Impact of repeated lipopolysaccharide administration on ovarian signaling during
the follicular phase of the estrous cycle in post-pubertal pigs
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ABSTRACT: Increased circulating lipopolysac-
charide (LPS) results from heat stress (HS) and
bacterial infection, both of which are associated
with reduced female fertility. Specific effects of
low-level, repeated LPS exposure on the ovary
are unclear, as many studies utilize a bolus model
and/or high dosage paradigm. To better under-
stand the effects of chronic LPS exposure on
ovarian signaling and function, post-pubertal gilts
(n = 20) were orally administered altrenogest for
14 d to synchronize the beginning of the follicular
phase of the ovarian cycle. For 5 d after synchro-
nization, gilts (163 £ 3 kg) received IV administra-
tion of LPS (0.1 pg/kg BW, n = 10) or saline (CT,
n = 10) 4% daily. Blood samples were obtained
on days 1, 3, and 5 of LPS treatment. Follicular
fluid was aspirated from dominant follicles on
day 5, and whole ovarian homogenate was used
for transcript and protein abundance analysis via
quantitative real-time PCR and western blotting,

respectively. There were no treatment differences
detected in rectal temperature on any day (P 2
0.5). Administering LPS increased plasma insulin
(P <0.01), LPS-binding protein (LBP; P < 0.01),
and glucose (P = 0.08) on day 1, but no treatment
differences thereafter were observed (P = 0.66).
There were no treatment differences in follicu-
lar fluid concentration of LBP or 17p-estradiol
(P = 0.42). Gilts treated with LPS had increased
abundance of ovarian TLR4 protein (P = 0.01),
but protein kinase B (AKT) and phosphorylated
AKT (pAKT) were unchanged and no effect of
LPS on components of the phosphatidylinositol 3
kinase (PI3K) pathway were observed. There was
no impact of LPS on ovarian abundance of STAR
or CYPI9AI1, nor ESRI, LDLR, CYPI9AI,
CYPI7Al, or 3BHSD. In conclusion, repeated,
low-level LPS administration alters inflammatory
but not steroidogenic or PI3K signaling in follicu-
lar phase gilt ovaries.
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INTRODUCTION

Intestinal barrier dysfunction facilitates circu-
latory entry of microbial toxins, such as lipopol-
ysaccharide (LPS; Amar et al.,, 2008; Al-Attas
et al., 2009; Hawkesworth et al., 2013). In swine,
heat stress (HS, Baumgard, 2013) and decreased
feed intake (Pearce et al., 2013b) increase circulat-
ing LPS, which complexes with LPS-binding pro-
tein (LBP) and binds toll-like receptor 4 (TLR4)
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to elicit a cellular response (Hoshino et al., 1999).
Membrane-bound protein cluster of differenti-
ation 14 (CD14) and myeloid differentiation factor
2 (MD2) couple with TLR4 to phosphorylate the
nuclear factor kappa B (pNFKB) rel-associated pro-
tein (RELA) subunit (Chow et al., 1999). Activating
TLR4 also stimulates phosphatidylinositol 3-kinase
(PI3K) signaling, which impacts primordial follicu-
lar growth (Castrillon et al., 2003; Liu et al., 2007;
John et al., 2008) and steroidogenesis (Zeleznik
et al., 2003; Chen et al., 2007). Lipopolysaccharide
reduced primordial follicle number in cows and
mice (Bromfield and Sheldon, 2013), length-
ened the follicular phase (Xiao et al.,, 1998)
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and decreased 17p-estradiol in a variety of models
such as monkeys (Xiao et al., 1998), bovine granu-
losa cells (Williams et al., 2008), and ovarian cor-
tical explants (Bromfield and Sheldon, 2013). Thus,
because of its widespread species effects, increased
circulatory LPS is likely detrimental to porcine
fertility.

Lipopolysaccharide may also be an insulin
secretagogue: cattle and pigs infused with LPS have
a rapid and marked increased circulating insulin
(Kvidera et al., 2017a). Hyperinsulinemia can also
negatively affect ovarian function and insulin-me-
diated ovarian signaling defects cause infertility
(Poretsky et al., 1999; Briining et al., 2000; Choi
and Kim, 2010). To test the hypothesis that LPS
alters circulating insulin and ovarian intracellular
signaling in gilts, low-level chronic LPS exposure
was administered during the estrous cycle folli-
cular phase and ovarian molecular analyses were
conducted.

MATERIALS AND METHODS

Animals

Twenty  crossbred  post-pubertal  gilts
(163 £ 3 kg) were randomly assigned to receive
saline (CT, n =10) or LPS (0.1 pg’kg BW, n = 10) 4%
daily at 0000, 0600, 1200, and 1800 h. Animals were
housed individually in a pen (56 X 221 cm) in the
discovery wing at the Iowa State University Swine
Nutrition Farm. Each pen contained a stainless steel
feeder and a nipple drinker. Water was provided ad
libitum throughout the duration of the experiment.
All animals were limit fed 2.7 kg of feed consisting
primarily of corn and soy to meet the NRC recom-
mended nutrient requirements daily at 0600 h.

