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Abstract
Increasing evidence indicates that early-life glucocorticoid exposure, either involving stress or the
therapy of preterm labor, contributes to metabolic and cardiovascular disorders in adulthood. We
investigated cellular mechanisms underlying these effects by administering dexamethasone (DEX)
to neonatal rats on postnatal (PN) days 1–3 or 7–9, using doses spanning the threshold for somatic
growth impairment: 0.05, 0.2 and 0.8 mg/kg. In adulthood, we assessed the effects on hepatic and
cardiac cell function mediated through the adenylyl cyclase (AC) signaling cascade, which controls
neuronal and hormonal inputs that regulate hepatic glucose metabolism and cardiac contractility.
Treatment on PN1-3 produced heterologous sensitization of hepatic signaling, with upregulation of
AC itself leading to parallel increases in the responses to β-adrenergic or glucagon receptor
stimulation, or to activation of G-proteins by fluoride. The effects were seen at the lowest dose but
increasing DEX past the point of somatic growth impairment led to loss of the effect in females.
Nonmonotonic effects were also present in the heart, where males showed AC sensitization at the
lowest dose, with decreasing effects as the dose was raised; females showed progressive deficits of
cardiac AC activity. Shifting the exposure to PN7-9 still elicited AC sensitization but with a greater
offsetting contribution at the higher doses. Our findings show that, in contrast to growth restriction,
the glucocorticoids associated with stress or the therapy of preterm labor are more sensitive and more
important contributors to the cellular abnormalities underlying subsequent metabolic and
cardiovascular dysfunction.
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INTRODUCTION
Adverse events during fetal development contribute to subsequent metabolic and
cardiovascular disease in adulthood. Barker linked low birth weight per se to disease outcomes
[3], and excess glucocorticoid exposure associated with prenatal stress is thought to play a
mechanistic role in this connection [4,9,31]. The societal impact of prenatal glucocorticoid
exposure is increasingly important because of the expanded use of these agents in preterm labor
[13], a treatment currently involving 10% of all US pregnancies [26]. Although glucocorticoids
enhance lung maturation and thus prevent neonatal respiratory distress syndrome, such
treatments are now implicated in subsequent hypertension, hyperglycemia, hyperinsulinemia,
altered behavior and neuroendocrine responses, all of which can emerge throughout the
lifespan after periods of apparent normality [32,34].

Notwithstanding these epidemiological relationships, few studies have provided a mechanistic
understanding of how early glucocorticoid exposure leads to metabolic or cardiovascular
dysfunction. Although there are numerous reports of glucocorticoid effects in animal models,
most of these involve relatively high doses that elicit persistent stunting of somatic growth,
outright cerebral atrophy and endocrine disruption [6,10–12,14,24–28,41,42], as well as
causing a loss of insulin response similar to that in diabetes [8,15,32,33,43]. This still leaves
major uncertainties as to glucocorticoid effects relevant to stress, or at or below the threshold
for typical therapeutic use in preterm infants. In a series of recent studies, we showed that, even
at subtherapeutic doses, dexamethasone (DEX) exposure in fetal and neonatal rats
compromises key aspects of brain development when given during specific critical periods
corresponding to the selfsame developmental stages recommended for preterm infants [18–
20,37]. Here, we have used the same approach to address cell signaling in peripheral tissues
that are the likely targets for the emergence of metabolic and cardiovascular disorders, the liver
and heart.

