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Abstract
Heat stress (HS) deleteriously affects multiple components of porcine reproduction and is causal to seasonal infertility. Environment-induced 
hyperthermia causes a HS response (HSR) typically characterized by increased abundance of intracellular heat shock proteins (HSP). Gilts 
exposed to HS during the peri-implantation period have compromised embryo survival, however if (or how) HS disrupts the porcine endome-
trium is not understood. Study objectives were to evaluate the endometrial HSP abundance in response to HS during this period and assess the 
effect of oral progestin (altrenogest; ALT) supplementation. Postpubertal gilts (n = 42) were artificially inseminated during behavioral estrus (n = 
28) or were kept cyclic (n = 14), and randomly assigned to thermal neutral (TN; 21 ± 1 °C) or diurnal HS (35 ± 1 °C for 12 h/31.6 ± 1 °C for 12 h) 
conditions from day 3 to 12 postestrus (dpe). Seven of the inseminated gilts from each thermal treatment group received ALT (15 mg/d) during 
this period. Using quantitative PCR, transcript abundance of HSP family A (Hsp70) member 1A (HSPA1A, P = 0.001) and member 6 (HSPA6, P 
< 0.001), and HSP family B (small) member 8 (HSB8, P = 0.001) were increased while HSP family D (Hsp60) member 1 (HSPD1, P = 0.01) was 
decreased in the endometrium of pregnant gilts compared to the cyclic gilts. Protein abundance of HSPA1A decreased (P = 0.03) in pregnant 
gilt endometrium due to HS, while HSP family B (small) member 1 (HSPB1) increased (P = 0.01) due to HS. Oral ALT supplementation during 
HS reduced the transcript abundance of HSP90α family class B member 1 (HSP90AB1, P = 0.04); but HS increased HSP90AB1 (P = 0.001), 
HSPA1A (P = 0.02), and HSPA6 (P = 0.04) transcript abundance irrespective of ALT. ALT supplementation decreased HSP90α family class A 
member 1 (HSP90AA1, P = 0.001) protein abundance, irrespective of thermal environment, whereas ALT only decreased HSPA6 (P = 0.02) 
protein abundance in TN gilts. These results indicate a notable shift of HSP in the porcine endometrium during the peri-implantation period in 
response to pregnancy status and heat stress.

Lay Summary
Heat stress (HS) deleteriously affects multiple components of porcine reproduction and causes seasonal infertility. Environment-induced hyper-
thermia causes a HS response (HSR) typically characterized by increased abundance of intracellular heat shock proteins (HSP). Gilts exposed 
to HS during the peri-implantation period have compromised embryo survival, however if (or how) HS disrupts the porcine endometrium is not 
understood. Study objectives were to evaluate the endometrial HSP abundance in response to HS during this period and assess the effect of oral 
progestin (altrenogest; ALT) supplementation. We evaluated the abundance of HSP90, HSP70, HSP60 and HSPB in the porcine endometrium 
during the peri-implantation period. We demonstrate how a physiological event such as pregnancy and an environmental stressor such as HS, 
individually and in combination, alter the endometrial abundance of these HSP. Moreover, supplementation of pregnant gilts subjected to HS 
with ALT also altered the abundance of these HSP in the porcine endometrium.
Key words: altrenogest, endometrium, heat shock proteins, heat stress, pigs, reproduction
Abbreviations:  ALT, altrenogest; dpe, days postestrus; HRP, horseradish peroxidase; HS, heat stress; HSP, heat shock proteins; HSR, heat stress response; IgG, 
Immunoglobulin G; RT, room temperature; SDS, sodium dodecyl sulfate; TGX, Tris–glycine extended; TN, thermal neutral

Introduction
Environmental induced hyperthermia during the warm 
summer months compromises efficient commercial swine 
production (St-Pierre et al., 2003; Auvigne et al., 2010), 
in large part due to its multifaceted impact on reproduc-
tion (Baumgard et al., 2012; Ross et al., 2017; Mayorga et 
al., 2020). The highly malleable endometrium undergoes 
diverse adaptations during the peri-implantation period 

such as tissue remodeling, cellular apoptosis, and angio-
genesis in response to physiological cues regulated by ovar-
ian steroids, cytokines, and growth factors, to ultimately 
facilitate conceptus implantation (Bazer et al., 2010; Chae 
et al., 2011; Franczak et al., 2013). Disturbances in mater-
nal homeostasis, caused by stressors such as extreme heat 
or nutritional imbalances, can perturb the conceptus–
endometrial crosstalk and result in defective development 
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precluding pregnancy establishment (Omtvedt et al., 1971; 
Tast et al., 2002; Hansen, 2009; Kraeling and Webel, 2015).