The study was divided into two phases: estrus
synchronization (day —13 through day 0) and
treatment administration (day 1 through day 5).
Estrus synchronization was achieved by supple-
menting each gilt 15 mg altrenogest (Matrix)/day
as top-dressing on their feed. On day —4, jugular
catheters were surgically inserted in each animal as
described previously (Sanz Fernandez et al., 2015).
On day 1, altrenogest supplementation ceased
and experimental IV treatment infusions began.
During days 1-5, control gilts were administered
3 mL of sterile saline while LPS gilts received LPS
(Escherichia coli O55:B5 dissolved in sterile saline;
this strain was chosen as an LPS mimetic) equal to
0.1 pg/kg of initial BW administered 4x daily at
0000, 0600, 1200, and 1800 h.

Rectal temperatures were measured twice daily
at 0530 and 1730 h using a digital thermometer.
Blood (10 mL) was collected daily into tubes con-
taining sodium heparin during the infusion period
at 1730 h via the jugular catheter. Blood samples
were centrifuged for 15 min at 1,500 X g at 4 °C.
Plasma was removed and stored at —20 °C for fur-
ther analysis. Gilts were sacrificed at 0600 h on day
6 using captive bolt penetration followed by exsan-
guination. Follicular fluid from ovarian dominant
follicles were aspirated from one ovary and frozen
on dry ice. The contralateral ovary (with intact non-
aspirated dominant follicles) was flash frozen in lig-
uid nitrogen. All animal procedures were approved
by the Iowa State University Institutional Animal
Care and Use Committee.

Materials

Lipopolysaccharide from E. coli 0O55:B5
(L2880), Triton x-100 (T-6878), HEPES (H3537),
glycerol (G5516), NaF (57920), EDTA (E7889),
SDS (L3771), beta mercaptoethanol (M3148),
Trizma Base (T1501), sodium chloride (S3014),
and Ponceau S (P3504) were obtained from Sigma
Aldrich (St. Louis, MO). Halt Protease and
Phosphatase Inhibitor Cocktail (P178442), Pierce
Bicinchoninicacid (BCA) Protein Assay Kit (23227),
Glycine (BP381-500), iBlot 2 Transfer Stacks
(IB23001), PBS (BP665-1), Tween 20 (337), BSA
(BP1605-100), dNTP (18427-013), dithiothreitol
(DTT;Y00147), RNAseout(10777019), Superscript
11T (18080-093), 1 Strand Bufter (Y02321), Sodium
phosphate monobasic, anhydrous (S381), and
MgCl, (M33400) were obtained from ThermoFisher
Scientific (Rockford, IL). Laemmli buffer (161-
0737), Precision Plus Protein Kaleidoscope (161—
0375), and 4-20% Mini-PROTEAN TGX Precast
Protein Gels (4561096) were obtained from Bio-
Rad Laboratories (Hercules, CA). RNeasy Mini
Kit (74104), RNAse-free DNAse (79254), and
Quantitect SybrGreen (204143) were obtained from
Qiagen. Primers and Oligo dT were obtained from
the Towa State University DNA facility (Ames,
IA). PCR plates (951020460) and Masterclear cap
strips (951022089) were obtained from Eppendorf
(Hauppauge, NY). Matrix (altrenogest) was
obtained from Merck Animal Health (Madison,
NJ). Signal Fire enhanced chemiluminescent (ECL)
reagent (6883) and antibodies directed against AKT
(9274), pAKT (2965), CYP19A1 (14528), STAR
(8499), anti-mouse IgG, HRP-linked (7076), and
anti-rabbit IgG-HRP (7074) were obtained from
Cell Signaling Technology (Danvers, MA). TLR4
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antibody (NB100-56566) was obtained from Novus
Biologicals (Littleton, CO). Antibodies directed
against AOAH D-15 (sc-163692) and mouse anti-
goat IgG (sc-2354) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). LBP enzyme-
linked immunosorbent assay (ELISA, HKS503)
was purchased from Hycult Biotech (Uden,
Netherlands). Porcine Insulin ELISA (10-1200-01)
was from Mercodia (Uppsala, Sweden).

Protein Isolation and Western Blotting

Ovaries were incubated in tissue lysis buffer (1%
Triton x-100, 50 mM HEPES, 150 mM NacCl, 10%
glycerol, 50 mM NaF, 2 mM EDTA, 1% SDS, con-
taining 1X protease and phosphatase inhibitors),
homogenized, and incubated on ice for 30 min.
Tissue homogenates were centrifuged at 10,621 X
g at 4 °C for 15 min. The supernatant was trans-
ferred to a fresh tube and centrifuged at 10,621 X g
at 4 °C for 15 min. The supernatant was transferred
to a fresh tube and stored at —80 °C until the time
of analysis. The concentration of protein samples
was determined using a BCA assay. Protein sam-
ples were diluted to 4 pg/pL in sterile water with 1X
Laemmli buffer, incubated at 95 °C for 5 min and
separated on a Mini-PROTEAN TGXTM 4-20%
precast gel followed by transfer to a nitrocellu-
lose membrane utilizing the iBlot 2 Dry Transfer
System. Protein (40 pg) was loaded per lane; equal
protein loading and transfer quality were confirmed
by Ponceau S staining. Membranes were washed in
PBS with 0.2% Tween-20 (PBST) and were incu-
bated in 5% BSA in PBST for 1-3 h at room tem-
perature with gentle rocking action. Membranes
were incubated with primary antibodies, as listed
in Table 1, overnight at 4 °C with rocking, washed
three times in PBST for 10 min, incubated with the
appropriate secondary antibody (Table 1) for 1 h at
room temperature with rocking, followed by three
washes of 10 min in PBST. Membranes were incu-
bated with ECL reagent for 3 min before imaging

