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Abstract: Purpose  It has been hypothesized that specific early-life stress (ES) procedures on
CD-1 male mice produce diabetes-like alterations due to the failure of negative
feedback of glucocorticoid hormone in the pituitary. The aim of this study is to
investigate the possible mechanism that leads to this pathological model, framing it in a
more specific clinical condition.
Methods  Metabolic and HPA-related hormones of stressed mice (SM) have been
analyzed immediately after stress procedures (21 postnatal day, PND) and after 70
days of a peaceful (unstressed) period (90PND). These data have been compared to
parameters from age-matched controls (CTR), and mice treated during ES procedures
with oligonucleotide antisense for pro-opiomelanocortin (AS-POMC).
Results  At 21PND, SM presented an increased exhibition of hypothalamic  CRH  and
pituitary  POMC  -  derived  peptides, as well as higher plasmatic levels of  ACTH  and
corticosterone  vs CTR. At 90PND, SM showed hyperglycemia, with also suppression
of hypothalamic  CRH  , while pituitary and plasmatic  ACTH  levels, as well as plasma
corticosterone, were constantly higher than in CTR. These values are accompanied by
a progressive acceleration in gaining total body weight, which became significant
versus CTR at 90PND. Treatment with AS-POMC prevented all hormonal and
metabolic alterations observed in SM, both at 21 and 90PND.
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Conclusion  These findings show that these specific ES procedures affect the negative
glucocorticoid feedback in the pituitary, but not in the hypothalamus, suggesting a
novel model of ACTH-dependent hypercortisolism that can be prevented by silencing
the  POMC  gene.
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Abstract  28 

Purpose It has been hypothesized that specific early-life stress (ES) procedures on CD-1 male mice produce diabetes-29 

like alterations due to the failure of negative feedback of glucocorticoid hormone in the pituitary. The aim of this study 30 

is to investigate the possible mechanism that leads to this pathological model, framing it in a more specific clinical 31 

condition.  32 

Methods Metabolic and HPA-related hormones of stressed mice (SM) have been analyzed immediately after stress 33 

procedures (21 postnatal day, PND) and after 70 days of a peaceful (unstressed) period (90PND). These data have been 34 

compared to parameters from age-matched controls (CTR), and mice treated during ES procedures with oligonucleotide 35 

antisense for pro-opiomelanocortin (AS-POMC).  36 

Results At 21PND, SM presented an increased secretion of hypothalamic CRH and pituitary POMC-derived peptides, 37 

as well as higher plasmatic levels of ACTH and corticosterone vs CTR. At 90PND, SM showed hyperglycemia, with 38 

also suppression of hypothalamic CRH, while pituitary and plasmatic ACTH levels, as well as plasma corticosterone, 39 

were constantly higher than in CTR. These values are accompanied by a progressive acceleration in gaining total body 40 

weight, which became significant versus CTR at 90PND together with a higher pituitary weight. Treatment with AS-41 

POMC prevented all hormonal and metabolic alterations observed in SM, both at 21 and 90PND.  42 

Conclusion These findings show that these specific ES procedures affect the negative glucocorticoid feedback in the 43 

pituitary, but not in the hypothalamus, suggesting a novel model of ACTH-dependent hypercortisolism that can be 44 

prevented by silencing the POMC gene. 45 
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Introduction 46 

The hypothalamic–pituitary–adrenal (HPA) axis is a complex set of direct influences and feedback interactions among 47 

three components: the hypothalamus, the pituitary gland, and the adrenal glands [1,2]. Since HPA axis is a major 48 

neuroendocrine system, it is in charge of controlling the reactions to stress and regulates many body processes, 49 

including the immune system [3], mood and emotions [4], sexual desire regulation [5], and energy storage and 50 

consumption [2]. Thereby, an alteration of the HPA axis homeostasis can lead to behavioral disorders and metabolic 51 

diseases [6].  52 

As it is known, the HPA axis has intrinsic plasticity in the early-life’s phases in humans [7]. Indeed, this 53 

situation could explain much evidences and suggest that conditions of stress might alter the HPA axis activity, which 54 

leads consequently to glucocorticoids (GCs) hypersecretion [8]. In past times, it has already been proposed to maintain 55 

an occasional relationship between Cushing’s syndrome (CS) and stress conditions throughout infancy [9,10]. 56 

The condition of hypercortisolism provokes some of the hallmark signs as insulin resistance, dyslipidemia, 57 

vascular alterations, bone fragility, and body overweight [11–16]. Interestingly, these findings are similar to the 58 

phenotype of early-life stress (ES) mouse model developed in our laboratories [17–19]. Likewise other ES models 59 

[20,21], this mouse is submitted to complex ES procedures that could mimic the neonatal intensive care unit. After an 60 

unstressed period of 70 days, the mice present hyperglycemia, hyperinsulinemia, and body overweight, caused by a 61 

persisting GCs surplus [17,22,23], which may be associated with an up-regulation of the negative GCs feedback 62 

mechanisms [19].  63 

Thus, this mouse's pathology presents itself as a suitable model for clarifying the relationship between chronic 64 

stress in early-life and the related HPA axis activation, as a possible pathogenic cause of hypercortisolism. 65 

To understand the early stress-related pathogenesis of this model, we have been analyzing the hypothalamus and 66 

pituitary expression, and circulating hormones at different ages (immediately after stress procedures and after 70 days 67 

under unstressed conditions). These results have been compared with those obtained as much in unstressed mice as in 68 

stressed mice, treated with antisense oligodeoxynucleotide versus pro-opiomelanocortin (AS-POMC, or AS). 69 

Material and methods 70 

Ethics guidelines 71 

All the procedures were carried out in accordance with the guidelines of the Council of European Communities 72 

(European Communities Council Directive of 24 November 1986, 86/609/EEC) and following the approval of the 73 

Bioethical Committee of the Italian National Institute of Health (Istituto Superiore di Sanità - ISS), and the Italian 74 

Ministry of Health. All possible efforts have been made to minimize animal suffering and to reduce the number of 75 
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animals used. For the current investigation, no alternatives to in vivo techniques are available. We confirm that all 76 

mandatory laboratory health and safety procedures have been complied throughout the course of any experimental work 77 

presented in this paper. 78 

Animal general procedures  79 

Pregnant multiparous outbred laboratory-born CD-1 mice were sent by the factory (Charles River Italia, Calco, Italy) 80 

and arrived at the 14th day of conception age in the ISS vivarium; all mice were housed in single cages in a central 81 

facility and maintained under controlled conditions of 55±5% humidity and temperature of 21±1 °C, in a photoperiod of 82 

