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Obesity- and gender-dependent
role of endogenous somatostatin
-and cortistatin in the regulation
e of endocrine and metabolic
e homeostasis in mice
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Somatostatin (SST) and cortistatin (CORT) regulate numerous endocrine secretions and their absence
[knockout (KO)-models] causes important endocrine-metabolic alterations, including pituvitary
dysregulations. We have demonstrated that the metabolic phenotype of single or combined SST/CORT
KO-models is not drastically altered under normal conditions. However, the biological actions of SST/
CORT are conditioned by the metabolic-status (e.g. obesity). Therefore, we used male/female SST-
and CORT-KO mice fed low-fat (LF) or high-fat (HF) diet to explore the interplay between SST/CORT

. and obesity in the control of relevant pituitary-axes and whole-body metabolism. Our results showed

that the SST/CORT role in the control of GH/prolactin secretions is maintained under LF- and HF-diet

. conditions as SST-KOs presented higher GH/prolactin-levels, while CORT-KOs displayed higher GH- and

. lower prolactin-levels than controls under both diets. Moreover, the impact of lack of SST/CORT on

. the metabolic-function was gender- and diet-dependent. Particularly, SST-KOs were more sensitive to
HF-diet, exhibiting altered growth and body-composition (fat/lean percentage) and impaired glucose/
insulin-metabolism, especially in males. Conversely, only males CORT-KO under LF-diet conditions

. exhibited significant alterations, displaying higher glucose-levels and insulin-resistance. Altogether,

. these data demonstrate a tight interplay between SST/CORT-axis and the metabolic status in the

. control of endocrine/metabolic functions and unveil a clear dissociation of SST/CORT roles.

Somatostatin (SST) and cortistatin (CORT) are two closely related neuropeptides that share high structural, phar-
macological and functional similarities*. SST? is a pleiotropic neuropeptide widely distributed throughout the
organism, which regulates a plethora of physiological functions, including inhibition of basal and stimulated
secretion from endocrine and exocrine cells, inhibition of gastrointestinal motility, modulation of neurotransmis-
sion, metabolism and immune function, as well as inhibition of cell proliferation and differentiation’*-°. In con-
trast, CORT’ is mainly produced in the cerebral cortex and was originally identified for its role in the modulation
of sleep cycles, neuronal activity and immune system’~'!. Subsequently, CORT was suggested as an endocrine/
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metabolic sibling of SST; however, recent evidence demonstrated that CORT is able to trigger unique, and even
opposite, endocrine and non-endocrine actions from those exerted by SST, including the regulation of endocrine
secretions, the control of immune response or the modulation of neuronal activity>>!2-%°. These functional differ-
ences may have various causes, such as minor amino acid sequence disparities between SST and CORT, dissimilar
capacity to bind and/or activate common receptors (sst1-5)! or, to the ability of CORT, but not SST, to bind other
non-sst receptors (i.e. ghrelin receptor, GHSR1a, or mas-related G protein coupled receptor MrgX2)*"2,

SST and CORT play complex regulatory roles within the endocrine-metabolic milieu. Indeed, SST and CORT
are crucial regulators of several metabolic hormones such as growth hormone (GH), prolactin or ACTH/costi-
costerone, and have also been shown to suppress insulin secretion in vitro*?, strongly suggesting a relevant role
in the modulation of whole-body metabolic function. Accordingly, previous studies using genetically engineered
preclinical mouse models have shown that lack of endogenous SST or CORT drastically, but distinctly, alters the
normal hormone secretion patterns. Indeed, SST-knockout (KO) mice exhibit gender-dependent elevated levels
of GH, prolactin and ACTH/corticosterone, while CORT-KO mice also present gender-dependent elevated levels
of GH and ACTH/corticosterone but reduced levels of prolactin'***-?”. In addition, although male and female
SST-KO mice exhibit comparable glucose/insulin sensitivity to WT controls'*?%, male CORT-KO mice present a
clear insulin resistance under chow-diet, normal weight conditions'?, confirming the gender-dependent role of
SST/CORT on metabolic function. However, SST and CORT actions might also be dependent on, or influenced
by specific endocrine/metabolic conditions, like obesity'***-*”, which may suggest that the final biological actions
of SST and CORT may be conditioned by the specific metabolic status. Therefore, the present study has been
conceived to unveil, for the first time, the putative interplay between SST or CORT and an extreme metabolic situ-
ation such as diet-induced obesity in the control of the most relevant pituitary hormonal axes and the whole-body
metabolic function by using male and female SST- and CORT-KO mice fed a low-fat or a high-fat diet and, their
respective lean and obese littermate controls.

Results

SST and CORT exerted gender- and diet-dependent effects on BW. To unveil the putative inter-
play between SST or CORT and obesity, we firstly analyzed BW gain and body composition in male and female
SST-KO, CORT-KO and their littermate WT-controls fed a LE- or a HE-diet. Under LF-conditions, SST-KO
females exhibited significantly higher BW gain (p = 0.006, two-way ANOVA), while male SST-KO or CORT-KO
males and females did not show significant differences with WT-controls (Fig. 1A,B). As expected, HF-feeding
significantly increased BW gain in all experimental groups (p < 0.05, two-way ANOVA) (Fig. 1A,B). Under
HF-diet conditions, male SST-KO exhibited increased BW gain compared to controls (Fig. 1B), while female
SST-KO and CORT-KO male and female did not show differences (Fig. 1A,B).

The increase in BW observed in SST-KO mice, especially in males, was not associated to increased calo-
ries intake. Indeed, although HF-fed animals exhibited reduced food intake compared to genotype- and
gender-matched LF-fed mice, SST-KO and CORT-KO mice exhibited similar food intake than their controls
within the same diet (Fig. 1C).

