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ABSTRACT: The present study used Escherichia 
coli lipopolysaccharide (LPS) to investigate 
whether maternal immune challenge during late 
gestation altered programming of the offspring 
hypothalamus and hypothalamic–pituitary–ad-
renal axis (HPAA). In addition, interactions 
of maternal diet, supplementation with fish oil 
(FO) or microalgae (AL), and complex vs. simple 
weaning diets were investigated. Briefly, Landrace 
× Yorkshire sows (N  =  48) were randomly as-
signed to diets supplemented with FO, AL, or a 
standard gestation control diet (CON) from day 
75 of gestation (gd 75)  until parturition. On gd 
112, half  the sows from each dietary treatment 
were immune challenged with LPS (10  μg/kg 
BW) or saline as a control. At 21 d postpartum, 
the offspring were weaned, and half  the animals 
from each maternal treatment were allocated to 
either a complex or simple weaning diet. At 28 
d postpartum, the offspring’s hourly fever and 
2-h cortisol responses to LPS immune challenge 
(40 μg/kg BW) were measured to assess hypothal-
amus and HPAA function. Results indicated that 

the maternal temperature of sows on the FO diet 
returned to baseline levels faster than sows on the 
AL and CON diets after LPS immune challenge 
(P < 0.05). In contrast, there was no difference in 
the maternal cortisol response across the dietary 
treatments (P > 0.10). Regardless of the dietary 
treatments, the maternal LPS immune challenge 
induced a greater cortisol response in male off-
spring (P = 0.05) and a greater fever response in 
female offspring (P = 0.03) when they were LPS 
immune challenged post-weaning. Male offspring 
from LPS-immune-challenged sows fed the FO 
and AL diets had a greater fever response than 
male offspring from the maternal CON diet group 
(P ≤ 0.05). Last, no effect of the complex or simple 
weaning diets was observed for the nursery pig cor-
tisol or fever responses to LPS immune challenge. 
In conclusion, LPS immune challenge during late 
pregnancy altered responsiveness of the offspring 
hypothalamus and HPAA to this same microbial 
stressor, and a sex-specific response was influ-
enced by maternal dietary supplementation with 
FO and AL.
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INTRODUCTION

Bacterial infection occurring during pregnancy 
can impair the normal development of the off-
spring (Veru et al., 2014; Wankhade et al., 2016). 
For swine, this can lead to welfare issues and lead 
to economic losses for producers. Bacterial lipo-
polysaccharide (LPS) endotoxin has been used 
to model infection in many animal species (Gayle 
et  al., 2004; Fisher et  al., 2010; Lay et  al., 2011). 
The inflammatory cytokines secreted during LPS 
immune challenge provide a stress signal that ac-
tivates the maternal hypothalamic–pituitary–ad-
renal axis (HPAA), resulting in increased maternal 
cortisol production. Maternal cortisol may alter 
the programming of the developing fetal HPAA, 
increasing offspring susceptibility to disease in later 
life (Karrow, 2006; French et  al., 2013; Zijlmans 
et  al., 2017). As omega-3 polyunsaturated fatty 
acids (n-3 PUFA) have potent anti-inflammatory 
properties (Luo et al., 2013), their inclusion in ma-
ternal diets may help protect the offspring from this 
type of maternal stress (Fisher et al., 2014).

Traditionally, producers have used complex 
diets, containing multiple animal-based or highly 
purified protein sources, to support the health of 
newly weaned pigs. However, a study found that a 
less costly simple diet did not negatively affect the 
growth of pigs (Skinner et al., 2014), although based 
on their immune status, animals appeared to be 

stressed (Levesque et al., 2013). The effect of simple 
vs. complex diets on HPAA function is unknown, 
and maternal supplementation with n-3 PUFA 
during pregnancy may help support the health of 
weaned pigs fed a simple diet. Therefore, this study 
used an LPS immune challenge to stress sows and 
offspring to test the hypotheses: 1) maternal LPS im-
mune challenge alters programming of the prenatal 
HPAA, and maternal supplementation with fish oil 
(FO) or microalgae (AL) sources of n-3 PUFA helps 
protect against this, and 2) HPAA function is influ-
enced by nursery diet quality, and maternal supple-
mentation with FO and AL during late gestation 
may provide anti-inflammatory effects.

MATERIALS AND METHODS

This study was conducted between January 
and September 2016 at the University of Guelph 
Arkell Swine Research Station under the Animal 
Utilization Protocol #2492, which was approved by 
the University of Guelph animal care committee.