12 hours’ light and dark, with the light turned on at 07:00. Mice were fed a standard (6.55% kcal from fat and 3.9 83 

kcal/g; 4RF21, Mucedola, Italy) diet, food, and water are available ad libitum.  84 

Drugs 85 

AS-POMC was produced by EUROBIO Laboratories (Les Ulis Cedex, France). The 21-base sequence of AS-POMC 86 

was 5′-TCTGGCTCTTCTCGGAGGTCA-3′, that reduced the dose-dependently synthesis of POMC cleavage-derived 87 

hormones (β-endorphin, ACTH, α-MSH, β-MSH, γ-MSH) in in vivo and in vitro models [18,22,24]. In order to avoid 88 

the potential confusing factor of a huge decrease in the activity of the HPA axis, we selected an AS dose (0.1 nmol/g), 89 

which has been able to reduce the increased hormone levels induced by stress while has not been capable of reducing 90 

the basal level of the POMC-derived molecules found in control (CTR) mice [22]. There is no apparent toxic effect 91 

produced by AS’s repeated administration in the neonate and adult mice [18,22]. 92 

Stress procedures 93 

Experiments were performed following procedures published in our previous studies [18,22]. In brief, stress procedures 94 

were conducted during the winter period, in order to avoid seasonal variations in the receptor’s sensitivity. Following 95 

the arrival of females from the factory on the 14th day of pregnancy, starting on the 19th day of pregnancy, females were 96 

examined twice per day (at 08:00 and 16:00) to control the presence of pups. All male pups born in the 12 hours’ 97 

window belonging to different litters were put together, with the exclusion of a few animals whose weight was over the 98 

mean ± 2 standard deviations. All accepted pups weighed between 2.01 and 2.69 g, with a normal distribution. Within 99 

12 hours since birth, six male pups of homogeneous size were put together and randomly assigned per litter, so that all 100 

pups were randomly cross-fostered. Litters were casually assigned to one of the following groups: 1) CTR mice: the 101 

pups were left undisturbed, but pups and dams were removed at the same time and put together in a clean cage twice per 102 

week; 2) stressed mice (SM): from postnatal day (PND) 2 up to PND 21, pups were removed daily, all at the same 103 

moment, from the home cage and grouped in a container with a fresh bedding material for 10 min. During this period, 104 

each pup of stressed groups was gently picked up with a gloved hand, weighed, and injected subcutaneously on its back 105 
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with sterile saline solution (1 l/g) with a micro-syringe (26-gauge needle). After that, they were returned all together to 106 

the home cage with the mother; 3) AS group was submitted to the same stressing procedures, but it was treated with 107 

AS-POMC (0.1 nmol/g) in saline solution (1 l/g). Procedures were always carried out by the same experimenter. 108 

Thereby, animals received two different stressful procedures: psychological stress, i.e. daily short mother separation 109 

from PND 2 to PND 21, and slight pain stress, i.e. daily sham injection from PND 2 to PND 21. It is of no relevance at 110 

all the fact that mice were born from mothers shipped during pregnancy because all mice could also undergo 111 

intrauterine stress. Nevertheless, our CTR mice present physiological levels of GCs and glycemia, even though prenatal 112 

stress by shipping has previously been shown to have no significant effect on the metabolic profile and basal corticoids 113 

blood levels in adult offspring [25]. However, we cannot exclude a contribution of prenatal stress in the development of 114 

the phenotype of adult hypercortisolism. At PND 21, tissues were dissected from sacrificed mice from all experimental 115 

groups, and hormonal levels were evaluated. The rest of the animals were rehoused in post-weaning cages, placing two 116 

or three animals of the same experimental group in each cage to prevent isolation-induced stress. At PND 90, animals 117 

were sacrificed and tissues dissected and analyzed. The timing of experimental procedures is described in Table 1. 118 

Glycemia testing 119 

Since fasting during the lactation period could affect the model, only at the age of 90 PND, a part of the mice selected 120 

from each group has been submitted to the test for glycemia. In order to prevent a potential stress induced by fasting, 121 

plasma from these mice has not been used to analyze stress hormones. The collection of blood for all determinations, 122 

including glycemia, took place immediately after decapitation by gathering trunk blood. The test was performed in the 123 

morning, after 12-hour fasting, using test strips and a glucometer (One-Touch EuroFlash; Johnson & Johnson Co). Each 124 

test was repeated twice, and the mean of the two measures was recorded. 125 

Plasma and tissue preparations 126 

Since mice have an inverted light/dark cycle compared to the humans’ one, at 21 and 90 PND non-fasting animals have 127 

immediately been sacrificed between 09:00 and 12:00 in the noon, to identify hypercortisolism and classify also the 128 

ACTH status [26]. In order to avoid possible differences in stress procedures, the animals from one of the cages were 129 

picked up by three investigators at the time and gone through the experimental procedure at the same time. 130 

Trunk blood was collected in either ice-chilled heparinized or in EDTA-containing tubes according to each 131 

hormone-specific assay protocol and spun at 3,500 × g for 10 minutes at 4 °C. Plasma was stored at − 80 °C until 132 

assayed. The total pituitary gland and the hypothalamus were dissected on dry ice and stored at − 80 °C, following 133 

previously described procedures [27,28]. Before storing, pituitary glands of CTR and SM at 90 PND were weighted. On 134 
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the day of assay, according to Spampinato and Goldstein [29], tissues were extracted in 0.1 mM acetic acid at 90 °C and 135 

used throughout.  136 

Immune-reactive (ir-)ACTH, ir-CRH and ir-corticosterone determinations 137 

Tissue and plasma ir-CRH and ir-ACTH were measured with a double-antibody precipitation radioimmunoassay (RIA) 138 

[30]. The hACTH antibody (Dr. A.F. Parlow, Harbor-UCLA Medical Center, USA) fully recognizes mouse ACTH (1–139 

39) and there is no significant cross-reactivity with other peptides derived from the proopiomelanocortin precursor [17]. 140 

