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Maternal obesity is associated with lower basal plasma cortisol levels and increased risk of
postpartum psychiatric disorders. Given that both obesity and the peripartum period are
characterized by an imbalance between adrenocorticotropic hormone (ACTH) and cortisol, we
hypothesized that the adrenal glands undergo peripartum-associated plasticity and that such
changes would be prevented by a high-fat diet (HFD). Here, we demonstrate substantial peripartum
adrenal gland plasticity in the pathways involved in cholesterol supply for steroidogenesis in female
rats. In detail, the receptors involved in plasma lipid uptake, low density lipoprotein (LDL) receptor
(LDLR) and scavenger receptor class B type 1 (SRB1), are elevated, intra-adrenal cholesterol stores
are depleted, and a key enzyme in de novo cholesterol synthesis, hydroxymethylglutaryl coenzyme
A reductase (HMGCR), is downregulated; particularly at mid-lactation. HFD prevented the lactationassociated anxiolysis, basal hypercorticism, and exaggerated the corticosterone response to ACTH.
Moreover, we show that HFD prevented the downregulation of adrenal cholesterol stores and
HMGCR expression, and LDLR upregulation at mid-lactation. These findings show that the adrenal
gland is an important regulator of peripartum-associated HPA axis plasticity and that HFD has
maladaptive consequences for the mother, partly by preventing these neuroendocrine and also
behavioural changes.

Obesity is a growing public health concern in modern societies1,2, and maternal obesity has been implicated in an increased risk of postpartum anxiety and depression3–5. However the mechanism underlying this increased susceptibility is unclear. A candidate system is the hypothalamic-pituitary-adrenal
(HPA) axis, which undergoes substantial plasticity across the peripartum period. Thus, pregnancy and
lactation are associated with increased basal glucocorticoid levels (hypercorticism; cortisol in humans;
corticosterone in rats and mice) and a concurrent hypo-response to acute stressors6–10. These adaptations are thought to be an evolutionary mechanism to meet the enhanced energetic demands of the
mother and to protect the offspring from high glucocorticoid levels. Moreover, it is speculated that
these adaptations contribute to the increased calmness and decreased anxiety that are characteristic of
the period11,12. Recently, it has been shown that obese mothers lack this basal plasma hypercorticism13,
however, whether interplay between maternal obesity and peripartum HPA axis adaptation exists, and
contributes to the increased risk of postpartum psychiatric disorders is currently unknown.
Pregnancy is also associated with increased basal circulating cortisol/corticosterone without changes
in its main secretagogue, adrenocorticotropic hormone (ACTH), which normalizes during lactation8,14.
A possible reason underlying this is the peripartum-associated increase in circulating cholesterol; the
substrate for adrenal steroid hormone synthesis15. Specifically, the adrenal gland sources cholesterol
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from the plasma via low density lipoprotein (LDL) receptor (LDLR)-mediated endocytosis and selective
up-take via scavenger receptor class B type 1 (SRB1). In addition, cholesterol can be locally de novo
synthesized, relying on hydroxymethylglutaryl coenzyme A reductase (HMGCR) activity, or recruited
from cholesterol esters stored in adrenal lipid droplets16. Such intra-adrenal cholesterol esters are synthesized by the enzyme acetyl-coenzyme A acetyltransferase (ACAT) and hydrolyzed to free cholesterol
by the enzyme hormone-sensitive lipase (HSL), and are believed to represent the preferential cholesterol
source recruited by ACTH-induced (e.g. stress-induced) steroidogenesis16,17. Given that (i) the peripartum period is associated with hyperlipidemia, (ii) the lipid cholesterol is required for steroidogenesis17
and (iii) changes in cholesterol availability have been linked to altered HPA axis function18,19, we hypothesized that the adrenal pathways involved in free cholesterol supply for steroidogenesis would show
peripartum-related plasticity. Having shown this, we next assessed whether high-fat diet (HFD) intake
functionally impinged on these alterations and in vivo HPA axis (re)activity at mid-lactation, since this
was found to be the time of greatest adrenal plasticity.

Results

Adrenal glands display plasticity across the peripartum period. To determine whether the adre-

