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Abstract
The present study was conducted to investigate the anti-inﬂammatory effect of vitamin D both in juvenile Jian carp (Cyprinus carpio var. Jian)
in vivo and in enterocytes in vitro. In primary enterocytes, exposure to 10 mg lipopolysaccharide (LPS)/l increased lactate dehydrogenase
activity in the culture medium (P < 0·05) and resulted in a signiﬁcant loss of cell viability (P < 0·05). LPS exposure increased (P < 0·05)
the mRNA expression of pro-inﬂammatory cytokines (TNF-α, IL-1β, IL-6 and IL-8), which was decreased by pre-treatment with
1,25-dihydroxyvitamin D (1,25D3) in a dose-dependent manner (P < 0·05). Further results showed that pre-treatment with 1,25D3 downregulated Toll-like receptor 4 (TLR4), myeloid differentiation primary response gene 88 (Myd88) and NF-κB p65 mRNA expression (P < 0·05),
suggesting potential mechanisms against LPS-induced inﬂammatory response. In vivo, intraperitoneal injection of LPS signiﬁcantly increased
TNF-α, IL-1β, IL-6 and IL-8 mRNA expression in the intestine of carp (P < 0·05). Pre-treatment of ﬁsh with vitamin D3 protected the ﬁsh
intestine from the LPS-induced increase of TNF-α, IL-1β, IL-6 and IL-8 mainly by downregulating TLR4, Myd88 and NF-κB p65 mRNA
expression (P < 0·05). These observations suggest that vitamin D could inhibit LPS-induced inﬂammatory response in juvenile Jian carp in vivo
and in enterocytes in vitro. The anti-inﬂammatory effect of vitamin D is mediated at least in part by TLR4-Myd88 signalling pathways in the
intestine and enterocytes of juvenile Jian carp.
Key words: Lipopolysaccharides: Enterocytes: Cyprinus carpio var. Jian: Toll-like receptor 4-myeloid differentiation primary
response gene 88 signalling pathway

Vitamin D is a steroid hormone, which is either synthesised from
pre-vitamin D in the skin during exposure to UV light or
through dietary intake in terrestrial vertebrates(1). Vitamin D
has two major forms: 25-hydroxyvitamin D (25D3) and
1,25-dihydroxyvitamin D (1,25D3). 25D3 is the major storage
form of vitamin D, which is catalysed by the enzyme
1α-hydroxylase (CYP27B1) to produce the main active metabolite
1,25D3(2). Vitamin D has been well-known for its role in bone
mineralisation and Ca homoeostasis. Emerging evidence from
basic research studies reveals that it also has an important role in
regulating the immune system, including immune responses to
bacterial infection in mammals(3–5). Khoo et al.(6) reported that
vitamin D3 down-regulated pro-inﬂammatory cytokine production induced by Mycobacterium tuberculosis in peripheral blood
mononuclear cells (PBMC). Zhao et al.(7) demonstrated that

dietary vitamin D supplementation attenuates immune response
of pigs challenged with rotavirus in pig. These results indicate that
vitamin D mediates innate immune response. However, most
research on the antibacterial action of vitamin D has been
carried out in mammals, and there are limited studies in ﬁsh. To
our knowledge, there is only one report on the involvement of
vitamin D3 in the modulation of the ﬁsh immune system.
Cerezuela et al.(8) reported that diet supplementation with
0·94 mg/kg vitamin D3 for 2 or 4 weeks resulted in a signiﬁcant
increase in phagocytic ability and serum peroxidase content.
Physiological studies have suggested that the vitamin D3 system in
teleost is similar to that in other vertebrates(9–11). However, the
structure and form of the immune system is different between ﬁsh
and mammals(12). Whether vitamin D3 exerts protective effects
against bacterial infection in ﬁsh is unclear.

Abbreviations: 1,25D3, 1,25-dihydroxyvitamin D; DMEM, Dulbecco’s modiﬁed Eagle’s medium; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MAPK,
mitogen-activated protein kinases; TLR4, Toll-like receptor 4.
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The intestine is an important immune organ of ﬁsh(13,14). The
intestinal epithelial cells are the ﬁrst line of defence against
pathogenic bacteria present in the lumen of the gut. Besides
acting as a physical barrier, epithelial cells utilise a variety of
innate immune mechanisms to reduce the risk of infection from
invading foreign agents, including bacterial lipopolysaccharide
(LPS)(15,16). The normal immune response of the intestine has
been found to be correlated with its intestinal health in
ﬁsh(17,18). Pro-inﬂammatory cytokines have an important role in
intestinal immunity(19). To date, there is scarce information
about the effect of vitamin D on intestinal immunity in ﬁsh. LPS
is a cell wall component of gram-negative bacteria and a potent
immunostimulant. Recently, LPS has been extensively used in
studies of various aspects of induced immune responses in ﬁsh
enterocytes(20–23). Mulder et al.(22) reported that exposure to
Aeromonas salmonicida induced the expression of TNF-α,
IL-1β and IL-8 gene in the intestine of rainbow trout. Previous
studies in our laboratory also demonstrated that LPS exposure
improved TNF-α, IL-1β and IL-6 gene expression in the intestine
of carp(23). Therefore, we used LPS-induced inﬂammatory
responses in isolated enterocytes and the intestine as a model to
investigate vitamin D3’s anti-inﬂammatory effect in ﬁsh.
Toll-like receptor 4 (TLR4) is an important mediator of the host
inﬂammatory response to infection. LPS induces the interaction of
TLR4 with adaptor molecule myeloid differentiation primary
response gene 88 (MyD88), which activates downstream mitogenactivated protein kinases (MAPK) and NF-κB signalling pathways
and subsequently causes inﬂammatory cytokine production such
as TNF-α, IL-1, IL-6 and IL-12(24–26). Our previous study also
demonstrated that the TLR4 signalling pathway could be activated
by LPS exposure in the intestine of Jian carp(23). Khoo et al.(6)
reported that 1,25D3 modulated the balance in cytokine production towards an anti-inﬂammatory proﬁle by repression of TLR4
expression in PMBC. Sadeghi et al.(27) also reported that
vitamin D3 down-regulated monocyte TLR4 expression. These
facts suggest that vitamin D3 might inﬂuence the TLR4-Myd88
signalling pathway against LPS-induced inﬂammatory response in
the intestine of ﬁsh, which warrants investigation.
The present study was conducted to investigate the effects of
vitamin D3 on LPS-induced inﬂammatory responses in vivo and
in vitro and to explore whether the anti-inﬂammatory effect is
mediated through TLR4-Myd88 signalling pathways in this
experiment.

