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Wu S, Yoon S, Zhang YG, Lu R, Xia Y, Wan J, Petrof EO,
Claud EC, Chen D, Sun J. Vitamin D receptor pathway is required
for probiotic protection in colitis. Am J Physiol Gastrointest Liver
Physiol 309: G341–G349, 2015. First published July 9, 2015;
doi:10.1152/ajpgi.00105.2015.—Low expression of vitamin D recep-
tor (VDR) and dysfunction of vitamin D/VDR signaling are reported
in patients with inflammatory bowel disease (IBD); therefore, resto-
ration of VDR function to control inflammation in IBD is desirable.
Probiotics have been used in the treatment of IBD. However, the role
of probiotics in the modulation of VDR signaling to effectively reduce
inflammation is unknown. We identified a novel role of probiotics in
activating VDR activity, thus inhibiting inflammation, using cell
models and VDR knockout mice. We found that the probiotics
Lactobacillus rhamnosus strain GG (LGG) and Lactobacillus planta-
rum (LP) increased VDR protein expression in both mouse and human
intestinal epithelial cells. Using the VDR luciferase reporter vector,
we detected increased transcriptional activity of VDR after probiotic
treatment. Probiotics increased the expression of the VDR target
genes, such as antimicrobial peptide cathelicidin, at the transcriptional
level. Furthermore, the role of probiotics in regulating VDR signaling
was tested in vivo using a Salmonella-colitis model in VDR knockout
mice. Probiotic treatment conferred physiological and histologic pro-
tection from Salmonella-induced colitis in VDR�/� mice, whereas
probiotics had no effects in the VDR�/� mice. Probiotic treatment
also enhanced numbers of Paneth cells, which secrete AMPs for host
defense. These data indicate that the VDR pathway is required for
probiotic protection in colitis. Understanding how probiotics enhance
VDR signaling and inhibit inflammation will allow probiotics to be
used effectively, resulting in innovative approaches to the prevention
and treatment of chronic inflammation.

antimicrobial peptide; AMP; inflammatory bowel disease; IBD; vita-
min D; vitamin D receptor; VDR; probiotics; Lactobacillus planta-
rum; Lactobacillus rhamnosus strain GG; Salmonella

INFLAMMATORY BOWEL DISEASE (IBD) affects 1–1.5 million
Americans and is currently incurable, resulting in substantial
public health burden (10, 17, 18). Currently available therapy
aims to slow the progression of disease by controlling inflam-
mation. Vitamin D deficiency has been implicated in patients
with IBD (1, 14, 20, 27, 37). The vitamin D receptor (VDR) is
a nuclear receptor and transcription factor that mediates most
functions of vitamin D (7). In addition to its anti-inflammatory
actions, VDR serves multiple critical functions in cell differ-

entiation and growth (16, 42). VDR also plays many key roles
in the regulation of intestinal homeostasis, tight junction struc-
ture, response to invasive pathogens, and commensal bacterial
colonization (6, 9, 12, 13, 15, 39). In experimental models,
VDR�/� knockout mice were more susceptible to infection
and invasion by pathogenic bacteria (40). Paneth cells are
specialized intestinal epithelial cells that play an important role
in innate immune responses and in shaping the gut microbiota
(34). We have recently reported that the conditional deletion of
intestinal epithelial VDR leads to dysbiosis and abnormal
Paneth cells (42).

Probiotics have been used in clinical trial for the treatment of
IBD. However, the responses to treatment and clinical out-
comes are inconsistent (4, 5, 22, 28). Studies demonstrate that
specific probiotic strains exert specific effects in IBD therapy;
however, the anti-inflammatory role of probiotics remains
unclear (36). Elucidating how probiotics specifically regulate
VDR signaling will advance our understanding of bacterial-
host interactions under conditions of inflammation. As dys-
regulation of bacterial-host interactions can result in chronic
inflammation and VDR expression is significantly decreased in
IBD patients (1, 35), strategies to restore VDR expression in
inflamed mucosa may be important for the prevention and
treatment of IBD.

We postulate that probiotics increase VDR expression,
thereby inhibiting the inflammatory pathway. The purpose of
this study was twofold: first, to determine whether probiotics
enhance VDR expression. Second, if found, we sought to
define the mechanism by which these probiotics promote VDR
signaling and exert their anti-inflammatory effects. We found
that probiotics, such as Lactobacillus rhamnosus strain GG
(LGG) and Lactobacillus plantarum (LP), increased VDR
expression. The transcriptional activity of VDR is also en-
hanced by probiotics treatment. Moreover, using VDR�/�

mouse models, we further confirmed that the effects of probi-
otics to inhibit intestinal inflammation depended on the VDR
pathway in vivo.

MATERIALS AND METHODS

Ethics statement. All animal work was approved by Rush Univer-
sity Animal Resources Committee (12-016). If a mouse showed that
it had aspirated fluid or had experienced significant loss of body
weight (15% or more), the mouse was humanely euthanized.

Bacterial strains and growth condition. LGG (ATCC No. 53103)
and LP were propagated in deMann Rogosa and Sharpe broth (Weber
Scientific) overnight at 37°C and centrifuged at 5,000 rpm for 10 min,
and the supernatant was collected as conditioned media, after filtering
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through a 0.22-um filter, aliquoted, and stored at �80°C until use.
Salmonella typhimurium wild-type ATCC14028 (19) were used in
this study. Nonagitated microaerophilic bacterial cultures were grown
as follows: nonagitated microaerophilic bacterial cultures were pre-
pared by inoculation of 10 ml of Luria-Bertani (LB) broth with 0.01
ml of a stationary phase culture, followed by overnight incubation
(�18 h) at 37°C, as previously described (31). Bacterial overnight
cultures were concentrated 33-fold in Hank’s balanced salt solution
(HBSS) supplemented with 10 mM HEPES, pH 7.4.