nal glands play a role in HPA axis plasticity across the peripartum period, we collected plasma and
adrenal glands from nulliparous rats and rats from various points across the peripartum period. We first
confirmed that reproductive state affected both plasma ACTH (F5,44 =  3.16, P =  0.017) and corticosterone
(F4,35 =  4.79, P =  0.004). While basal ACTH levels were only increased on lactation day (LD) 8 (P <  0.01;
Fig. 1a), corticosterone levels were higher from pregnancy day (PD) 13 to LD8 (P <  0.05; Fig. 1b) compared with nulliparous rats. Separate analysis revealed that plasma corticosterone was higher at PD21
compared with nulliparous females (Mann Whitney U, P <  0.05; Fig. 1b). Corticosterone levels in the 4
week post-weaning (PW) group were assessed in a separate experiment and were not different to nulliparous rats (right panel Fig. 1b). Comparison among nulliparous rats revealed highest corticosterone levels
at proestrous with no changes in ACTH (see Supplementary Fig. 1a and b); confirming the transient
ACTH-corticosterone imbalance observed across the estrous cycle20.
Given this dissociation, we next assessed adrenal pathways involved in free cholesterol supply for
steroidogenesis to determine, if they are involved in the aforementioned peripartum-associated HPA axis
adaptations. Reproductive state did not affect adrenal weight (Supplementary Fig. 2) or ACTH receptor
binding (Fig. 1c). In contrast, adrenal protein expression of the two main receptors involved in lipid
uptake from the plasma, LDLR (F5,23 =  14.4, P <  0.001) and SRB1 (F5,31 =  9.06, P <  0.001), was increased
at LD8 compared with all other groups (P <  0.001, Fig. 1d and P <  0.01, Fig. 1e, respectively). Protein
expression of HMGCR (F5,22 =  3.12, P =  0.028), the key enzyme in de novo cholesterol synthesis, was
reduced at LD8 compared with PW (P <  0.05) and nulliparous rats (Mann Whitney U; P <  0.05; Fig. 1f).
Protein levels of ACAT and HSL, the enzymes involved in cholesterol-ester synthesis and breakdown,
respectively, were not affected by reproductive state (Fig. 1g, h). Adrenal lipid stores, quantified via
oil-red lipid staining (F5,50 =  19, P <  0.001), were markedly reduced from mid-pregnancy to mid-lactation
compared with nulliparous rats (all P <  0.01; Fig. 2a). These effects were predominantly specific to the
peripartum period, as all were normalized to nulliparous levels PW (Figs. 1 and 2) and only LDLR
expression was altered, and to a lesser extent, across the estrous cycle (Supplementary Fig. 1c–h). Taken
together, these findings suggested for the first time that the adrenal gland is an important mediator of
HPA axis-related peripartum adaptations.

HFD alters maternal in vivo HPA axis function and anxiety-related behavior. To gain a bet-

ter understanding of the functional consequence of these peripartum alterations in adrenal gland plasticity, we next assessed the impact of HFD on HPA axis function and anxiety-related behavior at LD8.
HFD significantly increased body weight gain in both the nulliparous and peripartum group (factor
time x diet: F10,250 =  6.36, P <  0.001; normal fat diet (NFD) vs. HFD P <  0.05; Supplementary Fig. 3).
We could replicate our findings showing a lactation-associated increase in basal ACTH (F20,1 =  17.3,
P <  0.001) and corticosterone (F20,1 =  6.94, P =  0.016) in NFD compared with nulliparous rats (P <  0.001,
Fig. 3a and P <  0.05, Fig. 3b, respectively) and show that HFD (ACTH: F20,1 =  4.3, P =  0.05; corticosterone: F20,1 =  4.57, P =  0.045) abolished these effects (ACTH: HFD dam vs. NFD dam P <  0.05; Fig. 3a).
Moreover, whereas peak ACTH levels obtained 5 min after a stress-equivalent intravenous (iv) ACTH
injection did not differ among the groups (Fig. 3c), corticosterone levels were affected (factor state × diet:
F1,18 =  4.94, P =  0.039). In detail, HFD dams displayed an exaggerated corticosterone response compared
with NFD dams (P <  0.01) and nulliparous HFD rats (P ≤  0.001; Fig. 3d) 5 min after iv ACTH administration. Importantly, we could also reveal that HFD prevented lactation-associated anxiolysis, but did not
affect anxiety-related behavior in nulliparous animals. Specifically, lactation-induced anxiolysis was confirmed given that the reproductive state affected the latency to re-enter the lit chamber of the light-dark
box (F1,25 =  5.79, P =  0.024; Fig. 3e), the number of lit chamber entries (F1,24 =  20.0, P <  0.001; Fig. 3f),
and the rearing in the lit chamber (F1,25 =  5.17, P =  0.032; Fig. 3g). Indeed, NFD dams re-entered the
lit chamber faster (P <  0.05), more often (P <  0.001), and showed increased rearing behavior in the lit
compartment (P <  0.05) compared with nulliparous NFD rats without affecting locomotion. In contrast,
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Figure 1. Reproductive state affects basal ACTH and corticosterone levels and the adrenal glands.
ACTH (a) and corticosterone (b) levels in trunk blood, adrenal ACTH-receptor binding (c), LDLR (d),
SRB1 (e), HMGCR (f), ACAT (g) and HSL (h) protein expression in nulliparous rats at diestrous/metestrous
(N) and animals at pregnancy day (PD) 4, PD13, PD21, lactation day (LD) 8 and 4 weeks post weaning
post-weaning (PW) are presented. Adrenal ACTH-receptor binding and proteins are expressed as % relative
to N rats and protein bands were normalized to β Tubulin in the same membrane. Representative blots
are shown below the corresponding graphs (upper band) together with the loading control β Tubulin
(lower band). Full-length blots are presented in the Supplementary Unedited Gels Fig. 1 file. Data represent
mean +  SEM (numbers in parenthesis are the n numbers). Statistical significance was determined using a
one-way ANOVA followed by Bonferroni post-hoc test or Mann Whitney U test. ***P <  0.001, **P <  0.01 and
*P <  0.05 vs. all the groups unless vs. a specific group when indicated; +P <  0.05 vs. N females after Mann
Whitney U test analysis.
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Figure 2. Cortical lipid droplets are markedly depleted in pregnant and lactating rats. Adrenal cortical
lipid droplets (a) were quantified in nulliparous (N) rats and animals at pregnancy day (PD) 4, PD13, PD21,
lactation day (LD) 8 and 4 weeks post-weaning (PW). Representative pictures (b) from N and LD8 animals
of stained adrenal sections are reported (2.5 and 20× magnification). Data represent mean + SEM (numbers
in parenthesis are the n numbers). Statistical significance was determined using a one-way ANOVA followed
by Bonferroni post-hoc test. ***P <  0.001 compared with N, PD4 and PW animals; **P <  0.01 vs. N.

