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Characterizing the postnatal 
hypothalamic–pituitary–adrenal 
axis response of in utero heat 
stressed pigs at 10 and 15 weeks 
of age
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In utero heat stress alters postnatal physiological and behavioral stress responses in pigs. However, 
the mechanisms underlying these alterations have not been determined. The study objective was to 
characterize the postnatal hypothalamic–pituitary–adrenal axis response of in utero heat-stressed 
pigs. Pigs were subjected to a dexamethasone suppression test followed by a corticotrophin releasing 
hormone challenge at 10 and 15 weeks of age. Following the challenge, hypothalamic, pituitary, 
and adrenal tissues were collected from all pigs for mRNA abundance analyses. At 10 weeks of age, 
in utero heat-stressed pigs had a reduced (P < 0.05) cortisol response to the corticotrophin releasing 
hormone challenge versus controls. Additionally, the cortisol response tended to be greater overall 
(P < 0.10) in 15 versus 10-week-old pigs in response to the dexamethasone suppression test. The 
cortisol response tended to be reduced overall (P < 0.10) in 15 versus 10-week-old pigs in response 
to the corticotrophin releasing hormone challenge. Hypothalamic corticotropin releasing hormone 
mRNA abundance tended to be greater (P < 0.10) in in utero heat-stressed versus control pigs at 
15-weeks of age. In summary, in utero heat stress altered some aspects of the hypothalamic–
pituitary–adrenal axis related to corticotropin releasing hormone signaling, and age influenced this 
response.

In utero heat stress (IUHS) alters the postnatal physiological and behavioral stress response of  pigs1,2. Specifically, 
during exposure to acute stressors (e.g., birth, social stress, handling stress, weaning), an increase in circulating 
and salivary  cortisol3–5 and adrenocorticotropic hormone (ACTH)6 have been reported for IUHS pigs when 
compared to in utero thermoneutral (IUTN) pigs. Interestingly, the opposite is true following more prolonged 
stressors (e.g., transport), whereby circulating cortisol levels are reduced in IUHS compared to IUTN  pigs7,8 . 
In addition to hormonal influences, IUHS increases the incidence of stress-associated behaviors when pigs are 
exposed to common postnatal production stressors (e.g., weaning and/or transport)5,7. However, although the 
aforementioned  studies3–8 have been instrumental in identifying how IUHS can impact postnatal measures of 
swine stress and welfare, none to our knowledge have attempted to elucidate mechanisms that underlie these 
responses.

The hypothalamic–pituitary–adrenal (HPA) axis plays an integral role in regulating the physiological and 
behavioral stress response in  animals9. Its activation in response to stressors causes the release of corticotrophin-
releasing hormone (CRH) from the hypothalamus, which binds to corticotropin-releasing hormone receptors 
(CRHR) in the anterior  pituitary9. This activates the production of proopiomelanocortin (POMC), which is then 
converted into ACTH and released into  circulation10. Adrenocorticotropin hormone then binds to melanocortin 
2 receptors (MC2R) in the adrenal glands and stimulates glucocorticoid (i.e., cortisol)  secretion9. Following 
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secretion, glucocorticoids are dispersed throughout the body and bind to ubiquitously expressed glucocorticoid 
receptors (GR) to stimulate multiple responses to  stress11. Responses mediated by this mechanism include regula-
tion of  inflammation12,  gluconeogenesis13, and  aggression14, among a myriad of other  responses11. Under normal 
conditions, glucocorticoids also stimulate negative feedback by binding to GR in the hypothalamus and anterior 
pituitary to downregulate production of both CRH and ACTH, respectively, which ultimately downregulates 
peripheral responses to  stress15.

Previous research in pig prenatal stress models have observed altered postnatal HPA axis function in offspring, 
which has been linked to altered postnatal physiological and behavioral stress  responses16–18. As previously 
mentioned, IUHS causes alterations in postnatal physiological and behavioral stress responses of  pigs3–8, yet to 
our knowledge there has not been research conducted to describe HPA axis function in these models. Addition-
ally, IUHS research that has observed altered postnatal physiological and behavioral stress responses has been 
conducted in relatively young pigs that have not been given time to  mature3,5–7, possibly providing time for 
development of physiology capable of adequately dealing with stressors. Previous studies describing development 
of mature circadian rhythms have only observed a true rhythm at approximately 3 to 4 months of  age19, of which 
previously described IUHS studies only observed effects up to approximately 2 months of  age3–8. In this context, 
it is necessary to investigate whether or not the onset of matured mechanisms controlling cortisol release play a 
significant role in regulating stress responses in growing pigs. Our hypothesis is that IUHS-induced changes in 
postnatal physiological and behavioral stress responses are driven by alterations to the HPA axis functionality 
that are also influenced by advancing age. Therefore, the study objective was to characterize the postnatal HPA 
axis response of IUHS and IUTN pigs at two different ages (10 and 15 weeks of age).

