Antimicrobial peptide KR-32 alleviates Escherichia coli K88—induced fatty
acid malabsorption by improving expression of fatty acid transporter protein 4
(FATP4)!
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ABSTRACT: Bacterial infection causes nutrient
malabsorption in small intestine. KR-32, a kind of
synthetic antimicrobial peptide, has the bacterio-
static effect. In the present study, 2 experiments
were designed to analyze the effects of KR-32
on fat absorption of piglets with or without
Escherichia coli infection. In Exp. 1, 12 weaning
piglets (21 d old) were allocated to 2 groups: pig-
lets with an intraperitoneal (i.p.) injection of anti-
microbial peptide KR-32 (APK) and piglets with
an 1.p. injection of an equivalent volume (1 mL)
of phosphate-buffered saline (PBS) (CON-1).
Results showed that after 7 d of growth, KR-32
did not significantly change growth performance
and apparent total tract digestibility (ATTD)
of feed nutrients of normal pigs. To confirm
whether KR-32 affects those of enterotoxigenic
Escherichia coli (ETEC) K88—challenged pigs, we
performed Exp. 2, in which 18 piglets (28 d old)
were divided into the following 3 groups: 1) pig-
lets orally challenged with 1 x 10 cfu ETEC K88
on day 1 followed by an i.p. injection of 0.6 mg/
kg KR-32 (K88 + APK); 2) piglets orally chal-
lenged with 1 X 10'° c¢fu ETEC K88 on day 1 fol-
lowed by an i.p. injection of an equivalent volume
(1 mL) of PBS (K88); and 3) piglets with an oral

administration of fresh Luria—Bertani broth
(50 mL) followed by an i.p. injection of an equiva-
lent volume of PBS (CON-2). Results showed that
ETEC K88 challenge led to poor ADFI, ADG,
and G:F in piglets; decreased ATTD of feed nutri-
ents, especially CP and ether extract (EE); and in-
testinal morphology disorder. After i.p. injection
of KR-32, ADG and ATTD of CP and EE were
greatly increased, G:F was significantly reduced
(P <0.05), and, especially, ATTD of EE returned
to a normal level compared with group CON-2.
Fatty acid absorption also highly increased after
KR-32 injection. Then we focused on fat digestion
and fatty acid uptake. The pH in the intestine and
pancreas lipase showed no difference among the 3
treatment groups, whereas fatty acid transporter
protein 4 (FATP4) expression was remarkably im-
proved (P < 0.05) and the epithelial barrier was
recovered after i.p. injection of KR-32. In conclu-
sion, KR-32, given to ETEC K88—challenged pig-
lets, improved growth performance, ATTD of EE,
fatty acid absorption, and intestinal morphology,
which indicated that KR-32 was likely to improve
the expression of FATP4 and by repairing the
epithelial barrier, thereby alleviating fatty acid
malabsorption.
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INTRODUCTION

The small intestinal epithelium is the main site
of nutrient absorption. The disruption of the small
intestinal epithelial barrier, which mainly means
the changes in permeability, is frequently asso-
ciated with diarrhea, such as steatorrhea (Jonas
et al., 1979), which always leads to malabsorption
in newborns (Xing et al., 2017). Enterotoxigenic
Escherichia coli (ETEC) K88 is one of the main
pathogenic bacteria causing intestinal barrier in-
jury, mainly related to tight junction dysfunction
(Roselli et al., 2007; Yang et al., 2014; Pan et al.,
2017). After colonization in the small intestine and
the release of enterotoxins, ETEC K88 induces
fluid losses (Fairbrother et al., 2005; Guignot
et al., 2007) and disturbs ion transport (Eisenhut,
2006), which causes severe watery diarrhea and
subsequent growth retardation in neonatal and
postweaning piglets, leading to great economic loss
in swine production (Fairbrother et al., 2005).

Many nutrients cannot be directly utilized
unless digested and absorbed (Borgstrom, 1968;
Gray, 1970; Newcomer, 1973). Digestive enzymes,
mainly synthesized and secreted by the pancreas,
rely on proper pHs and temperatures to catalyze
the degradation of nutrients (Holtzapple et al.,
1975). Fats, one of the 3 main nutrients, are hydro-
lyzed into long-chain fatty acids (LCFAs) and
monoacylglycerols by lipases in the small intes-
tine; then, LCFA and monoacylglycerols are trans-
ported into enterocytes by fatty acid transport
proteins for further assembly (Rossi et al., 2010;
Buttet et al., 2014). It is known that LCFAs not
only interact with various cell membrane struc-
tures, transporters, ion channels, enzymes, and
hormone receptors in cells to regulate animals’
physiological process but also play an important
role in energy supply, especially in nursery pigs,
because fatty acids can provide much more en-
ergy than the same mass of proteins and carbohy-
drates (Fijlstra et al., 2013). The uptake of LCFA
from the intestinal lumen into enterocytes is me-
diated by multiple transporters including fatty
acid transporter protein 4 (FATP4), Cluster of
Differentiation 36 (CD36, also named fatty acid
translocase), and intestinal fatty acid-binding
protein (iFABP), which has been demonstrated by
gene knockout or overexpression experiments in
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vitro, as well as in mice (Stahl et al., 1999; Nauli
et al., 2006).

