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Oral delivery of a Lactococcus lactis strain secreting
bovine lactoferricin–lactoferrampin alleviates the development
of acute colitis in mice
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Abstract
Ulcerative colitis (UC) is a chronic relapsing disease. Treatment of UCwould benefit from specific targeting of therapeutics to the
intestine. Previous studies have demonstrated that bovine lactoferricin and lactoferrampin have bactericidal, anti-inflammatory,
and immunomodulatory effects. Here, we investigated whether oral administration of a bovine lactoferricin–lactoferrampin
(LFCA)-encoding Lactococcus lactis (LL-LFCA) strain could alleviate experimental colitis. LFCA derived from LL-LFCA
inhibited the growth of Escherichia coli and Staphylococcus aureus in vitro. In mice, administration of LL-LFCA decreased the
disease activity index and attenuated dextran sulfate sodium (DSS)–induced body weight loss and colon shortening. LL-LFCA
treatment also ameliorated DSS-induced colon damage, inhibited inflammatory cell infiltration, significantly decreased
myeloperoxidase activity, and ameliorated DSS-induced disruption of intestinal permeability and tight junctions. In addition,
16S rDNA sequencing showed that LL-LFCA reversed DSS-induced gut dysbiosis. The production of proinflammatory medi-
ators in serum and the colon was also reduced by administration of LL-LFCA. In vitro, LFCA derived from LL-LFCA decreased
the messenger RNA expression of proinflammatory factors. The underlying mechanisms may involve inhibition of the nuclear
factor kappa B (NF-κB) pathway. The results demonstrate that LL-LFCA ameliorates DSS-induced intestinal injury in mice,
suggesting that LL-LFCA might be an effective drug for the treatment of inflammatory bowel diseases.
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Introduction

Inflammatory bowel disease (IBD) is a group of chronic con-
ditions of the colon and small intestine that includes Crohn’s

disease and ulcerative colitis (UC) (Liu et al. 2016a). UC is
characterized by acute abdominal pain, weight loss, diarrhea,
and even hematochezia, which can severely reduce the quality
of life (Gao et al. 2017). Although some drugs have been
tested in preclinical and clinical models of IBD, their thera-
peutic potential is limited and their clinical application re-
mains unrealized, as there is a significant cohort of patients
with refractory disease as well as others who cannot tolerate
the treatments or the severity of the side effects (Shigemori
et al. 2015). Therefore, therapeutic options that are safer and
more effective for the prevention and treatment of UC are
needed.

Although the precise etiology of the disease is unknown,
accumulating evidence indicates that inappropriate and
sustained mucosal inflammatory responses play a key role in
UC (Sun et al. 2015a). The overproduction of proinflamma-
tory cytokines, such as tumor necrosis factor alpha (TNF-α),
interleukin (IL)-6, IL-1β, and IL-12, in the intestine prolongs
the inflammatory cascade and may impair mucosal barrier
function and increase intestinal permeability (Carvajal et al.
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2017; Price et al. 2010). A disproportionately large number of
first-degree relatives of patients with IBD have increased in-
testinal permeability (Kang et al. 2017). This suggests that
barrier dysfunction may be an early defect in IBD. In addition,
previous studies have demonstrated decreased expression of
junction complex proteins in the intestinal mucosa of patients
with IBD (Vancamelbeke and Vermeire 2017).

Themajor function of the intestinal epithelial barrier, which
is composed of intestinal epithelial cells and tight junctions
(TJs), is to defend against the passage of toxins and pathogen-
ic organisms present in the intestinal lumen (Chon et al. 2010).
Once the barrier is disrupted, toxic luminal antigens may pass
into the lamina propria, and the resulting innate immune re-
sponse aggravates the release of multiple cytokines, which
appear to initiate and accelerate inflammation in UC (Deng
et al. 2018a). Therefore, maintaining the integrity of the struc-
ture and function of the intestinal barrier should alleviate the
development of inflammation or accelerate the resolution of
inflammation.

Pioneer’s studies have demonstrated the successful use of
food-grade lactic acid bacteria (LAB) for the oral delivery of
anti-inflammatory molecules to inflamed intestines (Martin
et al. 2014; Wang et al. 2016). This approach is based on the
local synthesis and delivery of therapeutic molecules by viable
recombinant LAB (recLAB) in situ. Delivery of antimicrobial
peptides (AMPs) that protect the host by suppressing the prop-
agation of a wide range of harmful bacteria can prevent in-
flammation in mouse models of colitis (Wong et al. 2017).

AMPs are cationic amphiphilic molecules with antimicro-
bial activity. They include defensins, cathelicidins, antimicro-
bial lactoferrin (LF) peptides, and other molecules (Patel and
Akhtar 2017). Bovine lactoferricin (Lfcin B) and
lactoferrampin (Lfampin) are two antimicrobial peptides de-
rived from the innate immunity factor LF (Sinha et al. 2013).
Lfcin B is a 25-amino acid peptide (LF amino acids 17–41)
that has more potent activity against bacteria than LF (Gifford
et al. 2005). Lfampin comprises residues 268–284 in the N1
domain of LF and also shows substantially higher activity
than LF (Van der Kraan et al. 2004). Recent reports have
suggested that a chimera of Lfcin B and Lfampin has stronger
activity and a broader antimicrobial spectrum than their con-
stituent peptides or the combination of these peptides
(Bolscher et al. 2012; Ruangcharoen et al. 2017). In addition
to its antimicrobial activity, the chimera has also been reported
to be involved in maintaining intestinal homeostasis (Tang
et al. 2009; Tang et al, 2012). Here, we joined Lfcin B and
Lfampin with a flexible linker (GGGS)2. The resulting peptide
was designated lactoferricin–lactoferrampin (LFCA).