Table 1. Antibody dilutions used for protein detection

using a Chemilmager 5500 (Alpha Innotech, San
Leandro, CA) with AlphaEaseFC software (v3.03
Alpha Innotech). Appropriately sized bands were
identified and densitometric analysis performed
using ImageJ software (NCBI). Densitometric
analysis of Ponceau S staining was performed to
confirm equal protein loading and for normaliza-
tion of specific proteins of interest. Negative con-
trols for all antibodies included primary antibody
only, secondary antibody only, and primary anti-
body species-specific IgG with secondary antibody,
to demonstrate antibody specificity.

Follicular Fluid Analysis

Follicular fluid was aspirated from dominant
ovarian follicles at time of tissue collection and
pooled per animal. Centrifugation at 2,415 rela-
tive centrifugal force to remove cellular debris was
performed to remove cellular debris and fluid was
diluted in 1% BSA buffer (1 g BSA, 0.12 g sodium
phosphate monobasic, anhydrous, 0.88 g sodium
chloride, 0.01 g sodium azide, 100 mL dd H,O, at
7.0-7.2 pH) in serial dilutions: 1:10, 1:100, 1:1,000,
and 1:10,000. E, concentration in follicular fluid
was measured by radioimmunoassay as previously
described (Perry et al., 2004).

RNA Isolation and Polymerase Chain Reaction
Analysis

Ovaries were powdered using a mortar and
pestle and RNA extracted using an RNeasy Mini
Kit following the manufacturer’s protocol, includ-
ing the optional on-column DNAse digestion
step. Concentration and quality of RNA were
measured using a ND-1000 Spectrophotometer
(A = 260/280 nm). Complementary DNA was syn-
thesized using total RNA (200 ng), 1 pL oligo dT,
1 pL dANTP, and water to a total volume of 13 pL.
Samples were heated to 65 °C for 5 min then placed
on ice until addition of master mix. Master mix was

Protein Primary antibody Primary dilution Secondary antibody Secondary dilution
AKT Rabbit anti-AKT 1:1000 Goat anti-rabbit [gG HRP-linked 1:1000
pAKT Rabbit anti-pAKT 1:500 Goat anti-rabbit [gG HRP-linked 1:1000
TLR4 Mouse anti-TLR4 1:500 Horse anti-mouse IgG HRP-linked 1:1000
AOAH Goat anti-AOAH 1:100 Mouse anti-goat IgG HRP-linked 1:10000
STAR Rabbit anti-STAR 1:1000 Goat anti-rabbit IgG HRP-linked 1:1000
CYPI19A1 Rabbit anti-CYP19A1 1:500 Goat anti-rabbit IgG HRP-linked 1:1000

Abbreviations: AKT = RAC-alpha serine/threonine-protein kinase; AOAH = acyloxyacyl hydrolase; CYPI9A1 = cytochrome P450 isoform
19A; HRP = horseradish peroxidase; [gG = Immunoglobulin G; pAKT = phosphorylated AKT; STAR = steroidogenic acute regulatory protein;

TLR4 = toll-like receptor 4.
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composed of 4 pL 1% Strand Buffer, 1 pL 0.1 mM
DTT, 1 pL RNAse Out, and 1 pL. Superscript III.
Seven microliters of master mix were added to each
sample and then heated to 50 °C for 60 min and then
70 °C for 15 min. Samples were stored at —20 °C
until use. Complementary DNA was diluted (1:50)
and amplified using a QuantiTect SYBR Green
PCR Kit on an Eppendorf MasterCycler RealPlex
4 and primers specific for TLR4, AOAH, FOXO3,
CYPI19, LDLR, LHR, CYP17A41, AKTI, ESRI,
INSR, IRSI, STAR, and HSD3BI (see Table 2 for
primer sequences). The primers for TLR4 and M D2
(Moue et al., 2008), M YDS8 (Tohno et al., 2007),
NFkB (Ross et al., 2010), AOAH (Mani et al., 2013)
have been previously reported in the literature.
The remainder was from Nteeba et al. (2015). The
primers for INSR, IRS1, CYPI7, and CYPI19 were
designed in house. The PCR consisted of a 15 min
hold at 95 °C followed by 40 cycles of: denaturing
at 95 °C for 15 s, annealing for 5 s (see Table 2 for
annealing temperatures), and extension at 72 °C
for 30 s. A melting gradient of 72 °C to 99 °C at
1 °C increase per step was performed to confirm
amplification of a single PCR product and to iden-
tify primer dimer formation. Technical controls to
ensure that genomic DNA amplification was absent
included use of DNase in the RNA isolation, and
during PCR we omitted cDNA template or the for-
ward/reverse primers. We also included reactions
containing the master mix or H O only. Relative
fold change was calculated using the 2-AACT
method normalized to GAPDH. The results are

Table 2. Primer sequences used for gene amplification

presented as mean fold difference £ the SE relative
to the lowest abundance sample within each gene.