no difference in these parameters were observed in HFD lactating rats. Taken together, these findings
reveal that HFD detrimentally affects maternal HPA axis adaptations and anxiolysis.

HFD alters lactation-associated adrenal plasticity.

To determine whether these HFD-induced
alterations in HPA axis (re)activity were mirrored at the level of the adrenal gland, we next assessed the
impact of HFD on adrenal gland plasticity at LD8. Both reproductive state (F3,20 =  26.4, P <  0.001) and
diet (F3, 20 =  16.4, P =  0.001) affected adrenal LDLR expression (Fig. 4a). Specifically, the lactation-induced
increase in LDLR protein was reconfirmed (NFD P <  0.001; HFD P <  0.05), whereas HFD dams showed
reduced adrenal LDLR protein expression compared with NFD dams (P ≤  0.001; Fig. 4a). However, the
lactation-associated increase in SRB1 protein expression was not affected by HFD (F3,22 =  69.6, P <  0.001,
lactating vs nulliparous P <  0.001; Fig. 4b). Also the lactation-induced reduction in HMGCR protein
level (F3,23 =  5.26, P =  0.002; NFD, P <  0.01, Fig. 4c) was abolished by HFD. Neither reproductive state
nor diet affected ACTH-receptor binding, ACAT or HSL adrenal protein expression (see Supplementary
Fig. 4a–c). The lactation-associated decrease in adrenal lipid stores (factor state × diet: F3,25 =  19.9,
P <  0.001; NFD P <  0.001; HFD P <  0.05) was confirmed, but HFD dams showed increased lipid droplets compared with NFD dams (P <  0.001; Fig. 4d, f). These results show that HFD affects the normal
adrenal gland plasticity at mid-lactation and thus, presumably contributes to the alterations in in vivo
HPA axis (re)activity.

Discussion

In the present study, we report for the first time that the three pathways that lead to free cholesterol supply within the adrenal gland, i.e. up-take from plasma lipoproteins, de novo synthesis and intra-adrenal
stores mobilization, substantially adapt across the peripartum period. Moreover, the majority of these
changes, as well as lactation-associated basal hypercorticism, reduced acute stress responsiveness, and
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Figure 3. High-fat diet (HFD) prevented the increase in basal ACTH and corticosterone, exaggerated
the corticosterone response to ACTH iv injection and affected anxiety-related behaviour in lactating
animals. Basal ACTH (a) and corticosterone (b), ACTH (c) and corticosterone (d) levels before and after
ACTH iv and light-dark box test parameters (i.e. time before first re-entry in the light chamber (e), number
of light chamber entries (f) and rearings (g)) in nulliparous and lactating animals normal fat diet (NFD) or
fed on a HFD are represented. Data represent mean +  SEM (numbers in parenthesis are the n numbers).
Statistical significance was determined using a two-way ANOVA (a, b, e, f, g) with repeated measures (c,
d) followed by Bonferroni post-hoc test. ***P ≤  0.001 and *P <  0.05 lactating vs. nulliparous NFD; ##P <  0.01
and #P <  0.05 lactating NFD vs. lactating HFD; $P ≤  0.001 lactating HFD vs. nulliparous HFD.