The use of antibiotic resistance markers in recLAB can
cause safety problems (O’Connor et al. 2007; Toomey et al.
2010). Lactococcus lactis AMJ1543 is an alanine racemase
[alr] gene-deficient L. lactis that is derived from L. lactis
MG1363. L. lactis is influential in the alleviation of colitis

(Jones & Foxx-Orenstein 2007). Moreover, the use of
L. lactis vector would allow for a more cost-effective and
direct delivery of therapeutics to the site of inflammation.
L. lactis that is genetically modified to secrete a heterologous
protein (such as IL-27, IL-10, and transforming growth factor
β1) is perhaps the most promising application of this strategy
and has been demonstrated in several studies to be effective in
treating gastrointestinal inflammation (Hanson et al. 2014;
Rebeca et al. 2014; Bermudez-Humaran et al. 2015).
Therefore, in this study, we used the L. lactis Δalr strain
AMJ1543 (alr is a food-grade complementary auxotrophic
screening marker) as a mucosal delivery vehicle and devel-
oped a recombinant strain of L. lactis AMJ1543 secreting
biologically active LFCA (LL-LFCA).

We explored whether direct delivery of LFCA using
L. lactis AMJ1543 could ameliorate dextran sulfate sodium
(DSS)–induced experimental colitis in mice and if it could be
a useful strategy for the treatment of IBD.

Materials and methods

Reagents and cell culture

Reagent-grade DSS salt (MW 36–50 kDa, Cat. no. 160110)
wa s pu r ch a s ed f r om MP Biomed i c a l s (USA) .
Myeloperoxidase (MPO) and diamine oxidase (DAO) activity
assay kits were purchased from Nanjing Jiancheng
Bioengineering Institute (China). Limulus amebocyte lysate
reagent was purchased from GenScript (LAL test; USA).
4′,6-Diamidino-2-phenylindole (DAPI) was purchased from
Invitrogen (USA). All restriction enzymes and T4 DNA ligase
were purchased from New England Biolabs (USA). Bovine
serum albumin (BSA) was purchased from Roche Diagnosis,
Ltd. (China). Lipopolysaccharide (LPS) from Escherichia coli
serotype O55:B5 was purchased from Sigma-Aldrich (USA).
M-MLV Reverse Transcriptase was purchased from Promega
(USA). Enzyme-linked immunosorbent assay (ELISA) kits
for TNF-α, IL-6, IL-1β, and IL-12 were purchased from
eBioscience (USA). Primary monoclonal antibodies against
IκB, p65, p-IκB, p-p65, lamin A, and β-actin were purchased
from Cell Signaling Technology, Inc. (USA); antibodies
against zonula occludens-1 (ZO-1) were obtained from
Proteintech (USA); and claudin-2 and E-cadherin antibodies
were purchased fromAbcam (USA). All other chemicals used
in this study were reagent grade and were purchased from
Sigma. Synthetic LFCA (sLFCA) was synthesized (with
90% purity) by Genewiz Biological Technology Company,
Ltd. (China).

RAW264.7 and Caco-2 cells were obtained from the Cell
Bank of the Chinese Academic of Sciences (China) and were
cultured in Dulbecco’s modified Eagle’s medium (Gibco,
USA) supplemented with 10% fetal bovine serum (Sijiqing,
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China), 100 U/mL penicillin, and 100 μg/mL streptomycin at
37 °C in a 95% humidified atmosphere containing 5% CO2.

Bacterial strains and growth conditions

L. lactis AMJ1543 is an alanine racemase (alr)-deficient bac-
terium derived from L. lactis MG1363, which was kindly
provided by NIZO Food Research (Ede, The Netherlands).
The bacteria were cultured in M17 medium containing 0.5%
glucose and 200 μg/mL D-alanine overnight at 30 °C without
shaking. The genetically modified strain of L. lactis
AMJ1543, LL-LFCA, was grown in M17 supplemented with
0.5% glucose. Escherichia coli CVCC10141 and
Staphylococcus aureus CVCC25923 were cultured in Luria–
Bertani (LB) broth for 12 h to reach saturation (≥ 1.0 × 108 col-
ony forming units (CFU) per mL).

Construction of LL-LFCA

The recombinant plasmid pAMJ1653-LFCAwas constructed
as follows: LFCA consists of Lfcin B (GenBank accession no.
AY569034.1), and Lfampin joined with a flexible linker
(GGGS)2 (supplement Fig. S1a). The DNA encoding LFCA
was synthesized by Genewiz Biological Technology
Company, Ltd. The plasmid pMD-LFCA was digested with
BspQI and BglII restriction enzymes to release a fragment
encoding LFCA with compatible ends. The fragment was li-
gated into pAMJ1653, which carries the alanine racemase
gene (kindly provided by NIZO Food Research), at the
BspQI and BglII sites using T4 DNA ligase (supplement
Fig. S1b). The pAMJ1653-LFCAwas then electrotransformed
into competent L. lactisAMJ1543 cells, which were plated on
M17 plates without D-alanine for positive selection as previ-
ously described (Liu et al. 2012), to generate pAMJ1653-
LFCA/LL AMJ1543 (LL-LFCA).

Characterization of LFCA expression in L. lactis
AMJ1543

Recombinant LFCA-expressing L. lactis AMJ1543 (LL-
LFCA) and L. lactis AMJ1543 transformed with an empty
plasmid (LL-control) were cultured in M17 medium contain-
ing 0.5% glucose for 24 h. The cultures were centrifuged at
10,000×g for 5 min, and the culture supernatant and cell pellet
were collected. The supernatant was mixed with 100 μL of
100% trichloroacetic acid (TCA) and incubated for 10 min on
ice to precipitate the proteins, which were used to prepare a
20-fold concentration as previously described (Nandakumar
et al. 2003). The supernatant protein concentrate and cell pel-
let were analyzed by 18% tricine–SDS-PAGE and western
blotting using anti-bovine lactoferrin polyclonal antibodies
(prepared by our laboratory and diluted 1:500), as the primary
antibody, and horseradish peroxidase (HRP)–conjugated goat

anti-mouse IgG (1:4000), as the secondary antibody. The con-
centration of secreted LFCA was quantitated as previously
described (Zhou et al. 2018). The cell lysate and culture su-
pernatant of L. lactis AMJ1543 transformed with the empty
plasmid (LL-control) were included as controls.

