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Abstract

The objective was to provide an updated profile of the bovine acute-phase response to include recent advancements in technologies and
expanded hematological, cytokine, and serum chemistry variables. Beef steers (n = 32; body weight [BW] = 251 + 19.5 kg) were fitted with
indwelling jugular catheters 1 d before lipopolysaccharide (LPS; 0.25 ug LPS/kg BW from Escherichia coli O111:B4) administration to facilitate
serial blood collection. Rectal temperature was measured using indwelling probes, and ocular temperature was measured using infrared thermal
imaging. Blood samples were collected for subsequent analysis of serum chemistry, hematology, and cytokine concentrations. Pearson cor
relation of rectal temperature and ocular infrared temperature was 0.61 (P < 0.01) and the Spearman correlation coefficient was 0.56 (P < 0.01).
Interactions of hour x method were observed for ocular and rectal measurements of body temperature in response to endotoxin exposure.
Maximum observed temperature was 39.6 °C at 2.5 h for both rectal and ocular measurements. Body temperature differed by method at hours
0.5, 2.5, 4.5, 75, 12.5, 36.5, and 475 (P < 0.01), but were not different otherwise. All variables of serum chemistry and complete blood count
were influenced by LPS administration, except creatinine, serum glucose, and percent basophils (P < 0.02). Alanine aminotransferase and alka-
line phosphatase peaked at hour 2 relative to LPS administration, returned to baseline at hour 12 and continued to decrease below the baseline
value at hour 48 (P < 0.01). Total protein concentration decreased 3% in response to LPS (P = 0.01). Total white blood cell count decreased 75%
after LPS administration at hour 1 (P < 0.01). Lymphocyte count recovered to baseline at hour 6; sooner than neutrophil count at hour 36. Serum
cortisol concentration increased 294% relative to baseline at hour 1 followed by a sustained decrease and return to normal concentration at
hour 4 (P < 0.01). Additionally, circulating cytokine concentrations changed with time in response to the LPS challenge, excluding aFGF, bFGF,
IGF-1, 12, -4, MCP-1, and ANG-1 (P < 0.08). Maximum observed concentration of TNF-a at hour 1 was 117% greater than the pre-challenge
value (P < 0.01). Data presented herein add to existing works to understand the endocrine and immune responses of beef steers administered
exogenous LPS, and incorporate recent technologies, additional biomarkers, and an expanded cytokine profile that can be used as referential
data in future research.

Lay Summary

The acute phase response is a component of innate immunity initiated by infection, inflammation, or tissue damage. Characteristics of these
host responses can be emulated by administration of exogenous endotoxin and closely studied in controlled settings to understand the response
to inflammatory diseases that are commonplace in livestock production. Beef steers were administered exogenous lipopolysaccharide, and
responses of body temperature, serum chemistry, complete blood count, cortisol, and cytokines were quantified. A moderate correlation of
body temperature measured via rectal probe or ocular infrared temperature was observed, but both methods had a similar temporal response
and were sensitive to changes in body temperature. Response of serum chemistry variables highlighted the links between metabolism and
the inflammatory response. The initial inflammatory response was initiated by cortisol and pro-inflammatory cytokines at hour 1 and tempered
by anti-inflammatory cytokines at hours 3 and 4. Therefore, these data offer an expanded view to our understanding of the bovine acute phase
response.
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monocyte chemoattractant protein; MIG, monokine induced by gamma; MIP, macrophage inflammatory protein; NCAM, neural cell adhesion molecule; RANTES,
regulated on activation normal T cell expressed and secreted; TGF, transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth
factor

Introduction sue damage, destroy the assaultive pathogen, and return to
homeostasis (Baumann and Gauldie, 1994). This dynamic

The acute phase response (APR) is a component of innate : X i X
response is early and nonspecific, and can include systemic,

immunity wherein the body attempts to prevent further tis-
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metabolic changes with variation by breed, sex, and temper-
ament (Petersen et al., 2004; Hughes et al., 2014). Charac-
teristics of inflammation and the APR can be mimicked in
a controlled setting by administration of exogenous bacte-
rial lipopolysaccharide (LPS), and thus effects on immune,
growth, and stress systems can be closely studied (Waldron
et al., 2003). Application of these methods contribute to the
greater understanding of the bovine response to inflamma-
tory diseases. The greatest challenge to animal health man-
agement in beef production systems is bovine respiratory
disease (BRD), a complicated inflammatory disease charac-
terized by stress-induced immunosuppression, polymicrobial
infection leading to bronchopneumonia, and added environ-
mental effects (Duff and Galyean, 2007; Richeson and Falk-
ner, 2020; Galyean et al., 2022). These compounding effects
yield greater than $2 billion USD in economic losses annually
from mortality, growth performance losses, decreased carcass
value, and labor inputs (Wilson et al., 2017).

Carroll et al. (2009b) authored the foremost expansive profile
of the bovine APR after an LPS challenge. All variables measured
were influenced by the LPS challenge (2.5 ug LPS/kg BW intrave-
nously), except IL-2, IL-4, acid soluble protein, a-acid glycopro-
tein, and rump sweat rate. Thus, this research indicated exposure
to exogenous LPS produces a pronounced APR in bovine. Serum
tumor necrosis factor-a (TNF-a) concentration peaked 1.4 h fol-
lowing LPS administration, followed by peak IL-1p, IL-6, IFN-
v, and cortisol from 3.0 to 4.3 h. Increases in respiration rate,
ear temperature, and serum cortisol concentration preceded the
spike in serum TNF-a, which indicated the early local response
to endotoxin was not mediated by circulating TNF-a, and rather
elevated cortisol was likely the effector molecule in upregulating
subsequent immune activity.

Following the work of Carroll etal. (2009b), several
advancements in assay sensitivity, additional biomarkers, and
new technologies have been established. Thus, the objective
of the present study was to update the encompassing profile
of the bovine APR to reflect advancements from the last 14
yr, including quantification of 30 cytokines, serum chemistry,
hematology, and body temperature measured using infrared
thermography to better understand the physiology of diseases
affecting cattle.

Materials and Methods

Use of animal subjects

Experimental procedures followed the “Guide for the Care
and Use of Agricultural Animals in Research and Teach-
ing” and were approved by the Livestock Issues Research
Unit Institutional Animal Care and Use Committee (Proto-
col #2121F). The study was conducted in June 2021 at the
USDA-ARS Livestock Issues Research Unit Bovine Immu-
nology Research and Development facility, located approx-
imately 24 km northeast of Lubbock, TX.

Animal preparation and challenge procedures

On day -1 relative to the LPS challenge, 32 crossbred beef
steers were weighed (body weight [BW] =251 = 19.5 kg), fit-
ted with an indwelling rectal temperature probe (TidbiT v2
temperature logger, Part UTBI-001, Onset Corp., Pocasset,
MA) to record body temperature in 5-min intervals (Reuter
et al., 2010), and an indwelling jugular catheter was inserted
to facilitate serial collection of blood samples. Steers were

Journal of Animal Science, 2023, Vol. 101

housed in individual bleeding stalls (2.28 m x 0.76 m) with
rubber flooring inside an environmentally controlled barn
allowing for normal postural movements and maintenance
behaviors (standing, lying, eating, individual grooming, etc.).
The ambient temperature inside the barn was 27.4 = 3.42 °C
throughout the data collection period. One steer was removed
for extreme temperament; thus 31 steers were used in the
experiment. Ad libitum water and feed was individually acces-
sible. Steers were fed a 65% concentrate diet composed of
63.26% wet corn gluten feed (Cargill Inc., Blair, NE), 17.1%
steam-flaked corn, 15.23% chopped alfalfa hay, 1.44% lime-
stone, 1.47% supplement, and 1.5% yellow grease. The next
day at 0900 h (0 h), steers were challenged intravenously with
0.25 pg LPS/kg BW from Escherichia coli O111:B4 (Sigma
Aldrich, St. Louis, MO).

