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Abstract
Objectives: The intestinal epithelium compartmentalizes the sterile bloodstream and the commensal bacteria in
the gut. Accumulating evidence suggests that this barrier is impaired in sepsis, aggravating systemic inflammation.
Previous studies reported that cathelicidin is differentially expressed in various tissues in sepsis. However, its role in
sepsis-induced intestinal barrier dysfunction has not been investigated.
Design: To examine the role of cathelicidin in polymicrobial sepsis, cathelicidin wild-(Cnlp+/+) and knockout
(Cnlp−/−) mice underwent cecal-ligation and puncture (CLP) followed by the assessment of septic mortality and
morbidity as well as histological, biochemical, immunological, and transcriptomic analyses in the ileal tissues. We
also evaluated the prophylactic and therapeutic efficacies of vitamin D3 (an inducer of endogenous cathelicidin) in
the CLP-induced murine polymicrobial sepsis model.
Results: The ileal expression of cathelicidin was increased by three-fold after CLP, peaking at 4 h. Knockout of Cnlp
significantly increased 7-day mortality and was associated with a higher murine sepsis score. Alcian-blue staining
revealed a reduced number of mucin-positive goblet cells, accompanied by reduced mucin expression. Increased
number of apoptotic cells and cleavage of caspase-3 were observed. Cnlp deletion increased intestinal permeability
to 4kD fluorescein-labeled dextran and reduced the expression of tight junction proteins claudin-1 and occludin.
Notably, circulating bacterial DNA load increased more than two-fold. Transcriptome analysis revealed upregulation
of cytokine/inflammatory pathway. Depletion of Cnlp induced more M1 macrophages and neutrophils compared
with the wild-type mice after CLP. Mice pre-treated with cholecalciferol (an inactive form of vitamin D3) or treated
with 1alpha, 25-dihydroxyvitamin D3 (an active form of VD3) had decreased 7-day mortality and significantly less
severe symptoms. Intriguingly, the administration of cholecalciferol after CLP led to worsened 7-day mortality and
the associated symptoms.
Conclusions: Endogenous cathelicidin promotes intestinal barrier integrity accompanied by modulating the
infiltration of neutrophils and macrophages in polymicrobial sepsis. Our data suggested that 1alpha, 25-dihydroxyvitamin
D3 but not cholecalciferol is a potential therapeutic agent for treating sepsis.
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Introduction
Sepsis is a life-threatening organ dysfunction accompanied by systemic inflammation and immunosuppression
as a consequence of the host response to microbial infections. Sepsis which carries high mortality and morbidity in the intensive care unit remains a major health
burden [1]. Therefore, there is a compelling need for
developing novel sepsis therapies.
The pathogenesis of sepsis has been attributed, at
least in part, to the loss of intestinal epithelial barrier.
As the first line of defense, the gut intestinal epithelial barrier impedes the translocation of commensal
bacteria from the gut lumen into the bloodstream.
Accumulating evidence suggests that the intestinal
barrier function is impaired during systemic inflammation as in sepsis. These include epithelial apoptosis,
disruption of tight junctions leading to an increase in
intestinal permeability [2, 3]. The impaired gut barrier
function may increase the risk of bacterial translocation from the gut lumen to the bloodstream, aggravating systemic inflammation. Clinically, bacterial
translocation from the gut into the bloodstream has
been demonstrated in patients with postoperative sepsis [4]. An abnormal and severe derangement of intestinal permeability upon admission to an intensive care
unit was found to predict subsequent development of
multiple organ failure [5]. However, the underlying
mechanism of sepsis-associated gut barrier dysfunction remains elusive.
Cathelicidin represents one of the most important
classes of antimicrobial peptides in mammals. It has
bactericidal property, inhibits endotoxin-induced pyroptosis of leukocytes, suppresses the release of inflammatory mediators, and protects endothelial cells from
apoptosis [6, 7]. Cathelicidin can be induced by vitamin D3 (VD3), which has therapeutic properties outside of its classic functions related to bone and
calcium homeostasis [8, 9]. In particular, a growing
body of evidence has shown the antibiotic-like properties of vitamin D [10]. Thus, this natural compound
may prove to be effective against sepsis, as an adjunct
treatment modality. Previously, Chen and his colleagues suggested that VD3 exerts protective effects
during infections by upregulating the expression of
cathelicidin and beta-defensin 2 in phagocytes and
epithelial cells [11]. Another study found that systemic LL-37 (human cathelicidin) levels may be regulated by VD3 status [12]. In our study, we aimed to
investigate the role of murine cathelicidin-related
antimicrobial peptide (mCRAMP), a rodent antimicrobial peptide analogous to human cathelicidin LL-37,
in maintaining gut barrier function in sepsis and to
explore the relationship between vitamin D3 status
and cathelicidin production in CLP mice model.
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Materials and methods
Animals

129/SVJ wild-type (Cnlp+/+) and cathelicidin-knockout
(Cnlp−/−) mice were used. These mouse strains were
generated as previously described [13]. All animals were
male and 8 to 10 weeks old. They were maintained in
the Laboratory Animal Services Center of the Chinese
University of Hong Kong at a controlled temperature of
25 °C ± 1 °C, relative humidity 55% ± 5%. A cycle of 12 h
light/12 h dark was maintained prior to the experiments.
Cecal ligation and puncture

Polymicrobial sepsis was induced by cecal-ligation and
puncture (CLP) [14]. Under anesthesia with intraperitoneal injection of ketamine (75 mg/kg) and xylazine
(10 mg/kg), a 1-cm midline incision was made on the
anterior abdomen. The cecum was exposed and ligated
at 50% from the distal end. A through-and-through
puncture was performed with a 22-gauge needle to induce sepsis. The cecum was then placed back into the
peritoneal cavity. Sham-operated animals underwent abdominal incision and intestinal manipulation with neither ligation nor puncture. All animals were given 1 ml
of normal saline by subcutaneous injection and placed
on a warm towel immediately after the surgery. The survival rates and septic severity were recorded every 12 h
until 7 days after the surgery. No antibiotic was given to
the CLP-operated mice in order to assess the systemic
inflammation after surgery [15, 16] Concerning animal
welfare, buprenorphine (0.01 mg/kg) was administered
to the mice after surgery. Mice were given buprenorphine (0.01 mg/kg) daily until the end of the experiment
if necessary.
VD3 prophylaxis

VD3 were purchased from Sigma Chemical Co. (St.,
Louis, MO). In the water control group, mice were pretreated with water by oral gavage at 48 h, 24 h, and 1 h
before CLP. In the VD3 prophylaxis group, mice were pretreated with three doses of VD3 (50 μg/kg) by oral gavage
at 48 h, 24 h, and 1 h before CLP. The doses of VD3 used
in the present study were referred to as others [17] .
Treatment with active VD3

1alpha, 25-dihydroxyvitamin D3 (1alpha, 25(OH)2VD3)
were purchased from Cayman Chemical Co. (Ann
Arbor, MI). Mice were treated with water or 1alpha,
25(OH)2VD3(50μg/kg) for 7 days after CLP by intraperitoneal injection.
Assessment of sepsis morbidity

Septic morbidity was evaluated by Murine Sepsis Severity (MSS) score. Briefly, a score was assigned based on
appearance, level of consciousness, activity, response to
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the stimulus, eyes, respiratory rate, and respiration
quality.

tight junction proteins, claudin-1, and occluding was
evaluated by immunoblotting.

