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ABSTRACT

Lipopolysaccharide (LPS) administration causes im-
munoactivation, which negatively affects production
and fertility, but experimental exposure via an acute
bolus is unlikely to resemble natural infections. Thus,
the objectives were to characterize effects of chronic
endotoxemia on production parameters and follicular
development in estrous-synchronized lactating cows.
Eleven Holstein cows (169 £ 20 d in milk; 681 + 16 kg
of body weight) were acclimated to their environmental
surroundings for 3 d and then enrolled in 2 experimen-
tal periods (P). During P1 (3 d) cows consumed feed ad
libitum and baseline samples were obtained. During P2
(7 d), cows were assigned to continuous infusion of either
(1) saline-infused and pair-fed (CON-PF; 40 mL/h of
saline i.v.;; n = 5) or (2) LPS infused and ad libitum fed
(LPS-AL; FEscherichia coli O55:B5; 0.017, 0.020, 0.026,
0.036, 0.055, 0.088, and 0.148 ng/kg of body weight/h
iv. on d 1 to 7, respectively; n = 6). Controls were
pair-fed to the LPS-AL group to eliminate confounding
effects of dissimilar nutrient intake. Infusing LPS tem-
porally caused mild hyperthermia on d 1 to 3 (+0.49°C)
relative to baseline. Dry matter intake of LPS-AL cows
decreased (28%) on d 1 of P2, then progressively re-
turned to baseline. Relative to baseline, milk yield from
LPS-AL cows was decreased on d 1 of P2 (12%). No
treatment differences were observed in milk yield dur-
ing P2. Follicular growth, dominant follicle size, serum
progesterone (P4), and follicular P4 and 173-estradiol
concentrations were similar between treatments. Serum
17(3-estradiol tended to increase (115%) and serum am-
yloid A and LPS-binding protein were increased (118
and 40%, respectively) in LPS-AL relative to CON-PF
cows. Compared with CON-PF, neutrophils in LPS-AL
cows were initially increased (45%), then gradually de-
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creased. In contrast, monocytes were initially decreased
(40%) and progressively increased with time in the LPS-
AL cows. Hepatic mRNA abundance of cytochrome
P450 family 2 subfamily C (CYP2C) or CYP3A was
not affected by LPS, nor was there a treatment effect
on toll-like receptor 4 or LBP; however, acyloxyacyl
hydrolase and RELA subunit of nuclear factor kappa
B tended to be increased in LPS-AL cows. These data
suggest lactating dairy cows become tolerant to chronic
and exponentially increasing LPS infusion in terms of
production and reproductive parameters.

Key words: lipopolysaccharide, immunoactivation,
ovary, tolerance

INTRODUCTION

Inflammation is detrimental to productivity and
arises from a myriad of physiological insults, including
both biotic and abiotic stress. Immunoactivation results
from common on-farm issues such as ruminal acidosis,
mastitis, metritis, heat stress, and parturition (Gozho
et al., 2005; Ballou, 2012; Baumgard and Rhoads,
2013; Sheldon et al., 2014). Although these stressors
have differing etiologies, they often result in increased
circulating LPS, an immunogenic pathogen-associated
molecular pattern (PAMP), which acts through
the toll-like receptor 4 (TLR4) pathway. Activation
of TLR4 initiates a signaling cascade culminating in
nuclear translocation of the p65 subunit of nuclear
factor kappa B (NFkB) and subsequent inflamma-
tory cytokine production (Chow et al., 1999; Lu et al.,
2008). Lipopolysaccharide also stimulates reactive oxy-
gen species (ROS) production (Rietschel et al., 1994)
and LPS and ROS induce vascular endothelial growth
factor (VEGF; Chua et al., 1998; Matsushita et al.,
1999). Superoxide dismutase 1 (SOD1) represents a
cellular defense against ROS (McCord and Fridovich,
1969; Weisiger and Fridovich, 1973).

The systemic response to LPS has been well docu-
mented and is characterized by increased production of
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acute phase proteins [e.g., LPS-binding protein (LBP)
and serum amyloid A (SAA)], decreased productiv-
ity (e.g., milk yield, growth), hyperthermia, metabolic
dysfunction, and impaired reproduction (Lohuis et al.,
1988; Giri et al., 1990; Lochmiller and Deerenberg,
2000; Waldron et al., 2003; Bidne et al., 2018a). Also,
hepatic acyloxyacyl hydrolase (AOAH) deacylates
LPS, rendering it unable to elicit an immune response
(Munford and Hall, 1986).

Ironically, inflammation is integral to normal repro-
ductive function (Espey, 1980; Richards et al., 2008).
In fact, administering nonsteroidal anti-inflammatory
drugs immediately precalving and immediately post-
calving increases the incidence of stillbirths and retained
placenta, respectively (Newby et al., 2017), but this is
not always consistent (Newby et al., 2014). However,
excess inflammation can also be detrimental to fertility.
For example, metritic cows (Dohmen et al., 2000; Ma-
teus et al., 2003) are less fertile (Sheldon et al., 2014),
likely because LPS alters steroid signaling (Kujjo et al.,
1995; Lavon et al., 2008), compromises caprine luteal
function (Fredriksson et al., 1985; Gilbert et al., 1990),
and causes abortion (Skarnes and Harper, 1972; Giri
et al., 1990). Estrogen sulfotransferase (SULT1E1)
is a transcriptional target of phosphorylated nuclear
factor kappa B, and in mice, LPS induces SULT1E1
(Chai et al., 2015). Lipopolysaccharide also causes hy-
perinsulinemia (Waldron et al., 2003) and progesterone
(P4) metabolism enzymes, cytochrome P450 family 2
subfamily C (CYP2C) and cytochrome P450 family 3
subfamily A (CYP3A), are altered in dairy cows by
insulin (Lemley et al., 2008). Additionally, some studies
seem to indicate that the deleterious effects of LPS may
linger following infection resolution (Fonseca et al.,
1983; Hudson et al., 2012) and represent a long-term
economic burden to the global dairy industry (Sheldon
et al., 2009).

