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Numerous clinical and experimental studies have linked stress to changes in risk factors associated
with the development of physiological syndromes, including metabolic disorders. How different
mediators of the stress response, such as corticosterone (CORT), influence these changes in risk
remains unclear. Although CORT has beneficial short-term effects, long-term CORT exposure can
result in damage to the physiological systems it protects acutely. Disruption of this important
physiologic signal is observed in numerous disparate disorders, ranging from depression to Cush-
ing’s syndrome. Thus, understanding the effects of chronic high CORT on metabolism and phys-
iology is of key importance. We explored the effects of 4-wk exposure to CORT dissolved in the
drinking water on the physiology and behavior of male mice. We used this approach as a nonin-
vasive way of altering plasma CORT levels while retaining some integrity in the diurnal rhythm
present in normal animals. This approach has advantages over methods involving constant CORT
pellets, CORT injections, or adrenalectomy. We found that high doses of CORT (100 wg/ml) result
inrapid and dramatic increases in weight gain, increased adiposity, elevated plasma leptin, insulin
and triglyceride levels, hyperphagia, and decreased home-cage locomotion. A lower dose of CORT
(25 png/ml) resulted in an intermediate phenotype in some of these measures but had no effect on
others. We propose that the physiological changes observed in the high-CORT animals approxi-
mate changes observed in individuals suffering from the metabolic syndrome, and that they po-
tentially serve as a model for hypercortisolemia and stress-related obesity. (Endocrinology 151:

2117-2127, 2010)

he increase in obesity observed in modern Western
Tsociety is becoming an important public health issue.
Causes for this relatively recent spike in obesity, such as
changes to a higher fat diet and an increasingly sedentary
lifestyle, have been suggested (1). The stress of living in a
modern industrialized society is also a potential contrib-
uting factor, which could interact with other environmen-
tal conditions to compound their effects. Dysregulation of
the hypothalamic-pituitary-adrenal (HPA) axis has been
documented in many metabolic disorders (2). Although
stress has been linked to obesity (1), these links are not
always clear, as numerous studies show that chronic stress
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results in a blunted weight gain, or even weight loss (3-5).
It is becoming increasingly evident that disruption of the
adrenal hormone corticosterone (CORT) can result in nu-
merous metabolic changes, perhaps the best known of
which is the marked obesity that is present in patients
suffering from hypercortisolemia due to Cushing’s syn-
drome (6-9). There are also numerous connections be-
tween malfunctions in the HPA axis and incidence of the
metabolic syndrome (10-12), which is generally described
as a series of physiological markers that put an individual
at greater risk of negative cardiovascular outcomes, obe-
sity, and diabetes (13, 14). How disrupted HPA function-

Abbreviations: CORT, Corticosterone; HPA, hypothalamic-pituitary-adrenal; POMC, pro-
opiomelanocortin; RM, repeated measures; CORT, corticosterone.
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ing contributes to the development of these risk factors
remains unknown.

To clarify how chronic treatment with CORT alters the
physiology of an organism, we treated adrenally intact
adult male mice with CORT dissolved in their drinking
water for 4 wk. This allowed for noninvasive alterations
of plasma CORT, whereas retaining some integrity in the
diurnal rhythm. Thus, our methodology has the added
benefit of resulting in a late-night increase in plasma
CORT, mimicking one of the most predictive factors in
Cushing’s disease (15). Other methods for manipulating
HPA function (e.g. constant release pellets, daily injec-
tions, or chronic stress) have an array of possible con-
founds which makes it difficult to distinguish the effects of
CORT from the effects of stress. Although there have been
informative studies on metabolism using chronic CORT
pellets in rats (16-18), most of these were undertaken in
adrenalectomized animals, providing experimental con-
founds due to elimination of other adrenal factors (such as
aldosterone and norepinephrine). Additionally, the met-
abolic phenotype could be influenced by a disruption in
the maintenance of proper sodium balance that accom-
panies adrenalectomy.

In the present study, animals treated with high levels
of CORT became markedly obese and showed several
other physiological hallmarks of the metabolic syn-
drome, such as increased plasma leptin and insulin, in-
creased plasma triglycerides, and impaired glucose tol-
erance. We propose that the physiological phenotype
that developed after this treatment approximates many
of the changes observed in the metabolic syndrome and
that it could become a useful model for understanding
how disruption of the HPA and plasma CORT levels
may contribute to the development of a syndrome which
is increasing in prevalence.