Methods
Chemicals
LPS, 1,25D3, insulin, collagenase, dispase, transferrin, benzyl
penicillin and streptomycin sulphate were purchased from Sigma.
Hank’s balanced salt solution (HBSS) and fetal bovine serum
(FBS) were purchased from Hyclone. 1,25D3 stock solutions of
10−3 M were prepared in 100 % dimethyl sulfoxide, and further
dilutions were performed using Dulbecco’s modiﬁed Eagle’s
medium (DMEM). All 1,25D3 working solutions were stored in
Eppendorf tubes at −80°C. 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt (MTS) was purchased from Promega Corporation.
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In vitro experiments
Primary enterocyte culture. Cell isolation and culture were
performed according to the methods of Jiang et al.(28,29).
Brieﬂy, healthy Jian carps (56·78 (SEM 2·8) g) were maintained
for approximately 24 h without feeding before the experiment,
and killed by decapitation. The intestines were rapidly separated from the carcass, opened and rinsed with HBSScontaining antibiotics (100 U/ml penicillin and 100 μg/ml
streptomycin). Cells were isolated by enzymatic dissociation
using collagenase and dispase, followed by physical disaggregation. Then, cells were suspended in DMEM (containing
2 % D-sorbitol, S-DMEM) and washed with S-DMEM ﬁve times
to remove any undigested material and single cells according
to Booth and O’Shea(30) with slight modiﬁcations. Isolated
enterocytes were cultured in DMEM supplemented with 5 %
FBS, 0·02 mg transferrin/ml, 0·01 mg insulin/ml and antibiotics
(100 U/ml penicillin and 100 μg/ml streptomycin). Cultures
were kept at 26 (SEM 0·5)°C in twenty-four-well culture plates
(Falcon) that had been coated with collagen I (Sigma), as
previously described by Jiang et al.(31). The cells were allowed
to attach to plates for 72 h.
Lipopolysaccharide-induced cytotoxicity and inﬂammatory
response in enterocytes. The cells were stimulated for 24 h
with 10 mg LPS/l; this concentration was chosen because the
previous experiment showed that 10 mg LPS/l of medium could
induce inﬂammatory response in carp enterocytes(23). Cell
viability was quantiﬁed by MTS assay. Cytotoxicity was assessed
by determining the release of lactate dehydrogenase (LDH)
from enterocytes. The TNF-α and IL-1β mRNA expression levels
were detected in cell lysates.

Prevention of lipopolysaccharide-induced inﬂammatory
response by 1,25-dihydroxyvitamin D in enterocytes. To
investigate the effect of 1,25D3 on cytokine levels in
LPS-treated cells, enterocytes seeded into twenty-four-well
plates were pre-treated with different concentrations of suggesting potential 1,25D3 for 72 h, and then cultured for 24 h
with 10 mg LPS/l in a 27°C incubator. There were six groups
(1,25D3 pre-treatment + LPS exposure): Ctrl + Ctrl (1,25D3 and
LPS free), Ctrl + LPS (1,25D3 free + LPS), 1 pM-1,25D3 + LPS,
10 pM-1,25D3 + LPS, 100 pM-1,25D3 + LPS and 200 pM-1,25D3 +
LPS. At the end of the experiment, media were collected to
analyse LDH release. Cell lysates were collected to detect
mRNA expressions of TNF-α, IL-1β, IL-6, IL-8, IL-10, TLR4,
Myd88, NF-κBp65 and MAPKp38.

In vivo experiments
The Animal Care and Use Committee of Sichuan Agricultural
University approved all experimental procedures.

Feeding trial. A total of 300 ﬁsh with an average initial weight
of 12·58 (SEM 0·23) g from the acclimatisation aquarium were
randomly assigned into two groups of three replicates,
each of sixty ﬁsh. The groups were respectively fed the Ctrl
diet (non-supplemented vitamin D3) and the VD3 diet

https://doi.org/10.1017/S0007114515003256 Published online by Cambridge University Press

Vitamin D inhibits inﬂammatory response

J. Jiang et al.

Table 1. Feed formulation and proximate composition of the experimental
diets (air-dry basis)
Ingredients
Soyabean meal
Fish meal
Rapeseed meal
Maize gluten meal
Rice polishings
Soya oil
Wheat middling
Choline chloride
Monocalcium phosphate
L-Lys·HCl
DL-Met
Bentonite
Vitamin premix*
Mineral premix†
Total
Nutrient levels‡
Crude protein
Crude lipid
Available P

g/kg
260
90
230
60
54
41
200
6
15
3
1
20
10
10
1000
313
67·3
6·9

* The vitamin premix provides for per kg of diet: retinyl acetate 275 mg/g, 0·80 g;
cholecalciferol
12·5 mg/g,
0g
for
control
and
0·48 g
for
VD3;
DL-α-tocopherol acetate (50 %), 20·00 g; menadione (23 %), 0·22 g; cyanocobalamin (1 %), 0·10 g; D-biotin (2 %), 5 g; folic acid (96 %), 0·52 g; thiamine
hydrochloride (90 %), 0·13 g; ascorhyl acetate (93 %), 7·16 g; niacin (99 %),
2·58 g; inositol (99 %), 52·33 g; calcium-D-pantothenate (98 %), 3·07 g; riboflavin
(80 %), 0·99 g; pyridoxin (81 %), 0·75 g.
† Mineral premix provides for per kg of diet: ZnSO4·7H2O (22·5 % Zn), 21·64 g;
MgSO4·H2O (15 % Mg), 230·67 g; FeSO4·7H2O (19·7 % Fe), 69·695 g;
CuSO4.5H2O (25 % Cu), 1·201 g; MnSO4 H2O (31·8 % Mn), 3·774 g; KI (3·8 % I),
2·895 g; NaSeO3 (1 % Se), 2·50 g.
‡ Available P was calculated according to National Research Council (1993),
whereas the others were measured according to the method of the Association of
Official Analytical Chemists (1998).

(supplemented 0·06 mg/kg vitamin D3) for 60 d. Experimental
diets were formulated in our laboratory (Table 1). Vitamin D3
was added in the form of cholecalciferol. For this, vitamin D3
was ﬁrst dissolved in ethanol in the appropriate doses
and then dissolved in cod oil, which was sprayed on the pellets
before feeding ﬁsh. The Ctrl diet was sprayed with cod oil
only. Procedures for diet preparation and storage were
the same as those described by Cerezuela et al.(8). The
experimental conditions were the same as in our previous
study(32).