The reproductive and inflammatory response to
acute LPS exposure has been well chronicled (Giri et
al., 1990; Liittgenau et al., 2016). However, natural
infection likely causes a more persistent and dynamic
LPS exposure, reflective of bacterial overgrowth and
proliferation. Short-term (4 h), but continuous, LPS
administration prompts a less aggressive but more
sustained release of inflammatory mediators, presum-
ably a more accurate model of chronic inflammation
than an acute bolus (Taudorf et al., 2007). However,
the response is temporally dependent as repeated or
continuous exposure to a constant amount of endotoxin
creates tolerance in numerous cell lines and in multiple
species (Beeson, 1947; West and Heagy, 2002). In an
effort to create a more physiologically relevant LPS
exposure paradigm and to avoid the aforementioned
well-described tolerant phenotype, we continuously
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i.v. infused increasing quantities of LPS into healthy
lactating cows to characterize the effects of chronic
endotoxemia on production, inflammation, and repro-
ductive indices. We hypothesized that continuous and
exponentially increasing LPS exposure would stimulate
a sustained inflammatory response and negatively af-
fect reproductive and production parameters.

MATERIALS AND METHODS

Animals and Experimental Design

All procedures were approved (#8202) by the In-
stitutional Animal Care and Use Committee at lowa
State University. Eleven lactating Holstein cows (mean
+ SEM; 169 + 20 DIM; 681 + 16 kg of BW; parity 3.1
+ 0.4) were housed in individual box-stalls (4.57 x 4.57
m) at the Towa State University dairy farm. A modified
Ovsynch protocol was used to align estrous cyclicity.
Two weeks before study initiation, ovarian status was
evaluated using transrectal ultrasonography (Ibex Pro,
E. I. Medical ITmaging, Loveland, CO) and dinoprost
(5 mL, Lutalyse Zoetis Animal Health, Parsippany,
NJ) was administered i.m. to lyse any functional lu-
teal tissue. During the experimental phase, cows re-
ceived a second dose of dinoprost (5 mL) on d 2 of
the acclimation period, followed by gonadorelin (i.m.,
2 mL; Factrel Zoetis Animal Health, Parsippany, NJ)
administered 60 h after dinoprost injection. Ovaries
were evaluated 12 and 24 h after gonadorelin injection
via ultrasound to monitor ovulation. The purpose of
the synchronization was to ensure that all cows had a
metestrous/early diestrous corpus luteum and a first
wave dominant follicle at similar stages of development
during the experimental infusion treatments.

Cows were allowed 3 d to acclimate to housing condi-
tions during which bilateral jugular catheters (to obtain
blood and infuse simultaneously) were inserted. Follow-
ing acclimation, cows were enrolled in 2 experimental
periods (P). During P1 (3 d), baseline data were col-
lected for covariate analysis. Period 2 lasted 7 d during
which cows received 1 of 2 treatments: (1) saline-infused
and pair-fed (CON-PF; 40 mL/h sterile saline i.v.; n
= 5) or (2) LPS infused and ad libitum fed (LPS-AL;
0.017, 0.020, 0.026, 0.036, 0.055, 0.088, and 0.148 pg
of LPS/kg of BW/h i.v. on d 1 to 7, respectively; n =
6). Lipopolysaccharide was administered by a constant
i.v. infusion at a known and adjustable rate utilizing
a modular pump (Deltec 3000, Deltec Inc., St. Paul,
MN). The LPS dose was increased every day (Figure
1A) and calculated based on BW obtained during the
acclimation period. The LPS stock solution (Escherich-
ia coli O55:B5, 1.2880, Sigma Aldrich, St. Louis, MO)
was prepared at a concentration of 300 pg/mL, passed
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through a 0.2-pm sterile syringe filter (Thermo Fisher
Scientific, Waltham, MA), and stored in a sterile glass
bottle 24 h before P2 as we have previously described
(Kvidera et al., 2017; Horst et al., 2018). The LPS dose
and increasing daily infusion rate were selected based
on data from a similar experimental design utilizing
pigs (Bidne et al., 2018b; Huntley et al., 2018). Each
day, the amount of stock solution needed for each cow’s
daily dose was injected into a 1-L bottle of sterile sa-
line. The i.v. infusion system was incubated overnight
with LPS solution (3 pg/mL) before infusion onset to
saturate LPS binding sites in the Tygon tubing (Saint-
Gobain ND 100-80, Akron, OH).

Control cows were pair-fed (PF) to the LPS-treated
cows to avoid confounding effects of dissimilar nutrient
intake as previously described (Wheelock et al., 2010).
All cows had ad libitum access to water, were fed a
TMR once daily at 0800 h, and orts were recorded
before feeding. The TMR was formulated by Dynamic
Nutrition Systems (Pierz, MN) to meet or exceed the
predicted requirements of energy, protein, minerals,
and vitamins (NRC, 2001; Table 1). Reduced daily feed
intake by LPS-AL cows during P2 was determined as a
percentage of their mean daily ad libitum intake during
P1. To facilitate space constraints and the pair-feeding
procedures, control cows were 9 d behind LPS-infused
cows in the experimental protocol. Throughout the
study, cows were milked twice daily (0600 and 1800 h)
and yields were recorded at each milking. A milk sam-
ple for composition was obtained daily at the 0600 h
milking and stored at 4°C with a preservative (bronopol
tablet; D & F Control System, San Ramon, CA) until
analysis by Dairy Lab Services (Dubuque, TA) using
infrared analysis equipment and procedures approved
by AOAC International (1995).