Materials and Methods

Animals, housing, and CORT treatment

Adult male mice (C57/BL6; 19-21 g, 35 d old) were ordered
from Charles River Laboratories (Kingston, NY). Animals for all
experiments (except for feeding and locomotor experiments)
were group-housed (n = 5/cage) for 7 d in standard cages (28.5 X
17 X 13 cm), on a 12-h light, 12-h dark cycle (lights off at
1800 h). A 2lux red light allowed for animal maintenance in the
dark phase. Temperature in the room was maintained at about
21 = 2 C. During the acclimation period, standard rodent chow
and tap water were available ad libitum. After the 7-d acclima-
tion phase, ad libitum chow remained available, although drink-
ing water was replaced with a solution containing 25 ug/ml (low)
or 100 pug/ml (high) free-CORT (Sigma, St. Louis, MO) dissolved
in 100% ethanol (because CORT is hydrophobic), and then di-
luted in regular tap water to a final ethanol concentration of 1%
or a 1% ethanol solution alone (vehicle). Animals were weighed
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once a week during cage change, at which time solutions were
replaced, and otherwise left undisturbed.

After the 4-wk CORT treatment, animals were killed by rapid
decapitation, and organs and tissues were rapidly removed (n =
5-10/group). Trunk blood was collected in BD Vacutainer K3
EDTA coated glass tubes (VWR, West Chester, PA), placed on
ice, and centrifuged at 1500 rpm for 15 min at 4 C. Plasma was
removed and stored at —70 C until used for analyses. For time of
day analyses, animals were killed at one of four time points (n =
S/group - time) during the light and dark phases (time of lights
on, midlight, time of lights off, and middark; each 6 h apart) and
collapsed over a 12-h period. All experimental procedures in-
volving animals were approved by the Rockefeller University
Institutional Animal Care and Use Committee.

Plasma measures

Plasma measures were conducted using the specifications of
the assay’s respective manufacturer instructions. For plasma
CORT, RIAs were run using an antibody kit (MP Biomedicals,
Inc., Solon, OH). Samples were run in duplicate, and results are
reported as nanograms per milliliter. The assay provided an in-
traassay coefficient of variation of 11%, with a lower limit of
detectability of 16.7 ng/ml. For plasma leptin and insulin,
ELISAs were used (Millipore, Inc., Billerica, MA). Samples were
run in duplicate, and the results are reported as pg/ml. The lower
levels of detectability were 0.219 ng/ml for the leptin assay and
0.405 ng/ml for the insulin assay.

For plasma triglyceride levels, a standard enzymatic hydro-
lysis kit was used (Cayman Chemicals, Ann Arbor, MI). Samples
were run in duplicate, and the results reported as mg/dl. The
lower level of detectability was 2.58 mg/dl.

Food consumption and home-cage activity

After 3 wk of CORT treatment, during which food consump-
tion was measured weekly, individually housed mice (n =
S/group) were transferred to a home-cage behavior monitoring
system (Accuscan Instruments, Trabue, OH), in a 12-h light,
12-h dark cycle (off at 1800 h). Each animal’s cage was sur-
rounded with a set of infrared photobeams. Disruption of a beam
was recorded as an activity count. Data were collected with a PC
using Versamax software (Accuscan Instruments). Mice were
allowed to acclimate to this environment for 5 d, after which the
last 4 d of behavioral recordings were used for analysis. Data
were collected in 60-min bins around the clock and then reported
as pooled daytime (0600-1800 h) or nighttime (1800-0600 h)
activity.

Glucose tolerance test

Group-housed 100 pug/ml CORT (n = 10)- or vehicle (n =
10)-treated mice were used. Just before lights off on testing day,
food was removed from the cages. Eight hours into the fast, mice
were weighed, and a tail blood sample was obtained and ana-
lyzed using the OneTouch Ultra Blood Glucose Monitoring Sys-
tem (LifeScan, Inc., Milpitas, CA). Filtered sterilized p-glucose
was injected ip (200 mg/ml), at a dose of 2 g/kg in normal saline
(kept at 37 C before injection). Blood was collected at baseline,
15, 30, 60, and 120 min by gentle massage of the tail, and spot-
ting the blood onto the glucometer strip. Mice were returned to
the housing colony after the test.
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FIG. 1. Effects of CORT on body weight and WAT. A, CORT treatment results in rapid
weight gain over the 4 wk of treatment in high-CORT (100 ng/ml) animals, but there is
no significant effect on low-CORT (25 pg/ml) animals. B, Cumulative weight gain in
CORT-treated animals, showing the total weight gain is higher in high-CORT animals
when compared with low-CORT or vehicle animals. C, Weight of gonadal WAT is
significantly increased after 4 wk of CORT treatment. D, Relative contribution of WAT to
total body weight is also significantly increased in high-CORT animals. Asterisks indicate

statistical significance at the P < 0.05 level.

Statistics

One-way or two-way ANOVAs [some with repeated mea-
sures (RM)] were used, as indicated, to analyze data (GraphPad
Prism, San Diego, CA). Post hoc analyses were undertaken using
Tukey-honestly significant difference or Bonferroni corrected ¢
tests where appropriate. Pearson’s coefficients were used to de-
termine correlations, with r> values reported. Comparisons not
reaching statistical significance, although consistent with
dose-response-like effects, are noted in the text with their
respective P values. Results were considered statistically sig-
nificant at the P < 0.05 level.