The overarching influence of heat stress (HS) on infecun-
dity (De Rensis et al., 2017; Ross et al., 2017) includes dis-
turbed follicular growth (Badinga et al., 1993; Bertoldo et 
al., 2010), altered ovarian phosphatidylinositol-3 kinase and 
steroidogenic signaling (Nteeba et al., 2015), reduced corpora 
lutea size (Bidne et al., 2019), autophagic changes in follicular 
development (Hale et al., 2017), dysfunctional steroidogene-
sis (Bertoldo et al., 2011), altered endometrial cell function 
(Gross et al., 1989), and as an effect of endotoxemia (Bidne et 
al., 2018a). Thus, identifying mitigation strategies to improve 
fertility during HS would improve farm economics and assist 
with efforts to increase the sustainability of the pork industry 
(Cottrell et al., 2015; Cabezón et al., 2017; De Rensis et al., 
2017; Biggs et al., 2020). Altrenogest (ALT), a progesterone 
analog developed for gilt estrus synchronization (Kraeling 
and Webel, 2015), has been assessed for its ability to improve 
ovulation and conception rate, total number of piglets born 
alive, and litter size (Martinat-Botte et al., 1995; van Leeu-
wen et al., 2011; Wang et al., 2018). Progesterone adminis-
tered during early gestation improves embryo growth in cattle 
(Garrett et al., 1988; Carter et al., 2008), sheep (Satterfield et 
al., 2006), and pigs (Muro et al., 2020). ALT supplementation 
also advances conceptus development when provided during 
the peri-implantation period (Romoser et al., 2022).

As molecular chaperones, heat shock proteins (HSP) are 
involved in transport, correct folding and assembly of poly-
peptides, as well as disassembly and degradation of proteins; 
tasks essential for cellular homeostasis (Witkin and Linhares, 
2010; Evgen’Ev et al., 2014a). The gene sequences of HSP are 
highly conserved across organisms from bacteria to plants to 
mammals, as they are essential for cell survival (Sørensen et 
al., 2003) and their function is more critical under conditions 
of stress (Burel et al., 1992). HSP are categorized into fami-
lies based on their molecular weight and vary considerably in 
their functions, cellular abundance, and subcellular localiza-
tion (Richter et al., 2010; Evgen’Ev et al., 2014b). In addition 
to the aforementioned functions, HSP are also involved in 
cell proliferation and differentiation, as well as in regulating 
apoptosis and actin filament organization; processes critical 
to endometrial remodeling and conceptus development in 
early pregnancy (Welch et al., 1993; Neuer et al., 2000; Seib-
ert et al., 2019; Jee et al., 2021).

Even in the absence of stress, mammalian cells constitu-
tively express certain HSP, known as cognate HSP, which 
are involved in protein folding, transfer of proteins across 
membranes, and developmental processes such as embryo-
genesis (Burel et al., 1992). During normal gestation endo-
metrial HSP abundance is variable, observed as increased or 
decreased abundance depending on the stage of gestation and 
HSP class (Tabibzadeh et al., 1996; Chae et al., 2011; Jee et 
al., 2021). Inducible HSP are produced in response to threats 
such as thermal or oxidative stress, ischemia, and bacterial 
or viral infections (Burel et al., 1992; Neuer, 2000). Endo-
toxemia due to bacterial lipopolysaccharide (LPS) presence 
negatively affects female fertility (Bidne et al., 2018a) similar 
to that observed as an effect of HS (Mayorga et al., 2020), 
potentially because HSP are involved in cellular pathways 
responsive to both LPS and HS.

Endometrial HSP abundance in pigs in response to HS 
during the peri-implantation period is not well character-
ized. Hence, study goals were to evaluate the transcript and 

protein abundance of endometrial HSP during the peri-im-
plantation period in postpubertal gilts and assess whether 
they were altered by oral ALT supplementation. The hypoth-
esis was that environmental HS would alter the endometrial 
HSP milieu during the peri-implantation period in pigs.

Materials and Methods
Ethics statement
All animal procedures conducted in this study were approved 
by the Iowa State University Institutional Animal Care and 
Use Committee.

Experimental design
Forty-two postpubertal gilts were estrus synchronized using 
oral ALT supplementation (15 mg/d; Matrix; Merck Animal 
Health, NJ) and checked for signs of estrus, as depicted in 
the experimental design (Figure 1A) and described previously 
(Romoser et al., 2022). During behavioral estrus, 28 gilts were 
artificially inseminated (pregnant, P) and 14 were not insem-
inated (cyclic, C). They were then randomly assigned (Figure 
1B) to thermal neutral (21 ± 1 °C; n = 7 [C-TN] and n = 14 
[P-TN]) or diurnal HS (35 ± 1 °C for 12 h/31.6 ± 1 °C for 
12 h; n = 7 [C-HS] and n = 14 [P-HS]) conditions from days 3 
to 12 postestrus (dpe). In each thermal treatment group, half 
of the inseminated animals received ALT (n = 7 [P-TN-ALT] 
and n = 7 [P-HS-ALT]), whereas the others were maintained 
without ALT (n = 7 [P-TN-CON] and n = 7 [P-HS-CON]), 
from 3 to 12 dpe. All cyclic animals were maintained without 
ALT supplementation (C-TN-CON and C-HS-CON).

Pregnancy was confirmed by the presence of conceptuses 
within the uterus during sample collection. One gilt from the 
P-TN-ALT group and one from the P-HS-CON group were 
excluded from the current study, as they were observed to be 
nonpregnant based on conceptus absence in the uterus.

A measured response to thermal treatments was assessed 
using defined parameters such as change in rectal tempera-
ture, respiration rate, and feed intake, as previously described 
(Romoser et al., 2022). Baseline measurements collected 
during the initial synchronization period allowed us to con-
firm a definitive effect of HS, observed as an increase in rectal 
temperature and respiration rate, and consequent decrease in 
feed intake in the pigs under HS when compared with those 
maintained in TN conditions (Romoser et al., 2022).