Respiration rate (RR), heart rate (HR), and rectal
temperature (Tr) were recorded twice daily at 0600
and 1800 h. Respiration rate and HR were measured
as flank movement and beats per 15 s, respectively,
and later configured to breaths per minute and beats
per minute (bpm). Rectal temperatures were mea-
sured using a digital thermometer (GLA Agricultural
Electronics M700, San Luis Obispo, CA). Serum and
plasma samples were collected daily at 0600 h during
both P1 and P2 using an empty glass tube and a tube
containing EDTA as the anticoagulant (K2 EDTA,
Becton, Dickinson and Company, Franklin Lakes, NJ),
respectively. Before centrifugation, serum samples were
allowed to clot for 30 min at room temperature. Serum
and plasma were harvested following centrifugation at
1,500 x g for 15 min at 4°C, and were subsequently
frozen at —20°C until analysis. Samples for complete
blood count analysis were collected twice daily (0600
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and 1800 h, K2 EDTA, Becton, Dickinson and Com-
pany) during P2. A blood sample was collected from
the i.v. catheter and stored at 4°C for approximately
12 h before submission to the lowa State University
Department of Veterinary Pathology for hematological
analysis (ADVIA 2120/2120i Hematology System) to
assess the numbers of neutrophils, lymphocytes, and
monocytes present.

Tissue Collection

Liver, skeletal muscle, and tailhead subcutaneous
adipose tissue biopsies were collected from all animals
on d 7 of P2 following the 0600 h milking. Briefly, bi-
opsy sites were shaved, scrubbed with betadine, and
sprayed with 70% alcohol. For liver collection, the area
was locally anesthetized using 2% lidocaine (MWT Vet-
erinary Supply Co., Glendale, AZ) before performing
a percutaneous biopsy with a trocar. Before collect-
ing adipose and muscle biopsies, a caudal epidural (25
mg of xylazine and 100 mg of lidocaine hydrochloride)
was administered. Tailhead subcutaneous adipose tis-
sue was collected as previously described (Leury et al.,
2003). In brief, a 2 to 3 cm incision was made between
the tailhead and the tuber ischia and adipose tissue
was collected. For skeletal muscle collection, an inci-
sion (~5 c¢m) was made in the skin of the hind limb
overlying semitendinosus muscle, and a sterile biopsy
punch (8 mm, Miltex Inc., York, PA) was used for col-
lecting a tissue core as previously described (Xie et al.,
2016). Following collection, adipose and muscle biopsy
sites were sutured, cleaned with 70% isopropanol, and
disinfected with an aerosol bandage (AluShield, Neogen
Corp., Lexington, KY). All samples were snap frozen in
liquid nitrogen and stored at —80°C until analysis.

Reproductive Parameters

Throughout P2, ovaries were assessed by ultrasound
scanning every morning at 0600 h (+1 h) to track fol-
licular growth. A minimum of 2 pictures per structure
were recorded daily to analyze follicular growth and
presence of corpus lutea. On d 7 of P2 the dominant fol-
licle from each animal was aspirated to collect follicular
fluid using transvaginal ultrasound guided aspiration
(SSD-900V, Aloka Co. Ltd., Tokyo, Japan) with an
18-gauge needle (DI-0207-10, Partnar Animal Health,
Port Huron, MI). The sample was collected through
pyrogen-free tubing (Macrobore Extension Set, 30 inch
with Option-lok, non-DEHP; 12656-28, Hospira, Lake
Forest, IL) and stored in pyrogen-free micro-centrifuge
tubes. Sterile PBS (4 mL) was used to flush the tubing
to ensure collection of the entire sample. Follicular fluid
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Figure 1. Effects of chronic and increasing exposure of LPS (A) on rectal temperature (Tr; B), DMI (C), and milk yield (D). Treatments
include saline infused and pair fed (CON-PF) and LPS infused with ad libitum feed intake (LPS-AL). Results are expressed as LSM 4+ SEM.
Embedded P-values represent differences between CON-PF and LPS-AL during period 2. Trt = treatment.
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Table 1. Ingredients and composition of diet'

Ttem (% of DM, unless noted) Value?

Ingredient
Corn silage 32.53
Corn gluten feed 19.61
Alfalfa hay 12.80
Ground corn 8.76
Cottonseed 5.10
Molasses 2.43
Expeller soybean meal 0.89
Soybean meal 4.75
CP mix 11.09
Straw 2.04

Chemical analysis
Starch 22.86
CP 16.95
NDF 31.09
ADF 20.28
NE;, (Mcal/kg of DM) 1.61

Values represent an average of ration nutrient summary reports col-
lected throughout the trial. Diet moisture averaged 52.49%.

?Average nutrient levels: 5.02% fat, 0.91% Ca, 0.47% P, 0.36% Mg,
0.23% S, 1.32% K, 0.53% Na, 0.59% Cl, 69.39 mg/kg of Zn, 38.09 mg/
kg of Mn, 3.02 mg/kg of Fe, 11.61 mg/kg of Cu, 0.65 mg/kg of Co,
0.28 mg/kg of Se, 0.65 mg/kg of I, 6,005.6 IU/kg of vitamin A, 477.9
IU/kg of vitamin D, and 15.7 IU/kg of vitamin E.

was transported on ice to the laboratory where it was
centrifuged for 10 min at 10,621 x ¢ for 15 min at 4°C.
The supernatant was stored at —80°C.