E. coli and S. aureus growth inhibition assay

The killing activity of the lysate of LL-LFCAwas determined
by a colony culture assay as described previously
(Ruangcharoen et al. 2017). Briefly, E. coli CVCC10141
and S. aureus CVCC25923 (1 × 106 CFU) were grown in
the presence or absence of bacterial lysate from LL-LFCA
(10.0 μg of LFCA protein) in LB medium at 37 °C for 6 h,
12 h, 18 h, and 24 h; bacterial lysate from LL-control was used
as a negative control. The incubated mixture was serially di-
luted in physiological saline and plated on LB agar. Colonies
were counted after incubation at 37 °C for 24 h. The percent
killing or inhibition was calculated using the formula [1
− (CFU sample / CFU control)] × 100%. Each assay was per-
formed on three separate occasions, each with triplicate deter-
minations. After treatment with LFCA protein for 24 h, the
E. coli CVCC10141 and S. aureus CVCC25923 cell pellets
were treated as previously described (Flores-Villasenor et al.
2010) and observed using transmission electron microscopy
with a model JEM-1230 microscope (JEOL, Japan) operated
at 100 kV. sLFCAwas used as a positive control.

Animals and experimental design

The study was approved by the Animal Care and Use
Committee of Northeast Agricultural University and was per-
formed in accordance with institutional rules. Five-week-old
female C57BL/6 mice (weight, 20–25 g) were purchased from
Changchun Yisi Animal Research Institute (China). The mice
were bred and maintained under specific pathogen-free con-
ditions for a minimum of 1 week before the experiment. The
mice were randomly assigned to the control (CON), DSS-
treated, DSS+LL-LFCA–treated, and DSS+LL-control–treat-
ed groups. Acute colitis was induced by the oral administra-
tion of 3.5%DSS (w/v) in fresh tap water ad libitum for 7 days
(n = 12, per group) as described previously (Wirtz et al. 2007).
No major differences in water consumption were detected
between groups. LL-LFCA and LL-control were administered
intragastrically on days 1–7 at a concentration of 5 × 109 CFU
in 200 μL of phosphate-buffered saline (PBS).

L. lactis localization

LL-LFCA was stained with carboxyfluorescein diacetate
succinimidyl ester (CFDA-SE) as described previously
(Silva RT et al. 2014). The CFDA-SE–stained LL-LFCA
was administered to healthy C57BL/6 mice by oral gavage.
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Intestinal mucous was collected from the jejunum, ileum, and
colon at 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, and 24 h after treatment.
The intestinal mucous was diluted with PBS, and the fluores-
cence signal was assessed by flow cytometry using a
FACSCalibur device (BD Biosciences, USA).

Immunohistochemistry

The expression of LFCA of the colonic tissues was assessed as
previously described (Li et al. 2018). In brief, 3-μm sections
of paraffin-embedded tissues were cut and baked in the oven
followed by dewaxing deparaffinized to unmask antigens.
Sections were blocked with BSA for 1 h. For LFCA staining,
tissue sections were first incubated with anti-bovine LF poly-
clonal antibodies (prepared by our laboratory and diluted
1:50) overnight at 4 °C. HRP-labeled anti-mouse secondary
antibody was then used for incubating the washed sections for
30 min. Subsequently, immunoreactivity was visualized by
staining with diaminobenzidine (DAB) and examining by
light microscopy. Finally, sections were counterstained with
hematoxylin, dehydrated, mounted, and analyzed.

Assessment of disease activity and histological
analysis

Animals were euthanized with an overdose of diethyl ether on
day 8 and were analyzed for colitis by standard parameters as
described previously (Han et al. 2015). The Rachmilewitz
disease activity index (DAI) was calculated by using a previ-
ously established scoring system (Kasinathan et al. 2018). The
distal portion of the colon was used for histological analysis,
and the evaluation criteria were as previously described (Yin
et al. 2018).

Measurement of MPO activity

Neutrophil infiltration into the inflamed colonic mucosa was
quantified by assessing MPO activity using the O-dianisidine
method. Protein extracts from colonic were used to assess
MPO levels according to the manufacturer’s instructions.

Measurement of DAO and LPS levels and ELISA
quantification of cytokines

Blood was collected from the retro-orbital plexus at euthana-
sia in a BD Microtainer (Becton Dickinson, USA).
Hemolysis-free sera were obtained after centrifugation. DAO
activity in sera was measured using an assay kit according to
the manufacturer’s instructions. Serum LPS levels were deter-
mined using limulus amebocyte lysate according to the man-
ufacturer’s instructions. TNF-α, IL-6, IL-1β, and IL-12 levels
in serum were quantified by ELISA according to the manu-
facturer’s instructions.

Quantitative real-time PCR analysis

Tissues and cells were broken down and lysed by using a
TissueLyser 24 (Jingxin, China). Total RNAwas isolated with
TRIzol reagent and messenger RNA (mRNA) was reverse
transcribed into complementary DNA (cDNA) using M-
MLV Reverse Transcriptase. The cDNA was analyzed by
real-time quantitative PCR using an ABI 7500 apparatus
(Thermo Fisher Scientific, USA). The primers in the reaction
are shown in Supplemental Table S1. β-Actin was selected as
the reference gene due to its uniform expression in each sam-
ple, and the relative mRNA expression was calculated by the
2−ΔΔCt method.

Preparation of nuclear extracts and whole cell lysates

Nuclear protein extracts were prepared according to the mod-
ified method as described previously (Yin et al. 2018). Whole
cell lysates were prepared as described previously (Ren et al.
2018).

Western blotting

Total proteins were extracted from colon tissues or RAW264.7
macrophage cells that were lysed in radioimmunoprecipitation
assay (RIPA) buffer containing the protease inhibitor
phenylmethylsulfonyl fluoride. Proteins were separated and
subjected to western blotting as described previously (Yin
et al. 2018). Protein bands were detected immunologically
using antibodies against nuclear factor kappa B (NF-κB)
p65 (1:3000), NF-κB p-p65 (1:3000), IκB-α (1:2000), p-
IκB-α (1:1000), ZO-1 (1:1000), E-cadherin (1:1000), and
claudin-2 (1:1000). All blots were stripped and reprobed with
β-actin (1:4000) or lamin A (1:2000) antibodies to confirm
equal protein loading.