Sow Experimental Procedure

The sow-feeding trial was conducted as a block 
design, composed of 4 blocks in total with 12 sows 
(Landrace × Yorkshire) per block. Pregnant sows 
(parity 2 to 5)  were selected based on breeding 
date, which allowed them to farrow in the same 
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Figure 1. Experimental design for sows fed diets containing microalgae (AM), fish oil (FO), or a control diet (CON) and challenged with lipo-
polysaccharide (LPS) or saline as a control, and offspring fed complex or simple nursery diets. Sample size is indicated in the parentheses.
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week. Sows were randomly allocated to 1 of 3 
dietary treatment groups: 3.12% AL (Alltech Inc., 
Nicholasville, KY; n = 16), 3.1% FO (Grand Valley 
Frontier, Cambridge, ON, Canada; n  =  16), or a 
typical gestation diet containing corn oil as a source 
of fat (CON; n = 16, Fig. 1). The AL and FO diets 
were matched according to docosahexaenoic acid 
(DHA) levels (Table 1), which was determined by a 
pilot study. Blood samples were collected from the 
retro-orbital sinus of sows at gestation d (gd) 74 
(approximate gestation period is 114 d) for plasma 
fatty acids analysis. Sows were fed a daily ration of 
2.5 kg of gestation diet from gd 75 until farrowing 
(Fig. 2). Experimental diets were formulated to 
meet the estimated nutrient requirements for sows 
in late gestation (NRC, 2012), and daily feed al-
lowance was calculated based on metabolizable 
energy of experimental diets. Timing of dietary 
supplementation was chosen to ensure maternal 
n-3 PUFA enrichment, while also minimizing feed 
costs. After farrowing, the sows were fed a common 
diet to meet the estimated nutrient requirements 
for sows in lactation (NRC, 2012). Animals were 
fed in the morning, and water was available ad lib-
itum. On gd 111, sows were transferred from ges-
tation crates to farrowing crates and monitored 
for signs of farrowing. Because pigs follow a di-
urnal cortisol circadian response with relatively 
consistent cortisol levels around 0800 to 1100  h 
(Kranendonk et al., 2006a,b), blood samples were 
collected within this period on gd 111 to measure 
basal serum cortisol concentration and plasma n-3 
PUFA enrichment; blood was collected in serum 
collection tubes (BD Vacutainer, Mississauga, ON, 
Canada) and plasma collection tubes containing 
sodium heparin 95 USP units (BD Vacutainer). On 
gd 112 at 0800 h, 2 sows per dietary treatment per 
block were injected i.m. with 10 μg/kg BW of LPS 
(Escherichia coli, serotype O55:B5, Sigma–Aldrich 
Co., St. Louis, MO) dissolved in 2 mL of sterile sa-
line (0.9% NaCl solution, Vétoquinol N.-A. Inc., 
Princeville, QC, Canada), and the other 2 sows per 
dietary treatment per block were injected i.m. with 
2 mL of sterile saline. The LPS challenge was per-
formed in late gestation due to the rapid develop-
ment of the HPAA at this time (Kanitz et al., 2006). 
The rectal temperature of each sow was monitored 
hourly over 6 h post-LPS immune challenge using 
a digital thermometer to assess the hypothalamic 
fever response. Blood samples (10  mL) were col-
lected 2 h post-challenge in serum collection tubes, 
which was the peak cortisol response determined 
by Lee et  al. (2019). Blood samples were allowed 
to clot for approximately 1  h. All blood samples 

were centrifuged at 1,000 × g for 25 min at room 
temperature. Plasma and serum were aliquoted into 
2-mL vials and stored at −80 °C until further ana-
lysis could be conducted.

Offspring Experimental Procedure

Forty-eight nursery pigs (Landrace × Yorkshire 
× Duroc) were selected from sows within each block 
(Fig. 1); 4 nursery pigs (2 females and 2 castrated 

Table 1. Ingredient composition of experimental 
sow diets

AL1 FO2 CO3

Ingredient composition, %    

  Corn (NRC; 8.3% CP) 74.28 74.06 77.06

  Corn oil 1.55 1.79 1.89

  Fish oil4 - 3.10 -

  Algae5 3.12 - -

  Soybean meal 17.38 17.38 17.38

  l-Lysine 0.07 0.07 0.07

  Salt 0.40 0.40 0.40

  Limestone 1.52 1.52 1.52

  Mono-cal phosphate 1.17 1.17 1.17

  Vitamin/mineral premix6 0.50 0.50 0.50

  Vitamin E4 0.02 0.02 0.02

Calculated nutrient content7    

  ME, kcal/kg 3097 3153 3090

  CP, % 14.48 14.61 14.46

  SID8 lysine, % 0.64 0.65 0.64

  SID methionine + cysteine, % 0.43 0.44 0.43

  SID threonine, % 0.45 0.46 0.45

  SID tryptophan, % 0.13 0.13 0.13

Analyzed nutrient content    

  DM, % 86.98 88.17 87.53

  CP, % 14.34 15.03 14.44

  Phosphorus, % 0.57 0.58 0.54

  Sodium, % 0.18 0.17 0.17

  Calcium, % 0.81 0.78 0.88

  Potassium, % 0.65 0.67 0.65

  Magnesium, % 0.14 0.14 0.13

1AL = microalgae.
2FO = fish oil.
3CO = 1.89% corn oil control.
4Fish oil and Vitamin E provided by Grand Valley Fortifiers 

(Cambridge, ON, CA).
5Algae provided by Alltech Inc. (Nicholasville, KY) and supplied as 

dried biomass containing 15.8% CP, 70% CF, and 17% DHA.
6Supplied per kg of diet: vitamin A, 12,000 IU as retinyl acetate; 

vitamin D3, 1,200 IU as cholecalciferol; vitamin E, 48 IU as dl-α-
tocopherol acetate; vitamin K, 3  mg as menadione; vitamin B12, 
0.03 mg; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; 
folic acid, 2.4 mg; niacin, 30 mg; thiamin, 18 mg; pyridoxine, 1.8 mg; 
biotin, 200 µg; Cu, 18 mg as CuSO4·5H2O; Fe, 120 mg as FeSO4; Mn, 
24 mg as MnSO4; Zn, 126 mg as ZnO; Se, 0.36 mg as FeSeO3; I, 0.6 mg 
as KI;DSM.