In the same way, the mouse CRH antibody (Bachem AG, Bubendorf, Switzerland), shows no relevant cross-reactivity 141 

with other peptides derived from CRH precursor [22]. The detection limit for ACTH was 6 ± 0.23 pg/ml; IC50 was 142 

229 ± 26 pg/ml (mean ± S.D.); whereas CRH detection limit was 3 ± 0.12 pg/ml; IC50 was 14.7 ± 1.5 pg/ml (mean ± 143 

S.D.). [125I] iodotyrosyl2-ACTH (1–39) [125I] iodotyrosyl0-CRH were purchased from Amersham Biosciences (Milan, 144 

Italy) and Bachem AG (Bubendorf, Switzerland). 145 

Ir-corticosterone-like material was assayed with RIA kits (ICN, Costa Mesa, CA, USA) as previously pointed 146 

out [31]. All assays were measured in duplicate and all determinations had intra-assay and inter-assay variations less 147 

than 2%. Tissue proteins were measured as previously reported [18,22,32,33]. 148 

Statistics 149 

Results are presented as the mean ± standard error (± SE) of single animal data. Statistical analysis was performed using 150 

GraphPad Prism (version 7.05). All datasets were analyzed using the Brown-Forsythe test for normality. Datasets with 151 

normal distribution were analyzed for significance using one-way or two-way analysis of variance (ANOVA). Post hoc 152 

multiple comparisons were carried out using the Tukey's multiple comparisons or the Bonferroni post hoc test. Datasets 153 

with nonparametric distribution were analyzed using the Kruskal-Wallis test. Post hoc multiple comparisons were 154 

performed using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. F-, H- and P values for 155 

individual statistical analyses, and post-hoc analyses, are reported in Table 2. A probability level of P<0,05 was 156 

considered to be statistically significant. 157 

Results 158 

Bodyweight and metabolic parameters 159 

Fig. 1 shows the pattern of body weight in CTR, SM, and AS male mice at different ages: from the end of the daily 160 

administered stress during the nursing period at 21 PND up to 90 PND. At 90 PND, SM showed a significant increment 161 

in total body weight compared to CTR and AS (Fig. 1A). In Fig. 1B, at 90 PND the post-hoc test shows that stress 162 
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procedures triggered a consistent increase in fasting glycemia levels in adult age, while AS prevents completely stress-163 

induced hyperglycemia.  164 

Hormonal parameters 165 

Stress hormones’ expressions, recorded 30 minutes after (21 PND) and 70 days after the stressful period (90 PND) are 166 

reported for all experimental groups in Figure 2 and 3. At 21 PND in SM we observed an increase in the hypothalamic 167 

CRH and ACTH (hACTH) expression’s level, considered archetype of all POMC derived peptides, respect to CTR 168 

(Fig. 2A and 2B, respectively), as well as an enhanced pituitary ACTH (pACTH) level (Fig. 3A) in SM vs the other 169 

groups. The SM also have circulating ACTH (cACTH) (Fig. 3B) and corticosterone (Fig. 3C) levels consistently higher 170 

than those of CTR and AS-treated mice.  171 

After the unstressed period (90 PND), in hypothalamic dissected tissues from SM the CRH and hACTH levels 172 

were significantly lower and suppressed compared to that of the other groups (Fig. 2), whereas pACTH expression’s 173 

level remains higher than in CTR and AS-treated mice (Fig. 3A). Both cACTH (Fig. 3B) and corticosterone levels (Fig. 174 

3C) were higher in stressed animals than in CTR and AS-treated mice. The weights of fresh pituitary glands from SM 175 

were significantly higher than in control mice (Fig. 4). 176 

Discussion  177 

The present data confirm and extend the understanding of the pathogenic role of ES [19]. These results show that 178 

immediately after the stress procedures, CD-1 male mice present a transient rise of CRH expression, that decreases 179 

thereafter and appears to be suppressed at 90 PND. Simultaneously, we have observed a progressive increment of both 180 

pituitary and circulating ACTH, as well as corticosterone plasma levels, which persisted from 21 up to 90 PND. These 181 

findings are accompanied by an increase in the total body weight curve, which becomes significantly higher after the 182 

unstressed period (from 21 to 90 PND). The treatment with AS-POMC prevents almost all the hormonal and metabolic 183 

alterations reported in SM, which may prevent not only pituitary ACTH secretion but also the activation of the CRH 184 

neurons during the stress phase [34]. Indeed, while measuring the hACTH, as an archetype of all POMC-derived 185 

peptides, we have detected different levels of this peptide in the experimental groups that are consistent with CRH 186 

trend. Since POMC (and ACTH itself) is the precursor of various MSH peptides able to act on melanocortin receptors 187 

[35,36], our data suggest a fundamental role of hypothalamic POMC positive neurons during stress, since the blunting 188 

of POMC expression by an AS can prevent the stress mediated CRH activation of the axis. Thereby, it is conceivable 189 

that, by acting on hypothalamic POMC neurons, the AS-POMC could have reduced the POMC-derived molecules, 190 

which are known to influence the responsiveness of hypothalamic neurons to stress. Furthermore, at 90 days, after being 191 
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stressed in early-life, mice, but in the absence of active stress condition, could have developed an autonomous pituitary 192 

ACTH secretion. Indeed, the consequent high corticosterone circulating levels have been effective on the negative feed-193 

back only at the hypothalamic level, thus eventually decreasing CRH secretion (Fig. 5). Moreover, as a consequence of 194 

the prevention of CRH rise during the stress period, the treatment with AS-POMC is associated with normal expression 195 

levels of CRH and pituitary ACTH and, in consequence, of normal circulating parameters of HPA axis throughout the 196 

study period [37,38]. 197 

The proposed pathogenic mechanism is in line with what have been published on the transgenic mouse model of 198 

CS, which is associated with stress-like neuroendocrine and autonomic changes and developing high corticosterone 199 

plasma levels and adrenal gland hypertrophy, due to an enduring hypothalamic CRH overexpression. In those studies, 200 

the basal plasma ACTH concentrations were not suppressed (as one would have expected in the presence of normal 201 

pituitary feedback due to GC excess), consistent with a partially autonomous ACTH hypersecretion [39]. Interestingly, 202 

the GC excess in our model appears clearly as ACTH-dependent because the hypothalamic CRH overexpression is 203 

restricted to the stress period during early-life, and is thereafter suppressed by the GC feedback. The increase in body 204 

weight as well as mild hyperglycemia, are also consistent with the development of a Cushing-like condition in the SM 205 