RNA Isolation and Quantitative Reverse-
Transcription PCR

Liver samples were processed for RNA isolation and
total RNA was extracted using an RNeasy Mini kit
according to the manufacturer’s instructions (Qiagen
74004), including on-column DNase treatment. RNA
was eluted with 20 pL of RNase-free water and concen-
tration determined using an ND-1000 spectrophotom-
eter (A = 260/280 nm; NanoDrop Technologies Inc.).
Total RNA was reverse transcribed into cDNA using a
Superscript III system (Thermo Fisher Scientific) be-
fore PCR. For reverse-transcription PCR, all samples
were run in triplicate on an Eppendorf Mastercycler
and the amplification protocol consisted of 40 cycles of
denaturating at 95°C for 15 s, annealing at 58°C for 15

Table 2. Primer sequences used for gene amplification
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s, and extension at 68°C for 20 s. Primers were prepared
by the Towa State University DNA facility (Ames). Se-
quences for TLR/, REL associated protein of NFxkB
(RELA), acyloxyacyl hydrolase (AOAH), and LBP were
designed via NCBI primer blast (https://www.ncbi.nlm
.nih.gov/tools/primer-blast/), all spanned at least 1
exon junction, and are detailed in Table 2. Sequences
for cytochrome P450 family 2 subfamily C (CYP2C),
cytochrome P450 family 3 subfamily A (CYP3A), and
ribosomal protein 15 (RPS15) were from McCracken et
al. (2015). Each set of reactions was performed to in-
clude negative controls of water only, as well as cDNA
with Mastermix (Thermo Fisher Scientific) and omis-
sion of primers. The delta cycle threshold (Ct) value
[gene of interest — RPS15 (reference gene)] was calcu-
lated for each sample, then the highest delta Ct value
(within the control group) was chosen and set as equal
to zero. The delta Ct value (controls and treated) for
each sample was then subtracted from the highest con-
trol value. Fold change was calculated as 2 to the power
of each normalized delta Ct value. Each fold change
value was then divided by the average of the control
fold change to normalize controls to one. Analysis was
performed on samples collected at the end of P1 and P2
and the delta Ct values of the mRNA abundance from
P1 to use as a covariate in the P2 analysis.

Protein Extraction and Western Blotting

The AOAH was measured in liver, skeletal muscle,
and adipose tissues, and VEGF and SOD1 were quan-
tified in the liver. Tissue samples were immersed in tis-
sue lysis buffer (Trition-x-100, HEPES, NaCl, glycerol,
NaF, EDTA, SDS) containing protease and phospha-
tase inhibitors (Halt Protease and Phosphatase Single-
Use Inhibitor Cocktail 100x; 78442) and subjected to
centrifugation (1,500 x ¢ for 15 min at 4°C). Protein
content of the supernatant was quantified using a
bicinchoninic acid assay. Protein extract was mixed
with Laemmli buffer, 3-mercaptoethanol, and water
and heated at 95°C for 5 min. Samples were stored at
—20°C until use. Fixed amounts of protein were loaded
onto pre-cast SDS PAGE gels and transferred onto

Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3') Accession no.

RPS15 ATCATTCTACCCGAGATGGT TGCTTCACGGGCTTGTAAGT NM_001024541.2
TLRY GACCCTTGCGTACAGGTTGT GCTGGAGAAGTTATGGCTGC NM_174198.6

RELA CAACCCCTTCCAAGTTCCCA CCCAGAGTTCCGATTCACCC NM_001080242.2
AOAH ACACTTGAGAAGGCCAGACAG CCGCAGTGTTGGGAAATCAC NM_001078096.2
LBP TGACGTGATTCCGCCTGATT CCATCTGGGCAGCTGTAGAC NM_001038674.2
cYp2C TCAGCAGGAAAAAGAGTTTGTGT CTCACAGAAGGGTGGAATAGAGA NM_001109792.2
CYP3A TCGATCCCTTTCTTCTCGCAG AAGTCCACACGTGGCTTTTG NM_001099367.1
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nitrocellulose membranes (iBLOT, Invitrogen, Carls-
bad, CA). Verification of equal loading was determined
using a Ponceau S stain. Membranes were blocked for
a minimum of 1 h in 5% BSA in PBS with Tween 20
(PBST) and incubated in diluted (5% BSA/PBST or
PBST only) primary antibody at 4°C overnight. Pri-
mary antibodies used were directed against SULT1E1
(H-40; 1:200; SC-292049, Santa Cruz Biotechnolo-
gies, Santa Cruz, CA), superoxide dismutase (SOD1;
1:1,000; NB1-31204, Novus Biologicals, Littleton,
CO), VEGF (1:1,000; NB100-648, Novus Biologicals),
and AOAH Q-13 (1:500; 163694, Santa Cruz Biotech-
nologies). After primary incubation, membranes were
washed 3 times in PBST. Membranes were incubated
in secondary antibody (anti-mouse IgG, HRP-linked
7076P2, anti-rabbit IgG-HRP 7074P2; Cell Signaling
Technology, Danvers, MA) for 1 h at room temperature,
followed by 3 washes in PBST. Enhanced chemilumi-
nescence (Signal Fire, Cell Signaling 6883) substrate
was applied to the membrane in the dark and then
imaged using a Chemilmager 5500 (Alpha Innotech,
San Leandro, CA) with AlphaEaseFC software (v3.03
Alpha Innotech) or exposed to X-ray film. Protein
abundance was quantified as the mean gray value for
each membrane using ImageJ software (National Insti-
tutes of Health, Bethesda, MD) and was normalized
to Ponceau S images. Additionally, negative control
samples were included: primary only, secondary only,
and IgG with secondary antibody to ensure antibody
specificity.

Measurement of Circulating Proteins

Plasma LBP and SAA were determined using com-
mercially available kits according to manufacturers’
instructions (LBP, Hycult Biotech, Uden, the Nether-
lands; SAA, Tridelta Development Ltd., Kildare, Ire-
land; Suojala et al., 2008). The inter- and intra-assay
coefficients of variation for LBP and SAA were 33.7
and 5.3%, and 22.1 and 12.3%, respectively. Serum and
follicular fluid P4 were analyzed using a commercially
available ELISA (EIA 156 DRG, Springfield, NJ; Silvédn
et al., 1993). Serum and follicular fluid 173-estradiol
(E2) were extracted and analyzed by RIA (Perry and
Perry, 2008; limit of detection 0.33 pg/mL). The intra-
assay coefficients of variation for P4 and E2 in serum
were 4.0 and 6.1%, respectively, and for follicular fluid
were 4.0 and 4.0%, respectively.

