A BRIEF COMMUNICATION

Blood Corticosterone Concentration
- Reaches Critical lliness Levels Early During
Acute Malnutrition in the Weanling Mouse
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Acute (i.e., wasting) pediatric malnutrition consistently elevates
blood glucocorticold levels, but neither the magnitude of the rise
In concentration nor its kinetics is clear. Male and female C57BL/
6J mice, initially 19 days old, and CBA/J mice, initially 23 days
old, consumed a complete purified diet either ad libitum (age-
matched control) or In restricted daily quantities (mimicking
marasmus), or they consumed a purified isocaloric low-protein
diet ad libitum (mimicking incipient kwashiorkor). Serum levels
of corticosterone were assessed by double antibody radio-
immunoassay after 3, 6, and 14 days (C57BL/6J strain) or after 6
and 14 days in the genetically distant CBA/J strain. Age-
matched control groups of both strains exhibited mean cortico-
sterone levels of 5-30 ng/ml, whereas the acutely mainourished
groups exhibited mean levels of this hormone that were elevated
by more than an order of magnitude as early as 3 days after
initiation of weight loss. This outcome was confirmed in a
second experiment in which the serum corticosterone level of
C57BL/6J weanlings was examined by competitive binding
enzyme immunoassay 3 and 14 days after initiation of the
dietary protocols. Therefore, deficits of protein and/or energy in
weanling murine systems relevant to acute pediatric malnutri-
tion elicit early elevations in blood glucocorticoid levels to a
magnitude reminiscent of critical lliness and multiple trauma.
The key to this novel finding was an exsanguination method that
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permitted accurate assessment of the blood corticosterone level
of the healthy, quiescent mouse. Overall, the resuits of this
investigation provide a new perspective on the glucocorticoids
as part of the early hormonal response to acute weanling
malnutrition coincident with the shift toward catabolic metabo-
lism and the initiation of depression in cellular immune
competence. Exp Biol Med 231:264-268, 2006
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and energy is orchestrated by endocrine hormones

and conserves substrates and energy while promoting
glucose homeostasis and a metabolic preference for fat (1).
Current understanding of this phenomenon is based mainly
on the blood hormonal profile, a consistent feature of which
is a high level of glucocorticoids. Although these hormones,
specifically cortisol in humans and corticosterone in rodents,
occupy a central position in the attempt to adapt to weight
loss (1), the wasting-associated elevation in blood gluco-
corticoid concentrations is surprisingly ill-defined. Early
studies revealed that blood levels of both total (2-6) and
unbound (3, 5) cortisol are high in acutely malnourished
children. However, both the magnitude of the increase in
blood glucocorticoid levels and its time kinetics remain
unclear. Blood cortisol and corticosterone concentrations
ranging between 150 and 600 ng/ml are reported both in
acutely protein- and energy-malnourished children (2-6)
and in acutely malnourished young adult rodents (7, 8). The
cited studies document malnutrition-associated glucocorti-
coid levels ranging from 1.3- to 6-fold of the concentrations
found in appropriately matched healthy subjects (80-190
ng/ml), with only one outcome (5) exceeding a 3-fold

The physiologic response to acute deficits of protein
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measure. These results represent the full range of increases

that have been reported in connection with acute malnutri--

tion. Recently, however, the blood corticosterone level of
the healthy, quiescent adolescent mouse was shown to lie
between only 10% and 20% of the previously accepted
range (9). Thus, inflated quiescence reference levels may
obscure the magnitude of the glucocorticoid response
reported to date in acutely malnourished rodents and, by
extrapolation, in humans. In addition, the literature is scant
and conflicting with regard to the time kinetics of this
hormonal response during acute malnutrition. One report
could be interpreted to indicate that the glucocorticoid
response constitutes an early component of the attempt to
adapt to acute protein and energy deficit in the rodent (8).
However, this remains only a point of logic, and a second
report pertaining to rodents (7) did not concur. The objective
of this investigation was to determine the magnitude and
time kinetics of the rise in blood corticosterone concentra-
tion in relevant and metabolically diverse murine models of
acute, weanling protein and energy deficit. An additional
component of the objective was to eliminate the confounder
of infection, which can be a major contributor to the high
blood levels of glucocorticoids in acute pediatric malnutri-
tion (4).