Sample collection
Individual uterine horns were separately flushed with sterile 
phosphate-buffered saline as described previously (Ross et al., 
2003a; Romoser et al., 2022). Conceptuses were separated 
into cryovials and snap frozen, and uterine flush fluid was 
collected in sterile 15-mL conical tubes kept on ice, for a sepa-
rate study. Individual uterine horns were dissected lengthwise 
along the antimesometrial border, endometrial tissue was sep-
arated from the myometrium, flash frozen in liquid nitrogen, 
and then stored at −80 °C, until further processing.

RNA isolation and quantitative one-step RT-PCR
Total RNA was isolated from frozen endometrial tissue using 
a standard phenol:chloroform (TRIzol, Invitrogen, Waltham, 
MA) extraction protocol followed by ethanol precipitation, 
according to the manufacturer’s instructions. All samples 
were treated with deoxyribonuclease I (Ambion, Austin, 
TX) to eliminate any genomic DNA amplification during 
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downstream processes. Concentration and quality of RNA 
were determined by a NanoDrop spectrophotometer (Ther-
moFisher Scientific, Waltham, MA) and agarose gel elec-
trophoresis before being utilized for quantitative real-time 
reverse transcription polymerase chain reaction (qPCR).

Relative transcript abundance was quantified using 25 ng 
of total RNA using the QuantiTect SYBR Green RT-PCR Kit 
(Qiagen, Hilden, Germany) on an Eppendorf MasterCycler 
(Eppendorf, Hamburg, Germany). PCR primer sequences 
(Table 1) for each target gene were used in thermal cycling 
conditions for SYBR Green detection as follows: 50 °C for 
30 min, 95 °C for 15 min, followed by 40 cycles at 94 °C 
for 15 s, annealing at 57 to 60 °C for 30 s, and a final step 
at 72 °C for 30  s followed by fluorescent data acquisition. 
Product specificity was confirmed with melting curve analy-
ses subsequent to completion of the thermal cycling protocol. 
The amplification efficiency was between 90% and 105% for 
all primer sets. The reference gene chosen as an endogenous 
normalization control, glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), was not affected by either treatment. Rel-
ative quantification of transcript abundance was calculated 
using the comparative cycle threshold (Ct) method. Briefly, 
the ΔC

t value was determined by subtracting the GAPDH Ct 
value from its respective target Ct for each sample. ΔΔCt was 
calculated by subtracting ΔCt values for each sample from the 
single greatest sample ΔCt; hence using the sample with the 

lowest expression as an arbitrary constant (Ross et al., 2009). 
Relative fold change for each sample was calculated using the 
equation 2ΔΔCt.

Western blot analysis
Frozen endometrial tissue was homogenized in radioimmuno-
precipitation assay lysis buffer (50 mM Tris–HCl at pH 8.0, 
150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1 % Non-
idet P-40, 0.5% sodium deoxycholate) with protease inhibi-
tor cocktail, incubated on ice for 30 min, and centrifuged at 
10,000 revolutions per minute at 4 °C for 15 min. The super-
natant was separated and utilized for total protein quanti-
fication using Pierce BCA Protein Assay Kit (ThermoFisher 
Scientific, Waltham, MA) on a microplate spectrophotometer 
(BioTek, Agilent, Santa Clara, CA). Samples (4 µg/µL) were 
denatured in loading buffer (50 mM Tris–HCl pH 6.8, 2% 
SDS, 10% glycerol, 1% beta-mercaptoethanol, 12.5 mM eth-
ylenediaminetetraacetic acid, 0.02% bromophenol blue) at 95 
°C for 5 min, and then stored at −80 °C. Protein samples (40 
µg) were loaded into a 4 to 20% Criterion TGX Stain-Free 
Protein Gel (Bio-Rad, Hercules, CA), separated at 100 volts 
for 90 min at room temperature (RT), and transferred to a 
nitrocellulose membrane using the iBlot 2 dry blotting system 
(ThermoFisher Scientific, Waltham, MA) at 25 V for 6 min 
at RT. Consistent protein loading was confirmed by Ponceau 
S staining of the nitrocellulose membranes. Subsequently, 