Biochemical analyses

Profiling of ileal transcriptome

Serum alanine transaminase (ALT) and aspartate aminotransferase (AST) levels were determined using Vet Test
Chemistry Analyzer (IDEXX) according to the manufacturer’s instructions. Serum vitamin D levels were measured
using the vitamin D ELISA kit (#501050, Cayman).

Total RNA was extracted from ileal tissues at 24 h after
CLP or sham surgery using RNAiso Plus (TaKaRa, Shiga,
Japan). The poly-A RNA was purified and used for
library construction. The sample libraries were sequenced with the Illumina HiSeq 2000 sequencing
system (Illumina, San Diego, CA, USA). Clean reads
were aligned to Mus musculus primary DNA index
files (release-94). Transcripts were then assembled by
Cufflinks [22]. Differentially expressed genes (DEGs)
between Cnlp+/+ CLP and Cnlp+/+ Sham mice, as well as
Cnlp−/− CLP and Cnlp−/− Sham mice were identified using
edgeR packages. Short Time-series Expression Miner
(STEM) software was adopted for the identification of coexpression gene clusters among four groups of mice. The
co-expression pattern of particular gene clusters was confirmed and visualized by Pheatmap R package. Pathway
analysis was performed with enrichr R package and visualized by ggplot2. Protein–protein interaction network was
generated in STRING. The interaction between genes was
defined according to “experiments,” “databases,” and “coexpression.” The network topology was analyzed with the
“NetworkAnalyzer” plugin in cystoscope.

Reverse transcription-quantitative PCR

Total RNA was extracted from ileal tissues by RNAiso
Plus reagent according to the commercial protocol
(TaKaRa, Japan). For each specimen, a total of 500 ng
RNA was reverse-transcribed into cDNA using PrimeScript RT reagent (TaKaRa, Japan). Quantitative realtime PCR was performed with Quantstudio 12 K Flex
Real-time PCR system (Life Technologies, Thermo
Fisher Scientific, MA, USA) using primers targeting
Muc1, Muc2, Muc3, Muc4, Cnlp, and β-actin [18–21].
Histology and immunofluorescence

Harvested ileal tissues were washed briefly in cold
phosphate-buffered saline and fixed in Carnoy’s solution
(60% ethanol, 30% chloroform, and 10% glacial acetic
acid) at 4 °C for 4 h. Fixed tissues were stored in 80%
ethanol at 4 °C before tissue processing. Processed sections were stained with Alcian-blue followed by periodic
acid Schiff reaction. Expression of cathelicidin was detected in a series of ileal specimens harvested in the
acute phase of sepsis. For immunofluorescence, dewaxed
and rehydrated slides of murine ileal sections were
blocked with 10% bovine serum immunofluorescence
buffer (0.1% bovine serum albumin, 0.2% Triton X-100,
0.5% TWEEN 20 in phosphate-buffered saline) and then
incubated with mouse mCRAMP (Santa Cruz,1:200)
antibodies overnight at 4 °C followed by Alexa Fluor
anti-mouse 546 secondary antibodies (1:2000). 4′,6-diamidino-2-phenylindole (DAPI) was used for DNA
counterstain. Fluorescent images were captured using a
confocal microscope (Leica).

Intestinal epithelial cell isolation

The small intestine was prepared by cutting the gut
about 1 cm downstream from the stomach and 1 cm upstream from the cecum. Forceps were used to remove
Peyer’s patches and the attached mesenteric fat carefully.
The small intestine was then placed into a 50 mL conical
tube containing 30 mL of CMF HBSS (Hank’s balanced
salt solution with phenol red, Ca2+, and Mg2+-free) with
5% FBS and 2 mM EDTA and shook at 250 rpm for 20
min at 37 °C in order to remove epithelial cells and
intraepithelial lymphocytes. The intestine was rapidly
minced and incubated in 20 mL of pre-warmed collagenase
solution (1.5 mg/mL of collagenase VIII and 40 μg/mL of
DNase I in CMF HBSS/FBS) with a shaking frequency of
200 rpm for 20 min at 37 °C for digestion [23].

Apoptosis assay

Flow cytometry

Apoptosis was assessed by an in situ cell death detection
kit (Roche Applied Science) and confirmed by immunoblotting using antibodies targeting caspase-3 and cleaved
caspase-3.

After blocking Fc receptors with anti-mouse CD16/
CD32 (BD Biosciences), small intestinal epithelial cells
were stained with anti-mouse Ly-6G (BioLegend), antimouse F4/80 (BD Biosciences), anti-mouse CD86 (BD
Biosciences), anti-mouse CD206 (BD Biosciences), and
anti-mouse CD45 (BD Biosciences). The stained cells
were analyzed on a FACSCalibur flow cytometer (BD
Biosciences). The data were analyzed using FlowJo Software (FlowJo, Ashland, OR). Neutrophils were defined
as Ly6G+ cells and macrophages as F4/80+ cells and M1

Intestinal permeability assay and tight junction proteins

Mice were gavaged with 4 kD fluorescein isothiocyanate
(FITC)-dextran (500 mg/kg) at 21 h after CLP or sham
surgery. After 3 h, blood was collected and the intensity
of FITC determined by fluorometry. The expression of
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macrophages as F4/80+ CD86+ and M2 macrophages as
F4/80+ CD206+. Lymphocytes were defined as CD45+
cells.
Statistical analysis

Multiple group comparisons were performed by twoway ANOVA or non-parametric Kruskal-Wallis followed
by the Tukey’s t test. Mortality was compared by
Kaplan-Meier survival curves and analyzed by the logrank test. P values less than 0.05 were considered statistically significant.