Statistical Analysis

Feed intake, rectal temperature, insulin, glu-
cose, follicle diameter, and plasma LBP were
analyzed utilizing the PROC MIXED of SAS
(Cary, NC). Fixed effects were treatment, day of
infusion, and treatment X day, with day set as a
repeated measure. Baseline values from before the
start of infusion were used as covariates for each
parameter.

Western blot, PCR, follicular fluid LBP, and
follicular fluid E, data were all analyzed using
unpaired two-tailed z-tests in GraphPad Prism.
Statistical significance was set at P < 0.05 with a
tendency for difference considered if the P value
was below 0.1.

RESULTS

Chronic LPS Exposure Did Not Affect Rectal
Temperature or Feed Intake

There was no difference in daily rectal tem-
peratures between CT- and LPS-treated gilts
(Figure 1A), thus the animals were not displaying
a febrile response. There was additionally no treat-
ment difference (P = 0.94) in feed intake at any time
point (Figure 1B).

Annealing
Gene Forward primer sequence (5 - 3") Reverse primer sequence (5 - 3') temperature (°C)
INSR TGTCATCAATGGGCAGTTTG ATCAGGTTCCGAACAGTTGC 48.0
IRSI CTATGCCAGCATCAGCTTCC GGAGGATTTGCTGAGGTCAT 51.0
AKT ATCGTGTGGCAGGATGTGTA CTGGCCGAGTAGGAGAACTG 53.0
TLR4 CTCTGCCTTCACTACAGAGA CTGAGTCGTCTCCAGAAGAT 53.0
NFkB CCCATGTAGACAGCACCACCTATGAT ACAGAGGCTCAAAGTTCTCCACCA 54.0
MYDS88 GGCAGCTGGAACAGACCAA GGCAGGACATCTCGGTCAGA 54.0
MD2 CCACCTTGTTTTCTTCCATATTTACTG CATCAGAGGAATTGCAGATCCA 53.0
AOAH TCAGGGGGACAGAAATATGG CCAGAATCACGCAGAATCAC 48.0
ESRI AGCACCCTGAAGTCTCTGGA TGTGCCTGAAGTGAGACAGG 54.0
LDLR GAGTTGGCTTTTGCTCTGCT GGGTTTTGGTGAATGAATGG 48.0
LHR CATGGCACCGATCTCTTTCT CGGAATGCCTTTGTGAAAAT 48.0
CYPI9A41 GGAGCTTGGGGTTAATGGAT GGGAAGGATGCTCTTTGATG 51.0
CYPI7A1 ACCCAGCTCATCTCACCATC GCGCTCCTTGATCTTCACTT 54.0
STAR TTGGAAGAGACGGATGGAAG CCCACATTCCTGCTATTGCT 51.8

Abbreviations: AKT = RAC-alpha serine/threonine-protein kinase; AOA H = acyloxyacyl hydrolase; CYPI17A1 = cytochrome P450 isoform 17A;
CYP19A1 = cytochrome P450 isoform 19A; ESRI = estrogen receptor alpha; FOXO3 = forkhead protein box O3; HSD3BI = 3 beta-hydroxyster-
oid dehydrogenase; INSR = insulin receptor; /RSI = insulin receptor substrate 1; LDLR = low-density lipoprotein receptor 1; LHR = luteinizing
hormone receptor; M D2 = myeloid differentiation factor 2; M YDS88 = myeloid differentiation primary response 88; NFKB = nuclear factor kappa
B; STAR = steroidogenic acute regulatory protein; 7LR4 = toll-like receptor 4.
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Figure 1. Impact of chronic lipopolysaccharide (LPS) infusion
on rectal temperature and feed intake. Post-pubertal gilts received an
equivolume bolus of saline (CT; n = 4) or LPS (n = 6; 0.1 pg/kg) four
times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5 d. (A) Rectal temper-
ature was recorded twice daily (0530 h, 1730 h). Line graph represents
average daily rectal temperature per treatment + SEM. (B) Feed intake
was recorded daily. Line graph represents ADFI per treatment = SEM.
Control animals are represented by the gray line, LPS-infused animals
are represented by the black line.

Influence of LPS on Circulating Insulin and Glucose

After 24 h of LPS infusion, there was an ini-
tial increase (119%; P < 0.01) in circulating insulin
relative to controls, but no treatment differences in
insulin were detected on days 3 and 5 (Figure 2A).
Infusing LPS tended to increase (16%; P = 0.08)
blood glucose on day 1 but this difference was
resolved by day 3 (Figure 2B). The glucose:insulin
ratio (a crude measure of insulin sensitivity) was
decreased (P = 0.02) on day 1 in LPS-infused pigs,
but there were no treatment differences in this ratio
from day 3 onward (Figure 2C).

LPS Infusion Did Not Impact Insulin-Mediated
Intracellular Ovarian Signaling

There were no treatment differences detected
(P = 0.21) in ovarian transcript abundance of the

Bidne et al.

insulin receptor (INSR), insulin receptor substrate
1 (IRSI), RAC-alpha serine/threonine-protein
kinase (4AKT), or forkhead protein box O3 (FOXO03;
Table 3). Also, no treatment difference (P > 0.13)
was observed in the protein abundance of AKT,
phosphorylated AKT (pAKT), or the pAKT:AKT
ratio in post-pubertal gilts (Figure 4 and Table 4).
Ponceau S staining of total protein confirmed no
difference in the amount of protein per lane of the
separating gel (Tables 5 and 6).