Immunofluorescence staining

Caco-2 cell monolayers were fixed in 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100, and blocked with 1%
BSA. Then, the monolayers were incubated with primary an-
tibodies against ZO-1 (1:50), E-cadherin (1:100), or claudin-2
(1:100) overnight at 4 °C. The cells were subsequently incu-
bated with the appropriate secondary fluorescent-conjugated
antibody for 1 h. Cell nuclei were stained with DAPI.
Fluorescence was examined by fluorescence microscopy
using a ZOE™ Fluorescent Cell Imager (Bio-Rad,
Singapore).

Microbiome analysis

Microbial DNA was extracted from mouse cecal samples
using the E.Z.N.A. Stool DNA Kit (Omega Bio-tek, USA)
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according to the manufacturer’s protocol. The V3–V4 region
of the eukaryotic 16S rDNA gene was amplified using the
primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and
806R (5′-GGACTACHVGGGTATCTAAT-3′). Each ampli-
fied product was concentrated by solid-phase reversible im-
mobilization and quantified by electrophoresis using a model
2100 Bioanalyzer (Agilent, USA). After quantifying the DNA
concentration using a NanoDrop spectrophotometer, each
sample was diluted to 1 × 109 mol/μL in Tris-EDTA buffer
and pooled. Then, 20μL of the pooledmixture was sequenced
with theMiSeq sequencing system (Illumina, USA) according
to the manufacturer’s instructions. The resulting reads were
analyzed as previously described (Liu et al, 2018; Ren et al.
2018). All 16S ribosomal RNA (rRNA) sequencing data were
submitted under accession no. SRP188494. (The CON group
corresponds to the Z group of the raw data).

Statistical analyses

Mean ± SD values were calculated, and the statistical
significance of differences was analyzed using one-way
analysis of variance (ANOVA) followed by multiple
comparisons between groups using Tukey’s post hoc
test. Differences with p values < 0.05 were considered
significant, and the significance is reported as *p ≤ 0.05
and **p ≤ 0.01. All calculations were performed using
SPSS 19.0 software (SPSS, Inc., USA).

Result

Generation of a L. lactis AMJ1543 strain producing
LFCA, and bioactivity of LFCA

In this study, we engineered recombinant L. lactis
AMJ1543 strains with a plasmid expressing LFCA
(LL-LFCA) and verified that the growth curves of LL-
LFCA and LL-control were similar, indicating that the
expression of LFCA did not impede the growth of
L . l a c t i s AMJ1543 (Supp l emen t a l F i g . S2 ) .
Immunoblotting of LL-LFCA cell lysates and superna-
tant confirmed the expression and secretion of LFCA by
the detection of a 4.6-kDa band (Fig. 1a, b). The ex-
pression level of LL-LFCA was higher in culture medi-
um at 16 h than at 12 h. However, there was no differ-
ence in expression between 16 and 24 h (Fig. 1c, d).

The capacity of LL-LFCA cell lysates to inhibit the
growth of E. coli and S. aureus strains was determined.
LL-LFCA lysates, but not the LL-control lysates, signif-
icantly inhibited the growth of E. coli and S. aureus
(49.23% and 64.43%, respectively) when cultured with
the lysate for 24 h (Fig. 2a, b), which was similar to
the levels of inhibition induced by sLFCA. Negative

staining and electron microscopy revealed that LL-
LFCA cell lysates damaged the morphology of E. coli
and S. aureus, and bacteria treated with LL-LFCA or
sLFCA lysate contained more atypical vesicles, protru-
sions, and filamentations than untreated cells (control)
and cells treated with LL-control cell lysate (LL-control;
Fig. 2c).

LL-LFCA is localized to the jejunum, ileum, and colon
in mice

Data concerning the localization of the LL-LFCA stained with
CFDA-SE in sections of gastrointestinal tract tissue are pre-
sented in Fig. 2d. Compared with 2 h after administration,
colonization of the LL-LFCA in the jejunum and ileum was
significantly reduced with time. Especially at 24 h and 6 h
after administration, the abundance of colonization of the
LL-LFCA in the jejunum and ileum was not significantly
different compared to that of control mice. However, at 24 h
after administration, LL-LFCA still colonized the colon, and
the abundance of colonization was significantly more than that
in the control. The expression of LFCA by the LL-LFCA in
the colonic mucosa was tested by immunohistochemistry.
LFCA was expressed in the LL-LFCA group, but not in the
control and LL-control groups (Fig. 2e).

LL-LFCA ameliorates clinical symptoms
and inflammation of DSS-induced colitis

DSS damaged the mucosal barrier of the colon, leading
to gut inflammation, weight loss, and other clinical
symptoms. Mice in the DSS and DSS+LL-control
groups showed significantly greater weight loss than
the control group on days 5–8, whereas weight loss of
the mice in the DSS+LL-LFCA group was significantly
relieved (Fig. 3a). The DAI score, which is an indicator
of the severity of colitis, is based on weight loss, fecal
blood, and fecal consistency (Kasinathan et al. 2018).
As shown in Fig. 3b, the DAI scores for the DSS and
DSS+LL-control groups were significantly higher than
those of the control group (p < 0.01). However, the
DAI scores for the DSS+LL-LFCA group were signifi-
cantly decreased (p < 0.01). The DSS+LL-LFCA group
exhibited remarkably less colon shortening than the
DSS group (p < 0.01). LL-control–treated mice also
showed slightly less colon shortening than DSS mice.
However, when compared with the DSS group, the dif-
ference in colon shortening failed to reach statistical
significance (Fig. 3c, d).