Lipopolysaccharide exposure trial. After a 60 d feeding trial,
the ﬁsh were weighed and collected for LPS exposure trial.
There were three different groups: that is, control group (Ctrl/
Ctrl), LPS exposure alone group (Ctrl/LPS) and VD3 + LPS
exposure group (VD3/LPS). There were thirty-six ﬁsh in each
group, with three replicates per group and twelve ﬁsh per
replicate. The ﬁsh of Ctrl/Ctrl and Ctrl/LPS groups came from
the ﬁsh fed the Ctrl diet, and the ﬁsh of VD3/LPS group were
from the ﬁsh fed VD3 diet in the feeding trial. Each ﬁsh
of the Ctrl/Ctrl group was injected intraperitoneally with 100 μl
of sterile PBS. Each ﬁsh of Ctrl/LPS and VD3/LPS groups was
injected intraperitoneally with 100 μl of Escherichia coli LPS
serotype 0111:B4 (3 mg of LPS/kg of ﬁsh) diluted in sterile PBS.
The LPS concentration used in this study was according to our
previous study, which has been proven to induce inﬂammatory

response(23). After 48 h of exposure, the intestines were quickly
removed, frozen in liquid nitrogen and stored at −70°C for
further analysis.

Analysis and measurement
Cell viability assays. After enterocytes were stimulated for 24 h
with 10 mg LPS/l, cell viability was quantiﬁed using the CellTiter
96® AQueous One Solution cell proliferation assay kit. In brief,
at the time of experimental termination, 40 µl of MTS working
solution was added to each well. After incubation for 2 h at 27°C
in a humidiﬁed atmosphere, the amount of formazan was
estimated by optical density at 490 nm on a plate reader
(Wellscan MK3; Labsystems).

Lactate dehydrogenase activity measurement
LPS-induced cytotoxicity was quantiﬁed by measuring the
amounts of LDH released into the culture medium from injured
cells(33,34). The amount of LDH released was measured using
the method of Mulier et al.(35).

RNA extraction and quantitative real-time PCR analysis.
The RNA extraction and quantitative real-time PCR
analysis were identical to those described in our previous
study(36). Total RNA was isolated using RNAiso Plus (TaKaRa)
followed by DNAse I treatment, and then 1 μg of total RNA was
used to synthesise cDNA using the PrimeScript™ RT reagent
Kit (TaKaRa). The RT products (cDNA) were stored at −80°C.
Speciﬁc primers for the TNF-α, IL-1β, IL-6, IL-8, IL-10,
TLR4, Myd88, NF-κBp65 and MAPKp38 genes were designed
with Primer Premier software (Premier Biosoft International)
based on the carp sequences (Table 2). The PCR mixture
consisted of l μl of the ﬁrst-strand cDNA sample, 0·5 μl of each
of forward and reverse primers from 10 μM-stocks, 3 μl of
RNase-free dH2O and 5 μl of 2 × Ssofast EvaGreen Supermix
(Bio-Rad). Cycling conditions were 98°C for 10 s, followed
by forty cycles of 98°C for 5 s, annealing at a different temperature (Table 2) for each gene for 10 s and 72°C for 15 s.
Target gene mRNA concentration was normalised to the mRNA
concentration of the reference gene EF1а. After veriﬁcation
that the primers were ampliﬁed with an efﬁciency of
approximately 100 %, the results were analysed using the
2 ΔΔCt method(37). Target and housekeeping gene ampliﬁcation
efﬁciencies were calculated according to the speciﬁc gene
standard curves that were generated from 10-fold serial
dilutions.

Statistical analysis
Results are presented as means with their standard errors. Data
were subjected to one-way ANOVA followed by the Duncan’s
multiple-range test to determine signiﬁcant differences among
treatments using SPSS 13.0 (SPSS Inc.). A t test was used for
comparisons between two groups. P < 0·05 was considered to
be statistically signiﬁcant.
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Table 2. Primers and annealing temperature used for in real-time quantitative PCR
Name

Sequence(5′ → 3′)

TNF-α-QF
TNF-α-QR
IL-1β-QF
IL-1β-QR
IL-6-QF
IL-6-QR
IL-8-QF
IL-8-QR
IL-10-QF
IL-10-QR
TLR4-QF
TLR4-QR
Myd88-QF
Myd88-QR
NF-κB p65-QF
NF-κB p65-QR
MAPKp38-QF
MAPKp38-QR
EF1а-QF
EF1а-QR

TCAACAAGTCTCAGAACA
GCACCTATTAAATGGATGG
ACAGCCTCCTCTTCTTCAG
CACCTTCTCCCAATCATCAAA
TAGGTTAATGAGCAAGAGGA
AGAGACTGTTGATACTGGAA
ATGAGTCTTAGAGGTCTGGGTG
ACAGTGAGGGCTAGGAGGG
GCATACAGAGAAATACAGAACT
GTGACAGCCATAAGGACTA
TGTCGCTTTGAGTTTGAAT
TCCAGAATGATGATGATGATG
AAGAGGATGGTGGTAGTCA
GAGTGCGAACTTGGTCTG
TATTCAGTGCGTGAAGAAG
TATTAAAGGGGTTGTTCTGT
ACCTCAATAATATCGTCAA
TAAGTTCACAGTCTTCATT
TCACCATTGACATTGCTCTC
TGTTCTTGATGAAGTCTCTGT

Product size

Annealing temperature (°C)

GenBank ID

112 bp

56

AJ311800

110 bp

56·5

AJ245635

115 bp

55·5

AY102633·1

114 bp

60

JN663841

102 bp

55

AB110780

77 bp

55

HM564033

75 bp

55·5

GU321987

77 bp

58

LN590704

159 bp

56

AB023481

93 bp

56

AF485331

MAPK, mitogen-activated protein kinase; Myd88, myeloid differentiation primary response gene 88; TLR, Toll-like receptor 4.
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Fig. 1. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) optical density (OD) and lactate dehydrogenase
(LDH) release (a) and expression of TNF-α and IL-1β (b) in carp enterocytes in response to lipopolysaccharide (LPS) challenge. The primary cultured carp enterocytes
were stimulated with 10 mg/l LPS for 24 h. Values are means (n 6) with their standard errors represented by vertical bars. *Mean values are significantly different
, TNF-α;
, IL-1β.
(P < 0·05).