Results
Endogenous cathelicidin protects against peritonitisinduced polymicrobial sepsis in mice

Given an increase of mCRAMP mRNA and protein expression in the ileum of Cnlp+/+ mice following CLP
(Fig. 1a, b), we hypothesized that mCRAMP was an important peptide in the pathogenesis of sepsis. To ascertain the significance of this antimicrobial peptide during
sepsis, Cnlp−/−, and wild-type mice were included in this
study. All of the mice that underwent sham surgery survived throughout 7 days (data not shown). Cnlp−/− mice
had increased 7-day mortality (hazard ratio = 2.229, 95%
CI 1.491–7.550) (Fig. 1f) and significantly higher MSS
score (Fig. 1e) and higher level of fluorescein dextran entering the bloodstream upon CLP when compared with
that of Cnlp+/+ mice (Fig. 1c). To ascertain the association between bacterial load and sepsis morbidity and
mortality, total bacterial DNA was determined by
quantitative PCR. Compared to wild-type mice at 24 h
after CLP, Cnlp−/− mice had more than two-fold increase
in bacterial DNA in the blood (Fig. 1d).
Mucin production is reduced in Cnlp−/− mice following
CLP-induced sepsis

Alcian-blue staining demonstrated that the number of
goblet cells per villus in the intestine among the knockout group was significantly lower compared with the
wild-type mice (Fig. 2a, b). To further investigate the
underlying mechanisms, we performed real-time quantitative PCR targeting mucin genes Muc1 and Muc2.
Among the Cnlp−/− mice undergone CLP, the expression
levels of Muc2 (Fig. 2c) were significantly reduced as
compared to their wild-type counterparts.
Tight junctions of intestinal epithelial cells were reduced
in septic cathelicidin-knockout mice

To ascertain the reasons for higher gut permeability,
tight junction proteins, namely, occludin and claudin-1,
were determined by immunoblotting. Compared to wildtype mice at 24 h after CLP, Cnlp−/− mice had lower expression of occludin and claudin-1 (Fig. 3a, b). Real-time
PCR and transcriptome analysis showed a concordant
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downregulation of these two genes at the mRNA level
(data not shown).
Endogenous cathelicidin protects against intestinal
epithelial cell apoptosis in sepsis

To determine the extent of apoptosis in distal ileum
upon experimental sepsis, TUNEL labeling was used. By
24 h after CLP, the number of TUNEL positive punta
per villus increased considerably in both cnlp+/+ and
cnlp−/− mice (Fig. 4s). The depletion of mCRAMP exaggerated the magnitude of apoptosis in the distal ileum
by more than three-fold (Fig. 4b). Consistently, cleavage
of caspase-3 was detected in immunoblotting, confirming active apoptosis (Fig. 4c, d).
Ileal transcriptome identified signaling pathways
regulated by cathelicidin

We performed RNA sequencing to profile the transcriptomes of ileal tissues in the following four groups:
Cnlp+/+ sham, Cnlp+/+ CLP, Cnlp−/− sham, and Cnlp−/−
CLP at 24 h after surgery. STEM analysis identified a
total of 19 significant co-expression gene clusters (Additional file 1: Figure S1), among which 2 co-expression
patterns, i.e., cluster8:1-2-1-4 (Cnlp+/+ Sham-Cnlp+/+
CLP-Cnlp−/− Sham-Cnlp−/− CLP) and cluster16:1-0.5-10.25 appeared to be best correlated to the differences of
MSS scores between groups. In the cluster8, genes were
significantly upregulated after CLP compared with sham
surgery in wide-type mice (2 vs 1). The fold changes of
these genes were further increased (4 vs 1) between CLP
and sham surgery in Cnlp−/− mice. In an inverse pattern,
genes from cluster16 were downregulated by CLP
surgery with a greater extent in Cnlp−/− mice than in
Cnlp+/+ mice. Heatmap analysis further confirmed the
gene expression pattern among groups (Fig. 5a). These
genes were most likely to contribute to the severe septic
symptoms in Cnlp−/− mice compared to wide-type mice.
Then protein–protein interaction network was constructed using the genes in cluste8 (Fig. 5b). Topology
analysis identified several “hub” genes with a degree of
16 or higher. Interestingly, these hub genes, e.g., Rac1,
Pak3, Grb2, Stat3, Rela, and Jun, were all reported to
play critical roles in inflammatory signaling (Fig. 5b), implying that dysregulated inflammatory responses might
have aggravated the septic phenotype in Cnlp−/− mice.
Indeed, a series of inflammation-related pathways were
enriched in the KEGG (Kyoto Encyclopedia of Genes
and Genomes; Fig. 5c) and Reactome (Fig. 5d) pathway
analyses.
Deletion of endogenous cathelicidin increases neutrophils
and M1 macrophages in the intestines of septic mice

Flow cytometry revealed that the number of neutrophils
increased by nearly three-fold in wild-type mice 24 h
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Fig. 1 Murine cathelicidin-related antimicrobial peptide (mCRAMP) is upregulated after cecal-ligation and puncture (CLP) induced sepsis in wildtype (WT) mice (n = 6 per group) from which total RNA and protein were collected from distal ileum over a period of time for a real-time PCR
and b immunofluorescence for mCRAMP. Genetic knockout (KO) of Cnlp led to f reduced survival and e higher sepsis severity score (n = 18 for
WT mice; n = 17 for KO mice). FITC dextran 4 kD was orally gavaged at 21 h after CLP with serum harvested after 3 h. Genetic KO of Cnlp led to
c increased serum concentration of FITC-labeled dextran 4 kD (FD-4) and d increased bacterial DNA upon experimental sepsis. Error bars denote
standard error of the mean. *P < 0.05; ***P < 0.001; ****P < 0.0001

after induction of CLP and depletion of Cnlp induced
more neutrophil intestinal infiltration as compared with
the wild-type mice after CLP (Fig. 6a). Moreover, we observed that CLP significantly increased the number of
macrophages in both Cnlp+/+ and Cnlp−/− mice. Compared to wild-type mice at 24 h after CLP, Cnlp−/− mice
had a higher number of macrophages (Fig. 6b). More

specifically, CLP caused a dramatic decline in the
percentage of M1 macrophages and depletion of Cnlp
tended to induce more M1 macrophages compared with
the wild-type mice after CLP (Fig. 6c). In contrast, CLP
significantly increased the percentage of M2 macrophages, but knockout of Cnlp had no effect on the number of M2 macrophages compared with the wild-type
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Fig. 2 Effects of cecal-ligation and puncture (CLP) or sham surgery (Sham) on acid mucin in distal ileum of cathelicidin wild-type (Cnlp+/+) or
knockout (Cnlp−/−) mice (n = 6 per group) at 24 h after CLP as determined by quantitative real-time PCR and a Alcian blue perioidic acid Schiff
reaction, respectively. b The number of acid-mucin-producing globlet cells per villus and c the expression of mucin genes MUC1 and MUC2 were
compared. Error bars represent standard error of the mean. *P < 0.05; **P < 0.01

Fig. 3 Deletion of Cnlp reduced tight junction of intestinal epithelial cells. The protein levels of a, b occludin and claudin-1 were detected in
cathelicidin-knockout (Cnlp−/−) mice (n = 6) compared to wild-type mice (Cnlp+/+) (n = 6) after CLP-induced sepsis by immunoblotting. Error bars
denote standard error of the mean. ***P < 0.001; ****P < 0.0001
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Fig. 4 Increased apoptosis was detected in cathelicidin-knockout (Cnlp−/−) mice (n = 6) compared to wild-type mice (Cnlp+/+) (n = 6 per group)
after CLP-induced sepsis as demonstrated by a, b TUNEL staining and c, d immunoblotting for cleaved caspase-3. All specimens were collected at
24 h after CLP or Sham surgery. Error bars denote standard error of the mean. **P < 0.01; ***P < 0.001; ****P < 0.0001

mice after CLP (Fig. 6d). In addition to neutrophils and
macrophage infiltration, we determined the murine
adaptive immunity after CLP. We showed that CLP did
not promote the migration of lymphocytes into the
ileum at 24 h after CLP (Fig. 7).

