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ABSTRACT: Testosterone (T) administration to men increases lean
body mass and decreases fat mass. Adiponectin is produced by
adipocytes and is thought to influence insulin sensitivity. In this
study, we sought to determine whether experimental alterations in
serum T change adiponectin levels in normal men. We measured
adiponectin levels in 28 healthy men ages 18–35 years before and
during treatment with a potent gonadotropin-releasing–hormone
(GnRH) antagonist, acyline. Decreased T levels led to increased
serum adiponectin within 7 days; maximal adiponectin levels were
reached on day 21 (baseline 8.6 6 0.9 compared with 12.2 6 1.0
mg/mL on day 21, P , .05) and persisted through day 30, despite
no significant changes in body mass index (BMI) and an increase in
leptin. The addition of T to acyline, maintaining serum T levels within
the normal range, prevented the increase in adiponectin following

acyline alone. In a second study, 25 men aged 55–85 years were
treated with 3 weeks of high-dose T (testosterone enanthate [TE],
600 mg/wk intramuscularly). With high serum T levels, adiponectin
levels decreased significantly by day 21 of treatment (baseline 14.3
6 1.9 compared with 10.8 6 1.5 mg/mL, P , .05 vs baseline and
placebo), BMI slightly increased, and leptin levels were decreased.
We conclude that adiponectin levels increase within days of exper-
imental T deficiency in normal men, and the increase in adiponectin
is prevented by T replacement. Furthermore, supraphysiologic T ad-
ministration results in decreased adiponectin levels. Our data sup-
port the hypothesis that T, its metabolites, or both directly suppress
adipocyte production of adiponectin.
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Testosterone (T) regulates many important physiologic
processes, including muscle and fat metabolism, sex-

ual development and function, erythropoiesis, and bone
metabolism (Snyder et al, 2000). Both T replacement
therapy for hypogonadism and supraphysiologic admin-
istration of T are associated with increases in lean body
mass, decreases in fat mass, and increases in muscle
strength (Bhasin et al, 1996, 1997; Bhasin et al, 2001;
Gruenewald and Matsumoto, 2003). T administration re-
duces overall fat mass (Woodhouse et al, 2004) and has
been reported to decrease central adipose stores, the fat
depot most closely associated in epidemiologic studies
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with the development of insulin resistance and cardiovas-
cular disease (Marin et al, 1992a,b; Lovejoy et al, 1995;
Herbst et al, 2003b).

Adiponectin is a recently characterized 30-kd protein
secreted by adipocytes. It has sequence homology to col-
lagen and C1q and is structurally related to the tumor
necrosis factor alpha cytokine family (Haffner et al, 1996;
Shapiro and Scherer, 1998; Berg et al, 2002). Adiponectin
levels are almost always decreased with obesity (Rajala
and Scherer, 2003), and an inverse relationship between
serum adiponectin levels and body mass index (BMI) has
been observed in monkeys and humans (Arita et al, 1999;
Hotta et al, 2000, 2001; Berg et al, 2002). In addition, in
humans, adiponectin levels correlate inversely with fat
mass, particularly abdominal fat mass, in cross-sectional
studies (Nishizawa et al, 2002; Cnop et al, 2003). Adi-
ponectin appears to play a role in the regulation of insulin
sensitivity (Arita et al, 1999; Hotta et al, 2000, 2001;
Yang et al, 2001). Administration of recombinant adipo-
nectin decreases plasma glucose levels in both normal and
diabetic mice and improves insulin sensitivity in lipotro-
phic mice (Yamauchi et al, 2001). Similarly, adiponectin-
deficient animals (adipo 2/2) are moderately insulin re-
sistant (Kubota et al, 2002). Although adiponectin has not
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yet been administered to humans, increased adiponectin
levels are associated with weight loss (Hotta et al, 2000;
Yang et al, 2001; Esposito et al, 2003) and thiazolidine-
dione treatment (Maeda et al, 2001; Yu et al, 2002), in-
terventions that alter body composition and improve in-
sulin sensitivity.

