (San Rafael, CA). The hyperbolic curve-fitting equation
(f = yo + ax/(b + x), where y, = y intercept, @ = maximum,
b = EDsg, estimated dose of insulin required for 50%
glucose uptake) was used to derive for each animal the EDs
and maximal glucose uptake per cell. Curves that did not
conform to the constraints of the model were excluded
from the analysis, including 9% of the curves from the
control group, 15% from the ET group, and 15% from the
HT group.

3. Results
3.1. Clinical chemistry measures

HT-treated animals had greater fasting insulin concen-
trations (P = .02) and a greater HOMA-R value (P = .005)
(Table 1). There was no treatment effect on plasma fruc-
tosamine (P = .87) or glucose concentrations (P = .08).
Adiponectin concentrations were 24% higher in the ET
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Table 2
Effect of HT on glucose tolerance and insulin sensitivity
Control, n = 14 ET,n = 12 HT,n = 14 ANOVA P
GTT
Glucose AUC 8025 + 420 8155 + 552 8156 + 372 .97
Insulin AUC 5598 (—745, +859) 6887 (—902, +1038) 5623 (—804, +938) .55
Insulin-glucose ratio AUC 0.71 (—0.09, +0.10) 0.87 (—0.15, +0.18) 0.70 (—0.10, +0.12) .58
1-h post-GTT glucose (mmol/L) 2.2 £ 0.140 2.40 £ 0.26 3.03 £ 0.41 12
Karr 4.96 + 0.405 4.99 + 043 4.57 £ 0.26 .65
Insulin tolerance test
Kirr 9.95 £ 0.610 9.75 £ 0.61 8.01 + 0.35° .04

Intravenous glucose and insulin tolerance tests were administered to ovariectomized cynomolgus monkeys after 2 years of hormone treatment. Data are
presented as mean = SEM or the retransformed mean (—SEM, +SEM) for variables requiring log transformation (insulin AUC, insulin-glucose ratio AUC).

“Significantly different from control group.

group compared with control (P = .04), whereas concen-
trations in the HT-treated monkeys were not different from
that of the control group (Fig. 1).

Insulin sensitivity determined by ITT was affected by
treatment (P = .04; Table 2) such that the Kt of HT-
treated animals was impaired (8.01% =+ 0.35%/min)
compared with both controls (9.95% =+ 0.61%/min) and
ET-treated monkeys (9.74% % 0.61%/min). There was no
significant treatment effect on any measure of glucose
tolerance, but a trend (P = .12) for greater postchallenge
glucose concentrations with HT was observed (Table 2).

3.2. Adipocyte size and glucose uptake

Compared with controls, ET-treated animals had smaller
subcutaneous (P = .001) and visceral (P = .001)
adipocytes (Fig. 2). Insulin sensitivity of subcutaneous
adipocytes, assessed by ex vivo incubation with insulin, was
significantly lower, as indicated by a greater EDs, for HT-
treated animals compared with controls or ET-treated
monkeys (P = .02; Fig. 3A) but no difference in visceral
adipocyte EDsy, (P = .43; Fig. 3B). Maximal glucose
uptake was significantly different in subcutaneous adipo-
cytes where the maximal glucose uptake in HT-treated
animals was less than in the other treatment groups (P =
.001; Fig. 4A). A similar trend was seen in the visceral fat
cells; however, this was not significantly different (P = .37;
Fig. 4B).

3.3. Body weight and composition

As previously reported, over the 2-year treatment period,
HT-treated monkeys gained weight, whereas ET-treated and
control animals did not [11]. These body weight changes
were reflected in posttreatment body compositional differ-
ences, such that HT-treated monkeys had 43% greater
abdominal fat mass compared with controls.

3.4. Correlations

With all treatment groups combined, insulin sensitivity
(Kyrr) was associated with subcutaneous adipocyte insulin
sensitivity (r = —0.49, P = .03), fasting glucose concen-
trations (r = —0.29, P = .05), and GTT glucose AUC (r =
—0.62, P <.0001). Insulin resistance (HOMA-R value) was
significantly associated with subcutaneous adipocyte size
(r = 0.37, P = .003) with a strong significant association
within the HT group (» = 0.75). Associations were also seen
between HOMA-R value and total body fat (» = 0.3,
P = .006), visceral adipocyte EDsq (r = 0.41, P = .009),
adiponectin concentrations (r = —0.27, P = .013), and
visceral adipocyte size (» = 0.28, P = .024).