The severity of colonic inflammation and ulceration
was further evaluated by histopathological analysis
using hematoxylin and eosin staining (Fig. 4a). LL-
LFCA–treated mice exhibited less epithelium cell layer
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destruction, mucosa inflammation, and cell infiltration,
which resulted in significantly lower histological scores
than the DSS group (p < 0.01; Fig. 4b). LL-control–
treated mice displayed slightly less structural lesions
than DSS mice. However, when compared with the
DSS group, the difference in histological scores failed
to reach statistical significance. LL-LFCA treatment also
significantly attenuated DSS-induced hyperactivation of
MPO (p < 0.01; Fig. 4c), whereas there was no signifi-
cant difference between the DSS and DSS+LL-control
groups, which agreed with the histological findings. To
determine the anti-inflammatory effect of LL-LFCA on
DSS-induced colitis, the expression levels of the inflam-
matory markers TNF-α, IL-6, IL-1β, and IL-12 in se-
rum and colon tissues were evaluated. The mRNA ex-
pression levels of TNF-α, IL-6, IL-1β, and IL-12 were
lower in the DSS+LL-LFCA group than in the DSS and
DSS+LL-control groups (p < 0.01; Fig. 5a). The same
trend was observed in serum (Fig. 5b).

LL-LFCA ameliorates DSS-induced disruption of TJ
structure and intestinal permeability

Intestinal epithelial TJs play a key role in protecting against
inflammation. Therefore, the expression levels of the TJ-
associated proteins ZO-1, E-cadherin, and claudin-2 in the

colon were assessed and compared between groups using re-
al-time PCR and western blotting. As shown in Fig. 6a,
administration of LL-LFCA significantly enhanced the
mRNA expression levels of these three factors com-
pared with DSS-treated mice (p < 0.01). The mRNA ex-
pression levels of E-cadherin and claudin-2, but not ZO-
1, in the DSS+LL-control group were higher than those
in the DSS group (p < 0.05 and p < 0.01, respectively).
The mRNA expression levels of ZO-1, E-cadherin, and
claudin-2 were prominently upregulated in the DSS+LL-
LFCA group as compared with the levels in the DSS+
LL-control group. To further evaluate the protective ef-
fect of LL-LFCA against the disruption of TJs induced
by DSS, we assessed the protein levels of ZO-1, E-
cadherin, and claudin-2 by western blotting. As shown
in Fig. 6b, the same trends were observed.

Intestinal permeability was assessed by evaluating the
changes in plasma DAO and LPS, which are two useful
markers for assessing intestinal injury and monitoring in-
creases in intestinal permeability following severe injury
(Liu et al. 2016b; Niu et al. 2018). As shown in Fig. 6c, the
concentrations of DAO and LPS were significantly higher in
the DSS group than in the control group (p < 0.01). LL-LFCA
treatment significantly lowered the levels of plasma DAO and
LPS compared to those in the DSS and DSS+LL-control
groups (p < 0.01).

Fig. 1 Characterization of the
recombinant L. lactis Δalr
AMJ1543 strain producing LFCA
(LL-LFCA). Protein production
and secretion were analyzed by
western blotting, which resolved
LFCA as an immunoreactive 4.6-
kDa band (panels a and b), and
ELISA (panels c and d). LL-
LFCA and LL-control were cul-
tured for 24 h, and LFCA levels
were assayed in the cell lysates
and 20-fold TCA-concentrated
culture supernatant. Synthetic
LFCA (sLFCA) was used as a
positive control for the LFCA
immunoblot. Data are presented
as the means ± SD. **p < 0.01 vs.
the supernatant from LL-control

6174 Appl Microbiol Biotechnol (2019) 103:6169–6186



LL-LFCA enhances expression of ZO-1, E-cadherin,
and claudin-2 in Caco-2 cells

Immunofluorescence staining and real-time PCR were
performed to examine the localization of TJ proteins
in Caco-2 monolayers. As shown in Fig. 7a–f, both
recombinant LFCA and sLFCA treatments significantly
improved the expression of ZO-1, E-cadherin, and

claudin-2 compared to cells treated with DSS alone
(p < 0.01). The expression levels of E-cadherin and
claudin-2, but not ZO-1, in the DSS+LL-control group
were higher than those in the DSS group (p < 0.05).
Although the expression levels of E-cadherin and
claudin-2 in DSS+LL-control–treated cells were higher
than those in DSS-treated cells, the effect was not as
strong as that observed in DSS+LL-LFCA–treated cells.

Fig. 2 LFCA produced by LL-
LFCA is bioactive. a, b Bar graph
showing the effects of lysates
(10 μg protein) from LL-LFCA
cells on the growth of E. coli
CVCC10141 and S. aureus
CVCC25923. c Ultrastructural
damage in bacteria treated with
cell lysates (10 μg protein) from
LL-LFCA. Control, bacteria
treated with PBS; LL-control,
bacteria treated with cell lysates
from LL-control; LL-LFCA, bac-
teria treated with cell lysates from
LL-LFCA; sLFCA, bacteria
treated with 10 μg of synthetic
LFCA. Cells were analyzed by
electron microscopy. d LL-LFCA
localization in healthy mice.
Samples of the intestinal mucosa
of the jejunum, ileum, and colon
were collected from mice treated
with CFDA-SE–stained LL-
LFCA (CFDA-SE-LL-LFCA) for
2 h, 4 h, 6 h, 8 h, 10 h, 12 h, and
24 h, and the fluorescence signal
was assessed by flow cytometry.
Data are presented as the means ±
SD. **p < 0.01 vs. the LL-control
group. e Protein expression levels
of LFCA in the colonic mucosa
was detected by
immunohistochemistry
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LL-LFCA ameliorates LPS-induced inflammation
and downregulates the NF-κB pathway in RAW264.7
cells

TNF-α, IL-6, IL-1β, and IL-12 are key factors in
inflammation-related diseases. As described above, LL-
LFCA inhibited the secretion of TNF-α, IL-6, IL-1β,
and IL-12 in vivo (Fig. 5a, b). Subsequently, we con-
firmed the anti-inflammatory effects of LL-LFCA
in vitro. As expected, the mRNA levels of TNF-α, IL-
6, IL-1β, and IL-12 in LPS-induced RAW264.7 cells
were remarkably suppressed by LL-LFCA (p < 0.01)
(Fig. 8a). To extend our observations, we examined
the effect of LL-LFCA on the activation of NF-κB
in vitro. LL-LFCA markedly suppressed LPS-induced
phosphorylation of p65 and IκBα, and the nuclear
translocation of NF-κB, and similar effects were ob-
served for sLFCA (Fig. 8b). Based on these results,
we propose that LL-LFCA exerts its anti-inflammatory
effects by inhibiting NF-κB.