[40,41].  206 

The whole body of these data suggests that a metabolic syndrome (overweight/hyperglycemia/hypertension) may 207 

originate from juvenile stress, which may induce a constant ACTH-dependent GC excess persisting even after the 208 

resolution of the stressful period of time. Furthermore, the possibility that stressful events in early-life could be 209 

associated with the occurrence of an ACTH autonomous secretion had already been proposed by other authors, who 210 

have observed that patients with a pituitary-dependent CS have had a relevant number of stressful events more in their 211 

youth rather than a normal control group [9]. On the other hand, the strict association of metabolic syndrome and GC 212 

excess, even of a mild degree, has been suggested by studies showing that a hidden hypercortisolism is more frequent 213 

than what was expected among patients with type 2 diabetes [11,12,42,43]. While we are aware that neuropsychological 214 

alterations are common in patients with clinically overt CS [44], in patients with less severe hypercortisolism data are 215 

scarce, but even the condition of subtle GC excess may influence patients' mental health and cognitive performance 216 

[45]. Moreover, recent studies imply that even in subjects without hypercortisolism, an increased degree of cortisol 217 

secretion (even though still within the normal range) is associated with the typical chronic complications of 218 

hypercortisolism (i.e. diabetes, hypertension, and osteoporosis) [46,47]. Therefore, it is conceivable that the stress 219 

condition, by increasing cortisol secretion, may lead to chronic consequences typical of CS [48]. 220 

Further studies are needed to identify other possible "actors" that could affect the proposed pathogenic 221 

mechanism, such as the arginine-vasopressin hormone (AVP), which is known to influence ACTH secretion. However, 222 
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the clear effect of AS-POMC in normalizing the HPA axis alterations and the low AVP expression in paraventricular 223 

nucleus (PVN) CRH neurons, presented by other authors [9], suggests that CRH has the main role in mediating the 224 

ACTH hypersecretion in our model. Moreover, in the same way as our findings, it is reported a decrease in steady-state 225 

mRNA levels of CRH in the PVN of ES-experiencing pups, with an increase in corticosterone blood levels. By contrast, 226 

it was not observed a significant change in mRNA levels of arginine vasopressin in the hypothalamus of these mice 227 

[48]. In addition to the lack of AVP measurement, our study has other limitations. Firstly, we have not evaluated the 228 

changes in the GC receptor’s expression that may influence different sensitivity in the negative feedback at the 229 

hypothalamic or pituitary level [49]. However, the consistency of the data obtained after POMC-AS administration 230 

suggests that the GC receptor’s differences shall exert a minimal role in the pathogenesis of this persistent ACTH 231 

hypersecretion after stress in early-life. Secondly, we do still not know if the early stress is effectively associated with 232 

the development of corticotroph adenomas or with an increased function of the whole corticotroph population. The lack 233 

of a pituitary imaging and/or pituitary tissue investigation precludes us from solving this issue, however the observed 234 

increase in pituitary weight in SM (Fig. 4) prompts further studies on this model with histological analyses of pituitary 235 

tissue. Thirdly, in the hypothalamic tissue, we have not measured changes in POMC mRNA or POMC products other 236 

than ACTH in the adult mice following stress exposure.  237 

 Despite all these limitations, the HPA axis activity alterations of this mouse model may be consistent with the 238 

idea of an initial hypothalamic origin of the ACTH-secreting pituitary hyperplasia [50], which could promote 239 

corticotroph proliferation leading later on to an autonomous ACTH secretion.  240 

In conclusion, these findings suggest that a chronic stress in early-life can induce a persistent up-regulation of 241 

the HPA axis generating endocrine, metabolic and somatic alterations very similar to those found in human ACTH-242 

dependent autonomous cortisol hypersecretion [13]. 243 
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Figure legends 361 

Table 1 362 

Stress procedures’ timing. 363 

Table 2 364 

Statistical analysis. 365 

Figure 1 366 

Metabolic parameters. Total body weight (A) and fasting glycemia (B). (A) Total body weights at 21 (n=8 per group), 367 

30 (n=6 per group), 60 (n=12 per group), and 90 (n=12 per group) days of age in the three groups of mice. CTR 368 

indicates the undisturbed mice group; SM indicates mice underwent stress procedures; AS indicates SM treated with 369 
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antisense-POMC. Statistical analyses were performed using ANOVA and analyzed using the Bonferroni post hoc test, 370 

(B) fasting glycemia (n=6 per group) were performed using ANOVA followed by the Tukey's multiple comparisons 371 

test. Values are expressed as mean ± SE.*P<0.05; ***P<0.001 for CTR vs SM. §§P<0.01 for SM vs AS. 372 

Figure 2 373 

Hypothalamic parameters. Immunoreactive content of hypothalamic ACTH (hACTH) (A) or CRH (B) of mice at 21 374 

PND (n=6-7 per group) and 90 PND (n=5 per group). Values are expressed as mean ± SE. Statistical analysis was 375 

performed depending on the distribution parametricity of data. Datasets with normal distribution were analyzed for 376 

significance using a one-way analysis of variance or two-way (ANOVA). Post hoc multiple comparisons were carried 377 

out using the Tukey's multiple comparisons or the Bonferroni’s post hoc test. Datasets with nonparametric distribution 378 

were analyzed using the Kruskal-Wallis test. Post hoc multiple comparisons were carried out using the two-stage linear 379 

step-up procedure of Benjamini, Krieger and Yekutieli, *P<0.05; ***P<0.001 for CTR vs other groups.  §P<0.05, 380 

§§§P<0.001 for SM vs AS. 381 

Figure 3 382 

Pituitary and plasmatic parameters. Pituitary content of pACTH (A) and circulating cACTH (B) and corticosterone 383 

(C) of mice at 21 PND (n=6-7 per group) and 90 PND (n=5 per group). Values are expressed as mean ± SE. Statistical 384 

analysis was performed depending on the distribution parametricity of data. Datasets with normal distribution were 385 

analyzed for significance using a one-way analysis of variance (ANOVA). Post hoc multiple comparisons were carried 386 

out using the Tukey's multiple comparisons test. Datasets with nonparametric distribution were analyzed using the 387 