7Calculated on the basis of the NRC (2012) ingredient values.
8SID = standardized ileal digestible.
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Figure 2. Experimental design and timeline of the sow and nursery pig feeding trials. GD = gestation day; LPS = lipopolysaccharide.

Table 2. Ingredient formulation of experimental 
nursery pig diets

Diet Simple Complex

Ingredient composition, %   

  Corn (NRC; 8.3% CP) 45.28 32.57

  Wheat 15.00 15.00

  Fat, animal/vegetable blend 5.00 5.00

  Soybean meal 30.00 10.00

  Soybean protein isolate — 9.30

  Whey — 20.00

  Blood plasma — 4.50

  l-Lysine 0.37 —

  l-Methionine 0.15 0.13

  l-Tryptophan 0.02 —

  l-Threonine 0.24 0.05

  Salt 0.50 —

  Limestone 1.30 0.89

  Monocalcium phosphate 1.52 1.94

  Mineral/vitamin premix1 0.60 0.60

  Vitamin E2 0.02 0.02

Calculated nutrient content3   

  ME, kcal/kg 3471 3552

  CP, % 20.85 23.40

  SID4 lysine, % 1.21 1.25

  SID Met + Cys, % 1.20 0.79

  SID threonine, % 0.48 0.86

  SID tryptophan, % 0.74 0.29

Analyzed nutrient content, %   

  DM 87.08 88.05

  CP 21.18 20.41

  Phosphorus 0.63 0.74

  Calcium 0.87 0.85

  Sodium 0.18 0.31

  Potassium 0.89 0.81

  Magnesium 0.17 0.14

1Supplied per kg of diet: vitamin A, 12,000 IU as retinyl acetate; 
vitamin D3, 1,200 IU as cholecalciferol; vitamin E, 48 IU as dl-α-
tocopherol acetate; vitamin K, 3  mg as menadione; vitamin B12, 
0.03 mg; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; 
folic acid, 2.4 mg; niacin, 30 mg; thiamin, 18 mg; pyridoxine, 1.8 mg; 
biotin, 200 µg; Cu, 18 mg as CuSO4·5H2O; Fe, 120 mg as FeSO4; Mn, 
24 mg as MnSO4; Zn, 126 mg as ZnO; Se, 0.36 mg as FeSeO3; I, 0.6 mg 
as KI;DSM.

2Vitamin E provided by Grand Valley Fortifiers (Cambridge, ON, 
CA).

3Calculated on the basis of the NRC (2012) ingredient values.
4SID = standardized ileal digestible.

males) were randomly selected from each sow. The 
nursery pigs were weaned at 21 d postpartum and 
were randomly allocated to 1 of 2 weaning diets 
(Fig. 1); complex or simple. These 2 diets were for-
mulated to meet the estimated nutrient require-
ments for nursery pigs (NRC, 2012; Table 2); feed 
and water were provided ad libitum.

At 27 d postpartum, blood samples (10  mL) 
were collected from the nursery pigs between 0800 
and 1000 h before LPS challenge for measurement 
of basal serum cortisol and plasma PUFA concen-
trations. At 28 d postpartum, between 0800 and 
1000 h, 48 pigs were injected i.m. with 40 μg/kg BW 
of LPS. Rectal temperature was monitored hourly 
for 2  h post-LPS immune challenge to assess the 
hypothalamic fever response. Blood samples were 
collected before and 2 h post-LPS challenge, pro-
cessed as described earlier, and plasma and serum 
were aliquoted into 2-mL vials and stored at −80 °C 
for fatty acid and cortisol analyses (Table 3). After 
the 2-h blood collection, nursery pigs were euthan-
ized using 0.3  mL/kg pentobarbital administered 
by cardiac puncture (Table 3).

Cortisol Enzyme Immunoassay

Cortisol analysis was conducted by ELISA for 
serum samples obtained before and 2 h post-LPS 
immune challenge according to the manufacturer’s 
instructions (K003-H1W, Arbor Assays, Ann 
Arbor, MI). All samples were run in triplicate, and 
a standard curve was included on each plate. The 
interassay CV was 6.6%.

PUFA Analysis

The plasma samples of sows and nursery 
pigs were sent to the Lipid Analytic Laboratories 
(Guelph, ON, Canada) for PUFA analysis. Total 
lipids were extracted from 200 μL of sample using 
the Folch method (Folch et al., 1956). The serum 
phospholipid fraction was separated from the neu-
tral lipids by thin-layer chromatography. The fatty 
acid methyl esters were prepared from the isolated 
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phospholipid fraction and analyzed on a Varian 
3400 gas–liquid chromatograph (Palo Alto, CA) 
with a 60-m DB-23 capillary column (0.32 mm in-
ternal diameter, FID detection). Fatty acid stand-
ards and mixtures thereof (Nu Chek Prep, Elysian, 
MN) were used to ensure quantitative and qualita-
tive accuracy and recovery.