(Fig. 8b), significantly lower MSS score (Fig. 8c) and
lower levels of fluorescein dextran entering the bloodstream (Fig. 8d).

Mucin production increased in mice pre-treated with VD3
Effect of VD3 on peritonitis-induced polymicrobial sepsis

To determine the significance of VD3 in polymicrobial sepsis, wild-type mice were divided into two
groups: water CLP group and VD3 CLP group. All
mice underwent CLP pretreated with water or VD3
by gavage at 48, 24, and 1 h before CLP (Fig. 8a).
Mice pretreated with VD3 had decreased 7-day mortality (hazard ratio = 0.223, 95% CI 0.060–0.830)

To further investigate the effect of VD3 on mucin production, we performed real-time quantitative PCR targeting mucin genes MUC1–2. Among mice pretreated
with VD3, the expression levels of MUC1 had more than
two-fold increased as compared to mice pretreated with
water (Fig. 8e). However, the expression levels of
MUC2id not vary significantly across the experimental
groups (Fig. 8e).
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Fig. 5 (See legend on next page.)
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(See figure on previous page.)
Fig. 5 Ileal transcriptomes of septic cathelicidin wild-type and knockout mice. a Heatmap was generated using genes in cluster 8 and cluster 16.
The transcriptome datasets from the septic and non-septic wild-type mice but not the cathelicidin knockout mice were published in Inflamm Res.
2019; 68 [9]:723–726. b Protein-protein interaction network was constructed in STRING using the source of “experiments,” “databases,” and “coexpression” and visualized by cytoscape. Nodes in round shape have a degree large than 22. Several inflammation-related genes were
highlighted as hub genes according to the topology analysis. c, d Top 30 KEGG and Reactome pathways were plotted. A series of inflammation
related pathways were enriched by both sources

VD3 pre-treatment upregulated ileal expression of
cathelicidin in sepsis

Effects of inactive and active forms of VD3 on CLPinduced polymicrobial sepsis

To determine the effect of VD3 on the expression of
mCRAMP in distal ileum upon experimental sepsis, immunofluorescent staining for mCRAMP was used. By 24
h after CLP, the number of mCRAMP positive punta per
villus increased dramatically compared to mice with
sham surgery (Fig. 9a). Moreover, VD3 pretreatment exaggerated the expression of mCRAMP in the distal ileum
by more than two-fold (Fig. 9a). At the same time, the
result of real-time quantitative PCR revealed a consistent
increase in Cnlp expression at mRNA level (Fig. 9b). Importantly, the VD3-mediated protective effects could not
be observed in CLP mCRAMP-knockout mice (Cnlp−/−)
in terms of murine sepsis score (Fig. 9c) and 7-day
mortality (Fig. 9d).

Apart from assessing the prophylactic efficacy of VD3 in
polymicrobial sepsis, we further examined the therapeutic potential of VD3 after the onset of sepsis. Results
demonstrated that treatment with VD3 after CLP worsened the mortality (Fig. 10a) and the MSS score
(Fig. 10b) in the CLP model. Possibly, polymicrobial
sepsis resulted in hypoxic hepatitis [24–26]. Under this
pathophysiological condition, enzymatic dysfunctions of
cytochrome p4502R-1 might fail to hydroxylate the inactive form of vitamin D3 into its intermediate form
(i.e., 25-hydroxyvitamin D3) in the liver [27, 28]. Results
demonstrated that CLP induced hepatic damage as
evidenced by increases in serum ALT and AST levels
(Fig. 10c) and suppression of mRNA expression of

Fig. 6 Deletion of endogenous cathelicidin increased neutrophils and macrophages into small intestine. Effects of CLP or sham surgery on the
relative proportion of neutrophils and macrophages in small intestine of cathelicidin wild-type (Cnlp+/+) or knockout (Cnlp−/−) mice (n = 6 per
group) at 24 h were determined by flow cytometry. a Neutrophils were defined as Ly6G+ cells and b macrophages as F4/80+ cells and c M1
macrophages as F4/80+ CD86+ and d M2 macrophages as F4/80+ CD206+. Error bars denote standard error of the mean. **P < 0.01; ****P < 0.0001
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Fig. 7 CLP-induced polymicrobial sepsis did not influence the
lymphocyte count in the ileum (n = 5 for the sham-operated group;
n = 7 for the CLP group). Flow cytometric analysis of lymphocytes
isolated from small intestines of sham-operated or CLP cathelicidin
wild type (Cnlp+/+) was performed. Cells were labeled with antimouse CD45+ lineage surface markers

hepatic cytochrome P450 enzymes CYP2R1 and
CYP27A1 (Fig. 10d), both of which are responsible for
conversions of cholecalciferol (inactive form of VD3)
into 25-hydroxyvitaminD3, eventually resulting in a decrease in serum vitamin D3 level (Fig. 10e). To address
this limitation, mice were treated with the active form of
VD3 (i.e., 1alpha, 25(OH)2VD3; calcitriol) that resulted
in better outcomes in terms of 7-day mortality (Fig. 10f),
MSS score (Fig. 10g). and serum VD3 levels (Fig. 10e) in
the CLP model. Taken together, we found that VD3 and
1alpha, 25(OH)2VD3 exerted prophylactic and therapeutic effects in a murine polymicrobial sepsis model,
respectively.