Results

Chronic CORT treatment results in rapid increases
in body weight

Animals treated with CORT in the drinking water for
4 wk show a dose-dependent weight gain (two-way RM
ANOVA; Fig. 1A). Main effects were detected for both time
(F4 220 = 304.59, P < 0.0001) and for dosage (F, 5,0 = 4.49,
P =0.0157). There was also a statistically significant time
by dosage interaction (Fg ;50 = 26.28, P < 0.0001) on
body weight. After the first week of treatment, the high-
CORT group shows no change in body weight, whereas
the low CORT group shows a slight weight loss (although
not statistically significant, P = 0.11) when compared
with vehicle-treated controls. However, in the following
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weeks, the weight gain was greatly acceler-
* ated in the 100 pg/ml group, with treated
animals showing far greater gains over their
baseline start weight than do the 25 ug/ml
group or the vehicle control. Interestingly,
the 25 wg/ml group showed a blunted
weight gain over the course of the experi-
ment, showing no differences compared
with vehicle-treated controls by the end of
the 4-wk treatment.
L At the end of 4 wk of treatment, CORT
results in a significant cumulative weight gain
over baseline (one-way ANOVA, F, 4, =
38.33, P < 0.0001; Fig. 1B), although this ef-
fect is dependent on dose, with high-CORT
animals gaining significantly more weight
over baseline than either low-CORT- or ve-
hicle-treated animals, and low-CORT- and
vehicle-treated animals not statistically differ-
ent from each other. Specifically, the 100
pg/ml group gained almost 50% more weight
than controls (6.33 + 0.4988 vs. 2.858 +
0.2242 g; Tukey, P < 0.05), whereas the 25
pg/ml group had gained an intermediate
amount (3.274 = 0.3507 g), although this
was not statistically different from the vehicle
group by the end of treatment. We did not
detect any effect of the vehicle treatment on body weight,
even after 4 wk, compared with animals housed similarly but
on normal tap water (data not shown).

100ug/ml

100ug/ml

Visceral white adipose tissue (WAT) is increased in
high-CORT animals

To determine how CORT alters the relative amounts of
WAT, we excised and weighed visceral (gonadal) fat after
4 wk of treatment (Fig. 1C). CORT treatment increased
gonadal WAT (one-way ANOVA, F,;, = 14.59, P =
0.0006). Post hoc analyses indicated that high-CORT-
treated animals had greater amounts of WAT compared
with both vehicle and low-CORT animals (Tukey, P <
0.05; Fig. 2D). Furthermore, this WAT also made up a
larger proportion of their total body weight (one-way
ANOVA, F, , = 19.30, P = 0.0002) when compared
with low-CORT- and vehicle-treated animals (Fig. 1D).

CORT treatment results in the atrophy of thymus
and adrenal glands

Thymus and adrenal glands were weighed at the end of
the 4-wk treatment as a bioassay of the physiological ef-
fects of the CORT (Table 1). Both dosages resulted in a
clear decrease in the weight of all of these organs compared
with the vehicle-treated animals (one-way ANOVA; Thy-
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FIG. 2. Single housing does not affect weight gain due to CORT
treatment, and CORT treatment results in hyperphagia. A, Weight
change in response to CORT is largely unaffected in single-housed
animals, with high-CORT animals still showing a significant weight
gain compared with both other treatments. Although low-CORT
animals seem to have a slight weight decrease, these differences are
not statistically significant. B, Food consumption is altered by CORT
treatment, with high-CORT animals showing a significant increase of
the amount of food consumed over the 4-wk treatment period.

C, High-CORT animals consume more food per gram of body weight
per week than either vehicle or low-CORT animals. Asterisks indicate
statistical significance at the P < 0.05 level. Bars sharing the same
letter are not statistically different from each other.

mus, F, 19 = 22.28, P < 0.0001; Adrenals: F, ;, = 40.83,
P < 0.0001). This difference is exaggerated when consid-
ered in the context of the greatly different body weights of
the animals at the end of the treatment.

Housing conditions alter the pattern of weight
changes, although the relationship between
treatment groups remains the same

To determine the effects of housing conditions on the
CORT effect on body weight, and to facilitate the analysis
of food consumption over the experimental period, ani-
mals were individually housed (in the same sized cage as
group-housed animals) for the duration of the experiment.
Main effects of time (two-way RM ANOVA, F; 5, = 99.46,
P <0.0001) and dosage (F, 35 = 18.79, P = 0.0002), as well
asatime by dosage interaction (Fg 55 = 32.12, P < 0.0001)
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on body weight were found. In contrast to group housing,
individually housed animals in both high- and low-CORT
groups lost some weight after the first week of treatment,
although this did not reach statistical significance (Bon-
ferroni, P > 0.05; Fig. 2A). However, in the subsequent
weeks, high-CORT animals started to gain weight, even-
tually exceeding the vehicle animals by the end of the 4 wk
(P < 0.05). Low-CORT animals continued to lose weight
in the second week of treatment (P < 0.05) and then re-
bounded, reaching only a fraction of the total weight gain
experienced by the high-CORT animals (P < 0.05), and
not statistically different from controls by wk 4 (P > 0.05).