Statistical Analysis

Statistical analysis was conducted using PROC 
GLIMMIX of SAS version 9.4. The sow and nur-
sery pig studies were arranged as a completely 
randomized blocked design (Fig. 1). Sow fever re-
sponse was analyzed using a repeated-measures 
analysis, and the statistical model included the 
fixed effects of maternal diet (AL, FO, or CON), 
maternal LPS status (LPS or saline) and time, as 
well as their interactions, and included block as a 
random variable. The repeated-measures analysis 
used an ar(1) covariance structure. Sow cortisol re-
sponse was analyzed using multiple means compari-
sons; the statistical model included the fixed effects 
of maternal gestation diet and maternal LPS status 
as well as their interactions, included the random 
effect of block, and used basal cortisol concentra-
tions as a covariate. Nursery pig fever response as 
analyzed using a multiple means comparison and 
included the fixed effects of maternal diet, ma-
ternal LPS status, offspring nursery diet (simple 
or complex) and sex (m or f), time, and their inter-
actions, and included the random effects of block, 
litter, and pen. Nursery pig cortisol response was 
analyzed using a multiple means comparison. The 
statistical model included the fixed effects of ma-
ternal diet, maternal LPS status, nursery diet and 
sex, as well as their interactions, and included the 
random effects of block, litter, and pen and used 

basal cortisol as a covariate. Multiple means com-
parison was also used to analyze data from fatty 
acid analysis using the fixed effect of maternal diet. 
Where fixed effects were not found to be significant, 
they were subsequently removed from the statistical 
model. A Tukey–Kramer adjustment was used for 
all analyses with 2 or more comparisons. Significant 
differences were reported where P ≤ 0.05, and trends 
were reported where 0.05 < P < 0.10.

Prior to statistical analyses, initial Pearson cor-
relation coefficients were determined to investigate 
correlations among litter size, birth weight, and 
survival rate with serum cortisol levels and tem-
perature. This analysis revealed that neither LPS 
nor maternal dietary treatment influenced litter 
size, birth weight, and survival rate compared with 
control groups. Therefore, these parameters were 
not included as covariates in the formal statistical 
analyses. In addition, no effects of maternal diet or 
maternal LPS status were observed for sow repro-
ductive traits including gestation length, litter size, 
number of stillborn piglets, litter weight at birth, 
number of piglets weaned, and average daily gain 
during lactation.

RESULTS

PUFA Analysis

Total n-3 PUFA, DHA, and eicosapenta-
enoic acid (EPA) concentrations were enriched in 
the plasma of sows fed either FO or AL during 
the feeding period (Table 4). The total plasma n-3 
PUFA levels of sows from the FO treatment were 
greater than those from sows in the AL treatment, 
and total plasma n-3 PUFA levels of AL sows were 
greater than CON sows (P  <  0.05). Sow plasma 
DHA levels were significantly different across the 
diets, even though the DHA concentration was 
matched between AL and FO diets. The plasma 
DHA was greatest in the AL sows, intermediate 
in the FO sows, and lowest in the CON sows 
(P < 0.01). Plasma EPA levels in the FO sows were 
greater than sows from the AL and CON dietary 
treatments (P < 0.01), but there was no difference 
between the AL and CON diet sows (P > 0.10). The 
highest-to-lowest plasma n-6:n-3 PUFA ratio was 
found to be CON, AL, and then FO sows, respect-
ively (P < 0.05).

At 27 d postpartum, PUFAs remained enriched 
in the nursery pigs’ plasma (Table 5). Total plasma 
n-3 PUFA levels of  nursery pigs from the maternal 
CON treatment were lower than nursery pigs from 
the maternal AL and FO treatments (P  <  0.05); 

Table 3. DHA, EPA, total n-3, and ratio of n-6/n-3 
in sow diets supplemented with AL, FO, or CON

Maternal diet

Fatty acids AL1 FO2 CON3

DHA4, mg/g 3.76 3.16 0.03

EPA5, mg/g 0.19 3.49 0.08

Total n-36, mg/g 5.43 10.21 1.70

n-6/n-37 4.76 2.70 14.29

1AL = microalgae.
2FO = fish oil.
3CON = control.
4DHA = docosahexaenoic acid.
5EPA = eicosapentaenoic acid.
6Total n-3 = total omega-3 polyunsaturated fatty acids.
7n-6/n-3 = ratio of omega-6 to omega-3 polyunsaturated fatty acids.
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Table 5. DHA, EPA, total n-3, and ratio of n-6/n-3 in plasma from sows fed diets supplemented with AL, 
FO, or CON