LL-LFCA improves DSS-induced dysbiosis of the gut
microbiota

A 16S rRNA–based phylogenetic approach was used to in-
vestigate the effect of LL-LFCA treatment on the cecal

microbial population. Alpha diversity was analyzed by calcu-
lating the Chao1 and Shannon indices (Fig. 9a, b). The Chao1
and Shannon index values were not significantly differ-
ent among the groups. Principal component analysis
(PCA) showed that the microbial communities in the
four experimental groups were distinct (Fig. 9c). The
box-and-whisker plot of microbial communities in the
CON, DSS, DSS+LL-control, and DSS+LL-LFCA
groups based on the weighted 16S UniFrac distances
clearly showed that the microbial β-diversity in the
DSS+LL-LFCA group was greater than that in the other
groups, and the difference was statistically significant
(p < 0.01, Fig. 9d).

The cartogram of the microbiota at the phylum level
is shown in Fig. 9e. DSS treatment increased the pro-
po r t i o n s o f Pro t e oba c t e r i a , Ac t i n oba c t e r i a ,
Cyanobacteria, and Deferribacteres and decreased the
proportion of Firmicutes compared with those in the
CON group. The presence of LL-LFCA reversed these
changes. The relative proportion of Bacteroidetes was
nearly the same among the groups. At the genus level,
administration of LL-LFCA selectively blunted the ex-
pansion of the Escherichia–Shigella population and in-
creased the relative proportion of Lactobacillus, whereas
the other major families were only marginally affected
when compared with the DSS group (Fig. 10a).

Fig. 3 LL-LFCA treatment
improves DSS-induced colitis in
mice. a Body weight changes in
each group (n = 12, per group)
after induction of colitis. b
Disease activity index (DAI). c
Macroscopic appearance and d
colon length were measured in
each group of mice. Data are pre-
sented as the means ± SD (n = 12,
per group). **p < 0.01 vs. the
DSS-treated group on the same
day; #p < 0.05 and ##p < 0.01 vs.
the LL-LFCA group
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Administration of LL-control also enhanced the relative
proportion of Lactobacillus but did not decrease the
relative proportion of the Escherichia–Shigella popula-
tion when compared with the DSS group (Fig. 10a).
Collectively, these results showed that LL-LFCA im-
proved the DSS-induced dysbiosis in the gut microbiota
of mice.

The metabolic alterations were analyzed to determine the
relationship between the relative transcript abundance of

genes inKyoto Encyclopedia of Genes and Genomes database
metabolic pathways and immunotoxicity (Fig. 10b, c). The
Tax4Fun analysis showed that the intestinal microbiota of
mice in the DSS+LL-LFCA and DSS+LL-control groups
were not the same, and their functional genes seemed to be
different. After treatment with DSS, most of the metabolism
was slowed or reduced. In contrast, after treatment with LL-
LFCA, almost all the characteristic indices recovered to or
were nearly to the CON group.

Fig. 4 LL-LFCA treatment
protects against DSS-induced co-
lon damage in mice. a Serial sec-
tions of colon tissues stained with
hematoxylin and eosin (H&E). b
Histopathology scores and c
MPO activities in the colonic tis-
sues. Data are presented as means
± SD. **p < 0.01 vs. the DSS
group; #p < 0.05 and ##p < 0.01
vs. the LL-LFCA group
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Discussion

Inflammatory bowel disease (IBD) affects more than 3.5 mil-
lion individuals worldwide (Miyoshi and Chang 2017). The
existing treatments for IBD are impeded by high costs, severe
side effects, and drug resistance associated with long-term
treatment (Hanson et al. 2014). Several studies have shown
that the use of LAB as vectors allow for the cost-effective and
direct delivery of therapeutics to the site of inflammation,
avoiding the risk of systemic side effects (Saha et al. 2017).
Therefore, in this study, we developed a strategy for localized
delivery of LFCA (Lfcin B and Lfampin joined with a flexible
linker), which is synthesized in situ by L. lactis Δalr strain
AMJ1543 (LL-LFCA) and tested its ability to reduce colitis in
a mouse model.

We first investigated the bioactivity of LL-LFCA–derived
LFCA by assessing its antimicrobial properties. LL-LFCA
cell lysates could statistically inhibit both E. coli and
S. aureus in vitro, implying that LL-LFCA–derived LFCA is
bioactive. Then, we tried to evaluate the effect of LFCA in
DSS-induced colitis mice. Bacterial dysbiosis in IBD is main-
ly characterized by an increased abundance in the
Escherichia–Shigella genus (Xu et al. 2018). The observed
bactericidal effect of LFCA derived from LL-LFCA may be
exploited to decrease the abundance of Escherichia–Shigella
and improve the intestinal microbiota.

We investigated the ability of LL-LFCA localization
in vivo. After 24 h of administration, colonization of LL-
LFCA in the colon was more than that in the jejunum and
ileum, indicating that LL-LFCA has better colonization ability
in the colon after administration. Furthermore, LFCA was
expressed by LL-LFCA in the colon.

