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Ghrelin is a hormone that is mainly produced in the stomach and is known to
stimulate feed intake. Recent evidence suggests that ghrelin may affect immunity.
This study evaluated whether repeated administrations of ghrelin prior to and
following an inflammatory challenge (lipopolysaccharide, LPS) would alter the
innate immune response. Weaned pigs (n = 36; age, 21 days) were housed in
individual pens and were fitted with temperature loggers on day =7 and jugular vein
catheters for serial blood collection on day —3. Based on body weight (BW), the
pigs were separated into two treatments: 1) Ghrelin—administered human ghrelin
(5 pg/kg BW, i.v.) every 12 h from —48 to 36 h relative to the administration of LPS at
0 h; and 2) Control—administered a similar volume of saline and LPS. Blood
samples were collected at various time points relative to the administration of LPS.
At 48 h, the pigs were humanely euthanized, and samples of the jejunum and ileum
were collected for histology. Ghrelin pigs gained more weight (p = 0.04) and had
greater average daily gain (ADG) (p = 0.02) compared with the Control pigs. There
was a treatment X time interaction (p = 0.03) for flank temperature, in which
Ghrelin pigs had greater body temperature at 0, 2, 4, and 48 h post-LPS
administration. The neutrophil concentrations and the neutrophil:lymphocyte
ratio were reduced (p < 0.04) in Ghrelin compared with Control pigs. There was
a treatment X time interaction (p = 0.03) for eosinophil concentrations, in which
Ghrelin pigs had reduced eosinophils compared with Control pigs at 0 and 36 h
post-LPS administration. There was a treatment X time interaction for serum
concentrations of tumor necrosis factor alpha (TNF-a), interferon gamma (IFN-7),
granulocyte—macrophage colony-stimulating factor (GM-CSF), and interleukin 4
(IL-4) (p < 0.04), with greater concentrations observed in Ghrelin compared with
Control pigs. In the ileum, Ghrelin pigs had greater villus length and reduced villus
blunting scores, lacteal dilation scores, and lamina propria eosinophil counts
compared with Control pigs (p < 0.04). The data from this study suggest that
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ghrelin may provide some protection against endotoxin-induced inflammation in
the ileum while increasing the basal concentrations of cytokines. Further research
is necessary to fully understand the impact of ghrelin on the inflammatory
response in weaned pigs.

KEYWORDS

acute phase response, cytokines, ghrelin, hematology, histology, inflammatory

response, pigs

1 Introduction

Ghrelin is a 28-amino acid peptide hormone that is mainly
produced in the stomach and is known to stimulate feed intake,
among other functions in the body (Muller et al., 2015). It binds to
the growth hormone secretagogue receptor (GHSRI1a) in the
hypothalamus, resulting in an increase in growth hormone (GH)
concentrations. However, both ghrelin and GHSR1a are found in
other tissues of the body, including within the gastrointestinal tract
(GIT), lung, heart, kidneys, pancreas, and leukocytes (Muller et al.,
2015), suggesting a wider physiological impact.

Evidence in humans and rodents suggests that ghrelin also has a
role in modulating inflammation (Baatar et al., 2011; Mathur et al.,
2020). Specifically, a study in mice found that ghrelin inhibited the
secretion of the pro-inflammatory cytokines tumor necrosis factor-
o (TNF-0) and interleukin-1f (IL-1B) from isolated macrophages;
however, ghrelin increased the concentrations of the anti-
inflammatory cytokine IL-12 (Correa da Silva et al, 2019). In
addition, macrophage phagocytosis, but not microbicidal activity,
was decreased, and treatment with ghrelin also prevented
mitochondrial damage induced by lipopolysaccharide (LPS).
Other research has observed that administration of LPS and
inflammatory cytokines, such as TNF-o, decreased feed intake
and serum ghrelin concentrations (Wang et al., 2006; Endo et al.,
2007), while the administration of ghrelin has been demonstrated in
humans to decrease pro-inflammatory cytokine concentrations
(Dixit et al., 2004).