Results
Lipopolysaccharide-induced cytotoxicity and inﬂammatory
response in enterocytes
To assess LPS-induced cytotoxicity in carp enterocytes, cells
were incubated with 10 mg LPS/l. The cell viability and LDH
activity were measured 24 h later. The result indicated that
cells exposed to LPS resulted in a signiﬁcant loss of viability
(Fig. 1(a)). LDH release could be a good indicator of cellular
damage. LPS exposure signiﬁcantly increased LDH activity in
medium (P < 0·05) (Fig. 1(a)). The expression of TNF-α and
IL-1β mRNA in enterocytes with LPS treatment was measured by
RT-PCR (Fig. 1(b)). The results indicated that TNF-α and IL-1β

mRNA levels were signiﬁcantly increased by LPS exposure
compared with the unexposed group (P < 0·05).

Effect of 1,25-dihydroxyvitamin D on lipopolysaccharideinduced cytokine production in enterocytes
To determine whether 1,25D3 could exert an anti-inﬂammatory
effect in vitro, we assessed the effect of 1,25D3 on LPS-induced
inﬂammatory response by measuring TNF-α, IL-1β, IL-6, IL-8, and
IL-10 mRNA expression in cells treated with LPS with or without
1,25D3. Cells with LPS alone resulted in signiﬁcant increases in
TNF-α, IL-1β, IL-6, IL-8 and IL-10 mRNA expression as compared
with Ctrl/Ctrl treatment (P < 0·05) (Table 3). Pre-treatment of
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0·23a
0·14b
0·11b
0·12b
0·39b,c
0·33c

enterocytes with 1,25D3 inhibited the LPS-induced TNF-α, IL-1β,
IL-6 and IL-8 mRNA expression in a dose-dependent manner.
Treatment with 10–200 pM-1,25D3 led to a statistically signiﬁcant
decrease in TNF-α, IL-1β and IL-6 mRNA expression when compared with Ctrl/LPS (P < 0·05) (Table 3). The addition of 1,25D3
(100–200 pM) to cells signiﬁcantly down-regulated IL-8 mRNA
expression (P < 0·05) (Table 3). In contrast, the IL-10 mRNA
expression was increased signiﬁcantly at 200 pM-1,25D3 pretreatment (P < 0·05) (Table 3).

1·00
1·90
1·83
1·94
2·15
2·33
0·11
0·14d
0·08c,d
0·10b,c,d
0·12a,b,c
0·25a,b

a

SEM

Effects of 1,25-dihydroxyvitamin D on Toll-like receptor
4-myeloid differentiation primary response gene 88 signalling
pathways in lipopolysaccharide-stimulated enterocytes

1·00
1·70
1·50
1·42
1·24
1·14
0·10
0·10d
0·09c,d
0·12c
0·12b
0·04a
1·00
2·14
2·04
1·84
1·55
1·09
0·09
0·33d
0·21c,d
0·06c
0·09b
0·13a,b

Mean
SEM

a

Mean

1·00
2·12
1·97
1·75
1·38
1·17
0·08
0·15d
0·17d
0·09c
0·11b
0·22b

a

SEM

Mean

1·00
2·54
2·45
1·94
1·60
1·33

Groups

Ctrl + Ctrl
Ctrl + LPS
1 pM-1,25D3 + LPS
10 pM-1,25D3 + LPS
100 pM-1,25D3 + LPS
200 pM-1,25D3 + LPS

* The cells were pre-treated with different concentrations (0, 1, 10, 100, 200 pM) of 1,25D3 for 72 h before stimulation with 10 mg/l LPS for 24 h.
a,b,c,d
Values with unlike letters within the same columns are statistically different (P < 0·05).

a

SEM

Mean

IL-8
IL-6
IL-1β
TNF-α

Table 3. mRNA expression of TNF-α, IL-1β, IL-6, IL-8 and IL-10 in carp enterocytes in response to 1,25-dihydroxyvitamin D (1,25D3) and lipopolysaccharide (LPS) challenge*
(Mean values with their standard errors; n 6)

Mean

IL-10

SEM
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The present results have shown 1,25D3 to have antiinﬂammatory effect in carp enterocytes. We determined whether the involvement of TLR4-Myd88 signalling pathways in
1,25D3-mediated inhibition of pro-inﬂammatory cytokine. The
regulation of TLR4, Myd88, NF-κBp65 and MAPKp38 mRNA
expression during LPS exposure with and without 1,25D3
treatment was investigated in carp enterocytes (Table 4). As
shown, TLR4, Myd88, NF-κBp65 and MAPKp38 mRNA expression increased markedly after 24 h of stimulation with LPS
(P < 0·05) and 1,25D3 markedly inhibited LPS-induced TLR4,
Myd88 and NF-κBp65 mRNA expression (P < 0·05). However,
the addition of 1,25D3 did not alter MAPKp38 mRNA levels
(P > 0·05).

Vitamin D3 decreases lipopolysaccharide-induced cytokine
production in vivo
Dietary vitamin D3 supplements administered for 60 d signiﬁcantly increased the growth of carp when compared with
the Ctrl group; the ﬁnal weight was 48·8 (SEM 1·9) v. 42·1
(SEM 1·2) g (P < 0·05). The effects of dietary supplementation
with vitamin D3 on TNF-α, IL-1β, IL-6, IL-8 and IL-10 gene
transcript abundance in the intestine of juvenile Jian carp after
LPS exposure are presented in Fig. 2. The result indicated that
the expression levels of the TNF-α, IL-1β, IL-6, IL-8 and IL-10
genes were increased by LPS exposure alone compared with
the unexposed control group (P < 0·05). Vitamin D3 presupplementation signiﬁcantly depressed the TNF-α, IL-1β, IL-6
and IL-8 mRNA levels (P < 0·05). Fish exposed to LPS showed
an increase in IL-10 mRNA expression of intestine as compared
with the Ctrl/Ctrl group (P < 0·05). IL-10 mRNA expression in
ﬁsh pre-feeding with vitamin D3 was signiﬁcantly up-regulated
(P < 0·05).
The effects of dietary supplementation with vitamin D3 on
TLR4, Myd88, NF-κBp65 and MAPKp38 mRNA expression in the
intestine of ﬁsh following LPS exposure are shown in Fig. 2. The
results showed that, compared with Ctrl/Ctrl treatment, Ctrl/LPS
caused a signiﬁcant increase in TLR4, Myd88, NF-κBp65 and
MAPKp38 mRNA expression levels in the intestine (P < 0·05).
Pre-feeding with vitamin D3 signiﬁcantly prevented the upregulation of TLR4, Myd88 and NF-κBp65 mRNA expression in
the intestine. However, pre-feeding with vitamin D3 did not
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Table 4. mRNA expression of Toll-like receptor 4 (TLR4), myeloid differentiation primary response gene 88 (Myd88), NF-κB p65 and mitogen-activated
protein kinases (MAPKp38) in carp enterocytes in response to 1,25-dihydroxyvitamin D (1,25D3) and lipopolysaccharide (LPS) challenge*
(Mean values with their standard errors; n 6)
TLR4
Groups