To confirm the intestinal injury-relieving effects of LL-
LFCA in vivo, a mouse model of DSS-induced experimental
colitis was used tomimic the symptoms of IBD patients (Deng
et al. 2018b; Wirtz et al. 2007; Yu et al. 2018). The DSS-
induced model displayed acute inflammation in the colon.
LL-LFCA effectively ameliorated the symptoms of colonic
inflammation induced by DSS, which included poor stool
consistency, bloody stool, and body weight loss, thereby re-
ducing the DAI score. Additionally, administration of LL-
LFCA relieved the signs of inflammation and mucosal
injury, as indicated by improved colon length and lower
histological scores. Colon shortening was associated with
the severity of DSS-induced colitis (Han et al. 2015).
L. lactis was reported to alleviate colitis (Jones and
Foxx-Orenstein 2007). Here, L. lactis AMJ1543 was used
as a vehicle to express LFCA. The use of the LL-control
proved that LFCA derived from LL-LFCA did alleviate
DSS-induced colitis. Both LL-LFCA and LL-control
treatments alleviated colon shortening, but LL-LFCA
was more efficacious than the LL-control, indicating that

Fig. 5 LL-LFCA inhibits the production of proinflammatory cytokines in
colon tissues and serum fromDSS-colitis mice. aReal-time PCR analysis
of the mRNA expression levels of the inflammation-related cytokines
TNF-α, IL-6, IL-1β, and IL-12 in the colon tissues of mice with DSS-

induced colitis. b Protein levels of TNF-α, IL-6, IL-1β, and IL-12 in
serum measured by ELISA in triplicate. Data are presented as mean ±
SD. **p < 0.01 vs. the DSS group; #p < 0.05 and ##p < 0.01 vs. the LL-
LFCA group

6178 Appl Microbiol Biotechnol (2019) 103:6169–6186



LFCA expressed by L. lactis AMJ1543 was influential in
ameliorating the signs and symptoms of inflammation,
consistent with the physiological and pathological
observations.

MPO activity is proportional to the concentration of neutro-
phils and is an index of neutrophil infiltration and inflamma-
tion (Rachmilewitz et al. 1989). Here, we observed that LL-
LFCA decreased MPO activity and inflammatory cell infiltra-
tion into colon tissues. These results suggest that LL-LFCA
has ameliorating effects on inflammatory cell infiltration.

Although the precise etiopathogenesis of UC remains un-
known, there is accumulating evidence that excessive proin-
flammatory cytokines can damage the colon mucosa and af-
fect intestinal homeostasis (Han et al. 2015; Salim and
Soderholm 2011; Sun et al. 2015b) and proinflammatory cy-
tokines, including TNF-α, IL-6, IL-1β, and IL-12, have been
implicated in the pathophysiology of IBD (Chi et al. 2018).
Thus, we evaluated the levels of TNF-α, IL-1β, IL-6, and IL-
12 in colon tissues and serum and found that administration of
LL-LFCA was beneficial on DSS-induced intestinal

Fig. 6 Effects of LL-LFCA on tight junction proteins in DSS-induced
mice. aReal-time PCR analysis of the mRNA levels of ZO-1, E-cadherin,
and claudin-2 in colon tissues. b ZO-1, E-cadherin, and claudin-2 protein
levels in colon tissues detected by western blotting. c Effect of LL-LFCA

on serum DAO activity and LPS levels in mice with DSS-induced colitis.
Data are presented as the mean ± SD. Different letters indicate statistically
significant differences, *p < 0.05 and **p < 0.01 vs. the DSS group;
#p < 0.05 and ##p < 0.01 vs. the LL-LFCA group
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inflammation by inhibiting the expression of the proinflam-
matory cytokines. These results suggest that LL-LFCA has
ameliorating effects on colonic inflammation, but LL-control
does not. In an inflammatory state, the expression of some
inflammatory factors, such as IL-1β and TNF-α, is upregu-
lated mainly through the NF-κB signaling pathway (Doyle
and O’Neill 2006). Therefore, we speculated that the anti-

inflammatory effect of LFCA might be related to the NF-κB
signaling pathway, as previous studies reported that DSS-
induced colitis was ameliorated by NF-κB inhibitors (Kang
et al. 2017; Takada et al. 2010). Thus, LPS-stimulated
RAW264.7 cells were used to examine the mechanisms un-
derlying the observed beneficial effects of LL-LFCA on DSS-
induced experimental colitis. The expression levels of TNF-α,

Fig. 7 Effects of LL-LFCA on the expression and localization of tight
junction (TJ) proteins in vitro. Caco-2 cells were grown in a 24-well plate
for 3 days until the TEER was > 300 Ω/cm2. The cells were treated with
cell lysates (containing 10 μg of protein) from LL-LFCA for 24 h and
then cotreated with 3% DSS for 24 h. The subcellular localization of ZO-
1 (a, red), E-cadherin (b, red), and claudin-2 (c, red) was determined by

immunofluorescence staining. Cell nuclei are stained with DAPI (blue).
Scale bar, 100 μM. The mRNA expression of TJ proteins assessed by
real-time PCR (d–f). The results (mean ± SD; n = 4) from three indepen-
dent experiments are shown. *p < 0.05 and **p < 0.01 vs. the DSS group;
##p < 0.01 vs. the LL-LFCA group
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IL-1β, IL-6, and IL-12 were markedly increased in LPS-
treated RAW264.7 and that pre-treatment with a lysate of
LL-LFCA cells reduced this effect. To evaluate the mecha-
nism of the anti-inflammatory activity, we assessed the effect
of lysates from LL-LFCA cells on the NF-κB pathway. The

findings revealed that the anti-inflammatory effects of LL-
LFCA may be related to the inhibition of the nuclear transfer
of p65 NF-κB in DSS-induced colitis in mice (Han et al.
2015). Western blot analysis showed that the phosphorylation
of p65 and IκBα, which are initiated by the activation of

Fig. 8 Lysates of LL-LFCA cells inhibit NF-κB activation under inflam-
matory conditions and reduce the production of proinflammatory cyto-
kines in RAW264.7 macrophages. a RAW264.7 macrophages were
pretreated with lysates from LL-LFCA cells (10 μg) for 12 h and then
stimulated with LPS (1 μg/mL) for 1 h. Real-time PCR analysis was

performed to determine the mRNA levels of the proinflammatory cyto-
kines TNF-α, IL-1β, IL-6, and IL-12. b Western blot analysis of p65, p-
p65, IκB-α, p-IκB-α, lamin B, and β-actin. Data are means ± SD.
*p < 0.05 and **p < 0.01 vs. the LPS group; #p < 0.05 and ##p < 0.01
vs. the LL-LFCA group
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NF-κB in RAW264.7 cells, was significantly increased by
LPS and decreased by treatment with lysate from LL-LFCA
cells, but not from LL-control cells. The data suggest that
LFCA expressed by LL-LFCA may reduce the production
of proinflammatory factors by suppressing NF-κB–mediated
transcriptional activation of inflammatory gene expression.