maternal anxiolysis are prevented by exposure to HFD. These changes were specific to the peripartum
period as HFD did not affect these parameters in nulliparous rats. Taken together, our findings support
a major role of the adrenal gland in the peripartum-associated changes in the HPA axis function and
that prevention of adrenal plasticity, such as by obesity, may increase the risk for the development of
postpartum psychopathologies such as anxiety.
As an important prerequisite to our hypotheses, we initially recapitulated literature findings revealing
the ACTH-corticosterone imbalance across both the estrous cycle and peripartum period11,20. While we
could confirm the increase in corticosterone levels during pregnancy without a concomitant increase in
plasma ACTH, we observed an unexpected increase in ACTH in lactation. This increase was observed
in both experimental cohorts and from trunk blood and catheter samples suggesting this to be a robust
finding. However, the reason for this discrepancy is unknown, although relatively few studies have
assessed ACTH levels in lactation (in comparison to nulliparous females). We could additionally reveal
that ACTH-receptor binding does not alter across the peripartum period, suggesting that other factors
sustain the increased level of steroidogenesis at this time. Indeed, adrenal pathways involved in free cholesterol supply for steroidogenesis substantially adapt across the peripartum period, with maximal plasticity observed in mid-lactation. This was indicated by a depletion of adrenal lipid droplets from PD13
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Figure 4. High-fat diet (HFD) feeding impacted on lactation-associated adrenal plasticity. Adrenal LDLR
(a), SRB1 (b), HMGCR (c) protein expression and cortical lipid droplets (d) in nulliparous and lactating rats
normal fat diet (NFD) and fed on a HFD are reported. Data represent mean +  SEM (numbers in parenthesis
are the n numbers). All protein bands were normalized to β Tubulin in the same membrane. Representative
blots (e) of the proteins of interest and loading control and pictures (f) of stained adrenal sections (20×
magnification) are shown. Full-length blots are presented in the Supplementary Unedited Gels Fig. 4 file.
Statistical significance was determined using a two-way ANOVA followed by Bonferroni post-hoc test.
***P <  0.001, **P <  0.01, *P <  0.05 vs. respective nulliparous group. ###P ≤  0.001 vs. lactating NFD dams.
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to LD8, which is likely to reflect increased cholesterol-ester mobilization, followed by increased synthesis
and secretion of corticosterone into plasma, mediating the known phenomenon of basal hyercorticism.
On the other hand, the increase in LDLR and SRB1 and decrease in HMGCR protein expression was
only observed at LD8, suggesting a surrogate mechanism to maintain basal hypercorticism after the lipid
droplets are depleted. The depletion of adrenal lipid droplets during pregnancy without changes in total
protein expression in steroidogenic proteins involved in cholesterol metabolism may be explained by the
fact that the activity of HSL is governed by its phosphorylation state21. This hypothesis will be explored in
future studies. Such changes were relatively specific to the peripartum period, as only LDLR was altered
across the estrous cycle, with increased expression found at estrous. Furthermore, all these peripartum
changes revert to a nulliparous phenotype four weeks after weaning.
Given that these results suggested a prominent role of changes in the adrenal lipid metabolism in
peripartum-associated physiological, and presumably also behavioral, adaptations we next assessed
whether HFD exposure would affect maternal behavior and physiology. In keeping with human studies
showing that overweight women are at risk for elevated anxiety and depressive symptoms, both during
pregnancy3 and within the first 14 months postpartum3,4, we found that lactation-associated anxiolysis
was prevented by HFD. Importantly, we could also demonstrate that the lactation-associated basal high
corticosterone levels as well as the well-known hypo-responsiveness to acute stressors (here ACTH iv
injection)7,11 were abolished in HFD dams. In terms of the latter finding, dissociation of plasma corticosterone between NFD and HFD, but not of plasma ACTH levels, 5 minutes post-injection, clearly indicates the involvement of adrenal-mediated mechanisms. This could be further supported as most of the
adrenal changes at mid-lactation were prevented by HFD. Specifically, lipid droplet levels and HMGCR
expression were found to be similar to nulliparous levels in HFD dams and the lactation-associated
increase in LDLR expression was strongly attenuated by HFD. Further, our data are in agreement with
results from a similarly designed human study where iv ACTH elicited higher cortisol plasma levels in
obese compared with non-obese women22.
Adrenal mRNA expression of steroidogenic genes, including Star and Cyp11A1, has been shown to
be affected by a 60% HFD in mice23 suggesting that HFD might interfere with adrenal function at this
level. However, while we found an overall reproductive status effect on Star, but not Cyp11A1, mRNA
expression, HFD did not affect these parameters. Our findings suggest that Star mRNA levels are higher
during lactation, but no post-hoc comparisons reached significance. Therefore, it is possible that changes
downstream of cholesterol supply occur across the peripartum period (Supplementary Data and Table
2), which will be assessed in future studies.
The alterations in behavior and HPA axis function were specific to the postpartum period as HFD
did not affect any of these parameters in nulliparous rats. Taken together, these HFD-induced changes
indicate an overall increase in adrenal cholesterol availability, which is likely due to the lack of basal
hypercorticism and involved in the increased acute stress response detected in HFD dams.
In conclusion, we have demonstrated a crucial role of adrenal gland plasticity for maternal physiology.
Indeed, prevention of such plasticity via HFD results in altered basal HPA axis function, an exaggerated
stress response, and the abolishment of maternal anxiolysis. Thus, since interference with peripartum
HPA axis plasticity is known to participate in the etiology of several postpartum disorders, their prevention by maternal obesity may contribute to the increased susceptibility to such disorders in obese women.