Materials and methods
Gestational procedures. The University of Missouri Animal Care and Use Committee approved all pro-
cedures involving pregnant pigs and their offspring (protocol # 9340) and animal care and use standards were 
based upon the Guide for the Care and Use of Agricultural Animals in Research and Teaching20. Additionally, the 
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines were adhered to. A full description 
of gestational and pre-weaning procedures for pigs included in this study along with all gestational (e.g., ther-
moregulatory data, gestation length, etc.) and pre-weaning litter data (e.g., piglet birth weights, live born piglets, 
piglets weaned, etc.) have been previously  presented8. Briefly, 24 unrelated pregnant female pigs that had not 
previously given birth were evenly assigned to either a thermoneutral [TN; n = 12 pregnant pigs; 17.5 ± 2.1 °C; 
70.2 ± 8.8% relative humidity (RH)]) or heat stress (HS; n = 12 pregnant pigs) chamber from day 0 to 59 of 
gestation. As previously  described8, pregnant female pigs in the HS group were exposed to 17.0 ± 0.1 °C and 
79.2 ± 10.1% RH from days 0 to 5 of gestation. Cyclic HS temperatures of 26.3 ± 3.0 °C nighttime to 31.4 ± 2.9 °C 
daytime and 61.2 ± 21.2% RH were then applied from days 6 to 10 of gestation. Finally, pregnant female pigs 
were exposed to cyclic HS temperatures of 28.4 ± 0.2 °C nighttime to 35.8 ± 0.2 °C daytime and 80.9 ± 6.0% RH 
from days 11 to 59 of gestation. During the 59-day thermal treatment phase, rectal temperature, respiration rate, 
and shoulder and ear skin temperatures were measured daily on all pregnant pigs at 0800 and 1500 h as previ-
ously  described8. As previously  reported8, all thermal measures were increased overall (P < 0.01) in HS when 
compared to TN-exposed pregnant pigs and feed intake was similar (P > 0.05) because all pregnant pigs were 
limit-fed per normal commercial production  practices21. Following the 59-day thermal treatment period, all 
pregnant pigs were exposed to the same TN conditions for the remainder of gestation as previously  described8. 
All litters were housed in accordance with the recommendations of the Guide for the Care and Use of Agricultural 
Animals in Research and Teaching (26 to 32 °C with heat lamps) from birth to weaning, and the environmental 
conditions for litters were the same, regardless of gestational  treatment8,20. All pigs were weaned at 16.2 ± 0.4 days 
of age and transported from the University of Missouri swine farm located in Columbia, MO, USA to the Purdue 
University swine farm located in West Lafayette, IN,  USA8.

Postnatal procedures. The Purdue University Animal Care and Use Committee approved all postnatal 
animal procedures (protocol #1806001756) and animal care and use standards were based upon the Guide for 
the Care and Use of Agricultural Animals in Research and Teaching20. Additionally, the Animal Research: Report-
ing of In Vivo Experiments (ARRIVE) guidelines were adhered to. From weaning until 35 days of age, pigs were 
maintained in group pens as previously described in Maskal et al.8. Following the nursery phase testing (up to 
35 days of age)8, pigs were group housed at 4 pigs/pen (1.08  m2/pig) in TN conditions at the Purdue University 
swine farm and TN temperatures were based on pig  age20. Feed and water were provided ad libitum and diets 
(primarily corn and soybean meal) were formulated to meet or exceed the nutrient requirements based on pig 
 age21. At 69.7 ± 1.3 days of age (10 weeks) and 106.5 ± 0.9 days of age (15 weeks), 48 pigs (n = 24 pigs per age 
category), balanced by in utero treatment and sex, were selected for HPA axis testing in two repetitions. Litter 
of origin was considered during animal selection to distribute pigs of separate litters as evenly as possible (n = 9 
IUTN and 9 IUHS litters). All nursery phase data (e.g., diet composition, growth performance, blood character-
istics, behavioral data) are available and previously described in  detail8.

HPA axis testing. The HPA axis functionality was tested using a dexamethasone (DEX) suppression test 
followed by a corticotrophin-releasing-hormone (CRH) challenge over a 2-day period using procedures previ-
ously validated and described in  pigs22,23. The DEX suppression test is commonly used to determine the nega-
tive feedback effects of DEX (a synthetic glucocorticoid) via the anterior pituitary GR to detect abnormalities 
with ACTH secretion through measurement of downstream cortisol  production22–24. For greater sensitivity, this 
test is commonly combined with a subsequent CRH challenge, which allows for investigation of downstream 
stimulation of the adrenal glands by ACTH secretion from the anterior pituitary to release  cortisol22,24. Briefly, 
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pigs were weighed and housed in individual pens (2.4 × 1.8 m pen containing 1 nipple drinker and 1 feeder) 
4 h prior to testing. On day 1 at 1900 h, a 2 mL blood sample (Sample 1) was collected from restrained pigs via 
jugular venipuncture (3 mL; serum; BD Diagnostics, Franklin Lakes, NJ, USA) and then all pigs were immedi-
ately injected intravenously with 20 μg/kg of DEX (Dexamethasone Injection, 2 mg/mL; # D-2953–04; Phoenix 
Pharmaceutical Inc., St. Joseph, MO, USA). On day 2 at 0700 h, a second 2 mL blood sample (Sample 2) was 
collected from each pig, and then the pigs were immediately injected intravenously with 1 μg/kg of bovine CRH 
(Bovine CRH C2671, 20 μg/mL mixed in 0.9% saline, Sigma Aldrich, Castle Hill, Australia). A third 2 mL blood 
sample (Sample 3) was collected from each pig at 0730 h and then all pigs were immediately euthanized via an 
intravenous injection of pentobarbital sodium at 1 mL/4.55 kg body weight per manufacturer recommendations 
(Fatal-Plus, Vortech Pharmaceuticals Ltd., Dearborn, MI, USA). Time to collect blood (from start of restraint to 
end of blood collection) was recorded (in seconds) and fitted as a linear covariate in the final cortisol analyses 
to account for the effects of restraint on circulating cortisol levels. Entire hypothalamus, pituitary, and adrenal 
samples were removed from all individual pigs, weighed, snap frozen in liquid nitrogen, and stored at −80 °C.