LPS Infusion Did Not Alter Follicular Size and
Ovarian 17B-Estradiol in Follicular Fluid

There was no treatment difference (P = 0.64)
detected in the diameter of ovulatory follicles
between groups, nor was there any impact of
experimental treatment on the volume of follicu-
lar fluid obtained per ovary (P = 0.95; Tables 5
and 6). No treatment difference was detected in
17pB-estradiol concentrations in follicular fluid
aspirated from the dominant follicles (P = 0.42;
Tables 5 and 6).

Impact of LPS on Ovarian Steroidogenic Enzyme
mRNA and Protein Abundance

Lipopolysaccharide exposure did not affect
(P 2 0.68) mRNA abundance for estrogen recep-
tor alpha (ESRI), low-density lipoprotein recep-
tor 1 (LDLR), or luteinizing hormone receptor
(LHR). Transcript abundance of cytochrome P450
(CYP) isoform 19A (CYP19A41), CYP isoform 17A
(CYPI7Al), steroidogenic acute regulatory pro-
tein (STAR), and 3 beta-hydroxysteroid dehydro-
genase (HSD3BI) were unchanged (P > 0.69) by
LPS (Table 3). Furthermore, ovarian protein levels
of CYP19A1 and STAR did not differ (P > 0.62)
between LPS and CT gilts (Figure 4 and Table 4).
There was no difference in the amount of protein
loaded between samples as verified by Ponceau S
staining of total protein (Tables 5 and 6).

Effect of Chronic LPS Infusion on Blood and
Follicular Fluid LBP Level

Circulating LBP was increased (149%;
P = 0.0006) relative to CT on day 1 of LPS expos-
ure but no treatment differences were detected from
day 3 onward (Figure 3A). There was no difference
in LBP levels in follicular fluid aspirated from dom-
inant follicles of CT- and LPS-exposed gilts on day
5 (Figure 3B).
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Figure 2. Influence of repeated LPS infusion on circulating insulin and glucose. Post-pubertal gilts received an equivolume bolus of saline (CT;
n=4)or LPS (n = 6; 0.1 pg/kg) four times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5 d. Blood samples were taken daily at 1730 h. Graphs represent
average daily blood (A) insulin, (B) glucose, and (C) glucose:insulin concentration per treatment + SEM. P < 0.1, *P < 0.05, and **P < (.01 at a
given time point. Control animals are represented by the grey line, LPS-infused animals are represented by the black line.

Table 3. Impact of LPS infusion on mRNA encoding genes involved in insulin, steroidogenic, and TLR-
mediated intracellular signaling

Relative gene level + SEM

Pathway Gene CT LPS P value
Insulin-mediated INSR 20.25 + 14.87 12.94 £ 3.61 0.77
IRS1 16.16 + 14.75 2.25+0.38 0.62
AKT 215+ 1.15 1.99 £0.42 0.80
FOX03 2.01 £0.98 1.96 £0.76 0.94
Steroidogenesis ESRI 2.84 £1.59 331+ 1.13 0.70
LHR 12.53 +8.76 20.35+11.01 0.68
LDLR 4.44 +270 3.52+1.26 0.92
CYPI19A1 3.29+£0.88 11.33£8.93 0.69
CYPI7Al 4.23+£2.34 2.85+0.94 0.81
HSD3BI 3.85+0.75 3.79+1.78 0.70
STAR 26.73 £0.91 14.54 £12.0 0.91
TLR4 TLR4 2.14 £ 0.59 6.49 +4.34 0.38
NFkB 1.77£0.76 2.13£0.32 0.50
MYDSS 2.03 £0.65 3.52+1.73 0.48
MD2 2.53+£0.77 3.59+1.26 0.59
AOAH 1.29+0.17 3.76 £ 1.45 0.25

Values represent mean fold changes * SEM. Abbreviations: AKT = RAC-alpha serine/threonine-protein kinase; 404 H = acyloxyacyl hydrolase;
CYPI17A1 = cytochrome P450 isoform 17A; CYPI9A1 = cytochrome P450 isoform 19A; ESRI = estrogen receptor alpha; FOXO3 = forkhead pro-
tein box O3; HSD3BI = 3 beta-hydroxysteroid dehydrogenase; /NSR = insulin receptor; /RSI = insulin receptor substrate 1; LDLR = low-density
lipoprotein receptor 1; LHR = luteinizing hormone receptor; M D2 = myeloid differentiation factor 2; M YD88 = myeloid differentiation primary
response 88; NFKB = nuclear factor kappa B; STAR = steroidogenic acute regulatory protein; 7L R4 = toll-like receptor 4.
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Table 4. Effect of LPS infusion on relative abundance of proteins involved in insulin, steroidogenic, and

TLR-mediated intracellular signaling

Relative protein level £ SEM

Pathway Protein CT LPS P value
Insulin-mediated AKT 1.00 £ 0.21 0.98 £0.15 0.95
pAKT 1.00 + 0.06 0.70 £ 0.12 0.13
pAKT:AKT 1.07+£0.18 0.76 £ 0.15 0.24
Steroidogenesis STAR 1.00 £ 0.83 0.83 £0.30 0.92
CYPI19A1 1.00 £ 0.08 1.07 £ 0.09 0.62
TLR4 TLR4 1.00 + 0.36 2.34+0.25 0.02*
AOAH 1.00 +0.20 1.15+0.08 0.44

Values represent relative protein abundance = SEM. Abbreviations: AKT = RAC-alpha serine/threonine-protein kinase; AO4AH = acyloxy-
acyl hydrolase; CYPI9A1 = cytochrome P450 isoform 19A; pAKT = phosphorylated AKT; STAR = steroidogenic acute regulatory protein;

TLR4 = toll-like receptor 4.
*P <0.05.