Antimicrobial peptides, secreted by various
organisms, are small peptides with antibacterial
and bacteriostatic functions (Kimbrell, 1991;
Javadpour et al., 1996). The concentration of
antimicrobial peptides in vivo is much lower
than that of antimicrobial peptides for bacterio-
stasis in vitro (Afacan et al., 2012), which sug-
gests that antimicrobial peptides not only have
bacteriostatic and bactericidal effects (Xia et al.,
2015) but also take part in regulating immunity
(Niyonsaba et al., 2002). Host defense peptide
LL-37, an antimicrobial peptide in human, in-
hibits the migration of p65, a subunit of nuclear
factor-kB (NF-xB) (Nijnik et al., 2009), which
activates the mitogen-activated protein kinase
(MAPK) (Wu et al., 2012) and phosphoinositide
3-kinase (PI3K) (Su et al., 2016) signaling path-
ways and selectively upregulates the expres-
sion of anti-inflammatory factors (Ribon et al.,
2019). What is more, LL-37 can directly bind to
lipopolysaccharides to inhibit Toll-like receptor
4 (TLR4) and its downstream signaling path-
ways (Suzuki et al., 2016). Our previous studies
reported that antimicrobial peptides could exert
immunomodulatory properties and maintain in-
testinal physical barrier functions in mice and
RAW264.7 cells (Zong et al., 2016; Chen et al.,
2018). Furthermore, Cathelicidin-WA (CWA, a
modified synthetic antimicrobial peptide) could
alleviate diarrhea in postweaning piglets and en-
hance host defense against E. coli O157 infection
in mice (Yiet al., 2016, 2017).

We developed a kind of modified synthetic
peptide KR-32, according to a natural antimicro-
bial peptide from snake. Just like CWA, KR-32
exhibits strong antimicrobial activities against
Gram-negative enteric bacteria (Wang et al., 2008;
Liu et al., 2011) and attenuates intestinal inflam-
mation through immune regulation (Zhang et al.,
2015; Yi et al., 2016). The present study explored
whether KR-32 could ameliorate fatty acid malab-
sorption caused by ETEC K88 infection, as fatty
acids are necessary nutrients.

The aim of the present study is to investigate
the role of KR-32 in digestion or absorption of
fats. We confirmed that KR-32 might attenuate
fatty acid malabsorption possibly by renewing the
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protein expression of FATP4 through recovering
intestinal integrity.

MATERIALS AND METHODS

Animals, Housing, Experimental Design, and Diets

Procedures used in these experiments were ap-
proved by the Zhejiang University (Hangzhou,
Zhejiang, P.R. China) Animal Care and Use
Committee. The basal diet (Table 1) was formulated
as a powder without any in-feed antibiotics, based
on equal DM, CP, and ether extract (EE) contents
and met the NRC (2012) nutrient requirements.

Experiment 1. Twelve young female piglets
[male Duroc X female (Landrace X Yorkshire), 21
d old, and initial BW of 6.68 + 0.43 kg] were ran-
domly allocated to 2 treatment groups as follows:
1) piglets with an intraperitoneal (i.p.) injection of
an equivalent volume (1 mL) of phosphate-buffered
saline (PBS) (CON-1; n = 6) and 2) piglets with an
1.p. injection of 0.6 mg/kg antimicrobial peptide
KR-32 (APK; n = 6) [the dosage was based on re-
sults from CWA (Yi et al., 2016), whose antimicro-
bial activity is similar with that of KR-32 in vitro
pre-experiment, and because the effect of KR-32 is

Table 1. Ingredient compositions and nutrient con-
centrations in Exp. 1 and Exp. 2 (as-fed basis)

Ingredient, %

Corn 54.90
Extruded soybean 11.00
Soybean meal 21.10
Bran 2.00
Fish meal 3.00
Soy oil 2.00
Calcium carbonate 1.00
Calcium superphosphate 1.00
Premix! 4.00
Total 100.00
Analyzed composition

DM, % 88.85
CP, % 18.58
EE%, % 6.33
Total AA, % 14.09
Ca, % 0.73
Total P, % 0.59
Glycinin, g/kg 37.52

p-Conglycinin, % 40.89

"Premix provided per kilogram of complete diet: 6,000 [U vitamin
A, 900 IU vitamin D,, 3 mg vitamin E, 30 pg vitamin B,,, 0.75 mg
vitamin K,, 18 mg p-pantothenic acid, 30 mg niacin, 80 mg iron,
0.45 mg iodine, 20 mg copper, 0.1 mg selenium, and 100 mg zinc.

’EE = ether extract.
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unstable if added into diet or administered orally
in piglets, i.p. injection of APK was chosen for pig-
lets]. All piglets were separately fed basal diets for
1 wk, and the experimental group was administered
KR-32 once a day for 3 d from day 4.

Experiment 2. Eighteen young female piglets
[male Duroc X female (Landrace X Yorkshire),
28 d old, and initial BW of 7.77 £ 0.35 kg] were
randomly allocated to 3 treatment groups as fol-
lows: 1) piglets with an oral administration of fresh
Luria—Bertani (LB) broth (50 mL) followed by an
1.p. injection of PBS, equivalent volume to KR-32
solution (=1 mL) (CON-2; n = 6); 2) piglets orally
challenged with 1 X 10" cfu ETEC K88 (Che et al.,
2017) on day 1 followed by an i.p. injection of an
equivalent volume (1 mL) of PBS (K88; n = 6); and
3) piglets orally challenged with 1 X 10" cfu ETEC
K88 on day 1 followed by an i.p. injection of 0.6 mg/
kg KR-32 (K88 + APK; n = 6). After challenged
with ETEC K88, the pigs showed rapid emaciation
and the accompanying diarrhea. And ETEC K88
could be detected from fecal in challenged pigs
(Fig. 1). All piglets were separately fed basal diets
for 1 wk, and the experimental group was adminis-
tered KR-32 once a day for 3 d from day 4.