Determination of body temperature

Ocular infrared temperature was measured at hours -1.5,
~0.5,0.5,1.5,2.5,3.5,4.5,5.0,5.5, 6.5, 7.5, 8.5, 12.5, 24.5,
36.5, and 47.5 using a thermal imaging camera with a 24°
lens (Model E95, FLIR Systems, Wilson, OR) measured at a
distance of approximately 1 m from the lacrimal region of
the eye at an angle of 45°-90°. Images were recaptured if the
image was blurry or an improbable temperature was recorded
(<36.7 °C or >42.8 °C). The acceptable range in body tem-
perature of beef cattle is within 36.7-39.1 °C, excluding times
of febrile response (Fielder, 2015). Data from the indwelling
rectal thermometers was summarized as the average of 1-h
intervals and reported at equivalent time points.

The FLIR E9S thermal imaging camera contains settings for
emissivity, reflected temperature, atmospheric temperature,
relative humidity, and distance which were calibrated before
use for accurate measurement of body temperature. Before
the experiment began, the emissivity settings were calibrated
such that infrared temperature was within 0.3 °C of rectal
temperature. Reflective temperature was recorded from 180°
behind where temperature was being measured. As described
previously, this study was conducted inside an environmen-
tally controlled barn, and the camera settings were calibrated
using the ambient temperature and relative humidity before
each collection time point. Thermal imaging systems are sen-
sitive to major atmospheric changes; thus, the camera settings
should be adjusted when atmospheric temperature changes
+5 °C or relative humidity changes +10%.

Blood sampling

Blood samples for complete blood count analysis were collected
via jugular catheter in 1-h intervals from -2 to 4 h, and again at
hours 6, 8, 12, 24, 36, and 48 into a 4 mL evacuated tube con-
taining 7.2 mg ethylenediaminetetraacetic acid (BD Vacutainer,
Becton, Dickinson and Company, Franklin Lakes, NJ). Red
blood cells, hemoglobin, hematocrit, mean corpuscular volume,
mean corpuscular hemoglobin, mean corpuscular hemoglobin
concentration, platelets, white blood cells, and leukocyte dif-
ferentials were quantified using an automated hemocytometer
(ProCyte Dx Hematology Analyzer; IDEXX Laboratories, West-
brook, ME) with bovine specific analogs. Two additional sam-
ples were collected into 9 mL evacuated tubes with no additive
(BD Vacutainer), allowed to clot for 30 min, then centrifuged
at 1,500 x g for 20 min at 4 °C. Triplicate aliquots of serum
were decanted and stored at —80 °C for subsequent analysis of
cortisol and cytokine concentrations at hours -2, 0, 1, 2, 3, 4,
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6, and 8 relative to LPS administration. Cortisol concentration
was determined using a commercially available enzyme-linked
immunoassay kit (Arbor Assays, Ann Arbor, MI) relative to a
standard curve established using known cortisol concentrations.
The minimum detectable concentration was 27.6 pg/mL, and
the intra-assay and inter-assay CV were 14.7% and 15.1%,
respectively. Serum cytokine concentrations were quantified
by a full-service commercial laboratory using a bovine-specific
antibody array (Quantibody Bovine Cytokine Antibody Array,
Ray Biotech, Peachtree Corners, GA). A final blood sample was
collected into a 4-mL evacuated tube coated with lithium hepa-
rin. Plasma was processed in the same manner as serum, except
for the 30-min clotting time, and used for chemistry analysis of
plasma alanine aminotransferase, alkaline phosphatase, creati-
nine, glucose, total protein, and blood urea nitrogen (Prep Profile
II, VetScan VS2, Abaxis, Union City, CA) at hours 0, 2, 12, and
48 relative to LPS administration.

Statistical analyses

Animal was the experimental unit for all analyses. Pearson
and Spearman correlation coefficients between ocular and rec-
tal temperature measurements were determined using PROC
CORR (SAS v9.4, SAS Institute Inc., Cary, NC). The effects of

temperature measurement method, hour, and their interaction
were analyzed as fixed effects using PROC MIXED, where
animal was included as a random effect and animal within
method was the subject of the repeated measures. The autore-
gressive-1 multiple covariance structure was used because it
resulted in the smallest Akaike and Schwartz Bayesian cri-
teria. Serum chemistry, hematology, and cytokine data were
analyzed as repeated measures in PROC MIXED, where hour
was repeated, and the subject was individual animal. Results
were considered statistically significant when P < 0.05. Data
are presented as LSM = SEM. Percentage change was calcu-
lated between the peak value observed and the pre-challenge
value.

Results

The Pearson correlation coefficient between rectal and ocular
infrared temperatures was 0.61 (P < 0.01) and the Spearman
correlation coefficient was 0.56 (P < 0.01). At 0.5 h relative
to LPS administration, average body temperature was 38.7
°C for both ocular and rectal measurements (Table 1). Rectal
temperature increased above the pre-challenge values at 0.5
h and returned to baseline values by 6.5 h (P <0.01). The

Table 1. Body temperature, serum chemistry, and complete blood count response to an intravenous dose of 0.25 ug lipopolysaccharide/kg body weight

in beef steers

Item Pre-challenge! Maximum ~ Minimum  SEM? Max. hour  Min. hour  A%3 P-value*
Body temperature, °C
Rectal 38.8 39.6 38.7 0.271 2.5 -0.5 2 <0.01
Ocular 38.8 39.6 38.3 0.342 2.5 47.5 2 <0.01
Serum chemistry
Alanine aminotransferase, U/L 19.0 20.3 18.5 0.65 2 48 7 <0.01
Alkaline phosphatase, U/L 127.7 178.5 103.8 6.94 2 48 40  <0.01
Creatinine, mg/dL 0.77 0.82 0.76 0.027 12 48 6 0.22
Glucose, mg/dL 95.6 102.4 87.9 4.44 2 12 7 0.13
Total protein, g/dL 7.6 7.6 7.4 0.07 0 2 -3 0.01
Blood urea nitrogen, mg/dL 9.5 10.7 9.5 0.34 12 0 13 <0.01
Complete blood count
Red blood cells, M/pL 7.3 7.6 7.0 0.14 36 4 0.02
Hemoglobin, g/dL 9.8 10.2 9.4 0.16 24 4 <0.01
Hematocrit, % 28.1 29.3 27.2 0.57 36 4 0.02
Platelets, K/pL 506 516 381 24.8 -2 2 -25 <0.01
White blood cells, K/pL 11.4 12.6 2.9 0.55 36 1 -75  <0.01
Neutrophils, K/pL 4.2 4.3 0.4 0.41 -2 1 -90 <0.01
Lymphocytes, K/pL 5.1 7.0 2.0 0.43 12 1 -62  <0.01
Monocytes, K/pL 1.9 2.6 0.3 0.11 48 1 -84 <0.01
Eosinophils, K/pL 0.23 0.32 0.17 0.059 2 1 =29  <0.01
Basophils, K/pL 0.0029 0.0037 0.0000 0.00075 36 4 -100  <0.01
Neutrophils, % 35.3 36.0 14.4 3.21 -2 1 =59  <0.01
Lymphocytes, % 45.8 69.1 45.4 2.81 1 -2 51 <0.01
Monocytes, % 16.8 21.1 9.3 0.76 48 3 -45 <0.01
Eosinophils, % 2.0 7.8 1.5 0.63 2 48 292 <0.01
Basophils, % 0.025 0.028 0.000 0.0095 36 4 -100 0.34
Neutrophil:Lymphocyte 0.96 0.99 0.22 0.099 -2 1 =77 <0.01

!Average of hours -2 and 0.
Pooled standard error of the least squares mean.

Percentage change between the peak value observed and the pre-challenge value.