In addition to the upregulation of proinflammatory media-
tors, disruption of epithelial barrier function is another well-
known pathophysiology aspect of IBD (Chi et al. 2018;
Vancamelbeke and Vermeire 2017). Proinflammatory cyto-
kines induce disruption of the intestinal mucosa, and an

impaired intestinal barrier increases the permeability of the in-
testinal mucosa to harmful bacteria, which augments gut in-
flammation, leading to a vicious circle (Han et al. 2015; Shen
et al. 2018). The intestinal epithelial barrier is maintained and
regulated mainly by TJs (Carvalho et al. 2017). A previous
study demonstrated the decreased expression of TJ-related pro-
teins in the intestinal mucosa of IBD patients, including the
intracytoplasmic proteins ZO-1 and ZO-2 and the transmem-
brane proteins E-cadherin and Claudin (Carvajal et al. 2017;
Yin et al. 2018). Presently, we observed significant upregula-
tion of ZO-1, E-cadherin, and claudin-2 mRNA and protein

Fig. 9 Effects of LL-LFCA on the cecal microbiota in DSS-induced
mice. Cecal contents from control (CON), DSS, DSS-LL-control, and
DSS-LL-LFCA mice were collected, and the intestinal microbiota were
examined by 16S rRNA sequencing. Alpha diversity was analyzed by
Chao1 richness (a) and Shannon diversity (b) indices. Data are presented
as box plots. c Principal component analysis (PCA) of the operational
taxonomic units in the colonic microbiomes of control (blue), DSS (red),

LL-control (green), and LL-LFCA (purple) mice plotted on the first two
principal components accounted for approximately 42% of the observed
variation. d β-Diversity between groups was analyzed by weighted
UniFrac distance. Data are presented as mean ± SD. **p < 0.01, DSS
vs. CON; ##p < 0.01, DSS-LL-LFCA vs. CON. e Phylum-level microbi-
ota composition
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expression in the colon of mice after administration of LL-
LFCA, following reduced expression induced by DSS chal-
lenge. Administration of LL-control also increased the expres-
sion of E-cadherin and claudin-2 in the colon. However, it was
not as effective as LL-LFCA. The expression of TJ proteins
was then measured in an in vitro model of the intestinal epithe-
lial barrier using Caco-2 cells by immunofluorescence, which
revealed that DSS induced a significant change in the distribu-
tion of TJs and that LFCA derived from LL-LFCA cells atten-
uated this destructive effect. DAO and LPS contents are recog-
nized as sensitive markers to monitor intestinal barrier perme-
ability (Niu et al. 2018). When the intestinal permeability is
abnormally increased, luminal DAO and LPS enter the blood,
resulting in elevated serumDAO and LPS levels. Presently, the
concentrations of DAO and LPS in serum were sharply in-
creased in DSS-treated mice and were significantly inhibited

by LL-LFCA treatment, whereas there was no statistically sig-
nificant difference between the DSS-treated and DSS+LL-con-
trol–treated groups. These results indicated that the ameliora-
tive effect of LL-LFCA against DSS-induced colitis might be
tightly associated with protection of the intestinal mucosal bar-
rier by maintaining the expression of TJ proteins and reducing
the permeability of the intestinal barrier. Although administra-
tion of LL-control increased the expression of TJ proteins, it did
not improve intestinal epithelial barrier permeability. This
might be explained by the fact that LL-control does not reduce
proinflammatory factor expression, and these proinflammatory
factors may impair mucosal barrier function and increase intes-
tinal permeability.

Once the mucosal barrier is breached, luminal antigens and
microorganisms can enter the submucosa, leading to the intes-
tinal dysbacteriosis. Bacterial dysbiosis in IBD is characterized

Fig. 10 Administration of LL-LFCA decreases the Escherichia–Shigella
population and the effect of LL-LFCA on the KEGG pathways in gut
microbiota. Effect of LL-LFCA on the microbiota classification and
abundance detected by 16S rRNA gene sequencing analysis of cecal

contents from the mice with DSS-induced LL-LFCA at the genus level
(a). The effect of LL-LFCA on the KEGGpathways of the gut microbiota
in mice with DSS-induced colitis (b, c)
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by a reduction in bacterial diversity, a decrease in the
Firmicutes phylum, and an increase in the Proteobacteria phy-
lum (Xu et al. 2018). The present results of the Chao1 richness
and Shannon indices indicated no difference in richness of
species among groups. However, the results of PCA analysis
and the intercommunity β-diversity determined by weighted
16S UniFrac distances indicated a significant difference among
the gut microbial composition of the four groups. Our analyses
also showed that administration of LL-LFCA decreased the
percentage of Proteobacteria and increased the percentage of
Firmicutes. After LL-LFCA treatment, the abundance of
Escherichia–Shigella was significantly reduced, and the rela-
tive proportion of Lactobacillus was enhanced. LL-control
treatment also enhanced the relative proportion of
Lactobacillus, but LL-control treatment did not reduce the
abundance of Escherichia–Shigella. These data indicate that
LFCA expressed by LL-LFCA promotes the proliferation of
beneficial bacteria and reduces the proliferation of harmful
bacteria, thus regulating the microbial barrier function to ame-
liorate IBD. Metabolic pathway analysis using data from the
Kyoto Encyclopedia of Genes andGenomes database indicated
that LL-LFCA has balancing effects on the metabolic activities
of the gut microbiota to maintain immunity.

In this study, we demonstrated that administration of LL-
LFCA prevents DSS-induced colitis in mice and that this pro-
tective effect may be due to its effects on the maintenance of
intestinal mucosal barrier integrity and modulation of the com-
position of the gut microbiota. These effects are mediated by
modulation of TJ protein expression in the colonic tissue, inhi-
bition of inflammatory mediator production (including IL-1β,
IL-12, TNF-α, and IL-6), and inhibition of NF-κB signal trans-
duction pathways. Taken together, these findings suggest that
LL-LFCA has potential as a new therapeutic preparation for UC.
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