We focused on the key role played by the adenylyl cyclase (AC) cascade, which governs the
formation of cyclic AMP, the second messenger that controls hepatic gluconeogenesis and
glycogenolysis, that modulates insulin function, and that regulates heart rate and contractility.
In the liver, β-adrenergic receptors (βARs) and glucagon receptors act through the stimulatory
G-protein, Gs, to activate AC, thus eliciting gluconeogenesis and lipolysis. The importance of
this pathway was recently emphasized by studies showing that neonatal exposures to
organophosphate pesticides produce sensitization of hepatic AC to these receptor inputs,
leading ultimately to metabolic abnormalities resembling those in prediabetes [22,29,36,39].
Similarly prediabetic abnormalities and altered susceptibility to development of diabetes have
been identified in humans with AC gene polymorphisms [30]. Accordingly, we evaluated the
effects of DEX exposure of neonatal rats in two treatment periods, postnatal days (PN) 1–3
and 7–9, bracketing stages of development in the rat that are equivalent to those in second- to
early-third trimester human fetuses, the stage in which glucocorticoid use is recommended for
preterm infants [13]; we focused on doses within the therapeutic range (0.2 or 0.8 mg/kg) as
well as a much lower dose (0.05 mg/kg) likely to be more representative of stress-related
glucocorticoid actions. The three-day regimens were chosen to correspond to multiple
glucocorticoid courses, as used in approximately 85% of all cases of preterm delivery [7]. We
then evaluated the impact on the AC signaling cascade in adulthood (PN75), focusing on each
individual step in the pathway (Figure 1); the studies were modeled after our earlier work on
organophosphates [2,29]. In addition to assessing the effects on basal AC activity, we evaluated
the response to βARs and glucagon receptors, both of which stimulate AC through via
activation of the stimulatory G-protein, Gs. We also determined the effect of fluoride, which
evokes maximal activation of both Gs and the corresponding inhibitory protein, Gi. We then
measured the maximal activation of AC itself by forskolin, which acts directly on the enzyme
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by binding to the catalytic core [17]. Finally, we measured ligand binding for βARs and for
the inhibitory m2-muscarinic acetylcholine receptors (m2AChRs).

MATERIALS AND METHODS
Animal treatments

All experiments were carried out humanely and with due regard for alleviation of suffering,
with protocols approved by the Institutional Animal Care and Use Committee and in
accordance with all federal and state guidelines. Timed-pregnant Sprague-Dawley rats were
housed in breeding cages, with a 12-hr light/dark cycle and free access to food and water. On
the day of birth, all pups were randomized and redistributed to the dams with a litter size of 10
to maintain a standard nutritional status. Pups received daily subcutaneous injections of DEX
phosphate (0.05, 0.2, or 0.8 mg/kg) on PN1-3 or PN7-9, whereas controls received equivalent
volumes (1 ml/kg) of isotonic saline vehicle. On each day of treatment and at intervals of several
days thereafter, pups were re-randomized within their respective treatment groups and in
addition, dams were rotated among litters to distribute any maternal caretaking differences
randomly across litters and treatment groups. Offspring were weaned on PN21. On PN75, one
male and one female from each of the finally-assigned litters were decapitated and the heart
and one liver lobe were dissected, blotted, frozen in liquid nitrogen and maintained at −45° C.

Assays
Tissues were thawed and homogenized (Polytron; Brinkmann Instruments, Westbury, NY) in
buffer containing 145 mM sodium chloride, 2 mM magnesium chloride, and 20 mM Tris (pH
7.5), strained through several layers of cheesecloth to remove connective tissue, and the
homogenates were then sedimented at 40,000 × g for 15 min. The pellets were washed twice
and then resuspended in 250 mM sucrose, 2 mM MgCl2, and 50 mM Tris. For determinations
of AC activity, aliquots of the membrane preparation were incubated for 30 min at 30°C with
final concentrations of 100 mM Tris-HCl (pH 7.4), 10 mM theophylline, 1 mM ATP, 2 mM
MgCl2, 10 μM GTP, 1 mg/ml bovine serum albumin, and a creatine phosphokinase–ATP–
regenerating system consisting of 10 mM sodium phosphocreatine and 8 IU/ml
phosphocreatine kinase. The enzymatic reaction was stopped by heating and sedimentation,
and the supernatant solution was then assayed for cyclic AMP using commercial
radioimmunoassay or immunoassay kits; the two types of kits gave equivalent results. In
addition to assessing basal AC activity, we evaluated responses to 100 μM isoproterenol, 3
μM glucagon, 10 mM NaF and 100 μM forskolin. These concentrations produce maximal
responses to each stimulant as assessed in earlier studies [2,44,45].