Myd88

Mean

Ctrl + Ctrl
Ctrl + LPS
1 pM-1,25D3 + LPS
10 pM-1,25D3 + LPS
100 pM-1,25D3 + LPS
200 pM-1,25D3 + LPS

Mean

SEM
a

1·00
1·98
1·82
1·60
1·36
1·08

0·14
0·58e,f
0·34d,e
0·38c,d
0·23b,c
0·30a,b

NF-κB p65
Mean

SEM
a

1·00
1·94
1·84
1·71
1·42
1·20

0·08
0·27c
0·13c
0·33c
0·05b
0·17a,b

MAPKp38
SEM
a

1·00
2·45
2·25
2·13
1·64
1·11

0·07
0·15d
0·08c,d
0·52c
0·03b
0·13a

Mean

SEM

1·00
1·81
1·83
1·75
1·89
1·65

0·08a
0·18b
0·51b
0·08b
0·10b
0·32b

* The cells were pre-treated with different concentrations (0, 1, 10, 100, 200 pM) of 1,25D3 for 72 h before stimulation with 10 mg/l LPS for 24 h.
a,b,c,d,e,f
Values with unlike letters within the same column were statistically different (P < 0 05).
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Fig. 2. Expression of TNF-α, IL-1β, IL-6, IL-8, IL-10, Toll-like receptor 4 (TLR4), myeloid differentiation primary response gene 88 (Myd88), NF-κB p65 and mitogenactivated protein kinases (MAPKp38) mRNA in the intestine of juvenile Jian carp fed diets containing different vitamin D3 (VD3) levels for 60 d, followed by exposure to
3 mg lipopolysaccharide (LPS)/kg of fish for 2 d. Values are means (n 6) with their standard errors represented by vertical bars. a,b,cMean values with unlike letters were
, TNF-α;
, IL-1β;
, IL-6;
, IL-8;
, IL-10;
, TLR4;
, MyD88;
, NF-κB p65;
, MAPKp38.
significantly different (P < 0·05).

affect MAPKp38 mRNA expression compared with the results
obtained from the Ctrl/LPS group.

Discussion
To our knowledge, the current study is the ﬁrst evidence to
demonstrate that vitamin D could inhibit LPS-induced inﬂammatory responses in enterocytes in vitro and in ﬁsh intestine
in vivo. To study the anti-inﬂammatory effect of vitamin D
against LPS-induced inﬂammatory cells, we ﬁrst induced
inﬂammatory response in carp intestinal epithelial cells. LPS is a
major component of the cell wall of gram-negative bacteria
implicated in the pathogenesis of bacterial infection, which is
widely used as a toxicant to establish in vitro models of
inﬂammatory response-induced injury in ﬁsh(23,38). The cytotoxic effect has been assessed by markers such as cell viability
and LDH release(39,40). The present results demonstrated that
exposure to LPS (10 mg/l) alone signiﬁcantly increased LDH
levels in the medium, indicating severe enterocyte damage. A
colorimetric assay using the dye MTS can rapidly quantify the

cell viability of European eel (Anguilla anguilla L.) PBMC(41,42).
Using this assay, the present study showed that cell viability was
depressed by LPS exposure. This result was in good agreement
with our previous report(23). Cytokines, such as TNF-α, IL-1β,
IL-6 and IL-8, have a fundamental role in the regulation of the
pro-inﬂammatory response in ﬁsh, having a pivotal role
throughout the infection process(21). In the current study, the
exposure of carp enterocytes to LPS caused a signiﬁcant
increase in IL-1β, TNF-α, IL-6 and IL-8 mRNA levels, indicating a
stimulatory action upon pro-inﬂammatory processes. Therefore,
to induce inﬂammatory response in carp enterocytes, cells were
incubated for 24 h with 10 mg LPS/l.
In ﬁsh, protection of the digestive tract against pathogenic
attack is crucial for maintaining health, as a large number of
pathogenic microorganisms invade through its surface(43).
TNF-α and IL-1β are two of the most important proinﬂammatory cytokines; their inappropriate expression or
overexpression can lead to the progression of inﬂammatory and
autoimmune diseases(44). As a principal cytokine, IL-1β is a
strong regulator of the expression of other cytokines, such as
IL-6 and IL-8(45,46). The present result clearly demonstrated that
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the expression levels of TNF-α, IL-1β, IL-6 and IL-8 were upregulated in enterocytes in response to LPS exposure. 1,25D3
pre-treatment markedly inhibited LPS-induced up-regulation of
TNF-α, IL-1β, IL-6 and IL-8 mRNA levels in enterocytes. This
may indicate that 1,25D3 has a potential role in the inhibition of
intestinal inﬂammation induced by LPS. Previously, 1,25D3
was demonstrated to inhibit pro-inﬂammatory cytokines in
human corneal epithelial cells colonised with Pseudomonas
aeruginosa(47). Our results are consistent with these reports.
IL-10 is a pleiotropic cytokine with signiﬁcant anti-inﬂammatory
properties, which is a key regulator in the maintenance of
immunological homoeostasis(48). The present study showed
that 1,25D3 treatment signiﬁcantly up-regulated the expression
of IL-10 mRNA. These results suggest that 1,25D3 could
attenuate the intestinal inﬂammatory response in ﬁsh. To date,
no study has been conducted to investigate the effect of 1,25D3
on the inﬂammatory cytokines gene expression in the intestine
of ﬁsh.
TLR4 is a member of the TLR family of pattern recognition
receptors that speciﬁcally mediates signalling by LPS.
Classically, TLR4 recognises the microbial lipids in homodimer
format, and thus activates various intracellular signalling pathways, such as the NF-κB and MAPK pathways(49,50). Recently, a
TLR4 sequence has been identiﬁed experimentally in Chinese
rare minnow, and even two TLR4 genes were found in the
zebra ﬁsh genome(51,52). MacKenzie and Milston reported that
teleost ﬁsh also display LPS responsiveness(53–55). Su et al.(51)
demonstrated that the TLR4 signalling pathway can be triggered
by grass carp reovirus and Aeromonas hydrophila infection in
rare minnow. Thus, it is possible that piscine TLR4 gene was
already implicated in LPS sensing. To clarify the cellular
mechanisms that regulated the cytokine production after LPS
exposure, we examined the effect of 1,25D3 pre-treatment of
carp enterocytes on LPS-induced MyD88-dependent signalling.
The MAPKp38 and NF-κBp65 are the family members of MAPK
and NF-κB, respectively, and they are the main signalling
molecules in the TLR4-Myd88 signalling pathway of their
family(56–58). Over-activation of this signalling pathway would
aggravate inﬂammatory reaction exacerbating their negative
effects on the ﬁsh. Our data indicate that LPS exposure upregulated the expression of TLR4, Myd88, MAPKp38 and
NF-κBp65 mRNA in enterocytes. Pre-treatment with 1,25D3
inhibited the up-regulation of TLR4, Myd88 and NF-κBp65
mRNA levels. Interestingly, 1,25D3 pre-treatment did not alter
MAPKp38 mRNA expression. Studies in various cell types,
including dendritic cells(59–61), pancreatic islet cells(62) and
kidney cells(63), indicated that vitamin D dampens NF-κB signalling. Our observations are in accordance with those reports,
but how vitamin D3 interacts with the TLR4 signalling pathway
is unknown. However, several mechanisms have been proposed, including a vitamin D-induced increase in the levels of
IκBα(64), interference with the binding of NF-κB subunits to
promoter regulatory areas(61) or both.
On the basis of the beneﬁcial effects of 1,25D3 against LPSinduced inﬂammatory response in the enterocytes, it was reasonable to hypothesise that vitamin D can protect ﬁsh against
LPS-induced inﬂammatory responses in vivo. The present study
showed that inﬂammation induced by intraperitoneal injection