Blood analyses. Serum was collected by centrifugation at 4 °C and 1900×g for 15 min, aliquoted and stored 
at −80  °C. Circulating serum cortisol concentrations were analyzed in duplicate using a commercially avail-
able radioimmunoassay kit (Cortisol RIA, MP Biomedicals LLC, Solon, OH, USA) according to manufacturer’s 
instructions. The intra-assay coefficient of variance was 5.4%, and the inter-assay coefficient of variance was 
6.2%. Cortisol concentrations were used to calculate cortisol change from baseline (∆ CORT) for both the DEX 
suppression tests (Sample 2–Sample 1) and CRH challenge (Sample 3–Sample 2) in order to account for any 
potential differences in baseline cortisol levels or extra-adrenal glucocorticoid production not directly related to 
the HPA-axis  response25,26.

mRNA abundance. All collected samples were homogenized using a TissueRuptor (Qiagen, Germantown, 
MD, USA), 1 mL Trizol (Life Technologies Corporation, Carlsbad, CA, USA), and 200 μL chloroform (Sigma-
Aldrich, St. Louis, MO, USA). Following a 2 min incubation, samples were centrifuged for 15 min at 12,000×g 
at 4 °C, and then the supernatant (total RNA) was pipetted and added to 1 equal volume of 70% ethanol. The 
total RNA solution was then transferred to spin columns and the total RNA was purified using the RNeasy Mini 
Kit (Qiagen, Germantown, MD, USA). The eluted total RNA was then analyzed for concentration and purity by 
spectrophotometry at 260/280 nm with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, 
Wilmington, DE, USA).

Single-strand complementary DNA was synthesized using 200 ng of total RNA sample in 20 μL reactions 
using a High Capacity complementary DNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, 
USA), according to manufacturer recommendations. Primers for real time polymerase chain reactions (PCR) 
were chosen based on previous research in swine and are listed in Table 1. Real time PCR reactions were per-
formed in duplicate with Fast SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) and tenfold 
diluted cDNA using a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).

Data were analyzed using the ∆∆CT  method27 while considering GAPDH as the reference gene and the 
average of the IUTN pigs as the calibrator sample. Relative quantities, calculated as  2−∆∆CT, were used for the 
statistical analyses.

Statistical analyses. All data were analyzed using the PROC GLIMMIX procedure in SAS 9.4 (Cary, 
NC, USA). Pig was considered the experimental unit for all analyses. In utero treatment (IUTN, IUHS), age 
(10 weeks, 15 weeks), and their interactions were included as fixed effects in all models. Sex was fitted in all 
models but was removed from the model if it was not significant. Litter of origin and repetition were included as 
random effects in all models. The assumptions of normality of error, homogeneity of variance, and linearity were 
performed in the SAS 9.4 software (Cary, NC, USA) based on visual inspection (e.g., scatter plot), Shapiro–Wilk 
 test33 for verification of the normality assumptions, and the SAS homogeneity of variance test. Some data were 
either log- (hypothalamic CRH; anterior pituitary GR, CRHR 1, and CRHR 2) or square root- (∆ CORT and 
CRH; hypothalamic GR; anterior pituitary POMC; adrenal MC2R) transformed to meet normality assumptions 
when necessary. However, all transformed data have been back-transformed for ease of interpretation and all 
data are presented as least squares means (LSmean) ± standard error (SE). Restraint time (in seconds) was used 

Table 1.  Primers used for real time polymerase chain reactions. GR glucocorticoid receptor, CRH 
corticotropin-releasing hormone, POMC proopiomelanocortin, CRHR 1 corticotropin-releasing hormone 
receptor 1, CRHR 2 corticotropin-releasing hormone receptor 2, MC2R melanocortin 2 receptor.

Gene Sequences 5’–3’ (forward/reverse) Reference

GR GAT CAT GAC CGC ACT CAA CATG/TTG CCT TTG CCC ATT TCA C Poletto et al.28

CRH CCG CCA GGA GGC ACC CGA GAGG/GCC AAA CGC ACC GTT TCA CTTC Zhu et al.29

POMC TCC GAG AAG AGC CAG ACG /GGC TTT GGG GTC GGC TTC Kalbe and  Puppe30

CRHR 1 CTC ATC TCC GCC TTC ATC CT/CCA AAC CAG CAC TTC TCA TT Zhu et al.29

CRHR 2 CCG CAA TGC CTA CCG AGA AT/TCA TCC AAA ATG GGC TCG CA Li et al.31

MC2R CTG TGG TTT TGC CAG AGG AG/
GCA GGG AGA GGA TGA ACA GG Murani et al.32
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as a linear covariate for the baseline cortisol and ∆ CORT analyses. A statistical significance between compari-
sons was defined when P ≤ 0.05 and a statistical trend was defined as 0.05 < P ≤ 0.10.