Maternal diets (n = 16 per treatment) SEM1 P-value2

Fatty acids AL3 FO4 CON5   

DHA6, mg/100 mL 4.93a 4.93a 2.73b 0.46 0.01

EPA7, mg/100 mL 0.73 0.54 0.34 0.15 0.17

Total n-38, mg/100 mL 8.08a 8.10a 5.34b 0.61 0.002

n-6/n-39 7.21b 6.50b 9.74a 0.73 0.0003

a,bDiffering letters across rows indicate significant differences among treatments (P < 0.05).
1SEM = maximum value of the standard error of the means.
2P-value for the main effect of dietary treatment.
3AL = microalgae.
4FO = fish oil.
5CON = control.
6DHA = docosahexaenoic acid.
7EPA = eicosapentaenoic acid.
8Total n-3 = total omega-3 polyunsaturated fatty acids.
9n-3/n-6 = ratio of total omega-3 polyunsaturated fatty acid to total omega-6 polyunsaturated fatty acids.

however, there was no difference between nursery 
pigs from the maternal AL and FO treatments (P 
> 0.10). The plasma n-6:n-3 PUFA ratio of  both 
AL and FO nursery pigs was lower than the CON 
nursery pigs (P < 0.05), and there was no difference 
between nursery pigs from the maternal AL and 
FO treatments (P > 0.10). Plasma DHA levels in 
nursery pigs from the maternal AL and FO treat-
ments were greater than levels in the CON nur-
sery pigs (P < 0.05); again, no differences between 
nursery pigs from the maternal AL and FO diets 
were observed (P > 0.10). Plasma EPA levels in 
nursery pigs were not different across the maternal 
dietary treatments (P > 0.10). Lastly, there were 

no significant effects of  sex or maternal LPS status 
shown for PUFA concentration in the nursery pigs’ 
plasma.

Fever Response to LPS Immune Challenge

The rectal temperature of LPS immune chal-
lenged sows increased over time compared with the 
saline control sows (P < 0.05, Fig. 3). Sow temper-
atures increased 1 h post-LPS immune challenge and 
reached a peak around 3 h post-LPS immune chal-
lenge. At 4 h post-LPS immune challenge, the tem-
perature of LPS immune challenged sows fed the FO 
diet was lower than the sows fed the AL (P = 0.03), 

Table 4. DHA, EPA, total n-3, and ratio of n-6/n-3 in plasma from sows fed diets supplemented with AL, 
FO, or CON

Maternal diet (n = 4 per treatment) SEM1 P-value2

Fatty acids AL3 FO4 CON5   

DHA6, mg/100 mL 3.94a 2.93b Not detected 0.11 <0.0001

EPA7, mg/100 mL 0.94b 3.00a 0.16b 0.32 <0.0001

Total n-38, mg/100 mL 6.96b 12.46a 2.12c 0.43 <0.0001

n-6/n-39 6.12b 3.00c 20.24a 0.79 <0.0001

a–cDiffering letters across rows indicate significant differences among treatments (P < 0.05).
1SEM = maximum value of the standard error of the means.
2P-value for the main effect of dietary treatment.
3AL = microalgae.
4FO = fish oil.
5CON = control.
6DHA = docosahexaenoic acid.
7EPA = eicosapentaenoic acid.
8Total n-3 = total omega-3 polyunsaturated fatty acids.
9n-3/n-6 = ratio of total omega-3 polyunsaturated fatty acid to total omega-6 polyunsaturated fatty acids.
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and at 5 h post-LPS immune challenge, it was lower 
than the sows fed either the AL (P < 0.01) or CON 
diets (P < 0.01). Also, at 6 h post-LPS immune chal-
lenge, the temperature of the LPS immune challenged 
sows fed the FO diet remained lower than the sows fed 
either the AL diet (P = 0.02) or CON diets (P = 0.05).

The rectal temperature of all LPS immune 
challenged nursery pigs increased over time 
(P < 0.05, Fig. 4), and a significant maternal LPS 

× sex interaction was found for the fever response 
of nursery pigs 1  h post-LPS immune challenge. 
Regardless of the maternal dietary treatment, the 
rectal temperature of female nursery pigs from 
sows that were LPS immune challenged was greater 
than that of female nursery pigs from sows that 
received saline (P = 0.03). Significant interactions 
among maternal LPS × maternal diets × sex were 
also found; at 1 h post-LPS immune challenge, the 
temperature of female nursery pigs from sows fed 
the CON diet that were LPS immune challenged 
was slightly greater than female nursery pigs from 
sows feed the CON diet that received the saline con-
trol (P  =  0.07, Fig. 4A). A  similar effect of LPS 
was not observed in female offspring from either 
the FO or AL treatments. In the male offspring, be-
fore LPS immune challenge, the temperature of FO 
male nursery pigs from sows that were previously 
LPS immune challenged was slightly lower than 
both the AL male (P  =  0.08, Fig. 4B) and CON 
male nursery pigs (P  =  0.07, Fig. 4B) from sows 
that were also LPS immune challenged. The rectal 
temperatures from male offspring from sows fed 
the CON diet that received LPS were lower than the 
temperatures of pigs from sows fed FO (P = 0.05) 
and AL (P = 0.02) that were also LPS challenged 
(Fig. 4B). Lastly, there were no significant effects of 
simple or complex nursery diets on fever response 
of nursery pigs.