Figure 1. Experimental design for the study. (A) Postpubertal gilts (n = 42) were estrus synchronized and checked for signs of estrus. (B) During 
behavioral estrus, these gilts were either artificially inseminated (n = 28; P) or were not inseminated (n = 14; C), and then randomly assigned to thermal 
neutral (n = 7 [C-TN] and n = 14 [P-TN]) or diurnal heat stress (n = 7 [C-HS] and n = 14 [P-HS]) conditions from day 3 to 12 postestrus. The inseminated 
animals from each thermal treatment group were either maintained without ALT supplementation (n = 7 [P-TN-CON] and n = 7 [P-HS-CON]) or 
supplemented with ALT (15 mg/d; n = 7 [P-TN-ALT] and n = 7 [P-HS-ALT]), from days 3 to 12 postestrus. All the cyclic animals were maintained without 
ALT supplementation (C-TN-CON and C-HS-CON). One gilt each from the P-TN-ALT and the P-HS-CON groups was excluded from the current study, as 
they were observed to be nonpregnant, confirmed by the absence of conceptus in the uterus.
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membranes were washed three times in Tris-buffered saline 
with 0.1% Tween20 (TBST) for 5 min each at RT, and then 
incubated in blocking solution (5% milk in TBST) for 1 h at 
RT with gentle shaking. Membranes were then incubated at 4 
°C overnight with primary antibodies specific for HSP90AA1 
(1:1,000; 8165; Cell Signaling Technology, Danvers, MA), 
HSP90AB1 (1:1,000; 7411; Cell Signaling Technology, Dan-
vers, MA), HSPA6 (1:1,000; NBP1-85949; Novus Biolog-
icals, Centennial, CO), HSPA1A (1:1,000; NB110-96427; 
Novus Biologicals, Centennial, CO), HSPB1 (1:1,000; NBP2-
25149; Novus Biologicals, Centennial, CO), and HSPD1 
(1:1,000; NBP2-32973; Novus Biologicals, Centennial, CO) 
diluted in 5% milk in TBST. Negative controls such as nor-
mal rabbit IgG (1:1,000; 2729; Cell Signaling Technology, 
Danvers, MA), normal mouse IgG (1:1,000; 5415; Cell Sig-
naling Technology, Danvers, MA), or excluding the primary 
antibody incubation were tested on a pool of all individual 
samples, to confirm specificity of primary antibodies for HSP 
assessed. Membranes were washed in TBST three times for 
10 min at RT with gentle shaking, and then incubated in the 
appropriate horseradish peroxidase (HRP)-tagged secondary 
antibody (1:10,000) for 1 h at RT. After three more washes in 
TBST for 10 min at RT, membranes were incubated in HRP 
substrate (MilliporeSigma, St. Louis, MO) for 5 min in the 
dark. Excess substrate was decanted, and images were cap-
tured using an Azure c600 Imager (Azure Biosystems, Dublin, 
CA). Densitometric analysis was conducted using Image Stu-
dio Lite (LI-COR Biosciences, Lincoln, NE) to quantify band 
intensities for proteins of interest and normalized to Ponceau 
S band intensities for each blot.

Statistical Analysis
The six treatment groups were separated to conduct two 
major comparisons of transcript and protein abundance. The 
first comparison evaluated the main effects of the two inde-
pendent variables, pregnancy status and thermal treatment, 
as well as their interaction, on the dependent variable (HSP 
abundance). This analysis included the cyclic (C) and preg-
nant (P) gilts from both the TN and HS thermal treatment 

groups, and none of these gilts were supplemented with ALT 
postinsemination. This comparison is a 2 (pregnancy status: 
C or P) by 2 (thermal treatment: TN or HS) factorial design.

The second comparison evaluated the main effects of the 
two independent variables, ALT supplementation and ther-
mal treatment, as well as their interaction, on the dependent 
variable (HSP abundance). This analysis included only the 
pregnant (P) gilts, exposed to TN or HS thermal conditions, 
that were treated with (ALT) or without ALT supplementation 
(CON) postinsemination. This comparison is a 2 (altrenogest 
supplementation: CON or ALT) by 2 (thermal treatment: TN 
or HS) factorial design.

Statistical analyses were conducted using GraphPad Prism 
9.0.0 (GraphPad Software, San Diego, CA) and results are 
presented as the LS means ± SEM. After a normality check, 
the numerical data for transcript and protein abundance were 
assessed using a two-way ANOVA test for each treatment 
group comparison as described above. The main effects of 
the factors and their interaction, for each treatment group 
comparison, were assessed. This was followed by a post hoc 
Tukey’s analysis to discern differences between individual 
treatment groups. Biological significance was considered if P 
≤ 0.05 and a tendency for biological meaning was considered 
when 0.05 < P ≤ 0.10.

Results
Pregnancy status has a greater influence on the 
endometrial transcript abundance of specific HSP 
than thermal treatment
In the first set of comparisons (Figure 2A–G), cyclic and preg-
nant gilts were included (neither group supplemented with 
ALT postinsemination) while in TN or HS environments 
during the peri-implantation period. The endometrial tran-
script abundance of specific HSP was assessed as a main effect 
of pregnancy status or HS, or due to an interaction of both 
factors. Pregnant gilts had elevated HSPA1A transcript abun-
dance when compared with the cyclic counterparts, whether 
maintained in TN (1.8-fold; P = 0.05) or HS (1.9-fold; P = 

Table 1. Primer sequences used to assess transcript abundance in porcine endometrial tissue

Gene Gene name Primer sequence, 5´ → 3´ 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase F: TGGTGAAGGTCGGAGTGAAC