The number of weaned piglets with diar-
rhea and its duration were observed and recorded
during the feeding trial. Diarrhea was defined as li-
quid consistency over a minimum of 2 consecutive
days. The incidence of diarrhea (%) was calculated
as a percentage of the number of diarrheal piglets
during the period divided by the total number of
piglets (Qian et al., 2016).

Feces from each pig were collected from day 4 to
day 6 between 8:00 and 20:00 each day for apparent
total tract digestibility (ATTD) evaluation, and ADG
and ADFI were calculated from day 1 to day 6 in
Exp. I and Exp. 2. On day 7, in Exp. 2, pigs were sac-
rificed after anesthesia with 1.p. injection of 15 mg/kg
BW of pentobarbital sodium (Che et al., 2017).

According to Brestensky et al. (2017), coeffi-
cients of ATTD of nutrients were calculated using
the formula given below:

ATTD (%) = 100 x [1 — (Ni x Md)/(Nd x Mi)]

Nd represents a dietary concentration of the nu-
trient, Md represents a dietary concentration of
marker (acid-insoluble ash as marker in the study),
Ni represents a concentration of the nutrient in
feces, and Mi represents concentration of marker
in feces (all values expressed in grams per kilogram
of DM).
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General Health Status

K88 Status

Pigs

Figure 1. The general health status and the K88 status of the pigs
prior to dpi 0. After challenged with enterotoxigenic Escherichia coli
(ETEC) K88, physical status, feces, and ETEC K88 in feces of pigs
were observed.

BW of piglets was measured on day 1 and day
7 for initial BW and final BW, respectively. Feed in-
take of piglets was calculated using the following
formula:

M (feed intake) = M (initial feed) — M (remaining feed)

M (feed intake) represents the feed intake of piglets
from day 1 to day 7, M (initial feed) represents the
initial feed weight on day 1, and M (remaining feed)
represents the left feed weight on day 7 that piglets
did not eat yet, and ADFI = M (feed intake)/6.

Antimicrobial Peptide and Bacterial Preparation

The synthetic and purified (>95%) KR-32 pep-
tide (GL Biochem (Shanghai) Ltd., Shanghai, P.R.
China) was dissolved in sterile saline before injec-
tion. Standard Escherichia strain E. coli O60:K88,
producing heat-labile toxins, was purchased from
China General Microbiological Culture Collection
Center (Beijing, PR. China). Bacteria were incu-
bated in fresh LB broth at 37 °C, shaken overnight,
diluted in fresh LB broth at a ratio of 1:100, and
then shaken for 1 h at 37 °C. Bacteria grown to the
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mid log phase of the growth curve (absorbance
under 600 nm = 0.5), which showed high vitality,
were used for experiments. Following incubation,
the bacteria were concentrated by centrifugation at
3,000 X g for 10 min at 4 °C and resuspended in LB
broth. Hundred milliliters of LB broth contain 1 X
10" cfu ETEC K88 in the end.

Detection of ETEC K88 in feces

Bacterial genomic DNA was extracted from
feces of pigs using a TIANamp Stool DNA Kit
(TTANGEN, Beijing, P.R. China) according to the
manufacturers’ instruction. The PCR reaction was
performed in a total volume of 20 pL containing
10 uL of 2xQuick Tag HS DyeMix (TOYOBO,
Shanghai, PR. China), 100 ng of bacterial genomic
DNA, and 0.5 pM of each primer. Amplification
conditions were as follows: initial denaturation at
94 °C for 5 min, followed by 35 cycles consisting of
30sat 94 °C, 30sat 56 °C, 40 s at 72 °C, and a final
extension at 72 °C for 10 min. The PCR products
were subjected to electrophoresis and the results
were analyzed by gel imaging and analysis system
(CliNX, Shanghai, P.R. China). The primers de-
signed for detection of ETEC K88 were as follows:
forward: GGTGATTTCAATGGTTCGGTC, re-
verse: AATGCTACGTTCAGCGGAGCG.

Chemical Analysis

Feed and feces samples were analyzed for DM,
CP, EE, calcium, phosphorus, ash, and AA ac-
cording to procedures of the AOAC International
(2000). p-Conglycinin and glycinin concentrations
in feed were analyzed using an indirect ELISA kit
(Longzhoufangke Bio Co., Beijing, PR. China) ac-
cording to the manufacturer’s instruction.

Collection of Blood and Tissue

After overnight fasting on day 7, all the piglets
in Exp. 2 were orally given 10 mL of olive oil. Blood
samples were collected in centrifuge tube with hep-
arin before the start of oral fat administration (0 h)
and afterwards (at 1, 2, 3, 4, and 6 h after oral
gavage) from the anterior vena cava after the pigs
were anesthetized with isoflurane (Chi et al., 2017).
The collected blood was immediately centrifuged at
2,000 x g for 10 min at 4 °C, and the plasma was
stored at —80 °C.

After blood collection, the piglets were sac-
rificed and the intestines were quickly removed.
Small parts of the mid duodenum, jejunum, and
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ileum were gently washed and then fixed in 4%
paraformaldehyde for hematoxylin and eosin
(H&E) staining and in 2.5% glutaraldehyde fixative
for scanning electron microscopy and transmission
electron microscopy. The remaining mid jejunum
was opened longitudinally, and the mucosal of mid
jejunum was scraped off with slides gently. Then
mucosal scrapings and pancreas were collected,
quickly frozen in liquid nitrogen, and stored at
—80°C for further study.