Discussion
Cathelicidin is one of the immunomodulatory proteins
involved in the pathogenesis of sepsis [29]. Clinical studies have shown that human cathelicidin was 50% lower
in critically ill patients with severe sepsis compared to
non-septic patients and was further downregulated in
septic shock [30]. Stratification of critically ill patients by
different levels of plasma cathelicidin revealed that those
with less than 116 ng/mL at admission had four-fold increased risk for 90-day mortality as compared to those
with cathelicidin > 238 ng/mL, after controlling for confounders, and also more likely to develop sepsis during
the same hospital stay [31]. These suggest that cathelicidin has an important role in sepsis.
In this study, we demonstrated that upon induction of
sepsis by CLP in mice, the expression of cathelicidin was
increased by four-fold. The increased expression of this
peptide was more prominent in the first 4 h upon sepsis
induction, indicating that cathelicidin is involved in the
acute phase of sepsis. Instead of a sequential occurrence
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of hyper-inflammation or immunosuppression [32], recent studies suggested a paradigm shift in sepsis pathogenesis in which both processes persist over the course
of the disease, leading to persistent inflammation and catabolism syndrome [32]. Given the anti-inflammatory
properties of cathelicidin, its gradual decrease at a late
stage after CLP in mice may explain why wild-type mice
would die at a later stage. The protective role of cathelicidin was also confirmed in survival analysis between
Cnlp wild-type and knockout group. Consistently, human cathelicidin protects rats against sepsis after bacterial challenge [33] and the increased expression of
cathelicidin in adipocytes surrounding the colon limits
the release of bacteria from mice with experimental colitis [34]. Nevertheless, contradictory evidence also exists
in the literature. Severino et al. reported that wild-type
C57BL/6 mice succumbed more rapidly to CLP compared with cathelicidin-deficient mice [35]. The discrepancies between this report and our study might arise
from the genetic backgrounds of mice (129/SVJ and
C57BL/6, respectively). In this regard, mice of different
genetic backgrounds could exhibit divergent antimicrobial activity [36].
Along with the change of cathelicidin expression as revealed by real-time PCR and immunostaining, there
were signs of intestinal barrier dysfunction including
heightened permeability to fluorescein dextran, reduced
mucin production, lowered tight junction protein expression, and increased apoptotic activity. The bacterial
load in the blood also became higher after the induction
of sepsis. These conditions were further exaggerated in
the cathelicidin-knockout mice, whose survival period
was significantly shortened after CLP. These confirmed
the protective role of cathelicidin in preserving gut
barrier function in sepsis.
Mucins are structural components of mucus, which
lines the gastrointestinal mucosa, and are important in
preventing harmful microbes from entering the bloodstream [37]. The expression of various mucin genes differs upon encountering microbial challenges. Of note,
Muc1 is increased considerably after infection [37], a
finding that is in agreement with our observation that
Muc1 and Muc2 genes were upregulated after induction
of experimental sepsis. The magnitude of expression was
reduced after knocking out cathelicidin. Although the
mechanism of cathelicidin in control of mucin production remains unclear, the administration of exogenous
cathelicidin to rats has been shown to increase the thickness of the mucus layer in the intestine [38].
Apoptosis and tight junction alterations are important
mechanisms through which intestinal microbes invade
the hosts [39]. In our study, we observed higher activity
of apoptosis after CLP. This was further exaggerated
after knocking out cathelicidin, an antimicrobial peptide
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Fig. 8 Effect of VD3 on peritonitis-induced polymicrobial sepsis. a All mice (n = 6 per group) underwent CLP surgery pretreated with water or
VD3 by gavage at 48 h, 24 h, and 1 h before CLP. Mice pretreated with VD3 had b decreased 7-day mortality (n = 10 per group) and c significantly
lower MSS score (n = 10 per group) and d lower level of fluorescein dextran entering the bloodstream (n = 6 per group). Mucin production
increased in mice pretreated with VD3. The expression levels of e Muc1 and f Muc2 were detected in mice pretreated with VD3 compared to
mice pretreated with water after CLP-induced sepsis by immunoblotting. Error bars denote standard error of the mean. **P < 0.01;
***P < 0.001; ****P < 0.0001

that inhibits kidney cell apoptosis by reducing the
endoplasmic reticulum stress [40]. The disruption of gut
barrier integrity may partially explain the higher bacterial
load seen in the cathelicidin-knockout group.
It has been reported that cathelicidin improves septic
mice survival by inhibiting pyroptosis of macrophages
and preventing exaggerated inflammatory responses
[41]. Consistent with this finding, our transcriptome
analysis of ileal tissues revealed that expression of
inflammatory genes (Grb2, Rela, Jun) were shown as the
most popular hub genes (interaction degree large than
20) in the upregulated gene cluster. An increased

intestinal inflammatory response has been shown to be
associated with gut barrier dysfunction in rodents [42].
Collectively, these suggested that cathelicidin depletion
would exaggerate pro-inflammatory response, which was
also verified by the KEGG and Reactome pathway
analyses. Further mechanistic studies will be needed to
determine if cathelicidin controls pro-inflammatory
response via Grb2, Rela, and Jun.
It was demonstrated that human cathelicidin synergistically enhanced the endogenous inflammatory mediator
interleukin-1β and chemokines such as macrophage
chemoattractant proteins in human peripheral blood
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Fig. 9 Pretreatment with VD3 up-regulated the ileal expression of cathelicidin in sepsis. Effect of VD3 on expression of mCRAMP in distal ileum of
wild-type mice at 24 h after CLP were determined by immunofluorescence and (a) real-time quantitative PCR (b). n = 6 per group, error bars
denote standard error of the mean. c, d Prophylactic efficacy of VD3 required cathelicidin in CLP-induced polymicrobial sepsis. Cathelicidinknockout mice (Cnlp−/−) pretreated with water or VD3 by oral gavage at 48 h, 24 h, and 1 h before CLP (n = 5 per group). There was no significant
difference between water control and VD3 group in terms of c 7-day mortality as well as d MSS score in Cnlp−/− mice. **P < 0.01; ****P < 0.0001

mononuclear cells [43]. M1 macrophages can rapidly kill
pathogens to help the primary host defense, which
mainly play a role in pro-inflammation, and M2 macrophages routinely repair and maintain tissue integrity,
which serve an anti-inflammatory function [44]. In our
study, we observed a dramatic M1-to-M2 shift in the
small intestine after CLP and depletion of cathelicidin
tended to induce more M1 but not M2 macrophages
compared with the wild-type mice after CLP. So 24 h
after CLP, the immune state of mice seems immunosuppressive with macrophages polarizing to an M2 phenotype. Given that human cathelicidin directs macrophages
differentiation toward proinflammatory macrophages

[45], depletion of cathelicidin may lower the proinflammation response in the immune environment
during CLP. Apart from modulating the function of
macrophages, cathelicidin can induce the migration of
neutrophils and eosinophils by the formyl-peptide receptor, FPR2 [46]. In our study, CLP induced infiltration of
neutrophils into small intestine and depletion of cathelicidin exaggerated neutrophil infiltration compared with
the wild-type mice after CLP. Apart from CLP-induced
infiltration of macrophages and neutrophils, we examined the infiltration of lymphocytes into the small intestine. Results demonstrated that there is no significant
difference between CLP groups and sham groups. In line
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Fig. 10 Effects of inactive and active VD3 after the onset of CLP-induced polymicrobial sepsis. a All mice underwent CLP surgery and were
administered with water or inactive VD3 (50 μg/kg) for one time by oral gavage immediately after CLP (n = 8 per group). Mice treated with
inactive VD3 even had a higher 7-day mortality and b higher day-1 MSS score. CLP-induced polymicrobial sepsis resulted in hepatic damage.
CLP-operated mice demonstrated increased c AST and ALT levels, d decreased CYP2R1 and CYP27A1 mRNA levels, and e reduced serum VD3
levels (intermediate plus active forms) (n = 4–5 per group). For active VD3 treatment, all mice underwent CLP surgery and were administered with
water or active VD3 (50 μg/kg) for 7 days by intraperitoneal injection (n = 11 per group). Mice treated with active VD3 had better outcomes in
terms of f 7-day mortality, g day 2 and day 3 MSS score as well as d higher serum vitamin D3 levels (intermediate plus active forms).*P < 0.05;
**P < 0.01; ***P < 0.001