Kruskal-Wallis test. Post hoc multiple comparisons were carried out using the two-stage linear step-up procedure of 388 

Benjamini, Krieger and Yekutieli, ***P<0.001 for CTR vs SM. §§P<0.01 for SM vs AS. 389 

Figure 4 390 

Pituitary weights.  391 

Weights of fresh pituitary glands of control and stressed mice at 90 PND (n=5 per group). Values are expressed as 392 

mean ± SE. Statistical analysis was performed depending on the distribution parametricity of data. Datasets were 393 

analyzed for significance using an unpaired t-test, *P<0.05 for CTR vs SM. 394 

Figure 5 395 

Summary scheme. Our data are consistent with an autonomous corticotropin secretion in 90 PND mice undergoing a 396 

stressful treatment in early life. 397 
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Abstract  28 

Purpose It has been hypothesized that specific early-life stress (ES) procedures on CD-1 male mice produce diabetes-29 

like alterations due to the failure of negative feedback of glucocorticoid hormone in the pituitary. The aim of this study 30 

is to investigate the possible mechanism that leads to this pathological model, framing it in a more specific clinical 31 

condition.  32 

Methods Metabolic and HPA-related hormones of stressed mice (SM) have been analyzed immediately after stress 33 

procedures (21 postnatal day, PND) and after 70 days of a peaceful (unstressed) period (90PND). These data have been 34 

compared to parameters from age-matched controls (CTR), and mice treated during ES procedures with oligonucleotide 35 

antisense for pro-opiomelanocortin (AS-POMC).  36 

Results At 21PND, SM presented an increased secretion of hypothalamic CRH and pituitary POMC-derived peptides, 37 

as well as higher plasmatic levels of ACTH and corticosterone vs CTR. At 90PND, SM showed hyperglycemia, with 38 

also suppression of hypothalamic CRH, while pituitary and plasmatic ACTH levels, as well as plasma corticosterone, 39 

were constantly higher than in CTR. These values are accompanied by a progressive acceleration in gaining total body 40 

weight, which became significant versus CTR at 90PND together with a higher pituitary weight. Treatment with AS-41 

POMC prevented all hormonal and metabolic alterations observed in SM, both at 21 and 90PND.  42 

Conclusion These findings show that these specific ES procedures affect the negative glucocorticoid feedback in the 43 

pituitary, but not in the hypothalamus, suggesting a novel model of ACTH-dependent hypercortisolism that can be 44 

prevented by silencing the POMC gene. 45 
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Introduction 46 

The hypothalamic–pituitary–adrenal (HPA) axis is a complex set of direct influences and feedback interactions among 47 

three components: the hypothalamus, the pituitary gland, and the adrenal glands [1,2]. Since HPA axis is a major 48 

neuroendocrine system, it is in charge of controlling the reactions to stress and regulates many body processes, 49 

including the immune system [3], mood and emotions [4], sexual desire regulation [5], and energy storage and 50 

consumption [2]. Thereby, an alteration of the HPA axis homeostasis can lead to behavioral disorders and metabolic 51 

diseases [6].  52 

As it is known, the HPA axis has intrinsic plasticity in the early-life’s phases in humans [7]. Indeed, this 53 

situation could explain much evidences and suggest that conditions of stress might alter the HPA axis activity, which 54 

leads consequently to glucocorticoids (GCs) hypersecretion [8]. In past times, it has already been proposed to maintain 55 

an occasional relationship between Cushing’s syndrome (CS) and stress conditions throughout infancy [9,10]. 56 

The condition of hypercortisolism provokes some of the hallmark signs as insulin resistance, dyslipidemia, 57 

vascular alterations, bone fragility, and body overweight [11–16]. Interestingly, these findings are similar to the 58 

phenotype of early-life stress (ES) mouse model developed in our laboratories [17–19]. Likewise other ES models 59 

[20,21], this mouse is submitted to complex ES procedures that could mimic the neonatal intensive care unit. After an 60 

unstressed period of 70 days, the mice present hyperglycemia, hyperinsulinemia, and body overweight, caused by a 61 

persisting GCs surplus [17,22,23], which may be associated with an up-regulation of the negative GCs feedback 62 

mechanisms [19].  63 

Thus, this mouse's pathology presents itself as a suitable model for clarifying the relationship between chronic 64 

stress in early-life and the related HPA axis activation, as a possible pathogenic cause of hypercortisolism. 65 

To understand the early stress-related pathogenesis of this model, we have been analyzing the hypothalamus and 66 

pituitary expression, and circulating hormones at different ages (immediately after stress procedures and after 70 days 67 

under unstressed conditions). These results have been compared with those obtained as much in unstressed mice as in 68 

stressed mice, treated with antisense oligodeoxynucleotide versus pro-opiomelanocortin (AS-POMC, or AS). 69 

Material and methods 70 

Ethics guidelines 71 

All the procedures were carried out in accordance with the guidelines of the Council of European Communities 72 

(European Communities Council Directive of 24 November 1986, 86/609/EEC) and following the approval of the 73 

Bioethical Committee of the Italian National Institute of Health (Istituto Superiore di Sanità - ISS), and the Italian 74 

Ministry of Health. All possible efforts have been made to minimize animal suffering and to reduce the number of 75 
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animals used. For the current investigation, no alternatives to in vivo techniques are available. We confirm that all 76 

mandatory laboratory health and safety procedures have been complied throughout the course of any experimental work 77 

presented in this paper. 78 

Animal general procedures  79 

Pregnant multiparous outbred laboratory-born CD-1 mice were sent by the factory (Charles River Italia, Calco, Italy) 80 

and arrived at the 14th day of conception age in the ISS vivarium; all mice were housed in single cages in a central 81 

facility and maintained under controlled conditions of 55±5% humidity and temperature of 21±1 °C, in a photoperiod of 82 

12 hours’ light and dark, with the light turned on at 07:00. Mice were fed a standard (6.55% kcal from fat and 3.9 83 

kcal/g; 4RF21, Mucedola, Italy) diet, food, and water are available ad libitum.  84 