Calculations and Statistical Analysis

Western blot data were analyzed using a diagonal
covariance structure with cow as the random effect and
treatment as the fixed effect. Two-tailed t-tests were
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performed to analyze PCR data. All other parameters
were analyzed using repeated measures with an autore-
gressive covariance structure and LPS infusion day as
the repeated effect. Each specific variable’s pre-infusion
value (when available) served as a covariate. Effects
of treatment, day, and treatment by day interaction
were assessed using PROC MIXED (SAS Institute Inc.,
Cary, NC). To compare with baseline, the overall effects
period and treatment (and their interaction) were also
analyzed using PROC MIXED. Results are reported as
least squares means and considered significant when P
< 0.05 and a tendency if 0.05 < P < 0.10.

RESULTS

Administrating LPS initially induced a febrile re-
sponse in LPS-AL cows (d 1 to 3 +0.49°C relative to
baseline; P < 0.01; Figure 1B), but no treatment differ-
ences were observed on d 4 to 6. Relative to CON-PF,
RR and HR of LPS-AL cows increased (16 and 11 bpm;
respectively; P < 0.01; Table 3) during P2. Relative to
baseline, DMI of LPS-infused cows decreased (28%; P
< 0.01) on d 1 of infusion, after which it progressively
increased with time (P < 0.01; Figure 1C) and returned
to pre-infusion levels by d 6 of P2. The pattern and
extent of reduced DMI was similar in CON-PF cows
by experimental design. Milk yield from LPS-AL cows
decreased ~12% on d 1 of P2 (P = 0.01; Figure 1D)
relative to baseline; however, no overall treatment dif-
ferences were observed during P2 (P = 0.65). Overall,
LPS administration increased milk fat content (19%;
P = 0.03; particularly for d 1-3, data not shown) and
MUN (17%; P = 0.04) compared with CON-PF cows
(Table 3). Milk protein tended to be decreased (4%; P
= 0.08) with continuous LPS infusion (Table 3). Infus-
ing LPS had no effect on other milk components (P >
0.10; Table 3).

Lipopolysaccharide administration did not alter
hepatic mRNA abundance of TLRJ or LBP (Figure
2). Also, no difference was observed in the mRNA
abundance of genes analyzed at the end of P1. Hepatic
transcript abundance of AOAH tended to be elevated
(5.8-fold) in LPS-AL cows compared with CON-PF (P
= 0.10; Figure 2). Additionally, hepatic RELA gene
expression was numerically increased (2.7-fold) in LPS-
AL cows relative to CON-PF cows (P = 0.11; Figure 2).
Progesterone metabolism enzymes CYP2C and CYP3A
mRNA abundance were not affected by chronic LPS in-
fusion (Figure 2; P > 0.33). No treatment differences in
hepatic SOD1, VEGF, or SULT1E1 protein abundance
were detected (Table 4; P > 0.25). Furthermore, liver,
muscle, and adipose tissue AOAH protein abundance
did not differ by treatment (Table 4; P > 0.41).
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Table 3. Effects of chronic LPS infusion on production and physiological parameters
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Treatment' P-value
Parameter CON-PF LPS-AL SEM Treatment Day Treatment x day
Milk component
Fat (%) 3.40 4.04 0.18 0.03 0.11 0.29
Lactose (%) 4.93 5.14 0.18 0.46 0.14 0.10
Protein (%) 3.36 3.22 0.05 0.08 0.04 0.08
TS (%) 12.18 12.77 0.21 0.07 0.03 0.32
MUN (mg/dL) 11.13 12.97 0.53 0.04 <0.01 0.08
SCC (cells x 1,000) 182 207 17 0.32 0.56 0.84
Vital sign
RR’ (bpm) 33 49 1 <0.01 <0.01 <0.01
HR? (bpm) 7 88 2 <0.01 0.32 0.12

!CON-PF = saline infused, pair fed. LPS-AL = LPS infused, ad libitum feed intake.

’RR = respiration rate; bpm = breaths per minute.
*HH = heart rate; bpm = beats per minute.

Overall during P2, LPS administration increased cir-
culating LBP and SAA (40 and 118%, respectively; P
< 0.04; Figures 3A and 3B) relative to CON-PF cows.
Compared with P1, circulating LBP was increased
in LPS-AL cows on d 1 of P2 (102%; P < 0.01) and
steadily declined with time. In contrast, SAA concen-
trations peaked on d 3 of P2 (213%; P = 0.01), rela-
tive to baseline. Circulating neutrophils were initially
increased on d 1 (45%; P = 0.03; Figure 3C) and then

OCON-PF mLPS-AL

P=0.11

Gene expression fold change
S = N W B LW O O 0 O
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Figure 2. Effects of chronic LPS infusion on gene expression in
whole liver lysate. Treatments include saline infused and pair fed
(CON-PF) and LPS infused with ad libitum feed intake (LPS-AL).
Values represent mean fold change + SEM. Genes that tended (0.05 <
P < 0.10) to be different between treatments are denoted by f.

tended to be decreased on d 3.5, 4, and 6 (28, 33, and
35%, respectively; P = 0.01) in LPS-AL, relative to
CON-PF cows. Similarly, lymphocytosis was present
initially in LPS-AL relative to CON-PF cows with peak
cell counts at 1.5 d (40%; P = 0.09; data not shown);
however, lymphocytes did not differ between treatments
for the remainder of the study. Conversely, circulating
monocytes were decreased in LPS-AL cows for the first
2 d of P2 (40%), then progressively increased from d 3
to 7 (33%) relative to CON-PF (P = 0.02; Figure 3D).