Materials and Methods

Animals. Female Wistar rats (200 to 250 g, from Charles River, Sulzfeld, Germany) were left undis-

turbed for one week after arrival under standard group (3–4 rats) housing and environmental (12 h
light-12 h dark, lights on at 06:00, 22 ±  1 °C, 60 ±  5% humidity) conditions. Animals were fed a standard
diet (normal food - NFD; 10% fat; Ssniff, Germany) throughout each experiment except the HFD studies, where animals received either the NFD or a HFD (45% fat, Research Diets Inc., U24) starting two
weeks prior to mating until the end of the experiment. All experimental procedures, performed between
08:00–12:00, were approved by the Committee on Animal Health and Care of the local government of
the Oberpfalz and complied with international guidelines on ethical use of animals.

Experimental procedures. Estrous cycle-associated adaptations. Nulliparous rats were decapitation

(08:00–11:00) after four days of single housing and vaginal smears were collected to delineate the three
experimental groups: di-/metestrous, proestrous and estrous; diestrous and metestrous females were
pooled given that ACTH and corticosterone levels have already been reported to be similar across these
two groups20. Trunk blood and adrenal glands were collected and processed (see Methods section).
Potential body-side-specific adrenal adaptations25 were assessed at first; after showing that no parameter
of interest differed between left and right adrenal (see Supplementary Table 1), the estrous cycle investigation was performed in left adrenals.
Peripartum-associated adrenal adaptations. Rats were time-mated (see Methods section) to result in
the following concurrent rat groups: nulliparous (including di-/metestrous from the estrous cycle experiment), PD4, PD13, PD21, LD8 and 4-weeks PW. Females at proestrous were excluded because the
estrous cycle investigation revealed a marked proestrous-associated increase in basal corticosterone (see
Supplementary Fig. 1). Left and right adrenal measures were pooled in each group as no side differences
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were detected for any parameter. Animals were single-housed four days before tissue collection with the
exception of LD8 animals, which were single-housed four days before predicted parturition (PD17) to
allow undisturbed birth and nursing of the offspring. After weaning, PW dams were group-housed until
four days before adrenal glands and trunk blood were collected as previously described26(see Methods
section).
HFD effects on behavior and HPA axis. Nulliparous and LD8 NFD and HFD were tested for
anxiety-related behavior in the light-dark box (see Methods section) on LD3 and HPA axis (re)activity
on LD8. All animals were single-housed on PD17, or equivalent in nulliparous rats.
HFD effects on adrenal plasticity. HFD impact on adrenal plasticity was investigated in nulliparous and
LD8 NFD and HFD animals. Trunk blood and adrenal glands were collected and processed (see Methods
section). All animals were single-housed on PD17, or equivalent in nulliparous rats.

Methods. Time-mating and verification of pregnancy. In each study, female rats were mated (two to

three females per male), and pregnancy was verified by vaginal smears (designated PD0). After parturition, defined as LD0, pups were culled to four females and four males per litter as it has been shown
that litter composition can influence maternal behavior27.