Results
Body and tissue weights. Body weight was greater (P < 0.01; 38.1  kg) at 15-weeks when compared to 
10-weeks of age, regardless of in utero treatment (Table  2). Hypothalamus weight was greater (P = 0.04) for 
IUHS-15-week old pigs when compared to IUTN-15-week, IUHS-10-week, and IUTN-10-week old pigs, and 
increased for IUTN-15-week pigs when compared to IUTN-10-week old pigs (Table 2). An overall in utero treat-
ment effect was observed where hypothalamus weight was greater (P = 0.03; 28.2%) for IUHS when compared 
to IUTN pigs (Table 2). Pituitary weight tended to be greater (P = 0.08; 61.5%) for 15-week versus 10-week-old 
pigs (Table 2). No other body weight or hypothalamus, pituitary, and adrenal gland weight differences (P > 0.05) 
or tendencies (P > 0.10) were detected with any comparison (Table 2).

Cortisol analyses. Baseline cortisol. Baseline cortisol was reduced (P < 0.01) in 15-week-old 
(11.33 ± 3.43 ng/mL) versus 10-week-old (28.68 ± 3.34 ng/mL) pigs, regardless of in utero treatment or sex (data 
not presented). A sex effect was observed where male pigs had greater (P = 0.03) baseline cortisol (24.89 ± 3.31 ng/
mL) when compared to female (15.12 ± 3.43 ng/mL) pigs (data not presented). No baseline cortisol differences 
were detected (P = 0.94) when comparing IUHS-10-week (26.95 ± 4.73 ng/mL), IUTN-10-week (30.41 ± 4.72 ng/
mL), IUHS-15-week (9.89 ± 4.83 ng/mL), and IUTN-15-week (12.77 ± 3.43 ng/mL) old pigs (data not presented). 
No other differences (P > 0.05) or tendencies (P > 0.10) were detected for baseline cortisol with any comparison.

DEX suppression test. The ∆ CORT tended to be reduced overall (P = 0.07) in 15-week-old (-8.26 ± 2.88 ng/
mL) compared to 10-week-old (-15.98 ± 2.94 ng/mL) pigs (Fig. 1). No other differences (P > 0.05) or tendencies 
(P > 0.10) were detected for ∆ CORT in response to the DEX suppression test with any comparison (Fig. 1).

Table 2.  Effects of in utero heat stress (IUHS) and age on body weight and hypothalamus, pituitary, and 
adrenal gland weights in pigs. Letters (a, b, C) indicate significant differences (P ≤ 0.05) within a row. IUTN in 
utero thermoneutral, IU in utero treatment, A age.

Parameter

In utero treatment—age

SEM

P-value

IUTN-10-week IUHS-10-week IUTN-15-week IUHS-15-week IU A IU × A

n 12 12 12 12

Body weight, kg 29.7 30.4 69.6 66.7 2.0 0.62  < 0.01 0.34

Hypothalamus, g 1.77a 1.90ab 2.63b 3.74c 0.38 0.03 0.11 0.04

Pituitary, g 0.13 0.13 0.22 0.20 0.02 0.62 0.08 0.55

Adrenal, g 0.49 0.35 0.53 0.52 0.14 0.24 0.63 0.29

Figure 1.  Effects of in utero heat stress (IUHS; n = 12 pigs per age category) or in utero thermoneutral (IUTN; 
n = 12 pigs per age category) conditions on the postnatal ∆ cortisol response of pigs following a dexamethasone 
(DEX) suppression test and a corticotrophin releasing hormone (CRH) challenge at 10 weeks and 15 weeks of 
age. Letters (a, b) indicate in utero treatment by age differences (P = 0.02). Symbols (*, #) indicate overall age 
statistical trends (0.05 < P ≤ 0.01). Data are presented as LSmeans ± SE.
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CRH challenge. An in utero treatment by age difference was detected where the ∆ CORT was reduced (P = 0.02) 
for IUHS pigs at 10 weeks of age (56.29 ± 10.45 ng/mL), IUHS pigs at 15 weeks of age (44.55 ± 9.68 ng/mL), 
and IUTN pigs at 15  weeks of age (37.02 ± 8.98  ng/mL), when compared to IUTN pigs at 10  weeks of age 
(95.39 ± 13.47 ng/mL; Fig. 1). Overall, ∆ CORT tended to be decreased (P = 0.07) in 15-week-old (40.70 ± 6.76 ng/
mL) pigs when compared to 10-week-old (74.56 ± 8.69 ng/mL) pigs, regardless of in utero treatment (Fig. 1). No 
other differences (P > 0.05) or tendencies (P > 0.10) were detected for ∆ CORT in response to the CRH adminis-
tration with any comparison (Fig. 1).

mRNA abundance. Hypothalamus. Corticotropin releasing hormone mRNA abundance tended to be 
greater (P = 0.09; 47.2%) in IUHS pigs at 15 weeks of age when compared to IUTN pigs at 15 weeks of age, but no 
differences were detected when compared to IUHS and IUTN pigs at 10 weeks of age (Table 3). An overall de-
crease (P < 0.01) in GR mRNA abundance was detected in 15-week-old (0.72 ± 0.11) when compared to 10-week-
old (1.37 ± 0.16) pigs, regardless of in utero treatment (Fig. 2). There were no further differences (P > 0.05) or 
tendencies (P > 0.10) detected for hypothalamic mRNA abundance with any comparison (Table 3, Fig. 2).

Anterior pituitary. Glucocorticoid receptor mRNA abundance was decreased overall (P = 0.03) in 15-week-old 
(0.40 ± 0.07) when compared to 10-week-old (1.72 ± 0.31) pigs, regardless of in utero treatment (Fig. 3). There 
were no further differences (P > 0.05) or tendencies (P > 0.10) detected for anterior pituitary mRNA abundance 
with any comparison (Table 3, Fig. 3).