4. Discussion

In this study, treatment with HT impaired whole-body
insulin metabolism as evidenced by 49% greater fasting
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Fig. 2. Mean + SEM for cell diameter (micrometers) of isolated subcutaneous (A) or visceral (B) adipocytes from ovariectomized monkeys treated for 2 years
with hormone replacement therapy containing control, ET (CEE 0.625 mg/d human equivalent), or HT (ET + MPA 2.5 mg/d human equivalent). ANOVA:
P = .001 (A); P = .001 (B). Unlike letters denote significantly different values by post hoc analysis.
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Fig. 3. Effect of various hormone replacement therapies on subcutaneous (A) or visceral (B) adipocyte insulin sensitivity in ovariectomized cynomolgus
monkeys treated for 2 years with control, ET (CEE 0.625 mg/d human equivalent), or HT (ET + MPA 2.5 mg/d human equivalent). Isolated adipocytes were
suspended in glucose transport buffer, incubated in various concentrations of insulin (0 to 43 nmol/L) followed by [2-*H]deoxy-D-glucose (0.062 pCi mmol '
L™ "). Data are the mean + SEM for the estimated dose of insulin (nanomoles per liter) to stimulate 50% maximal glucose uptake (EDsy). ANOVA: P = .02
(A); P = .43 (B). Unlike letters denote significantly different values by post hoc analysis.

insulin concentrations, 68% greater HOMA-R value, and 19%
slower Kjrr compared with controls. Subcutaneous adipo-
cytes reflected these differences in whole-body insulin
metabolism in that, compared with controls, there was
impaired insulin sensitivity (Fig. 3) and lower maximal
glucose uptake in adipocytes from animals treated with HT
(Fig. 4). ET was associated with smaller adipocytes and
greater adiponectin concentrations, whereas HT resulted in
adipocytes of the same size and similar adiponectin concen-
trations as controls. Significant correlations between calcu-
lations of whole-body insulin sensitivity and insulin resistance
with total body fat, adipocyte insulin sensitivity, and
adiponectin concentrations suggest that adipose tissue insulin
sensitivity is associated with peripheral insulin sensitivity.
The relative impairment of insulin sensitivity with HT
reported in the current study agrees with previous trials
where administration of CEE + MPA impaired insulin
sensitivity in ovariectomized monkeys [22], premenopausal
women [23], and postmenopausal women [24] when
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compared with treatment with CEE alone. The greater
fasting insulin concentrations and HOMA-R values with HT
compared with controls is similar to previous reports
showing that treatment with CEE + MPA or MPA alone
results in greater fasting and postchallenge plasma glucose
and insulin concentrations [8,22,25].

HOMA-R values were higher in this nonhuman primate
population than those reported in people [18], being the
result of greater insulin concentrations that were determined
by using an older assay that had cross reactivity with
proinsulin. Newer assays for insulin in this species have
been consistent with human values [26].

Estrogen therapy resulted in relatively smaller subcuta-
neous and visceral adipocytes (Fig. 2), consistent with our
prior report [8]; however, the size of adipocytes did not
correlate with adipocyte glucose uptake. Because the ET-
treated animals had smaller adipocytes with no net
difference in total body fat, this suggests a greater number
of small fat cells, consistent with a previous report of
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Fig. 4. Effect of various hormone replacement therapies on glucose uptake in isolated subcutaneous (A) or visceral (B) adipocytes from ovariectomized
cynomolgus monkeys treated for 2 years with control, ET (CEE 0.625 mg/d human equivalent), or HT (ET + MPA 2.5 mg/d human equivalent). Isolated
adipocytes were suspended in glucose transport buffer, incubated in various concentrations of insulin (0 to 43 nmol/L) followed by [2->H]deoxy-D-glucose
(0.062 uCi mmol™" L™"). Data are the mean + SEM for the calculated maximal glucose uptake per adipocyte (maximal DPM per cell x 1072). ANOVA:
P = .001 (A); P = .37 (B). Unlike letters denote significantly different values by post hoc analysis.
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estrogen-inducing preadipocyte proliferation [27]. This may
be similar to the mechanism whereby thiazolidinediones
improve insulin sensitivity in rats via stimulating prolifer-
ation of small adipocytes and thus shifting the fat dis-
tribution from the visceral to the subcutaneous depot [28]. It
is unclear why improvements in fat cell size and adiponectin
concentration with ET were not associated with improved
insulin sensitivity. A potential limitation of this study is that
more sensitive methodologies, such as glucose clamps or
frequently sampled IVGTT, were not used to assess in vivo
insulin sensitivity.