of 3 mg LPS/kg ﬁsh was associated with increased expression of
TNF-α, IL-1β, IL-6 and IL-8 mRNAs in the intestine. A previous
study has looked at the effects of LPS on the immune system in
ﬁsh and has demonstrated a high potential for mediating proinﬂammatory cytokine mRNA abundance(65). Vitamin D3 presupplementation decreased TLR4, Myd88 and NF-κBp65 mRNA
expression. The results presented suggest that impaired
inﬂammatory response to LPS in ﬁsh is, at least in part, because
of TLR4 down-regulation. As TLR4 is a key component in
pathogen (LPS) recognition and crucial mediators in the early
inﬂammatory response to foreign microorganisms, downregulation of TLR4 by vitamin D3 clearly represents an important and novel immune-modulating effect. This result was in
agreement with this statement in vitro. Studies from monocytes
also indicated that vitamin D3 downregulates TLR4 expression
and triggers hyporesponsiveness to pathogen-associated
molecular patterns(27). However, the mechanisms await further characterisation.
In conclusion, our present study demonstrated that LPS exposure could induce inﬂammatory response, resulting in upregulation of TNF-α, IL-1β, IL-6 and IL-8 mRNA abundance in
the intestine and in the enterocytes of ﬁsh. Dietary and medium
pre-supplementation with vitamin D3 could inhibit LPS-induced
immune damage in ﬁsh intestine and the enterocytes, respectively. The anti-inﬂammatory effect of vitamin D3 may associate
with decreasing the expression of pro-inﬂammatory cytokines by
downregulating TLR4, Myd88 and NF-κBp65 mRNA abundance.

Acknowledgements
The authors would like to express their sincere thanks to the
personnel of these teams for their kind assistance.
This study was ﬁnancially supported by the Youth Foundation Program of the Education Department of Sichuan Province,
China (grant number 14ZB0021) and the Applied Basic
Research Programs of Science and Technology Commission
Foundation of Sichuan Province, China (grant number
2015JY0067).
J. J. and D. S. conducted the trial, performed the RT-PCR
experiments, and wrote the manuscript. Y. Z. and X. Z.
contributed to the design of the study. L. F. and W. J. assisted in
the manuscript preparation. Y. L. and L. T. assisted with all data
analysis. L. Y. and P. W. assisted with the trail.
There are no conﬂicts of interest to disclose.

References
1. Lips P (2006) Vitamin D physiology. Prog Biophys Mol Biol 92,
4–8.
2. Prosser DE & Jones G (2004) Enzymes involved in the
activation and inactivation of vitamin D. Trends Biochem Sci
29, 664–673.
3. Liu PT, Stenger S, Tang DH, et al. (2007) Cutting edge:
vitamin D-mediated human antimicrobial activity against
Mycobacterium tuberculosis is dependent on the induction of
cathelicidin. J Immunol 179, 2060–2063.
4. Takeuchi O, Sato S, Horiuchi T, et al. (2002) Cutting edge: role
of toll-like receptor 1 in mediating immune response to
microbial lipoproteins. J Immunol 169, 10–14.

https://doi.org/10.1017/S0007114515003256 Published online by Cambridge University Press

