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Anatomic, Hematologic, and Biochemical Features
of C57BL/6NCrl Mice Maintained on Chronic
Oral Corticosterone

Amy E Cassano,"” Julie R White,' Kelley A Penraat,® Christopher D Wilson,” Skye Rasmussen," and Ilia N Karatsoreos?

Metabolic syndrome is a condition that typically includes central obesity, insulin resistance, glucose intolerance, dyslipidemia,
and hypertension. Disruption of the hypothalamic—pituitary—adrenal axis, a regulator of corticosterone secretion, occurs in some
cases of metabolic syndrome and obesity, and Cushing hypercortisolemia is associated with obesity and metabolic disorders. We
therefore assessed anatomic and clinical pathology in C57BL/6NCrl mice to evaluate the effects of chronic corticosterone in the
drinking water at doses of 25, 50, and 100 ug/mL for 25 d. Treated mice developed obesity, glucose intolerance, electrolyte aberra-
tions, and dyslipidemia that were dose-dependent and most severe in the 100-ug/mL treatment group. To evaluate return to normal
function, additional C57BL/6NCrl mice received corticosterone-free water for 2 wk after the 25-d treatment period. According to
results of gross examination, mice appeared to recover within days of exogenous corticosterone withdrawal; however, adrenal gland
vacuolation and protein, lipid, and electrolyte abnormalities persisted. Together, these findings support chronic corticosterone ex-
posure through the drinking water as a potentially useful, noninvasive method to induce some features of metabolic syndrome.

Obesity and associated metabolic dysfunctions are an increas-
ing public health concern in modern Western society. In humans,
obesity and metabolic syndrome heighten the risk of developing
debilitating and costly illness including diabetes, cardiovascular
disease, stroke, and some forms of cancer.**” Mounting evidence
indicates that stress and associated hormones such as cortisol
(corticosterone in rodents) contribute to the development of meta-
bolic syndrome. Furthermore, regional glucocorticoid metabo-
lism in adipocytes is proposed to be involved in the pathogenesis
of metabolic syndrome.®!*7?75¢ Cushing syndrome, iatrogenic hy-
percortisolemia, and metabolic syndrome share clinical and phys-
iologic similarities, including central obesity, insulin resistance,
glucose intolerance, dyslipidemia, and hypertension.!?3!3541.4¢
How glucocorticoids contribute to the development of these
problems remains unclear.

Numerous clinical and experimental studies have linked stress,
diet, and lifestyle choices to changes in risk factors associated
with the development of metabolic disorders.?7102133364255 How
corticosterone influences this risk remains unclear. Although cor-
ticosterone has beneficial short-term effects, long-term corticos-
terone exposure can result in damage to the physiologic systems
it protects acutely.” Disruption of this physiologic signal occurs
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in numerous disparate disorders, ranging from depression to
Cushing syndrome.!¢?>%5 Therefore, understanding the effects
of chronic high corticosterone on metabolism and physiology is
of key importance.

To clarify how chronic treatment with corticosterone alters the
physiology of an organism, we treated adrenally intact adult male
mice with corticosterone in drinking water for 4 wk. Furthermore,
we examined the return of physiology 2 wk after withdrawal of
chronic corticosterone administration. We used this approach as
a rapid (3- to 4-wk), noninvasive method of altering plasma cor-
ticosterone levels that enabled us to retain some integrity in the
diurnal rthythm present in normal animals.

We previously characterized the gross metabolic consequences
of exogenous noninvasive corticosterone delivery in the drinking
water.?*® In those studies, we found that high doses of corticos-
terone (100 ug/mL) resulted in rapid and dramatic hyperphagia;
weight gain; increased adiposity; elevated plasma corticosterone,
leptin, insulin, and triglyceride levels; and decreased homecage
locomotion.” Moreover, several studies have shown that a lower
dose of corticosterone (25 ug/mL) resulted in an intermediate
phenotype in some of these measures but had no effect on oth-
ers.12142023.28384247 A such, the high corticosterone dose results
in a phenotype that satisfies most of the criteria for metabolic
syndrome as defined by the National Heart, Lung, and Blood
Institute and the American Heart Association.”® However, little
information is available on the resulting histologic, hematologic,
and serum chemical profiles associated with this treatment. We
sought to more fully characterize this model to support selection of



the model that most accurately reflects the human disease condi-
tions under study. In-depth characterization of the model also
provides more precise measurements of response to therapies
intended to ameliorate the effects of the treatment.

The current study provides a detailed examination of the
physiologic effect of 3 dosages of corticosterone—low (25 ug/
mL), intermediate (50 pg/mL), and high (100 ug/mL) doses—in
drinking water. The goal was to extend the previous findings that
established this regimen as a model of metabolic syndrome by
exploring the detailed physiologic changes associated with this
model and to assess whether and how treated mice recover after
withdrawal of the corticosterone treatment. We propose that the
physiologic changes observed in the mice treated with high-dose
corticosterone approximate changes observed in human patients
with metabolic syndrome and that these mice potentially serve as
a model for hypercortisolemia and associated obesity. In addition,
we hypothesized that 2 wk of recovery from corticosterone treat-
ment would not completely resolve cellular and clinical patholo-
gies characterized during treatment, given the numerous changes
in physiology.

Materials and Methods

Animals. Animal research was conducted in an AAALAC-ac-
credited facility and was IACUC-approved. The study population
included 81 adrenally intact male C57BL/6nCrl mice (weight, 19
to 21 g; age, 35 to 42 d at arrival; Charles River, Kingston, NY).
Mice were specified by the vendor to be free of mouse hepatitis
virus, mouse parvovirus, minute virus of mice, reovirus, Sendai
virus, Ectromelia virus, murine rotavirus, lymphocytic choriomen-
ingitis virus, murine norovirus, pneumonia virus of mice, Myco-
plasma pulmonis, and bacterial and parasitic infections. Mice were
housed 4 per cage in open top, static cages (Thoren, Hazleton,
PA). A lightbox cabinet (Phenome Technologies, Lincolnshire,
IL) system was used as a secondary enclosure. All effluent air
was exhausted directly into the building’s HVAC system. Ani-
mals were housed on irradiated corncob bedding (Bed-o’cobs
and Pure-o’cel, The Andersons, Maumee, OH) with supplemental
synthetic absorbent materials (ALPHA-dri, Shepherd Specialty
Papers, Milford, NJ) and were provided free access to a standard
irradiated diet (LabDiet 5053, Purina Mills International, St Louis,
MO) and municipal tap water. Environmental parameters were
21+2°C, 30% to 70% humidity, and 10 to 15 air-exchanges hourly.
Mice were maintained on a 12:12-h light:dark cycle (0600 to 1800)
and were provided a 5-d (minimum) acclimation period prior to
initiation of corticosterone treatment.

Corticosterone treatment. After the acclimation period, cages of
mice were assigned randomly among 4 treatment groups. Mice
were not weight-matched prior to treatment group assignment.
Treatment groups received 25 pg/mL (low), 50 ug/mL (inter-
mediate), or 100 ng/mL (high) of free-corticosterone (Sigma,
St Louis, MO); the control group received 1% ethanol in drinking
water. Corticosterone solutions were prepared by dissolving cor-
ticosterone in 100% ethanol and then mixing this solution with
tap water to obtain a final ethanol concentration of 1%. Animals
were weighed, cages were changed, and fresh drinking water
solutions were prepared for each treatment group weekly.