For the ligand binding determinations, there were technical limitations imposed by the large
number of membrane preparations that had to be examined. The overall strategy was to
determine binding at a single, subsaturating ligand concentration to enable the detection of
changes that originate either in altered Kd or Bmax. To evaluate βAR binding, aliquots of the
same membrane preparation were incubated with 67 pM [125I]-iodopindolol in 145 mM NaCl,
2 mM MgCl2, 1 mM sodium ascorbate, 20 mM Tris (pH 7.5), for 20 min at room temperature;
samples were evaluated with and without 100 μM isoproterenol to displace specific binding.
Incubations were stopped by addition of 3 ml ice-cold buffer, and the labeled membranes were
trapped by rapid vacuum filtration onto glass fiber filters, which were washed with additional
buffer and counted by liquid scintillation spectrometry. For cardiac m2AChR binding, the
membrane suspension was reconstituted in 10 mM sodium-potassium phosphate buffer (pH
7.4) and incubated with 1 nM [3H] AFDX384, with or without 1 μM atropine to displace
specific binding; determinations were not done in the liver, since this tissue is sparse in
m2AChRs and lacks sufficient AC response to m2AChR agonists.
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Data analysis
Data are presented as means and standard errors obtained from 6 animals in each treatment
group for each sex and treatment regimen. To establish treatment differences, a global analysis
of variance (ANOVA; data log transformed because of heterogeneous variance across tissues
and AC stimulants) was first conducted for all variables: the in vivo treatment groups (control
vs. DEX doses), sex, tissue and the stimulant condition under which the measurement was
made (basal AC, isoproterenol-stimulated AC, glucagon-stimulated AC, fluoride-stimulated
AC, forskolin-stimulated AC); the latter was considered to be a repeated measure because the
same membrane preparation was used for each of the multiple assay conditions. As justified
by significant interactions of treatment with the other variables, data were then subdivided to
permit testing of individual treatments and AC stimulant responses that differed from control
values; these were conducted by lower order ANOVAs, followed, where appropriate, by
Fisher’s Protected Least Significant Difference Test to identify individual values for which the
DEX groups differed from the corresponding control. For all tests, significance for main
treatment effects was assumed at p < 0.05. However, for interactions at p < 0.1, we also
examined whether lower-order main effects were detectable after subdivision of the interactive
variables [40]. The criterion for interaction terms was not used to assign significance to the
effects but rather to identify interactive variables requiring subdivision for lower-order tests
of main effects of DEX, the variable of chief interest. Where treatment effects were not
interactive with other variables, we report only the main treatment effects without performing
lower-order analyses of individual values.

To enable ready visualization of treatment effects across different tissues, treatment regimens
and stimulants, the results are given as the percent change from control values, but statistical
procedures were always conducted on the original data. For reference, the corresponding
control values are detailed in Table 1. For the liver, there were two control cohorts (those
receiving vehicle injections on PN1-3 and PN7-9) and the values shown in Table 1 were
normalized and combined across the two groups; however, the effects of DEX were compared
only to the appropriately matched control cohort.

Materials
Animals were purchased from Charles River (Raleigh, NC). [125I]Iodopindolol (specific
activity, 2200 Ci/mmol) and [3H]AFDX384 (115 Ci/mmol) both came from PerkinElmer Life
Sciences (Boston, MA), and cyclic AMP radioimmunoassay and enzyme immunoassay kits
were purchased from GE Healthcare Biosciences (Piscataway, NJ). All other chemicals were
bought from Sigma Chemical Company (St. Louis, MO).

RESULTS
In control rats (Table 1), both liver and heart AC activities showed robust responses to
stimulants (p < 0.0001 for the main effect of each stimulant compared to basal activity).
However, the overall pattern of AC activity differed between liver and heart, reflected
disparities in the relative effects of the various AC stimulants. In the liver, glucagon produced
a much larger response than did isoproterenol, whereas the opposite was true for the heart; this
reflects the relatively greater physiologic importance of glucagon signals in the liver as
compared to βAR signals in the heart. Similarly, in the liver, glucagon produced a greater
stimulatory response than did fluoride, reflecting the mixed involvement of both stimulation
(Gs-related) and inhibition (Gi-related) for the latter agent; in the heart, isoproterenol produced
a smaller signal than did fluoride. Superimposed on these basic patterns, the heart showed
generally higher AC activities and m2AChR binding in females as compared to males, whereas
the liver showed sex-related differences only for βAR binding.
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At the lowest dose, neonatal DEX treatment for either the PN1-3 or PN7-9 regimen did not
have significant effects on body weights at PN75 but DEX did evoke statistically significant
reductions at the two higher doses with either regimen (Figure 2). Liver weights were taken
from a single lobe, making sure to take the same lobe from each animal. In general, liver weights
were reduced with the same pattern as body weights, as were heart weights.