CORT treatment results in hyperphagia

High-CORT animals showed increased food consump-
tion when compared with vehicle or low-CORT animals,
for the duration of the experiment (Fig. 2B). Main effects
of time (two-way RM ANOVA; F; ;5 = 1542, P <
0.0001) and dosage (F, 55 = 30.62, P < 0.0001), as well
as a time by dosage interaction (F4 35 = 9.40, P < 0.0001)
on food consumption were found. As a proportion of food
consumed by body weight, high-CORT animals ate sig-
nificantly more food per gram of body weight (one-way
ANOVA, F, , = 6.41, P = 0.0104; Fig. 2C) over the
course of the experiment.

CORT treatment reduces overall home-cage
locomotor activity

To probe general behavioral output in CORT-treated
animals, we measured home-cage activity in individually
housed animals, binned hourly (Fig. 3). Main effects were
observed for time of day (two-way RM ANOVA, F, ,, =
35.36, P < 0.0001) and dosage (F,,, = 23.86, P <
0.0001), as well as a time by dosage interaction effect
(F,,4 = 10.16, P = 0.0006) on locomotor activity. As
expected, during the light (inactive) period, all treatment
groups showed low spontaneous locomotor activity, with
no differences between the groups (P > 0.05). However,
in the dark (active) period, both low- and high-CORT
animals showed depressed activity patterns, with low-
CORT animals showing a smaller (although not statis-
tically significant) day-night increase than vehicle ani-
mals (P < 0.05), and high-CORT animals showing the
lowest level of home-cage activity, with no overall dif-
ference between amount of daytime and nighttime ac-
tivity (P > 0.095).

Plasma CORT levels are increased in CORT-treated
animals

To determine the circulating levels of CORT after our
treatment, we measured plasma CORT at two times of
day. Animals were evaluated at the light-dark transition
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TABLE 1. Effect of CORT treatment on peripheral organ weight

1% EtOH vehicle

25 png/ml CORT (low)

100 pg/ml CORT (high)

Adrenal
Thymus

7.72 =0.3121 mg (n = 5)
64.21 = 6.399 mg (n = 8)

3.28 = 0.4954 mg? (n = 5)
25.25 = 1.156 mg? (n = 8)

2.84 = 0.4389 mg? (n = 5)
20.22 +3.995 mg? (n = 6)

Effect of CORT treatment on the weight of peripheral organs after 4 wk of treatment. Both low- and high-CORT doses result in the atrophy of

adrenal glands (bilateral) and thymus.
2 Statistically different from vehicle animals at P < 0.0001 levels.

(the “morning” to a nocturnal species) and at the dark-
light transition (the “evening”; Fig. 4). There were main
effects of time of day (two-way ANOVA,F, 5, =6.21,P =
0.016) and of dosage (F,5; = 51.05, P < 0.0001) on
plasma CORT levels. Although low-CORT-treated ani-
mals had equivalent levels of plasma CORT in their morn-
ing (light-dark), they had elevated levels of plasma CORT
in the evening (dark-light), although the latter did not
reach statistical significance (P = 0.14). However, circu-
lating CORT levels in the high-CORT animals were sig-
nificantly elevated to supraphysiological levels (approach-
ing stress induced levels) at both times of day, although in
this case, the levels were lower in the morning than in the
evening (P < 0.05).

Chronic CORT treatment results in elevated and
correlated plasma leptin and insulin levels

Because CORT is a key regulator of glucose stores and
because of the metabolic phenotype we describe, we decided
to investigate the effects of CORT treatment on both plasma
insulin and leptin levels in free-fed animals. Both hormones
were assayed during the light and dark periods. There was a
dose-dependent effect of CORT on insulin, with high-
CORT animals showing very high levels (F, ;o = 38.05,
P <0.0001;Fig. 5A), as well as a main effect of time of day
(two-way ANOVA, F, 5, = 4.41, P = 0.0508). An iden-
tical pattern was observed in leptin levels (Fig. 5B), with
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FIG. 3. CORT treatment reduces general home-cage activity. Graph
depicts daily home-cage activity as measured by infrared beam breaks
in the x, y, and z planes, averaged over four consecutive days. Daytime
activity is depressed by high CORT, although not in vehicle or low-
CORT animals. At night, activity is significantly attenuated in both the
low- and high-CORT animals, with high-CORT animals showing the
lowest amount of home-cage activity. Although there were statistically
significant differences between daytime and nighttime activity in
vehicle and low-CORT animals, this normal diurnal change in the
pattern of activity was abolished in high-CORT animals. Bars sharing
the same letter are not statistically different from each other.