with our study, two clinical studies reported that there
were no significant differences in T cell and B cell populations between septic patients and the corresponding
control group [47, 48]. Collectively, these suggested that
CLP would induce more infiltration of macrophages and
neutrophils into the small intestine. Cathelicidin depletion would exaggerate pro-inflammatory response, which
was associated with elevated production of neutrophils
and M1 macrophages.
Parekh and colleagues analyzed the patient data of 61
patients with sepsis and utilized the CLP model, demonstrating that sepsis and severe sepsis are associated with
vitamin D deficiency, which in turn is associated with
more severe sepsis [49]. Accumulating evidence suggests
that VD3 exerts protective effects during infections by
up-regulating the expression of cathelicidin and beta-

defensin 2 in phagocytes and epithelial cells [11]. In our
study, we observed that VD3-pretreated mice had better
survival after CLP and these mice also recovered faster
with a better MSS score. Along with increasing of
mucin1 expression, there were signs of upregulation of
cathelicidin with VD3 pretreatment as revealed by realtime PCR and immunostaining. The bacterial load in
blood became lower in mice after induction of cathelicidin with VD3. These confirmed that VD3 could upregulate the cathelicidin and protect against sepsis.
Furthermore, we assessed the therapeutic use of the
active form and the inactive form of VD3 in our CLP
model. We observed that administration of calcitriol (an
active form of VD3) but not cholecalciferol (an inactive
form of VD3) after the onset of sepsis led to a better
survival outcome in CLP mice. In line with recent
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publications, high-dose VD3 (cholecalciferol, inactive
form of VD3) did not improve the survival outcomes of
critically ill patients in terms of 90-day mortality [50].
Since hepatic cytochrome P450 (CYPs) play an essential
role in the conversion of VD3 into 25-hydroxyVD3
together with additional evidence showing that hepatic
CYPs dysfunctions are linked to sepsis [51–53], we
further examined the functions of the liver after the onset of sepsis. Our results demonstrated that CLP induced
hepatic damage and the associated downregulations of
hepatic CYPs at mRNA level, resulting in decreased
serum intermediate and active VD3. Fortunately, the
administration of calcitriol (an active form of VD3) can
bypass hepatic biotransformation of cholecalciferol into
25-hydroxyVD3 mediated by CYP system, directly entering the circulatory system and exerting the beneficial effects. Taken together, we confirmed that the active form
of VD3 but not the inactive form of VD3 is a therapeutic
drug in our CLP model. Noticeably, the latter worsened 7day mortality and the associated symptoms in CLPoperated mice, the mechanism of which remains unclear.
This study has potential limitations. First of all, the
sample size in our survival analyses is relatively small
(n = 8–11). Moreover, only male mice were used for
behavioral studies, considering the lesser influence of
sex hormones on male mice during the estrous cycle.
Our results may not be directly applicable to females.
Last but not the least, no antibiotics were given to the
CLP-operated mice for all experiments, which might
undermine the direct extrapolation of our research findings into the clinical settings.

Conclusion
Cathelicidin is essential in preserving gut barrier function in sepsis. Replenishment of this protein, its induction by VD3 or targeting its immediate downstream
molecular moieties may be promising therapies for
sepsis to improve clinical outcomes.
Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13054-020-2754-5.
Additional file 1: Figure S1. STEM analysis identified 50 clusters of coexpressed genes which exhibited particular pattern among groups. Only
19 clusters have p values less than 0.05 (shown in color). Cluster 8 and 16
were applied for further bioinformatic analysis. Figure S2. Western blots
of samples from individual mouse presented in Fig. 3. Figure 3. Western
blot of samples from individual mouse presented in Fig. 4.
Authors’ contributions
WKKW conceived the study and designed the experiments. JH, HC, YL, and
XD conducted the experiments and prepared the manuscript. WKKW, CCHL,
MTVC, and LZ managed the project and critically reviewed the work. RLG
provided the cathelicidin-knockout mice. The remaining authors assisted in
editing and approved the final version to be published. All authors agreed to
be accountable for all aspects of the work.

Page 14 of 16

Funding
This work was supported by the Health and Medical Research Fund
(16151002, 16151172, and 15140132), the Early Career Scheme/General
Research Fund from the Hong Kong Research Grant Council (24115815 and
14116218), and Australian and New Zealand College of Anesthetists Project
Grant 18/019.
Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.
Ethics approval and consent to participate
The performance of animal experiments was approved by the Laboratory
Animals Ethics Committee (16-251-MIS) of the Chinese University of Hong
Kong.
Consent for publication
The manuscript does not contain any individual person’s data in any form.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Anaesthesia and Intensive Care and Peter Hung Pain
Research Institute, The Chinese University of Hong Kong, Shatin, Hong Kong
Special Administrative Region, China. 2State Key Laboratory of Digestive
Diseases, Li Ka Shing Institute of Health Sciences, and Centre for Gut
Microbiota Research, The Chinese University of Hong Kong, Shatin, Hong
Kong Special Administrative Region, China. 3Department of Medicine and
Therapeutics, The Chinese University of Hong Kong, Hong Kong Special
Administrative Region, Shatin, China. 4Laboratory of Molecular Pharmacology,
School of Pharmacy, Southwest Medical University, Luzhou, Sichuan, China.
5
Department of Dermatology, The University of California, San Diego, USA.
Received: 8 October 2019 Accepted: 27 January 2020