Drugs 85 

AS-POMC was produced by EUROBIO Laboratories (Les Ulis Cedex, France). The 21-base sequence of AS-POMC 86 

was 5′-TCTGGCTCTTCTCGGAGGTCA-3′, that reduced the dose-dependently synthesis of POMC cleavage-derived 87 

hormones (β-endorphin, ACTH, α-MSH, β-MSH, γ-MSH) in in vivo and in vitro models [18,22,24]. In order to avoid 88 

the potential confusing factor of a huge decrease in the activity of the HPA axis, we selected an AS dose (0.1 nmol/g), 89 

which has been able to reduce the increased hormone levels induced by stress while has not been capable of reducing 90 

the basal level of the POMC-derived molecules found in control (CTR) mice [22]. There is no apparent toxic effect 91 

produced by AS’s repeated administration in the neonate and adult mice [18,22]. 92 

Stress procedures 93 

Experiments were performed following procedures published in our previous studies [18,22]. In brief, stress procedures 94 

were conducted during the winter period, in order to avoid seasonal variations in the receptor’s sensitivity. Following 95 

the arrival of females from the factory on the 14th day of pregnancy, starting on the 19th day of pregnancy, females were 96 

examined twice per day (at 08:00 and 16:00) to control the presence of pups. All male pups born in the 12 hours’ 97 

window belonging to different litters were put together, with the exclusion of a few animals whose weight was over the 98 

mean ± 2 standard deviations. All accepted pups weighed between 2.01 and 2.69 g, with a normal distribution. Within 99 

12 hours since birth, six male pups of homogeneous size were put together and randomly assigned per litter, so that all 100 

pups were randomly cross-fostered. Litters were casually assigned to one of the following groups: 1) CTR mice: the 101 

pups were left undisturbed, but pups and dams were removed at the same time and put together in a clean cage twice per 102 

week; 2) stressed mice (SM): from postnatal day (PND) 2 up to PND 21, pups were removed daily, all at the same 103 

moment, from the home cage and grouped in a container with a fresh bedding material for 10 min. During this period, 104 

each pup of stressed groups was gently picked up with a gloved hand, weighed, and injected subcutaneously on its back 105 
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with sterile saline solution (1 l/g) with a micro-syringe (26-gauge needle). After that, they were returned all together to 106 

the home cage with the mother; 3) AS group was submitted to the same stressing procedures, but it was treated with 107 

AS-POMC (0.1 nmol/g) in saline solution (1 l/g). Procedures were always carried out by the same experimenter. 108 

Thereby, animals received two different stressful procedures: psychological stress, i.e. daily short mother separation 109 

from PND 2 to PND 21, and slight pain stress, i.e. daily sham injection from PND 2 to PND 21. It is of no relevance at 110 

all the fact that mice were born from mothers shipped during pregnancy because all mice could also undergo 111 

intrauterine stress. Nevertheless, our CTR mice present physiological levels of GCs and glycemia, even though prenatal 112 

stress by shipping has previously been shown to have no significant effect on the metabolic profile and basal corticoids 113 

blood levels in adult offspring [25]. However, we cannot exclude a contribution of prenatal stress in the development of 114 

the phenotype of adult hypercortisolism. At PND 21, tissues were dissected from sacrificed mice from all experimental 115 

groups, and hormonal levels were evaluated. The rest of the animals were rehoused in post-weaning cages, placing two 116 

or three animals of the same experimental group in each cage to prevent isolation-induced stress. At PND 90, animals 117 

were sacrificed and tissues dissected and analyzed. The timing of experimental procedures is described in Table 1. 118 

Glycemia testing 119 

Since fasting during the lactation period could affect the model, only at the age of 90 PND, a part of the mice selected 120 

from each group has been submitted to the test for glycemia. In order to prevent a potential stress induced by fasting, 121 

plasma from these mice has not been used to analyze stress hormones. The collection of blood for all determinations, 122 

including glycemia, took place immediately after decapitation by gathering trunk blood. The test was performed in the 123 

morning, after 12-hour fasting, using test strips and a glucometer (One-Touch EuroFlash; Johnson & Johnson Co). Each 124 

test was repeated twice, and the mean of the two measures was recorded. 125 

Plasma and tissue preparations 126 

Since mice have an inverted light/dark cycle compared to the humans’ one, at 21 and 90 PND non-fasting animals have 127 

immediately been sacrificed between 09:00 and 12:00 in the noon, to identify hypercortisolism and classify also the 128 

ACTH status [26]. In order to avoid possible differences in stress procedures, the animals from one of the cages were 129 

picked up by three investigators at the time and gone through the experimental procedure at the same time. 130 

Trunk blood was collected in either ice-chilled heparinized or in EDTA-containing tubes according to each 131 

hormone-specific assay protocol and spun at 3,500 × g for 10 minutes at 4 °C. Plasma was stored at − 80 °C until 132 

assayed. The total pituitary gland and the hypothalamus were dissected on dry ice and stored at − 80 °C, following 133 

previously described procedures [27,28]. Before storing, pituitary glands of CTR and SM at 90 PND were weighted. On 134 
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the day of assay, according to Spampinato and Goldstein [29], tissues were extracted in 0.1 mM acetic acid at 90 °C and 135 

used throughout.  136 

Immune-reactive (ir-)ACTH, ir-CRH and ir-corticosterone determinations 137 

Tissue and plasma ir-CRH and ir-ACTH were measured with a double-antibody precipitation radioimmunoassay (RIA) 138 

[30]. The hACTH antibody (Dr. A.F. Parlow, Harbor-UCLA Medical Center, USA) fully recognizes mouse ACTH (1–139 

39) and there is no significant cross-reactivity with other peptides derived from the proopiomelanocortin precursor [17]. 140 

In the same way, the mouse CRH antibody (Bachem AG, Bubendorf, Switzerland), shows no relevant cross-reactivity 141 

with other peptides derived from CRH precursor [22]. The detection limit for ACTH was 6 ± 0.23 pg/ml; IC50 was 142 

229 ± 26 pg/ml (mean ± S.D.); whereas CRH detection limit was 3 ± 0.12 pg/ml; IC50 was 14.7 ± 1.5 pg/ml (mean ± 143 

S.D.). [125I] iodotyrosyl2-ACTH (1–39) [125I] iodotyrosyl0-CRH were purchased from Amersham Biosciences (Milan, 144 