The predominant effect of SST in the control of BW gain was further supported by the BWs at sacrifice
(Fig. 2A). Specifically, HF-diet induced significant BW increases in all the experimental groups compared to
LF-fed counterparts (p < 0.001, two-way ANOVA) (Fig. 2A). However, only SST-KO mice exhibited significant
difference on BW compared to WT-controls (p=0.012 and p = 0.005 two-way ANOVA in females and males,
respectively), being significantly marked in HF-fed males (p < 0.05, Bonferroni test; Fig. 2A). No significant
changes were observed in CORT-KO mice compared to WT-controls (Fig. 2A).

SST and CORT exerted gender- and diet-dependent effects on body composition. HF-diet
feeding increased visceral and subcutaneous fat depots weight in most of the experimental groups compared to
LF-diet controls (p < 0.001, two-way ANOVA within genotype and gender; Fig. 2B,C). Indeed, circulating leptin
levels were elevated in all the HF-diet fed groups compared to LF-fed mice (p < 0.05, two-way ANOVA within
genotype and gender; Supplemental Fig. 2A). However, only lack of endogenous SST elicited significant changes
in fat depot weight (Fig. 2B,C), exhibiting a significant increment on visceral and subcutaneous fat depots weight
irrespective of gender (p < 0.001, two-way ANOVA), while lack of CORT did not exert any significant effect.
These changes were mostly observed in SST-KO males (Fig. 2B,C) and were particularly pronounced in the sub-
cutaneous adipose depot of HF-diet fed SST-KO males (1.8-fold; p < 0.001, Bonferroni test).

Similarly, liver weights were altered by the absence of SST but not CORT. Indeed, SST-KO females and males
exhibited increased liver weights (p < 0.001 and p = 0.025, two-way ANOVA, respectively), being more pro-
nounced in females, irrespective of the diet, and in LF-diet males (Fig. 2D). In contrast, no significant changes in
pancreas weight were found in any experimental groups (Supplemental Fig. 2B).

Lack of SST and CORT altered the production and secretion of pituitary hormones. We ana-
lyzed the interaction of diet-induced obesity with the lack of SST and CORT on the production and secretion of
key pituitary hormones by determining GH, IGF and PRL levels at sacrifice (Fig. 3). GH is a pivotal metabolic
hormone secreted in a pulsatile fashion and alterations in GH secretion pattern are difficult to identify by simple
point bleeding. However, our measurements demonstrated a significant effect of the genotype on GH levels of
SST-KO females and males (p =0.001 and p = 0.05, two-way ANOVA, respectively), being especially significant
in SST-KO females (p < 0.001 and p < 0.05, Bonferroni test in LF- and HF-fed, respectively; Fig. 3A). However,
these changes cannot be explained by increased expression of pituitary GH mRNA (Supplemental Fig. 3A), which
suggests the existence of alternative mechanism in SST-KO mice. In contrast, and likely due to the reasons men-
tioned above, only significant increases in GH levels were found in LF-fed CORT-KO males compared with
controls (Fig. 3A); while differences in other CORT-KO mice groups were not apparent. Similarly, no changes
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Figure 1. Growth rate and food intake of male and female, LF- and HF-fed, SST-KO, CORT-KO and
control mice. Female (A) and male (B) SST-KO, CORT-KO and control (WT) mice were fed a LF- of a HF-diet
starting at 4 weeks of age and body weights were recorder weekly until sacrifice (14-16 weeks of diet). Statistical
differences were assessed by two-way ANOVA within genotype and gender followed by Bonferroni post-hoc
test within each time point [significant differences are indicated by *(WT-LF vs. WT-HF) or *(KO-LF vs.
KO-HF)]. (C) Food intake was estimated at 15-17 weeks of age (11-13 weeks of diet) by daily weighting food
provided and withdrawn during 7 consecutive days. Statistical differences were assessed by two-way ANOVA
within genotype and gender followed by Bonferroni post-hoc test [significant differences between LF- and HF-
fed mice are indicated by asterisks (***p < 0.001; **p < 0.01; *p < 0.05). Data represent MEM & SEM of n=6-12
mice per gender, diet and genotype.
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Figure 2. Body, visceral and subcutaneous fat depots and liver weights of male and female, LF- and HF-fed,
SST-KO, CORT-KO and control mice. Body (A), visceral (B) and subcutaneous (C) fat depots and liver (D)
weights of female and male SST-KO, CORT-KO and control (WT) mice fed a LF- of a HF-diet were recorder at
sacrifice (14-16 weeks of diet). Statistical differences were assessed by two-way ANOVA within genotype and
gender (indicated below each graph) followed by Bonferroni post-hoc test [significant differences between LF-
and HF-fed or between WT and KO mice are indicated by asterisks (***p<0.001; **p < 0.01; *p < 0.05)]. Data
represent MEM + SEM of n = 6-12 mice per gender, diet and genotype.
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Figure 3. GH, IGF-I and prolactin (PRL) levels of male and female, LF- and HF-fed, SST-KO, CORT-KO
and control mice. GH (A), IGF-I (B) and PRL (C) levels of female and male SST-KO, CORT-KO and control
(WT) mice fed a LF- of a HF-diet determined at sacrifice (14-16 weeks of diet). Statistical differences were
assessed by two-way ANOVA within genotype and gender (indicated below each graph) followed by Bonferroni
post-hoc test [significant differences between LE- and HF-fed or between WT and KO mice are indicated by
asterisks (***p < 0.001; **p < 0.01; *p < 0.05)]. Data represent MEM £ SEM of n = 6-12 mice per gender, diet
and genotype.

in pituitary GH mRNA levels in CORT-KO mice were found (Supplemental Fig. 3A). Remarkably, changes in
GH levels could not be explained by alterations in the expression of hypothalamic factors (GHRH or ghrelin,
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Supplemental Fig. 3C,D); however, since we analyzed the expression levels of the whole hypothalamus, local
changes in specific hypothalamic nuclei cannot be discarded.