ACTH and corticosterone measurements. Plasma was isolated from trunk blood (5000 rcf, 10 min, 4 °C),
stored in aliquots at − 20 °C until ACTH and corticosterone were measured via commercially available ELISA kits (IBL International GmbH, Germany – corticosterone kit assay range: 1.63–240 nmol/L,
ACTH kit assay sensitivity: 0.22 pg/mL).
Organ preparation. Each left and right adrenal from the estrous cycle and peripartum-associated adrenal adaptation studies was weighed and cut in half. Afterwards, one half was embedded in protective
freezing medium (Tissue-Tek) and the other snap-frozen in liquid nitrogen, before being stored at − 80 °C
for cryo-cutting or western blot analysis, respectively. After embedding, a series of 16 μ m cryo-sections
from the mid-part of the adrenal glands, containing both the cortex and medulla, was cut and then
thaw-mounted onto pre-coated slides (six sections per slide). Since no side-differences were detected in
the experiments described so far, left adrenals from the HFD study were embedded in freezing medium
for cryo-sectioning and right adrenals were snap-frozen for protein isolation.
Oil red lipid staining. Adrenal cryo-sections were stained with Oil-red-O to quantify adrenal lipid droplet cholesterol stores as previously described18,28. Six sections per adrenal were stained, photographed,
and quantified. Each adrenal section was considered as divided through two imaginary lines, crossing
in the middle of the adrenal medulla18,28. From each area, a microscopic image at 5× magnification was
collected using the Leica V4 image acquisition program. Subsequently, one picture from each of the six
adrenal slices per animal was analysed and the average, calculated from the six measures, was used for
statistical analysis. The oil-red positive area (mm2) within the zona fasciculata and zona reticularis and
the total area of these two cortical zones (mm2) were measured using Leica FW4000 software (Leika
Microsystems, Germany), and the ratio between the two was calculated. The adrenal medulla and glomerulosa, both easily distinguishable by eye29, were not considered in this analysis as the main adrenal
zones involved in corticosterone synthesis are the fasciculata and reticularis30.
ACTH receptor autoradiography. ACTH receptor autoradiography was performed on six adrenal sections
per animal using the linear ACTH receptor antagonist [125I]ACTH, (1–39) Tyr23 as tracer (PerkinElmer,
US) as previously described31. In detail, six adrenal sections per animal were thawed, dried and fixed for
two minutes in 0.1% paraformaldehyde at room temperature. After two 10 min washing steps in 50 mM
Tris, sections were exposed for 60 minutes to the tracer buffer (50 mM tracer, 10 mM MgCl2, 0.1% BSA)
and then washed three times in Tris 50 mM, MgCl2 10 mM buffer. Slides were then dipped in water,
air-dried and exposed for 90 days to Biomax MR films.
ImageJ 1.47 was used to measure receptor binding, expressed as grey density, and background signal
was subtracted to control for non-specific binding.
Western blot analysis. Western blot analysis was performed to measure adrenal expression of proteins involved in the supply of free cholesterol as previously described18. Protein levels of LDLR and
SRB1, HMGCR, ACAT and HSL were analysed. Adrenal proteins were isolated via lysis buffer (50 mM
Hepes, 250 mM NaCl, 0,5 mM EDTA, 0,5% Igepal) supplemented with protease inhibitor cocktail and
the protein concentration was determined using the Pierce BCA Protein Assay Kit. 25 μ g from each
protein extract was separated via electrophoresis, performed using a 10% SDS-polyacrylamide gel, and
transferred onto a nitrocellulose membrane. TBS/0.1% Tween-20 (TBST, pH 7.6) supplemented with
5% milk powder was used to block the membranes (1 hour at room temperature) and to dilute primary
antibodies (Ab). Blots were incubated over night at 4 °C with the specific primary Ab at 1:1000 dilution against LDLR, SRB1 (Abcam, UK), HMGCR, ACAT (Santa Cruz, US), and HSL (Cell Signalling,
US). For secondary Ab incubation, membranes were incubated at room temperature for 1 hour with
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peroxidase-conjugated anti-rabbit IgG (Cell signalling, US) diluted 1:1000 in TBST. Blots were washed
with TBST after each Ab-incubation session. All protein bands were normalized against β Tubulin (anti-β
Tubulin, Cell Signalling; 1:1000; overnight at 4 °C) in the same membrane for loading. Secondary Ab
incubation was performed as described above. Bands were visualized using ECL western blot detection
reagents, and images were acquired with the ChemiDoc XRS+ system. Each western blot was run in
duplicate and the average of two protein expression values per adrenal was used for statistical analysis.
Anxiety-related behaviour. The light-dark box was performed to assess anxiety-related behavior on LD3
or equivalent in nulliparous rats as previously described32,33. The experimental setup consisted of one lit
(40 ×  50 cm, 350 lux) and one dark (40 ×  30 cm, 70 lux) compartment connected via a small opening
(7.5 ×  7.5 cm), enabling transition between the compartments across the 5 min test with the rats placed
in the lit compartment facing away from the opening. The floors in each compartment were divided into
squares (10 ×  10 cm). The latency to the first entry in the dark chamber, latency to the first re-entry in the
lit chamber, lit chamber entries, and rearings were used to assess anxiety-related behavior. The number
of line-crossings were measured as an indicator of locomotor activity32.

Jugular catheter and blood sampling. On LD4 a jugular vein catheter was implanted under isoflurane
anesthesia as previously described7,34 and blood sampling was performed on LD7 or LD8. Two hours
after lights on, and at least 90 min after attaching the catheter to a tubing filled with heparinised saline
(30 IU/ml), a basal sample was collected. 30 min later a second basal sample was collected as a backup.
Thirty minutes after collection of the second basal sample, ACTH (0.1 ml to give final stress-related blood
concentration of approximately 500 pg/ml35) was injected iv via the catheter and blood samples collected
5, 15, 30, 60 and 120 min after injection. For each sample 0.25 ml blood were drawn and replaced immediately with sterile 0.9% saline. Due to methodological problems one nulliparous NFD and one nulliparous HFD were removed from the corticosterone analysis.
Statistics. Results were analysed using either a one-way or two-way ANOVA with or without repeated
measures, as appropriate followed by Bonferroni pairwise post-hoc comparisons. Statistical significance
was accepted for P <  0.05. Data that fell outside two SD were considered outliers and excluded from
statistical analysis. If sphericity was violated P values were adjusted with Huynh-Feldt. Statistical analyses
were performed using IBM SPSS (version 21; Chicago, US).
The methods were carried out in accordance with the approved guidelines.