Adrenal. There were no differences (P > 0.05) or tendencies (P > 0.10) detected for adrenal mRNA abundance 
with any comparison (Table 3).

Table 3.  Effects of in utero heat stress (IUHS) and age on the mRNA abundance of hypothalamic–pituitary–
adrenal axis associated receptors and hormones in the hypothalamus, anterior pituitary, and adrenal glands of 
pigs. Letters (x, y) indicate tendencies (0.05 < P ≤ 0.10) within a row. IUTN in utero thermoneutral, IU in utero 
treatment, A age.

Parameter

In utero treatment—age

SEM

P-value

IUTN-10-week IUHS-10-week IUTN-15-week IUHS-15-week IU A IU × A

N 12 12 12 12

Hypothalamus

GR 1.49 1.26 0.77 0.66 0.19 0.39  < 0.01 0.84

CRH 1.10xy 0.99xy 0.89x 1.31y 0.21 0.32 0.90 0.09

Anterior pituitary

GR 1.83 1.62 0.40 0.39 0.25 0.81 0.03 0.76

POMC 1.26 1.20 1.02 1.15 0.23 0.87 0.47 0.64

CRHR 1 1.05 0.68 0.94 1.07 0.36 0.50 0.77 0.23

CRHR 2 1.09 1.56 0.86 0.93 0.49 0.42 0.58 0.55

Adrenal

MC2R 1.30 1.07 1.29 0.82 0.20 0.11 0.38 0.41

Figure 2.  Effects of age [10 weeks (n = 24 pigs) and 15 weeks (n = 24 pigs)] on the mRNA abundance of 
glucocorticoid receptor (GR) in the hypothalamus of pigs. Data are presented as LSmeans ± SE.
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Discussion
In utero heat stress negatively impacts multiple behavioral and physiological indicators of pig stress and wel-
fare during postnatal  life1–8. However, to our knowledge, there have been no efforts to elucidate mechanisms 
that control the postnatal stress response of IUHS pigs. A procedure previously used to evaluate HPA axis 
functionality in pigs is a DEX suppression test followed by a CRH  challenge22,23. These tests are designed to 
detect abnormalities of ACTH secretion and/or altered negative feedback within the HPA  axis24. In the present 
study, an in utero treatment by age difference was observed where IUHS-10-week, IUTN-15-week, and IUHS-
15-week-old pigs had a decreased ∆ CORT response when compared to IUTN-10-week-old pigs in response 
to the CRH challenge. In this regard, we speculate that a reduced cortisol response within IUHS 10-week-old 
pigs could suggest a blunted ACTH response of the anterior pituitary to CRH stimulation when compared to 
IUTN-10-week-old pigs. Although limited information related to the postnatal HPA axis response to CRH 
challenges in IUHS-exposed mammals exist, previous research in transgenic mice models that overproduce 
CRH describe a desensitized HPA-axis response, whereby circulating ACTH and glucocorticoid levels do not 
immediately increase following a brief restraint  stress34. However, when given only a CRH challenge (not a DEX/
CRH challenge), no differences in the glucocorticoid response of transgenic mice that overproduce CRH have 
been observed relative to  controls35. It is important to note however that the CRH test alone is a less sensitive 
method with less diagnostic utility to assess HPA-axis disturbances than the DEX/CRH test used in the present 
 study24. In further support of the hypothesis that IUHS pigs may overproduce CRH under basal conditions, it 
was determined that hypothalamic mass was greater for IUHS versus IUTN pigs in the present study. This may 
have resulted in greater absolute CRH production due to an absolute increase in the number of CRH producing 
cells in the paraventricular nucleus relative to IUTN pigs. However, it should be mentioned that dissection of 
the hypothalamus can be a difficult process (i.e., some non-hypothalamic tissue may be inadvertently attached 
to the hypothalamus following dissection) and so this result should be re-confirmed in subsequent studies with 
pigs not subjected to a DEX/CRH test using histological analyses to quantify the number of CRH producing cells. 
Nevertheless, given the variety of impaired physiological and behavioral mechanisms implicated with an altered 
HPA axis response in transgenic mouse  models34, these data may have negative implications for IUHS pigs.

Several postnatal physiological processes are impacted by IUHS that may have ties to HPA-axis  functionality1,2. 
In utero HS in pigs results in more sensitive postnatal innate immune  response36,  hyperinsulinemia7,8, and greater 
adipose  deposition37, all of which are known to be potential outcomes of HPA-axis dysfunction. Specifically, early 
developmental stress and HPA-axis dysfunction can lead to greater sensitivity of the innate immune system and 
increased pro-inflammatory cytokine production in  humans38,39. In addition, recent research in pigs demonstrates 
that cortisol infusions cause a shift from an adaptive to an innate immune  response40. Furthermore, glucocor-
ticoids regulate metabolic homeostasis and excessive levels can cause hyperinsulinemia, insulin resistance, and 
increased fat deposition, which are all phenotypes previously observed in IUHS  pigs7,8,37. Taken together, the 
altered HPA-axis response observed in IUHS pigs in the present study may be linked to the aforementioned 
phenotypes. However, further research should be conducted to confirm this hypothesis.