R: GAAGGGGTCATTGATGGCGA

HSP90AA1 Heat shock protein 90 α family
class A member 1

F: CTGGTCAAGAAATGCTTGGAG

R: TGGTCCTTGGTCTCACCTGT

HSP90AB1 Heat shock protein 90 α family
class B member 1

F: AACACTGCGGTCAGGGTATC

R: ACATTCCCTCTCCACACAGG

HSPA1A Heat shock protein family A (Hsp70)
member 1A

F: AGGCGGACAAGAAGAAGGTG

R: CCGCTGATGATGGGGTTACA

HSPA6 Heat shock protein family A (Hsp70)
member 6

F: GAATCCGCAGAATACCGTGT

R: TCCGCAGTCTCCTTCATCTT

HSPD1 Heat shock protein family D (Hsp60)
member 1

F: ATGCTTCGATTACCCGCAGT

R: AAGCCCGAGTGAGATGAGGA

HSPB1 Heat shock protein family B (small)
member 1

F: TCGAAAATACACGCTGCCCC

R: TTCCGGGCTTTTCCGACTTT

HSPB8 Heat shock protein family B (small)
member 8

F: GTCTGGCAAACACGAGGAGA

R: TGGGGAAAGCGAGGCAAATA
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0.03; Figure 2C) conditions. Moreover, pregnant gilts had an 
elevated HSPA1A transcript abundance during HS (1.9-fold; 
P = 0.02) when compared with the cyclic TN counterparts. 
Both pregnancy status (P < 0.001) and HS (P < 0.001), indi-
vidually and as an interaction (P < 0.001), increased HSPA6 
transcript abundance (Figure 2D). The pregnant endometrium 
had elevated (3.8-fold; P < 0.001) HSPA6 transcript abun-
dance when compared with the cyclic endometrium, when 
both were maintained in HS. Similarly, HS increased HSPA6 
transcript abundance in the pregnant endometrial, compared 
to the pregnant (3.3-fold; P < 0.001) as well as the cyclic (2.9-
fold; P < 0.001) endometrium, maintained in TN conditions. 
Endometrial HSPD1 transcript abundance (Figure 2E) was 
decreased in pregnant gilts maintained in TN conditions when 
compared with their cyclic counterparts (1.6-fold; P = 0.004) 
and there was a tendency for a reduction in HSPD1 com-
pared to cyclic HS gilts (1.4-fold; P = 0.1). Pregnancy status 
increased (P = 0.001) HSPB8 transcript abundance (Figure 
2G), with pregnant gilts having increased abundance when 
compared with cyclic gilts (2.3-fold; P = 0.02) when both 
were maintained in HS conditions. Pregnancy status and HS 
in combination, elevated HSPB8 transcript abundance com-
pared to the TN cyclic group (2.8-fold; P = 0.01). Transcript 
abundance of HSP90AA1 (Figure 2A), HSP90AB1 (Figure 
2B) and HSPB1 (Figure 2F) were not affected by pregnancy 
status nor HS.

Heat stress increased endometrial transcript 
abundance of specific HSP regardless of 
altrenogest supplementation
The second set of comparisons (Figure 3A–G) included only 
pregnant gilts either supplemented with ALT postinsemina-

tion or not, while in TN or HS conditions during the peri-im-
plantation period. Endometrial transcript abundance of 
specific HSP was evaluated as a main effect of HS or ALT 
supplementation, or as an interaction of both factors. ALT 
supplemented gilts had decreased HSP90AB1 transcript 
abundance (1.9-fold; P = 0.04; Figure 3B) compared to their 
nonsupplemented counterparts when both groups were main-
tained in TN conditions. HS increased HSP90AB1 (2.3-fold; 
P = 0.001; Figure 3B) abundance regardless of ALT supple-
mentation. Similarly, increased HSPA1A (3.2-fold; P = 0.02; 
Figure 3C) transcript abundance was observed in HS com-
pared to TN gilts, when both groups were supplemented 
with ALT. Though HS increased (P = 0.01) HSPA6 transcript 
abundance overall (Figure 3D), this increase (3.6-fold; P = 
0.04) was due to the combined effect of ALT supplementation 
and HS compared to the nonsupplemented TN gilts. The tran-
script abundance of HSP90AA1 (Figure 3A), HSPD1 (Figure 
3E), HSPB1 (Figure 3F), and HSPB8 (Figure 3G) were not 
affected by HS or ALT.

Endometrial HSP protein abundance is selectively 
influenced by pregnancy status and thermal 
treatment
Western blotting analyses assessed the protein abundance of 
specific HSP in the endometrium (Figure 4). The main effect 
of pregnancy status or HS, or an effect due to an interaction 
of both factors on these HSP (Figure 5A–F) were evaluated by 
comparing the cyclic and pregnant gilts (neither group sup-
plemented with ALT) while in TN or HS environments during 
the peri-implantation period. HS tended to increase (1.4-fold; 
P = 0.09) HSPA1A protein abundance in the cyclic gilts, 
although HSPA1A protein was decreased (1.5-fold; P = 0.03; 