The relationship between adiponectin and T in humans
has not been well characterized. Higher adiponectin levels
are consistently found in women when compared with
BMI and age-matched men (Arita et al, 1999; Nishizawa
et al, 2002; Cnop et al, 2003), even when matched for
intra-abdominal adiposity, a marker that negatively cor-
relates with adiponectin levels (Cnop et al, 2003). In
mice, castration increased adiponectin levels and insulin
sensitivity, effects neutralized by the coadministration of
T, whereas ovariectomy had no effect on female mice
(Nishizawa et al, 2002), implying a role for T in adipo-
nectin regulation in male mice. This observation is further
supported by in vitro experiments, suggesting that T ad-
ministration results in decreased secretion of adiponectin
by 3T3-L1 adipocytes (Nishizawa et al, 2002) and the
recent observation that T replacement for 6 months in
young, hypogonadal men results in decreased adiponectin
levels (Lanfranco et al, 2004). Together, these studies sug-
gest that T might negatively regulate adiponectin produc-
tion or serum half-life.

In this study, we hypothesized that suppression of en-
dogenous T in normal men would result in increased se-
rum adiponectin levels whereas administration of supra-
physiologic doses of T would decrease adiponectin levels,
consistent with the adiponectin data in mice (Nishizawa
et al, 2002). In addition, we asked whether these changes
are associated with changes in leptin, as a marker of fat
mass, or BMI.

Materials and Methods

Acyline
Acyline, a 10–amino acid peptide that acts as a GnRH antagonist
(Herbst et al, 2002), was originally synthesized by Jean Rivier
at the Salk Institute and is being distributed by the National
Institute of Child Health and Human Development (NICHD).
Acyline lyophilized powder was suspended in bacteriostatic wa-
ter to a final concentration of 2 mg/mL. In all cases, acyline was
administered by subcutaneous injection in the abdomen as pre-
viously described (Herbst et al, 2002).

Subjects
Serum adiponectin levels were retrospectively obtained from se-
rum samples stored at 2208C, which had not been thawed pre-
viously. Exclusion criteria in all studies included known prostate
cancer; diabetes mellitus; severe liver, kidney, or musculoskel-
etal disease; substance abuse; and use of anabolic steroids, an-

drostenedione, dehydroepiandrosterone (DHEA), or growth hor-
mone.

Study 1—Twenty-one normal, healthy, eugonadal volunteers
ages 18–50 years were randomized to treatment with acyline in
various doses (Herbst et al, 2004). Seven eugonadal men who
received T in addition to acyline in a separate study described
elsewhere (Coviello et al, submitted) were included in the anal-
yses to examine BMI and adipokines. There were no subjects
lost to treatment once drug administration was initiated.

Study 2—Twenty-nine men aged 55–85 years were recruited
and randomized to testosterone enanthate (TE; Schein Pharma-
ceuticals, Florham Park, NJ; n 5 13) or placebo (n 5 12) ad-
ministration prior to knee or hip replacement as previously de-
scribed (Amory et al, 2002; Herbst et al, 2003a). Samples were
obtained in these outpatients 3 weeks (baseline) and 1 day prior
to undergoing elective joint replacement; postoperative samples
were not included in the analyses. Four subjects were excluded
from the analyses on the basis of established diabetes mellitus
managed with oral hypoglycemics (although inclusion of their
values in the analyses did not change any of the significant re-
sults).

Protocols
Study 1—Subjects were treated with various doses of acyline
(300 mg/kg once, 75 mg/kg every 4 days 3 3, or 75 mg/kg every
other day 3 5 for a total dose of 225–375 mg/kg; Acyline, n 5
21) or, in a separate study, with acyline 300 mg/kg on day 0 1
TE 100 mg/wk on days 0, 7, 14, and 21 as described elsewhere
(Acyline 1 TE, n 5 7; Herbst et al, 2004; Coviello et al, sub-
mitted). Subjects receiving Acyline alone were combined into a
single group because all dosage groups produced a similar de-
cline in serum T to castrate levels with similar kinetics (within
24 hours of acyline administration; Herbst et al, submitted).
Blood sampling was performed on days 0, 2–3, 4, 6–7, 14–15,
21, and 28–30.

Study 2—Participants were randomized to receive either TE
600 mg in 3 mL of sterile sesame oil intramuscularly (IM) every
week (n 5 13) or a placebo of 3 mL of sterile sesame oil IM
every week (n 5 12) on days 0, 7, and 14 as previously de-
scribed (Amory et al, 2002). Blood samples were collected be-
fore injections on days 0, 7, 14 (baseline), and 21 in all subjects
except a subset of men (n 5 9) for which all 4 blood samples
were collected after a 12-hour overnight fast (Herbst et al,
2003a).