high-CORT animals showing the highest leptin levels
(F, 50 =42, P < 0.0001). We also found a main effect of
time of day (two-way ANOVA, F, 5, =8.58,P <0.0064),
with no statistically significant interaction. The high leptin
levels in these animals, along with hyperphagia and high
levels of WAT, suggested leptin resistance. We preformed
a study to examine leptin resistance by administering lep-
tin ip to vehicle and high-CORT animals (see Supplemen-
tal Methods published on The Endocrine Society’s Jour-
nals Online web site at http://fendo.endojournals.org). We
found that the levels of induced pSTAT3 are blunted in the
arcuate nucleus of high-CORT animals (Supplemental
Fig. 1), suggesting the development of leptin resistance.
Correlations of an individual animal’s insulin level to
their leptin level (collapsed across time of day), as a func-
tion of their CORT dosage, revealed an interesting rela-
tionship (Fig. 5C). Although there was no correlation be-
tween insulin and leptin levels in vehicle-treated animals
(r> = 0.11, P = 0.2936; Fig. 5C), low-CORT animals
showed a strong insulin-leptin correlation (r* = 0.65, P =
0.0015; Fig. 5C’), and high-CORT animals showed an
even greater correlation (r>=0.89, P < 0.0001; Fig. 5C").

High-CORT results in elevated plasma triglycerides
and impaired glucose clearance after challenge

In addition to obesity, high plasma triglyceride levels
are a hallmark of the metabolic syndrome. Plasma trig-
lycerides were measured at the end of the 4-wk CORT

3 1% EtoH
5007 mm 25ug/ml ¢
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2 300 b
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Time of Day

FIG. 4. CORT treatment results in changes in the diurnal pattern of
plasma CORT levels. Graph depicts plasma CORT levels taken at the
end of the 4-wk treatment, during the light (inactive) or dark (active)
phases. Although low-CORT animals had slightly elevated plasma
CORT during the dark period (although not statistically significant),
high-CORT animals had elevated plasma CORT at both time points, in
addition to the light-dark difference. Bars sharing the same letter are
not statistically different from each other. Asterisk indicates P = 0.14.
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FIG. 5. Levels of plasma insulin and plasma leptin are altered by CORT treatment. A and B, Graphs depict changes in plasma insulin (A) and leptin
(B) in response to 4 wk of CORT treatment. Both treatments result in elevated plasma levels in both hormones, although levels in high-CORT
animals are substantially higher. Bars sharing the same letter are not statistically significant from each other. C and C”, Plots show correlation
between an animal’s insulin and leptin levels, as a function of CORT dosage (collapsed across time of day). Although there is no statistically significant
correlation of insulin and leptin in vehicle-treated animals, both low- and high-CORT treatment result in statistically significant correlations

(P < 0.01), with r? values of 0.65 and 0.89, respectively.

treatment in each of the groups. We found that CORT
treatment resulted in elevated levels of plasma triglycer-
ides (one-way ANOVA, F, |5 = 10.66; P = 0.0013), with
the high-CORT-treated animals showing much higher lev-
els than either vehicle- or low-CORT-treated animals
(Tukey, P < 0.05), but no differences were detected be-
tween vehicle- and low-CORT-treated animals.

An important aspect of metabolic syndrome is impair-
ment of glucose clearance after a glucose challenge, which
denotes a prediabetic or diabetic state. The pattern of the
body weight, endocrine, and plasma triglyceride measures
indicated the most robust differences were between vehicle
and high-CORT animals. We tested glucose tolerance in
these groups (Fig. 6) to determine the effects of high-
CORT exposure on the ability of animals to clear glucose
from their bloodstream. Animals received a single bolus of
glucose delivered ip, with samples taken at 15, 30, 60, and
90 min after challenge. After 2 wk of exposure to high
CORT or vehicle, we found a robust glucose clearance
profile over time in both groups (two-way RM ANOVA,
F4 60 = 63.60, P < 0.0001) with no effect of treatment
(Fi.60 = 0.06, P> 0.05) and no interaction (F, 4o = 1.37,
P > 0.05). However, after 4 wk of CORT treatment,
high-CORT animals showed a sluggish clearance of
plasma glucose. There was a significant main effect of
time (F, 4 = 32.95,P <0.0001) and dosage (F; 45 = 8.37,
P = 0.0101), with a significant interaction (F, g3 = 5.59,
P = 0.006). Although vehicle animals started to return to
baseline by 30 min, and fully returned to baseline by 60

min (P > 0.05), plasma glucose in high-CORT animals
remained elevated until the 60-min time point (P < 0.01).
At the 120-min time point, high-CORT animals still had
significantly elevated plasma glucose compared with base-
line (P < 0.05).