Figure 2. Effect of pregnancy and/or thermal treatment on endometrial transcript abundance of heat shock proteins. Endometrium from cyclic and 
pregnant gilts maintained under thermal neutral or heat stress conditions were assessed for changes in specific HSP transcript abundance using 
qPCR. No effect of pregnancy status or thermal treatment on (A) HSP90AA1 and (B) HSP90AB1 was observed. (C) HSPA1A was elevated in the 
pregnant endometrium irrespective of thermal treatment. (D) HSPA6 was increased in the pregnant endometrium under HS when compared with the 
other treatment groups. (E) Pregnancy status reduced HSPD1 transcript abundance whereas HS had no effect. Neither pregnancy status nor thermal 
treatment influenced (F) HSPB1 transcript abundance, but (G) HSPB8 was elevated in the pregnant endometrium under HS conditions. Normalized 
transcript abundances are reported as fold change. Different lowercase letters indicate statistical significance between treatment groups; P ≤ 0.05.
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Figure 5C) in pregnant endometrium (when compared with 
cyclic). HS increased (P = 0.01; Figure 5F) the endometrial 
HSPB1 protein abundance, which was elevated in the cyclic 
animals in HS when compared with their TN counterparts 
(1.9-fold; P = 0.05) as well as the TN pregnant gilts (1.9-fold; 
P = 0.05). Neither pregnancy status nor HS affected the pro-
tein abundance of HSP90AA1 (Figure 5A), HSP90AB1 (Fig-
ure 5B), HSPA6 (Figure 5D), and HSPD1 (Figure 5E).

Altrenogest supplementation decreased 
endometrial protein abundance of specific HSP 
irrespective of thermal treatment
The main effect of ALT supplementation or HS, or an effect 
due to an interaction of both factors, on protein abundance 
of specific HSP (Figure 6A–F) was evaluated in the preg-
nant gilts either supplemented with ALT postinsemina-
tion or not, while in TN or HS environments during the 
peri-implantation period. Overall, ALT supplementation 
decreased (P = 0.001) HSP90AA1 protein abundance (Fig-
ure 6A) with a 2.7-fold decrease (P = 0.07) in TN gilts 
and a 2.1-fold decrease in HS gilts (P = 0.04). Moreover, 
HSP90AA1 protein abundance was decreased in the ALT 
supplemented TN gilts (3.5-fold; P = 0.01) compared to the 
non-ALT supplemented HS gilts (Figure 6A). Overall, ALT 
supplementation decreased (P = 0.01) HSP90AB1 protein 
abundance, and there was a tendency for HSP90AB1 to be 
decreased in TN gilts compared to nonsupplemented TN 
(2.9-fold; P = 0.08) and nonsupplemented HS (3.1-fold; P 
= 0.07) gilts. Similarly, HSPA6 abundance was lower (1.6-
fold; P = 0.02) in TN gilts supplemented with ALT when 
compared with the nonsupplemented TN gilts (Figure 6D). 

Neither HS nor ALT supplementation impacted the protein 
abundance of HSPA1A (Figure 6C), HSPD1 (Figure 6E), or 
HSPB1 (Figure 6F) in the pregnant animals.

Discussion
Peri-implantation events such as apposition and adhesion 
between the maternal endometrial surface and the elongating 
porcine conceptus are critical prerequisites for fetal and pla-
cental development (Bazer et al., 2010; Bauersachs and Wolf, 
2012; Geisert et al., 2015). Normally, pregnancy establish-
ment requires homeorhetic shifts in many tissues to support 
the demands of placental and fetal development. Environ-
mental stress, such as HS, may compromise the flexibility of 
specific tissues to effectively accommodate pregnancy estab-
lishment and support of fetal growth.

Susceptibility of the early developing embryo to thermal 
stress has been reported (Tompkins et al., 1967; Ealy et al., 
1993; van Wettere et al., 2021). Mammalian embryos in the 
very early stages of development are characterized by a lack 
of induced HSP synthesis, an inability reflective of the absence 
of embryonic gene transcription, and hence depend on endo-
metrial support for an HSR. HSP presence has been reported 
in the endometrium of women (Tabibzadeh et al., 1996; Shah 
et al., 1998; Jee et al., 2021), mares (Camacho Benítez et al., 
2021), dairy cattle (Bai et al., 2020), and pigs (Chae et al., 
2011). The abundance of HSP, both cognate and inducible 
forms, can be altered during physiological processes (cellular 
growth or differentiation), in pathological conditions (infec-
tions or cancerous) or as a result of environmental stressors, 
such as thermal or nutritional stress (Burel et al., 1992; Neuer 
et al., 2000; Seibert et al., 2019).

Figure 3. Effect of altrenogest and/or thermal treatment on endometrial transcript abundance of heat shock proteins. Endometrium from pregnant 
gilts either supplemented with altrenogest or not (postinsemination), and maintained under thermal neutral or heat stress conditions during the peri-
implantation period were assessed for changes in specific HSP transcript abundance using qPCR. Neither ALT supplementation nor thermal treatment 
demonstrated an effect on (A) HSP90AA1 transcript abundance. (B) HSP90AB1 abundance was reduced as a result of ALT supplementation under 
TN conditions; an effect reversed by HS in spite of ALT supplementation. HS also increased (C) HSPA1A and (D) HSPA6 transcript abundance, in spite 
of ALT supplementation. No effects of either treatment were observed on (E) HSPD1, (F) HSPB1, and (G) HSPB8 transcript abundances. Normalized 
transcript abundances are reported as fold change. Different lowercase letters indicate statistical significance between treatment groups; P ≤ 0.05.
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Figure 4. Assessment of heat shock protein abundance in the endometrial samples by Western blotting. Representative figure of immunoblotting of 
endometrial protein lysates for each treatment group using antibodies directed toward HSP90AA1, HSP90AB1, HSPA1A, HSPA6, HSPD1, and HSPB1. 
Ponceau S stained blots were imaged to ascertain uniform loading and bands thus obtained were utilized for loading control normalization of specific 
target proteins. The samples from different treatment groups were uniformly distributed across two gels and pooled samples were used on both gels 
to allow normalization and unbiased comparisons of band densities across both gels.