The dominant follicle diameter increased by ~30%
in both CON-PF and LPS-AL ovaries between d 4
and 7 postinduction of ovulation (P = 0.02), but no
treatment effect was observed on follicle diameter (P =
0.74; Figure 4A) or follicle volume (P = 0.93; data not
shown). Serum and follicular fluid P4 concentrations
were not influenced by treatment (P = 0.76 and P =
0.72, respectively; data not shown). Serum 17(3-estradiol

Table 4. Effects of continuous LPS infusion on relative protein
abundance

Treatment?
Tissue and
protein’ CON-PF LPS-AL P-value
Liver
SULT1E1l 1.00 £+ 0.10 0.89 + 0.14 0.54
SOD1 1.00 + 0.11 0.84 + 0.08 0.25
VEGF 1.00 £+ 0.09 0.86 + 0.20 0.59
AOAH 1.00 £+ 0.29 0.65 + 0.13 0.41
Adipose tissue
AOAH 1.00 + 0.12 0.86 + 0.13 0.46
Muscle
AOAH 1.00 £+ 0.08 0.99 + 0.12 0.75

!SULT1E1 = estrogen sulfotransferase; SOD1 = superoxide dismutase
1; VEGF = vascular endothelial growth factor; AOAH = acyloxyacyl
hydrolase.

?CON-PF = saline infused, pair fed; LPS-AL = LPS infused, ad libi-
tum feed intake. Data are reported as LSM + SEM.
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Figure 3. Effects of chronic LPS on circulating LPS-binding protein (LBP; A), serum amyloid A (SAA; B), neutrophils (C), and monocytes
(D). Treatments include saline infused and pair fed (CON-PF) and LPS infused with ad libitum feed intake (LPS-AL). Results are expressed as
LSM + SEM. Embedded P-values represent differences between CON-PF and LPS-AL during period 2.

content tended to increase after 7 d of LPS exposure
(1.14 vs. 0.53 pg/mL; P = 0.08: Figure 4B) in LPS-AL
cows compared with CON-PF. No treatment difference
was observed in follicular fluid E2 concentrations (P =
0.84; Figure 4C).
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DISCUSSION

An activated immune system requires a large amount
of energy as demonstrated in swine and cows (John-
son, 2012; Kvidera et al., 2017, respectively), which
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Figure 4. Effects of chronic LPS on dominant follicle (DF) size and rate of growth (A), d-7 serum 17B-estradiol (E2; B), and d-7 follicular
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a difference in circulating E2 is indicated by f.
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is reallocated from profitable purposes, resulting in
decreased milk synthesis and growth, inefficient feed
utilization, and poor reproduction (Lochmiller and
Deerenberg, 2000). Immunoactivation is most often
experimentally modeled using a single, high-dose LPS
bolus; however, this likely does not represent typical
endotoxin exposures, which are expected to be more
chronic and continuous in nature and reflective of bac-
terial overgrowth, proliferation, and death/lysis (both
of which result in LPS release; Crutchley et al., 1967;
Goris et al., 1988). Short-term but continuous LPS
infusion prompts a less aggressive and more sustained
release of inflammatory mediators, probably a more ap-
propriate model of chronic inflammation than a bolus
in humans (Taudorf et al., 2007). Hence, key knowledge
gaps remain in distinguishing how accurate single or re-
peated LPS boluses mimic chronic, naturally occurring
pathogen exposure, particularly in production farm
animals. Thus, experimental objectives were to develop
a method of continuous and increasing LPS infusion in
lactating cows conducive to a more biologically relevant
exposure.

Reaction to PAMP such as LPS can vary in magni-
tude as repeated or continuous exposure to a constant
amount of endotoxin causes hyporesponsiveness in
multiple in vivo and in vitro models (i.e., tolerance;
Beeson, 1947; West and Heagy, 2002). Consequently,
the increasing LPS dose regimen in the current study
was developed both to emulate bacterial growth and to
prevent LPS tolerance development. Contrary to our
expectations, LPS tolerance clearly developed as indi-
cated by Tr, DMI, and milk yield, which all returned
to normal or CON-PF levels by d 6 of infusion. These
data indicate a remarkable ability for lactating cows to
adapt to increasing endotoxin exposure as a relatively
low starting dose was used (0.4 pg/kg of BW over 24
h on d 1) and sequentially increased to an extremely
high quantity, if given as a bolus (3.56 pg/kg of BW
over 24 h on d 7). In fact, a bolus dose of just 2.0 pg/kg
of BW can be fatal in LPS-naive lactating cows (Wal-
dron et al., 2003); thus, an initial conservative LPS
dosing regimen was used herein. Because of the obvious
hyporesponsiveness, a logistical curve of dose increase
(more natural to bacterial replication) and more ag-
gressive starting dose may be warranted to better
mimic infection and avoid LPS tolerance development.
Additionally, including other PAMP (e.g., lipoteichoic
acid, dsRNA) would be interesting as natural infections
certainly include a larger variety of PAMP than a spe-
cific LPS. Further, comparing and contrasting LPS ad-
ministration models (i.v., i.m., intraperitoneal, in vitro,
and so on) to natural disease states (mastitis, metritis,
pneumonia, and so on) requires caution because there
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are numerous pathophysiological differences (Seemann
et al., 2017).

In agreement with previous reports (Waldron et
al., 2006; Moyes et al., 2014; Horst et al., 2018), LPS
infusion initially decreased DMI and the pattern was
similar in CON-PF cows by experimental design. In
contrast to expectations, milk yield did not differ be-
tween treatments but remained depressed during the in-
fusion period, and this is mostly explained by decreased
DMI, which did not return to baseline until d 6. In our
LPS bolus experiments, the pair-fed controls produce
substantially more milk than immunoactivated cows
(Kvidera et al., 2017; Horst et al., 2018). In LPS-AL
cows, overall milk fat content and MUN was increased.
Our milk fat content data agree with others (Shuster
et al., 1991) and may represent a dilution effect as
the temporal pattern was similar to milk yield (i.e.,
largest effect observed during the first 3 d of P2) and
clearly contradicts the hypothesis that LPS is involved
with milk fat depression (Zebeli and Ametaj, 2009).
Increased circulating MUN in LPS-AL cows is in align-
ment with the circulating BUN data (see companion
paper; Horst et al., 2019). We speculate these makers of
protein metabolism indicate endotoxemia-induced in-
creased skeletal muscle catabolism, commonly reported
in monogastrics (Bruins et al., 2003; Iseri and Klasing,
2013). However, interpreting circulating urea dynamics
in ruminants is complicated due to the contribution
of rumen-derived ammonia and the confounding effect
systemic LPS has on changes to the rumen microbiome
(Jing et al., 2014). Surprisingly, milk yield appeared to
be the first parameter to develop LPS tolerance as it
was similar to CON-PF cows throughout P2. This oc-
curred despite increased Tr, acute phase proteins, and
altered leukocyte dynamics in LPS-infused cows and in
contrast to our previous reports using a 1.5 and 0.375
pg/kg LPS bolus, which resulted in an 80 and 74%
decrease in milk yield (Kvidera et al., 2017; Horst et
al., 2018, respectively), amounts of LPS less than 50%
of the collective dose we administered on d 7.