*Observed significance level for the hour comparison.



ocular temperature did not increase above the pre-challenge
temperature until 1-h post-challenge but returned to baseline
values 1 h sooner than rectal temperature at 5.5 h (P < 0.01).
Peak observed temperature was recorded at 2.5 h and was
39.6 °C for both ocular and rectal measurements. Numerous
interactions of hour x method were noted for ocular and rec-
tal measurements of body temperature (Fig. 1). Additionally,
ocular and rectal measurements differed from one another
at hours 0.5, 1.5, 4.5, 7.5, 12.5, 36.5, and 47.5 (P <0.01),
wherein rectal temperature was greater than ocular tempera-
ture at all-time points except hour 7.5. Otherwise, body tem-
perature did not differ by method.

All serum chemistry and hematology variables were influ-
enced by the LPS challenge, with the exception of creatinine,
serum glucose, and percentage basophils (P < 0.02; Table 2).
After the peak observed concentration at hour 2, both ala-
nine aminotransferase (ALT) and alkaline phosphatase (ALP)
returned to baseline concentration at hour 12 (P >0.10),
however, ALP concentration continued to decrease such that
concentration at hour 48 was less than baseline (P < 0.01).
Maximum concentration of ALT was 7% greater than the
pre-challenge value, and ALP concentration increased 40%.
Concentration of total protein decreased 3% in response to
the LPS challenge at hour 2 and did not return to baseline
until hour 48. Blood urea nitrogen (BUN) concentration did
not increase above baseline until hour 12 (P <0.01), and
decreased slightly at hour 48 (P = 0.03), but did not return
to baseline within the data collection period (hours 0, 2, 12,
and 48; P = 0.03).

Total white blood cell count decreased 75% at hour 1 after
LPS administration (Fig. 2a, P < 0.01). Accordingly, neutro-
phil count decreased 88% and lymphocyte count decreased
62% at hour 1 relative to the pre-challenge concentration
(Fig. 2b and Fig. 2¢; P < 0.01). Following the acute decrease
at hour 1, neutrophil count increased gradually and returned
to baseline at hour 36, whereas lymphocyte count recovered
to baseline sooner at hour 6. Serum cortisol concentration
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-5 05 05 1.5 2.5 35 45

Journal of Animal Science, 2023, Vol. 101

increased 294% above the pre-challenge concentration at
hour 1, followed by a gradual decrease and return to baseline
at hour 4 (Fig. 3a; P < 0.01).

The reader is directed to Table 3 for descriptions of indi-
vidual cytokine, chemokine, and growth factor functions
discussed herein. Measures of circulating cytokine concen-
trations changed with time throughout the LPS challenge,
excluding aFGFE, bFGE, IGF-1, IL-2, IL-4, MCP-1, and ANG-1
(P <0.08; Table 2). Concentration of TNF-a peaked at hour
1 and was 117% greater than the pre-challenge value (Fig.
3b; P <0.01) and returned to baseline at hour 4. Another
pro-inflammatory cytokine, decorin (Fig. 3c), also peaked
in concentration at hour 1. Interestingly, the concentration
returned to baseline at hour 2, followed by a secondary peak
at hour 3. The concentration then declined to less than the
pre-challenge value throughout the remainder of the data col-
lection period (8 h).

Peak concentration of IL-1f3 was observed at hour 2 and
increased 32% above the pre-challenge concentration (Fig.
3d; P <0.01), followed by a return to baseline at hour 3 and
for the remainder of the data collection period. Pro-inflam-
matory cytokine IL-17A followed a similar temporal pattern
as IL-1p, wherein peak concentration was observed at hour
2 (P <0.01) and concentration returned to baseline at hour
3. With both pro- and anti-inflammatory properties, [IFN-f3
followed a similar temporal pattern by peaking in concentra-
tion at hour 2 and returning to baseline at hour 3 (P < 0.01).
Another pro-inflammatory cytokine, IL-18, displayed a dis-
tinct biphasic response, wherein the first peak at hour 2 was
222% greater than the pre-challenge value (Fig. 3e; P < 0.01)
and returned to baseline at hour 3. A secondary peak of sim-
ilar magnitude was observed again at hour 6 (P < 0.01), fol-
lowed by a return to baseline at hour 8. Myostatin inhibitor
growth and differentiation factor-associated serum protein
(GASP)-1 likewise increased 107% from the pre-challenge
value at hour 2 (P < 0.01). The circulating GASP-1 concen-
tration returned to baseline at hours 3, 4, and 6, but increased

Hour, P < 0.01
Method, P <0.01
Hour x Method, P <0.01

55 65 75 85 125 245 365 415

Hour relative to LPS administration

—d— Eye Measurement

—&—Rectal Measurement

Figure 1. Mean (+SEM) body temperature measured by ocular infrared thermography or rectal probe in 31 beef steers administered intravenous
exogenous lipopolysaccharide to induce a febrile response. Ocular temperature was measured using an infrared camera (FLIR E95; FLIR Systems,
Wilson, OR) at a distance of <1 m and angle between 45° and 90°. Indwelling rectal thermometers were affixed according to Reuter et al. (2010).

Significance (P < 0.05) by method is denoted by *.
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Table 2. Cortisol and cytokine responses to an intravenous dose of 0.25 ug lipopolysaccharide/kg body weight in beef steers

Item Pre-challenge! Maximum Minimum SEM? Max. hour Min. hour A%3 P-value*

Cortisol, ng/mL 12.4 48.9 11.1 3.01 1 0 294 <0.01

Cytokines, pg/mL
IFN-aA 82 176 40 35.8 3 6 113 <0.01
IFN-y 233 372 117 40.4 3 6 60 <0.01
IL-13 1150 1807 599 218.9 3 6 57 <0.01
IL-1a 47 97 24 10.8 3 6 107 <0.01
IL-1FS 77 170 40 17.2 3 6 119 <0.01
IL-21 314 824 155 85.8 3 6 162 <0.01
1P-10 415 558 269 56.4 3 6 35 <0.01
MIG 247 818 217 65.2 3 6 232 <0.01
MIP-18 32 291 20 15.5 3 -2 803 <0.01
TNF-a 661 1433 393 133.3 1 6 117 <0.01
aFGF 732 1013 621 259.5 3 6 38 0.32
bFGF 8 14 2 4.0 -2 4 -76 0.43
GASP-1 56 116 41 18.2 2 0 107 <0.01
IGF-1 167 325 108 129.5 8 4 95 0.68
IL-2 2611 3331 1892 927.1 0 -2 28 0.30
1L-4 235 307 221 97.6 8 0 30 0.76
IL-15 2,738 3,510 1,941 947.7 3 6 28 0.01
MCP-1 31,947 36,741 20,822 8,709.1 0 6 35 0.21
NCAM1 8,679 8,908 6,880 570.6 -2 6 -21 <0.01
VEGF 563 1,035 413 482.0 8 0 84 0.08
ANG1 30 47 26 10.7 4 0 54 0.12
CD40L 7,702 10,054 5,611 3,245.8 2 6 31 0.07
Decorin 564 695 474 28.1 1 8 23 <0.01
IFN-B 219 369 204 46.3 2 0 68 0.02
IL-1B 290 383 275 48.4 2 0 32 <0.01
IL-10 473 97§ 433 179.2 4 8 106 <0.01
IL-17A 180 250 158 38.3 2 0 39 <0.01
IL-18 1,152 3,710 888 345.9 2 8 222 <0.01
LIF 565 821 506 372.7 8 6 -10 0.06
RANTES 144 1,772 128 79.3 3 -2 1,127 <0.01

!Average of hours -2 and 0.
2Pooled standard error of the least squares mean.

Percentage change between the peak value observed and the pre-challenge value.

*Observed significance level for the hour comparison.

in concentration again at hour 8 (P =0.03). Circulating
concentration of ligand CD40 tended to increase above the
pre-challenge value at hour 2 (P = 0.06), followed by a return
to baseline at hour 3.