Table 5. Quantification of total protein loading on
western blot gels by ponceau S staining

Relative protein level £ SEM

Protein of interest CT LPS P value
AKT/pAKT 24.10 £ 0.71 23.13+0.49 0.30
STAR 24.96 + 0.85 26.17 £ 0.99 0.46
CYPI19A1 23.29£0.70 23.74 £ 0.91 0.76
TLR4 24.96 + 0.85 26.17 £ 0.99 0.46
AOAH 40.79 £ 0.89 39.19 £ 0.31 0.09

Values represent total protein staining * SEM on the gels used to
measure the specific protein of interest. Abbreviations: AKT = RAC-
alpha serine/threonine-protein kinase; AOAH = acyloxyacyl hydrolase;
CYP19A1 = cytochrome P450 isoform 19A; pAKT = phosphorylated
AKT; STAR = steroidogenic acute regulatory protein; TLR4 = toll-
like receptor 4.

Impact of LPS Exposure on Ovarian TLR4
Pathway Activation

Lipopolysaccharide exposure did not impact
(P = 0.25) ovarian transcript abundance of TLR4,
NFkB, myeloid differentiation primary response
88 (MYDS8S8), MD2, or Acyloxyacyl hydrolase
(AOAH) in LPS gilts (Table 3). At the protein level,
LPS-exposed gilts had increased (134%; P = 0.02)
abundance of ovarian TLR4 compared to controls
and there was no difference in ovarian AOAH pro-
tein level between groups (P = 0.44; Figure 4 and
Table 4). As indicated in Tables 5 and 6, there was
no difference in the amount of protein loaded on
the separating gel.

DISCUSSION

Increased circulating LPS is associated with var-
ious physiological states including HS (Baumgard,
2013), reduced feed intake (Pearce et al., 2013), and
obesity (Amar et al., 2008; Al-Attas et al., 2009;
Hawkesworth et al., 2013). Studies investigating

mechanistic impacts of LPS have typically utilized
acute, high-concentration exposure paradigms, in
which LPS administration is delivered either as a
bolus or multiple injections over a short period of
time (i.e., 6-24 h). Physiological states that result
in increased circulating LPS due to reduced intesti-
nal integrity and increased intestinal permeability,
however, elicit a chronic, low-level endogenous LPS
exposure, thus acute administration paradigms
may not accurately reflect the natural dynamics of
in vivo endotoxin appearance.

Lipopolysaccharide activates the innate
immune system via the TLR4 pathway (Hoshino
et al., 1999), which culminates in RELA phospho-
rylation (Chow et al., 1999) and production of var-
ious proinflammatory cytokines (Lu et al., 2008).
Previous in vitro studies have demonstrated that
LPS upregulates cytokine IL-6 and chemokine
IL-8 production in cultured bovine granulosa cells,
increases meiotic failure in bovine cumulus-oo-
cyte complexes (Bromfield and Sheldon, 2011),
and reduces the primordial follicle pool in vivo in
mice and in vitro in cultured bovine ovarian cor-
tical explants (Bromfield and Sheldon, 2013). Heat
stress increases circulating LPS in pigs (Pearce
et al., 2013a, 2013b) and though there have been
a number of studies examining fertility impacts
of LPS, these experiments have been performed in
nonporcine species, thus the contribution of LPS to
infertility in swine remains unclear. Additionally, as
exposure paradigms were short in nature and high
in LPS concentrations, they largely are unreflective
of in vivo chronic exposure. Furthermore, most
studies do not account for metabolism or detoxifi-
cation of the LPS by the immune system, nor exam-
ine other physiological changes that may impact the
ovary. Thus, our objectives were 2-fold: to chronic-
ally expose post-pubertal gilts to low-level LPS and
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to determine systemic as well as ovarian molecular
and steroidogenic responses to LPS administration.