Much of the research on ghrelin has been conducted using
human and rodent models, with limited studies in pigs. Previous
work reported that infusion of weaned pigs with ghrelin [2 ug/kg
body weight (BW)] three times per day for 5 days increased weight
gain and serum concentrations of ghrelin, GH, insulin, and cortisol
(Salfen et al., 2004). With evidence that ghrelin may modulate
inflammation in rodents and humans, it was hypothesized that
ghrelin would decrease inflammatory markers in weaned pigs.
Therefore, this study was designed to determine the effect of
repeated ghrelin administrations on the acute phase response of
weaned pigs to LPS administration.
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2 Materials and methods

All experimental procedures were in compliance with the Guide
for the Care and Use of Agricultural Animals in Research and
Teaching and approved by the Institutional Animal Care and Use
Committee at the USDA-ARS Livestock Issues Research Unit
(protocol no. 2022F).

2.1 Experimental design

Newly weaned gilts (n = 36; 4.6 + 0.2 kg BW; PIC 800 x
Camborough, PIC, Inc., Hendersonville, TN, USA) were acquired
and transported approximately 10 km to the Swine Facility of the
USDA-ARS Livestock Issues Research Unit. Upon arrival, pigs were
placed in individual stainless-steel pens (0.6 x 1.2 m) with ad
libitum access to water via nipple waterers and a standard nursery
ration. Pigs received a diet formulated to meet or exceed NRC
(2012) with an energy density of 2.4 net energy (NE) Mcal/kg and a
standardized ileal digestible (SID) lysine level of 1.46%. The animal
housing room in the Swine Facility is temperature-controlled, and
the temperature was adjusted daily to meet the needs of the pigs
(starting temperature of approximately 31°C and ending
temperature of approximately 25°C). Pig body weights and feeder
weights were recorded on days —10, -7, -3, 0 (feeders only), and 2
relative to the administration of LPS on day 0.

After a 3-day acclimation period, pigs were individually
removed from their pens and carried to the surgery room, where
they were anesthetized for placement of a temperature logger (DST
nano-T; Star Oddi, Gardabeer, Iceland) in the intraperitoneal (IP)
cavity and subcutaneously in the skin fold between the abdomen
and the right hind leg (flank) as previously described (Burdick
Sanchez et al., 2023). Following this procedure, pigs were weighed
and returned to their pens to rest for 4 days. After the rest period,
pigs were individually carried to the surgery room for non-surgical
placement of a catheter in the jugular vein under anesthesia (Carroll
et al,, 1999). Following placement of the jugular catheter, pigs were
weighed and returned to their pens. Based on the pig BW recorded
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following jugular catheterization, pigs were separated into two
treatment groups of similar BW: 1) Ghrelin and 2) Control. Pigs
in the Ghrelin treatment received human acyl-ghrelin (Enzo Life
Sciences, Inc., Farmingdale, NY, USA) at 5 pg/kg of BW (i.v.) every
12 h from —48 to 36 h relative to i.v. administration of LPS (LPS
from Escherichia coli O111:B4, 15 pg/kg of BW; Sigma Aldrich, St.
Louis, MO, USA) at 0 h. Control pigs were administered a similar
volume of saline and LPS at the previously mentioned time points.
The ghrelin dose was selected based on previous work (Salfen et al.,
2004). A lower dose of ghrelin was used by Salfen et al. (2004) (2 ug/
kg BW), but was administered three times a day. This study used a
greater dose of ghrelin administered twice a day in order to achieve
similar results. The dose and serotype of LPS used were similar to
those in previous studies conducted by the laboratory in pigs
(Burdick Sanchez et al.,, 2019, 2024) and is known to cause a mild
to moderate inflammatory response without causing mortality.
Blood samples (4 mL) for the isolation of serum were collected
via jugular catheters into vacutainers containing no additive at —48,
-36,-24,-12,-2,-1,0,1,2,3,4,5,6, 12, 24, 36, and 48 h relative to
the administration of LPS at 0 h. Two additional 4-mL samples were
collected in one vacutainer containing EDTA for hematology
measurements and one vacutainer containing Li heparin for
plasma isolation at —48, -24, -2, 0, 2, 4, 6, 12, 24, 36, and 48 h
relative to LPS administration. In addition, sickness behavior score,
measured on a scale from 1 (displaying normal maintenance
behaviors) to 4 (lying on side with labored breathing), and skin
temperature (measured along the midsection of the back using an
infrared thermometer) were recorded prior to the collection of each
blood sample. After collection of the 48-h blood sample, pigs were
humanely euthanized using an AVMA-approved method (AVMA,
2020), and sections of the duodenum and ileum were collected for
histological analysis.