The Institutional Review Board of the University of Washing-
ton and the Veterans Affairs Research and Development Com-
mittee approved the studies, and subjects gave written informed
consent prior to screening in all cases.

Measurements
Testosterone—T levels were measured by immunofluorometric
assay (Delfia, Wallac Oy, Turku, Finland, for subjects receiving
Acyline alone or high-dose T; Diagnostic Products Corporation
[DPC], Los Angles, Calif, for subjects receiving Acyline 1 T).
All samples from a given individual were included in duplicate
in a single assay. The Delfia assay sensitivity was 0.5 nmol/L.
For low, mid, and high pooled values of 3.8, 10.6, and
24.4 nmol/L, respectively, the intra-assay coefficients of varia-



87Page et al · Testosterone Suppresses Adiponectin in Men

Table 1. Baseline parameters of subjects in study 1 (mean 6
SEM)*

Acyline Acyline 1 TE

n
Age (y)
BMI (kg/m2)
T (nmol/L)
Adiponectin (mg/mL)
Leptin (ng/mL)

21
28.1 6 1.5
26.0 6 0.8
22.4 6 1.7
8.6 6 0.9
5.9 6 1.0

7
22.6 6 1.6
23.7 6 0.9†
14.3 6 1.6†
9.3 6 1.1
2.2 6 0.5†

* BMI indicates body mass index; T, testosterone; and TE, testosterone
enanthate.

† P , .05 vs Acyline alone.

Table 2. Baseline parameters of subjects in study 2 (mean 6
SEM)*

Placebo TE 600 mg/wk

n
Age (y)
BMI (kg/m2)
T (nmol/L)
Adiponectin (mg/mL)
Leptin (ng/mL)

12
69.2 6 1.8
32.5 6 1.3
11.9 61.4
13.0 6 1.4
8.5 6 1.2

13
73.0 6 2.2
30.1 6 1.6
14.0 6 1.7
14.3 6 1.9
9.1 6 1.4

* BMI indicates body mass index; T, testosterone; and TE, testosterone
enanthate.

tion were 9.6%, 5.2%, and 6.1% and the interassay coefficients
of variation were 12%, 8.2%, and 6.7%, respectively. The DPC
assay sensitivity was 0.35 nmol/L. For low, mid, and high pooled
values, the intra-assay coefficients of variation were 10.0%,
5.3%, and 6.6% and the interassay coefficients of variation were
13.6%, 6.1%, and 6.8% respectively.

Adiponectin—For all samples, adiponectin was measured by
radioimmunoassay (Linco Research Inc, St Charles, Mo). All
samples from each individual were measured in duplicate in one
assay. The assay sensitivity for adiponectin was 1.56 mg/mL.
Intra-assay and interassay coefficients of variation were 3.9%
and 6.6%, respectively.

Leptin—For all samples, leptin was measured by radioim-
munoassay (Linco Research). All samples from each individual
were measured in duplicate in one assay. The assay sensitivity
for leptin was 0.5 ng/mL. Intra-assay and interassay coefficients
of variation were 5% and 7.1%, respectively.

Statistical Analysis
For statistical analyses and graphing of data from study 1, data
from days 2–3 were labeled day 3; from days 6–7, day 7; from
days 14–15, day 15; and from days 28–30, day 30. All results
are expressed as means 6 SEM unless otherwise indicated. A
paired t test with a Bonferroni correction was used to determine
differences between treatment and baseline values within a
group. Changes over time between groups were assessed by a
2-way analysis of variance of hormone levels, with time and
group as factors, and were verified with a Tukey’s honestly sig-
nificant difference post hoc test. In addition, differences between
groups at a given time point were verified by 2-sample Student’s
t tests. For all comparisons, P # .05 was considered statistically
significant.

Results

Study Populations
The baseline characteristics of the subjects from the stud-
ies are shown in Table 1. In study 1, the subjects receiving
Acyline alone were found to have higher baseline BMI,
T, and leptin levels than the subjects receiving Acyline 1
T. There were no significant differences in the baseline
characteristics of the subjects in study 2 who received
placebo compared with those who received TE (Table 2).