To test our objectives, post-pubertal gilts were
infused with 0.1 ng LPS/kg BW four times daily
via a jugular catheter during their follicular phase
of the estrous cycle. Selecting the LPS dose was
based upon estimates from our previous LPS mod-
els (Kvidera et al., 2017a, 2017b; Horst et al., 2018)
and was anticipated to create a chronic and mild
inflammation without an overt febrile response.
After 5d of LPS infusion, the ovaries were collected
immediately prior to ovulation; an experimental
design that facilitated follicular fluid collection to
assess the environmental matrix with greatest prox-
imity to the oocyte. None of the animals exhibited

Table 6. Influence of LPS infusion on domin-
ant follicle diameter, follicle fluid volume, or E,
concentration

Follicular parameter CT LPS P value
Diameter (mm) 7.67 £0.62 7.25£0.57 0.64
Volume (mL) 3.93+0.64 3.98 £0.65 0.95
E, in fluid (ng/mL) 18.85 £ 14.02 39.90 £ 17.76 0.42

Values represent mean values = SEM. Abbreviations: E, = 17f-
estradiol; LPS = lipopolysaccharide.

a fever throughout the trial, thus we could directly
assess the effect of LPS without the confounding
effects of elevated body temperature. Additionally,
ensuring both treatment groups consumed a similar
amount of feed eliminated confounding effects of
dissimilar feed intake due to LPS exposure. As has
been demonstrated in a number of studies (Waldron
et al., 2006; Rhoads et al., 2009; Baumgard and
Rhoads, 2013; Kvidera et al., 2017b), LPS acted
as an insulin secretagogue and an acute increase
in blood insulin was observed without concomi-
tant hypoglycemia. During LPS infusions, muscle
and adipose tissues become refractory to insulin
action and hepatic glucose export increases; a coor-
dinated metabolic scenario which is employed to
ensure adequate glucose delivery to the immune
system (Calder, 1995; Kvidera et al, 2017b) Using
the plasma glucose:insulin ratio as an indicator,
we did note a decrease in insulin sensitivity on day
1. Interestingly, resolution of these differences by
day 3 of infusion indicates that the pigs developed
rapid LPS tolerance. The specific mechanisms by
which this tolerance was mediated were not exam-
ined in this study. Regardless, acute changes in
insulin indicate successful establishment of a por-
cine model to study follicular effects of chronic
low-level LPS exposure.
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Figure 3. Impact of chronic lipopolysaccharide (LPS) infusion on blood and follicular fluid LPS-binding protein (LBP) level. Post-pubertal gilts
received an equivolume bolus of saline (CT; n = 4) or LPS (n = 6; 0.1 pg/kg) four times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5 d. (A) Blood
samples were taken daily at 1730 h. Line graph represents average daily blood LBP level per treatment + SEM. **Difference between treatments
(P <0.01). (B) At time of tissue collection, follicular fluid was aspirated and the bar chart represents the average concentration of LBP in follicular
fluid per treatment + SEM. No difference between experimental treatment in follicular fluid LBP was observed (P > 0.05 between treatments).
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Figure 4. Impact of chronic lipopolysaccharide (LPS) infusion on ovarian protein abundance. Ovarian AKT, pAKT, STAR, CYP19A1, AOAH,
and TLR4 protein abundance were quantified using western blotting from whole ovarian protein homogenates isolated from post-pubertal gilts
that received equivolume saline (C) or LPS (L; 0.1 ng/kg) four times daily (0000 h, 0600 h, 1200 h, 1800 h) for 5 d. A pooled (P) control sample was
included for comparison between gels. Equal protein loading was confirmed by Ponceau S (PS) staining. Arrows indicate location of corresponding

molecular weight marker with the corresponding marker sizes.

Insulin binds the a-subunits activating the
INSR tyrosine kinase in the B-subunits, with sub-
sequent auto-phosphorylation and recruitment of
substrate adaptors including the INSR substrate
(IRS 1-4) proteins. Tyrosine-phosphorylated IRS
then displays binding sites for numerous signal
transduction partners including the PI3K/Protein
kinase B (PKB/AKT) signaling pathway. The
PI3K pathway is involved in a myriad of cellular
processes, including regulating primordial follicle
growth activation via phosphorylation of AKT
and FOXO3 (John et al., 2008). Dysregulated
primordial follicular activation is undesirable
since those activated follicles will not necessar-
ily proceed toward ovulation; instead, they will
undergo atresia and be prematurely removed from
the ovary. In a murine progressive obesity model,
decreased numbers of primordial and primary
follicles with increases in the populations of sec-
ondary and pre-antral follicles compared to lean
controls have been demonstrated (Nteeba et al.,
2014). When obesity is induced with a high-fat diet

model in mice, altered ovarian PI3K component
gene expression with increases in Irs/ and Kitlg
along with decreases in Akt and Foxo3 (Nteeba
et al., 2013) were observed; both important regu-
lators of primordial follicle activation (Castrillon
et al., 2003; Liu et al., 2007; John et al., 2008).
Though other studies have reported alterations
to primordial follicle numbers due to LPS treat-
ment (Bromfield and Sheldon, 2013), we detected
no difference in relative abundance of AKT or
pAKT, or alterations in mRNA abundance of
INSR, IRS1, AKT, or FOXO3. Our previous work
in pre-pubertal gilts exposed to HS for 7 or 35 d
demonstrated increased ovarian AKT, FOXO3,
and pAKT compared to gilts in thermal neutral
conditions, and increased ovarian abundance of
IR, IRS1, and pIRS1 (Nteeba et al., 2015). These
differences could indicate specific effects of HS
relative to LPS exposure, systemic, and ovarian
tolerance to LPS, or could to differential phys-
iological responses to LPS between the pre- and
post-pubertal ovary.
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As a soluble acute phase protein, LBP binds
LPS in serum (Grube et al., 1994; Schumann, 2011).
While LPS can activate the TLR4 complex while
unbound (Triantafilou and Triantafilou, 2002),
when bound to LBP it has an increased rate of
binding to CD14 (Hailman et al., 1994). In human
granulosa—luteal cell culture, LPS exposure caused
increased LBP production; interestingly, over 90%
of the cells positive for LBP also contained detect-
able 3HSD (Sancho-Tello et al., 1992), suggesting
that the granulosa-luteal cells, not immune cells,
were producing LBP. We observed increased plasma
LBP on day 1 but not day 3 or 5, which is consistent
with the temporal pattern of acute phase proteins
(Epstein et al., 1999). Baseline porcine serum LBP
concentrations of approximately 10 pg/mL have
been reported (Barbé et al., 2011), similar to the
levels observed in our study. We did not observe dif-
ferences in LBP concentrations between treatments
in follicular fluid at day 5, however, given that fol-
licular fluid arises from components of serum this
finding was not surprising (Shalgi et al., 1973). It
may be worthwhile in future experiments to assess
whether increased LBP occurs in follicular fluid
after 24 h of exposure, as was observed in the serum
samples in this study.