2.2 Serum analysis

Serum concentrations of IL-1fB, IL-4, IL-6, IL-8, IL-10, IL-
12p40p70, granulocyte-macrophage colony-stimulating factor
(GM-CSF), interferon-y (IFN-y), transforming growth factor-f1
(TGE-B1), and TNF-o. were measured by RayBiotech using a
Quantibody Multiplex ELISA (Porcine Cytokine Array QI,
RayBiotech, Peachtree Corners, GA, USA) on samples collected at
-2,0,1,2,3,4,5, 6, 12, and 24 h relative to LPS administration.
Serum cortisol concentrations were determined using an enzyme
immunoassay according to the manufacturer’s instructions
(RayBiotech). Concentrations were determined based on a
standard curve of known cortisol concentrations. The intra- and
inter-assay coefficients of variation were 4.5% and 13.3%,
respectively. Serum glucose concentrations were determined by
modification of the enzymatic Autokit Glucose (Wako
Diagnostics, Richmond, VA, USA) to fit a 96-well format as
previously described (Burdick Sanchez et al., 2016). The intra-
and inter-assay coefficients of variation were 9.9% and 17.8%,
respectively. Serum ghrelin concentrations were determined using
an enzyme immunoassay according to the manufacturer’s
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instructions (RayBiotech). Concentrations were determined based
on a standard curve of known ghrelin concentrations. The intra-
and inter-assay coefficients of variation were 14.9% and
16.1%, respectively.

2.3 Histopathology

Ileal and duodenal samples were collected at necropsy. The
samples were washed with sterile saline and immediately placed in
10% buftered formalin. Slides were created at the Anatomical Pathology
Laboratory at Texas Tech University Health Science Center. The slides
were analyzed with an anatomical histopathologist at the Texas Tech
University School of Veterinary Medicine and scanned using an
Olympus slide scanner for imaging and counting (Olympus Life
Sciences, Center Valley, PA, USA). For each sample, five villus
height and five crypt depth measurements were recorded per slide.
The slides were scored according to the method reported by Davis
et al. (2022).

2.4 Statistical analysis

Prior to analysis, body temperature measurements (IP and
subcutaneous measures) were averaged into 1-h intervals. All
performance, temperature, sickness behavior, hematology, and
serum analysis data were analyzed using the MIXED procedure of
SAS (SAS Institute Inc., Cary, NC, USA) specific for repeated
measures, with fixed effects of treatment, time, and their
interaction. Pig within treatment was the experimental unit.
When significant, treatment means were separated using the
PDIFF option in SAS. Histopathology data were analyzed using
the MIXED procedure of SAS with the fixed effect of treatment and
the Kenward-Roger adjustment. Means were separated using the
PDIFF option in SAS. All data are reported as the LSM + SEM, with
p < 0.05 considered significant and 0.05 > p < 0.10 considered
a tendency.

3 Results
3.1 Performance

There was a treatment x time interaction (p = 0.03) for BW;
however, there were no specific time point differences between
treatments (Table 1). The change in BW from day -3 to day 2 was
also analyzed, where Ghrelin pigs gained more weight (1.8 + 0.1 kg)
compared with Control pigs (1.4 + 0.01 kg; treatment: p = 0.04).
There was a treatment and time effect (p < 0.02) for average daily
gain (ADG), but no treatment x time interaction (p = 0.16).
Specifically, Ghrelin pigs had a greater ADG than Control pigs
(0.19 vs. 0.12 + 0.02 kg/day for Ghrelin and Control pigs,
respectively). There was no treatment effect or treatment x time
interaction for average daily feed intake (ADFI) (p = 0.13), but
intake increased over time (p < 0.01).
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TABLE 1 Influence of ghrelin administration on performance variables relative to the administration of lipopolysaccharide on day 0.

Treatment P-value

Control Ghrelin Treatment Time Treatment X time
BW (kg)
Day 10 488 454 0.260 0.87 <0.01 0.03
Day -7 495 5.00 0.260
Day -3 5,61 5.79 0.260
Day 2 6.54 6.90 0.261
ADG (kg/day)
Day 10 to —7 0.02 0.15 0.031 0.02 <0.01 0.16
Day 7 to -3 0.17 0.20 0.031
Day -3 to 2 0.18 022 0.032
ADFI (kg/day)
Day -10 to -7 0.05 0.07 0.023 0.13 <0.01 0.13
Day -7 to 3 0.20 026 0.023
Day -3 to 0 0.25 0.24 0.023
Day 0 to 2 033 0.40 0.024

BW, body weight; ADG, average daily gain; ADFI, average daily feed intake.