Furthermore, although no significant changes were found in CORT-KOs compared to controls
(Supplemental Fig. 4B,C), SST-KO mice showed drastic alterations in the hepatic expression of MUP-3 and
PRL-R, two reliable markers of altered GH pulsatile pattern. Particularly, female LF-fed SST-KO mice presented
higher levels of PRL-R, while female HF-fed SST-KO mice showed reduced levels of MUP-3 expression compared
to diet-matched controls (Supplemental Fig. 4B,C), suggesting altered GH secretion patterns. The most striking
results were obtained in SST-KO males, which exhibited significantly elevated levels of PRL-R and reduced levels
of MUP-3 compared to controls (Supplemental Fig. 4B,C), indicating a drastically feminized GH pattern.

Similarly, HF-feeding seemed to induce a significant elevation in IGF-Ilevels in SST-KO and CORT-KO mice
(p <0.001, two-way ANOVA), which was specially pronounced in controls (Fig. 3B). Although CORT-KO mice
exhibited similar IGF-I levels than controls, SST-KO male mice showed reduced IGF-I levels, irrespective of
the diet (p =0.001, two-way ANOVA; Fig. 3B). Interestingly, the circulating pattern of IGF-I was similar to the
hepatic expression pattern of IGF-I in SST-KO mice, although no significant differences were detected in this
cohort (Supplemental Fig. 4A). No changes were observed in the hepatic expression of IGF-I of CORT-KO mice.

Inasmuch as we have previously reported different roles of SST and CORT in the control of PRL levels'?,
we sought to determine the putative interaction between SST or CORT and diet-induced obesity in PRL.
Consistently, SST-KO mice exhibited similar PRL level elevations under both dietary conditions (Fig. 3C), being
especially drastic in females (p =0.001, two-way ANOVA) irrespective of diet (Fig. 3C). In addition, PRL lev-
els were significantly reduced in CORT-KO mice (effect of genotype: p < 0.001, two-way ANOVA), being these
changes especially marked in HF-diet mice (p < 0.001 and p < 0.05, Bonferroni test in HF-fed females and males,
respectively) compared to the gender-matched controls (Fig. 3C). In both cases, changes in circulating PRL levels
were not clearly associated to altered pituitary PRL expression of SST-KO and CORT-KO mice, except in the case
of female SST-KO wherein PRL expression at the pituitary levels were increased in LF-fed SST-KO and HF-fed
controls compared to LF-fed controls (Supplemental Fig. 3B).

SST and CORT exerted gender- and diet-dependent effects on glucose/insulin homeostasis.
To explore the role of SST and CORT in the interaction between diet and glucose/insulin homeostasis, SST-KO
and CORT-KO mice were subjected to in vivo dynamic insulin/glucose sensitivity tests. HF-diet feeding induced
a drastic, significant impairment of glucose clearance during the GTT, which was observed in all the experi-
mental groups (Fig. 4). Of note, lack of CORT did not impact glucose clearance. On the other hand, although
female SST-KO mice exhibited similar GTT curves than WT-controls, male SST-KO mice fed a HF-diet showed
impaired glucose clearance compared to controls (Fig. 4), while these differences were not observed in LF-fed
mice. These results were further confirmed by the analysis of the area under the curves (AUC) calculated from
the GT'Ts, which showed a significant effect of the diet (p < 0.001, two-way ANOVA) and of genotype in SST-KO
males (p = 0.049, two-way ANOVA) (Supplemental Fig. 5). These altered GTT curves were accompanied by
changes in fasting, but not fed, glucose levels in SST-KO males (Supplemental Figure 6A). Of note, no alterations
in fed glucose were observed in SST-KO and CORT-KO groups (Supplemental Figure 6B). Similarly, fed insulin
levels were altered in SST-KO males (p = 0.012, two-way ANOVA), being significantly elevated in SST-KO HF-fed
males compared to HF-fed controls and LF-fed SST-KO mice; while no alterations were observed in other exper-
imental groups (Supplemental Figure 6C).

Implementation of ITTs served to confirm a certain degree of insulin resistance of HF-fed WT males but not
females, mainly indicated by a lower recovery of glucose levels at 120 minutes post-injection (Fig. 5). Interestingly,
LF-fed CORT-KO males were more insulin resistant than LF-fed WT-controls (Fig. 5); while no differences where
observed in other experimental groups.