Acyloxyacyl hydrolase cleaves the lipid A moi-
ety from LPS (Munford and Erwin, 1992), thereby
rendering the modified LPS less likely to bind TLR4
(Munford and Hall, 1986). Lipopolysaccharide-
binding protein binds LPS in a conformation that
increases the susceptibility of the toxin to cleavage
by AOAH (Gioannini et al., 2007). Acyloxyacyl
hydrolase is produced by macrophages and has pri-
marily been observed in the liver, though studies
have established that it can also be produced in the
spleen and lungs (Munford, 2005). Interestingly, we
did discover ovarian AOAH protein, which is novel,
but did not observe a difference in ovarian abun-
dance of AOAH between groups. There may have
been increased AOAH in other tissues, such as the
liver, as supported by the temporal response of LBP
or ovarian AOAH activity could have been altered
which are potential avenues for future exploration.

We discovered that the ovary responded to
chronic LPS exposure through increasing TLR4
protein abundance. Others have shown that TLR4
increases in bovine granulosa cells after LPS expos-
ure (Shimizu et al., 2012); however, studies charac-
terizing the effects of ovarian LPS exposure have
mainly focused on molecules downstream of TLR4
(Bromfield and Sheldon, 2011; Price et al., 2012;
Price and Sheldon, 2013), not on TLR4 abundance.
We did not, however, observe changes to the mRNA

abundance of TLR4, NFkB, MyD88, MD2, or
AOAH, which could be attributable to tissue collec-
tion at a single time point; thus, we may have missed
observable increases in ovarian mRNA at earlier
times in the exposure paradigm. It could also be
the case that protein abundance or activity of these
TLR4 downstream factors was altered, though that
was outside the scope of the current study. Since
we have recently demonstrated the localization of
TLR4 protein to the mural granulosa cells of antral
follicles in the porcine ovary (Dickson et al., 2018),
we consider increased TLR4 protein to occur in
ovarian tissue, rather than be due to increased
abundance of circulating immune cells, though that
is certainly a possibility for consideration.

Administrating LPS alters serum steroid hor-
mone concentrations in rhesus monkeys (Xiao et al.,
1999), sheep (Battaglia, 1997), rats (Shakil et al.,
1994), pigs (Cort et al., 1986), goats (Fredriksson
et al., 1985), and mice (Aisemberg et al., 2013). In
an in vitro model, LPS decreases progesterone pro-
duction by theca cells by reducing STAR, which
is responsible for transport of cholesterol into the
inner mitochondrial matrix; the rate-limiting step
in steroidogenesis (Falck, 1960; Jaiswal et al., 2014;
Magata et al., 2014). Interestingly, we saw no dif-
ferences in STAR or CYP19A1 protein or mRNA.
This could be the result of differences in LPS dos-
age, route of administration, or length of admin-
istration. Additionally, though the concentrations
were in the expected range (Babalola and Shapiro,
1988), we did not observe any difference in 17f3-es-
tradiol concentrations in the follicular fluid. Thus,
we did not observe altered endocrine production
or steroidogenesis in this experimental model of
chronic, low-level LPS exposure.

Taken together, these data demonstrate that
the ovaries of post-pubertal gilts are responsive to
chronic low-level LPS exposure, and that systemic
tolerance to LPS exposure develops. Some limita-
tions to the current study are that tissues were col-
lected at a single time point, so the possibility of a
temporal pattern of protein and/or mRNA induc-
tion at different points in the exposure period can-
not be discounted. A single bacterial LPS source
was employed in this experiment, which serves as a
proxy for LPS exposure, but also does not fully rep-
resent the milieu of bacterial strains resident in the
intestine that may enter circulation during HS or an
off-feed event, which may amplify effects observed
in our study. Additionally, we chose to perform
whole ovarian mRNA and protein analysis rather
than to focus on specific cellular fractions within
the organ, and this work would add in the future
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to these studies. This model does however serve to
demonstrate the responsivity of the ovary-to-LPS
exposure at a level that is representative of chronic
endotoxemia that occurs in humans and domestic
species and has relevance to bacterial infection, HS,
off-feed events, and other insults, including medici-
nal, that negatively impact intestinal integrity.
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