One cohort of 49 animals was treated with low (n = 12), inter-
mediate (n = 12), or high (1 = 13) doses of corticosterone or 1%
ethanol control (1 = 12) for 25 d followed by CO, euthanasia and
sample collection. The recovery cohort of 32 animals (8 mice per
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treatment group) received corticosterone for 25 d as described,
after which all treatment groups received 1% ethanol in drinking
water for 14 d prior to euthanasia and sample collection. This
2-wk period allowed evaluation of the extent of recovery from the
effects of exogenous corticosterone. Samples from all treatment
groups were collected at midday to minimize the effects of varia-
tion due to the circadian cycle.

One control mouse from the treatment cohort died during
the acclimation period, and an intermediate-dose mouse from
the recovery cohort died midexperiment. Another 7 mice were
excluded from analysis due to confounding changes in clinical
pathology that were unrelated to experimental manipulation,
including severe preputial gland adenitis with myeloid hyperpla-
sia, brain and spinal cord histiocytosis, meningoencephalitis, and
a study protocol deviation that resulted in lack of access to water
for the proposed period of time. In some cases, not all samples
were analyzed due to lack of sufficient blood or urine volume.

Clinical pathology. Individual urine samples were collected by
gently restraining each mouse over wax film until urination was
noted.** A refractometer (model 1310400A, Reichert Technologies,
Depew, NY) was used to measure urine-specific gravity, and re-
agent strips (Multistix 10 SG Reagent Strips, Siemens Healthcare
Diagnostics, Deerfield, IL) were used to measure urine glucose.
Due to the high concentration of mouse urine, some samples re-
quired 2- to 3-fold dilution with sterile water prior to measure-
ment on a standard refractometer. Blood samples (approximately
1 mL) were collected via cardiocentesis under deep CO, sedation
by using a 25-gauge, 5/8-in. tuberculin-type needle with a 1-mL
syringe. Blood samples were transferred into EDTA or serum
separator tubes (BD Microtainers, Becton Dickinson, Franklin
Lakes, NJ) and were submitted for CBC and serum chemistry
analysis, respectively. Samples collected in serum separator tubes
were allowed to clot for 15 min prior to serum separation. CBC
tubes and serum samples were sent to ALX Laboratories (New
York, NY) for analysis. Within 5 min of euthanasia, each mouse
was weighed, and a bone marrow sample was collected from
the femur. Bone marrow slides were processed using a Wright—
Giemsa stain. All CBC data, serum chemistries, and bone marrow
smears were analyzed by a veterinary clinical pathologist who
was blinded to individual treatment groups.

Anatomic pathology. A complete necropsy was performed on all
mice. Spleen and liver weights were recorded. The adrenal glands
and thymus were formalin-fixed overnight and then trimmed un-
der a dissecting microscope to remove surrounding fibroadipose
tissue prior to being weighed. Brown fat was collected from the
intrascapular region for histologic analysis. Tissues were fixed in
10% neutral buffered formalin, trimmed, paraffin-embedded, and
cut into 5-pm-thick tissue sections. Histopathology slides were
processed routinely and stained with hematoxylin and eosin. A
veterinary pathologist, blinded to individual treatment groups,
examined all tissues, scored histologic changes, and measured
formalin-fixed pituitary gland thickness ex vivo. Thymus, spleen,
and lymph nodes were scored based on lymphoid depletion, in
which a score of 1 indicated no depletion, 2 indicated minimal to
mild depletion, 3 indicated moderate depletion with notably de-
creased lymphocytes, and 4 indicated marked depletion with rare
lymphocytes. The liver and adrenal glands were scored on de-
gree of vacuolation, where a score of 1 indicated no vacuolation,
2 indicated minimal to mild vacuolation, 3 indicated moderate
vacuolation, and 4 indicated marked vacuolation. Brown fat was
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Figure 1. Initial and final body weights in mice. (A) Initial body weights were not significantly different between control and corticosterone-treated
groups. (B) A significant increase in body weight occurred after treatment in both the intermediate (50 pg/mL) and high (100 ug/mL) treatment groups,
when compared with control (1% ethanol) and low (25 ug/mL) treatment groups. *, Significant (P < 0.05) difference compared with the initial value.

scored based on vacuole size compared with a known control.
A score of 1 indicated that vacuole size was equivalent to con-
trol vacuole size, 2 indicated a mild increase in vacuole size with
some confluent vacuoles, and 3 indicated moderately increased
vacuole size with many confluent vacuoles.

Statistical analysis. Results were interpreted by comparing cor-
ticosterone-treated animals (25, 50, or 100 ug/mL corticosterone)
with concurrently assessed control animals (1% ethanol). Similar-
ly, recovery was assessed by comparing the corticosterone-treated
recovery groups with the concurrently evaluated control group.
Individual and mean percentage change or fold change from con-
current control values was used to describe and quantify treat-
ment-related changes. For the final body weights, because there
was no difference between control and low corticosterone-treated
groups and no difference between the moderate- and high-dose
corticosterone-treatment groups, these values were combined.

One-way or 2-way ANOVA, with adjustment for repeated mea-
sures when indicated, were used for statistical analysis followed
by post hoc Tukey or Bonferroni multiple-comparison tests. For
final body weight, a 2-tailed t test was done. All analyses were
performed by using Prism 5.0 (GraphPad, San Diego, CA). Re-
sults were considered statistically significant when the P value
was less than 0.05.

Results

Weight gain during chronic corticosterone administration. Ini-
tial body weights did not vary between treatment groups (one-
way ANOVA, Figure 1 A). After 4 wk of treatment, a difference
in body weight was detected, with combined intermediate (50
ug/mL) and high (100 pg/mL) -dose treatment groups weighing
significantly (2-tailed f test, P = 0.0308) more than combined con-
trol and low (25 pug/mL) —dose groups (Figure 1 B). This weight
difference represented an approximately 10% increase in body
weight over 25 d of treatment.

When examined over time, chronic corticosterone treatment
through the drinking water resulted in dose-dependent weight
gain (2-way repeated-measures ANOVA, P < 0.05; Figure 2 A).
Confirming our previous results,” effects were observed for time,
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treatment dose, and a timexdosage interaction (P < 0.0001). After
1 wk of corticosterone treatment, only the low-dose corticoste-
rone group weighed significantly (Bonferroni, P < 0.05) less than
did the control group. On day 14, the low-dose corticosterone
group weighed less than did both the control and high-dose
groups (Bonferroni; P < 0.01 and P < 0.0001, respectively). In ad-
dition, on day 14 the intermediate-dose corticosterone-treatment
group weighed less than did the high-dose group (Bonferroni, P
< 0.01). By 21 d of treatment, the high-dose corticosterone group
had gained significantly (Bonferroni, P < 0.000) more weight than
had the control and low-dose groups, and the intermediate-dose
group weighed more (Bonferroni, P < 0.0001) than did the low-
dose group. By the final day of corticosterone treatment (25 d),
the intermediate treatment group weighed more (Bonferroni, P <
0.0001) than did the control and low-dose groups. In addition, the
high-dose corticosterone-treatment mice weighed more than did
the control and low-dose groups on day 25 of treatment (Bonfer-
roni, P < 0.01 and P < 0.0001, respectively).

Because the current study replicated the findings of previous
reports that indicated effects on body weight and because a previ-
ous finding from our group indicated a change in the mass of the
gonadal fat pad,” we explored histologic effects on adipocytes.
In the present study, due to a great amount of variability in the
vacuole size of white adipose tissue, we were unable to ascertain
reliable histologic differences in white adipose tissue (data not
shown). However, our histologic scoring system revealed a rela-
tive increase (one-way ANOVA, P < 0.0001) in the size of brown
fat vacuoles in corticosterone-treated mice compared with con-
trols (Tables 1 and 2).