Materials and Methods

Animals and Facilities. Male and female mice were
used from in-house breeding colonies of C57BL/6J and
CBA/] strains. These colonies are maintained under
Conventional conditions, but incoming air is filtered, each
cage is supplied with a filter lid, and positive pressure is
maintained relative to the adjoining corridor. According to
examination of sentinel mice maintained in cages without
filter lids, the colonies are free of common pathogens and
intestinal parasites. Housing conditions were exactly as
described previously (9-13), and the investigation was
approved by the Animal Care Committee of the University
of Guelph, according to the guidelines of the Canadian
Council on Animal Care.

Diets and Feeding Protocols. C57BL/6J mice
were weaned at 18 days of age and acclimated for 1 day
with free access to the complete purified diet described
elsewhere (10, 11). Likewise, CBA/J mice were weaned at
21 days of age and acclimated for 2 days. At 19 days of age
(C§7BL/6J) or 23 days of age (CBA/J), each mouse was
randomly allocated to one of three experimental groups,
namely an age-matched control group that consumed the
complete diet ad libitum, a group that consumed the
complete diet in restricted daily quantities, and a group
8iven free access to a low-protein purified diet. The quantity
of diet given the mice in the restricted intake group was
caiculated daily, as described previously by this laboratory
(11), with a view toward achieving a loss of 1.5%-2% of
initial body weight per day throughout the experimental
period. As described elsewhere (10), the purified low-protein

diet contained 0.6% crude protein (as fed) and was prepared
by replacement of most of the egg white (80% crude protein;
U.S. Biochemical, Cleveland, OH) of the complete diet
(18% crude protein) with an equal weight of cornstarch (St.
Lawrence Starch, Port Credit, Canada). All animals had free
access to clean tap water, and coprophagy was permitted.

Experimental Design. Two experiments were per-
formed. In the first experiment, cohorts of C57BL/6J
weanlings were examined after 3, 6, or 14 days (n = 4
males and 4 females per dietary group at each time point,
except n=>5 males and 6 females at Day 14), and cohorts of
CBA/J weanlings were examined after 6 and 14 days (n =2
males and 3 females per dietary group at each time point). In
the second experiment, cohorts of C57BL/6J weanlings
were examined after either 3 or 14 days (n =2 males and 3
females per dietary group at each time point). The mice
were housed individually throughout acclimation and
experiment, and interaction with the animals was limited
to the period between 0900 and 1100 hrs. At the end of the
predetermined experimental period for a cohort of animals,
blood was taken from each mouse, which was then killed
and weighed without recovering consciousness.

Blood Collection. Blood was taken from the orbital
plexus of each mouse under CO, anesthesia following a
protocol designed to minimize acute preanesthesia stress (9).
The essence of the protocol is to achieve anesthesia within
15 secs of disturbing the animal in preparation for
phlebotomy. Samples were allowed to clot at room temper-
ature for up to 60 mins, and the resulting serum was stored
at —80°C.

Serum Corticosterone Assay. Serum total cortico-
sterone concentration was determined by double antibody
radioimmunoassay (Immuchem '**I Corticosterone Kit;
ICN Biomedicals, Inc., Costa Mesa, CA) in the first
experiment and by competitive binding enzyme immuno-
assay (OCTEIA Corticosterone Kit; Medicorp [Immuno-
diagnostic Systems, Ltd.], Montreal, Canada) in the second
study. Both assays were performed according to the
manufacturer’s instructions and permitted use of unex-
tracted serum in small volumes (10-30 pl) without protein
denaturation. The outcome of the radioimmunoassay was
based on collection of 10,000 counts per sample, except for
the background, which was assessed on the basis of 25-min
counts to be 156 += 5 cpm (mean * SD). In this assay,
nonspecific binding did not exceed 2.4% of total counts,
while the within-assay coefficient of variation was 2% (n =
20) and the between-assay coefficient of variation was 9%
(n =2). The lower detection limit of the assay, estimated as
described elsewhere (14), was 2.6 ng/ml, and the standard
curve was linear to a concentration of at least 1000 ng/ml.
Likewise, the intra- and interassay coefficients of variation
for the enzyme immunoassay were 2.7% (n = 6) and 10.6%
(n =2), respectively, and the detection limit was 0.4 ng/ml.