Figure 5. Effect of pregnancy and/or thermal treatment on endometrial protein abundance of heat shock proteins. Endometrium from cyclic and 
pregnant gilts maintained under thermal neutral or heat stress conditions were assessed for changes in HSP protein abundance using densitometric 
analysis of immunoblots. Neither pregnancy status nor thermal treatment affected (A) HSP90AA1 or (B) HSP90AB1 abundance. (C) HSPA1A protein 
abundance was decreased in the pregnant endometrium (in spite of HS), but no effect was observed on (D) HSPA6 protein abundance. Pregnancy 
status and thermal treatment had no effect on (E) HSPD1 abundance, but HS increased (F) HSPB1 protein abundance in the cyclic gilts. Different 
lowercase letters indicate statistical significance between treatment groups; P ≤ 0.05.
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This study evaluated the abundance of HSP90 (HSP90AA1 
and HSP90AB1), HSP70 (HSPA1A and HSPA6), HSP60 
(HSPD1), and small HSP (HSPB) in the porcine endometrium 
during the peri-implantation period. We demonstrate how a 
physiological event such as pregnancy and an environmental 
stressor such as HS, individually and in combination, alter the 
endometrial abundance of HSP. Moreover, supplementation 
of pregnant gilts subjected to HS with ALT also altered the 
abundance of these HSP in the porcine endometrium.

Dynamic changes in endometrial HSP abundances have been 
reported during the peri-implantation period, indicative of their 
involvement in cellular events essential for implantation (Tabib-
zadeh et al., 1996; Neuer, 2000; Yuan et al., 2009). HSP have an 
important role in the controlled inflammatory response required 
for conceptus implantation and trophoblast growth (Jee et al., 
2021). In the current study, the pregnant gilts had higher endo-
metrial HSPA1A abundance when compared with their cyclic 
counterparts when both groups were exposed to HS. Interest-
ingly, the HSPA1A protein abundance was distinctively lower 
in the pregnant group when compared with the cyclic group 
when both groups experienced HS. A similar trend was observed 
with an increased HSPA6 transcript abundance in pregnant pigs 
maintained under HS conditions compared to the other groups, 
while the protein abundance stayed the same between treatment 
groups. These observations indicate a faster turnover and/or 
release of this cytoprotective protein into the uterine microen-
vironment. Interestingly, Romoser et al., (2022) have recently 
reported that HS during the peri-implantation period did not 
affect conceptus elongation rate. This could be ascribed to a 
potential protective effect due to the interaction of conceptus 
tissue with the endometrial HSP released into the intrauterine 
microenvironment.

Release of HSP into extracellular compartments is involved 
with activation of immune cells, intercellular communica-
tion, and induction of signaling pathways (De Maio, 2011). 
Moreover, HSP70 causes an inflammatory effect by inducing 
production of cytokines such as tumor necrosis factor alpha, 
interleukin 1-beta and interleukin 6 in immune cells (Asea and 
De Maio, 2007). Immune modulation during the peri-implan-
tation period mediates communication between the develop-
ing conceptus and endometrium (Ross et al., 2003b; Mathew 
et al., 2016). Modulation of the uterine immune microen-
vironment also serves as a priming event during stress (De 
Maio and Vazquez, 2013). Thus, the HSP released into the 
uterine microenvironment could potentially be a cytoprotec-
tive chaperokine during HS, by exerting immunoregulatory 
effects mediated via Toll-like receptor-2 (TLR2) and TLR4 
(Asea, 2003).

Multiple HSP regulate cytoprotective events within dif-
ferent apoptotic pathways to either aid cell survival or cell 
recovery following damaging stimuli. Typically HSPD1 is 
present in the mitochondria and is released during stress 
to optimize caspase activation (Beere, 2004). In the current 
study, the endometrial transcript abundance of HSPD1 was 
lower in the pregnant TN group compared to their cyclic 
counterparts, but the protein abundance was not different. 
The active endometrial remodeling occurring during this 
period in the pregnant uterus might explain these differ-
ences. Similarly, small intracellular HSP which are involved 
in maintenance of cell survival as well as stabilization of 
cytoskeletal components (Carra et al., 2017), are elevated 
in reproductive tissues under the influence of steroid hor-
mones (de Thonel et al., 2012; Jee et al., 2021), a scenario 
that could explain the elevated HSPB8 transcript abundance 

Figure 6. Effect of altrenogest and/or thermal treatment on endometrial protein abundance of heat shock proteins. Endometrium from pregnant gilts 
either supplemented with ALT (postinsemination) or not and maintained under thermal neutral or heat stress conditions during the peri-implantation 
period were assessed for changes in specific HSP protein abundance using densitomentric analysis of immunoblots. ALT supplementation 
decreased (A) HSP90AA1 protein abundance irrespective of thermal treatment, with a tendency to decrease (B) HSP90AB1 abundance. Neither ALT 
supplementation nor HS influenced (C) HSPA1A abundance, but ALT reduced (D) HSPA6 protein abundance in the gilts maintained under TN conditions. 
(E) HSPD1 and (F) HSPB1 protein abundance were unchanged by either treatment. Different lowercase letters indicate statistical significance between 
treatment groups; P ≤ 0.05.
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observed in the pregnant gilts compared with their cyclic 
counterparts.