Body weight change during recovery from corticosterone ad-
ministration. All treatment groups showed rapid normalization of
body weight by 14 d after the cessation of corticosterone admin-
istration (2-way repeated-measures ANOVA, Figure 2 B). Effects
were observed for time (P < 0.0001), treatment dose (P = 0.0069),
and timexdosage interaction (P < 0.0001). After 1 wk of recovery
on 1% ethanol, only the low-dose corticosterone-treatment mice
weighed significantly less (Bonferroni, P < 0.01) than did the high-
dose mice. After the full 2-wk recovery period, no statistical dif-
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Figure 2. Chronic corticosterone treatment affects body weight gain
in mice in a dose-dependent manner. (A) Corticosterone treatment re-
duced body weight gain early during treatment in low-dose (25 ng/
mL) corticosterone-treated mice and accelerated weight gain by the end
of treatment in high-dose (100 pg/mL) corticosterone-treated animals.
Mice receiving the 50-ug/mL dose of corticosterone showed an inter-
mediate effect on body weight gain. (B) A similar pattern of weight gain
occurred during the first 25 d of corticosterone treatment, and by 14 d
after corticosterone withdrawal, body weights were comparable among
all treatment groups. *, Significant (P < 0.05) difference compared with
the initial value.

ference in body weight was noted between corticosterone-treated
and control mice.

Effect of chronic corticosterone treatment on organ size. Cor-
ticosterone treatment led to a change in liver size (one-way
ANOVA, P = 0.0003; Table 3), with a significant (Tukey, P < 0.05)
increase in liver size in the high-dose group compared with the
low- and intermediate-dose groups. Thymus (one-way ANOVA,
P < 0.0001; Table 3) and spleen (one-way ANOVA, P < 0.0001;
Table 3) size decreased relative to total body weight with corticos-
terone treatment. All corticosterone-treated mice had significantly
(Tukey, P < 0.05) lower thymic weights, compared with controls.
Low-dose corticosterone-treatment mice had smaller (Tukey, P <
0.05) spleens than did the control group, and intermediate- and
high-dose groups had smaller spleens (Tukey, P < 0.05) than did
low-dose and control mice, representing a dose-dependent effect.
Adprenal atrophy was noted in all corticosterone-treated groups
(one-way ANOVA, P <0.0001; Table 3).

Recovery of organ size after corticosterone withdrawal. Liver
size relative to total body weight was smaller (Tukey, P < 0.05;
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Table 3) in high-dose animals compared with low- and interme-
diate-dose groups but not controls. During the recovery period,
thymus weight remained smaller (Tukey, P < 0.05; Table 3) in
intermediate- and high-dose mice compared with the low-dose
corticosterone-treatment group. In addition, adrenal gland size
remained relatively small (Tukey, P < 0.05; Table 3) in low- and
high-dose groups compared with intermediate and control
groups. After a 2-wk recovery period, there was no statistical
difference in splenic size between treatment groups (one-way
ANOVA, P = 0.0669; Table 3).

Histologic alterations resulting from corticosterone treatment.
Lymphoid organs were scored for degree of lymphoid depletion;
liver and adrenal glands were scored for degree of cytoplasmic
vacuolation; and brown fat was scored based on vacuole size
(Figure 3). After corticosterone treatment, significant (one-way
ANOVA, P < 0.0001; Table 1) lymphoid depletion was noted in
the thymus and lymph nodes. The high-dose corticosterone-treat-
ment group had the most severe lymph node lymphoid deple-
tion, compared with the control, low-dose, and intermediate-dose
groups (Tukey, P < 0.05). Post hoc analysis revealed no significant
differences in splenic lymphoid depletion between treatment
groups (Tukey, P > 0.05; Table 1).

Corticosterone treatment increased (one-way ANOVA, P <
0.0001, Table 1) vacuolation of both centrilobular and periportal
hepatocytes. Hepatocyte vacuolation was greatest (Tukey, P <
0.05) in the intermediate- and high-dose treatment groups. The
livers of the mice in the 100-ug/mL group were grossly enlarged
compared with those of the low- and intermediate-dose groups,
consistent with histologic findings.

Prolonged corticosterone treatment was associated with in-
creased vacuolation of the zona fasciculata cortical cells (one-way
ANOVA, P < 0.0001, Table 1), but not in the zona glomerulosa
cells (one-way ANOVA, P = 0.4206, Table 1) of the adrenal gland.
However, no significant differences were noted in pituitary gland
thickness between treatment groups (one-way ANOVA, P =
0.2115, Table 2).

Cellular recovery after corticosterone withdrawal. After a 2-wk
recovery period, no difference was noted in lymphoid depletion
in the thymus and spleen or in vacuolation in the adrenal zona
glomerulosa (one-way ANOVA, P = 0.5191) and liver (one-way
ANOVA, P = 0.4345) between treatment groups (Table 2). Cor-
ticosterone-treated mice continued to have increased (one-way
ANOVA, P =0.0039, Table 2) cortical vacuolation in the adrenal
zona fasciculata compared with that of controls after the recov-
ery period. Histologically, lymphoid depletion in lymph nodes
was greater in the intermediate-dose corticosterone-treatment
group than in low- and high-dose groups (Tukey, P < 0.05) but
not the control group (Table 2). The pituitary gland thickness of
high-dose corticosterone-treatment mice was less (Tukey, P < 0.05,
Table 2) than that of the control and intermediate-dose groups.
Brown fat vacuoles remained enlarged (Tukey, P = 0.05) in the
low-dose treatment group compared with the intermediate-dose
group, but this effect did not occur in the control and high-dose
groups (Table 2).

Corticosterone-induced changes in hematologic and bone
marrow parameters. Corticosterone treatment decreased WBC
count (one-way ANOVA, P = 0.0013, Table 4) and both the abso-
lute count and percentage of circulating lymphocytes (one-way
ANOVA; absolute lymphocytes, P < 0.0001; percentage lympho-
cytes, P = 0.001; Table 4). Intermediate- and high-dose mice had
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Table 1. Histologic scoring of tissues in mice after 25 d of corticosterone treatment

Dose of corticosterone (ug/mL)

0 25 50 100
Thymus 1(n=9) 2.00 (1 = 10)° 2.60 (1 = 10)>< 3.18 (n = 11)
Lymph nodes 1(n=9) 1.16 (n =9)° 1.59 (n = 11)° 1.75 (n=9)°
Spleen 1(n=9) 1.30 (n = 10)° 1.00 (n = 11)° 145 (n = 11)°
Liver 2 (n=9) 1.67 (n = 10)° 1.09 (n = 11)° 244 (n =11)°
Adrenal gland, zona fasciulata 1(n=28) 2.76 (n = 10)° 251 (n=11)° 2.76 (n = 10)°
Adrenal gland, zona glomerulosa 2 (n=8) 0.97 (n = 10)* 0.88 (n=11) 1.09 (n = 10)*
Brown fat 1(n=9) 1.50 (n = 10)° 2.25 (n=11)° 2.25 (n =10)°
Pituitary thickness (um) 395 (n =5)° 1.04 (n = 10) 0.93 (n=7) 0.87 (n=11)

Thymus, lymph nodes, and spleen were scored based on lymphoid depletion. The liver, zona fasciculata, zona glomerulosa, and brown fat were scored
based on the presence and relative size of vacuoles. In addition, ex vivo thickness of formalin-fixed pituitary gland was measured. Values for control
(0 ug/mL) group expressed as mean values for each tissue; those for treated groups (25, 50 and 100 pg/mL) are expressed as mean fold change ([mean
treated value — mean control value]/mean control value) from control values. One-way ANOVA with post hoc Tukey multiple comparison tests were
used to compare treated samples with control values. For each tissue, treatment values with different superscript letters are significantly (P < 0.05)
different from each other.