Discussion
SST and CORT are two neuropeptides widely known by their ability to regulate numerous endocrine secretions,
particularly those from the pituitary gland (GH or PRL) and the gastrointestinal tract (pancreatic and gut secre-
tions)?. Indeed, although they exert different, even opposite effects in the regulation of several non-endocrine
functions, both peptides seem to similarly regulate endocrine secretions?, with the only reported exception of
PRL!?, The fact that both peptides exhibit a marked inhibitory action on GH release and other endocrine secre-
tions suggests that lack of SST or CORT would cause profound alterations in relevant endocrine/metabolic pro-
cesses. However, genetically engineered animal models have revealed that, under normal conditions, the single
or combined deletion of SST and/or CORT does not drastically influence the metabolic phenotypic of these
animals'**%. Indeed, despite the fact that SST and CORT are two primary inhibitors of GH secretion by acting
through their canonical receptors (sst1-5)!*2631:32 and, that SST-KO or CORT-KO mice display markedly ele-
vated plasma GH levels'*?*, SST-KO and CORT-KO mice do not exhibit a correspondingly enhanced somatic
growth'>? or major changes in body mass, IGF plasma levels or glucose/insulin metabolism!>2%2529:30:32,

However, SST and CORT actions are clearly dependent on, and influenced by, the endocrine/metabolic situ-
ation, such as fasting?>?” and/or obesity'>?*-?33, which suggest that the final biological actions of SST and CORT
may be conditioned by the specific metabolic status. For this reason, in this study, we used male and female
SST- and CORT-KO mice fed a LF or a HF diet to thoroughly explore, for first time, the interplay between SST or
CORT and obesity in the control of the most relevant pituitary hormonal axes and whole-body metabolic func-
tion (the main results are summarized in Table 1) and found striking differences that may help to shed light to the
role of endogenous SST and CORT in the control of the endocrine/metabolic milieu under extreme metabolic
conditions.

As expected, SST-KO and CORT-KO mice exhibited drastic deregulations in key pituitary axes, such as
GH and PRL, which were overtly maintained under LF- and HF-conditions. In particular, male and female
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Figure 4. Dynamic glucose tolerance test on male and female, LF- and HF-fed, SST-KO, CORT-KO and
control mice. Glucose tolerance tests (GTTs) were performed at 16-18 weeks of age (12-14 weeks of diet) after
an overnight fast (2 g/kg glucose, ip) on female and male SST-KO, CORT-KO and control (WT) mice. Statistical
differences were assessed by two-way ANOVA within genotype and gender followed by Bonferroni post-hoc
test within each time point [significant differences are indicated by *(WT-LF vs. WT-HF), *(KO-LF vs. KO-HF)
or (WT-HF vs. KO-HF)]. Data represent MEM + SEM of n = 6-12 mice per gender, diet and genotype.

SST-KO and CORT-KO mice showed elevated plasmatic GH levels irrespective of the diet (except for the case
of CORT-KO females), which is consistent with previous reports observing similar changes under normal and
extreme metabolic conditions'**>?72%335_Of note, these changes seemed to be more pronounced under LF con-
ditions, wherein SST-KO and CORT-KO mice exhibited obvious elevated GH levels compared to controls. The
fact that these changes were less evident under HF-feeding could be associated to the fact that obesity represents
an extreme metabolic status that courses with clear impairments in GH pulses®**”, which could be masking the
loss of SST/CORT inhibitory effect. Remarkably, these changes in plasma GH levels were not accompanied by
parallel alterations in the expression of pituitary GH mRNA, which is consistent with previous reports?>2”2%3%3
and reinforces the idea that SST and CORT could be exerting regulatory roles at different levels of the regulatory
axis of the GH secretion, including the hypothalamic level, the control of secretory pulses or the regulation of
other hormonal systems (ghrelin, glucocorticoids, etc.) as previously suggested!>2%27:2%30:33 Nevertheless, it is
important to highlight that, despite the difficulty of assessing GH levels due to its pulsatile secretion pattern, the
results presented herein serve to confirm previous results on the crucial role of endogenous SST and CORT on the
control of GH secretion and to expand them to different dietary patterns. Indeed, the analysis of the expression of
GH pattern-sensitive genes in the liver of SST-KO under LF- and HF-conditions further reinforced the idea that
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Figure 5. Dynamic insulin tolerance test on male and female, LF- and HF-fed, SST-KO, CORT-KO and
control mice. Insulin tolerance tests (ITTs) were performed at 17-19 weeks of age (13-15 weeks of diet) under
ad libitum fed conditions (1 U/kg Novolin, ip) on female and male SST-KO, CORT-KO and control (WT) mice.
Statistical differences were assessed by two-way ANOVA within genotype and gender followed by Bonferroni
post-hoc test within each time point [significant differences are indicated by *(WT-LF vs. WT-HF), *(KO-LF vs.
KO-HF) or ¥(WT-LF vs. KO-LF)]. Data represent MEM + SEM of n = 6-12 mice per gender, diet and genotype.

the GH secretion pattern is dramatically altered by the lack of SST inasmuch as SST-KO male mice exhibited a
feminized hepatic expression of PRLR and MUP3 gene [two genes whose expression depends on the GH pulsatile
pattern®], which is clearly maintained under LF- and HF-feeding, consistent with previous data on male SST-KO
fed a chow diet®.

Similarly, the effect of SST and CORT on the secretion of PRL was not influenced by the metabolic status
since SST-KO mice presented elevated and CORT-KO exhibited reduced PRL levels, irrespective of the diet,
which is consistent with the results previously reported by our group under standard feeding conditions'?. In this
case, comparable changes have been found under LF- and HF-conditions, reinforcing the idea that both peptides
exert a direct role on the regulation of PRL release at pituitary level and dismissing the putative indirect action
through the regulation of other endocrine-metabolic mediators. These results also extend previous data showing
an opposite role of SST and CORT on the regulation of PRL release and demonstrate that CORT is not a mere
SST analog in the regulation of endocrine secretions, which have been also observed in the case of non-endocrine
actions>*12-%,
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Table 1. Summary of the endocrine-metabolic parameters determined in female and male SST-KO,
CORT-KO and control (WT) mice fed a LF- of a HF-diet. 1 and | indicate significant changes compared to
sex and diet matched wild-type controls. “\ indicate non-significant tendencies compared to sex and diet
matched wild-type controls.