Heat stress induces gene expression involved in apoptosis 
(Beere, 2004; Jin et al., 2007) and autophagy (Hale et al., 
2017). In the current study, HS elevated HSPD1 transcript 
abundance in the pregnant endometrium. A similar HS-in-
duced HSPD1 increase was reported in the porcine ovary 
(Seibert et al., 2019), indicating a stress response within the 
mitochondria, often correlated with apoptosis. Different 
apoptosis-related factors are involved in the tight regula-
tion of endometrial apoptosis correlated with the hormon-
ally dependent changes in endometrial cell transformation 
(Antsiferova, 2016) during the peri-implantation period, 
which might explain the differences observed in the current 
study.

Heat stress negatively impacts reproduction via multiple 
mechanisms, which ultimately manifests as seasonal infer-
tility (De Rensis et al., 2017; Ross et al., 2017). The HS-in-
duced effect on corpora lutea size (Bidne et al., 2019) could 
be involved in early pregnancy loss due to luteal insufficiency. 
The pig depends on a functional corpus luteum as the pro-
gesterone source, which plays a critical role in maintain-
ing pregnancy in other species as well (Geisert et al., 2015; 
Lonergan et al., 2016; Spencer et al., 2016). Progesterone 
is required during endometrial transformation around the 
time of conceptus implantation, as it suppresses proliferation 
and induces cell differentiation. Low progesterone levels are 
associated with underdeveloped conceptuses (Spencer et al., 
2016) and exogenous supplementation of progestogens has 
been shown to positively influence reproductive parameters 
(Martinat-Botte et al., 1995; van Leeuwen et al., 2011; Muro 
et al., 2021). Moreover, Romoser et al. (2022) have recently 
reported the potentially beneficial effects of ALT supplemen-
tation on conceptus development in HS gilts.

Progesterone is reported to interact with and regulate 
the synthesis of uterine tissue HSP to modulate responsive-
ness of the endometrium to steroid hormones (Bagchi et al., 
1991; Padwick et al., 1994; Neuer et al., 2000). Although 
HSP90AA1, a thermal stress-inducible HSP, was not affected 
by either HS nor pregnancy status, ALT decreased HSP90AA1 
and HSP90AB1 protein abundance. The interesting observa-
tion here was that during HS, ALT supplemented gilts had 
half the HSP90 protein abundance compared to the nonsup-
plemented group. HSP90 is a co-factor for steroid hormone 
receptors and is released from the receptor complex upon 
ligand (hormone)-receptor interaction (Bagchi et al., 1991; 
Dhamad et al., 2016) leading to downstream hormone activ-
ity. This could help explain why ALT caused a reduction in 
HSP abundance, if it were being released into the extracellular 
space as reported earlier (De Maio, 2011).

The differential response of HSP abundance with respect to 
pregnancy status or HS observed in this study could be related 
to a cell specific response, which was difficult to discern in the 
endometrial samples collected in this study as the epithelial 
and stromal cells of the endometrium were not separately 
evaluated. A similar cell specific response to HS has been 
demonstrated in the porcine ovary (Pennarossa et al., 2012). It 
is proposed that HSP provide beneficial cytoprotective effects 
when induced prior to an inflammatory insult, but thereafter 
can have deleterious effects as inflammation progresses (Yu et 
al., 2007). Gilts in this study were exposed to HS from 2 to 
12 dpe and could potentially have had a different HSP milieu 
if assessed earlier in the study timeline. It also remains unclear 

whether these differences in HSP abundance are a direct effect 
of HS on the endometrial tissue or as an indirect effect of 
endotoxins released into the circulation, which in turn induce 
endometrial HSP. Endotoxemia due to circulating LPS affects 
female reproduction in many ways (Bidne et al., 2018a) caus-
ing impaired estradiol synthesis in granulosa cells (Li et al., 
2017), induction of pro-inflammatory ovarian environment 
(Dickson et al., 2016), embryonic DNA damage and preg-
nancy failure in mice (Jaiswal et al., 2013), pregnancy loss 
due to progesterone deficiency in mares (Daels et al., 1991), 
and impaired follicular growth and steroidogenesis in cattle 
(Roth and Wolfenson, 2016). Both HS (Dickson et al., 2018) 
and LPS (Bidne et al., 2018b) alter ovarian signaling during 
follicular development in postpubertal gilts. Moreover, HSP 
abundance in the porcine ovary in response to HS and LPS 
is similar depending on the stage of estrous cycle (Seibert et 
al., 2019) warranting further examination of the endometrial 
HSP response observed in the current study.

Conclusion
Constitutive endometrial HSP expression in pregnant gilts 
and induced expression of HSP due to thermal stress may 
both represent an essential requirement for successful con-
ceptus growth in an adverse environment. Overexpression of 
HSP, identified with ALT supplementation, is probably to the 
benefit of the developing conceptus too. Overall, these results 
indicate that the HSP system is active in the porcine endome-
trium during the peri-implantation period, maintaining cel-
lular homeostasis during pregnancy and in conditions of HS.
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