References

1. Tchernof, A. & Despres, J. P. Pathophysiology of human visceral obesity: an update. Physiol Rev 93, 359–404, doi: 10.1152/
physrev.00033.2011 (2013).
2. Haslam, D. W. & James, W. P. Obesity. Lancet 366, 1197–1209, doi: 10.1016/S0140-6736(05)67483-1 (2005).
3. Bogaerts, A. F., Van den Bergh, B. R., Witters, I. & Devlieger, R. Anxiety during early pregnancy predicts postpartum weight
retention in obese mothers. Obesity (Silver Spring) 21, 1942–1949, doi: 10.1002/oby.20352 (2013).
4. Carter, A. S., Baker, C. W. & Brownell, K. D. Body mass index, eating attitudes, and symptoms of depression and anxiety in
pregnancy and the postpartum period. Psychosom Med 62, 264–270 (2000).
5. Molyneaux, E., Poston, L., Ashurst-Williams, S. & Howard, L. M. Obesity and mental disorders during pregnancy and postpartum:
a systematic review and meta-analysis. Obstetrics and gynecology 123, 857–867, doi: 10.1097/AOG.0000000000000170 (2014).
6. Brunton, P. J. & Russell, J. A. Hypothalamic-pituitary-adrenal responses to centrally administered orexin-A are suppressed in
pregnant rats. J Neuroendocrinol 15, 633–637 (2003).
7. Neumann, I. D. et al. Attenuated neuroendocrine responses to emotional and physical stressors in pregnant rats involve
adenohypophysial changes. J Physiol 508 (Pt 1), 289–300 (1998).
8. Atkinson, H. C. & Waddell, B. J. The hypothalamic-pituitary-adrenal axis in rat pregnancy and lactation: circadian variation and
interrelationship of plasma adrenocorticotropin and corticosterone. Endocrinology 136, 512–520 (1995).
9. Walker, C. D., Lightman, S. L., Steele, M. K. & Dallman, M. F. Suckling is a persistent stimulus to the adrenocortical system of
the rat. Endocrinology 130, 115–125, doi: 10.1210/endo.130.1.1309321 (1992).
10. Allolio, B. et al. Diurnal salivary cortisol patterns during pregnancy and after delivery: relationship to plasma corticotrophinreleasing-hormone. Clin Endocrinol (Oxf) 33, 279–289 (1990).
11. Brunton, P. J., Russell, J. A. & Douglas, A. J. Adaptive responses of the maternal hypothalamic-pituitary-adrenal axis during
pregnancy and lactation. J Neuroendocrinol 20, 764–776, doi: 10.1111/j.1365-2826.2008.01735.x (2008).
12. Slattery, D. A. & Neumann, I. D. No stress please! Mechanisms of stress hyporesponsiveness of the maternal brain. J Physiol 586,
377–385 (2008).
13. Stirrat, L. et al. PPO.21 Altered maternal hypothalamic-pituitary-adrenal axis activity in obese pregnancy: a potential mechanism
underlying macrosomia and prolonged pregnancy. Arch Dis Child Fetal Neonatal Ed 99, A157, doi: 10.1136/archdischild-2014306576.461 (2014).
14. Shanks, N. et al. The hypothalamic-pituitary-adrenal axis response to endotoxin is attenuated during lactation. J Neuroendocrinol
11, 857–865 (1999).
15. Desoye, G., Schweditsch, M. O., Pfeiffer, K. P., Zechner, R. & Kostner, G. M. Correlation of hormones with lipid and lipoprotein
levels during normal pregnancy and postpartum. J Clin Endocrinol Metab 64, 704–712, doi: 10.1210/jcem-64-4-704 (1987).
16. Kraemer, F. B. Adrenal cholesterol utilization. Mol Cell Endocrinol 265–266, 42–45, doi: 10.1016/j.mce.2006.12.001 (2007).
17. Hu, J., Zhang, Z., Shen, W. J. & Azhar, S. Cellular cholesterol delivery, intracellular processing and utilization for biosynthesis of
steroid hormones. Nutr Metab (Lond) 7, 47, doi: 10.1186/1743-7075-7-47 (2010).
18. Fuchsl, A. M., Uschold-Schmidt, N. & Reber, S. O. Chronic psychosocial stress in male mice causes an up-regulation of scavenger
receptor class B type 1 protein in the adrenal glands. Stress 16, 461–468, doi: 10.3109/10253890.2013.793303 (2013).
19. Leliavski, A., Shostak, A., Husse, J. & Oster, H. Impaired Glucocorticoid Production and Response to Stress in Arntl-Deficient
Male Mice. Endocrinology, doi: 10.1210/en.2013-1531 (2013).