Cortisol Response to LPS Immune Challenge

Regardless of the maternal diets, the serum cor-
tisol concentration of the LPS immune challenged 
sows was increased over time when compared with 
the saline control sows (P  <  0.01, Fig. 5). The 
serum cortisol concentration of sows in the CON 

Figure 3. The rectal temperature response of sows fed diets supple-
mented with microalgae (AL), fish oil (FO), or a control diet (CON) 
and immune challenged with either 10 µg/kg BW lipopolysaccharide 
(LPS), i.m., or saline as a control on gestation day 112. Results pre-
sented as LSM ± SEM, n  =  8 per treatment. Significant differences 
(P < 0.05) are denoted with an asterisk.

Figure 4. Rectal temperature in (A) female (F) and (B) male (M) 
offspring challenged with 40  µg/kg lipopolysaccharide (LPS) from 
sows fed diets supplemented with microalgae (AL), fish oil (FO), or a 
control diet (CON) and challenged with either 10 µg/kg LPS or saline 
as a control. Results are presented as LSM ± SEM, n = 16 per treat-
ment. Significant differences (P < 0.05) are denoted with an asterisk. 
Trends (0.05 < P < 0.1) are denoted with a plus sign.

Figure 5. Sow serum cortisol concentrations 2 h post-immune chal-
lenge with lipopolysaccharide (LPS; 10 µg/kg BW, administered i.m.) 
or saline in sows fed diets supplemented with microalgae (AL), fish oil 
(FO), or a control diet (CON). Results are presented as LSM ± SEM, 
n = 8 per treatment. a,bDiffering letters above the bars denote signifi-
cant differences (P < 0.05).
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treatment 2  h post-LPS immune challenge was 
slightly greater than corresponding sows in the AL 
and FO treatments; however, differences were not 
statistically significant (P > 0.10, Fig. 5).

All LPS immune challenged nursery pigs also 
responded with an increase in cortisol concentra-
tion 2  h post-LPS immune challenge (P  <  0.05). 
A  significant maternal LPS × sex interaction was 
found; regardless of the maternal dietary treat-
ments, male nursery pigs born to the LPS immune 
challenged sows had greater cortisol concentrations 
than female nursery pigs 2  h post-LPS immune 
challenge (P  =  0.05, Fig. 6A). A  significant ma-
ternal diet × sex interaction was also found for the 
nursery pig cortisol concentration 2 h post-LPS im-
mune challenge. Regardless of maternal LPS status, 
the cortisol concentration of FO male nursery pigs 
was slightly greater than that of FO female nur-
sery pigs 2 h post-LPS immune challenge (P = 0.07, 
Fig. 6B) and greater than the AL male nursery 
pigs (P  =  0.04, Fig. 6B). However, there was no 
significant interaction among maternal diet × ma-
ternal LPS × sex. Finally, there was no significant 

difference in the cortisol response of nursery pigs 
fed the simple diets vs. complex diets.

DISCUSSION

The present study used an LPS immune chal-
lenge to simulate a bacterial infection during 
pregnancy to test the hypothesis that bacterial-
induced stress can alter programming of the fetal 
pig’s HPAA to determine the efficacy of maternal 
dietary supplement with FO or AL for limiting 
the effects of maternal stress on offspring HPAA 
function and to investigate the role of nursery 
diet protein quality on offspring HPAA function. 
Maternal LPS immune challenge elicited both a 
fever and cortisol response in all challenged sows. 
FO dietary supplementation significantly attenu-
ated the sow fever response when compared with 
the AL and CON diets. This finding was similar to 
those previously observed in nursery pigs (Carroll 
et al., 2003), guinea pigs (Pomposelli et al., 1989), 
humans (Cooper et al., 1993; Michaeli et al., 2007), 
and sheep (Fisher et  al., 2014), where fish prod-
ucts attenuated the fever response to inflammatory 
stress challenges. The fever suppression in sows fed 
the FO diet may be attributed to the plasma EPA 
levels; previously, rabbits supplemented with pure 
EPA had an attenuated fever response to immune 
challenge with poly (I:C; Davidson et al., 2013). In 
contrast, sows fed the AL diet had greater plasma 
DHA levels compared with sows from the other 
dietary treatments, but did not have a reduced fever 
response. This effect was also observed previously, 
where nursery pigs fed diets supplemented with FO 
had a decreased fever response to LPS immune chal-
lenge compared with nursery pigs fed a diet supple-
mented with AL (Lee et al., 2019). Similarly, Chase 
et al. (2015) reported that DHA treatment did not 
reduce the production of the fever-associated cyto-
kines, tumor necrosis factor alpha (TNF-α) and 
IL-1β, in human infant whole blood cells stimu-
lated with LPS. Overall, this suggests that DHA 
may not play a significant role in regulating fever 
response as EPA does.