Hormone therapy resulted in relatively impaired glucose
uptake (greater EDso) and less maximal glucose uptake in
subcutaneous adipocytes, consistent with previous reports
that progesterone alone [13] or in combination with
estradiol [29] decreases insulin sensitivity of fat cells. The
impairment in adipocyte insulin sensitivity may have
occurred secondary to changes in body composition
because treatment with HT increased body weight in the
current study in monkeys [11], and it has been shown that
fat cells from obese and overweight humans are less
responsive to insulin [30,31]. The correlation between
body fat and insulin resistance by HOMA supports this
possibility; however, the lack of baseline body fat
measurement and adipocyte characterization prevents a
complete assessment of monkeys before ovariectomy and
initiation of hormone treatment.

Concordant with this, we show that fat mass is associated
with adiponectin and that estrogen replacement causes
adipocytes to be smaller; the addition of MPA abrogated
differences in adiponectin concentrations. Visceral fat
accumulation occurring during menopause is characterized
by larger cells with greater potential for lipolysis [32,33].
This results in more circulating free fatty acids which are
characteristic of an insulin-resistant state. Subcutaneous fat
production of adiponectin is less influential in the circulat-
ing concentrations [34]. It is interesting to note that in this
study adiponectin concentrations were associated not only
with whole-body insulin sensitivity as measured by ITT, but
also with visceral adipocyte insulin sensitivity.

Despite the adverse effects on whole-body and adipo-
cyte insulin sensitivity reported here with HT, 2 large
clinical trials, the Heart and Estrogen-Progestin Replace-
ment Study and Women’s Health Initiative Hormone Trial,
reported a 20% to 35% decreased incidence of diabetes in
postmenopausal women treated with CEE + MPA [35,36].
The beneficial effects seen in the clinical trials are likely
due to the estrogenic components of HT, because studies
have shown improvements in insulin sensitivity with
estrogens [24], and others, including the present study,
have shown adverse effects with the further addition of
MPA [2]. The mechanism for the decreased incidence in
diabetes does not appear to be related to changes in body
weight [35]. It is possible that potential adverse effects of
MPA on skeletal muscle (the primary tissue responsible for
glucose clearance seen with the ITT) and fat may be

countered by beneficial effects on the liver or pancreas. In
women, estrogens have shown to improve hepatic insulin
clearance rate [24] and suppress hepatic glucose production
[6]. There is also evidence for increased insulin secretion
from islets incubated with estrogens and progestogens
[37,38]. Other mechanisms for protection against diabetes
may include antioxidant effects against beta-cell damage
[39], anti-inflammatory actions [40], or by activation of
peroxisome proliferator—activated receptors [41]. We antic-
ipate that results from the estrogen-only arm of the
Women’s Health Initiative Hormone Trial may support
this study in finding further reduction in measures of
insulin resistance and incident diabetes compared with
the HT [36].

In summary, HT in postmenopausal monkeys impaired
whole-body insulin sensitivity, and this negative effect was
likely mediated by the progestin, MPA, as ET alone did not
affect this outcome. Lack of an MPA-only treated group
does not allow us to make definitive conclusions about
progestin effects; however, our previous study [22] found
decreased insulin sensitivity with MPA alone, similar to
combined CEE + MPA. Hormone therapy was also
associated with impaired glucose uptake in response to ex
vivo incubation of isolated subcutaneous fat cells with
insulin. In a previous study, we showed that skeletal muscle
from these same monkeys treated with HT expressed less
glucose transporter 4 compared with ET- or control-treated
animals [42]. Thus, the negative effects of HT on insulin
sensitivity appear to involve both adipose and muscle tissue.
Estrogen therapy resulted in smaller fat cell size and
increased adiponectin concentrations. Although these ben-
eficial effects of ET were not associated with improved
insulin sensitivity in this study, the increases in adiponectin
may be associated with improved vascular reactivity [16]
and the decrease in CVD risk observed with ET [4].
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