Table 2. Histologic scoring of tissues in mice after 25 d of corticosterone treatment followed by a 14-d recovery period

Dose of corticosterone (ug/mL)

0 25 50 100
Thymus 1(n=4y 1.00 (n = 8)° 1.00 (n =7y 1.00 (n = 8)
Lymph nodes 1 (n=4)" 1.00 (n = 8)° 1.67 (n = 6)° 1.00 (n = 8)°
Spleen 1(n=4y 1.00 (n = 8)° 1.00 (n =7y 1.00 (n = 8)
Liver 3 (n=4)y 0.88 (n = 8)° 0.83 (n=7)° 0.75 (n = 8)°
Adrenal gland, zona fasciulata 2 (n=4) 1.92 (n = 8)* 1.81 (n=7)* 2.33 (n=8)°
Adrenal gland, zona glomerulosa 1(n=4)y 1.30 (n =8)* 1.37 (n=7) 1.30 (n = 8)°
Brown fat 1(n=4)p* 1.63 (n = 8)° 1.00 (n=7)° 1.50 (n = 8)*>
Pituitary thickness (um) 458 (n =4)* 0.82 (n =4)* 099 (n=7) 0.68 (n = 8)°

Thymus, lymph nodes, and spleen were scored based on lymphoid depletion. The liver, zona fasciculata, zona glomerulosa, and brown fat were scored
based on the presence and relative size of vacuoles. In addition, ex vivo thickness of formalin-fixed pituitary gland was measured. Values for control
(0 pg/mL) group expressed as mean values for each tissue; those for treated groups (25, 50 and 100 pg/mL) are expressed as mean fold change ([mean
treated value — mean control value]/mean control value) from control values. One-way ANOVA with post hoc Tukey multiple comparison tests were
used to compare treated samples with control values. For each tissue, treatment values with different superscript letters are significantly (P < 0.05)
different from each other.

lower (Tukey, P < 0.05) WBC counts and lower percentages of
lymphocytes than did control and low-dose groups. Neutrophil
percentage increased (one-way ANOVA, P = 0.0008; Table 4) with
corticosterone dose. Post hoc analysis indicated that intermedi-
ate- and high-dose treatment groups had higher (Tukey, P < 0.05)
percentages of neutrophils than did control and low-dose groups.
Absolute monocyte count was significantly lower (Tukey, P <
0.05, Table 4) in the intermediate-dose group compared with the
control group. Platelet counts were significantly higher (Tukey, P
< 0.05, Table 4) in the intermediate-dose group than in the high-
dose group. Peripheral blood showed no significant differences
in absolute counts or percentages of monocytes, eosinophils, or
basophils (data not shown). All corticosterone-treated groups
had higher RBC counts (one-way ANOVA, P < 0.0001; Table 4),
hematocrits (one-way ANOVA, P < 0.0001, Table 4), and hemo-
globin levels (one-way ANOVA, P < 0.0001, Table 4) than did the
control group.

Consistent with peripheral blood cell counts, bone marrow
smear analysis revealed a significant increase in erythroid lin-
eage cells (one-way ANOVA; absolute erythroid, P = 0.0005; per-
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centage erythroid, P = 0.0195). This shift may be due to absolute
erythrocytosis secondary to corticosterone administration or may,
in part, be relative to decreased lymphoid lineage cells (one-way
ANOVA; absolute lymphoid, P = 0.0206; percentage lymphoid,
P =0.0184) in the bone marrow of corticosterone-treated animals.
Corticosterone treatment had no effect on the myeloid population
of the bone marrow (data not shown). In addition, no significant
differences were observed in the ratio of myeloid to erythroid
cells (data not shown).

Restoration of hemogram and bone marrow during recovery.
The WBC counts of chronically corticosterone-treated mice were
not statistically different from those of controls after a 2-wk recov-
ery period on ethanol; however, the low- and intermediate-dose
groups had significantly fewer (Tukey, P < 0.05, Table 5) WBC
compared with the high-dose treatment group. The intermediate-
dose group had a lower absolute lymphocyte count than did the
control and high-dose groups (Tukey, P < 0.05) but not the low-
dose group. The lymphocyte percentage was not different among
treatment groups (one-way ANOVA, P = 0.0927; Table 5). The in-
termediate-dose group had a higher (Tukey, P < 0.05) percentage
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Table 3. Organ weight as a percentage of individual body weight after 25 d of corticosterone treatment (Treatment) and after a 14-d recovery period

(Recovery)
Dose of corticosterone (ug/mL)
0 25 50 100
Treatment Recovery Treatment Recovery Recovery Treatment  Recovery

(n=10) (n=4) (n=12) Treatment n=7) (n=11) (n=238)
Liver 6.00** 5.60¢ -9.29° -1.50° (n = 11) 0.364 12.58" -11.01°
Thymus 0.1670° 0.2012¢ -76.90° -79.11° (n = 11) -23.96° -89.23 -13.09°
Spleen 0.33" 0.374 -33.77° —28.45¢ -57.83 (n =11) -20.04¢ —-62.19¢ -25.03¢
Adrenal gland 0.0177° 0.0140¢ -38.05 -18.26° -59.89° (n = 10) -3.08¢ -55.28" -22.75¢

Values for the control (0 ug/mL) group are expressed as mean % of body weight for each tissue, and those of treated groups (25, 50, and 100 ug/mL)
are expressed as % difference (that is, [mean treated value-mean control]/mean control x 100%) relative to control value. For each tissue, treatment
doses indicated by different letters (a versus b versus c; d versus e) are significantly (P < 0.05; one-way ANOVA with post hoc Tukey multiple-

comparison tests) different from each other.

of eosinophils than did the control and low-dose groups. By the
end of the 2-wk treatment period, the percentages of neutrophils,
monocytes, and basophils (data not shown); absolute eosinophil
(data not shown), platelet, and RBC counts; hemoglobin concen-
tration; and hematocrit did not vary markedly between treatment
groups (Table 5). Likewise, bone marrow smear analysis demon-
strated no significant differences in myeloid, erythroid, or lym-
phoid lineages or myeloid:erythroid cell ratio between treatment
groups after a 2-wk recovery period (data not shown).

Corticosterone-induced serum chemistry alterations. Corticoste-
rone treatment resulted in increases in ALT and AST activity and
in albumin, globulin, total bilirubin, cholesterol, and triglycerides
concentrations (one-way ANOVA, Table 6; ALT, P = 0.002; AST, P
=0.0024; albumin, P < 0.0001; globulin, P = 0.0123; total bilirubin,
P =0.0038; cholesterol, P < 0.0001; triglycerides, P = 0.0023). ALP
decreased (one-way ANOVA, P = 0.0002; Table 6) after corticos-
terone treatment. High-dose corticosterone-treatment mice had
elevated blood glucose (Tukey, P < 0.05, Table 6) and low chloride
(Tukey, P < 0.05, Table 6) concentrations compared with control,
low-dose, and intermediate-dose groups. Serum sodium levels
were elevated (one-way ANOVA, P =0.0017, Table 6) in low- and
intermediate-dose mice compared with control mice. Sodium was
higher in low-dose mice than in control and high-dose groups
(Tukey, P < 0.05) but not the intermediate-dose group. In addi-
tion, the intermediate-dose corticosterone-treatment group had
elevated (Tukey, P < 0.05) sodium compared with that of the con-
trol group. Serum phosphorous was lower (Tukey, P < 0.05) in
the intermediate-dose group relative to the control group only.
A dose-dependent increase in serum calcium concentration oc-
curred (one-way ANOVA, P = 0.0038; Table 6) in corticosterone-
treated mice, with a trend (one-way ANOVA, P = 0.0747; Table
6) for lower serum potassium concentration with corticosterone
treatment. Overall, the anion gap was greater (one-way ANOVA,
P <0.0001; Table 6) in corticosterone-treated mice. BUN was sig-
nificantly (Tukey, P < 0.05) lower in the low- and high-dose mice
compared with intermediate-dose mice, but none of the treat-
ment groups were significantly different from the control group.
Creatinine (data not shown), total CO,, and osmolarity were not
different among treatment groups (Table 6).