Because we made assessments for two treatment regimens (PN1-3, PN7-9) in the liver but only
one regimen (PN1-3) in the heart, we initially performed two multivariate ANOVAs to evaluate
the effects of DEX treatment. In the liver, the global test indicated a significant main effect of
DEX treatment reflecting overall increases in AC activity (p < 0.0002) that depended upon
regimen and sex (treatment × regimen × sex, p < 0.02). Accordingly, we separated the data by
regimen (PN1-3 and PN7-9) and sex, and then performed lower-order tests to reexamine the
results for treatment effects and interactions with the remaining variable of AC stimulant. In
the second multivariate ANOVA, we assessed effects on liver and heart AC for the PN1-3
regimen and identified a main treatment effect of DEX (p < 0.0001) that was interactive with
tissue (p < 0.0001) and sex (p < 0.002); accordingly, we separated the values for the heart and
liver, and for males and females for the lower-order tests.

Liver AC
In the liver, PN1-3 DEX treatment elicited a significant overall increase in AC activity in both
males (Figure 3A) and females (Figure 3B), without distinction among the various AC
stimulants (no treatment × stimulant interaction). Importantly, both sexes showed significant
effects even at the lowest dose (0.05 mg/kg), which did not cause any growth restriction.
However, there was a sex difference in that males showed significant increases at each of the
three different DEX doses whereas females showed a nonmonotonic dose-effect relationship,
with no significant increases at the highest dose.

Sex disparities became more evident when the treatment window was shifted later, to PN7-9.
In males (Figure 3C), we still saw significant overall upregulation of AC activity (main
treatment effect, p < 0.02) whereas now, there were no significant effects in females (Figure
3D). For the males, the dose-effect relationship and stimulant response pattern differed from
that obtained with the PN1-3 regimen. Exposure on PN7-9 produced significant increases in
AC responses even at the lower dose, but the dose-effect relationship was nonmonotonic,
showing loss of effect at the highest dose. Furthermore, DEX augmented the response to
forskolin significantly more than for the other stimulants (significant treatment × stimulant
interactions, Figure 3C). In the group given 0.05 mg/kg DEX, there was no significant increase
for isoproterenol-stimulated AC or glucagon-stimulated AC, and the response to fluoride
showed a small, nonsignificant effect. Raising the dose to 0.2 mg/kg did produce significant
increases for glucagon- and fluoride-stimulated AC but the response to forskolin was still
enhanced to a greater extent.

Heart AC
To determine the selectivity of the effects of DEX on AC signaling, we compared the effects
to those seen in the heart, focusing on PN1-3, the regimen which evoked increases in both
sexes. Males exposed to DEX again displayed significant overall increases in AC activity
(Figure 4A). However, the dose-effect relationship was distinctly different from that seen in
the liver, with a large increase obtained at the lowest dose and a progressive loss of effect as
the dose was raised. Further, the response to glucagon showed the greatest increase, a pattern
not seen in the liver. In females, the differences between heart and liver were even more stark
(Figure 4B). There were no significant effects at 0.05 mg/kg, and increasing the dose to 0.2
and then 0.8 mg/kg produced deficits in AC responses, at first involving glucagon and then
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encompassing all the AC stimulants, with the largest effect still exerted toward the glucagon
response.

Receptor binding (Figure 5)
For liver βARs, multivariate ANOVA identified a weak treatment × regimen (p < 0.09);
therefore, we separated the values for both treatment regimens and examined lower-order main
treatment effects and interactions of treatment with other variables, but no significant
differences were seen after the subdivision. There was a trend toward elevated βAR values for
females with PN1-3 DEX exposure, an effect that did not correspond to any selective increase
in the AC response to isoproterenol. In the heart, there was significant upregulation of βARs
and downregulation of m2AChRs.