The Fecal Shedding of Total E. coli

Fresh fecal samples were aseptically obtained
from each piglet on day 0, 3, and 6, respectively.
Each sample (1 g) was made to 6 serial, 10-fold di-
lutions according to the fecal E. coli concentrations
in the pretest (before the experiment), and 100 pL
of each dilution was spread in duplicate onto Eosin
Methylene Blue agar plates. The plates were incu-
bated at 37 °C for 24 h. The colonies with metallic
color on the agar plates were counted as total E. coli
in fecal matter. The numbers of total E. coli present
in the undiluted rectal feces were calculated. The re-
sults were expressed as log, -transformed data.

Analyses of Total Cholesterol, Triglyceride, and
Free Fatty Acid Levels in Plasma and Small
Intestine Contents

Plasma total cholesterol (TC), triglyceride
(TG) and free fatty acid (FFA) levels were analyzed
using an automatic biochemical analyzer (Olympus
AU2700) in Affiliated Hospital of Hangzhou
Normal University (Hangzhou, China). TG in
the small intestine was detected using a TG assay
kit (Solarbio, Beijing, P.R. China) and FFAs in
the small intestine were detected using FFA assay
kits (Solarbio), according to the manufacturers’
instructions.

Detection of Fatty Acids in Plasma

The analysis of plasma fatty acids was per-
formed using gas chromatography—mass spec-
trometry (GC-MS). GC-MS analysis was used to
quantify fatty acid concentrations in piglet serum
samples. Serum samples were thawed at room tem-
perature, 10 mL of 1 mol/liter KOH-CH,OH was
added into 100 pL of serum samples with sufficient
mixing under nitrogen condition, and the samples
were distilled for 30 min at 60 °C. After the solu-
tion cooled, 4% hydrochloric acid—methanol solu-
tions were added, and the sample was incubated
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for 10 min under 60 °C water bath. After cooling
again, the solution was mixed with n-hexane and
saturated sodium chloride solution sufficiently, and
then supernatant liquid was injected after centrifu-
gation for GC-MS analysis.

Western Blot Analysis

Scraped intestinal mucosa from the jejunum was
homogenized using a Whole Protein Extraction Kit
(Nanjing KeyGen Biotech. Co. Ltd., Nanjing, PR.
China), and protein concentrations were quantified
using a BCA Protein Quantification Kit (Nanjing
KeyGen Biotech. Co. Ltd.). Equivalent proteins were
separated using 12% SDS-PAGE and electroblotted
onto polyvinylidene fluoride membranes and then
blocked with 5% fat-free milk. Then, membranes
were incubated overnight at 4 °C with primary anti-
bodies for P-actin (1:500, 60008-1-1g, Proteintech
Group, Wuhan, PR. China), CD36 (1:500, 18836-1-
AP, Proteintech Group), iFABP (1:500, 21252-1-AP,
Proteintech Group), and FATP4 (1:500, 51035-1-
AP, Proteintech Group) and subsequently incubated
with goat anti-rabbit IgG secondary horseradish
peroxidase-conjugated antibody (1:5000, 10285-1-AP,
Proteintech Group) for 1 h at room temperature. The
protein blots were photographed using a Tanon 4200SF
Chemiluminescent Imaging System (CIiNX). Intensity
of blots was quantified using ImagelJ software.

Intestinal Morphology Analysis

Tissues fixed with paraformaldehyde were em-
bedded in paraffin, and sections (5 pm) were stained
with H&E. Images of paraffin section of the jejunum
were obtained using a Leica DM3000 Microsystem
(Leica Camera AG, Wetzlar, Germany). The villi
height and crypt depth were measured using the
Leica Application Suite version 3.7.0. Values of
villi height or crypt depth were the average of 3
measurements for each pig.

Histologic Scoring

According to image analysis method (Rogers
etal., 2016), the severity and extent of inflammation
caused by ETEC K88 were scored by a pathologist
and 5 scientists with basic histological experience as
judges according to the following criteria:

0: healthy small intestine;

I: minimal inflammation with minimal to no separation
of crypts (generally focal affecting <10% of mucosa);

2: mild inflammation with mild separation of crypts
(generally affecting 11% to 25% of mucosa or mild,
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diffuse inflammatory infiltrates with minimal separ-
ation of crypts);

3: moderate inflammation with separation of crypts,
with or without focal effacement of crypts (generally
affecting 26% to 50% of mucosa or moderate, diffuse
separation of crypts);

4: extensive inflammation with marked separation and
effacement of crypts (generally affecting 51% to 75%
of mucosa); and

5: diffuse inflammation with marked separation and
effacement of crypts (generally affecting >75% of
mucosa).

The duodenum, jejunum, and ileum were each
scored individually and summed for the total histo-
logic score of each animal. The judges were blinded
to the treatment groups at the time of scoring.

Scanning Electron Microscopy and Transmission
Electron Microscopy

Jejunum  tissue was fixed with 2.5%
glutaraldehyde overnight and then with 1% OsO,
for 1 h. The jejunum specimens were then dehy-
drated in a graded series of ethanol (30%, 50%,
70%, 80%, 90%, 95%, and 100%) for 20 min at each
step. Then the samples could be used for scanning
electron microscopy and transmission electron
microscopy.