Study 1: Testosterone Deficiency and Adiponectin
Acyline is a potent GnRH antagonist that, as we have
previously reported (Herbst et al, 2002), renders normal
young men acutely hypogonadal with serum T in the cas-
trate range; in this study, we found that all dosage regi-
mens of acyline resulted in nearly undetectable serum go-
nadotropins within 24 hours after a single dose or mul-
tiple doses. This effect persisted for at least 15 days after
a dose of 300 mg/kg (Herbst et al, 2004); thereafter, T
levels slowly rose back to baseline levels by day 30 post-
injection (Figure 1A). Adiponectin was significantly in-
creased above baseline within 7 days of acyline admin-
istration, an effect that persisted as long as 30 days fol-
lowing single or multiple doses of acyline (Figure 1B).
A maximal increase in adiponectin of 49% 6 5.5% was
seen at day 21 following acyline administration (maxi-
mum adiponectin at day 21 of 12.2 6 1.0 compared with
8.6 6 0.9 mg/mL at baseline; Figure 1B).

To determine whether the effect of acyline on adipo-
nectin was specifically attributable to the resultant de-
crease in serum testosterone levels, we measured adipo-
nectin levels in subjects who received TE 100 mg IM/wk
for 4 weeks in addition to 300 mg/kg of acyline starting
on day 0. In these subjects, serum testosterone levels were
maintained within the normal range throughout the treat-
ment period (Figure 1A), and serum adiponectin (Figure
1B) did not change significantly.

Because adiponectin might be affected by changes in
body composition, we examined leptin, as a biochemical
marker of fat mass, and BMI in subjects receiving acy-
line. Leptin levels increased significantly in subjects re-
ceiving Acyline alone by day 15 (data not shown), an
effect that persisted through day 30 (Table 3). Changes in
leptin in subjects receiving both acyline and T (Table 3)
were not significant. BMI was unchanged in subjects re-
ceiving Acyline or Acyline 1 TE (Table 3), and baseline
BMI and change in adiponectin were not correlated.

Study 2: Adiponectin and Supraphysiologic Testosterone
Because adiponectin levels were sensitive to a rapid de-
crease in serum T, we examined whether increases in se-
rum T above the normal range would affect adiponectin
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Figure 1. Effect of testosterone deprivation on adiponectin over time. (A) Serum testosterone concentration (nmol/L) after administration of Acyline or
Acyline plus TE 100 mg/wk IM. (B) Serum adiponectin concentration (mg/mL) after administration of Acyline or Acyline 1 TE 100 mg/wk IM.
* P , .05 compared with baseline; # P , .05 compared with Acyline 1 TE.

Table 3. Changes in leptin and body mass index (BMI)*

Leptin, ng/mL

Baseline Day 28–30†

BMI, kg/m2

Baseline Day 28–30†

Study 1
Acyline
Acyline 1 TE

5.9 6 1.0
2.2 6 0.5

8.4 6 1.3‡
2.6 6 0.6

26.0 6 0.8
23.7 6 0.9

26.2 6 0.8
23.7 6 0.9

Baseline Day 21 Baseline Day 21

Study 2
Placebo
TE 600 mg/wk IM

8.5 6 1.2
9.1 6 1.4

9.7 6 1.2‡
6.1 6 0.9‡§

32.5 6 1.6
30.1 6 1.6

32.3 6 1.3
31.0 6 1.6‡§

* TE indicates testosterone enanthate.
† Leptin and BMI were measured on day 28 in the group receiving Acyline 1 TE and day 30 in the groups receiving Acyline alone.
‡ P , .05 vs baseline.
§ P , .05 vs placebo.

levels. Elderly men received 600 mg of TE or placebo
IM for 3 weeks, and adiponectin levels were measured at
baseline and 21 days later. As reported previously (Amory
et al, 2002), serum T in the group receiving exogenous T
was significantly increased above baseline, whereas in the
placebo group, T levels were unchanged (Figure 2A).
Adiponectin significantly decreased from baseline in sub-
jects receiving exogenous T for 21 days, (baseline 14.3
6 1.9 compared with 10.8 6 1.5 mg/mL on day 21, P ,
.05 vs baseline and placebo), whereas it was unchanged
in the placebo group (baseline 12.9 6 1.4 compared with
12.6 6 1.3 mg/mL on day 21; Figure 2B).

Because adiponectin can be affected by changes in
body composition, we examined leptin as a marker of fat
mass and BMI in subjects receiving 600 mg TE/wk IM.