In contrast, despite clear alterations in pituitary axes, lack of SST or CORT did not drastically impacted mice
growth, body composition or glucose/insulin metabolism, which is in agreement with previous data reported
in single SST-KO or CORT-KO mice or even in double SST/CORT-KO mice under standard dietary condi-
tions!*?>?% Indeed, although HF-feeding demonstrated a significant effect on all the experimental groups in
terms of increased BW gaining, reduced food intake, elevated adipose tissue weight, altered body composition
and impaired glucose/insulin metabolism, lack of SST or CORT showed minor effects. Particularly, lack of SST
did not significantly influence linear growth, body composition or glucose/insulin homeostasis under LF-diet
feeding, which is consistent with previous studies?”?, but interestingly, augmented the deleterious effects of
HF-feeding, especially on male mice. Indeed, HF-fed SST-KO male mice exhibited significantly higher body
weight, with non-significant elevation in the BW of HF-fed SST-KO females compared to controls, which could
be barely explained by the discrete tendency of the SST-KO animals to exhibit higher food intake. In addition,
both male and female SST-KO mice presented altered body composition when fed a HF-diet, with increased
visceral and subcutaneous adipose tissue depots and liver weight; changes that were more pronounced in males.
Interestingly, male and female SST-KO mice displayed unaltered ITTs under HF-diet, consistent with previous
results under standard conditions!'*; however, males presented elevated plasmatic levels of insulin and glucose and
impaired glucose tolerance, suggesting that female SST-KO mice could be, somehow, protected, at least partially,
from the deleterious effects of HF-feeding*!. These data are also consistent with previous studies under standard
conditions'® which, altogether, indicate that SST is a key inhibitory regulator of weight gain, body composition
and whole body glucose homeostasis under conditions of normal/high, but not low, calorie intake.

In contrast to SST-KO mice, lack of endogenous CORT seems to be more important under LF-feeding condi-
tions than in diet-induced obesity conditions. Indeed, although female CORT-KO exhibited a similar phenotype
than control mice under LF-diet, male CORT-KO mice displayed impaired ITT and elevated fasting glucose
levels, consistent with previously reports'. These data reinforce the idea that CORT-KO mice are insulin resist-
ant but glucose tolerant in conditions of low/moderate calorie intake, which could be associated to a particular
pattern and/or magnitude of GH release in CORT-KO mice that could modify the hepatic glucose production in
response to hyperglycemia or to concomitant changes in other regulatory systems such as glucocorticoids*? or
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ghrelin?*?>%3-% a5 previously hypothesized!®. However, lack of CORT was not essential to maintain linear growth,
body composition or appropriate glucose/insulin metabolism under high calories intake as HF-fed CORT-KO
males and females exhibited similar metabolic alterations than HF-fed controls.

Interestingly, we have recently reported that CORT is essential to protect the mammary gland against the
chemical-induced tumorigenesis and that this action is diet-independent, while the role of SST seems to be more
restricted to HF-conditions®, which suggests a tight interplay between the SST/CORT axis and the metabolic
(lean/obese) status in the control of a wide variety of physiological and pathological functions that may strongly
depend on the particular end-point analyzed and, therefore, highlight the necessity of taking into consideration
this interplay when analyzing the role of these pivotal hormones. Altogether, the data presented herein demon-
strate a gender- and diet-dependent role of endogenous SST and CORT on the control of key endocrine and met-
abolic parameters such as pituitary hormones secretion (i.e. GH and PRL), body growth and body composition
or glucose/insulin homeostasis and, add further evidence to the contention that SST and CORT are not two mere
endocrine functional siblings. Indeed, in this case, SST seems to be more important than CORT in controlling the
parameters mentioned above and, therefore, suggests a clear dissociation of SST/CORT physiological functions.
Therefore, additional efforts should be needed to unveil the specific and distinctive mechanism of action of SST
and CORT, inasmuch as this novel information could pave the way towards the identification and/or development
of useful tools in the management of endocrine-metabolic pathologies.

Material and Methods

Animal studies. All experimental procedures were approved by the IACUC of the University of Cordoba
and were performed in accordance with the appropriate guidelines and regulations. C57B16/] SST-KO (kindly
provided by Dr. Ute Hochgeschwender) and CORT-KO mice were bred in-house and maintained under standard
conditions (12 h light/dark cycle; lights on at 07:00 h; 22-24C), with free access to tap water and food [standard
rodent chow (SAFE-diets, Barcelona, Spain)]. The development and validation of Sst—/— and Cort—/— mice as
well as the methods to determine the genotypes by conventional PCR of tail-snip DNA have been previously repo
rted!??7:303346_Specifically, male and female C57Bl/6 ] wild-type (Sst +/+ and Cort +/4; Controls, WT), SST-KO
(Sst —/—) and CORT-KO (Cort —/—) littermate mice were generated from heterozygous breeding pairs (Sst+/—
or Cort 4-/— mice, respectively). Littermates were singled-housed at 4 weeks of age and randomly divided in two
groups fed a low-fat (LF; Research Diets, Gentofte, Denmark; D12450B; 10% Kcal fat, 70% Kcal carbohydrates,
20% Kcal proteins) or a micronutrient-matched high-fat diet (HF; Research Diets; D12492; 60% Kcal fat, 20%
Kcal carbohydrates, 20% Kcal proteins) for 14-16 weeks (n = 6-12 mice per gender, diet and genotype). Before
experimental manipulation and/or euthanasia, mice were handled daily for two weeks to acclimate them to per-
sonnel and handling methods. All (male or female) mice were euthanized the same day (between 08:00-10:00h)
by decapitation without anesthesia and trunk blood was collected, mixed with EDTA and Miniprotease inhibitor
(Roche, Barcelona, Spain), and kept in ice until further centrifugation to obtain plasma. All females were eutha-
nized under random cycling conditions. Tissues were immediately excised, weighted and snap-frozen in liquid
nitrogen. In particular, visceral and subcutaneous fat depots were directly dissected from the abdominal cavity
and the abdominal subcutaneous region, respectively. Plasma and tissues were stored at —80C until posterior
analysis. Analysis of SST and CORT levels at the hypothalamus by qPCR (see below) further confirmed the gen-
otypes (Supplemental Fig. 1).