At hour 3, peak concentration in pro-inflammatory cyto-
kines (IFN-y, IL-1a, IL-1F5, MIP-1p), cytokines with both
pro- and anti-inflammatory functions (IFN-aA, IL-21),
anti-inflammatory cytokine (IL-13), and chemokines (IP-10,
MIG, RANTES) were observed. There was some variation in
the duration of response. Pro-inflammatory cytokine IL-1F5
and chemokine MIG both returned to baseline at hour 4 and
remained at this concentration through hour 8. Conversely,
IL-21 returned to baseline at hour 4 and MIP-1§ at hour 6
but were both slightly elevated relative to the pre-challenge
value at hour 8. Additionally, after the peak at hour 3, both
IL-13 and IP-10 decreased below the pre-challenge value at
hour 6 but following an increase at hour 8 were not different
from the pre-challenge value. Chemokine RANTES did not

return to baseline value within the 8 h data collection period,
following a 1,127% increase in concentration at hour 3 and
a sustained decrease thereafter. Finally, IL-10 first peaked in
concentration at hour 2 (P =0.01), returned to baseline at
hour 3, then peaked again at hour 4 (P = 0.02) before return-
ing to baseline again at hour 8 (Fig. 3f).

Discussion

Generally, the initial APR is activated when TNF-a, IL-1f3, and
IL-6 are produced from monocytes and neutrophils (Elsasser
et al., 2008; Carroll et al., 2009b). Subsequently, acute phase
proteins (APP) are produced from hepatocytes in attempt to
return the animal to a pre-challenge state via activation of
the compliment system and binding to pathogens for erad-
ication (Carroll et al., 2009b). For example, haptoglobin is
among the most responsive APP in bovine, and functions by
binding free hemoglobin into a stable complex, preventing



iron loss and thus limiting bacterial growth (Huntoon et al.,
2008). Additionally, stress, including intravenous LPS admin-
istration, activates the sympathetic nervous system, which
serves as the body’s “alarm system”, therefore depressing
feed intake, activating the hypothalamic-pituitary-adrenal
(HPA) axis, and the fight or flight response. Thus, the acute
increase in production of catecholamines and cortisol can
yield increased respiration rate, body temperature, sweat rate,
and increased catabolic effects. This sympathetic response is
initially immunostimulatory, but chronic exposure (>24 h)
can interfere with immunity by inhibiting L-selectin expres-
sion thereby preventing immune cells ability to translocate
from circulation to tissue (Dhabhar, 2009). Immune challenge
models, such as the LPS challenge used herein, can be used in
research to produce a known response that mimics inflam-
matory diseases. Gram-negative endotoxemia is a major
component to many livestock diseases, and although an LPS
challenge cannot replicate complicated polymicrobial infec-
tions that are often exacerbated by additional environmental
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Figure 2. Mean (£SEM) total circulating white blood cell count (a),
neutrophil count (b), and lymphocyte count (c) of 31 beef steers
following an intravenous challenge with lipopolysaccharide (LPS; 0.25
ng/kg body weight). All measurements changed with time following
administration of LPS at hour 0 (P < 0.01).
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effects, some local effects of acute inflammation can be closely
studied using this model.

Hallmark clinical signs of the APR include lethargy, depres-
sion, anorexia, increased rate of respiration, and decreased
sexual and aggressive behavior. The APR is nonspecific and
critical for animal survival, with variations among- and
within-species as a result of sex, breed, and temperament
(Hughes et al., 2014). Stimulus of the APR can include tissue
damage and platelet aggregation, inflammation, infection, or
presence of bacterial products such as LPS. Within minutes,
macrophages (blood monocytes and tissue macrophages) and
neutrophils produce IL-1 and IL-6 type cytokines. Likewise,
fibroblasts and endothelial cells produce IL-1, IL-6, and IL-8
type cytokines, stimulating neutrophil recruitment and fur-
ther production of local TNF-a. Within hours after the stim-
uli, these local responses yield a systemic response. Hepatic
APP are synthesized, with multiple targets and expansive
functions. Likewise, the HPA axis is activated, yielding pro-
duction of glucocorticoids from the adrenal cortex. Initial
exposure to elevated concentration of glucocorticoids is
immunostimulatory via the production of APP, activation of
immune cells, and stimulation of cytokine production (Carroll
et al., 2009b). As glucocorticoid concentration is elevated for
several hours (5-8 h), the effects become anti-inflammatory,
resulting in downregulation of the initial local inflammatory
response (Petersen et al., 2004; Burdick et al., 2012). Addi-
tionally, because pro-inflammatory cytokine receptors extend
to cell types beyond the immune system, direct mechanisms
exist for altered nutrient metabolism, interrupted anabolic
processes, and upregulated catabolism during an immune
challenge (Spurlock, 1997).

Body temperature

Fever is widely recognized as a response to acute inflamma-
tion to accelerate pathogen eradication (Carroll and Forsberg,
2007). Carroll et al. (2009b) reported a mean maximum rec-
tal temperature of 40.2 °C at hour 4.9 relative to LPS admin-
istration, a 4% difference between maximum observed and
pre-challenge rectal temperature. In the present experiment,
peak temperature and percentage change was slightly less
than reported by Carroll et al. (2009b), but were not unan-
ticipated values as the febrile response is highly adaptive, and
because a lesser dose of LPS was used in the present study
(0.25 pg/kg BW vs. 2.5 pg/kg BW).

Other works have reported an increase in rectal tempera-
ture within 1 h after LPS administration, whereas temperatures
may not return to pre-challenge values until approximately 8
h post-challenge (Waldron et al., 2003; Carroll et al., 2009b).
Interestingly, the ocular temperature measurement increased
above the pre-challenge temperature 1-h later than rectal tem-
perature in the present study at 1.5 h. In contrast, George et al.
(2014) reported similar timing of an LPS-induced temperature
increase among rectal, vaginal, ocular, and muzzle measure-
ments, wherein the maximum temperature at all locations was
reported at hour 6. Furthermore, ocular temperature of the pres-
ent study tended to be less than rectal temperature throughout
the study, even when temperatures were not statistically differ-
ent. This is in agreement with George et al. (2014), who noted
ocular and muzzle temperatures were generally less than both
rectal and vaginal temperature measurements.

Infrared thermography is a measurement of surface tem-
perature quantified by changes in heat transfer and blood flow,
rather than a direct measurement of core body temperature
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Figure 3. Mean (£SEM) serum cortisol (a), TNF-a (b), decorin (c), ILl=1p
(d), 1l-18 (e), and IL-10 (f) concentration of 31 beef steers following an
intravenous challenge with lipopolysaccharide (LPS; 0.25 pg/kg body
weight). All measurements changed with time following administration
of LPS at hour 0 (P < 0.01).

like rectal or vaginal probe methods (McManus et al., 2016).
An acute stressor redirects blood circulation from extremities
to the brain, vital organs, and skeletal muscle. This occurs as
an important survival mechanism, as these tissues take prec-
edent in the hierarchy of nutrient partitioning during times
of stress, and likewise is a response to potential blood loss
during predation events (Johnson, 2002; Carroll and Burdick
Sanchez, 2014). These concepts have been previously demon-
strated using infrared thermography on the ear of rabbits
(Blessing, 2003) and the tail and paw of rats (Vianna and
Carrive, 2005). In bovine, surface temperature has been deter-
mined using radio-frequency implants located at the base of
the ear, posterior to the poll, and beneath the umbilical fold
(Reid et al., 2012), and using subcutaneous temperature log-
gers in various locations in the neck (Lee et al., 2016). Thus,
vasoconstriction of ocular capillary beds after administration
of intravenous LPS in the present study likely explains the
delayed increase in ocular temperature relative rectal tem-
perature, the generally lower ocular temperatures relative
to rectal temperature, and moderate correlation of measure-
ment methods (Burdick Sanchez et al., 2023). Limitations
of infrared technology include inaccurate results caused by
environmental interference such as direct sunlight, humidity,
and wind, or overall image quality (McManus et al., 2016).
Nonetheless, environmental impacts in the present exper-
iment should be minimal as the facility was enclosed and
temperature controlled, and any temperature or humidity
changes were programmed into the camera.