Leptin levels decreased in the subjects receiving T com-
pared with both baseline and placebo, whereas in the pla-
cebo group, leptin increased slightly compared with base-
line (Table 3). BMI increased significantly over baseline
and when compared with the placebo group in subjects
receiving 600 mg TE/wk IM (Table 3). There was no
correlation between baseline BMI and change in adipo-
nectin.

To determine the time course of adiponectin changes
in the setting of supraphysiologic T levels, weekly adi-
ponectin levels were measured in a subgroup of the sub-
jects receiving TE 600 mg/wk IM (n 5 4) or placebo (n
5 5) who had participated in a substudy of acute lipid
effects of high-dose T (Herbst et al, 2003a). A trend to-
ward a decrease in adiponectin by day 14 after testoster-
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Figure 2. Effect of supraphysiologic testosterone on adiponectin. (A) Serum testosterone concentration (nmol/L) at baseline and 21 days after admin-
istration of placebo (white bars) or TE 600 mg/wk IM (black bars). (B) Serum adiponectin concentration (mg/mL) at baseline and 21 days after
administration of placebo (white bars) or TE 600 mg/wk IM (black bars). * P , .05 compared with baseline; # P , .05 compared with placebo.

Figure 3. Time course of change in serum adiponectin with supraphys-
iologic testosterone administration. Solid line, TE 600 mg/wk IM (n 5 4);
broken line, placebo (n 5 5).

one administration persisted at day 21 (Figure 3). How-
ever in this small subgroup, the differences compared
with baseline and placebo did not reach statistical signif-
icance. Leptin decreased by 36.3% 6 3.1% on day 14
and 29.4% 6 9.9% on day 21 with T and increased by
24.7% 6 18.3% on day 14 and 20.3% 6 7.9% on day 21
in the placebo group (P , .05) in the subgroup analyses,
but either group compared with baseline was not signifi-
cantly different.

Discussion

In this study, we demonstrated for the first time in normal
men that experimentally induced changes in circulating T
levels alter serum adiponectin concentrations. Experimen-
tally induced T deficiency in normal men lasting as little
as 2 weeks results in a gradual and significant rise in
serum adiponectin detectable by day 7 after androgen
deprivation. This effect persists up to 4 weeks after serum
testosterone and gonadotropin levels have normalized
(Figure 1; Herbst et al, submitted). The addition of T to
acyline prevented the rise in adiponectin induced by the
GnRH antagonist (Figure 2), demonstrating that the effect
of acyline on adiponectin is not a result of the peptide
itself; nor is it attributable to an absence of luteinizing
hormone or follicle-stimulating hormone, but rather a
consequence of androgen withdrawal. Our results are con-
sistent with those of Nishizawa et al (2002), wherein an
increase in adiponectin was observed 6 weeks after mouse
castration and with those of Lanfranco et al (2004), who
found higher adiponectin levels in eugonadal men com-
pared with age- and weight-matched hypogonadal men
and decreased adiponectin in hypogonadal young men af-
ter T replacement. Furthermore, we demonstrate that ad-
ministration of supraphysiologic doses of testosterone for
as little as 3 weeks, which also profoundly suppresses
serum gonadotropins (Amory et al, 2002), decreased se-
rum adiponectin levels by day 21 (Figure 3), providing
further evidence that androgens either directly or indi-
rectly (via aromatization to estradiol or 5a-reduction to
dihydrotestosterone) regulate adiponectin levels in men.
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Our data demonstrate the marked effect of T, its active
metabolites (estradiol and dihydrotestosterone), or both
on adiponectin in vivo. Even though these analyses used
stored serum, the differences we observed are not likely
attributable to the instability of adiponectin in stored sam-
ples because measurements of adiponectin by radioim-
munoassay have been shown to be reproducible in sam-
ples stored up to 1 year at 2208C (Pischon et al, 2003).
We cannot exclude the possibility that our results are in-
fluenced by baseline differences between the study sub-
jects in each group (Tables 1 and 2). Of note, higher base-
line adiponectin levels were observed in the older men
despite their higher BMI (Table 2). This is likely a func-
tion of age because a recent analysis found age to be more
strongly related to adiponectin than any other variable
analyzed, including BMI and intra-abdominal fat (Cnop
et al, 2003). Similar studies in age- and BMI-matched
groups would further validate our observations, but we
saw changes in adiponectin with T manipulation in both
young and older men, suggesting that the regulatory ef-
fect of T on adiponectin is not age dependent