Carcass Analysis. Carcasses were stored at —20°C
to await assay of dry matter and lipid contents, as described
elsewhere (10-13).
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Statistical Analysis. The SAS system for windows
(version 8.2) was used for statistical analysis (15), and a
predetermined upper limit of probability of P < 0.05 was
applied for statistical significance. Data were subjected to
one-way analysis of variance (ANOVA) (thereby treating
each cohort [i.e., time point] independently), followed, where
justified by the resulting statistical probability (i.e., P < 0.05),
by Tukey’s Studentized Range test. Data sets not exhibiting a
normal distribution according to each test applied by the SAS
program (P < 0.05) were transformed to normality by either
square-root or logarithmic conversion. Bartlett’s test was
applied to assess homogeneity of variances.

Results

Growth indices pertaining to the C57BL/6J weanlings
examined at Days 3, 6, and 14 in the first experiment are
shown in Table 1. Within each time period, initial body
weights did not differ among dietary groups, and the age-
matched control group exhibited gains of fat and lean tissue
that were comparable to outcomes reported previously (11,
12). Likewise, the loss of lean and fat tissue imposed by the
malnutrition protocols was similar to that observed
previously and revealed, as would be predicted from the
food intakes, that the restricted intake protocol imposed a
greater loss of energy than was apparent in the low-protein

group (11, 12). Thus, the results were consistent with those
of previous studies in which the restricted intake and low-
protein protocols produced acute weanling pathologies
mimicking, and relevant to, marasmus and incipient
kwashiorkor, respectively (13). Similar pathologies were
produced in the CBA/J strain weanlings subjected to the
same acute nutritional deficits (results not shown).

Serum corticosterone concentrations of the C57BL/6J
weanlings in the first experiment are shown in Figure la.
The levels of the age-matched control groups averaged
between 5 and 20 ng/ml and, thus, were comparable to the
concentration reported elsewhere (9), as typical of the
quiescent adolescent mouse. The mean serum corticosterone
level induced by each of the malnutrition protocols was 17-
fold that of the age-matched controls as early as 3 days after
the initiation of weight loss. The CBA/J strain yielded a
comparable outcome (statistics not shown) with respect to
both the serum corticosterone concentration of the age-
matched control groups (20-30 ng/ml) and the magnitude of
the hormonal response to the two acute-deficiency pathol-
ogies (350-700 ng/ml). Sex effects were not apparent so
that in all cases the results were combined accordingly for
statistical analysis.

A small confirmatory investigation was conducted to
determine whether the outcome of the first experiment might

Table 1. Experiment 1: Initial and Final Body Weights, Food Intakes, and Carcass
Composition of C57BL/6J Strain Mice?
Dietary group®
Index C LP R SEM
3-day experimental period
Initial body weight (g) 8.3 8.8 8.5 0.21
Final body weight (g) 10.0% 7.8% 7.88 0.76
Food intake (g)*? 8.9% 5.28 3.9° 0.06
Carcass composition (% wet weight)
Dry matter 27.3% 30.0"8 31.28 0.92
Lipid® 6.84 4.6°8 3.58 0.19
6-day experimental period
Initial body weight (g)¢ 8.7 8.3 8.1 0.04
Final body weight (g)? 12.4% 6.98 7.18 0.07
Food intake (g)° 20.5% 11.08 5.9° 1.38
Carcass composition (% wet weight)
Dry matter 28.9 27.6 28.0 0.64
Lipid? 6.0" 3.3% 25° 0.06
14-day experimental period
Initial body weight (g)° 8.8 8.9 8.5 0.02
Final body weight (g)° 17.7° 5.9% 6.18 0.28
Food intake (g)° 50.7% 25,18 13.3¢ 1.87
Carcass composition (% wet weight)
Dry matter 32,5 29,28 26.78 0.83
Lipid? 7.04 428 2.4° 0.09

4 Mean values, n= 8 (four males and four females) for each dietary group within each experimental period. Within a row, values not sharing a
superscript uppercase letter differ (P < 0.05) according to Tukey’s Studentized Range test. SEM is the pooled SEM.
b C, age-matched control group consuming complete diet ad libitum; LP, group consuming low-protein diet ad fibitum; R, group consuming

complete diet in restricted daily quantities.
¢ Cumulative intake for the experimental period.