Italy) and Bachem AG (Bubendorf, Switzerland). 145 

Ir-corticosterone-like material was assayed with RIA kits (ICN, Costa Mesa, CA, USA) as previously pointed 146 

out [31]. All assays were measured in duplicate and all determinations had intra-assay and inter-assay variations less 147 

than 2%. Tissue proteins were measured as previously reported [18,22,32,33]. 148 

Statistics 149 

Results are presented as the mean ± standard error (± SE) of single animal data. Statistical analysis was performed using 150 

GraphPad Prism (version 7.05). All datasets were analyzed using the Brown-Forsythe test for normality. Datasets with 151 

normal distribution were analyzed for significance using one-way or two-way analysis of variance (ANOVA). Post hoc 152 

multiple comparisons were carried out using the Tukey's multiple comparisons or the Bonferroni post hoc test. Datasets 153 

with nonparametric distribution were analyzed using the Kruskal-Wallis test. Post hoc multiple comparisons were 154 

performed using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. F-, H- and P values for 155 

individual statistical analyses, and post-hoc analyses, are reported in Table 2. A probability level of P<0,05 was 156 

considered to be statistically significant. 157 

Results 158 

Bodyweight and metabolic parameters 159 

Fig. 1 shows the pattern of body weight in CTR, SM, and AS male mice at different ages: from the end of the daily 160 

administered stress during the nursing period at 21 PND up to 90 PND. At 90 PND, SM showed a significant increment 161 

in total body weight compared to CTR and AS (Fig. 1A). In Fig. 1B, at 90 PND the post-hoc test shows that stress 162 
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procedures triggered a consistent increase in fasting glycemia levels in adult age, while AS prevents completely stress-163 

induced hyperglycemia.  164 

Hormonal parameters 165 

Stress hormones’ expressions, recorded 30 minutes after (21 PND) and 70 days after the stressful period (90 PND) are 166 

reported for all experimental groups in Figure 2 and 3. At 21 PND in SM we observed an increase in the hypothalamic 167 

CRH and ACTH (hACTH) expression’s level, considered archetype of all POMC derived peptides, respect to CTR 168 

(Fig. 2A and 2B, respectively), as well as an enhanced pituitary ACTH (pACTH) level (Fig. 3A) in SM vs the other 169 

groups. The SM also have circulating ACTH (cACTH) (Fig. 3B) and corticosterone (Fig. 3C) levels consistently higher 170 

than those of CTR and AS-treated mice.  171 

After the unstressed period (90 PND), in hypothalamic dissected tissues from SM the CRH and hACTH levels 172 

were significantly lower and suppressed compared to that of the other groups (Fig. 2), whereas pACTH expression’s 173 

level remains higher than in CTR and AS-treated mice (Fig. 3A). Both cACTH (Fig. 3B) and corticosterone levels (Fig. 174 

3C) were higher in stressed animals than in CTR and AS-treated mice. The weights of fresh pituitary glands from SM 175 

were significantly higher than in control mice (Fig. 4). 176 

Discussion  177 

The present data confirm and extend the understanding of the pathogenic role of ES [19]. These results show that 178 

immediately after the stress procedures, CD-1 male mice present a transient rise of CRH expression, that decreases 179 

thereafter and appears to be suppressed at 90 PND. Simultaneously, we have observed a progressive increment of both 180 

pituitary and circulating ACTH, as well as corticosterone plasma levels, which persisted from 21 up to 90 PND. These 181 

findings are accompanied by an increase in the total body weight curve, which becomes significantly higher after the 182 

unstressed period (from 21 to 90 PND). The treatment with AS-POMC prevents almost all the hormonal and metabolic 183 

alterations reported in SM, which may prevent not only pituitary ACTH secretion but also the activation of the CRH 184 

neurons during the stress phase [34]. Indeed, while measuring the hACTH, as an archetype of all POMC-derived 185 

peptides, we have detected different levels of this peptide in the experimental groups that are consistent with CRH 186 

trend. Since POMC (and ACTH itself) is the precursor of various MSH peptides able to act on melanocortin receptors 187 

[35,36], our data suggest a fundamental role of hypothalamic POMC positive neurons during stress, since the blunting 188 

of POMC expression by an AS can prevent the stress mediated CRH activation of the axis. Thereby, it is conceivable 189 

that, by acting on hypothalamic POMC neurons, the AS-POMC could have reduced the POMC-derived molecules, 190 

which are known to influence the responsiveness of hypothalamic neurons to stress. Furthermore, at 90 days, after being 191 
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stressed in early-life, mice, but in the absence of active stress condition, could have developed an autonomous pituitary 192 

ACTH secretion. Indeed, the consequent high corticosterone circulating levels have been effective on the negative feed-193 

back only at the hypothalamic level, thus eventually decreasing CRH secretion (Fig. 5). Moreover, as a consequence of 194 

the prevention of CRH rise during the stress period, the treatment with AS-POMC is associated with normal expression 195 

levels of CRH and pituitary ACTH and, in consequence, of normal circulating parameters of HPA axis throughout the 196 

study period [37,38]. 197 

The proposed pathogenic mechanism is in line with what have been published on the transgenic mouse model of 198 

CS, which is associated with stress-like neuroendocrine and autonomic changes and developing high corticosterone 199 

plasma levels and adrenal gland hypertrophy, due to an enduring hypothalamic CRH overexpression. In those studies, 200 

the basal plasma ACTH concentrations were not suppressed (as one would have expected in the presence of normal 201 

pituitary feedback due to GC excess), consistent with a partially autonomous ACTH hypersecretion [39]. Interestingly, 202 

the GC excess in our model appears clearly as ACTH-dependent because the hypothalamic CRH overexpression is 203 

restricted to the stress period during early-life, and is thereafter suppressed by the GC feedback. The increase in body 204 

weight as well as mild hyperglycemia, are also consistent with the development of a Cushing-like condition in the SM 205 

[40,41].  206 

The whole body of these data suggests that a metabolic syndrome (overweight/hyperglycemia/hypertension) may 207 

originate from juvenile stress, which may induce a constant ACTH-dependent GC excess persisting even after the 208 

resolution of the stressful period of time. Furthermore, the possibility that stressful events in early-life could be 209 

associated with the occurrence of an ACTH autonomous secretion had already been proposed by other authors, who 210 

have observed that patients with a pituitary-dependent CS have had a relevant number of stressful events more in their 211 

youth rather than a normal control group [9]. On the other hand, the strict association of metabolic syndrome and GC 212 

excess, even of a mild degree, has been suggested by studies showing that a hidden hypercortisolism is more frequent 213 

than what was expected among patients with type 2 diabetes [11,12,42,43]. While we are aware that neuropsychological 214 

alterations are common in patients with clinically overt CS [44], in patients with less severe hypercortisolism data are 215 

scarce, but even the condition of subtle GC excess may influence patients' mental health and cognitive performance 216 