The mechanism by which T influences adiponectin is
not clear from these studies. It is possible that the effect
of T on adiponectin is mediated through its effects on
body composition. T has been shown to increase lean
body mass and decrease fat mass as soon as 4 weeks after
administration (Herbst et al, 2003). Similar changes in
body composition with administration of supraphysiolog-
ic doses of TE are likely to have occurred in this study
because we observed a decrease in leptin and an increase
in BMI within 21 days (Table 2). Conversely, hypogo-
nadism is associated with increased fat mass and BMI
(Smith et al, 2001; Basaria et al, 2002). Consistent with
these results, in our study, leptin increased within 30 days
of acute hypogonadism. These changes in leptin, and by
inference fat mass, were both temporally and positively
associated with changes in adiponectin in both of our
studies. It is possible that decreases in fat mass result
acutely in decreased secretion of adiponectin by adipo-
cytes and, conversely, that acute increases in fat mass
result in increases in adiponectin levels. This would be in
contrast to cross-sectional studies wherein adiponectin
levels correlate inversely with fat mass, abdominal fat
mass in particular (Cnop et al, 2003; Ducluzeau et al,
2003), and weight loss is associated with increases in se-
rum adiponectin (Yang et al, 2001). Future studies that
include detailed body composition by dual x-ray absorp-
tiometry (DEXA) or computed tomography scan in the
setting of androgen manipulation are warranted in deter-
mining the mechanism through which T regulates adi-
ponectin.

Whether sex steroids have a direct effect on adiponec-
tin metabolism, cellular trafficking, or expression by ad-
ipocytes is not known. It is possible that androgens de-

crease adiponectin expression by sequestering ARA70, a
coactivator common to both the androgen receptor (AR)
and peroxisome proliferator–activated receptor gamma 1
(PPARg; Heinlein et al, 1999). PPARg1,2, the AR, and
ARA70 are all expressed in human adipocytes (Dieudon-
ne et al, 1998), and ARA70 is upregulated during adi-
pocyte differentiation, a PPARg-mediated process (Yeh
and Chang, 1996; Nishizuka et al, 2002). PPARg ago-
nists, thiazolidinediones, have been shown to increase
adiponectin expression (Maeda et al, 2001), likely
through a functional PPAR-responsive element in the hu-
man adiponectin promoter (Iwaki et al, 2003). In vitro
activation of the AR reduces ARA70-dependent expres-
sion of a PPARg reporter gene, suggesting that cross talk
might exist between the AR and PPARg via sequestration
of ARA70 within tissues that coexpress both AR and
PPARg (Heinlein et al, 1999). In this model, interaction
of the AR with T might compete with PPARg for ARA70,
resulting in reduced expression of PPARg-regulated genes
such as adiponectin. Validation of such a model will re-
quire further molecular analyses.

The effects of androgens on insulin sensitivity are not
well understood. Three months of androgen deprivation
mediated by a GnRH agonist in elderly men with prostate
cancer increases serum insulin levels (Smith et al, 2001;
Dockery et al, 2003), whereas oral T undecanoate in-
creased insulin sensitivity in obese, middle-aged men
(Marin et al, 1992a,b). However, studies of androgen sup-
plementation in elderly hypogonadal and eugonadal men
have not verified these findings (Friedl et al, 1989; Singh
et al, 2002; Liu et al, 2003; Schroeder et al, 2003), and
supraphysiologic doses of TE in young healthy subjects
do not appear to improve insulin sensitivity (Friedl et al,
1989; Singh et al, 2002). It is possible that although an-
drogens decrease adiponectin, which might decrease in-
sulin sensitivity, the favorable affects of androgens on
body composition neutralize this effect with no net
change in insulin sensitivity.

We have demonstrated that experimentally induced T
deficiency increases circulating adiponectin, whereas su-
praphysiologic T suppresses adiponectin in normal men.
We conclude that T, its active metabolites, or both sup-
press circulating adiponectin concentrations and also that
androgen administration reduces basal adiponectin con-
centrations. Whether or not these changes persist long
term and what effect they have on insulin sensitivity will
be the subject of future research.
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