Serum chemistry recovery after corticosterone withdrawal. No
difference in ALT, AST, and ALP activity; total bilirubin; albumin;
sodium; calcium; potassium; phosphorus (data not shown) or
blood glucose concentration, total CO,, and osmolarity between
treatment groups was detected after the 2-wk ethanol washout

(Table 7). Corticosterone withdrawal resulted in a dose-dependent
decrease (one-way ANOVA, P = 0.0117, Table 7) in globulin.
Corticosterone treatment elevated globulin concentration, but
withdrawal of exogenous corticosterone resulted in a rebound
effect in the intermediate- and high-dose groups compared with
the control group (Tukey, P < 0.05). Chloride was higher (Tukey,
P <0.05, Table 7) in the high-dose compared with the low-dose
group but was not significantly different than that in the control
or intermediate-dose groups. The anion gap in the low-dose mice
was significantly (Tukey, P < 0.05, Table 7) higher than that in the
high-dose group but not the intermediate-dose or control groups.

A decrease in BUN was observed after corticosterone with-
drawal (one-way ANOVA, P = 0.0178). This effect was dose-
dependent (Tukey, P < 0.05). Creatinine concentration after the
2-wk recovery period was significantly (Tukey, P < 0.05) decreased
in the high-dose corticosterone-treatment group compared with
control and other treatment groups. High cholesterol persisted
in previously corticosterone-treated mice (one-way ANOVA, P =
0.0299, Table 7) but was only statistically significant (Tukey, P <
0.05) in mice treated with the intermediate dose when compared
with control mice. In addition, triglycerides remained elevated
(one-way ANOVA, P <0.0001, Table 7) after recovery in interme-
diate- and high-dose corticosterone-treated mice compared with
control and low-dose mice.

Urinalysis in corticosterone-treated mice. Only the high-dose
mice exhibited glucosuria after 25 d of corticosterone treatment;
glucosuria was observed in 67% (6 of 9) of these mice (data not
shown). No significant difference in urine-specific gravity was
observed with corticosterone treatment (one-way ANOVA, P <
0.6927).

Urinalysis after recovery from corticosterone treatment. No glu-
cose was detected in the urine of any mouse assigned to recovery
groups (data not shown). A dose-dependent increase (one-way
ANOVA, P = 0.029) in urine specific gravity was observed after
the 2-wk corticosterone withdrawal. High-dose corticosterone-
treatment mice had significantly (Tukey, P < 0.05) higher urine
specific gravity as compared with the control group.

Discussion
In this study, we used noninvasive delivery of corticosterone
by means of the drinking water to explore the effects of chronic
high corticosterone on mice. This treatment has previously been
shown to cause gross changes in body weight and adiposity, in-
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Figure 3. Histologic scoring of representative sections of thymus, liver, adrenal glands, and brown fat from mice. Lymphoid depletion in the thymus,
spleen, and lymph nodes was scored from 1 to 4, such that a score of 1 indicated no lymphoid depletion and a score of 4 indicated marked lymphoid
depletion and rare lymphocytes. Vacuolation in the liver and adrenal glands was scored from 1 to 4, such that a score of 1 indicated no vacuolation, and
a score of 4 indicated marked vacuolation. Vacuole size in brown fat was scored on a scale of 1 to 3, such that a score a 1 indicated vacuole size that was
equivalent to that of controls, and a score of 3 indicated a moderate increase in vacuole size with many confluent vacuoles.

metabolic syndrome.*?*® The present study focused on obtaining
a detailed and comprehensive analysis of the anatomic, hemato-
logic, and serum biochemical changes induced by corticosterone
treatment of mice, with the expectation that further characteriza-

creases in hormones including leptin and insulin, increases in
plasma triglycerides, and impaired glucose tolerance.””* These
changes were coupled with decreases in locomotor output and
hyperphagia, and taken together includes some features of the
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Table 4. Selected CBC parameters in mice after 25 d of corticosterone
treatment

Dose of corticosterone (ug/mL)

0 25 50 100

n=9) n=9) (n=11) (n=11)
WBC (x10°/mL) 8.7% -5.4° -50.3° —44 9°
RBC (x10°/mL) 10.2° 8.8° 12.8> 9.4°
Hemoglobin (g/dL) 14.8° 9.1° 13.8 12.2°
Hematocrit (%) 52.1° 8.8° 11.3° 13.7°
Neutrophils (%) 24.3 -2.7° 86.1° 97.3b
Lymphocytes (%) 69.2° 45 -29.3 -34.3
Monocytes (U/uL) 566 -51.5%0 —63.6° —-53.72b
Platelets (x10°) 1615 —1.120 15.3 -8.9°

Values for control (0 pg/mL) group expressed as mean value for each
analyte; values for treated groups (25, 50, and 100 pug/mL) expressed as
% difference from control. Percentage difference = (mean treated value —
mean control value)/mean control value x 100%. One-way ANOVA
with post hoc Tukey multiple comparison tests were used to compare
samples with control (0 ug/mL corticosterone, 1% ethanol) values. For
each parameter, values with different superscript letters are significantly
(P < 0.05) different from each other.

Table 5. Selected CBC parameters in mice after 25 d of corticosterone
treatment followed by a 14-d recovery period

Dose of corticosterone (ug/mL)

0 25 50 100
n=4) (n=8) (n=7) (n=8)
WBC (x10°/mL) 8.0 —35.6° —44.6° 14.1°
RBC (x10°/mL) 9.9 1.1 —4.22 -0.8°
Hemoglobin (g/dL) 14.3° 3.9° ~140 2.3
Hematocrit (%) 52.22 1.8 —4.3 -1.8
Neutrophils (%) 20.3° -3.1° 49.6* 9.3
Lymphocytes (%) 75.8° -1.0 -19.8 —-6.6
Monocytes (U/uL) 3207 -36.7° -18.5 79.4°
Platelets (x10%) 14247 2.9 7.0° -12.8°

Values for control (0 pg/mL) group expressed as mean value for each
analyte; values for treated groups (25, 50, and 100 pg/mL) expressed as
% difference from control. Percentage difference = (mean treated value —
mean control value)/mean control value x 100%. One-way ANOVA
with post hoc Tukey multiple comparison tests were used to compare
samples with control (0 pg/mL corticosterone, 1% ethanol) values. For
each parameter, values with different superscript letters are significantly
(P < 0.05) different from each other.

tion of its effects would support the use of this system as a model
of metabolic syndrome.

Confirming the results of our previous study,® oral corticos-
terone delivered in water resulted in dose-dependent weight re-
sponses. Mice receiving 25 ug/mL corticosterone appeared to
have blunted weight gain, whereas animals receiving 50 or 100
ug/mL corticosterone had accelerated weight gain during the
final 2 wk of the treatment period.” This effect is even more strik-
ing when considered in the context of our previous report that
indicated that this increase in body weight is associated with a
dramatic increase in the mass of the gonadal fat pad.”’ Compara-
tive work has suggested that the effect of exogenous corticoste-
rone administration may be species-specific. Hamster and other
mouse models for metabolic syndrome similarly have demon-

Effects of chronic corticosterone treatment in mice

strated weight gain, especially in the abdominal region.**## This
outcome is in contrast to studies in rats, in which 200 to 400 ug/
mL corticosterone in drinking water resulted in weight loss rela-
tive to that of nontreated controls.'***2 These species- and dose-
associated differences serve to highlight the fact that in-depth
analyses of the organism-wide effects of corticosterone treatment
are needed to fully assess these different models.