The ability to detect small differences in body temperature
is of paramount importance to animal health management.
Post-weaning, BRD is the predominant disease challenge in
beef cattle (Smith, 1998; Griffin, 2014), for which our current
real-time diagnostic sensitivity is poor (Timsit et al., 2016).
No method of real-time BRD diagnosis is considered gold
standard; however, the most widely used approach begins
with visual identification of clinical signs of illness (depres-
sion, inappetence, labored respiration, fever) followed by con-
firmation and thus qualification for antimicrobial treatment
with rectal temperature (Thomson and White, 2006; Griffin
et al., 2010). White and Renter (2009) evaluated performance
of these and other methods using Bayesian estimation in a
population of cattle experiencing high rates of clinical dis-
ease. Based on this analysis, 38% of truly diseased animals in
any given population could go undiagnosed, and conversely,
37% of therapeutically treated animals could have been mis-
diagnosed. In the present study, both rectal and ocular mea-
surements were sensitive to changes in temperature induced
by LPS, evidenced by the low hour x method SEM (x0.067),
similar to previous reports in small ruminants using vaginal
temperature (SEM = 0.06; Godfrey et al., 2013). However,
beef production would benefit from advanced technologies to
precisely diagnose BRD in real time.

Infrared thermography has been previously investigated
in bovine. Using a challenge model with bovine viral diar-
rhea virus in beef heifers, Schaefer et al. (2004) reported the
eye to be most consistent and sensitive surface to measure
body temperature using infrared thermography compared to
lateral, dorsal, hoof, ear, and nasal measurements. Schaefer
et al. (2007) used ocular temperature to investigate infrared
thermography in early detection of BRD in high-risk beef



calves. Using a prediction model, infrared thermography, clin-
ical illness score, core temperature, and leukocyte differen-
tial analysis were equivalently accurate in identifying illness
when clinical signs were already evident. However, infrared
thermography was a better predictor of disease when mea-
sured 4-6 d before appearance of clinical signs according
to the developed prediction model (Schaefer et al., 2007).
Data reported in the present study appear to contradict these
findings, as the ocular temperature measured using infrared
thermography yielded a delayed increase in temperature after
LPS administration relative to rectal temperature. Potentially,
this could be a difference in models used between studies and
the resulting observed temperatures, because maximum ocu-
lar temperature in calves that were true positives in Schaefer
et al. (2007) were never truly febrile 4-6 d before observed
illness (37.49 = 0.94 °C), at the onset of observed illness
(38.34 = 1.11 °C), or in the absolute temperatures used to
create the prediction model (38.1 °C). However, at each of
the above time points, the ocular temperature was lesser than
the rectal temperature, which is similar to observations pre-
sented in this study.

George et al. (2014) evaluated the relationship of tempera-
tures measured via rectal probe or thermal imaging of the
eye or muzzle in multiparous, non-lactating, pregnant cows
in tropical conditions and reported a correlation coefficient
of 0.58 among rectal and ocular measurements. Similarly, in
a previous study (data unpublished) we evaluated the cor-
relation of rectal temperature and ocular temperature using
infrared thermography in steers intravenously injected with
exogenous LPS using the same facilities and procedures as
the present study. Body temperature differed by measurement
method at 11 of the 16 time points measured. The Pearson
correlation coefficient was 0.71 and the Spearman correla-
tion was 0.66 among measurement methods. These works
are consistent with the results of the present study, which
reported moderate correlation coefficients and temperature
differences by method at 7 of the 16 time points.

Serum chemistry

Alanine aminotransferase is an enzyme predominantly found
in the liver, with lesser quantities also found in the kidneys,
heart, and skeletal muscle. In humans, increased serum ALT
is a sensitive indicator of hepatocellular diseases including,
but not limited to hepatitis and cirrhosis. Several pharma-
ceuticals may also cause increased concentrations of ALT,
none of which were used during cannulation surgery of the
present study. Similarly, ALP is in greatest concentration in
Kupffer cells of the liver and in bone, and concentration is
especially increased during obstructive biliary disease and
cirrhosis. In addition to detection of liver disease, ALP has
potent anti-inflammatory effects and an ability to attenuate
toxicity of bacterial LPS via dephosphorylation of the lipid
A moiety (Presbitero et al., 2018). In rats challenged with
LPS orally, Koyama et al. (2002) reported a 2-fold increase
in serum LPS of rats administered an ALP inhibitor simulta-
neously with the LPS challenge. Likewise, in vitro viability of
human aortic endothelial cells improved when supplemented
with intestinal ALP during exposure to LPS (Koyama et al.,
2002). In bovine, Smock et al. (2020) reported increased
serum ALT concentration, but decreased ALP concentration
in high-risk calves at feedlot arrival. It is expected that high-
risk calves harbor some chronic stress and inflammation at
feedlot arrival associated with marketing and transportation

Journal of Animal Science, 2023, Vol. 101

(Richeson et al., 2019). Therefore, one might expect serum
ALP to increase in response to an inflammatory immune chal-
lenge as was observed in the present study, but not corrobo-
rated by Smock et al. (2020). In the present study, serum ALP
concentration increased 40% at hour 2 relative to LPS admin-
istration. Some differences in ALP mobilization may perhaps
exist during acute vs. chronic inflammation that could explain
this difference, as that was a major difference in stress models
between those studies. The role of ALP during inflammatory
livestock diseases, such as BRD, could be an area that would
benefit from further research.

The response of serum glucose did not change over time
in the present study. Given the profound effect of glucocor-
ticoids on glucose homeostasis, this was not anticipated.
During a stress event, glucocorticoid production promotes
gluconeogenesis and decreases glucose uptake by tissues in
order to prioritize glucose for the brain and immune systems.
Therefore, plasma glucose increases to ensure an adequate
supply of glucose to the brain, as it is the brain’s primary
energy source, while glucose is used for energy by immune
cells to mount the immune response (Kuo et al., 2015). In
fact, is has been noted that approximately 0.5-1 kg of glucose
is used by beef steers and lactating dairy cattle in response to
an endotoxin challenge (Kvidera et al., 2016), thus noting the
importance of glucose during immune activation. Carroll and
Burdick Sanchez (2014) reported peak change in glucose was
less and occurred later during an LPS challenge relative to a
challenge with corticotropin releasing hormone and vasopres-
sin. In the present study, maximum glucose concentration at
hour 2 (102.4 mg/dL) was not different from the pre-chal-
lenge value (95.6 mg/dL); however, all glucose concentrations
reported were near or greater than the upper reference range
for bovine (40-100 mg/dL; Merck Veterinary Manual). This
could be attributed to a combination of the high plane of
nutrition and glycogen stores, overall pre-challenge health,
weight of the cattle, and the relatively low dose of LPS used
in the present study, all of which can buffer a negative serum
glucose response.

Total serum protein decreased 3% at hour 2 relative to LPS
administration in the present study, likely indicative of pro-
tein catabolism for amino acid utilization in the production of
APP, cytokines, and other cellular immune components. Addi-
tionally, BUN increased 13 % with a peak at hour 12. The con-
comitant increase in APP production is to be expected after
an acute immune challenge, evidenced by the 241% increase
in serum amyloid-A at hour 7.5 reported by Carroll et al.
(2009b). However, some APP such as haptoglobin may not
peak for several days after the original insult (Holland et al.,
2011). Nutrition and stress are inextricably linked, and thus
the relationship of nutrient requirements and BRD has long
been intensively studied. While a stress response can exacer-
bate nutritional deficiencies, likewise nutritional deficiencies
can yield a stress response (Reuter et al., 2008; Krehbiel,
2020). Protein requirements for hematopoiesis and APP pro-
duction is supplied in part by skeletal muscle catabolism and
subsequent uptake of free amino acids, which could explain
increased BUN in the present study (Christ et al., 1994). In
bovine, these concepts have been demonstrated in high-risk
calves at feedlot arrival (Smock et al., 2020), and high-risk
calves newly received to a stocker facility administered estra-
diol implants (Richeson et al., 2015).