 Corticotrophin-releasing hormone mRNA abundance tended to be increased in IUHS-15-week-old com-
pared to IUTN-15-week-old pigs, and this may confirm that IUHS pigs have an over production of CRH in 
accordance with other animal models of an attenuated stress  response34. However, this response did not coincide 
with an altered ∆ CORT in IUHS-15-week-old pigs when compared to IUTN-15-week-old pigs. It should be 
noted that pigs were artificially injected with CRH in close proximity to sample collection and the CRH chal-
lenge may have had an effect separate to the innate response due to IUHS. With this knowledge, it may be more 
appropriate in the future to examine the effect of mRNA abundance in relation to the HPA axis in the absence 
of a DEX suppression test and CRH challenge.

In response to the DEX suppression test, there was trend for reduced ∆ CORT in 15-week-old when com-
pared to 10-week-old pigs suggesting a decrease in negative feedback inhibition. This response to aging has 

Figure 3.  Effects of age [10 weeks (n = 24 pigs) and 15 weeks (n = 24 pigs)] on the mRNA abundance of 
glucocorticoid receptor (GR) in the anterior pituitary of pigs. Data are presented as LSmeans ± SE.
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been observed in other species such as  humans41 and  rodents42 and is suggestive of HPA-axis dysregulation. 
Concurrently, the ∆ CORT in response to CRH challenge tended to be reduced in 15-week-old when compared 
to 10-week-old pigs in the present study. This response may be due to an increase in basal CRH production 
with advancing age because biomarkers of CRH expression are often increased in the hypothalamus of aging 
 populations43. As a result, increased CRH production may result in a desensitized ∆ CORT response to CRH 
stimulation as previously hypothesized based upon transgenic mice  research34. To our knowledge, this is the first 
time this has been described in pigs and these data suggest that aging related effects (most commonly investi-
gated in mature animals or elderly humans) on the HPA-axis of pigs may be observed at a relatively young age.

Glucocorticoid receptor mRNA abundance was reduced in 15-week-old compared to 10-week-old pigs in both 
the hypothalamus and anterior pituitary, and this difference mirrors the decreased ∆ CORT response observed 
in both the DEX suppression test and CRH challenge. These similarities may provide insight into physiological 
mechanisms responsible for the decreased ∆ CORT in an older pig. Glucocorticoid receptors are known to be 
involved with maintenance of the circadian  rhythm44. Changes in GR expression have been previously corre-
lated with changes in cortisol response in relation to human depressive models but show the opposite effect of 
decreased GR  expression45. To our best knowledge, this is the first time this difference has been observed in pigs 
and further research needs to be conducted to understand the mechanisms driving these gene expression changes.

The lack of differences in mRNA abundance in most comparisons must be considered in the context of the 
experimental design. Animals were euthanized relatively soon after receiving the CRH challenge as this was 
done to evaluate differences in mRNA abundance in relation to the DEX suppression testing and CRH chal-
lenge. However, this may have altered basal expression of these genes in the absence of any stressors, so further 
research would need to be conducted to specifically identify any differences in strictly basal expression of HPA 
axis associated receptors and hormones. One alternative could be to sample pigs that have not been exposed to a 
stress challenge to eliminate any effects that the DEX suppression test or CRH challenge may have had on mRNA 
abundance in this present study. In addition, considering that key genes interact in certain metabolic pathways 
to produce a stress response, performing a whole transcriptomics analyses (e.g., RNA-sequencing) as previously 
described in HS-exposed rodent  models46 might contribute to identify additional genes that are differentially 
expressed across treatments and play a role in altered HPA axis function.

Data availability
All data can be made freely available from the corresponding author upon request.

Received: 2 August 2021; Accepted: 1 November 2021

References
 1. Johnson, J. S. & Baumgard, L. H. Postnatal consequences of in utero heat stress in pigs. J. Anim. Sci. 97, 962–971 (2019).
 2. Johnson, J. S., Stewart, K. R., Safranski, T. J., Ross, J. W. & Baumgard, L. H. In utero heat stress alters postnatal phenotypes in swine. 

Theriogenology 154, 110–119 (2020).
 3. Machado-Neto, R., Graves, C. N. & Curtis, S. E. Immunoglobulins in piglets from sows heat- stressed prepartum. J. Anim. Sci. 65, 

445–455 (1987).
 4. Chapel, N. C. et al. Determining the effects of early gestation in utero heat stress on postnatal fasting heat production and circulat-

ing biomarkers associated with metabolism in growing pigs. J. Anim. Sci. 95, 3914–3921 (2017).
 5. Merlot, E. et al. Heat exposure of pregnant sows modulates behavior and corticotrope axis responsiveness of their offspring after 

weaning. in Proceedings of the 53rd Congress of the ISAE, Bergen. https:// hal. archi ves- ouver tes. fr/ hal- 02267 854 (2019).
 6. Guo, H., He, J., Yang, X., Zheng, W. & Yao, W. Responses of intestinal morphology and function in offspring to heat stress in 

primiparous sows during late gestation. J. Therm. Biol. 89, 102539. https:// doi. org/ 10. 1016/j. therb io. 2020. 102539 (2020).
 7. Byrd, C. J. et al. Evaluating the effects of in utero heat stress on piglet physiology and behavior following weaning and transport. 

Animals (Basel) 9, E191. https:// doi. org/ 10. 3390/ ani90 40191 (2019).
 8. Maskal, J. M. et al. Evaluation and mitigation of the effects of in utero heat stress on piglet growth performance, post-absorptive 

metabolism, and stress response following weaning and transport. J. Anim. Sci. 98, 1–13 (2020).
 9. Smith, S. M. & Vale, W. W. The role of the hypothalamic-pituitary-axis in the neuroendocrine responses to stress. Dialogues Clin. 