References
1. Vincent JL, Rello J, Marshall J, Silva E, Anzueto A, Martin CD, Moreno R,
Lipman J, Gomersall C, Sakr Y, Reinhart K. International study of the
prevalence and outcomes of infection in intensive care units. JAMA.
2009;302(21):2323–9.
2. Li Q, Zhang Q, Wang C, Liu X, Li N, Li J. Disruption of tight junctions during
polymicrobial sepsis in vivo. J Pathol. 2009;218(2):210–21.
3. Wu W, Jiang RL, Wang LC, Lei S, Xing X, Zhi YH, Wu JN, Wu YC, Zhu MF,
Huang LQ. Effect of Shenfu injection on intestinal mucosal barrier in a rat
model of sepsis. Am J Emerg Med. 2015;33(9):1237–43.
4. MacFie J. Current status of bacterial translocation as a cause of surgical
sepsis. Br Med Bull. 2004;71(1):1–11.
5. Doig CJ, Sutherland LR, Sandham JD, Fick GH, Verhoef M, Meddings JB.
Increased intestinal permeability is associated with the development of
multiple organ dysfunction syndrome in critically ill ICU patients. Am J
Respir Crit Care Med. 1998;158(2):444–51.
6. Hu Z, Murakami T, Suzuki K, Tamura H, Kuwahara-Arai K, Iba T, Nagaoka I.
Antimicrobial cathelicidin peptide LL-37 inhibits the LPS/ATP-induced
pyroptosis of macrophages by dual mechanism. PLoS One. 2014;9(1):
e85765.
7. Suzuki K, Murakami T, Kuwahara-Arai K, Tamura H, Hiramatsu K, Nagaoka I.
Human anti-microbial cathelicidin peptide LL-37 suppresses the LPSinduced apoptosis of endothelial cells. Int Immunol. 2011;23(3):185–93.
8. Holick MF. Medical progress: Vitamin D deficiency. N Engl J Med. 2007;
357(3):266–81.
9. Pludowski P, Holick MF, Pilz S, Wagner CL, Hollis BW, Grant WB, Shoenfeld Y,
Lerchbaum E, Llewellyn DJ, Kienreich K, Soni M. Vitamin D effects on
musculoskeletal health, immunity, autoimmunity, cardiovascular disease,
cancer, fertility, pregnancy, dementia and mortality-A review of recent
evidence. Autoimmunity Rev. 2013;12(10):976–89.
10. Hewison M. Antibacterial effects of vitamin D. Nat Rev Endocrinol.
2011;7(6):337–45.
11. Chen L, Eapen MS, Zosky GR. Vitamin D both facilitates and attenuates the
cellular response to lipopolysaccharide. Sci Rep. 2017;7:45172.

Ho et al. Critical Care

(2020) 24:47

12. Jeng L, Yamshchikov AV, Judd SE, Blumberg HM, Martin GS, Ziegler TR,
Tangpricha V. Alterations in vitamin D status and anti-microbial peptide
levels in patients in the intensive care unit with sepsis. J Transl Med.
2009;7:28.
13. Nizet V, Ohtake T, Lauth X, Trowbridge J, Rudisill J, Dorschner RA,
Pestonjamasp V, Piraino J, Huttner K, Gallo RL. Innate antimicrobial
peptide protects the skin from invasive bacterial infection. Nature.
2001;414(6862):454–7.
14. Rittirsch D, Huber-Lang MS, Flierl MA, Ward PA. Immunodesign of
experimental sepsis by cecal ligation and puncture. Nat Protoc.
2009;4(1):31–6.
15. Karra L, Haworth O, Priluck R, Levy BD, Levi-Schaffer F. Lipoxin B(4)
promotes the resolution of allergic inflammation in the upper and lower
airways of mice. Mucosal Immunol. 2015;8(4):852–62.
16. Coopersmith CM, Amiot DM 2nd, Stromberg PE, Dunne WM, Davis CG,
Osborne DF, Husain KD, Turnbull IR, Karl IE, Hotchkiss RS, et al. Antibiotics
improve survival and alter the inflammatory profile in a murine model of
sepsis from Pseudomonas aeruginosa pneumonia. Shock. 2003;19(5):408–14.
17. Xu S, Chen YH, Tan ZX, Xie DD, Zhang C, Xia MZ, Wang H, Zhao H, Xu DX,
Yu DX. Vitamin D3 pretreatment alleviates renal oxidative stress in
lipopolysaccharide-induced acute kidney injury. J Steroid Biochem Mol Biol.
2015;152:133–41.
18. Castillo M, Martín-Orúe SM, Manzanilla EG, Badiola I, Martín M, Gasa J.
Quantification of total bacteria, enterobacteria and lactobacilli populations
in pig digesta by real-time PCR. Vet Microbiol. 2006;114(1-2):165–70.
19. Tai EKK, Wu WK, Wong HP, Lam EK, Yu L, Cho CH. A new role for
cathelicidin in ulcerative colitis in mice. Exp Biol Med (Maywood).
2007;232(6):799–808.
20. Zhang L, Yu J, Wong CCM, Ling TKW, Li ZJ, Chan KM, Ren SX, Shen J, Chan
RLY, Lee CC, Li MSM, Cheng ASL, To KF, Gallo RL, Sung JJY, Wu WKK, Cho
CH. Cathelicidin protects against Helicobacter pylori colonization and the
associated gastritis in mice. Gene Ther. 2013;20(7):751–60.
21. Zhang L, Wu WKK, Gallo RL, Fang EF, Hu W, Ling TKW, Shen J, Chan RLY, Lu
L, Luo XM, Li MX, Chan KM, Yu J, Wong VWS, Ng SC, Wong SH, Chan FKL,
Sung JJY, Chan MTV, et al. Critical role of antimicrobial peptide cathelicidin
for controlling helicobacter pylori survival and infection. J Immunol. 2016;
196(4):1799–809.
22. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, Van Baren MJ,
Salzberg SL, Wold BJ, Pachter L. Transcript assembly and quantification by
RNA-Seq reveals unannotated transcripts and isoform switching during cell
differentiation. Nat Biotechnol. 2010;28(5):511–5.
23. Harusato A, Geem D, Denning TL. Macrophage isolation from the mouse
small and large intestine. Methods Mol Biol. 2016;1422:171–80.
24. Herminghaus A, Barthel F, Heinen A, Beck C, Vollmer C, Bauer I, Weidinger
A, Kozlov AV, Picker O. Severity of polymicrobial sepsis modulates
mitochondrial function in rat liver. Mitochondrion. 2015;24:122–8.
25. Nesseler N, Launey Y, Aninat C, Morel F, Malledant Y, Seguin P. Clinical
review: the liver in sepsis. Crit Care. 2012;16(5):235.
26. Woźnica EA, Inglot M, Woźnica RK, Łysenko L. Liver dysfunction in sepsis.
Adv Clin Exp Med. 2018;27(4):547–51.
27. Mawer EB, Klass HJ, Warnes TW, Berry JL. Metabolism of vitamin D in
patients with primary biliary cirrhosis and alcoholic liver disease. Clin Sci
(Lond). 1985;69(5):561–70.
28. Fukushima S, Okuno H, Shibatani N, Nakahashi Y, Seki T, Okazaki K. Effect of
biliary obstruction and internal biliary drainage on hepatic cytochrome P450
isozymes in rats. World J Gastroenterol. 2008;14(16):2556–60.
29. Ho J, Zhang L, Liu X, Wong SH, Wang MHT, Lau BWM, Ngai SPC, Chan H,
Choi G, Leung CCH, Wong WT, Tsang S, Gin T, Yu J, Chan MTV, Wu WKK.
Pathological role and diagnostic value of endogenous host defense
peptides in adult and neonatal sepsis: a systematic review. Shock. 2017;
47(6):673–79.
30. Barbeiro DF, Barbeiro HV, Zampieri FG, César Machado MC, Torggler Filho
F, Gomes Cunha DM, Goulart AC, Velasco IT, Monteiro da Cruz Neto L,
Possolo de Souza H, Pinheiro da Silva F. Cathelicidin LL-37 bloodstream
surveillance is down regulated during septic shock. Microbes Infect.
2013;15(5):342–6.
31. Leaf DE, Croy HE, Abrahams SJ, Raed A, Waikar SS. Cathelicidin antimicrobial
protein, vitamin D, and risk of death in critically ill patients. Crit Care.
2015;19:80.
32. Hotchkiss RS, Coopersmith CM, McDunn JE, Ferguson TA. The sepsis seesaw:
tilting toward immunosuppression. Nat Med. 2009;15(5):496–7.