Discussion

The present study analyzed the effects of elevated CORT
on the physiological functions of the mouse, using a
method to noninvasively maintain a daily (albeit shifted)
rhythm in plasma CORT. This also recapitulates an im-
portant aspect of hypercortisolemia due to Cushing’s syn-
drome, specifically, high late-night plasma glucocorti-
coids (15). Mice exposed to high levels of CORT in their
drinking water modeled many of the physiological and
behavioral effects observed in hypercortisolemia in hu-
mans, namely, increased body weight and adiposity and
decreased behavioral output (9). We found increases in
food consumption which, when coupled with decreased
locomotor activity, may synergize to augment the specific
effects of CORT on other factors that affect metabolism,
such as thermogenesis, liver function, glucose mobiliza-
tion in body tissues, and direct effects on adipocytes (20—
23). Physiologically, we demonstrated that high-CORT
treatment for 4 wk results in marked hypercortisolemia,
hyperinsulinemia, and hyperleptinemia, along with high
plasma triglyceride levels. Remarkably, high-CORT treat-
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FIG. 6. High-CORT treatment results in elevated plasma triglycerides
and impaired glucose tolerance. A, Graph depicts plasma triglyceride
levels in CORT-treated animals after 4 wk of treatment. High-CORT
animals show significantly elevated plasma triglycerides, with over 3-
fold higher levels than vehicle-treated animals. Asterisk indicates

P < 0.05. B and C, Plasma glucose levels after acute glucose challenge
in fasted vehicle or high-CORT mice after either 2 wk (B) or 4 wk (C) of
treatment. Although there is no effect of CORT treatment at the 2-wk
time point, at the 4-wk time point, high-CORT animals show severely
compromised glucose tolerance, with plasma glucose remaining high
even 120 min after challenge. Asterisks indicate statistical significance
at*, P < 0.05and **, P < 0.01 levels.

ment also resulted in highly correlated plasma insulin and
leptin, which is not observed in vehicle-treated animals.
We also showed that high-CORT animals have a func-
tional metabolic deficit, as measured by an impaired glu-
cose clearance after a glucose challenge. This phenotype is
remarkably similar to the phenotype observed in the met-
abolic syndrome (10).

Strengths of drinking water CORT delivery

We delivered CORT in the drinking water to augment
endogenous CORT in mice with intact adrenal glands
while at the same time maintaining a diurnal periodicity of
plasma CORT. Such an approach is not possible with
clamped levels of CORT via sc pellet implants. Moreover,
in future studies, we are interested in probing how the

endo.endojournals.org 2123

organism can recover after removal of exogenous CORT,
a task that would be rendered impossible if animals were
adrenalectomized. We also wanted to evaluate the effects
of CORT without confounding it with the other nonglu-
cocorticoid responses that necessarily accompany daily
injection and handling stress that accompany daily CORT
administration. It is important to note that our CORT
treatment is not intended to model chronic stress per se
but, instead, to evaluate the effects of chronic hypercor-
tisolemia on physiology and behavior. The present model
has several benefits over chronic stress or other chronic
CORT treatments. By delivering CORT in the drinking
water, a daily variation in plasma CORT is maintained
(although at supraphysiological levels). Although timed
daily injections of CORT may also result in similar peak
levels after the injection, such treatments require daily ex-
perimental interventions that serve as a repeated stress.
Moreover, the effects of a bolus of CORT are very differ-
ent from the gradual rise and fall that drinking water ex-
posure provides. Our model also used animals with intact
adrenals. Although the adrenal glands atrophy during the
course of the treatment (see Table 1), after a 4-wk CORT
washout, they return to near normal weight (our unpub-
lished observation). This could provide a useful way to
probe the long-term effects of short-term chronic CORT
exposure on physiology, and a way to determine how
HPA-axis reactivity has been altered by such a treatment
after CORT has been removed. We acknowledge that this
methodology is not without drawbacks (e.g. potentially
different metabolism of oral vs. adrenal CORT, lack of
specific control of total dosing in each individual mouse),
but the experimental benefits outweigh the potential costs,
with these technical considerations taken into account.

An additional strength in our current model is the re-
capitulation of some of the key temporal aspects of Cush-
ing’s syndrome. Although chronically high levels of cor-
tisol in the plasma is a key aspect of Cushing’s syndrome,
the most reliable measure for diagnosis is very high late
night (i.e. 2200-2400 h) plasma cortisol (15). Our high-
CORT animals parallel these aspects of the syndrome,
with both high baseline levels of CORT (~200 ng/ml), as
well as a peak in CORT at the end of the night (rather than
at the beginning). Such a pattern could not be reproduced
with pellets alone. Moreover, how this “shift” in the di-
urnal pattern of CORT could contribute to the physio-
logical and metabolic problems observed in this model is
an important area for future research.