The samples for scanning electron microscopy
were transferred into an alcohol and isoamyl
acetate mixture (1:1, vol: vol) for 30 min followed
by isoamyl acetate for 1 h. The specimens were de-
hydrated with liquid CO, in a Hitachi model HCP-2
critical point dryer (Hitachi Ltd., Tokyo, Japan).
After being coated with gold—palladium, the de-
hydrated specimens were visualized using a Philips
model SU8S010 FASEM (Hitachi Ltd.).

The samples for transmission electron
microscopy were transferred into pure acetone for
20 min. The specimens were placed in a mixture of
pure acetone and Spurr’s resin (1:1 for 1 h and 1:3
for 3 h) and then embedded in Spurr’s resin over-
night. Next, the specimens in resin were heated at
70 °C for 9 h to solidify the resin, and then were
cut into sections. The sections were stained with ur-
anyl acetate and alkaline lead citrate for 15 min and
visualized using transmission electron microscopy
(model H-7650; Hitachi Ltd.).

Statistical Analysis

Statistical analysis was performed with SPSS
20.0 software (SAS Inc., Chicago, IL). Student’s
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t-test or one-way ANOVA followed by LSD mul-
tiple comparison tests were used to determine the
statistical significance. Differences were considered
significant at P <0.05.

RESULTS

Growth Performance

The effects of KR-32 on growth performance
of piglets challenged with or without ETEC K88
are shown in Table 2. In Exp. 1, there was no sig-
nificant difference in growth performance between
the CON-1 group and the APK group during the
experiment period. In Exp. 2, after challenged
with ETEC K88, the K88 group showed decreased
ADG, ADFI, and G:F compared with CON-2 (P
< 0.05). Whereas the K88 + APK group showed
small increases in ADG (43 to 116 g) and G:F (0.07
to 0.51) compared with the K88 group (P < 0.05).

Apparent Total Tract Digestibility

The effects of KR-32 on the ATTD of pig-
lets challenged with or without ETEC K88 are
shown in Table 3. No difference was found between
the CON-1 group and the APK group in Exp. 1,
whereas administration of KR-32 alleviated the
negative influence of ETEC K88 challenge in pigs
in Exp. 2. As shown in Table 3, KR-32 improved
(P < 0.05) the ATTD of CP and EE of pigs chal-
lenged with ETEC K88 by 17.46% and 32.93%,
respectively.

Fecal Shedding of Total E. coli

The result of total E.coli shedding is shown in
Table 4. At day 0, the fecal shedding of total E. coli
in 3 treatments remained largely consistent before
ETEC K88 challenge (P = 0.766). While at day
3, E.coli shedding in ETEC K88-challenged pigs
sharply increased compared with that in CON-2
(P < 0.05). After administrated with KR-32 i.p. in-
jection, the fecal shedding of total E.coli returned
down significantly at day 6 (P < 0.05).

Fat Absorption

The lipid absorption and metabolic status
under different treatments are shown in Fig. 2. TC
in plasma displayed similar concentration among 3
groups, but lower concentrations of TGs and FFAs
in plasma were observed in K88 group compared
with the control (P < 0.05). While in K88 + APK,
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Table 3. Apparent digestibility of nutrients of weaned pigs treated with KR-32 after challenged with or
without enterotoxigenic Escherichia coli (ETEC) K88

Exp. 1 Exp. 2
Treatment group' Treatment group?
Item CON-1 APK SEM P-value CON-2 K88 K88+APK SEM P-value
oM, % 77.11 76.48 0.56 0.637 75.66 69.31 74.23 1.37 0.129
CP, % 70.33 71.33 0.68 0.539 69.66° 54.06° 63.50¢ 2.39 <0.01
Crude fat, % 69.23 70.54 1.27 0.662 71.03¢ 51.62° 67.01° 3.50 0.024
Ca, % 53.10 50.13 1.75 0.459 56.92 40.24 43.58 0.04 0.141
P, % 47.10 46.61 1.31 0.874 45.33 32.33 37.67 3.04 0.228

~*Means within a row with different superscripts differ (P < 0.05).

!CON-1 = piglets with an intraperitoneal (i.p.) injection of an equivalent volume (1 mL) of PBS; APK = piglets with an i.p. injection of anti-
microbial peptide KR-32. n = 6 for the CON-1 group and n = 6 for the APK group.

2CON-2 = piglets with an oral administration of fresh Luria—Bertani broth (50 mL) followed by an i.p. injection of an equivalent volume of PBS;
K88 = piglets orally challenged with 1 x 10" cfu ETEC K88 on day 1 followed by an i.p. injection of an equivalent volume (1 mL) of PBS; K88 +
APK = piglets orally challenged with 1 x 10'° cfu ETEC K88 on day 1 followed by an i.p. injection of 0.6 mg/kg KR-32. n = 6 for the CON-2 group,
n =5 for the K88 group, and n = 5 for the K88 + APK group.

Table 4. The fecal shedding of total E. coli of piglets challenged with or without enterotoxigenic Escherichia
coli (ETEC) K88

Shedding data in Exp. 2! CON-2 K88 K88 + APK SEM P-value
Day 0 5.17 5.18 4.76 0.25 0.766
Day 3 5.67¢ 9.80° 9.16° 0.55 <0.05
Day 6 5.42¢ 10.30° 6.54% 0.59 <0.05

+®Means within a row with different superscripts differ (P < 0.05).