Page 15 of 16

33. Cirioni O, Giacometti A, Ghiselli R, Bergnach C, Orlando F, Silvestri C,
Mocchegiani F, Licci A, Skerlavaj B, Rocchi M, Saba V, Zanetti M, Scalise G.
LL-37 protects rats against lethal sepsis caused by gram-negative bacteria.
Antimicrob Agents Chemother. 2006;50(5):1672–9.
34. Dokoshi T, Zhang LJ, Nakatsuji T, Adase CA, Sanford JA, Paladini RD,
Tanaka H, Fujiya M, Gallo RL. Hyaluronidase inhibits reactive
adipogenesis and inflammation of colon and skin. JCI Insight. 2018;
3(21):e123072.
35. Severino P, Ariga SK, Barbeiro HV, de Lima TM, de Paula SE, Barbeiro DF,
Machado MCC, Nizet V. Pinheiro da Silva F. Cathelicidin-deficient mice
exhibit increased survival and upregulation of key inflammatory response
genes following cecal ligation and puncture. J Mol Med (Berl). 2017;95(9):
995–1003.
36. Hollingsworth JW, Whitehead G, Berman KG, Tekippe EM, Gilmour MI,
Larkin JE, Quackenbush J, Schwartz DA. Genetic basis of murine
antibacterial defense to streptococcal lung infection. Immunogenetics.
2007;59(9):713–24.
37. Lindén SK, Florin THJ, MA MG. Mucin dynamics in intestinal bacterial
infection. PLoS One. 2008;3(12):e3952.
38. Yi H, Hu W, Chen S, Lu Z, Wang Y. Cathelicidin-WA improves intestinal
epithelial barrier function and enhances host defense against
enterohemorrhagic Escherichia coli O157:H7 infection. J Immunol. 2017;
198(4):1696–1705.
39. Bücker R, Krug SM, Fromm A, Nielsen HL, Fromm M, Nielsen H,
Schulzke JD. Campylobacter fetus impairs barrier function in HT-29/B6
cells through focal tight junction alterations and leaks. Ann N Y Acad
Sci. 2017;1405(1):189–201.
40. Liu J, Xue W, Xiang H, Zheng J, Zhao Y, Jiao L, Jiao Z. Cathelicidin PR-39
peptide inhibits hypoxia/reperfusion-induced kidney cell apoptosis by
suppression of the endoplasmic reticulum-stress pathway. Acta Biochim
Biophys Sin Shanghai. 2016;48(8):714–22.
41. Hu Z, Murakami T, Suzuki K, Tamura H, Reich J, Kuwahara-Arai K, Iba T,
Nagaoka I. Antimicrobial cathelicidin peptide LL-37 inhibits the pyroptosis
of macrophages and improves the survival of polybacterial septic mice. Int
Immunol. 2016;28(5):245–53.
42. Jin W, Wang H, Ji Y, Hu Q, Yan W, Chen G, Yin H. Increased intestinal
inflammatory response and gut barrier dysfunction in Nrf2-deficient mice
after traumatic brain injury. Cytokine. 2008;44(1):135–40.
43. Yu J, Mookherjee N, Wee K, Bowdish DME, Pistolic J, Li Y, Rehaume L,
Hancock REW. Host defense peptide LL-37, in synergy with inflammatory
mediator IL-1, augments immune responses by multiple pathways. J
Immunol. 2007;179(11):7684–91.
44. Mills CD, Ley K. M1 and M2 macrophages: the chicken and the egg of
immunity. J Innate Immun. 2014;6(6):716–26.
45. van der Does AM, Beekhuizen H, Ravensbergen B, Vos T, Ottenhoff THM,
van Dissel JT, Drijfhout JW, Hiemstra PS, Nibbering PH. LL-37 directs
macrophage differentiation toward macrophages with a proinflammatory
signature. J Immunol. 2010;185(3):1442–9.
46. Kahlenberg JM, Kaplan MJ. Little peptide, big effects: the role of LL-37
in inflammation and autoimmune disease. J Immunol. 2013;191(10):
4895–901.
47. Arens C, Bajwa SA, Koch C, Siegler BH, Schneck E, Hecker A, Weiterer
S, Lichtenstern C, Weigand MA, Uhle F. Sepsis-induced long-term
immune paralysis--results of a descriptive, explorative study. Crit Care.
2016;20:93.
48. Duggal NA, Snelson C, Shaheen U, Pearce V, Lord JM. Innate and
adaptive immune dysregulation in critically ill ICU patients. Sci Rep.
2018;8(1):10186.
49. Parekh D, Patel JM, Scott A, Lax S, Dancer RCA, D’souza V, Greenwood H,
Fraser WD, Gao F, Sapey E, Perkins GD, Thickett DR. Vitamin D deficiency in
human and murine sepsis. Crit Care Med. 2017;45(2):282–89.
50. National Heart L, Blood Institute, P.C.T.N, Ginde AA, Brower RG, Caterino
JM, Finck L, Banner-Goodspeed VM, Grissom CK, Hayden D, Hough CL,
Hyzy RC, Khan A, Levitt JE, Park PK, Ringwood N, Rivers EP, Self WH,
Shapiro NI, Thompson BT, Yealy DM, Talmor D. Early high-dose vitamin
D3 for critically ill, vitamin D-deficient patients. N Engl J Med.
2019;381(26):2529–40.
51. Chung HY, Witt CJ, Hurtado-Oliveros J, Wickel J, Graler MH, Lupp A, Claus
RA. Acid sphingomyelinase inhibition stabilizes hepatic ceramide content
and improves hepatic biotransformation capacity in a murine model of
polymicrobial sepsis. Int J Mol Sci. 2018;19(10):3163.

Ho et al. Critical Care

(2020) 24:47

52. Savio LEB, de Andrade Mello P, Figliuolo VR, de Avelar Almeida TF, Santana
PT, Oliveira SDS, Silva CLM, Feldbrugge L, Csizmadia E, Minshall RD, Longhi
MS, Wu Y, Robson SC, Coutinho-Silva R. CD39 limits P2X7 receptor
inflammatory signaling and attenuates sepsis-induced liver injury. J Hepatol.
2017;67(4):716–26.
53. Kim JY, Lee SM. Vitamins C and E protect hepatic cytochrome P450
dysfunction induced by polymicrobial sepsis. Eur J Pharmacol.
2006;534(1-3):202–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 16 of 16