Neurosci. 8, 383–395 (2006).
 10. Stephens, M. A. C. & Wand, G. Stress and the HPA axis: Role of glucocorticoids in alcohol dependence. Alcohol Res. Curr. Rev. 34, 

468–483 (2012).
 11. Sapolsky, R. M., Romero, M. L. & Munck, A. U. How do glucocorticoids influence stress responses? Integrating permissive, sup-

pressive, stimulatory, and preparative actions. Endocr. Rev. 21, 55–89 (2000).
 12. Tuckermann, J. P., Kleiman, A., McPherson, K. G. & Reichardt, H. M. Molecular mechanisms of glucocorticoids in the control of 

inflammation and lymphocyte apoptosis. Crit. Rev. Clin. Lab. Sci. 42, 71–104 (2005).
 13. Exton, J. H. Regulation of gluconeogenesis by glucocorticoids. Monogr. Endocrinol. 12, 535–546 (1979).
 14. Mikics, É., Kruk, M. R. & Haller, J. Genomic and non-genomic effects of glucocorticoids on aggressive behavior in male rats. 

Psychoneuroendocrinology 29, 618–635 (2004).
 15. Johnson, E. O., Kamilaris, T. C., Chrousos, G. P. & Gold, P. W. Mechanisms of stress: A dynamic overview of hormonal and behav-

ioral homeostasis. Neurosci. Biobehav. Rev. 16, 115–130 (1992).
 16. Haussmann, M. F. et al. Administration of ACTH to restrained, pregnant sows alters their pigs’ hypothalamic-pituitary-adrenal 

(HPA) axis. J. Anim. Sci. 78, 2399–2411 (2000).
 17. Kanitz, E., Otten, W., Tuchscherer, M. & Manteuffel, G. Effects of prenatal stress on corticosteroid receptors and monoamine con-

centrations in limbic areas of suckling piglets (Sus scrofa) at different ages. J. Vet. Med. A. Physiol. Pathol. Clin. Med. 50, 132–139 
(2003).

 18. Otten, W. et al. Maternal social stress during late pregnancy affects hypothalamic-pituitary adrenal function and brain neurotrans-
mitter systems in pig offspring. Domest. Anim. Endocrinol. 38, 146–156 (2010).

 19. Evans, F. D., Christopherson, R. J. & Aherne, F. X. Development of the circadian rhythm of cortisol in the gilt from weaning until 
puberty. Can. J. Anim. Sci. 68, 1105–1111 (1988).

 20. Federation of Animal Science Societies. Swine in Guide for the Care and Use of Agricultural Animals in Research and Teaching. 3rd 
edn. 143–156 (Federation of Animal Science Societies, 2010).

https://hal.archives-ouvertes.fr/hal-02267854
https://doi.org/10.1016/j.therbio.2020.102539
https://doi.org/10.3390/ani9040191


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22527  | https://doi.org/10.1038/s41598-021-01889-w

www.nature.com/scientificreports/

 21. National Research Council. Nutrient Requirements of Swine. 11th rev. edn. (National Academy Press, 2012)
 22. Rault, J. L. et al. Repeated intranasal oxytocin administration in early life dysregulates the HPA axis and alters social behavior. 

Physiol. Behav. 112, 40–48 (2013).
 23. Rault, J. L., Plush, K., Yawno, T. & Langendijk, P. Allopregnanolone and social stress: Regulation of the stress response in early 

pregnancy in pigs. Stress. 18, 569–577 (2015).
 24. Watson, S., Gallagher, P., Smith, M. S., Ferrier, I. N. & Young, A. H. The dex/CRH test—Is it better than the DST?. Psychoneuroen-

docrinology 31, 889–894 (2006).
 25. Ahmed, A., Schmidt, C. & Brunner, T. Extra-adrenal glucocorticoid synthesis in the intestinal mucosa: Between immune homeo-

statis and immune escape. Front. Immunol. 10, 1438 (2019).
 26. Slominski, R. M. et al. Extra-adrenal glucocorticoid biosynthesis: Implications for autoimmune and inflammatory disorders. Genes 

Immun. 21, 150–168 (2020).
 27. Schmittgen, T. D. & Livak, K. J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 3, 1101–1108 (2008).
 28. Poletto, R., Steibel, J. P., Siegford, J. M. & Zanella, A. J. Effects of early weaning and social isolation on the expression of gluco-

corticoid and mineralocorticoid receptor and 11beta hydroxysteroid dehydrogenase 1 and 2 mRNAs in the frontal cortex and 
hippocampus of piglets. Brain Res. 1067, 36–42 (2006).

 29. Zhu, H. et al. Asparagine preserves intestinal barrier function from LPS-induced injury and regulates CRF/CRFR signaling pathway. 
Innate Immun. 23, 546–556 (2017).

 30. Kalbe, C. & Puppe, B. Long-term cognitive enrichment affects opioid receptor expression in the amygdala of domestic pigs. Genes 
Brain Behav. 9, 75–83 (2010).

 31. Li, Y., Song, Z., Kerr, K. A. & Moeser, A. J. Chronic social stress in pigs impairs intestinal barrier and nutrient transporter function, 
and alters neuro-immune mediator and receptor expression. PLoS ONE 12, e0171617. https:// doi. org/ 10. 1371/ journ al. pone. 01716 
17 (2017).