3.2 Body temperature and sickness
behavior

For body temperature measured within the IP cavity, there was
a tendency (p = 0.06) for a treatment x time interaction (Figure 1A).
Specifically, IP temperature was greater in Ghrelin pigs at 2 h post-
LPS compared with Control pigs. Similarly, there was a treatment x
time interaction (p = 0.03) for temperature measured
subcutaneously in the flank (Figure 1B). Subcutaneous
temperature was greater in Ghrelin pigs at 0, 2, and 4 h
compared with Control pigs (p < 0.05). In a similar manner, the
skin temperature, measured using an infrared thermometer along
the midsection of the back, was greater (p = 0.04) in Ghrelin pigs
compared with Control pigs (35.8°C vs. 35.6 £ 0.1°C, respectively).
Sickness behavior scores tended (p = 0.06) to be greater in Ghrelin
pigs compared with Control pigs (1.35 vs. 1.40 + 0.02, respectively).

3.3 Hematology

The hematology variables are summarized in Table 2. All of the
hematology variables changed over time (p < 0.01). There was no
treatment effect or a treatment x time interaction (p > 0.32) for red
blood cells, hemoglobin, or hematocrit. Total white blood cell
concentrations tended (p = 0.08) to be less in Ghrelin pigs
compared with Control pigs (Figure 2A). Neutrophil
concentrations were less in Ghrelin compared with Control pigs
(p = 0.01); however, there was no treatment x time interaction (p =
0.11) (Figure 2B). In contrast, there was no treatment effect or
treatment X time interaction (p > 0.50) for lymphocyte or monocyte
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concentrations (Figures 2C, E). The neutrophil:lymphocyte ratio
was less in Ghrelin pigs compared with Control pigs (p = 0.01), but
there was no treatment x time interaction (p = 0.14) (Figure 2D).
There was a treatment X time interaction (p = 0.03) for eosinophils,
such that Ghrelin pigs had less eosinophils at 0 and 36 h compared
with Control pigs (p < 0.01) (Figure 2F).

3.4 Serum analysis

There was no treatment or treatment x time interaction (p >
0.31) for serum concentrations of IL-1f3, IL-8, and IL-12p40p70, but
values changed over time (p < 0.01) (Table 3). There was a treatment
x time interaction (p = 0.02) (Figure 3A) for serum IL-4
concentrations, where concentrations tended (p = 0.06) to be
greater in Ghrelin than in Control pigs at -2 h relative to LPS
administration. There was a tendency (p = 0.10) for a treatment x
time interaction for IL-6 concentrations; however, there were no
significant time point differences between treatments. There was a
tendency (p = 0.08) for Ghrelin pigs to have greater concentrations of
IL-10 compared with Control pigs. There was a treatment x time
interaction (p = 0.04) (Figure 3B) for serum GM-CSF concentrations,
where pigs administered Ghrelin had greater concentrations at 0 and
12h (p <0.05) and tended (p = 0.06) to have greater concentrations at
-2 h compared with Control pigs. Similar to GM-CSF, there was a
treatment x time interaction (p < 0.01) (Figure 3C) for serum IFN-y
concentrations, where concentrations were greater in Ghrelin pigs at
-2,0,6,and 12 h (p < 0.04) and tended to be greater at 3 h compared
with Control pigs. Serum TGF-B1 concentrations tended (p = 0.07) to
be greater in Ghrelin compared with Control pigs. There was a
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FIGURE 1

Influence of ghrelin administration (0.5 pg/kg body weight; n = 18) or saline (control; n = 18) administered every 12 h from day -2 to day 2 on the
intraperitoneal (A) and subcutaneous flank (B) temperature of pigs in response to lipopolysaccharide administration (0.15 pg/kg body weight). Pooled
SEM + 0.113°C for the intraperitoneal and +0.095°C for the subcutaneous flank temperature. Data are presented as the LSM + SEM. *Treatments

differ (p < 0.05).

treatment x time interaction (p < 0.01) (Figure 3D) for serum
concentrations of TNF-a, such that peak concentrations at 1 h
were greater in Ghrelin compared with Control pigs.