9 From ANOVA of natural log-transformed data. Means are anti-logs of log means.
¢ From ANOVA of square root-transformed data. Means are squares of square root means.
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Figure 1. Concentrations of corticosterone in the serum of weanling
C57BL/6J mice. Male and female mice, initially 19 days old, were
given free access to a complete purified diet (Group C) or to a low-
protein diet (Group LP) or were fed the complete diet in restricted
daily quantities (Group R). The feeding period in days is indicated on
he x axis of each graph. Corticosterone levels were determined by
(2) double antibody radioimmunoassay or (b) competitive binding
enzyme immunoassay. Bars represent mean values and are
accompanied by SEM. Means are anti-logs of iog means in (a) Days
3 and 14 and (b) Day 3. Sample sizes were (a) 8 (3 days), 8 (6 days),
and 11 (14 days) and (b) 5 (both feeding periods). Within each graph
and feeding period, bars not sharing an uppercase letter differ (P <
0.05) according to Tukey's Studentized Range test. (a) Pooled SEM
=0.37 (3 days), 71.46 (6 days), and 0.29 (14 days). (b) Pooled SEM
=0.53 (3 days) and 83.00 (14 days).

be dependent on the hormonal assay technique. Growth
indices (not shown) revealed comparable pathologies to
those of the first experiment at both early (Day 3) and
advanced (Day 14) stages of weight loss in both models of
acute malnutrition. Likewise, assay of serum corticosterone
levels by competitive binding enzyme immunoassay con-
firmed the previous findings (based on radioimmunoassay)
Wwith respect to both the concentration expected of healthy
adolescent animals (5-15 ng/ml) and the speed and
magnitude of malnutrition-associated rise in hormone
Concentrations (Fig. 1b).

Discussion

These experiments demonstrate that the blood total
glucocorticoid concentration rises to levels associated with

the highest illness severity scores (16) early in the response
to acute weanling deficits of protein and energy. Impor-
tantly, the levels of serum glucocorticoids in the exper-
imental systems used herein are similar to those reported in
acutely malnourished children (2-6). This similarity under-
scores the relevance of appropriately crafted murine models
of acute protein and energy deficit, as discussed elsewhere
(17), and adds to previous evidence (13) specifically
demonstrating the relevance to diverse forms of acute
pediatric malnutrition on the part of the weanling models
used herein. It is also noteworthy that the outcome of this
investigation was apparent in genetically distant murine
strains (10) and was seen independently of infection. In
addition, these results were independent of both gender and
the immunochemical technique applied to the hormone
assays, including the increasingly popular competitive
binding immunoassay procedure. For several collective
reasons, therefore, confidence is warranted in the broad
applicability of these results.

The main contribution of the present investigation is to
reveal the size of the glucocorticoid response to acute
malnutrition that is at least an order of magnitude greater
than previously recognized (2-8). This outcome was made
possible by application of an improved exsanguination
procedure (9) that reduces acute preanesthesia stress,
thereby permitting definition of the blood glucocorticoid
concentration of the quiescent animal. Blood levels of
growth hormone have occasionally been reported to rise (6),
and blood levels of insulin to fall (6), by an order of
magnitude in pediatric kwashiorkor and marasmus. Thus,
the glucocorticoids must be added to a select short list of
endocrine hormones for which such large changes in blood
concentration are reported in connection with the attempt to
adapt to acute malnutrition. In addition, these results
indicate that, together with a decrease in leptin levels that
may permissively mediate the glucocorticoid response (1),
an order of magnitude rise in blood glucocorticoid level is
part of the early endocrinologic response to acute deficits of
protein and energy. The glucocorticoids directly regulate as
many as 100 genes (18) that collectively promote
mobilization of both lean and fat tissue (19) in support of
vital metabolic functions and that exert other influences,
including potent anti-inflammatory immune suppression a{,
8, 18). In this connection, the early influx of glucocorticoids
into the blood coincides with the shift toward catabolic
metabolism (10, 11, and this investigation) and the decline
in cellular immune competence (10, 11) in the two
experimental systems used herein. Therefore, the outcome
of this investigation provides a new perspective on the
significance of the glucocorticoid response in acute pediatric
protein and energy deficit.
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