 32. Murani, E. et al. Association of HPA axis-related genetic variation with stress reactivity and aggressive behaviour in pigs. BMC 
Genet. 11, 74. https:// doi. org/ 10. 1186/ 1471- 2156- 11- 74 (2010).

 33. Shapiro, S. S. & Wilk, M. B. An analysis of variance test for normality (complete samples). Biometrika 52, 591–611 (1965).
 34. Coste, S. C., Murray, S. E. & Stenzel-Poore, M. P. Animal models of CRH excess and CRH receptor deficiency display altered 

adaptations to stress. Peptides 22, 733–741 (2001).
 35. Van Gaalen, M. M. et al. Mice overexpressing CRH show reduced responsiveness in plasma corticosterone after a 5  HT1A receptor 

challenge. Genes Brain Behav. 1, 174–177 (2002).
 36. Johnson, J. S. et al. In utero heat stress alters the postnatal innate immune response of pigs. J. Anim. Sci. 98, 1–13 (2020).
 37. Johnson, J. S. et al. Effects of in utero heat stress on postnatal body composition in pigs: II. Finishing phase. J. Anim. Sci. 93, 82–92 

(2015).
 38. Carlsson, E., Frostell, A., Ludvigsson, J. & Faresjo, M. Psychological stress in children may alter the immune response. J. Immunol. 

192, 2071–2081 (2014).
 39. Morey, J. N., Boggero, I. A., Scott, A. B. & Segerstrom, S. C. Current directions in stress and human immune function. Curr. Opin. 

Psychol. 5, 13–17 (2015).
 40. Reiske, L. et al. Intravenous infusion of cortisol, adrenaline, or noradrenaline alters porcine immune cell numbers and promotes 

innate over adaptive immune functionality. J. Immunol. 204, 3205–3216 (2020).
 41. Wilkinson, C. W., Peskind, E. R. & Raskind, M. A. Decreased hypothalamic-pituitary adrenal axis sensitivity to cortisol feedback 

inhibition in human aging. Neuroendocrinology 65, 79–90 (1997).
 42. Hatzinger, M., Reul, J. M. H. M., Landgraf, R., Holsboer, F. & Neumann, I. Combined dexamethasone/CRH test in rats: Hypo-

thalamo-pituitary-adrenocortical system alterations in aging. Neuroendocrinology 64, 349–356 (1996).
 43. Aguilera, G. HPA axis responsiveness to stress: Implications for healthy aging. Exp. Gerontol. 46, 90–95 (2011).
 44. So, A. Y. L., Bernal, T. U., Pillsbury, M. L., Yamamoto, K. R. & Feldman, B. J. Glucocorticoid regulation of the circadian clock 

modulates glucose homeostasis. Proc. Natl. Acad. Sci. 106, 17582–17587 (2009).
 45. Anacker, C., Zunszain, P. A., Carvalho, L. A. & Pariante, C. M. The glucocorticoid receptor: Pivot of depression and of antidepres-

sant treatment?. Psychoneuroendocrinology 36, 415–425 (2011).
 46. Dou, J. et al. Comprehensive RNA-Seq profiling reveals temporal and tissue-specific changes in gene expression in Sprague-Dawley 

rats as response to heat stress challenges. Front. Genet. 12, 651979. https:// doi. org/ 10. 3389/ fgene. 2021. 651979 (2021).

Acknowledgements
This research was supported in part by the Pork Checkoff (grant no. 18-094), National Pork Board, Des Moines, 
IA, USA. The authors would also like to thank the swine farm staff at the University of Missouri and Purdue 
University for animal care and transport assistance. Additionally, thank you to the employees at the USDA-ARS 
Livestock Behavior Research Unit for assistance in daily animal care and data collection.

Author contributions
J.S.J. and J.M.M. conceived and designed the experiment. J.S.J., J.M.M., A.W.D., K.R.K., B.R.M., C.J.B., B.T.R., 
J.N.M.F., D.C.L., S.D.P., M.C.L., and T.J.S. completed the on-farm trials and harvested tissue samples. J.S.J., J.M.M., 
and L.F.B. conducted statistical analyses. J.S.J., J.M.M., D.C.L., and L.F.B. contributed to interpretation of results. 
J.S.J., J.M.M., and L.F.B. wrote the manuscript. All authors read and approved the final version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.S.J.

Reprints and permissions information is available at www.nature.com/reprints.

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

https://doi.org/10.1371/journal.pone.0171617
https://doi.org/10.1371/journal.pone.0171617
https://doi.org/10.1186/1471-2156-11-74
https://doi.org/10.3389/fgene.2021.651979
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:22527  | https://doi.org/10.1038/s41598-021-01889-w

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2021

http://creativecommons.org/licenses/by/4.0/

	Characterizing the postnatal hypothalamic–pituitary–adrenal axis response of in utero heat stressed pigs at 10 and 15 weeks of age
	Materials and methods
	Gestational procedures. 
	Postnatal procedures. 
	HPA axis testing. 
	Blood analyses. 
	mRNA abundance. 
	Statistical analyses. 

	Results
	Body and tissue weights. 
	Cortisol analyses. 
	Baseline cortisol. 
	DEX suppression test. 
	CRH challenge. 

	mRNA abundance. 
	Hypothalamus. 
	Anterior pituitary. 
	Adrenal. 


	Discussion
	References
	Acknowledgements