[45]. Moreover, recent studies imply that even in subjects without hypercortisolism, an increased degree of cortisol 217 

secretion (even though still within the normal range) is associated with the typical chronic complications of 218 

hypercortisolism (i.e. diabetes, hypertension, and osteoporosis) [46,47]. Therefore, it is conceivable that the stress 219 

condition, by increasing cortisol secretion, may lead to chronic consequences typical of CS [48]. 220 

Further studies are needed to identify other possible "actors" that could affect the proposed pathogenic 221 

mechanism, such as the arginine-vasopressin hormone (AVP), which is known to influence ACTH secretion. However, 222 
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the clear effect of AS-POMC in normalizing the HPA axis alterations and the low AVP expression in paraventricular 223 

nucleus (PVN) CRH neurons, presented by other authors [9], suggests that CRH has the main role in mediating the 224 

ACTH hypersecretion in our model. Moreover, in the same way as our findings, it is reported a decrease in steady-state 225 

mRNA levels of CRH in the PVN of ES-experiencing pups, with an increase in corticosterone blood levels. By contrast, 226 

it was not observed a significant change in mRNA levels of arginine vasopressin in the hypothalamus of these mice 227 

[48]. In addition to the lack of AVP measurement, our study has other limitations. Firstly, we have not evaluated the 228 

changes in the GC receptor’s expression that may influence different sensitivity in the negative feedback at the 229 

hypothalamic or pituitary level [49]. However, the consistency of the data obtained after POMC-AS administration 230 

suggests that the GC receptor’s differences shall exert a minimal role in the pathogenesis of this persistent ACTH 231 

hypersecretion after stress in early-life. Secondly, we do still not know if the early stress is effectively associated with 232 

the development of corticotroph adenomas or with an increased function of the whole corticotroph population. The lack 233 

of a pituitary imaging and/or pituitary tissue investigation precludes us from solving this issue, however the observed 234 

increase in pituitary weight in SM (Fig. 4) prompts further studies on this model with histological analyses of pituitary 235 

tissue. Thirdly, in the hypothalamic tissue, we have not measured changes in POMC mRNA or POMC products other 236 

than ACTH in the adult mice following stress exposure.  237 

 Despite all these limitations, the HPA axis activity alterations of this mouse model may be consistent with the 238 

idea of an initial hypothalamic origin of the ACTH-secreting pituitary hyperplasia [50], which could promote 239 

corticotroph proliferation leading later on to an autonomous ACTH secretion.  240 

In conclusion, these findings suggest that a chronic stress in early-life can induce a persistent up-regulation of 241 

the HPA axis generating endocrine, metabolic and somatic alterations very similar to those found in human ACTH-242 

dependent autonomous cortisol hypersecretion [13]. 243 
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Figure legends 361 

Table 1 362 

Stress procedures’ timing. 363 

Table 2 364 

Statistical analysis. 365 

Figure 1 366 

Metabolic parameters. Total body weight (A) and fasting glycemia (B). (A) Total body weights at 21 (n=8 per group), 367 

30 (n=6 per group), 60 (n=12 per group), and 90 (n=12 per group) days of age in the three groups of mice. CTR 368 

indicates the undisturbed mice group; SM indicates mice underwent stress procedures; AS indicates SM treated with 369 
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antisense-POMC. Statistical analyses were performed using ANOVA and analyzed using the Bonferroni post hoc test, 370 

(B) fasting glycemia (n=6 per group) were performed using ANOVA followed by the Tukey's multiple comparisons 371 

test. Values are expressed as mean ± SE.*P<0.05; ***P<0.001 for CTR vs SM. §§P<0.01 for SM vs AS. 372 

Figure 2 373 

Hypothalamic parameters. Immunoreactive content of hypothalamic ACTH (hACTH) (A) or CRH (B) of mice at 21 374 

PND (n=6-7 per group) and 90 PND (n=5 per group). Values are expressed as mean ± SE. Statistical analysis was 375 

performed depending on the distribution parametricity of data. Datasets with normal distribution were analyzed for 376 

significance using a one-way analysis of variance or two-way (ANOVA). Post hoc multiple comparisons were carried 377 

out using the Tukey's multiple comparisons or the Bonferroni’s post hoc test. Datasets with nonparametric distribution 378 

were analyzed using the Kruskal-Wallis test. Post hoc multiple comparisons were carried out using the two-stage linear 379 

step-up procedure of Benjamini, Krieger and Yekutieli, *P<0.05; ***P<0.001 for CTR vs other groups.  §P<0.05, 380 

§§§P<0.001 for SM vs AS. 381 

Figure 3 382 

Pituitary and plasmatic parameters. Pituitary content of pACTH (A) and circulating cACTH (B) and corticosterone 383 

(C) of mice at 21 PND (n=6-7 per group) and 90 PND (n=5 per group). Values are expressed as mean ± SE. Statistical 384 

analysis was performed depending on the distribution parametricity of data. Datasets with normal distribution were 385 

analyzed for significance using a one-way analysis of variance (ANOVA). Post hoc multiple comparisons were carried 386 

out using the Tukey's multiple comparisons test. Datasets with nonparametric distribution were analyzed using the 387 

Kruskal-Wallis test. Post hoc multiple comparisons were carried out using the two-stage linear step-up procedure of 388 

Benjamini, Krieger and Yekutieli, ***P<0.001 for CTR vs SM. §§P<0.01 for SM vs AS. 389 

Figure 4 390 

Pituitary weights.  391 

Weights of fresh pituitary glands of control and stressed mice at 90 PND (n=5 per group). Values are expressed as 392 

mean ± SE. Statistical analysis was performed depending on the distribution parametricity of data. Datasets were 393 

analyzed for significance using an unpaired t-test, *P<0.05 for CTR vs SM. 394 

Figure 5 395 

Summary scheme. Our data are consistent with an autonomous corticotropin secretion in 90 PND mice undergoing a 396 

stressful treatment in early life. 397 
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