Taken together, inflammatory disease, the APR, and pro-
duction of APP alter indicators of metabolic function in
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bovine. Measurements of serum chemistry included herein
are unable to account for efflux to target tissues and are
limited to the 4 time points analyzed. Nonetheless, the
long-term effects of naturally acquired BRD and resulting
growth performance and carcass characteristics is a pro-
digious area of study, and data presented herein can pro-
vide context and reference ranges to some serum chemistry
responses of bovine following an acute immune challenge
with LPS.

Complete blood count

During a challenge with exogenous LPS, it is well-documented
that cattle experience significant leukopenia, lymphopenia,
and neutropenia within 1 h following LPS administration
(Burdick Sanchez et al., 2014). Circulating endotoxin is rec-
ognized by the innate immune system as a foreign antigen,
and thus the acute decrease in white blood cell count indicates
cellular translocation from circulation to tissue, decreased
hematopoiesis, and increased apoptosis of neutrophils (Car-
roll and Burdick Sanchez, 2014). In the present study, total
white blood cell count and all differentials decreased 1 h
following the LPS dose, with the most pronounced decrease
being neutrophils (88% decrease) and blood monocytes
(84% decrease). The total white blood cell count remained
depleted for several hours, and following a gradual increase
returned to pre-challenge concentration at hour 12. We also
observed differing recovery patterns between neutrophil and
lymphocyte populations. As described previously, neutrophil
population decreases dramatically in response to the initial
challenge, but the population recovery was more sustained
over time and did not return to pre-challenge values until
hour 36. Conversely, while circulating lymphocyte popula-
tion decreased 62% following the LPS dose, the population
recovered sooner at hour 6, and remained greater than the
pre-challenge value for the remainder of the data collection
period (48 h). These results are consistent with those reported
previously by our lab in beef cattle administered exogenous
LPS (Burdick Sanchez et al., 2014; Burdick Sanchez et al.,
2020).

An ongoing challenge in animal health and immunology
research is that of complete blood count reference data that is
specific to growing and finishing beef cattle. Reference ranges
published by Merck (2022) are often used by researchers and
veterinarians for context; however, these reference ranges
do not differentiate between critically different production
scenarios, age, genotype, or sex. Moreover, these data were
populated using means within the nonspecific population and
the corresponding +95% confidence interval and thus, do not
necessarily indicate a normal or healthy range, but rather a
commonly reported value (Herrick et al., 2020). Therefore,
because the data reported herein are consistent with prior
works, and because the cattle type and production phase are
known, these data can reasonably be used as reference ranges
for complete blood count of beef cattle at risk of developing
inflammatory diseases, such as BRD.

Cortisol response

In agreement with Carroll et al. (2009b), the pre-challenge
cortisol concentration was normal (12.4 ng/mL), indicating
steers did not experience a stress response to the housing con-
ditions or investigator handling. The serum cortisol response

in the present study was notably less than reported by Carroll
et al. (2009b), wherein the peak was 99 ng/mL, a 3,127%

increase relative to the pre-challenge value. Comparatively,
in the present study we observed a 294% increase in serum
cortisol with a peak concentration of 49 ng/mL at hour 1.
Indeed, the LPS dose administered in the present study was
10-fold less than Carroll et al. (2009b), however, internal
observations within our lab have noted increased sensitivity
to LPS in both cattle and pigs in the past 20 yr (Carroll et al.,
2005, 2009a; Burdick Sanchez et al., 2020). It is well-doc-
umented that genetic selection for growth and productivity
unfavorably selects against health and fitness traits in food
producing animals (Rauw et al., 1998; Reverter et al., 2021).
Thus, this heightened sensitivity to exogenous bacterial LPS
could reflect the aggressive selection for growth in beef cat-
tle herds. Therefore, LPS challenge doses have decreased
in recent years so as to avoid mortality by attenuating the
inflammatory response, and to not mask important biological
differences.

Pro-inflammatory cytokine responses to LPS

A major characteristic of pro-inflammatory cytokines is
recruitment and activation of immune cells (Table 3). Addi-
tionally, several cytokines have both pro- and anti-inflamma-
tory functions. In the present study, circulating TNF-o. and
decorin concentrations peaked quickest at hour 1 relative
to other cytokines after the LPS challenge. Among the most
important pro-inflammatory cytokines, TNF-a has several
complicated, and sometimes contradictory biological func-
tions, which include vasodilatation, activation of neutrophils
and platelets, adhesion molecule expression, improved killing
ability of macrophages and NK cells, oxidative stress, and
indirect induction of fever. Although high concentrations can
be toxic to the host, an insufficient TNF-a response can allow
progressive disease. Bacterial LPS is a primary stimulant of
TNF-a production, which is attenuated by IL-4 via decreas-
ing levels of cAMP (Idriss and Naismith, 2000; Zelova and
Hosek, 2013). In TNFR-knockout mice challenged with bacte-
rial endotoxin, Acton et al. (1996) reported increased suscep-
tibility to infection and a suppressed inflammatory response,
demonstrating the important role of TNF-a in mounting an
adequate immune response. The temporal response of TNF-a,
in the present study was similar to that of Carroll et al.
(2009b) and Carroll and Burdick Sanchez (2014) in bovine
after exogenous LPS administration, wherein peak concen-
tration was observed at hours 1.4 and 1, respectively. How-
ever, there is a notable difference in magnitude of the TNF-a
response among these studies. Carroll et al. (2009b) reported
a 10,289% increase relative to the pre-challenge concentra-
tion and a peak of 8,847 pg/mL. Comparatively, peak TNF-a
concentration in the present study was 1,433 pg/mL,a 117%
increase above the pre-challenge concentration. This is likely
a result of the differing doses of LPS administered, whereas
Carroll et al. (2009b) administered a 2.5 pg/kg BW dose, and
a 0.25 pg/kg BW dose was used in the present study.

Decorin is produced by fibroblasts, stressed vascular endo-
thelium, and smooth muscle cells. With peak concentration
at hour 1, decorin is involved in an extensive signaling net-
work that mediates downstream signal transduction of other
cytokines and growth factors. When decorin binds to toll-like
receptors 2 and 4 on the surface of macrophages, the synthe-
sis of TNF-a and IL-12 are upregulated. Thus, decorin partic-
ipates in the pro-inflammatory response (Dong et al., 2022).
In septic human patients and LPS-challenged mice, Merline
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Table 3. General functions of cytokines measured in the present study

Item Class Function Citation
IFN-cA  Anti-inflammatory - Inhibits multiplication of viruses Cha et al. (2014)
Pro-inflammatory - Stimulation of innate and adaptive immune cells and antibody class switching Tilg and Peschel
- Immunosuppressive with prolonged activity (1996)
IFN-y Pro-inflammatory - Upregulates activity of CD4 helper T cells, CD8 cytotoxic T cells, NK cells, dendrites, Castro et al. (2018)
and macrophages Kopitar-Jerala
- Potentiates pro-inflammatory signaling and antigen presentation (2017)
- Antagonizes IL-10 and TGF-f3
IL-13 Anti-inflammatory - Inhibits pro-inflammatory cytokine production from macrophages Dembic (2015)
- Central mediator of IgE de Vries (1998)
IL-1a Pro-inflammatory - Simulates activity of genes related to inflammation and immune processes Gabay et al. (2010)
- Cell recruitment by promoting expression of adhesion molecules and chemokine Medline (2022)
production
IL-1F5 Pro-inflammatory - Also known as IL-36RN Blumberg et al.
- Proposed to play a role in skin inflammation (2007)
- Might be involved in innate immune response to fungal pathogens
IL-21 Anti-inflammatory - Increases production of IL-17 by promoting differentiation of naive Th cells to Th17  Davis et al. (2007)
Pro-inflammatory cells, upregulates IL-6 Mootha et al.
- Produced by activated CD4+ T cells; initiates and sustains antibody production and (2021)

mediates antibody class switching

- Promotes migration of neutrophils and NK cells to cite of inflammation, terminal
conversion of B cells to plasma cells