DISCUSSION
There are four main findings of this study. First, DEX treatment in the developmental phases
corresponding to those in which glucocorticoids are used in preterm infants, elicits global
increases in hepatic AC cell signaling. Second, robust effects were seen even at 0.05 mg/kg, a
dose well below those used therapeutically, and likely to be more representative of the actions
of endogenous glucocorticoids released in stress. Third, the effects involved AC gain-of-
function, thus producing heterologous sensitization, in which the responses to disparate inputs
all showed the same augmented effect. Fourth, there were distinct sex differences as well as
disparities in the effects on liver vs. heart, indicative of selective actions rather than ubiquitous
increases in AC signaling.

The results for the hepatic effects of DEX treatment on PN1-3 provide the clearest example of
heterologous sensitization of the AC pathway. At each of the three different doses, we found
significant increases in AC regardless of whether the activity was assessed in the basal state,
in response to receptor stimulants or G-protein activation, or with direct AC activation by
forskolin. The parallel changes point to gain-of-function of AC itself as the underlying
mechanism. Accordingly, there is an augmented response to any upstream signal, including
the responses to activation of βARs or glucagon receptors, which together provide major inputs
to glucose and lipid metabolism; further emphasizing the point that sensitization involves AC
itself, we did not observe any significant βAR upregulation that would signify a selective,
upstream effect at the receptor level. The results thus resemble those seen in our earlier work
with developmental exposure to organophosphates [2,29]; in that case, we found that this
change in hepatic cellular function leads to prediabetes [21,36], the same outcome as found
for AC polymorphisms in humans [30]. Given the known connection between early-life
glucocorticoid exposure and later emergence of similar metabolic disorders [8,15,32,33,43],
our results thus provide one of the likely contributory mechanisms that connect DEX exposure
to adult disease outcomes.

Superimposed on the heterologous activation of AC signaling, DEX treatment on PN1-3
showed selectivity for both sex and tissue. Although females, like males, showed hepatic AC
sensitization, the dose-response curve was nonmonotonic, with loss of effect at the highest
dose. A similar nonmonotonic relationship between dose and effect was seen in the heart. In
males, cardiac AC was maximally sensitized by the lowest dose of DEX and then showed a
progressive loss of effect as the dose was raised; females showed a dose-dependent
reduction in AC instead of the increase that had been seen in the liver. Since high doses of
DEX are known to disrupt neuroendocrine function and to produce general somatic deficits, it
is likely that the loss of the promotional effect on AC signaling involves mechanisms other
than a direct influence on the signaling cascade [6,10–12,14,24–28,41,42]. Nevertheless, just
as for the metabolic outcomes related to the effects on hepatic cell signaling, the functional
consequences for cardiac structure and function are known: outright cell loss [38], alterations
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in the expression of cardiac contractile proteins [5] and impaired heart rate control [16,23]. As
seen here, the greater negative impact on the glucagon response may indicate a further deficit
in cardiac glucose utilization [1]. Superimposed on these effects, DEX exposure impairs the
development of cardiac sympathetic projections, which would augment any deficits in AC
signaling downstream from βAR input [35]. Viewed in this light, the small βAR upregulation
and m2AChR downregulation found here may represent partial compensation to offset the
effects of the downstream changes in signaling; it would be worthwhile to pursue the balance
of physiological responses (heart rate, contractility) to sympathetic and parasympathetic input
to determine how these cellular changes influence physiological responses.

Shifting the DEX exposure to PN7-9 again produced heterologous hepatic AC sensitization
but with notable differences from the effects of the PN1-3 regimen. In males, the dose-response
curve became nonmonotonic, with loss of effect at the highest DEX dose; this is compatible
with the greater deficits in somatic growth with the PN7-9 treatment, which would then be
expected to offset the direct effects of DEX on signaling as shown above. However, in females,
there was no significant effect at any of the doses; this points instead to the closing of the critical
developmental period in which DEX evokes lasting changes in AC signaling. A similar
conclusion was reached in our earlier work with neurodevelopmental indices [18,20,37]. Thus,
the most sensitive period for reprogramming of cell signaling evoked by DEX exposure
corresponds to the developmental phase in which glucocorticoids are most likely to be used in
preterm labor [13]. The later treatment also showed selective effects on the responses to AC
stimulants that were not seen with the PN1-3 regimen, characterized by smaller effects on the
responses to receptor stimulants than on the direct AC response to forskolin. This indicates
reductions in the efficiency of receptor coupling to cyclic AMP generation; future studies
should address the issue of whether these targeted deficits are of functional significance over
and above the heterologous effects exerted at the level of AC itself.