Chronic exposure to corticosterone can have pronounced ef-
fects on numerous organ systems. Stress and corticosterone in-
fluence immune function, with acute stress usually leading to
upregulation of many immune system components and chronic
stress resulting in a general reduction in immune responses.” Two
key organs that are important in the immune system, the spleen
and thymus, here showed decreases in size after corticosterone
treatment, consistent with other studies using chronic corticoste-
rone treatment.'>*#2 Transgenic and polygenic models of obesity
and stress models in rodents all have demonstrated reductions of
thymus and spleen size.?>** In the present study, we determined
that during corticosterone treatment the decreased spleen and
thymus weights were due to lymphoid depletion in these organs.
This change in organ structure may underlie both the basal ef-
fects on immune cells that we observed here and effects on the
immune response that have been reported in other models of
chronic stress or chronic corticosterone delivery.”!!

The hypothalamic—pituitary—-adrenal axis is not only respon-
sible for stress-induced release of corticosterone (among other
mediators) but is also the main regulatory circuit that governs
diurnal periodicity of plasma corticosterone. In both nocturnal
and diurnal species, corticosterone begins to rise late in the sleep
phase and peaks just before waking."”** A consequence of chronic
high corticosterone is a shutdown in the hypothalamic—pituitary—
adrenal axis; this cessation can be mediated by central changes
(for example, in the cells of the paraventricular nucleus that se-
crete corticotrophin-releasing hormone or in pituitary adrenocor-
ticotrophs that secrete adrenocorticotropin-releasing hormone) or
by alterations in the structure and function of the adrenal gland.
In our mice, corticosterone treatment reduced the size of the ad-
renal gland, primarily through changes in the zona fasciculata,
which is principally responsible for the production of glucocor-
ticoids. However, corticosterone treatment had no effect on pitu-
itary gland thickness in the current study. Future studies using
immunohistochemical staining of the pituitary gland may reveal
effects on adrenocorticotrophs that could affect the function of
hypothalamic cells containing corticotrophin-releasing hormone.

To further clarify changes observed previously in weight,
leptin, insulin, triglycerides, and glucose tolerance® we examined
the liver, white adipose tissue, and brown fat. We observed liver
enlargement and changes in histologic morphology in the high
corticosterone-treated group, consistent with steroid hepatopathy
and glycogen accumulation as a result of glucocorticoid-induced
dyslipidemia and hyperglycemia. Several case reports in humans
and dogs and one in a domestic cat have demonstrated hepatic
glycogen accumulation from excessive glucocorticoids.?18434>
Glucocorticoids also induce cytologic changes in adipocytes.?
Previous reports using this model found an increase in mass of
white adipose tissue in the gonads.” To extend these findings,
we examined adipocytes for histologic changes. We observed
an increase in the size of brown fat cells in corticosterone-treated
mice, consistent with previous observations in rats and golden
hamsters.”” This change may indicate a shift in thermogenesis
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Table 6. Selected serum chemistry parameters in mice after 25 d of corticosterone treatment

Dose of corticosterone (ug/mL)

0 25 50 100

ALT (U/L) 48.6 (n = 10)° 41 (n=12)p 52.1 (n = 11)* 156.0 (n = 12)°
AST (U/L) 116.5 (1n = 10)° 41.7 (n=12)° 67.9 (n=11)* 123.5 (n = 12)°
Albumin (g/dL) 2.9 (n = 10y 15.5 (n = 12)° 35.0 (n = 11) 414 (n = 12)°
Globulin (g/dL) 2.4 (n =10y 22.0 (n = 10)° 20.0 (n = 11)° 19.6 (n = 12)°
Total bilirubin (mg/dL) 021 (n = 10)* ~0.8 (n=12) 255 (n = 11)* 38.9 (n=12)
ALP (U/L) 92.7 (n = 10)° -27.3 (n = 12)° -30.8 (n = 11)® -32.7 (n =12)°
Glucose (mg/dL) 238.3 (n=9)° -15.0 (n = 10)* =31 m=11) 458 (n =12)°
Cl (mEq/L) 107.8 (n = 10)* -1.0 (n =12)° -1.9 (n = 11y° -6.3 (n=12)°
Na (mEq/L) 151.6 (n = 10) 21 (n=12)° 2.0 (n=11)>< 0.3 (n=12)*

Ca (mg/dL) 10.0 (n =9y 1.1 (n=11)* 7.0 (n =11)b< 8.0 (n =12)

K (mEq/L) 7.8 (n =10)° -3.0(n=12) =55 (n=11) -6.5 (n=12)
Anion gap (mEq/L) 24.7 (n =10) 24.8 (n=11)° 21.6 (n=11)° 332 (n=12)°
Total CO, (mEq/L) 26.9 (n =10) =71 (n=11) 23 (n=11) -5.2 (n=12)
Osmolity (mOsm/kg) 288.4 (n=10) 11.3 (n = 10)° 12.2 (n = 11)° 11.9 (n =12y

Cholesterol (mg/dL) 86.2 (n =10) 33.0 (n=12)° 68.1 (n =11)° 70.5 (n =12)¢

Triglycerides (mg/dL) 99.3 (n=3)* 41.0 (n=8) 97.0 (n=7)* 167.9 (n = 8)®

Values for control (0 pg/mL) group expressed as mean values for each analyte; values for treated (25, 50, and 100 ug/mL) groups expressed as %
difference ([mean treated value — mean control] /mean control x 100%) from control value. One-way ANOVA with post hoc Tukey multiple comparison
tests were used to compared samples with control (0 ug/mL corticosterone, 1% ethanol) values. For each parameter, values with different superscript
letters are significantly (P < 0.05) different from each other.

Table 7. Selected serum chemistry parameters in mice after 25 d of corticosterone treatment followed by a 14-d recovery period

Dose of corticosterone (ug/mL)

0 25 50 100
ALT (U/L) 47.5 (n = 4)° 46.6 (n = 8)® -8.6(n=7) -12.1 (n=8)
AST (U/L) 137.8 (n = 4)° 48.7 (n = 8)® -146(n=7) 7.0 (n = 8)
Albumin (g/dL) 2.9 (n=4) 6.1 (n=8)° 58 (n=7) -1.8 (n=8)
Globulin (g/dL) 2.9 (n=4) -12.6 (n = 8)*® -215(n=7)" -17.8 (n =8)®
Total bilirubin (mg/dL) 0.20 (n = 4)° 25.0 (n = 8)? 71 (n=7) 25.0(n = 8)
ALP (U/L) 97.5(n = 4) 34.5 (n =8)® 20.3 (n=7)° 17.2 (n=8)
Glucose (mg/dL) 214.4 (n=4) -3.5(n=28)° -100(n=7) -4.6 (n=28)
Cl (mEq/L) 108.5 (1 = 4)** 0.0 (n=8)° 0.5 (n=7)* 2.6 (n=8)°
Na (mEq/L) 153.8 (n =4)* 1.4 (n=28) 0.6 (n=7) -0.1(n=28)*
Ca (mg/dL) 10.1 (n =4)* 04 (n=28) 01 (n=7) -09 (n=28)
K (mEq/L) 79 (n=4) -1.6 (n=28)* -0.7(n=7) 0.8 (n=28)*
Anion gap (mEq/L) 25.9 (n = 4)** 154 (n =8)° 13.6 (n =7)*° -5.5(n=28)"°
Total CO, (mEq/L) 27.3 (n=4) -7.3 (n=28) -114n=7)r -5.5 (n =8)°
Osmolity (mOsm/kg) 320.1 (n =4) 0.9 (n=28) 0.0(n=7) -0.7 (n = 8)*
Cholesterol (mg/dL) 823 (n=4) 16.7 (n = 8)*° 226 (n=7)"° 8.2 (n =8)*
Triglycerides (mg/dL) 68.0 (n =4) -11.8 (n =4) 599 (n=7)° 424 (n = 8)°

Values for control (0 pg/mL) group expressed as mean values for each analyte; values for treated (25, 50, and 100 ug/mL) groups expressed as %
difference ([mean treated value — mean control]/mean control x 100%) from control value. One-way ANOVA with post hoc Tukey multiple comparison
tests were used to compared samples with control (0 pg/mL corticosterone, 1% ethanol) values. For each parameter, values with different superscript

letters are significantly (P < 0.05) different from each other.

and may represent a compensatory response to increase energy
output.