In vivo evaluation of metabolic status. Every week, body weight (BW) was monitored to screen the
effectiveness of HF-diet to induce an obese phenotype. Food intake was estimated at 15-17 weeks of age (11-13
weeks of diet) by daily weighting food provided and withdrawn during 7 consecutive days. Glucose tolerance tests
(GTTs) were performed at 16-18 weeks of age (12-14 weeks of diet) after an overnight fast (2 g/kg glucose, ip)
and insulin tolerance tests (ITTs) were performed at 17-19 weeks of age (13-15 weeks of diet) under ad libitum
fed conditions (1 U/kg Novolin, ip), beginning between 0800h-0900h. Blood was collected at t0, for insulin and
glucose levels determination.

Circulating hormones measurement. Blood glucose was assessed by glucometer (Accu-Chek system;
Roche Diagnostics, Barcelona, Spain). Commercial ELISA kits validated for the in vitro quantitative measurement
of hormones in mouse serum or plasma were used to assess circulating GH, insulin (Millipore), leptin, IGF-I
(Immunodiagnostic Systems, Bolton, UK) and prolactin (CalBiotech, Spring Valley, CA) following manufactur-
er’s instructions.

Quantitative real-time PCR (qQPCR). Total RNA from mouse tissues (hypothalamus, pituitary and liver)
was extracted, reverse transcribed, and amplified by quantitative real-time PCR using specific sets of primers,
as previously described!*?*47#8 To control for variations in the amount of RNA used and the efficiency of RT
reaction, mRNA copy number of each transcript was adjusted by a normalization factor (NF) obtained from
the expression of three housekeeping genes [Beta-actin (ACTB), cyclophilin A and/or Hypoxanthine-guanine
phosphoribosyltransferase (HPRT)], using the Genorm 3.3 application®, where the expression of these house-
keeping genes was not significantly altered between the experimental groups. Details of primers used in qPCR
are provided in Suppl. Table 1.

Statistical analysis. Samples from all groups were processed at the same time. Male and female results were
analyzed independently and the effect of genotype, the diet and/or the time was assessed by two-way ANOVA,
followed by Bonferroni test for multiple comparisons. All values are expressed as mean = SEM. p < 0.05 was
considered significant. All statistics analyses were performed using the GraphPad Prism 5.0 software (GraphPad
Software Inc., La Jolla, CA, USA).

SCIENTIFICREPORTS | 6:37992 | DOI: 10.1038/srep37992 10



www.nature.com/scientificreports/

References

1.
2.

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
. de Lecea, L. Cortistatin-functions in the central nervous system. Mol Cell Endocrinol 286, 88-95 (2008).
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

Gahete, M. D. et al. Somatostatin and its receptors from fish to mammals. Ann N'Y Acad Sci 1200, 43-52 (2010).
Gahete, M. D. et al. Are somatostatin and cortistatin two siblings in regulating endocrine secretions? In vitro work ahead. Mol Cell
Endocrinol 286, 128-134 (2008).

. Brazeau, P. et al. Hypothalamic polypeptide that inhibits the secretion of immunoreactive pituitary growth hormone. Science 179,

77-79 (1973).

. Patel, Y. C. Somatostatin and its receptor family. Front Neuroendocrinol 20, 157-198 (1999).
. Volante, M. et al. Somatostatin, cortistatin and their receptors in tumours. Mol Cell Endocrinol 286, 219-229 (2008).
. Ruscica, M., Arvigo, M., Steffani, L., Ferone, D. & Magni, P. Somatostatin, somatostatin analogs and somatostatin receptor dynamics

in the biology of cancer progression. Curr Mol Med 13, 555-571 (2013).

. de Lecea, L. et al. A cortical neuropeptide with neuronal depressant and sleep-modulating properties. Nature 381, 242-245 (1996).
. Schweitzer, P, Madamba, S. G. & Siggins, G. R. The sleep-modulating peptide cortistatin augments the h-current in hippocampal

neurons. ] Neurosci 23, 10884-10891 (2003).

. Gonzalez-Rey, E., Chorny, A., Robledo, G. & Delgado, M. Cortistatin, a new antiinflammatory peptide with therapeutic effect on

lethal endotoxemia. ] Exp Med 203, 563-571 (2006).

de Lecea, L. & Castano, J. P. Cortistatin: not just another somatostatin analog. Nat Clin Pract Endocrinol Metab 2, 356-357 (2006).
Dalm, V. A. et al. Cortistatin rather than somatostatin as a potential endogenous ligand for somatostatin receptors in the human
immune system. J Clin Endocrinol Metab 88, 270-276 (2003).

Winsky-Sommerer, R., Spier, A. D., Fabre, V., de Lecea, L. & Criado, J. R. Overexpression of the human beta-amyloid precursor
protein downregulates cortistatin mRNA in PDAPP mice. Brain Res 1023, 157-162 (2004).