Both FO and AL diets appeared to reduce the 
sow cortisol response to LPS immune challenge in 
the present study, although this effect was not statis-
tically significant. This is consistent with a previous 
study in pregnant ewes, where peak cortisol concen-
trations measured 4 h post-LPS immune challenge 
were not significantly affected by diets supple-
mented with fishmeal or soybean meal (Stryker 
et  al., 2013). In contrast, Liu et  al. (2013) and 
Gaines et al. (2003) found that FO supplementation 

Figure 6. Serum cortisol concentrations in nursery pigs 2 h post-
immune challenge with lipopolysaccharide (LPS; 40  µg/kg BW, ad-
ministered i.m.). (A) Serum cortisol concentration of female and male 
nursery pigs from sows challenged with 10  µg/kg LPS in late gesta-
tion or saline as a control, n = 48 per treatment. (B) Serum cortisol 
concentration of female and male nursery pigs from sows fed diets 
supplemented with microalgae (AL), fish oil (FO), or a control diet 
(CON), n = 32 per treatment. Results are presented as LSM ± SEM. 
a,bDiffering letters above bars denote significant differences (P < 0.05).



2948 You et al.

in nursery pig diets reduced cortisol concentrations 
at 2 h post-LPS immune challenge (100 µg/kg BW; 
Liu et al., 2013) and up to 5 h post-LPS challenge 
(150 µg/kg BW; Gaines et al., 2003) compared with 
a control group. In humans, dietary FO supplemen-
tation has also been shown to lower cortisol con-
centrations 4 h and 6 h post-LPS immune challenge 
(2 ng/kg BW; Michaeli et al., 2007). These incon-
sistencies may be attributed to several possibilities, 
including physiologic differences between nursery 
pigs and sows, differences in LPS dose and route of 
exposure, differences in sample size, and differing 
sampling time points. It is also possible that the 
cortisol response to LPS immune challenge is dif-
ferent between pregnant and nonpregnant animals; 
Kabaroff et  al. (2006) have shown that pregnant 
ewes had higher cortisol concentrations following 
LPS challenge compared with the nonpregnant 
ewes (Kabaroff et al., 2006).

It is interesting to note that maternal FO sup-
plementation reduced the fever response in sows 
without affecting the cortisol response. This same 
response was previously observed in nursery pigs 
fed diets containing FO (Lee et  al., 2019). This 
may be attributed in part to activation of the 
sympathoadrenal medullary axis or through rapid 
and direct stimulation of cortisol production in the 
adrenal gland (Bornstein and Chrousos, 1999). LPS 
can directly stimulate cortisol production from the 
adrenal glands in an ATCH-independent manner 
(Vakharia and Hinson, 2005). Gene expression 
within the adrenal gland of these sows may further 
elucidate the mechanisms involved in the fever and 
cortisol responses in sows fed the FO diet.

To our knowledge, this study is the first to 
show sex differences, and the combined influence 
of maternal diets and LPS immune challenge, on 
the offspring fever response in a swine model. The 
fever response in female offspring appeared to be 
more sensitive to maternal LPS status and maternal 
cortisol production than that of male offspring. 
Female offspring from sows challenged with LPS 
had greater fever response compared with female 
offspring from sows receiving saline as a control; 
these differences were not observed in the male 
offspring. Similarly, a previous study by de Groot 
et al. (2007) reported that glucocorticoid adminis-
tration to sows in late gestation induced a greater 
fever response to LPS (2.2 μg/kg BW, i.v.) in female 
offspring compared with female offspring from 
nonchallenged sows. In addition, Collier et  al. 
(2011) demonstrated that maternal restraint stress 
in sows during late gestation led to a greater pro-
duction of the fever-inducing cytokine TNF-α 

in female offspring that were later LPS immune 
challenge (25 μg/kg BW, i.v.) compared with male 
offspring.

A lower rectal temperature response in the fe-
male offspring from sows fed the CON diet that 
received saline was observed compared with off-
spring from sows on the same diet challenged with 
LPS. This suggests maternal AL and FO supple-
mentation reduces the effect of LPS challenge on 
the female offspring fever response to LPS. In male 
offspring, a decrease in rectal temperature response 
was observed in offspring from sows fed the CON 
diet and challenged with LPS compared with those 
from sows fed their AL or FO that were also chal-
lenged with LPS. This finding was contrary to ex-
pectations, with the combination of maternal AL 
and FO supplementation and maternal LPS chal-
lenge increasing the fever response to LPS in the 
male offspring. This increase in fever magnitude in 
male offspring may indicate a more rapid resolution 
of the fever response compared with offspring from 
sows fed the CON diet. A similar finding was ob-
served by Lee et al. (2019) when nursery pigs were 
fed diets supplemented with FO and challenged 
with LPS.

Contrary to the observed fever response, the 
male offspring cortisol response following LPS 
challenge appeared to be more sensitive to maternal 
LPS exposure than female offspring. Regardless of 
the maternal diets, male offspring from sows that 
were LPS immune challenged showed significantly 
greater cortisol concentrations than female off-
spring. A similar response was observed by Fisher 
et al. (2014), where male offspring from ewes that 
were challenged with LPS had increased cortisol 
responses to an exogenous ACTH challenge com-
pared with females. Contrarily, McCormick et  al. 
(1995) observed a greater corticosterone response to 
stress in female rats from maternally stressed dams 
compared with females from non-stressed dams; 
no differences were observed in the male offspring. 
These inconsistencies among different studies may 
be attributed to differences in species or differences 
in stress challenges. However, Fisher et  al. (2014) 
found that although male offspring from maternally 
stressed ewes appeared more sensitive to stress after 
weaning, these differences disappeared following an 
LPS challenge several months later, indicating that 
the effects of maternal stress on offspring stress re-
sponse may be of a transient nature.