We undertook the recovery portion of this experiment to better
understand the physiologic rate of recovery after chronic corti-
costerone treatment withdrawal. Within a few days after with-
drawal of corticosterone treatment, experimentally treated mice
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had regained normal appearance and were indistinguishable
from control mice. However, although previously treated mice
appeared grossly normal, we suspected that long-term metabolic
alterations might persist for weeks after corticosterone treatment
was discontinued. One study reported rapid recovery (4 wk) after
corticosterone treatment withdrawal based on organ size,® but
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Figure 4. Drinking behavior was assessed as the amount of water con-
sumed by an entire cage of mice (1 = 4) on treatment days 7 and 8 and
that consumed by a different cage of mice on days 8, 14, and 15. Al-
though both control mice and those treated with a low dose of corti-
costerone showed a modest decrease in water consumption as the ex-
periment progressed, animals treated with high doses of corticosterone
showed an increase in water consumption.
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this finding contrasts a clinical case report of 12 cats that took
an average of 4.5 mo to appear grossly normal after chronic hy-
peradrenocorticism.” Few studies have examined recovery of
organ size after discontinuation of chronic oral corticosterone ad-
ministration. One study demonstrated that spleen, thymus, and
adrenal gland weights were comparable to control organ weights
4 wk after corticosterone withdrawal.” In the present study, we
examined an earlier time point (2 wk) to more accurately identify
organ recovery after corticosterone treatment. Of the spleen, thy-
mus, liver, and adrenal gland, only the spleen size of previously
corticosterone-treated groups was comparable to that of the con-
trol group at the end of the recovery period. In addition, splenic
lymphoid depletion was not different between corticosterone-
treated and control mice during experimental treatment or after
the recovery period. Small, but significant, differences in liver,
thymic, and adrenal gland size were present 2 wk after corticoste-
rone withdrawal. The persistent differences in organ size that we
observed may be due, in part, to the small size of experimental
groups.

Histologically, liver and thymus showed full recovery 2 wk
after withdrawal of exogenous corticosterone administration. In
addition, lymphoid depletion in the lymph nodes and brown fat
size in corticosterone-treated mice did not differ from those of the
control mice at the end of the recovery period. Reduced pituitary
gland thickness occurred in the high corticosterone-treated group,
the cause of which requires further investigation. The adrenal
glands of mice previously treated with corticosterone had persis-
tent cortical cell vacuolation after the 2-wk recovery period; this
degenerative change indicates incomplete adrenal gland recov-
ery. We did not measure serum corticosterone levels to further
assess adrenal gland function in the current study. Additional
studies are warranted to further clarify the physiologic effects of
exogenous corticosterone treatment and withdrawal.

Effects of chronic corticosterone treatment in mice

Minimal to moderate corticosterone-related clinical patho-
logic changes were apparent in all groups of mice that received
corticosterone in drinking water. In general, these changes were
dose-dependent, numerous, and consistent with corticosterone-
induced systemic change. The peripheral blood cell changes were
typical of what has been reported in cats and rodents with iatro-
genic hyperadrenocorticism, including glucocorticoid-induced
lympholysis, decreased mitosis, and leukocyte redistribution.’*
The higher neutrophil percentage and lower lymphocyte percent-
age in corticosterone-treated mice is consistent with glucocorti-
coid-associated leukocyte redistribution. In addition, the lower
peripheral blood lymphocyte percentage, decreased number of
bone marrow lymphoid lineage cells, decreased lymphoid organ
size, and lymphoid depletion are suggestive of glucocorticoid-
induced lympholysis, with decreased mitosis of lymphoid cells.
Rodents normally have a high percentage* of lymphocytes in the
bone marrow population, comprising one-fifth to one-third of
all bone marrow cells, and therefore a decrease in the lymphoid
lineage would affect the relative composition of other bone mar-
row constituents.

The higher RBC count, hemoglobin concentration, and hema-
tocrit combined with the increased bone marrow erythroid cell
population in our corticosterone-treated mice suggest increased
production of RBC and possible hemoconcentration, as supported
by higher total protein. A study in humans with more than 3 risk
factors for metabolic syndrome also demonstrated significantly
elevated red blood cell counts and hemoglobin.” The elevated
bone marrow erythroid population may partially be due to the
relative decrease in the lymphocyte population. A study in Syrian
hamsters found that acute administration of cortisone depressed
mitotic activity in both the myeloid and erythroid series® and
concluded that acute cortisone administration caused temporary
inhibition of bone marrow cellular proliferation.

With the exception of the WBC count, changes in peripheral he-
matologic parameters were quickly reversed 2 wk after corticos-
terone removal. After corticosterone withdrawal, the WBC count
of the high-dose corticosterone-treatment group was higher than
those of the low- and intermediate-dose groups; however, none
of the corticosterone-treated groups differed significantly from
the control group. These mild differences may be due to individ-
ual animal variability or small sample size. Similar to peripheral
blood cell changes, all corticosterone-induced changes in the bone
marrow were completely reversed after the 2-wk recovery period.
This reversal demonstrates rapid bone marrow progenitor cell
recovery after corticosterone withdrawal. Rebound phenomena
of hematologic parameters can occur after the effects of cortico-
steroids have subsided;’ however, we did not observe rebound
phenomena in our study.

Several significant changes in the serum chemistry profile of
corticosterone-treated mice occurred that are commonly noted
with glucocorticoid administration and metabolic syndrome.
Glucose intolerance and dyslipidemia are key features in Cush-
ing and metabolic syndromes. We observed a significant increase
in blood glucose with glucosuria in the 100-ig/mL mice, sugges-
tive of glucose intolerance. This conclusion is supported by our
previous work that showed hypercortisolemia, hyperinsulinemia,
hyperleptinemia, elevated plasma triglycerides, and functional
metabolic deficits with impaired glucose clearance after glucose
challenge in mice treated for 4 wk with high-dose corticosterone
in water.? In contrast to a previous study® that did not show
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changes in serum glucose concentration between corticosterone-
treated groups, the alterations in blood and urine glucose in the
present study may be due to differences in dose, species, and du-
ration of treatment. In addition, we observed elevated cholesterol
and triglyceride concentrations in corticosterone-treated mice.
Other reports have demonstrated increased blood glucose and tri-
glyceride concentration, and transaminase activity with metabolic
syndrome and glucocorticoid administration in humans, rodents,
and other species.®%202263032

We also noted elevations in ALT and AST activity in our corti-
costerone-treated mice. These findings correlated with the gross
liver enlargement and increased hepatocyte vacuolation, con-
sistent with the glycogen accumulation in the high-dose mice.
In addition, triglycerides and cholesterol can be elevated due to
stimulation of lipolysis by glucocorticoids. We found a decrease
in ALP with corticosterone treatment, whereas a study that used
restraint stress in mice found an increase in ALP and serum corti-
costerone.” In rodents, decreased ALP can occur with decreased
food intake, decreased bone formation, or (rarely) liver enzyme
induction.® We did not measure food intake in the current study,
but a similar previous study revealed an increase in food intake in
corticosterone-treated animals.” We therefore thought it unlikely
that ALP activity was decreased secondary to decreased food in-
take. Human patients with Cushing syndrome are known to have
decreased ALP resulting from the catabolic effects of glucocorti-
coids on bone.?” The cause of the decreased ALP in the current
case may be due to glucocorticoid effects on bone, but we cannot
rule out changes in liver-associated ALP.