There was no treatment effect or a treatment x time interaction
for the serum cortisol or Ghrelin concentrations (p > 0.38), although
values changed over time (p < 0.01) (Table 3). Specifically, Ghrelin
concentrations fluctuated over time, while cortisol concentrations
increased beginning at 1 h, peaked at 2 h, and returned to baseline
values within 5 h. However, there was a treatment x time interaction
(p < 0.01) for serum glucose concentrations, where Ghrelin pigs had
less glucose concentrations than Control pigs at =36 and 48 h (p <
0.01); however, Ghrelin pigs had greater glucose concentrations than
Control pigs at =48 h (p = 0.01).

Frontiers in Animal Science

3.5 Histopathology

There was no effect of Ghrelin on the histopathological
measurements in the duodenum (p > 0.25; data not shown), with
the exception of the lacteal dilation score, which was reduced in the
ghrelin-supplemented pigs compared with the Control pigs (0.22 vs.
0.89 + 0.16 for Ghrelin vs. Control, p < 0.01). In the ileum, pigs
supplemented with Ghrelin had greater villus length (p = 0.01) and
tended (p = 0.09) to have a greater villi length:crypt depth ratio
(Table 4). In addition, the villus blunting and lacteal dilation scores
were less (p < 0.01) in Ghrelin-supplemented pigs compared with
Control pigs. Lamina propria eosinophil counts were also less (p =
0.04) in Ghrelin compared with Control pigs.
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TABLE 2 Influence of ghrelin administration on hematology variables relative to the administration of lipopolysaccharide.

Variable Treatment
Control Ghrelin Treatment Treatment X time

Red blood cells (10%/ul) 473 4.64 0.065 0.32 <0.01 0.73
Hemoglobin (g/dl) 7.92 7.83 0.106 0.52 <0.01 0.62
Hematocrit (%) 25.89 2559 0391 0.59 <0.01 0.84
White blood cells (10°/pl) 17.98 16.33 0.654 0.08 <0.01 0.21
Neutrophils (10°/ul) 10.85" 8.91° 0.511 0.01 <0.01 0.11
Lymphocytes (10°/ul) 6.07 6.23 0.248 0.63 <0.01 0.50
Neutrophil/lymphocyte 1.82° 1.52° 0.083 0.01 <0.01 0.14
Monocytes (10°/ul) 0.81 0.84 0.036 0.50 <0.01 0.81
Eosinophils (10%/ul) 0.23 0.20 0.016 0.12 <0.01 0.03

Different superscripts letters within a row indicate a difference between means (p < 0.05).
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FIGURE 2
Influence of ghrelin administration (0.5 pg/kg body weight; n = 18) or saline (control; n = 18) administered every 12 h from day -2 to day 2 on
concentrations of total white blood cells (A), neutrophils (B), lymphocytes (C), neutrophil:lymphocyte ratio (D), monocytes (E), and eosinophils (F) of
pigs in response to lipopolysaccharide administration (0.15 pg/kg body weight). Data are presented as the LSM + SEM. *Treatments differ (p < 0.03).
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TABLE 3 Influence of ghrelin administration on the serum cytokine, cortisol, glucose, and ghrelin concentrations relative to the administration
of lipopolysaccharide.

Variable Treatment
Control Ghrelin Treatment Treatment X time

IL-1B (pg/ml) 126.2 149.8 68.11 0.81 0.01 0.31
IL-4 (pg/ml) 338.6 510.3 110.38 0.29 <0.01 0.02
IL-6 (pg/ml) 1355 193.8 45.05 0.36 <0.01 0.10
IL-8 (pg/ml) 10.9 11.7 0.95 0.56 <0.01 0.71
IL-10 (pg/ml) 40 204 6.43 0.08 0.07 0.98
IL-12p40p70 (pg/ml) 810.7 1283.1 381.54 0.38 <0.01 0.74
GM-CSF (pg/ml) 40.8 69.6 15.31 0.18 <0.01 0.04
IEN-y (pg/ml) 753" 161.9° 24.55 0.02 <0.01 <0.01
TGE-B1 (pg/ml) 2,790.6 9,845.4 2,696.23 0.07 <0.01 0.33
TNE-0. (pg/ml) 73.5° 119.8" 13.50 0.02 <0.01 <0.01
Cortisol (ng/ml) 307.3 3257 14.71 0.38 <0.01 0.46
Glucose (mg/dl) 93.9 96.6 1.83 0.30 <0.01 <0.01
Ghrelin (ng/ml) 68.9 70.1 13.01 0.95 <0.01 0.65