Our findings thus extend the Barker Hypothesis, which originally related prenatal stress and
associated growth restriction to subsequent development of cardiovascular disease and diabetes
[3]. Specifically, our finding that glucocorticoid exposures below the threshold for somatic
growth impairment nevertheless lead to cell signaling changes that underlie metabolic and
cardiac dysfunction points to the greater relative importance of stress as distinct from growth
impairment in adverse outcomes. In turn, this means that a wider variety of prenatal stressors
and chemical exposures that are insufficient to elicit growth impairment, may nevertheless
contribute to the worldwide increase in the incidence of diabetes. Finally, our results indicate
that the common use of glucocorticoids in preterm labor may ultimately contribute to these
outcomes.
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Figure 1.
Mechanisms controlling AC activity, showing probes for each step in the pathway:
isoproterenol for the βAR, glucagon for the glucagon receptor, NaF for the G-proteins, and
forskolin for AC itself. Both βARs and glucagon receptors enhance AC activity through the
stimulatory G-protein, Gs, whereas m2AChRs inhibit AC through mediation of the inhibitory
protein, Gi.
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Figure 2.
Effects of neonatal DEX treatment on body and tissue weights. Data represent means and
standard errors obtained from 6 animals in each group, presented as the percent change from
the corresponding control values (Table 1). ANOVA appears at the top and asterisks denote
values that differ from the control.
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Figure 3.
Liver AC activity in animals given DEX on PN1-3 (A, B) or PN7-9 (C, D). Data represent
means and standard errors obtained from 6 animals in each group, presented as the percent
change from the corresponding control values (Table 1). ANOVA appears at the top of each
panel and lower-order tests are shown within the panels. Where there was a significant
treatment × stimulant interaction, asterisks denote specific responses that differ from the
control. Abbreviations: Iso, isoproterenol; Glu, glucagon; NaF, sodium fluoride; Fsk, forskolin;
NS, not significant.
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Figure 4.
Heart AC activity in animals given DEX on PN1-3. Data represent means and standard errors
obtained from 6 animals in each group, presented as the percent change from the corresponding
control values (Table 1). ANOVA appears at the top of each panel and lower-order tests are
shown within the panels. Where there was a significant treatment × stimulant interaction,
asterisks denote specific responses that differ from the control. Abbreviations: Iso,
isoproterenol; Glu, glucagon; NaF, sodium fluoride; Fsk, forskolin; NS, not significant.
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Figure 5.
Effects of neonatal DEX treatment on liver βAR binding and on heart βARs and m2AChRs.
Data represent means and standard errors obtained from 6 animals in each group, presented as
the percent change from the corresponding control values (Table 1). ANOVA appears at the
top and asterisks denote values that differ from the control.
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Table 1

Adenylyl Cyclase Activities and Receptor Binding in Controls

Liver Heart

Male Female Male Female

Basal ACa 4.1 ± 0.1 4.1 ± 0.1 6.4 ± 0.3 7.7 ± 0.2*

Isoproterenol-Stimulated ACa 6.3 ± 0.3 6.7 ± 0.3 27 ± 1 35 ± 2*

Glucagon-Stimulated ACa 43 ± 2 45 ± 2 14 ± 1 20 ± 1*

NaF-Stimulated ACa 22 ± 1 24 ± 1 48 ± 3 49 ± 1

Forskolin-Stimulated ACa 121 ± 6 123 ± 6 205 ± 11 246 ± 8*

βAR Bindingb 2.8 ± 0.1 3.6 ± 0.1* 6.2 ± 0.2 6.0 ± 0.2

m2AChR Bindingb — — 119 ± 2 141 ± 9*

Tissue weight 6.2 ± 0.3c 3.9 ± 0.1c* 1.22 ± 0.03c 0.81 ± 0.03c*

Body weights (grams): male 453 ± 7; female 280 ± 6*

a
pmol/min per mg protein

b
fmol/mg protein

c
grams; liver weight is for one lobe only

*
significant difference between males and females
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