Chronic CORT treatment and metabolic
dysregulation

We show a profound metabolic phenotype after
chronic (4 wk) treatment with CORT, causing a clear dys-
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regulation of multiple metabolic systems. Although high
CORT resulted in obesity and dramatically increased
plasma leptin and insulin, the effect of CORT dosage on
the correlation between leptin and insulin levels is partic-
ularly interesting. Leptin is secreted by adipocytes and
plays an important role in regulation of food intake, in
part by serving as a signal of the amount of adipose tissue
in the organism. High levels of leptin suggest that meta-
bolic needs are being met, or exceeded, and hence feeding
is suppressed. Animals lacking leptin (e.g. the ob/ob
mouse), or animals lacking the receptor for leptin (e.g. the
db/db mouse), become remarkably obese, even on normal
chow (24-26). The very high leptin levels observed in our
high-CORT mice are equivalent to those observed in diet-
induced obese mice, and coupled with their hyperphagia,
high body weight, and impaired pSTAT3 induction in re-
sponse to leptin challenge (see Supplemental Fig. 1), sug-
gest that high-CORT treatment results in leptin resistance.

In comparison, insulin serves as a key signal of plasma
glucose levels, with high levels of insulin signaling organs
and tissues to take up glucose from the bloodstream. In
type 2 diabetes, individuals become resistant to insulin
signals, and insulin resistance is posited to play an impor-
tant role in the development of the metabolic syndrome
(27,28). Overall, the levels of insulin and leptin were very
high in high-CORT animals, suggesting the development
of a resistance to the actions of both of these hormones.
This result is in agreement with recent findings in an adre-
nalectomized and CORT pellet-treated rat model, where
elevated WAT, plasma insulin, and plasma leptin were
found, but with no concomitant body weight increase re-
ported (18).

Although we found that levels of plasma insulin and
leptin were not strongly correlated in vehicle-treated
animals, as CORT dosage increased, a correlation be-
tween these hormones became clearer. This pattern of
results leads us to suggest that high CORT can drive the
production of insulin and leptin, which may eventually
resultin the organism becoming resistant to one or both.
Mechanistically, it remains unknown whether CORT
directly drives production and release of insulin and/or
leptin from the pancreas and adipocytes, respectively,
or whether it is secondary effects of CORT treatment
that results in these hormones being increased. How-
ever, as we describe below, there is evidence for direct
glucocorticoid effects on leptin production, both in vitro
and iz vivo (29-31).

Interactions between CORT and insulin and leptin
The interaction between CORT and insulin is an im-

portant issue, particularly when one considers that in

some cases, these two hormones may act to resist each
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others’ effects, whereas in other cases, they may act in an
additive or synergistic fashion (16). The work of Dallman
et al. (32-34) has been central to the investigation of in-
teractions between the stress axis and metabolism. Impor-
tantly, this group has shown that stress and stress hor-
mones can alter food preferences, with a dose-dependent
effect of glucocorticoids on sucrose, saccharin, and lard in
adrenalectomized animals (17, 35, 36). Insulin is usually
anorectic, with inhibitory actions on orexigenic neuropep-
tide-Y neurons. This is coupled with excitatory effects on
anorexigenic proopiomelanocortin (POMC) neurons in
the arcuate nucleus of the hypothalamus. However, when
streptozotocin (i.e. diabetic) adrenalectomized CORT-
treated rats are given a choice between regular chow and
lard, insulin actually increases the animals’ consumption
of lard, in a dose-dependent manner (17). This highlights
the important interactive role between metabolic and
stress hormones. It further underscores that disruptions in
one hormone system, coupled with disruptions in another
hormone system, can lead to unexpected and integrative
outcomes.

Our leptin findings also raise important questions. It is
clear that the high-CORT animals become obese and show
very high levels of leptin. However, in the low-CORT
group, although animals do not to gain significant weight
or elevated WAT levels, they still show a modest elevation
in plasma leptin. The origins of this elevated leptin in the
low-CORT group are unknown. However, significant
work has been undertaken looking at both the i vivo and
invitro stimulation of leptin production by CORT. In vivo
dexamethasone can stimulate plasma leptin expression
(29, 30) and elevate adipose tissue expression of leptin
(37). In parallel, in vitro studies have demonstrated that
dexamethasone can increase leptin mRNA in adipose cul-
tures within 24-48 h (31), although these effects seem to
be modulated by the origin of the adipose depot. Thus,
elevated leptin levels observed in our model could be due
to a driving aspect of CORT on leptin itself.

Chronic CORT in the drinking water as a model of
the metabolic syndrome

Our results suggest that high-CORT-treated animals
are suffering from several aspects of the metabolic syn-
drome, which is defined as a series of risk factors and
physiological markers that place an individual in greater
risk of negative cardiovascular outcomes associated with
obesity (14). Important factors contributing to the devel-
opment of the metabolic syndrome include decreased be-
havioral output, leptin and/or insulin resistance, and in-
creased triglyceride levels, as well as obesity. All of these
measures are elevated in high-CORT animals. Impor-
tantly, high-CORT animals also show impaired glucose
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tolerance, suggesting a significant alteration in glucose uti-
lization, likely related to the development of the hyperin-
sulinemic and potentially insulin resistant state. That this
reduced glucose tolerance is not present after 2 wk of treat-
ment suggests that it is not merely high circulating plasma
CORT that impairs glucose clearance, but that long-term
exposure to high-CORT levels gradually alters the regu-
lation of glucose metabolism.