ICON-2 = piglets with an oral administration of fresh Luria—Bertani broth (50 mL) followed by an intraperitoneal (i.p.) injection of an equiva-
lent volume of PBS; K88 = piglets orally challenged with 1 X 10" cfu ETEC K88 on day 1 followed by an i.p. injection of an equivalent volume
(I mL) of PBS; K88 + APK = piglets orally challenged with 1 x 10'° cfu ETEC K88 on day 1 followed by an i.p. injection of 0.6 mg/kg KR-32.
n = 6 for the CON-2 group, n = 5 for the K88 group, and n = 5 for the K88 + APK group.
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Figure 2. Fat metabolism and absorption in pigs treated by enterotoxigenic Escherichia coli (ETEC) K88 with or without KR-32. (A) Total
cholesterol (TC), (B) triglyceride (TG), and (C) FFA concentrations in plasma of fasting pigs that were given olive oil for 2 h were analyzed using
an automatic biochemical analyzer. TG (D) and FFA (E) concentrations in small intestine of pigs that were given olive oil were analyzed using
assay kits, respectively. **P <0.01 for the K88 group vs. the K88 + APK group; APK = antimicrobial peptide KR-32; #P <0.05 compared with the
CON-2 group. CON-2 = piglets with an oral administration of fresh Luria—Bertani broth (50 mL) followed by an intraperitoneal (i.p.) injection of
an equivalent volume of PBS; K88 = piglets orally challenged with 1 X 10" cfu ETEC K88 on day 1 followed by an i.p. injection of an equivalent
volume (1 mL) of PBS; K88 + APK = piglets orally challenged with 1 x 10" cfu ETEC K88 on day 1 followed by an i.p. injection of 0.6 mg/kg
KR-32 in Exp. 2. Results are means and SEM (n = 6 for the CON-2 group, n = 5 for the K88 group, and n = 5 for the K88 + APK group).
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concentrations of TGs and FFAs in plasma of pigs  and FFA levels in small intestine of pigs in K88
were at the similar levels with CON-2 (P = 0.05)  were more than that in CON-2 (P < 0.05), and i.p.
(Fig. 2A—C). After given olive oil, unabsorbed TG  injection of KR-32 reduced unabsorbed TG and
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Figure 3. Concentration—time of fatty acids in the plasma of enterotoxigenic Escherichia coli (ETEC) K88—challenged pigs with or without
KR-32. Nine fatty acids C14:0 (A), C16:0 (B), C16:1 (C), C18:0 (D), C18:1 (E), C18:2 (F), C20:3 (G), C20:4 (H), and C22:6 (I) were detected. The
sum of these 9 fatty acids was shown as total fatty acids (J). * P <0.05 for the K88 group vs. the K88 + APK group; APK = antimicrobial peptide
KR-32. CON-2 = piglets with an oral administration of fresh Luria—Bertani broth (50 mL) followed by an intraperitoneal (i.p.) injection of an
equivalent volume of PBS; K88 = piglets orally challenged with 1 x 10! cfu ETEC K88 on day 1 followed by an i.p. injection of an equivalent
volume (1 mL) of PBS; K88 + APK = piglets orally challenged with 1 x 10" cfu ETEC K88 on day 1 followed by an i.p. injection of 0.6 mg/kg
KR-32 in Exp. 2. Results are means and SEM (n = 6 for the CON-2 group, n = 5 for the K88 group, and n = 5 for the K88 + APK group).
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FFA levels in small intestine of pigs challenged
with ETEC K88 (Fig. 2D-E). KR-32 seems to re-
lieve malabsorption and restore lipid metabolic
balance to general status.

In Exp. 2, 9 fatty acids, C14:0, C16:0, C16:1,
C18:0, C18:1, C18:2, C20:3, C20:4, and C22:6,
were checked out in serum of piglets. On the
whole, the concentrations of fatty acids in-
creased significantly after given olive oil (P <
0.05), and reached the peaks between 2- and
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3-h time points, then returned back to normal
levels slowly in all the 3 groups. Figure 3 shows
that ETEC K88 challenge caused marked re-
ductions in plasma concentrations of C18:1,
C18:2, C20:3, C20:4, and C22:6 at all the time
points after olive oil infusion compared with the
CON-2 group, and there was no lagging but less
absorption was observed in K88 group. Whereas
fatty acid concentrations in serum of K88 +
APK group were significantly improved at most
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Figure 4. The pH in the intestinal contents and the lipase activities in the pancreas of pigs. The pH values in contents of the duodenum (A),
jejunum (B), and ileum (C) and lipase activities in the pancreas (D) of pigs were analyzed. CON-2 = piglets with an oral administration of fresh
Luria—Bertani broth (50 mL) followed by an intraperitoneal (i.p.) injection of an equivalent volume of PBS; K88 = piglets orally challenged with
1 x 10 cfu enterotoxigenic Escherichia coli (ETEC) K88 on day 1 followed by an i.p. injection of an equivalent volume (1 mL) of PBS; K88 +
APK = piglets orally challenged with 1 x 10" cfu ETEC K88 on day 1 followed by an i.p. injection of 0.6 mg/kg KR-32 in Exp. 2; APK = anti-
microbial peptide KR-32; U = units of lipase activity; gprot = mass of protein (g). Data are means and SD. n = 6 for the CON-2 group, n = 5 for
the K88 group, and n = 5 for the K88 + APK group.
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Figure 5. The expression of proteins involved in the transport of fatty acids in the jejunum mucosa of pigs. (A) Western blot analysis of Cluster
of Differentiation 36 (CD36), fatty acid transporter protein 4 (FATP4), and intestinal fatty acid-binding protein (iIFABP) expression in jejunum
mucosa. (B) Representative histograms of CD36, FATP4, and iFABP. *P <0.05 for the K88 group vs. the K88 + APK group; APK = antimicrobial
peptide KR-32; #P <0.05 compared with the CON-2 group. CON-2 = piglets with an oral administration of fresh Luria—Bertani broth (50 mL)
followed by an intraperitoneal (i.p.) injection of an equivalent volume of PBS; K88 = piglets orally challenged with 1 x 10'° cfu enterotoxigenic
Escherichia coli (ETEC) K88 on day 1 followed by an i.p. injection of an equivalent volume (1 mL) of PBS; K88 + APK = piglets orally challenged
with 1 x 10" cfu ETEC K88 on day 1 followed by an i.p. injection of 0.6 mg/kg KR-32 in Exp. 2. Results are means and SEM (n = 6 for the CON-2
group, n = 5 for the K88 group, and n = 5 for the K88 + APK group).
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CON-2
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K88 K88+APK
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Figure 6. Antimicrobial peptide KR-32 improved intestinal morphology. Jejunum sections were used to analyze intestinal morphology. (A)
Jejunum tissue stained with hematoxylin and eosin (bars = 100 pm). (B) Scanning electron microscopy images (upper, 150%; lower, 30,000%) of je-
junum tissue. (C) Transmission electron microscopy images (bars = 2 pm) of jejunum tissue. CON-2 = piglets with an oral administration of fresh
Luria-Bertani broth (50 mL) followed by an intraperitoneal (i.p.) injection of an equivalent volume of PBS; K88 = piglets orally challenged with
1 X 10" cfu enterotoxigenic Escherichia coli (ETEC) K88 on day 1 followed by an i.p. injection of an equivalent volume (1 mL) of PBS; K88 +
APK = piglets orally challenged with 1 X 10" cfu ETEC K88 on day 1 followed by an i.p. injection of 0.6 mg/kg KR-32 in Exp. 2. APK = anti-