- In the presence of bacterial LPS: inhibits B cell proliferation and dendrite activation

- Balances inflammatory response by increasing IL-10 production and decreasing
TNF-a production

1P-10 Chemokine - Chemotactic agent for T cells, NK cells, monocytes, macrophages, and dendrites Chen et al. (2020)
- Produced by many cell types in response to IFN-y and LPS Dufour et al. (2002)
MIG Chemokine - “Monokine induced by gamma”, or CXCL9 Berthoud et al.
Pro-inflammatory - Recruitment of activated T cells to sites of infection (2009)

- Induced by IFN-vy, might amplify the IFN-y signal
- May be a functional measure of bioactive IFN-y activity that is more sensitive than
direct measurement of IFN-y

MIP-1B Pro-inflammatory - Attracts several types of immune cells to the site of microbial infections Menten et al.
- Stimulates production of pro-inflammatory cytokines, mast cell degranulation, and (2002)
NK cell activation
TNF-a Pro-inflammatory - Among the most important pro-inflammatory cytokines in mounting a proper, robust  Idriss and Naismith
immune response (2000)
- Participates in vasodilatation, expression of adhesion molecules and leukocyte Zelova and Hosek
recruitment, regulates blood coagulation, contributes to oxidative stress, indirectly (2013)

induces fever

- Activation of neutrophils and platelets and enhances killing abilities of NK cells and
macrophages. Upregulates subsequent cytokine production

- Bacterial LPS is one of the main stimulants of TNF-a production

aFGF Growth factor - Fibroblast growth factors. Prototypic members have different isoelectric points: DePhillips and
bFGF - aFGF = acidic. Greatest expression in brain, retina, bone matrix, osteosarcomas Lenhoff (2004)
- bFGF = basic. Greatest expression in pituitary gland, neural tissue, adrenal cortex, Marega et al.
corpus luteum, placenta (2021)
- Regulation of cell proliferation and differentiation, critical for normal fetal develop- Yun et al. (2010)

ment, tissue maintenance, and somatic stem cell development
- During inflammation: members of the FGF family facilitate the repair process

GASP-1 Myokine - Negative regulation of muscle mass Elkina et al. (2011)
- Regulates activation of myostatin via proteolytic cleavage Périé et al. (2017)
IGF-1 Growth factor - Hormone that is a major mediator of somatic growth and anabolic responses in Johnson et al.
Anti-inflammatory several cells and tissues (1996)
Pro-inflammatory - During inflammation: can modulate immunity in various immune cells, primarily Wolters et al.
lymphocytes and monocytes, with pro- and anti-inflammatory effects depending on (2017)

the magnitude of the stimulus and the type of immune cell
- Mechanisms of growth hormone and IGF-1 effects on the inflammatory response are
not completely understood

IL-2 Pro-inflammatory - Produced by activated T lymphocytes and upregulates the growth and activity of T Hodi and Soiffer
lymphocytes, B lymphocytes, NK cells, and development of the immune system (2002)
- Strong activator of TNF-a, IFN-y, and IL-1 production Mitoma et al.
- Depending on the quantity of interaction with the IL-2 receptor, can be immunosup- ~ (2021)

pressive via production of effector immune cells and regulatory T cells
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Table 3. Continued

1

Item Class Function Citation
IL-4 Immunoregulator - “Prototypic immunoregulatory cytokine”: regulation of antibody production, hema-  Brown and Hural
topoiesis, inflammation, effector T-cell responses. Mainly produced by activated T (1997)
cells Curtis (2006)
- Augments expression of major histability complexes, promotes secretion of IgE and Luzina et al. (2012)
IgG Smiley and Grusby
- Inhibits production of inflammatory cytokines, primarily TNF-a, IL-6, and IL-1 (1998)
- Pathways to determine the fate of Th lymphocytes, and promoting Th2 differentia-
tion while inhibiting Th1 differentiation
IL-15 Pro-inflammatory - Important during the innate inflammatory response to microbial and parasitic patho- ~ Marks-Konczalik
gens, and mounting a protective immune response et al. (2000)
- Critical to the development, differentiation, and survival of NK cells Perera et al. (2012)
- In mice: expressed by monocytes and macrophages primed with microbial PAMPs or
IFN-y
- Is not downregulated by inhibitory cytokines, such as IL-4 or IL-13
- Closely related to IL-2
MCP-1 Chemokine - “Monocyte chemoattractant protein” Deshmane et al.
- Regulates the migration and translocation of monocytes and macrophages (2009)
NCAM-1  Adhesion molecule - “Neural cell adhesion molecule” Hiibschmann et al.
- Part of the immunoglobulin superfamily that is expressed in neurons and glial cells (2005)
- Important for the development of the central nervous system and synaptic plasticity Jesudas et al. (2020)
- Mode of action includes regulation of cell adhesion, migration, and neurite growth
VEGF Pro-inflammatory - “Vascular endothelial growth factor” Angelo and Kurz-
- Enhances endothelial permeability by upregulating the expression of adhesion mole-  rock (2007)
cules on endothelial cells, acts as chemoattractant for monocytes Reinders et al.
- During inflammation: produced by T cells, synovial cells, smooth muscle cells, and (2003)
epithelial cells at the site of inflammation that promotes angiogenesis and exacerbates
the severity of the reaction
ANG-1 Anti-inflammatory - “Angiogenic growth factor” Pizurki et al. (2003)
Pro-inflammatory - Upregulates the growth, maturation, and structural integrity of blood vessels Seok et al. (2013)
- Involved in cellular signaling that activates production of pro-inflammatory cytokines
and macrophage differentiation
- Assists in endothelial integrity, which can temper the inflammatory response by pre-
venting vascular leakage
- Involved in neutrophil recruitment via production of IL-8, a neutrophil chemotactic
factor
CD40 Ligand - Expressed almost exclusively by CD4+ cells Alegre et al. (1998)
- Belongs to the tumor necrosis factor superfamily Chan and Rainer
- Mediates a variety of activities, including the activation of B cells and subsequent iso-  (2013)
type switching, immunoglobulin production, and memory, and monocyte activation Manzoor (2015)
- Without CD40, system cannot execute immunoglobulin class switching, and only
IgM class antibodies can be produced
Decorin  Pro-inflammatory - Involved in extensive signaling network to regulate cytokine and growth factor Dong et al. (2022)
production
- Upregulates synthesis of TNF-o and IL-12 following binding to TLR2 and TLR4 on
the surface of macrophages
IFN-f Anti-inflammatory - Regulates cytokine and chemokine production, which in turn regulate inflammation Bolivar et al. (2018)
- Regulates the development of nearly all effector cells of both innate and adaptive
Pro-inflammatory immunity
- Modulates expression of TNF-o and IL-10 in peripheral mononuclear cells, decreases
TNF-a expression in monocytes, and increases expression of IL-10 in dendrites
IL-1B Pro-inflammatory - “Master regulator” of inflammation via regulation of innate immunity processes Lopez-Castejon and
- Expression of IL-1f3 considered a “priming step”: activated cell must encounter Brough (2011)
further PAMP or DAMP Kaneko et al.
- Leukocytic pyrogen, mediates fever, and induces several components of the APR (2019)
- Critical in mounting a robust inflammatory response, but chronic exposure exacer-
bates tissue damage
- Stimulus is not well-defined; purportedly continuously secreted, with serum concen-
tration reflective of the strength of the stimulus and the extracellular requirement
IL-10 Anti-inflammatory - Potent anti-inflammatory agent Islam et al. (2021)

- Inhibits synthesis of pro-inflammatory cytokines, and downregulates antigen presen-
tation to monocytes, macrophages, and dendrites

- Limits T cell activation and proliferation

- Monocytes and macrophages are the primary targets

Iyer and Cheng
(2012)
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Item Class Function

Citation

IL-17A Pro-inflammatory

phil-specific chemokines

- Production of several mediators of the APR, such as IL-6, and pro-inflammatory cyto-

kines TNF-a and IL-1

- Potentiates the inflammatory response by inducing granulopoiesis factors and neutro-