Thus, we propose that the high-CORT treatment used
in the present study could serve as a method to induce
metabolic syndrome in the mouse. This method takes ef-
fect in a relatively short period of time (4 wk) compared
with most other methods, including high-fat feeding (4 -5
months), which may be confounded with age effects. The
mechanisms by which chronic CORT results in these met-
abolic changes are undoubtedly complex and interrelated.
Moreover, they likely involve both the central and periph-
eral actions of glucocorticoids. Centrally, the feeding phe-
notype could be related to changes in the POMC system.
It has been shown that low dose CORT (equivalent to our
25 wg/ml dose) can exacerbate the obesity and metabolic
phenotype observed in POMC deficient mice, but not in
wild-type mice (38, 39), similar to what we report. In this
context, we propose that low-CORT treatment could “set
the stage” for further metabolic or physiologic insults to
precipitate a shift from a mild phenotype, to one showing
obesity and other signs of metabolic syndrome.

Contrasting chronic CORT and chronic stress

In the present work, high CORT (100 ug/ml) resulted
in animals gaining a significant amount of weight over a
relatively short time, accompanied by atrophy of the thy-
mus and adrenal glands. When compared with the chronic
stress literature, these results may seem somewhat puz-
zling. Multiple types of chronic stressors result in marked
body weight loss and hypertrophy of the adrenal glands in
rat (5,40-43). Although having effects similar to chronic
stress (e.g. thymus involution), chronic CORT exposure in
the drinking water resulted in increased body weight and
adrenal atrophy. Because stress results in the mobilization
of many other hormones and factors, including epineph-
rine and norepinephrine, ACTH, CRH, vasopressin, and
B-endorphins, their interactive (or counteractive) effects
may change the metabolic outcome. Thus, the effects in the
present study may represent more an effect of chronic
CORT than an effect of chronic stress.

Considerations of long-term effects after
short-term chronic CORT

Interesting work by Gourley et al. (44) has used a sim-
ilar methodology to probe the behavioral effects of short-
term CORT in the drinking water on motivated behaviors
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after a “washout” period (i.e. the longer term ramifica-
tions after CORT levels return to baseline). They found
that after a 20-d CORT treatment and a 3-wk washout,
animals treated with CORT showed decreased responding
in an operant task of motivation, which was acquired be-
fore the CORT treatment, and that these effects are re-
versed when animals are treated with the antidepressant
amitriptyline for 7 d before testing (44). However, no dif-
ferences in body weight were reported in the Gourley et al.
(44) study. It is important to note that in that experiment,
the authors used 4-pregnen-11 21-DIOL-3 20-DIONE
21-hemisuccinate CORT, which has a different rate of
metabolism and clearance than the free-CORT, which we
used in the present study; thus potentially altering the
amount of exposure to CORT in the circulation. This dif-
ference, coupled with a treatment time almost 2 wk shorter
than ours, may explain why the authors did not note a
weight gain as shown in our study. However, the results of
this study suggest that there could be longer-term effects of
short-term CORT exposure.

Future directions

We believe that the model we present can serve as a
starting point to ask mechanistic questions about how
changing both the level, and timing, of plasma CORT can
affect physiology and behavior. Using CORT in the drink-
ing water in adrenally intact animals, rather than tonic
replacement with pellets in adrenalectomized animals,
more closely resembles the physiological realities of Cush-
ing’s syndrome (15). Moreover, with intact adrenal
glands, future questions can be asked of recovery, which
cannot be addressed after adrenalectomy. Because this
treatment results in a change in the pattern of CORT in the
plasma, future work can be asked about how this treat-
ment impacts circadian rhythmicity and physiological fac-
tors depending on CORT rhythms, because there are well-
known influences of CORT on circadian “clock gene”
expression throughout the brain (45, 46) and body (47,
48). How “reprogramming” clock gene expression (by
altering the daily patterns of plasma CORT as we do here)
affects physiology and behavior are still unknown, but is
surely an important avenue for future research. Consid-
ering that animal models bearing genetically disrupted
clocks have increased obesity and metabolic disruption,
understanding the contribution of disruption of circadian
clocks by disturbing normal CORT rhythms is also very
important.

Conclusions

In conclusion, the present study has shown that chronic
short-term (4 wk) exposure to CORT in the drinking wa-
ter results in a phenotype that mimics the metabolic syn-
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drome. Physiologically, we have shown that CORT treat-
ment results in elevated nighttime plasma CORT, atrophy
of thymus and adrenals, as well as increased weight gain
and disruption of insulin and leptin hormone levels. An-
imals on high CORT also develop an impaired glucose
tolerance. Behaviorally, CORT treatment results in hy-
perphagia and decreased home-cage activity. The model
that we present can be an important tool in unraveling the
connections between stress hormone-induced changes in
endocrine function and physiology and the ramifications
of exposures to high levels of CORT on the future func-
tioning of the organism.
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