In agreement with bolus studies (Carroll et al., 2009;
Graugnard et al., 2013; Kvidera et al., 2017), LPS ad-
ministration caused an acute phase protein (LBP and
SAA) response further indicating successful immuno-
activation. Upon immunoactivation, the liver increases
production of positive acute phase proteins such as
haptoglobin, SAA, and LBP, which aid in immune sys-
tem responses and endotoxin detoxification (Ceciliani
et al., 2012). The increase in acute phase proteins is
consistent with other ruminant literature; however,
substantial variation is present in baseline values and
magnitudes of change, particularly for LBP (Schroedl
et al., 2001; Carroll et al., 2009; Plessers et al., 2015;
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Kvidera et al., 2017). This is likely due to differences in
models, route of LPS administration, laboratory pro-
cedures, or a combination of these, but the directional
change remains consistent. The liver’s role in immunity
and endotoxin detoxification in humans is important
(Strnad et al., 2017) because, within minutes, a large
proportion of i.v. injected bacteria are localized within
human hepatic tissue (Yan et al., 2014).

Together with the APP, local immune cells serve as
the first line of defense in the cellular response. Leuko-
cyte recognition of antigens (e.g., LPS) by its pattern
recognition receptor (i.e., TLR4) initiates a signaling
cascade culminating in the phosphorylation of REL-
associated protein (a subunit of transcription factor
NFkB; pRELA) and production of inflammatory cyto-
kines (Akira et al., 2006; Lu et al., 2008). Mechanisms
mediating LPS tolerance are complex, but are thought
to primarily include both reduced leukocyte TLR4 re-
ceptor abundance and capacity to produce cytokines
(West and Heagy, 2002). Interestingly, and in agreement
with previous work in mice and in bovine mammary ep-
ithelial cells (Matsumura et al., 2000; Strandberg et al.,
2005), LPS administration did not alter TLR4 mRNA
abundance, but tended to increase hepatic RELA gene
expression, demonstrating ostensible hepatic TLR4
pathway activation. Gene expression of liver AOAH
(which detoxifies LPS) tended to increase, but AOAH
protein abundance was similar in LPS-infused cows.
Lipopolysaccharide binding protein (increased until
d 7 of infusion) can rearrange LPS to better expose
the lipid A portion of LPS for detoxification by AOAH
(Gioannini et al., 2007). Unfortunately, analyzing gene
expression and protein abundance from a single time
point does not reflect the temporal pattern of these
detoxification proteins, nor does it demonstrate activ-
ity. Regardless, the positive effect of LPS on mRNA
encoding AOAH supports that LPS detoxification via
AOAH was likely occurring. Reactive oxygen species
production can be stimulated by LPS (Rietschel et al.,
1994), and the antioxidant protein SOD1 diminishes
NFkB activation and cytokine release in microglial cells
in vitro (Dimayuga et al., 2007). Compared with CON-
PF cows, we observed no treatment difference in liver
SOD1 protein abundance during P2, which contrasts
with a previous report demonstrating an acute LPS
bolus decreased murine hepatic SOD1 gene expression
(Fang et al., 2004). Both LPS and ROS can promote
VEGF production (Chua et al., 1998; Matsushita et
al., 1999), and VEGF is important for angiogenesis and
is involved in pathological conditions such as chronic
inflammation (Ferrara and Henzel, 1989; Jackson et al.,
1997); however, we observed no difference in hepatic
VEGF protein abundance at the end of LPS chronic in-
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fusion. It would be of interest to characterize temporal
patterns in mRNA and protein abundance of the tar-
gets investigated, as they could potentially be dynamic
throughout long-term LPS exposure.

Local leukocyte stimulation and release of inflam-
matory mediators stimulate further immune cell pro-
liferation and recruitment to the infection site (Lang
et al., 1992). In bolus LPS studies, a biphasic response
is typically observed with initial leukopenia and sub-
sequent leukocytosis (Kvidera et al., 2017; Horst et
al., 2018). Herein circulating monocytes exhibited a
similar pattern, whereas neutrophil and lymphocyte
count dynamics were opposite. Reasons for this dis-
crepancy are unclear; however, it may be explained by
differing recruitment patterns in acute versus chronic
inflammation or timing of sample collection. Neutro-
phils are typically the first line of defense in the cellular
response (Kanthack and Hardy, 1894; Nathan, 2006)
and are the dominant cell type in innate immunity;
therefore, proliferation rate may have been increased in
the acute response. In contrast, monocyte proliferation
would likely occur later and in response to activated
neutrophils (Nathan, 2006). A clear limitation in mea-
suring circulating leukocyte patterns is the inability to
distinguish between increased proliferation, leukocyte
infiltration, or impaired extravasation equipment (i.e.,
adhesion molecules). Regardless, further investigation
into differing temporal patterns and whether leukocyte
infiltration affects metabolic and functional activities
of different tissues are warranted.