1566

5. Thoma-Uszynski S, Stenger S, Takeuchi O, et al. (2001)
Induction of direct antimicrobial activity through mammalian
toll-like receptors. Science 291, 1544–1547.
6. Khoo A, Chai LY, Koenen HJ, et al. (2011) Vitamin D3
down-regulates proinﬂammatory cytokine response to
Mycobacterium tuberculosis through pattern recognition
receptors while inducing protective cathelicidin production.
Cytokine 55, 294–300.
7. Zhao Y, Yu B, Mao X, et al. (2014) Dietary vitamin D
supplementation attenuates immune responses of pigs challenged with rotavirus potentially through the retinoic acidinducible gene I signalling pathway. Br J Nutr 112, 381–389.
8. Cerezuela R, Cuesta A, Meseguer J, et al. (2009) ) Effects of
dietary vitamin D3 administration on innate immune
parameters of seabream (Sparus aurata L.). Fish Shellﬁsh
Immunol 26, 243–248.
9. Sundell K, Bishop JE, Björnsson BT, et al. (1992) 1,
25-Dihydroxyvitamin D3 in the Atlantic cod: plasma levels, a
plasma binding component, and organ distribution of a high
afﬁnity receptor. Endocrinology 131, 2279–2286.
10. Hayes ME, Guilland-Cumming DF, Russell R, et al. (1986)
Metabolism of 25-hydroxycholecalciferol in a teleost ﬁsh, the
rainbow trout (Salmo gairdneri). Gen Comp Endocr 64,
143–150.
11. Avioli LV, Sonn Y, Jo D, et al. (1981) 1, 25-Dihydroxyvitamin
D in male, nonspawning female, and spawning female trout.
Exp Biol Med 166, 291–293.
12. Press CM & Evensen Ø (1999) The morphology of the immune
system in teleost ﬁshes. Fish Shellﬁsh Immunol 9, 309–318.
13. Nakagawa H, Sato M & Gatlin DM III (2007) Dietary supplements for the health and quality of cultured ﬁsh. Wallingford:
CABI Publishing.
14. Rombout JHWM, Abelli L, Picchietti S, et al. (2011) Teleost
intestinal immunology. Fish Shellﬁsh Immunol 31, 616–626.
15. Pitman RS & Blumberg RS (2000) First line of defense: the role
of the intestinal epithelium as an active component of the
mucosal immune system. J Gastroenterol 35, 805–814.
16. Maaser C & Kagnoff MF (2002) Role of the intestinal epithelium in orchestrating innate and adaptive mucosal immunity.
Z Gastroenterol 40, 525–529.
17. Zhao J, Feng L, Liu Y, et al. (2014) Effect of dietary isoleucine
on the immunity, antioxidant status, tight junctions and
microﬂora in the intestine of juvenile Jian carp (Cyprinus
carpio var. Jian). Fish Shellﬁsh Immunol 41, 663–673.
18. Luo J, Feng L, Jiang W, et al. (2014) The impaired intestinal
mucosal immune system by valine deﬁciency for young grass
carp (Ctenopharyngodon idella) is associated with decreasing
immune status and regulating tight junction proteins transcript
abundance in the intestine. Fish Shellﬁsh Immunol 40,
197–207.
19. Delcenserie V, Martel D, Lamoureux M, et al. (2008)
Immunomodulatory effects of probiotics in the intestinal tract.
Curr Issues Mol Biol 10, 37.
20. Kawano A, Haiduk C, Schirmer K, et al. (2011) Development
of a rainbow trout intestinal epithelial cell line and its response
to lipopolysaccharide. Aquacult Nutr 17, e241–e252.
21. Komatsu K, Tsutsui S, Hino K, et al. (2009) Expression proﬁles
of cytokines released in intestinal epithelial cells of the
rainbow trout, Oncorhynchus mykiss, in response to bacterial
infection. Dev Comp Immunol 33, 499–506.
22. Mulder IE, Wadsworth S & Secombes CJ (2007) Cytokine
expression in the intestine of rainbow trout (Oncorhynchus
mykiss) during infection with Aeromonas salmonicida. Fish
Shellﬁsh Immunol 23, 747–759.
23. Jiang J, Shi D, Zhou X, et al. (2015) In vitro and in vivo
protective effect of arginine against lipopolysaccharide

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

1567

induced inﬂammatory response in the intestine of juvenile Jian
carp (Cyprinus carpio var. Jian). Fish Shellﬁsh Immunol 42,
457–464.
O’Neill LA, Golenbock D & Bowie AG (2013) The history of
toll-like receptors – redeﬁning innate immunity. Nat Rev
Immunol 13, 453–460.
Miyake K (2007) Innate immune sensing of pathogens and
danger signals by cell surface toll-like receptors. Semin
Immunol 19, 3–10.
Kawai T & Akira S (2009) The roles of TLRs, RLRs and NLRs in
pathogen recognition. Int Immunol 21, 317–337.
Sadeghi K, Wessner B, Laggner U, et al. (2006) Vitamin D3
down‐regulates monocyte TLR expression and triggers
hyporesponsiveness to pathogen‐associated molecular
patterns. Eur J Immunol 36, 361–370.
Jiang J, Zheng T, Zhou XQ, et al. (2009) Inﬂuence of
glutamine and vitamin E on growth and antioxidant capacity
of ﬁsh enterocytes. Aquacult Nutr 15, 409–414.
Jiang W, Liu Y, Jiang J, et al. (2013) In vitro interceptive and
reparative effects of myo-inositol against copper-induced
oxidative damage and antioxidant system disturbance in
primary cultured ﬁsh enterocytes. Aquat Toxicol 132,
100–110.
Booth C & O’Shea JA (2002) Isolation and culture of intestinal
epithelial cells. In Culture of Epithelial Cells, 2nd ed.
pp. 303–335 [Freshney RI and Freshney MG, editors]. New
York: John Wiley & Sons, Inc.
Jiang WD, Kuang SY, Zhou XQ, et al. (2013) Effects of
myo-inositol on proliferation, differentiation, oxidative status
and antioxidant capacity of carp enterocytes in primary culture. Aquacult Nutr 19, 45–53.
Yang QH, Zhou XQ, Jiang J, et al. (2008) Effect of dietary
vitamin A deﬁciency on growth performance, feed utilization
and immune responses of juvenile Jian carp (Cyprinus carpio
var. Jian). Aquac Res 39, 902–906.
Ahn SK, Hong S, Park YM, et al. (2012) Protective effects of
agmatine on lipopolysaccharide-injured microglia and
inducible nitric oxide synthase activity. Life Sci 91, 1345–1350.
Tang S, Wu C, Wu S, et al. (2014) Stanniocalcin-1 ameliorates
lipopolysaccharide-induced pulmonary oxidative stress,
inﬂammation, and apoptosis in mice. Free Radical Biol Med
71, 321–331.
Mulier B, Rahman I, Watchorn T, et al. (1998) Hydrogen
peroxide-induced epithelial injury: the protective role
of intracellular nonprotein thiols (NPSH). Eur Respir J 11,
384–391.
Wu P, Jiang W, Liu Y, et al. (2014) Effect of choline on antioxidant defenses and gene expressions of Nrf2 signaling
molecule in the spleen and head kidney of juvenile Jian
carp (Cyprinus carpio var. Jian). Fish Shellﬁsh Immunol 38,
374–382.
Livak KJ & Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the
2−ΔΔCT method. Methods 25, 402–408.
Teles M, MacKenzie S, Boltana S, et al. (2011) Gene
expression and TNF-alpha secretion proﬁle in rainbow trout
macrophages following exposures to copper and bacterial
lipopolysaccharide. Fish Shellﬁsh Immunol 30, 340–346.
Legrand C, Bour JM, Jacob C, et al. (1992) Lactate dehydrogenase (LDH) activity of the number of dead cells in the
medium of cultured eukaryotic cells as marker. J Biotechnol
25, 231–243.
Fotakis G & Timbrell JA (2006) In vitro cytotoxicity assays:
comparison of LDH, neutral red, MTT and protein assay in
hepatoma cell lines following exposure to cadmium chloride.
Toxicol Lett 160, 171–177.

https://doi.org/10.1017/S0007114515003256 Published online by Cambridge University Press