Zenobia and
Hajishengallis
(2015)

- Insufficient to produce a robust immune response on its own, synergistic with other
pro-inflammatory mediators to yield sustained neutrophil recruitment to the site of

Biet et al. (2002)

- Regulates activity of Th1 cells, cytotoxic T cells, B cells, NK cells, and macrophages

inflammation
IL-18 Pro-inflammatory - Important in local and systemic inflammation
- Promotes the expression of TNF-o and IFN-y
- Stimulates IL-8 production as a neutrophil chemoattractant
LIF Anti-inflammatory - “Leukemia inhibitory factor”

Pro-inflammatory

- In humans: A protective cytokine produced early in the inflammatory response that

Banner et al. (1998)
Yue et al. (2015)

downregulates expression of pro-inflammatory cytokines and growth factors
- Promotes the production of APP and is a monocyte chemoattractant

RANTES Chemokine

- “Regulated on activation normal T cell expressed and secreted”
- Chemoattractant for monocytes, NK cells, and eosinophils

Crawford et al.
(2011)

- Homing and migration factor of effector and memory T cells during the inflammato-

ry response

etal. (2011) reported that within 0.5 h after LPS adminis-
tration, decorin concentration increased and peritoneal
macrophages increased decorin mRNA expression. Likewise,
Chatterjee et al. (2021) reported upregulated decorin expres-
sion of CD4* T and CD8* T cells in mouse models and asth-
matic human patients. Although the contribution of decorin
during inflammation is not yet comprehensively understood,
data in the present study is in agreement with murine and
human models indicating it is an early responder within the
acute pro-inflammatory response in bovine.

The initial pro-inflammatory response was proceeded by
peaks at hour 2 (IL-1f, IL-17A, IL-18) and hour 3 (IFN-aA,
IFN-y, IL-1a, IL-1FS, IL-21, MIP-1B). Among these, IL-1f is
considered the master regulator of inflammation as it controls
several processes of innate immunity, including fever, upregu-
lation of several APR components, and activation of lympho-
cytes (Kaneko et al., 2019). In humans, a primed cell must
encounter further pathogen-associated molecular pattern or
damage-associated molecular pattern stimulation leading to
IL-1p expression. As such, the stimulus remains unclear and,
purportedly, secretion of IL-1f may occur on a continuum
depending on the strength of the stimulus (Lopez-Castejon
and Brough, 2011). In bovine, IL-1p has been linked to regu-
lation of ciliary motility during pneumonia (Jain et al., 1993),
and to increase circulating leukocytes, increase serum hap-
toglobin and fibrinogen, and decrease plasma zinc concen-
tration (Godson et al., 1995). Carroll et al. (2009b) reported
a greater percentage change in IL-1f concentration (279 %)
than the present study (32%), however this is likely related to
the lesser LPS dosage used presently.

Anti-inflammatory cytokine responses to LPS

While inflammation is a critical component of the innate
immune response, a prolonged or exaggerated inflamma-
tory response ultimately limits the host’s ability to remove
the pathogen, causes tissue damage, and prevents return to
normal tissue homeostasis. Therefore, anti-inflammatory
cytokines work to ensure the inflammatory response is pro-
portional to the threat and prevent collateral damage from
unmitigated inflammation.

In 7-mo-old beef calves challenged with low- or high-viru-
lence type 2 bovine viral diarrheal virus (BVDV-2), Palomares
et al. (2014) reported gene expression of anti-inflammatory
cytokines IL-4, IL-10, and TGF-p were upregulated in calves
administered high-virulence BVDV-2, but not the low-viru-
lence strain. Similarly, Risalde et al. (2011) challenged 8 to
9-mo-old dairy calves with bovine herpesvirus-1 after a sub-
clinical challenge with BVDV to emulate complicated second-
ary infections. In calves challenged with both viruses, IL-10
and TNF-a concentration peaked at hour 4, while the IL-10
response was delayed to hour 7 in calves challenged with
subclinical BVDV only. These results demonstrate the propor-
tional nature of the anti-inflammatory response to the mag-
nitude of the pro-inflammatory response, which is similar to
the present study although differing challenge methods were
used. Interestingly, in both treatment groups by Risalde et al.
(2011), there was no temporal response of IL-4, an immu-
noregulatory cytokine. Before enrollment, calves were con-
firmed negative of BVDV and BHV-1 antigen and antibodies
by enzyme-linked immunosorbent assay. Thus, because IL-4
is predominantly produced by activated T cells, this might be
a result of the calves lack of existing immunity to these patho-
gens (Luzina et al., 2012). Although the challenge methods
differed between studies, there were likewise no differences in
the IL-4 response of the present study.

As discussed previously, peak TNF-a concentration was
observed 1 h after LPS administration, with remaining
pro-inflammatory cytokine peaks proceeding at hours 2 or
3. In response, peak concentrations of prototypic anti-in-
flammatory cytokines, IL-13 and IL-10, were observed at
hours 3 and 4, respectively. Because it is within the pur-
view of both IL-13 and IL-10 to limit production of pro-in-
flammatory cytokines, TNF-a concentration decreased
markedly after hour 3, and minimum concentration was
observed at hour 6. Additionally, several cytokines with
both pro- and anti-inflammatory roles were responsive to
LPS at hours 2 (IFN-f) and hour 3 (IFN-aA, IL-21). These
observations suggest the anti-inflammatory cytokines eval-
uated herein were efficacious in attenuating the bovine
inflammatory response to LPS.
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Chemokine and other protein responses to LPS

Chemokines and other proteins that responded earliest to LPS
included GASP-1 and CD40L at hour 2. Because GASP-1 is
a myostatin inhibitor, its role during an immune response is
somewhat novel, but is proposed as a mediator of skeletal
muscle repair via recruitment of regenerative immune cells
such as M1 and M2 macrophages (Estrellas et al., 2018).
Additionally, because a challenge with exogenous LPS pro-
duces an acute response, CD40 ligand is critical to initiation
of subsequent adaptive immunity and is almost exclusively
produced by CD4* T cells. In particular, CD40 is required
for immunoglobulin class switching and, without which
only IgM class antibodies can be produced. Moreover, CD40
mediates several critical activities including surface antigen
presentation, immunoglobulin secretion, and generation of
memory in B cells (Alegre et al., 1998; Manzoor, 2015).

At hour 3, peak concentrations of chemoattractants IP-10,
MIG, and RANTES were observed. Particularly notable is the
1,127% increase in RANTES relative to the pre-challenge
value. This potent chemoattractant is important for homing
and migration of effector and memory T cells, monocytes, and
natural killer cells during an acute immune response, and thus
is especially relevant in the regulation of protective immu-
nity (Crawford et al., 2011). Additionally, in mice during
respiratory infections, RANTES was involved in dendritic
cell migration, survival of resident alveolar macrophages,
and recruitment of effector and memory T cells (Tyner et al.,
20035; Grayson et al., 2007; Kohlmeier et al., 2008).

Conclusions

These data collectively demonstrate a pronounced bovine
APR to exogenous LPS exposure. Although ocular infra-
red temperature was generally less than rectal temperature,
both methods of body temperature measurement were sen-
sitive to changes in body temperature and the methods were
moderately correlated. Liver enzyme, total protein, and BUN
responses to acute inflammation demonstrate the link of
metabolism to inflammatory responses of bovine and offer
an interesting area of further research. The pro-inflammatory
response was initiated by cortisol, TNF-a, and decorin at
hour 1, which was tempered by the anti-inflammatory effects
of IL-13 and IL-10 at hours 3 and 4. Additionally, complete
blood count data reported herein is consistent with additional
works in beef calves during an inflammatory challenge, and
thus could be useful reference ranges in subsequent works.
Therefore, these data provide updates to the physiological,
endocrine, and immune responses of beef steers administered
exogenous LPS to incorporate recent technologies and an
expanded cytokine profile, which can be used as foundational
data in future research.
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