microbial peptide KR-32.

time points, especially C18:2, C20:3, and C20:4
(P <0.05).

Intestinal pH and Lipase Activity

There was no significant difference in pH values
of the duodenum, jejunum, and ileum among all 3
treatment groups in Exp. 2. In the pancreas, there
was no significant difference in pH and lipase ac-
tivity among the 3 groups (CON-2, K88, and K88 +
APK; Fig. 4).

The Expression of FATP4

The expression of proteins involved in the
transport of fatty acids in the jejunum mucosa of

pigs is shown in Fig. 5. FATP4 and iFABP levels
of the jejunum mucosa were significantly decreased
in pigs orally treated with ETEC K88 (P < 0.05),
whereas 1i.p. injection of KR-32 prevented FATP4
from decreasing (P < 0.05), but failed to remark-
ably improve iFABP (P > 0.05). CD36 showed no
change among the treatment groups (P > 0.05).

Intestinal Integrity

Intestinal epithelia of the jejunum showed
serious injury, with discontinuous brush borders
and blunt villi, in ETEC K88-challenged pigs,
whereas treatment with KR-32 after ETEC chal-
lenge resulted in a little improvement (Fig. 6A).
Villus height, crypt depth, and the ratio of villus
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Table 5. Villous height, crypt depth, villous height: crypt depth ratio, histologic score and diarrhea rate

[mean (SD)] of the intestine in Exp. 2

Treatment group!

Item CON-2 K88 K88 + APK
Duodenum
Villous height, pm 496 (22)* 277 (18)° 416 (30)
Crypt depth, pm 231 (25) 286 (8) 293 (26)
Villous height:crypt depth ratio 2.31(0.32)* 0.97 (0.06)® 1.44 (0.10)®
Jejunum
Villous height, pm 461 (37)* 289 (12)° 427 (23)*
Crypt depth, pm 204 (15)* 280 (6)° 210 (18)*
Villous height:crypt depth ratio 2.30 (0.22)* 1.03 (0.04)® 2.03 (0.11)*
Ileum
Villous height, pm 378 (31) 265 (15)° 353 (30)
Crypt depth, pm 172 (16)* 269 (9)° 237 (23)°
Villous height: crypt depth ratio 2.30 (0.27)* 0.99 (0.09)® 1.56 (0.19)®
Histologic score 0.22 (0.32)* 3.50 (0.65)° 0.97 (0.21)¢
Diarrhea rate (day 4 to day 6), % 0 (0) 88.9 (17.2)° 66.6 (29.9)°

“*Means within a row with different superscripts differ (P < 0.05).

!CON-2 = piglets with an oral administration of fresh Luria-Bertani broth (50 mL) followed by an intraperitoneal (i.p.) injection of an equiva-
lent volume of PBS; K88 = piglets orally challenged with 1 X 10'° cfu ETEC K88 on day 1 followed by an i.p. injection of an equivalent volume
(1 mL) of PBS; K88 + APK = piglets orally challenged with 1 X 10'° cfu ETEC K88 on day 1 followed by an i.p. injection of 0.6 mg/kg KR-32.
n = 6 for the CON-2 group, n = 5 for the K88 group, and n = 5 for the K88 + APK group.