Vitamin D inhibits inﬂammatory response

J. Jiang et al.

41. Roland K, Kestemont P, Hénuset L, et al. (2013) Proteomic
responses of peripheral blood mononuclear cells in the European eel (Anguilla anguilla) after perﬂuorooctane
sulfonate exposure. Aquat Toxicol 128, 43–52.
42. Pierrard M, Roland K, Kestemont P, et al. (2012) Fish
peripheral blood mononuclear cells preparation for future
monitoring applications. Anal Biochem 426, 153–165.
43. Ringø E, Løvmo L, Kristiansen M, et al. (2010) Lactic acid
bacteria vs. pathogens in the gastrointestinal tract of ﬁsh:
a review. Aquac Res 41, 451–467.
44. Chiu S & Yang N (2007) Inhibition of tumor necrosis factor-α
through selective blockade of pre-mRNA splicing by shikonin.
Mol Pharmacol 71, 1640–1645.
45. Brandolini L, Bertini R, Bizzarri C, et al. (1996) IL-1 beta
primes IL-8-activated human neutrophils for elastase release,
phospholipase D activity, and calcium ﬂux. J Leukocyte Biol
59, 427–434.
46. Ogilvie AC, Hack CE, Wagstaff J, et al. (1996) IL-1 beta does
not cause neutrophil degranulation but does lead to IL-6, IL-8,
and nitrite/nitrate release when used in patients with cancer.
J Immunol 156, 389–394.
47. Xue M, Zhu H, Thakur A, et al. (2002) 1α, 25Dihydroxyvitamin D3 inhibits pro-inﬂammatory cytokine and
chemokine expression in human corneal epithelial cells
colonized with Pseudomonas aeruginosa. Immunol Cell Biol
80, 340–345.
48. Fu C, Ye Y, Lee Y, et al. (2006) Effects of overexpression of
IL-10, IL-12, TGF-β and IL-4 on allergen induced change in
bronchial responsiveness. Resp Res 7, 72.
49. Chow JC, Young DW, Golenbock DT, et al. (1999) Toll-like
receptor-4 mediates lipopolysaccharide-induced signal transduction. J Biol Chem 274, 10689–10692.
50. Medvedev AE, Kopydlowski KM & Vogel SN (2000) Inhibition
of lipopolysaccharide-induced signal transduction in
endotoxin-tolerized mouse macrophages: dysregulation of
cytokine, chemokine, and toll-like receptor 2 and 4 gene
expression. J Immunol 164, 5564–5574.
51. Su J, Yang C, Xiong F, et al. (2009) Toll-like receptor
4 signaling pathway can be triggered by grass carp reovirus
and Aeromonas hydrophila infection in rare minnow
Gobiocypris rarus. Fish Shellﬁsh Immunol 27, 33–39.
52. Jault C, Pichon L & Chluba J (2004) Toll-like receptor gene
family and TIR-domain adapters in Danio rerio. Mol Immunol
40, 759–771.
53. MacKenzie S, Planas JV & Goetz FW (2003) LPS-stimulated
expression of a tumor necrosis factor-alpha mRNA in primary
trout monocytes and in vitro differentiated macrophages. Dev
Comp Immunol 27, 393–400.

54. MacKenzie S, Iliev D, Liarte C, et al. (2006) Transcriptional
analysis of LPS-stimulated activation of trout (Oncorhynchus
mykiss) monocyte/macrophage cells in primary culture treated with cortisol. Mol Immunol 43, 1340–1348.
55. Milston RH, Vella AT, Crippen TL, et al. (2003) In vitro
detection of functional humoral immunocompetence in juvenile chinook salmon (Oncorhynchus tshawytscha) using ﬂow
cytometry. Fish Shellﬁsh Immunol 15, 145–158.
56. Hsieh Y, Frink M, Thobe BM, et al. (2007) 17β-Estradiol
downregulates Kupffer cell TLR4-dependent p38 MAPK
pathway and normalizes inﬂammatory cytokine production
following trauma-hemorrhage. Mol Immunol 44, 2165–2172.
57. Palmer CD, Mutch BE, Workman S, et al. (2008) Bmx tyrosine
kinase regulates TLR4-induced IL-6 production in human
macrophages independently of p38 MAPK and NFκB activity.
Blood 111, 1781–1788.
58. Yang Y, Zhou H, Yang Y, et al. (2007) Lipopolysaccharide
(LPS) regulates TLR4 signal transduction in nasopharynx epithelial cell line 5-8F via NFκB and MAPKs signaling pathways.
Mol Immunol 44, 984–992.
59. Dong X, Craig T, Xing N, et al. (2003) Direct transcriptional
regulation of RelB by 1α, 25-dihydroxyvitamin D3 and its
analogs physiologic and therapeutic implications for dendratic
cell function. J Biol Chem 278, 49378–49385.
60. Dong X, Lutz W, Schroeder TM, et al. (2005) Regulation of
relB in dendritic cells by means of modulated association of
vitamin D receptor and histone deacetylase 3 with the promoter. Proc Natl Acad Sci U S A 102, 16007–16012.
61. D’Ambrosio D, Cippitelli M, Cocciolo MG, et al. (1998)
Inhibition of IL-12 production by 1, 25-dihydroxyvitamin D3.
Involvement of NF-κB downregulation in transcriptional
repression of the p40 gene. J Clin Invest 101, 252.
62. Giarratana N, Penna G, Amuchastegui S, et al. (2004) A
vitamin D analog down-regulates proinﬂammatory chemokine
production by pancreatic islets inhibiting T cell recruitment and
type 1 diabetes development. J Immunol 173, 2280–2287.
63. Deb DK, Chen Y, Zhang Z, et al. (2009) 1, 25Dihydroxyvitamin D3 suppresses high glucose-induced
angiotensinogen expression in kidney cells by blocking the
NF-κB pathway. Am J Physiol Renal 296, F1212–F1218.
64. Sun J, Kong J, Duan Y, et al. (2006) Increased NF-κB activity in
ﬁbroblasts lacking the vitamin D receptor. Am J Physiol
Endocrinol Metab 291, E315–E322.
65. Boltaña S, Tridico R, Teles M, et al. (2014) Lipopolysaccharides isolated from Aeromonas salmonicida and Vibrio
anguillarum show quantitative but not qualitative differences
in inﬂammatory outcome in Sparus aurata (Gilthead seabream). Fish Shellﬁsh Immunol 39, 475–482.

https://doi.org/10.1017/S0007114515003256 Published online by Cambridge University Press

1568