We noted significant, dose-dependent increases in both serum
albumin and globulin and increased RBC mass, which are consis-
tent with hemoconcentration and metabolic syndrome.** These
changes were not accompanied by concurrent increases in se-
rum electrolytes or creatinine in the high-dose group, as typically
would be seen with decreased water intake. Another study also
observed increased albumin and globulin in corticosterone-treat-
ed rats.* In contrast, a study of nearly 100 human patients found
a significant decrease in albumin and globulin levels prior to ther-
apy for Cushing syndrome, although the protein concentrations
of these patients remained within published reference ranges.”
Differences in serum albumin and globulin concentrations may
be due to species-specific metabolism, variable metabolism of
exogenous compared with endogenous glucocorticoid excess, or
the chronicity of glucocorticoid excess.

In our study, serum sodium was elevated in the low- and
intermediate-dose corticosterone-treatment groups compared
with that in controls, but sodium concentration decreased with
increasing corticosterone dose despite clinical pathologic evi-
dence of a dose-dependent hemoconcentration. We postulated
that as corticosterone dose increased, renal loss of electrolytes,
water, and BUN increased. Hyperglycemia, glucosuria, greater
chloride concentration compared with sodium concentration,
and increased anion gap suggest accumulation of unidentified
anions, possibly associated with metabolic acidosis in high-dose
mice. A minor effect of elevated albumin may be a slightly el-
evated anion gap.*® Although we did not assess fluid balance in
the current study, the loss of anions or an osmole such as glucose,
combined with decreases in sodium and other blood constitu-
ents, is suggestive of diuresis and possible polyuria and polydip-
sia. When drinking behavior was monitored, water intake did
not differ between control (1% ethanol) and 25-ug/mL groups
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but was significantly greater in the 100-ug/mL group (Figure 4).
Creatinine is minimally affected by diuresis, and no significant
decrease in creatinine concentration was noted. We also noted
a dose-dependent trend in serum potassium loss in high-dose
mice. This change was not statistically significant, but because of
the high biologic effect of potassium on physiology, these small
changes may be biologically important. Hypokalemia has been
reported to occur after exogenous glucocorticoid administration
and during Cushing and metabolic syndromes.??* In addition,
the method of euthanasia used in the present study, CO, inhala-
tion, has been reported to artificially increase serum potassium.*
Lastly, the dose-dependent increase in serum calcium may have
been secondary to an increased bound fraction of calcium due to
increased albumin concentration.

Although the majority of serum chemical parameters returned
to pretreatment control levels after corticosterone withdrawal,
protein, lipid, and electrolyte abnormalities persisted. Serum lev-
els of cholesterol and triglycerides were reduced greatly during
the recovery period, but significant lipid elevations remained in
the intermediate- and high-dose groups. Unlike lipid metabolism,
liver function and glucose metabolism were restored by the end
of the recovery period. The absence of glucosuria and the normal-
ization of blood glucose concentration after removal of exogenous
corticosterone are suggestive of rapid restoration of glucose me-
tabolism after glucocorticoid withdrawal. The absence of glucose
intolerance after 2 wk of corticosterone withdrawal suggests that
high circulating plasma corticosterone alone does not impair glu-
cose clearance, but that long-term exposure to high corticosterone
levels gradually alters the regulation of glucose metabolism. The
liver enzymes ALT and AST and total bilirubin normalized by the
end of the recovery period.

We observed a rebound effect in globulin and chloride concen-
trations. Low BUN and creatinine concentrations and a low anion
gap in the high-dose compared with low-dose group suggested
continued recovery from corticosterone-induced diuresis. This
effect may be due to rehydration, revealing the loss of these ana-
lytes as a result of corticosterone treatment that was previously
masked by dehydration. The increase in urine-specific gravity
in corticosterone-treated mice supports the reestablishment of
normal hydration status after corticosterone withdrawal. A low
creatinine level may be due to decreased muscle mass in cushin-
goid mice. As discussed earlier, persistent vacuolation of the ad-
renal gland was present 2 wk after corticosterone withdrawal; the
zona fasciculata is important in glucocorticoid metabolism; and
glucocorticoids may act on both glucocorticoid and mineralo-
corticoid receptors."” Therefore, persistent cellular damage of the
cortical cells may have contributed to electrolyte abnormalities
and had a role in the reestablishment of hydration status. Finally,
normalization of sodium and albumin concentrations is support-
ive of rehydration after the cessation of exogenous corticosterone
administration.

The provision of corticosterone in drinking water offers several
technical advantages over methods involving dietary manipu-
lation, constant-release pellets, repeated injections, physical or
physiologic stress, or genetic manipulation. Diet-induced obesity
can take weeks to months to develop, consuming both time and
resources.* Surgical models can be developed relatively quickly,
but adrenalectomy with implantation of steroid-releasing pellets
is irreversible and invasive, lacks a physiologic rhythm of corti-
costerone secretion, and accommodates only short-term delivery



of compounds.* Studies involving stressors or repeated injec-
tions can result in the release of confounding stress-associated
hormones and factors, including epinephrine, norepinephrine,
adrenocorticotropic hormone, corticotropin-releasing hormone,
vasopressin, and endorphins.**® Genetic models require consid-
erable time to develop, may be of limited availability, and may
have multiple phenotypes associated with their genetic back-
ground.

A primary limitation of this model is the inability to control
the size and timing of individual oral doses of corticosterone.
However, given the many significant effects reported here, such
variability may not be as a major confound but should still be
acknowledged. A second limitation is the potential variability in
the metabolism of oral corticosterone compared with parenterally
administered or intrinsically produced corticosterone. Orally con-
sumed corticosterone may undergo numerous metabolic changes
over a prolonged time, unlike corticosterone delivered as a bo-
lus (for example, subcutaneously) or tonically (for example, mi-
nipump or transdermal patch). However, each of those treatment
routes has their own drawbacks and benefits.

In conclusion, the results of our study confirm that
C57BL/6NCrl mice that receive 100 ug/mL corticosterone in
drinking water develop clinical signs and pathologic changes that
include weight gain, dyslipidemia, and compromised glucose tol-
erance, as well as increases in plasma insulin and leptin.?® More-
over, the current study extends those results to show decreased
lymphoid organ size with leukocyte redistribution, steroid he-
patopathy, adrenal gland atrophy of the zona fasciculata, and
electrolyte aberrations. Mice that received low (25 pg/mL) and
intermediate (50 pg/mL) doses of oral corticosterone had clinical
signs and pathologic changes consistent with the early onset of
metabolic syndrome. Administering corticosterone in the drink-
ing water produces a straightforward, rapid, noninvasive, and
reversible model of metabolic syndrome that can be used to fur-
ther elucidate the role of glucocorticoids in metabolic syndrome.
In addition, 2 wk is insufficient time for full physiologic recovery
of mice previously chronically treated with corticosterone. This
finding leads us to our hypothesis that subsequent exposure to
corticosterone treatment prior to full recovery may result in al-
tered metabolic responses to glucocorticoids and potentially even
more deleterious effects.
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