Cordoba-Chacon, J. et al. Cortistatin is not a somatostatin analogue but stimulates prolactin release and inhibits GH and ACTH in
a gender-dependent fashion: potential role of ghrelin. Endocrinology 152, 4800-4812 (2011).

Gonzalez-Rey, E., Chorny, A., Del Moral, R. G., Varela, N. & Delgado, M. Therapeutic effect of cortistatin on experimental arthritis
by downregulating inflammatory and Th1 responses. Ann Rheum Dis 66, 582-588 (2007).

Gonzalez-Rey, E. et al. Cortistatin, an antiinflammatory peptide with therapeutic action in inflammatory bowel disease. Proc Natl
Acad Sci USA 103, 4228-4233 (2006).

Dalm, V. A. et al. Expression of somatostatin, cortistatin, and somatostatin receptors in human monocytes, macrophages, and
dendritic cells. Am J Physiol Endocrinol Metab 285, E344-353 (2003).

Broglio, E. et al. Ghrelin secretion is inhibited by either somatostatin or cortistatin in humans. J Clin Endocrinol Metab 87, 4829-4832
(2002).

Ferone, D. et al. Neuroendocrine-immune interactions: the role of cortistatin/somatostatin system. Ann N 'Y Acad Sci 1069, 129-144
(2006).

Criado, J. R. et al. Structural and compositional determinants of cortistatin activity. ] Neurosci Res 56, 611-619 (1999).

Allia, E. et al. Expression of cortistatin and MrgX2, a specific cortistatin receptor, in human neuroendocrine tissues and related
tumours. ] Pathol 207, 336-345 (2005).

Deghenghi, R., Papotti, M., Ghigo, E. & Muccioli, G. Cortistatin, but not somatostatin, binds to growth hormone secretagogue
(GHS) receptors of human pituitary gland. ] Endocrinol Invest 24, RC1-3 (2001).

Broglio, E, Grottoli, S., Arvat, E. & Ghigo, E. Endocrine actions of cortistatin: In vivo studies. Mol Cell Endocrinol 286, 123-127
(2008).

Luque, R. M., Gahete, M. D., Hochgeschwender, U. & Kineman, R. D. Evidence that endogenous SST inhibits ACTH and ghrelin
expression by independent pathways. Am ] Physiol Endocrinol Metab 291, 395-403 (2006).

Luque, R. M. & Kineman, R. D. Gender-dependent role of endogenous somatostatin in regulating growth hormone-axis function in
mice. Endocrinology 148, 5998-6006 (2007).

Luque, R. M. et al. Cortistatin mimics somatostatin by inducing a dual, dose-dependent stimulatory and inhibitory effect on growth
hormone secretion in somatotropes. ] Mol Endocrinol 36, 547-556 (2006).

Cordoba-Chacon, J. et al. Cortistatin is a key factor regulating the sex-dependent response of the growth hormone and stress axes to
fasting in mice. Endocrinology, en20161195 (2016).

Hauge-Evans, A. C. et al. Somatostatin secreted by islet delta-cells fulfills multiple roles as a paracrine regulator of islet function.
Diabetes 58, 403-411 (2009).

Luque, R. M, Park, S. & Kineman, R. D. Role of endogenous somatostatin in regulating GH output under basal conditions and in
response to metabolic extremes. Mol Cell Endocrinol 286, 155-168 (2008).

Pedraza-Arevalo, S. et al. Not So Giants: Mice Lacking Both Somatostatin and Cortistatin Have High GH Levels but Show No
Changes in Growth Rate or IGF-1 Levels. Endocrinology 156, 1958-1964 (2015).

Cordoba-Chacon, J. et al. Somatostatin dramatically stimulates growth hormone release from primate somatotrophs acting at low
doses via somatostatin receptor 5 and cyclic AMP. ] Neuroendocrinol 24, 453-463 (2012).

Cordoba-Chacon, J., Gahete, M. D., Castano, J. P, Kineman, R. D. & Luque, R. M. Somatostatin and its receptors contribute in a
tissue-specific manner to the sex-dependent metabolic (fed/fasting) control of growth hormone axis in mice. Am J Physiol
Endocrinol Metab 300, E46-54 (2011).

Villa-Osaba, A. et al. Obesity alters gene expression for GH/IGF-I axis in mouse mammary fat pads: differential role of cortistatin
and somatostatin. PLoS One 10, €0120955 (2015).

Low, M. J. Clinical endocrinology and metabolism. The somatostatin neuroendocrine system: physiology and clinical relevance in
gastrointestinal and pancreatic disorders. Best Pract Res Clin Endocrinol Metab 18, 607-622 (2004).

Zeyda, T., Diehl, N., Paylor, R., Brennan, M. B. & Hochgeschwender, U. Impairment in motor learning of somatostatin null mutant
mice. Brain Res 906, 107-114 (2001).

Luque, R. M., Gahete, M. D., Cordoba-Chacon, J., Childs, G. V. & Kineman, R. D. Does the pituitary somatotrope play a primary role
in regulating GH output in metabolic extremes? Ann N'Y Acad Sci 1220, 82-92 (2011).

Cornford, A. S., Barkan, A. L. & Horowitz, ]. F. Rapid suppression of growth hormone concentration by overeating: potential
mediation by hyperinsulinemia. J Clin Endocrinol Metab 96, 824-830 (2011).

Gahete, M. D. et al. Elevated GH/IGEF-I, due to somatotrope-specific loss of both IGF-I and insulin receptors, alters glucose
homeostasis and insulin sensitivity in a diet-dependent manner. Endocrinology 152, 4825-4837 (2011).

Gahete, M. D. et al. Insulin and IGF-I inhibit GH synthesis and release in vitro and in vivo by separate mechanisms. Endocrinology
154, 2410-2420 (2013).