Scientific Reports | 5:14821 | DOI: 10.1038/srep14821

9

www.nature.com/scientificreports/
20. Atkinson, H. C. & Waddell, B. J. Circadian variation in basal plasma corticosterone and adrenocorticotropin in the rat: sexual
dimorphism and changes across the estrous cycle. Endocrinology 138, 3842–3848 (1997).
21. Kraemer, F. B. & Shen, W. J. Hormone-sensitive lipase: control of intracellular tri-(di-)acylglycerol and cholesteryl ester hydrolysis.
Journal of lipid research 43, 1585–1594 (2002).
22. Marin, P. et al. Cortisol secretion in relation to body fat distribution in obese premenopausal women. Metabolism 41, 882–886
(1992).
23. Swierczynska, M. M. et al. Changes in morphology and function of adrenal cortex in mice fed a high-fat diet. Int J Obes (Lond)
39, 321–330, doi: 10.1038/ijo.2014.102 (2015).
24. Finger, B. C., Dinan, T. G. & Cryan, J. F. High-fat diet selectively protects against the effects of chronic social stress in the mouse.
Neuroscience 192, 351–360, doi: 10.1016/j.neuroscience.2011.06.072 (2011).
25. Droste, S. K. et al. Effects of long-term voluntary exercise on the mouse hypothalamic-pituitary-adrenocortical axis. Endocrinology
144, 3012–3023 (2003).
26. Uschold-Schmidt, N., Nyuyki, K. D., Fuchsl, A. M., Neumann, I. D. & Reber, S. O. Chronic psychosocial stress results in
sensitization of the HPA axis to acute heterotypic stressors despite a reduction of adrenal in vitro ACTH responsiveness.
Psychoneuroendocrinology 37, 1676–1687, doi: 10.1016/j.psyneuen.2012.02.015 (2012).
27. Bowers, J. M., Perez-Pouchoulen, M., Edwards, N. S. & McCarthy, M. M. Foxp2 mediates sex differences in ultrasonic vocalization
by rat pups and directs order of maternal retrieval. The Journal of neuroscience: the official journal of the Society for Neuroscience
33, 3276–3283, doi: 10.1523/JNEUROSCI.0425-12.2013 (2013).
28. Ramirez-Zacarias, J. L., Castro-Munozledo, F. & Kuri-Harcuch, W. Quantitation of adipose conversion and triglycerides by
staining intracytoplasmic lipids with Oil red O. Histochemistry 97, 493–497 (1992).
29. Pignatelli, D., Magalhaes, M. M. & Magalhaes, M. C. Direct effects of stress on adrenocortical function. Hormone and metabolic
research =  Hormon- und Stoffwechselforschung =  Hormones et metabolisme 30, 464–474, doi: 10.1055/s-2007-978915 (1998).
30. Rosol, T. J., Yarrington, J. T., Latendresse, J. & Capen, C. C. Adrenal gland: structure, function, and mechanisms of toxicity.
Toxicologic pathology 29, 41–48 (2001).
31. Bosch, O. J., Meddle, S. L., Beiderbeck, D. I., Douglas, A. J. & Neumann, I. D. Brain oxytocin correlates with maternal aggression:
link to anxiety. The Journal of neuroscience: the official journal of the Society for Neuroscience 25, 6807–6815, doi: 10.1523/
JNEUROSCI.1342-05.2005 (2005).
32. Slattery, D. A. & Neumann, I. D. Chronic icv oxytocin attenuates the pathological high anxiety state of selectively bred Wistar
rats. Neuropharmacology 58, 56–61, doi: 10.1016/j.neuropharm.2009.06.038 (2010).
33. Waldherr, M. & Neumann, I. D. Centrally released oxytocin mediates mating-induced anxiolysis in male rats. Proceedings of the
National Academy of Sciences of the United States of America 104, 16681–16684, doi: 10.1073/pnas.0705860104 (2007).
34. Hillerer, K. M., Reber, S. O., Neumann, I. D. & Slattery, D. A. Exposure to chronic pregnancy stress reverses peripartumassociated adaptations: implications for postpartum anxiety and mood disorders. Endocrinology 152, 3930–3940, doi: 10.1210/
en.2011-1091 (2011).
35. Viau, V., Sharma, S., Plotsky, P. M. & Meaney, M. J. Increased plasma ACTH responses to stress in nonhandled compared with
handled rats require basal levels of corticosterone and are associated with increased levels of ACTH secretagogues in the median
eminence. The Journal of neuroscience: the official journal of the Society for Neuroscience 13, 1097–1105 (1993).

Acknowledgements

The authors would like to thank Andrea Füchsl and Nicole Uschold-Schmidt for the excellent technical
assistance and scientific discussions. Financial disclosure: The present work was funded by the German
Research Foundation (DFG SL141/4-1: DAS, IDN; DFG RE2911/5-1: SOR) and the Bavarian Research
Foundation (IDN; CVP). The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Author Contributions

D.A.S., I.D.N. and S.O.R. conceived and supervised the study; C.V.P. carried out the experiments and
analyzed data; D.A.S. and S.O.R. participated in experimental procedures; C.V.P. and D.A.S. wrote the
main manuscript text and all authors reviewed the manuscript and had final approval of the submitted
version.

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: Perani, C. V. et al. High-fat diet prevents adaptive peripartum-associated
adrenal gland plasticity and anxiolysis. Sci. Rep. 5, 14821; doi: 10.1038/srep14821 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International License. The
images or 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/

Scientific Reports | 5:14821 | DOI: 10.1038/srep14821

10