Different superscripts letters within a row indicate a difference between treatment means (p < 0.05).
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FIGURE 3

Influence of ghrelin administration (0.5 pg/kg body weight; n = 18) or saline (control; n = 18) administered every 12 h from day -2 to day 2 on
concentrations of IL-4 (A), GM-CSF (B), IFN-y (C), and TNF-a. (D) in pigs in response to lipopolysaccharide administration (0.15 pg/kg body weight).
Data are presented as the LSM + SEM. *Treatments differ (p < 0.05).
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TABLE 4 Influence of ghrelin administration on histology samples collected 48 h following the administration of lipopolysaccharide on day 0.

Treatment® P-value
Variable Ghrelin Treatment
Villus length (um) 318.6° 388.5" 17.5 0.01
Crypt depth (um) 248.8 259.5 13.5 0.77
Villus length/crypt depth 1.34 1.56 0.09 0.09
Villus blunting score” 2.72* 1.89° 0.195 <0.01
Lacteal dilation score” 1.33% 0.4° 0.207 <0.01
Goblet cell count® 0.22 0.19 0.013 0.18
Intraepithelial lymphocyte count® 2.73 2.69 0.061 0.69
Lamina propria lymphocyte count® 2.14 1.97 0.081 0.26
Lamina propria neutrophil count* 0.477 0.254 0.207 0.59
Lamina propria eosinophil count* 2.03* 1.77° 0.097 0.04
Lamina propria mitotic body count® 3.02 291 0.055 0.16

“Different superscripts letters within a row indicate a difference between means (p < 0.05).

bScoring was on a scale from 0 to 3. 0 = normal tissue; 1 = mild inflammation; 2 = moderate inflammation; and 3 = marked inflammation. Villus blunting: 0 = long, slender villi; 1 = 75% of normal
height; 2 = 50% of normal height; and 3 = 25% of normal height. Lacteal dilation score: 0 = central lacteal represents approximately 25% of the width of the villi; 1 = represents approximately 50%
of the villus width; 2 = 75% of the villus width; and 3 = dilated to 100% of the villus width. The score data were analyzed as the average of the five villi scored and using a normal distribution.
“The goblet cell count in the crypt and the intraepithelial lymphocyte counts are the number of cells counted per 50 epithelial cells. Lamina propria counts were the number of each leukocyte
(lymphocytes, neutrophils, and eosinophils) observed between crypts in a x40 field. The count data were analyzed using a Poisson distribution, but are reported as the LS mean from the model

analyzed as a normal distribution.

4 Discussion

There are limited studies where ghrelin has been administered
to pigs in an experimental setting. Many studies analyzing the
effects of ghrelin administration on immunity have utilized rodent
models or humans. Thus, this is one of the first studies to describe
the effects of ghrelin on the innate immune response in pigs.

The work by Salfen et al. (2004), where ghrelin was
administered to pigs three times a day for 5 days, supports the
BW gain and ADG data from the current study, as both observed an
increase in weight gain in pigs in response to ghrelin
administration, but no effect on the feed intake. These data
suggest that the ghrelin dosing regimen in the current study was
sufficient to modulate BW. Vizcarra et al. (2007) reported that
immunization against ghrelin decreased feed intake and weight gain
in pigs, further supporting the role of ghrelin in growth
performance in pigs. Nonetheless, Wu et al. (2008) reported no
effect of ghrelin infusion (1 ug/day) on ADG or ADFI, which may
be because of the lower dose administered. Administration of LPS is
well known to cause a decrease in feed intake (Langhans, 2007).
Although no treatment differences in feed intake were observed in
the current study, this might have been because of the short
duration of the study following LPS administration.