Cows with metritis, associated with LPS-producing
bacterial strains, have delayed follicular growth and are
less likely to ovulate (Sheldon et al., 2009). After 7
d of LPS infusion during the first wave of follicular
growth, we observed no differences in dominant follicle
size or growth rate of the dominant follicle in LPS-AL
compared with CON-PF cows. This agrees with an ex
vivo study in which no difference in follicle size was
observed after culture of the bovine ovarian cortex for
6 d with LPS (Bromfield and Sheldon, 2013). Addition-
ally, intrauterine LPS infusion in cows did not affect
dominant follicle size or growth rate (Williams et al.,
2008). Thus, both in vitro and in vivo data suggest
that gross dominant follicle growth is not altered by
LPS. However, limitations to our experiment (such as
lack of ovary collection) did not permit analyzing the
effect of chronic LPS infusion at the molecular level,
nor could we assess the influence of endotoxemia on
ovarian steroidogenic enzyme abundance and activ-
ity, oocyte growth or viability, and primordial follicle
pool activation. Bromfield and Sheldon (2013) dem-
onstrated that LPS accelerated premature primordial
follicular activation, thereby contributing to primordial
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follicle pool depletion. They also demonstrated that
LPS induced cumulus oocyte complex expansion and
increased the rate of meiotic arrest and germinal vesicle
breakdown failure (Bromfield and Sheldon, 2013). Simi-
lar effects could have been occurring in our study but
were beyond the scope of our investigation. Studying
the long-term in vivo effects of chronic LPS on ovarian
physiology remains warranted and is of obvious com-
mercial relevance.

The major ovarian steroid hormones are E2 and
P4. Endotoxins can infiltrate follicular fluid and alter
steroidogenesis (Herath et al., 2007; Williams et al.,
2008; Magata et al., 2014). After 7 d of LPS infusion,
we detected no difference in follicular fluid E2 or P4
concentrations between LPS-AL and CON-PF cows.
Additionally, and in contrast to studies demonstrating
decreased circulating P4 in LPS-infused goats and cows
(Fredriksson et al., 1985; Giri et al., 1990), we observed
no difference in serum P4 concentrations. Interestingly,
our results agree with Tuo et al. (1999) who also ob-
served no difference in circulating P4 after intrauterine
LPS infusions in pigs. In the current experiment, a ten-
dency was observed for increased serum E2 in LPS-AL
cows relative to CON-PF cows on d 7. Previous reports
also indicate increased plasma E2 after uterine bac-
terial contamination (Sheldon et al., 2002); however,
the majority of the literature indicate that LPS (bolus
designs) decreases E2 production (Peter et al., 1990;
Suzuki et al., 2001; Shimizu et al., 2012). Interestingly,
Kahl et al. (2011) report that pre-treating steers with
exogenous E2 enhanced the pro-inflammatory response
to an LPS bolus, suggesting that E2 augments inflam-
mation. Cows injected i.v. with LPS at the onset of
estrus have longer estrus to ovulation windows or
inhibition of ovulation entirely, and increased E2 was
reported before delayed ovulation (Lavon et al., 2008).
Chai et al. (2015) demonstrated that LPS induces he-
patic expression of SULT1E1, a deactivator of estrogens
(Song, 2001), and that SULT1E1 is a transcriptional
target of NFkB. However, we did not observe an effect
of chronic LPS on hepatic SULT1E1 protein abundance.
Consequently, the effects of endotoxemia on ovarian
and systemic steroid metabolism remain to be clearly
elucidated, but its potential effect on practical on-farm
reproduction variables is clear. The effects of imposing
a progressively increasing dose of LPS to coincide with
the proestrus and estrus stages of the estrous cycle on
preovulatory follicle development, luteinizing hormone
pulsatility, circulating E2 concentrations, and interval
to ovulation warrant further investigation.

Despite the fact that LPS is a catabolic signal,
LPS-AL cows were hyperinsulinemic (~140%) relative
to CON-PF cows (see companion paper; Horst et al.,
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2019), and this agrees with multiple reports (Waldron
et al., 2003; Baumgard and Rhoads, 2013; Kvidera et
al., 2017). Interestingly, hepatic gene expression of P4
metabolism enzymes (CYP2C and CYP3A) are de-
creased by hyperinsulinemia (Lemley et al., 2008). In
mice, LPS also decreased CYP2C and CYP3A mRNA
as well as CYP3A protein abundance (Moriya et al.,
2014). However, in the current model of chronic, pro-
gressively increasing LPS exposure, LPS did not af-
fect CYP2C or CYP3A gene expression after 7 d of
infusion. Collectively, the little to no changes in the
hepatic molecular data and circulating E2 and P4 are
additional metrics illustrating the extent to which dairy
cows can become tolerant to continuous and increasing
LPS exposure.

Many of the immunoactivation events studied herein
have relevance to the periparturient period and heat-
stressed cows. However, we studied the disrupting ef-
fects of LPS in mid-lactation healthy cows in thermal
neutral conditions for the following reasons: (1) the
transitioning cow is experiencing a variety of physio-
logical events that are largely independent (seemingly)
of the immunologic events described above and (2) the
variation in nutrient partitioning variables (metabolic
and endocrine) during both the transition period and
heat stress is extensive, which creates pragmatic issues
in our intensive experimental design. Consequently,
using mid-lactation healthy cows whose phenotype
(production, metabolism, immunology, and so on) was
in a relative steady state allowed for the isolation of
LPS effects by minimizing other potential unknowns
associated with the physiological acclimation to both
lactation and hyperthermia.

CONCLUSIONS

From a production standpoint, immunoactivation
negatively affects animal productivity, reproduction,
and welfare. Although the effects of LPS bolus-induced
immunoactivation are well studied, this current experi-
mental design provides an alternative model for evalu-
ating chronic inflammation and is likely more physi-
ologically relevant for studying biologically applicable
infections. Although some signs of immunoactivation
were present, it is clear that cows become tolerant to
continuous and rapidly increasing levels of LPS. Thus,
future experiments will need to be more aggressive with
the LPS infusion paradigm or use multiple virulence
factors. Regardless, the lack of observable effects on
reproductive phenotypes was surprising and further
suggests that the current design needs modifying to
more accurately model how chronic infection and in-
flammation negatively affect ovarian function.
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