height to crypt depth of different specimens are
presented in Table 5. After ETEC K88 infec-
tion, villous height (duodenum, jejunum, and
ileum) and villous height: crypt depth ratio (duo-
denum, jejunum and ileum) were decreased (P <
0.05), and crypt depth (jejunum and ileum) was
increased dramatically (P < 0.05). While a favor-
able turn appeared in K88 + APK group, some
of the bad conditions were inhibited, villous
height of the 3 intestinal segments increased sig-
nificantly compared with that in K88 group (P <
0.05), and even the villous height and crypt depth
of jejunum returned back to control level (P >
0.05). The results suggested KR-32 treatment
could ameliorate the villus shortening induced by
ETEC K88 infection. Intestinal histologic scores
showed remarkable decrease in K88 + APK group
compared with ETEC K88-challenged pigs (P <
0.05), and diarrhea rate also deceased but did not
show significant difference. Scanning electron
microscopy was used to observe the surface of
intestinal villi and microvilli in the jejunum (Fig.
6B). The jejunal surface of piglets challenged with
ETEC K88 was severely damaged, and KR-32
treatment alleviated the damage caused by ETEC
K88. Further observations at 30,000x magnifica-
tion showed that the microvilli of the jejunal epi-
thelium of ETEC K88-challenged piglets were
severely shed but that the KR-32 treatment re-
lieved the disruption of the jejunum with sparsely
and irregularly arranged microvilli. The intestinal
microvilli in the K88 group appeared to be sparse

and different in length at a scale of 2 pm, and the
K88 + APK group showed neater intestinal micro-
villi compared with the K88 group (Fig. 6C).

DISCUSSION

Although antimicrobial peptides were always
considered for their bactericidal function, we also
wanted to know whether antimicrobial peptides
had an effect on nutrient absorption. In the present
study, we explored the effect of KR-32 on fat ab-
sorption in pigs. KR-32 had no effect on growth
performance and ATTD of general healthy pigs, but
successfully ameliorated severe nutrient malabsorp-
tion caused by ETEC K88 in pigs, maybe through
promoting the repair of the intestinal barrier.

According to the results above, we confirmed
that ETEC K88 challenge leads to poor growth
performance; low ATTD, especially for EE and CP;
and fat malabsorption among weaning pigs. Some
of these findings are in agreement with previous
data showing decreased growth and digestibility in
piglets infected with ETEC K88 (Bosi et al., 2004;
Che et al., 2017). According to the results of serum
fatty acid concentrations changing with time, the
peak of fatty acid concentration in each group ap-
peared basically at the same time, about 2 to 3 h
after given olive oil. We confirmed that the fatty
acid absorption was inhibited rather than delayed
in ETEC K88—challenged pigs.

We focused our attention on the progress of
fat digestion and fatty acid uptake (Holtzapple
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et al., 1975) to analyze the reasons for lipid mal-
absorption caused by ETEC K88. The pH in small
intestine contents and lipase secreted by the pan-
creas (Hartwell, 1938) reflected fat digestibility but
shows no remarkable change after ETEC K88 in-
fection, whereas the levels of FATP4 and iFABP, 2
main fatty acid transporters (Nickerson et al., 2009;
Venkatachalam et al., 2013), in the K88 group were
significantly decreased compared with those in
control, which suggested that ETEC K88 mainly
inhibited fatty acid uptake, which led to malabsorp-
tion of fats.

There are a lot of studies confirming that
nontropic steatorrhea, a kind of fatty diarrhea, is
surely related to the intestinal integrity (Schulzke
et al., 1998; Montalto et al., 2002; Schumann et al.,
2017), and a recent research showed that the loss of
claudin-2 and claudin-15 of tight junctions leads to
death from serious malnutrition (Wada et al., 2013).
We are also aware of epithelial barrier damage after
ETEC K88 challenge. Intestinal epithelia of the je-
junum showed serious injury, with blunt and short
villi, in ETEC K88-challenged pigs, and a reduced
ratio of villus height to crypt depth in the K88
group indicated nutrient malabsorption, for ratio
of villus height to crypt depth was positive to ab-
sorbency to nutrition in intestines (Palander et al.,
2013). Scanning electron microscopy and transmis-
sion electron microscopy results further showed
disordered villi, sparse microvilli, and blurry bound-
aries between tight junctions, which indicated epi-
thelial barrier damage. It was suggested that ETEC
K88 might inhibit fatty acid absorption through
destroying intestine integrity. Antimicrobial peptides
and host defense peptides could repair the damaged
epithelial barrier through sterilization (Jung et al.,
2008) or immunity regulation (Niyonsaba et al.,
2002; Afacan et al., 2012). KR-32 could relieve epi-
thelial barrier damage caused by ETEC K88, which
reduced piglet diarrhea rate and fecal E.coli shed-
ding. What was more, pigs in the K88 + APK treat-
ment group showed improved growth performance
and ATTD of EE compared with pigs in the K88
treatment group. Next, we found ETEC K88-chal-
lenged pigs absorbed more fatty acids after i.p. in-
jection of KR-32 than pigs did in the CON-2 group,
which may be caused by the improved expression of
FATP4 through KR-32. KR-32 could effectively re-
store intestinal integrity in ETEC K88—challenged
pigs, which were manifested in decreased level of in-
testinal damage, increased villus height: crypt depth,
improved microvilli form and clear tight junction.
It was suggested that KR-32 could relieve fat mal-
absorption through improving FATP4 expression
during the recovery of intestinal integrity.

Liu et al.

In conclusion, KR-32 could improve FATP4
expression through epithelial barrier recovery to
increase fatty acid uptake and improve growth per-
formance and ATTD of EE in ETEC K88-chal-
lenged pigs. In order to understand the molecular
mechanism of the relationship between KR-32 and
fatty acid transporters in the epithelial barrier, tight
junctions will be examined in further research.
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