Waxman, D. J. & O’Connor, C. Growth hormone regulation of sex-dependent liver gene expression. Mol Endocrinol 20, 2613-2629
(2006).

Mauvais-Jarvis, E, Clegg, D. ]. & Hevener, A. L. The role of estrogens in control of energy balance and glucose homeostasis. Endocr
Rev 34, 309-338 (2013).

Byrne, C. D. Programming other hormones that affect insulin. Br Med Bull 60, 153-171 (2001).

Gahete, M. D. et al. Metabolic regulation of ghrelin O-acyl transferase (GOAT) expression in the mouse hypothalamus, pituitary,
and stomach. Mol Cell Endocrinol 317, 154-160 (2010).

SCIENTIFICREPORTS | 6:37992 | DOI: 10.1038/srep37992 11



www.nature.com/scientificreports/

44. Gauna, C. et al. Administration of acylated ghrelin reduces insulin sensitivity, whereas the combination of acylated plus unacylated
ghrelin strongly improves insulin sensitivity. J Clin Endocrinol Metab 89, 5035-5042 (2004).

45. Granata, R., Baragli, A., Settanni, E, Scarlatti, F. & Ghigo, E. Unraveling the role of the ghrelin gene peptides in the endocrine
pancreas. ] Mol Endocrinol 45, 107-118 (2010).

46. Luque, R. M. et al. Lack of cortistatin or somatostatin differentially influences DMBA-induced mammary gland tumorigenesis in
mice in an obesity-dependent mode. Breast Cancer Res 18, 29 (2016).

47. Cordoba-Chacon, J. et al. Identification and characterization of new functional truncated variants of somatostatin receptor subtype
5 in rodents. Cell Mol Life Sci 67, 1147-1163 (2010).

48. Cordoba-Chacon, J. et al. Peripubertal-onset but not adult-onset obesity increases IGF-I and drives development of lean mass,
which may lessen the metabolic impairment in adult obesity. Am ] Physiol Endocrinol Metab 303, E1151-1157 (2012).

49. Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol 3, RESEARCH0034 (2002).

Acknowledgements

This work was supported by the following grants: Junta de Andalucia (CTS-1406, BIO-0139), ISCIII-FIS
[PI13/00651 and PIE14/00005 (co-funded by European Regional Development Fund/European Social Fund
“Investing in your future”)], MINECO (BFU2013-43282-R), “Miguel Servet” Program, CIBERobn and Ayuda
Merck Serono 2013.

Author Contributions

R.M.L, J.C.-C., M.D.G. and J.P.C. conceived and designed the project. RM.L., ].C.-C., A.LP.-S,, B.P,, RN. and
M.D.G. acquired the data. RM.L., J.C.-C., A.LP-S., B.P, L.d.-L., RN., M.D.G. and J.P.C. performed the analysis
and interpretation of data. R M.L., J.C.-C. and M.D.G. wrote the manuscript. L.d.-L., RN. and J.P.C. revised the
manuscript for important intellectual content. R M.L., J.C.-C., B.P. and M.D.G. performed the statistical analysis.
R.M.L. and J.P.C. obtained funding’s. J.P.C. and R.M.L. supervised the work. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Luque, R. M. et al. Obesity- and gender-dependent role of endogenous somatostatin
and cortistatin in the regulation of endocrine and metabolic homeostasis in mice. Sci. Rep. 6, 37992; doi:
10.1038/srep37992 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:37992 | DOI: 10.1038/srep37992 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Obesity- and gender-dependent role of endogenous somatostatin and cortistatin in the regulation of endocrine and metabolic  ...
	Results

	SST and CORT exerted gender- and diet-dependent effects on BW. 
	SST and CORT exerted gender- and diet-dependent effects on body composition. 
	Lack of SST and CORT altered the production and secretion of pituitary hormones. 
	SST and CORT exerted gender- and diet-dependent effects on glucose/insulin homeostasis. 

	Discussion

	Material and Methods

	Animal studies. 
	In vivo evaluation of metabolic status. 
	Circulating hormones measurement. 
	Quantitative real-time PCR (qPCR). 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Growth rate and food intake of male and female, LF- and HF-fed, SST-KO, CORT-KO and control mice.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Body, visceral and subcutaneous fat depots and liver weights of male and female, LF- and HF-fed, SST-KO, CORT-KO and control mice.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ GH, IGF-I and prolactin (PRL) levels of male and female, LF- and HF-fed, SST-KO, CORT-KO and control mice.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Dynamic glucose tolerance test on male and female, LF- and HF-fed, SST-KO, CORT-KO and control mice.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Dynamic insulin tolerance test on male and female, LF- and HF-fed, SST-KO, CORT-KO and control mice.
	﻿Table 1﻿﻿. ﻿  Summary of the endocrine-metabolic parameters determined in female and male SST-KO, CORT-KO and control (WT) mice fed a LF- of a HF-diet.



 
    
       
          application/pdf
          
             
                Obesity- and gender-dependent role of endogenous somatostatin and cortistatin in the regulation of endocrine and metabolic homeostasis in mice
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37992
            
         
          
             
                Raúl M. Luque
                José Cordoba-Chacon
                Ana I. Pozo-Salas
                Begoña Porteiro
                Luis de Lecea
                Rubén Nogueiras
                Manuel D. Gahete
                Justo P. Castaño
            
         
          doi:10.1038/srep37992
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep37992
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep37992
            
         
      
       
          
          
          
             
                doi:10.1038/srep37992
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37992
            
         
          
          
      
       
       
          True
      
   