In this study, male offspring were castrated 
shortly after birth. It has been well characterized 
that instances of stress in early life may affect the 
degree to which an animal responds to subsequent 
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stressors (van Bodegom et al., 2017). It is, therefore, 
possible that castration in early life may be a factor 
in the increased cortisol response in male offspring 
compared with female offspring. However, Merlot 
et al. (2013) did not observe differences in cortisol 
concentrations between castrated and intact male 
pigs. The effects of neonatal castration on subse-
quent HPAA response to stressors such as LPS; 
therefore, require further investigation and may 
further explain the results presently obtained.

Due to the age of the piglets (28 d of age), it 
is not likely that the differences observed between 
male and female offspring are a result of differing 
concentrations of sex hormones. Pigs reach sexual 
maturity around 150 to 220 d of age (Soede et al., 
2011), and serum concentrations of estrogen and 
testosterone are quite low in early life (Hughes and 
Varley, 1980). The differences observed between 
the male and female cortisol response may also be 
attributed to differential cytokine concentrations; 
studies have shown that in humans, males have 
heightened cytokine production in response to LPS 
compared with females (Moxley et al., 2002; Kim-
Fine et al., 2012). Further analysis of cytokines, as 
well as the transcriptome and/or epigenome in these 
pigs, may provide more insight into the observed 
differences in HPAA responses between male and 
female offspring.

Lastly, no significant effects of complex vs. 
simple weaning diets on the offspring’s fever and cor-
tisol responses to LPS immune challenge were ob-
served. Simple weaning diets have been reported to 
alter the production of proinflammatory cytokines 
in ileum and jejunum (Lee et al., 2016), although this 
may affect offspring gut health rather than HPAA 
function. It is possible that simple or complex nur-
sery diets may affect the HPAA response to stressors 
with increased time on feed; in the present study, off-
spring were fed either a complex or simple nursery 
diet for only one week after weaning.

It was also observed that male offspring from 
sows fed the FO diet had a significantly greater cor-
tisol concentration than males from sows fed the AL 
diet. It is worth noting that the n-3 PUFA concen-
trations in nursery pig plasma remained enriched 
at 28 d postpartum before the LPS immune chal-
lenge was carried out. At this time, DHA, but not 
EPA, concentrations in the plasma of nursery pigs 
from the maternal FO and AL treatment groups 
remained greater than concentrations measured in 
the offspring from the maternal CON group. Given 
that n-3 PUFAs have potent anti-inflammatory 
properties, a potential carryover effect on the off-
spring cortisol and fever responses to LPS immune 

challenge may have occurred in the present study; 
this will be an important consideration if  mech-
anisms of HPAA programming are investigated in 
future experiments. Clouard et  al. (2015) also re-
ported a similar outcome, where DHA levels in the 
brain were increased in pigs at 4 weeks of age from 
sows fed diets supplemented with FO in gestation 
and lactation, compared pigs from sows fed a con-
trol diet (Clouard et al., 2015). Clouard et al. (2015) 
further reported that DHA levels were not signifi-
cantly different among nursery pigs at 14 wk of age 
(Clouard et al., 2015). Therefore, in future studies, 
it may be beneficial to investigate the HPAA re-
sponse in pigs at a later life stage when maternal 
n-3 PUFA carryover has disappeared.

Finally, the results obtained in offspring from 
sows fed the AL diet may in part be attributed to 
other nutrients or compounds found in the AL sup-
plement, including antioxidants, minerals, vitamins, 
carotenes, beta-glucans, and possible antinutritive 
factors (Chen and Huang, 2010; Yaakob et  al., 
2014; Norambuena et al., 2015). These compounds 
may influence the activities of HPAA during stress 
response (Yaakob et al., 2014). For example, anti-
oxidants were found to compensate the oxidative 
stress response, such as by neutralizing reactive 
oxygen species (Spiers et al., 2015). Future studies 
should, therefore, investigate the role of these bio-
molecules and their contribution to the observed 
results between the AL and FO treatments.

Overall, this study provided insight into the ef-
fects of maternal LPS-induced alteration and ma-
ternal dietary supplementation with FO or AL on 
the fever and cortisol responses of offspring during 
LPS immune challenge. The combined influence of 
maternal LPS-induced alteration and maternal n-3 
PUFAs dietary supplementation was observed in a 
sex-specific pattern of the fever response in offspring. 
In addition, there was no evidence to suggest that 
feeding a simple nursery diet adversely affected off-
spring health based on the physiological endpoints 
measured in this study. Until demonstrated other-
wise, using simple diets to feed nursery pigs may be a 
cost-effective management strategy. Future analysis 
including cytokine profiling and tissue specific gene 
expression may help to tease out how maternal LPS 
and maternal dietary n-3 PUFA supplementation 
alter the programming of the fetal HPAA.
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