Several studies have demonstrated that administration of
ghrelin following immune stimulation improved the overall
mortality rate in rodent models. For example, administration of
ghrelin either early (2 h post-LPS) or late (12 h post-LPS) reduced
LPS-induced mortality in rats (Chang et al., 2003). This effect may
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be facilitated through decreases in high mobility group box 1
(HMGBI), which is decreased by ghrelin (Chorny et al., 2008).
Data suggest that HMGBI has later effects related to increasing or
sustaining inflammation and may explain the positive effects
observed when ghrelin was administered hours following LPS
(Wang et al, 1999; Chorny et al, 2008). In the current study,
ghrelin was administered periodically both before and after
administration of LPS. This was modeled after Salfen et al.
(2004), where pigs were administered ghrelin three times daily for
5 days while changes in the growth performance were measured.
While the dose of LPS used in this study was selected in order to
induce mild morbidity and no mortality, the tendency for an
increase in sickness behavior in ghrelin pigs suggests that the
timing of the administration of ghrelin relative to the immune
challenge in pigs requires further study. It is possible that, with
regard to the anti-inflammatory activity of ghrelin, repeated
administrations are not beneficial. Rather, a single dose prior to
or following LPS exposure would have more pronounced anti-
inflammatory effects, as seen in other models. However, there are
limited data associated with the anti-inflammatory effects of ghrelin
in pigs; thus, further research is necessary before conclusions can
be made.

Pigs administered ghrelin had a greater peak in temperature
response compared with Control pigs. An increase in body
temperature is an important component of an immune response
as it promotes the release of immune mediators, such as cytokines
(Kluger et al., 1995). In addition, the increase in body temperature is
a method the body uses to kill invading bacteria, as bacteria can be
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sensitive to elevated temperatures (Roth and Blatteis, 2014). In
support of this, ghrelin has a role in reducing the bacterial load
during times of sepsis (Chorny et al., 2008; Mathur et al., 2020). In
contrast, work in mice found that ghrelin decreased bacteremia
early, but increased it later in response to LPS (Chowen et al., 2015).
Alternatively, it is possible that the increase in peak body
temperature in ghrelin pigs is associated with the greater weight
gain by the pigs or is because of effects of ghrelin on metabolism and
thus producing greater heat (Morales et al., 2018; Cook et al., 2020).

Both ghrelin and its receptor have been found in immune cells,
including neutrophils, lymphocytes, and monocytes, indicating that
these cells are receptive to ghrelin signaling (Mathur et al., 2020).
Work by Chorny et al. (2008) indicated that the main cellular target
for ghrelin in the immune system is macrophages for some of its
anti-inflammatory effects. An increase in peripheral white blood
cells was observed in young mice treated with ghrelin (Koo et al,
2001). The increase in circulating leukocytes could be associated
with the direct effects of ghrelin on the thymus (Koo et al., 2001).
This is in contrast to the current data, which found a decrease in
circulating neutrophils and a tendency for a decrease in total white
blood cells. Alternatively, reports have indicated a reduced
recruitment of leukocytes in mice following LPS administration
(Pereira et al,, 2017). Another possibility is an eftect of ghrelin on
diapedesis of leukocytes in an effort to locate the assumed infection.
Thus, it appears that further research is necessary to more fully
understand the effects of ghrelin administration on the circulating
leukocyte concentrations and changes in leukocyte concentrations
in response to immune stimulation.

Studies have reported an improved survival rate in rodent
models of sepsis where ghrelin was administered, with ghrelin
decreasing concentrations of cytokines (Wu et al., 2007; Baatar
et al, 2011). Ghrelin has been demonstrated to reduce cytokine
expression and serum concentrations in both human and rodent
models of sepsis following LPS administration (Dixit et al., 2004;
Chowen et al,, 2015). These effects on cytokines appear to be a direct
effect of ghrelin on transcription factors, such as NF-xB, which are
key regulators of cytokine gene expression (Dixit et al., 2004). It is
possible that the dose administered to the pigs in the current study
was not great enough to reduce cytokine concentrations as observed
in other models. In contrast, this could have been because of
differences in the response to ghrelin and LPS in rodent models
compared with pigs. Another possibility for the observed differences
is the timing of ghrelin administration relative to immune
stimulation, as discussed previously. The increase in cytokine
concentrations observed in the current study included both pro-
and anti-inflammatory cytokines and thus appeared to be a broad
response. This is interesting considering the reduction in circulating
leukocytes. Therefore, the differences in the cytokine response to
immune stimulation in rodents and pigs remain to be elucidated.

There was no effect of ghrelin administration on serum cortisol
or ghrelin concentrations. This was surprising as studies have
indicated a role of ghrelin in increasing cortisol through
stimulating the production of corticotropins (Arvat et al., 2001).
However, this may have been because of the sampling frequency
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used in the current study, and thus, any increases may have been
missed. Previous work in pigs observed an increase in ghrelin and
cortisol concentrations following ghrelin administration (Salfen
et al, 2004), but the increase in ghrelin was observed within 15
min and cortisol within 30 min of administration of ghrelin, further
supporting an acute response. In a study where humans were
administered LPS, ghrelin concentrations peaked 2 h post-LPS
administration (Vila et al., 2007). However, there have been
mixed reports of LPS both increasing and decreasing
concentrations of ghrelin (Baatar et al., 2011). Changes in cortisol
may be one way ghrelin elicits anti-inflammatory effects; however,
this was not observed in the current study. Ghrelin concentrations
in rats were observed to decrease by 51% within 3 h after
administration of LPS, which is in contrast to the current study
(Basa et al., 2003). However, this difference may be because of
differences in the dose, serotype, or administration route of ghrelin
and LPS between studies (Basa et al., 2003). According to Mathur
et al. (2020), the benefits of ghrelin administration during sepsis
may be mediated by its actions in helping to maintain glucose
homeostasis. Studies in rodents have observed increases in glucose
concentrations following ghrelin administration (Broglio et al.,
2003; Chang et al., 2003; Muller et al., 2015). Specifically, ghrelin
has a negative effect on insulin sensitivity while increasing glucose
through stimulation of gluconeogenesis (Baatar et al, 2011).
Nonetheless, the differences in glucose between treatments only
occurred at three time points during the study and thus may not be
of biological significance.

Administration of LPS can cause gut barrier dysfunction (Parra
et al, 2011). Ghrelin has known effects on gut motility, an activity
that is closely related to that of motilin (Chen et al., 2010). Work in
neonatal pigs reported that ghrelin had an impact on mucosa
remodeling when given enterally in milk formula (Stupecka and
Wolinski, 2007). In addition, because of reductions in cytokine
concentrations, it has been suggested that ghrelin can reduce
inflammation within the lower GIT (Gonzalez-Rey et al., 2006).
Ghrelin significantly ameliorated the negative histological effects
associated with a model of colitis in mice (Gonzalez-Rey et al,
2006). Further supporting this, rat mucosa exposed to LPS released
ghrelin, suggesting a role for ghrelin in protecting the mucosa
during endotoxemia (Chang et al., 2003). This is in agreement with
the histopathological results observed in the current study, where
the villi length, villi length:crypt depth (tendency), and the villus
blunting and lacteal dilation scores were increased and the lamina
propria eosinophil counts were decreased with ghrelin
supplementation. Stupecka and Wolinski (2007) observed an
increase in crypt depth and either no change or a decrease in villi
length in neonatal pigs supplemented enterally with ghrelin. The
lack of an effect of ghrelin administration in the duodenum in the
current study is interesting, as cells that secrete ghrelin have been
found in high density in the duodenum and jejunum in humans
(Wierup et al.,, 2007).

Ghrelin is a potent stimulator of GH release, and it can be
questioned whether some of the observed effects of ghrelin are
secondary relative to the effects of GH or perhaps insulin-like
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growth factor-1 (IGF-1). Both GH and IGF-1 have been found to
positively affect the immune system (Clark, 1997). Nevertheless,
LPS decreases the sensitivity of the body to GH (Denson et al., 2001;
Hattori, 2009). In addition, LPS causes an uncoupling of the GH/
IGF-1 axis such that the GH concentrations increase while IGF-1
concentrations decrease in response to LPS (Carroll and Allee,
2009). Thus, it is more likely that the observed effects are a result of
direct effects of ghrelin and not secondary effects of GH or
downstream mediators.

5 Conclusions

Infusion of ghrelin in weaned pigs increased body temperature,
reduced circulating leukocytes, increased basal cytokine
concentrations, and reduced endotoxin-induced damage in the
ileum. The data from this study suggest that ghrelin may provide
some protection against endotoxin-induced inflammation in the
ileum while increasing basal cytokine concentrations. Nonetheless,
further research is necessary to understand the role of ghrelin in
modulating inflammatory responses in weaned pigs. In particular,
future research should study the timing of ghrelin administration
relative to immune challenge/activation to maximize anti-
inflammatory effects.
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