Cell culture. Mouse embryonic fibroblasts (MEF) were isolated
from embryonic day 13.5 embryos generated from VDR�/� x
VDR�/� mouse breeding as previously described (32). VDR�/� and
VDR�/� MEFs were used in experiments after more than 15 passages
when they had been immortalized. MEFs, mouse rectum epithelial
CMT-93 cells, and human colon carcinoma HCT116 cells were grown
in DMEM (high glucose, 4.5 g/l) containing 5% (vol/vol) fetal bovine
serum, 50 �g/ml streptomycin, and 50 U/ml penicillin.

Protection of probiotics on Salmonella invasion in cultured cells in
vitro. HCT116 cells (3 � 105) were seeded to sixwell plate. When
cells were at 90% confluence, cells were colonized with 0.75 � 107

colony-forming units (CFU) of Salmonella with or without same
amount LP for 30 min, washed with HBSS, and incubated in DMEM
containing gentamicin (500 �g/ml) for 30 min (30, 31). In the first
30-min incubation, Salmonella adhered to and/or internalized into the
cells. After being extensively washed in HBSS, the extracellular
Salmonella were washed away. Incubation with gentamicin inhibited
the growth of extracellular Salmonella. Internalized Salmonella were
those obtained from lysis of the epithelial cells with 1% Triton X-100
for 30 min. LB broth (0.9 ml) was added, and each sample was
vigorously mixed and counted by plating for CFU on MacConkey
agar medium.

MEF cells (3 � 105) were seeded on sixwell plate. When cells were
at 90% confluence, the cells were treated with 10% LP conditioned
media in DMEM for 2 h and washed with HBSS. After LP condi-
tioned media pretreatment, cells were infected with 0.75 � 107 CFU
of Salmonella for 30 min, washed with HBSS, and incubated in
DMEM containing gentamicin (500 �g/ml) for 30 min. The internal-
ized Salmonella were obtained from lysis of the MEF cells with 1%
Triton X-100 for 30 min, as described in the HCT116 group.

Salmonella mouse model and probiotics treatment in vivo. Animal
experiments were performed using specific pathogen-free female
C57BL/6 mice (Taconic, Hudson, NY) that were 7–8 wk old and
VDR knockout C57BL/6 mice (Jackson Laboratory, Bar Harbor,
ME), as previously described. The protocol (No. 12-016) was ap-
proved by the Animal Resources Committee at Rush University.
Water and food were withdrawn 4 h before oral gavage with 7.5
mg/mouse of streptomycin (100 �l of sterile solution or 100 �l of
sterile water as control). Afterward, animals were supplied with water
and food. Twenty hours after streptomycin treatment, water and food
were withdrawn again for 4 h before the mice were infected with 1 �
107 CFU of S. typhimurium (100 �l suspension in HBSS). Twenty-
four hours after Salmonella infection, the LP treatment group mice
were gavaged with 1 � 107 CFU of LP (100 �l suspension in HBSS)
daily, for 3 days, and then mice were killed. Tissue samples from the
intestinal tracts were removed for analysis.

Salmonella burden in spleen. The spleen was dissected from each
mouse, cut into pieces with scissors, put into a 14-ml tube with 5 ml
sterile PBS, and then homogenized using a homogenizer (Polytron
PT2100, Kinematica, Switzerland). Homogenate was diluted at 1,000
to 10,000 with LB broth. The diluted homogenate was plated out on
MacConkey agar plates and incubated at 37°C overnight. CFU were
quantified.

Western blotting. Cells were rinsed twice in ice-cold HBSS, lysed
in protein loading buffer (50 mM Tris, pH 6.8, 100 mM dithiothreitol,
2% SDS, 0.1% bromophenol blue, and 10% glycerol). Immunoblot
was performed with primary antibodies: anti-VDR or anti-�-actin

(Sigma-Aldrich) antibodies and visualized by enhanced chemilumi-
nescence (ECL) (32, 33).

Salmonella burden in intestine. The cecum was dissected from each
mouse, cut into pieces, put into a 14-ml tube with 5 ml sterile PBS,
and then homogenized using a homogenizer (Polytron PT2100). The
homogenate was diluted at 1,000 to 10,000 with LB. One-hundred
microliters of diluted homogenate were plated out on MacConkey
agar plates and incubated at 37° overnight. CFU were quantified.

Histology of mouse colon. Mouse colons were harvested, fixed in
10% formalin (pH 7.4), processed, and paraffin embedded. Sections (5
�m) were stained with hematoxylin and eosin. Histologic inflamma-
tory scores were performed by a validated scoring system (26).

Immunofluorescence. Ileal tissues from the distal portion of the
ileum and ceca were freshly isolated and paraffin embedded after
fixation with 10% neutral buffered formalin. Immunofluorescence was
performed on paraffin-embedded sections (5 �m). After preparation
of the slides as described previously, ileal tissue samples were
incubated with antilysozyme (sc27958; Santa Cruz) and ceca samples
with anti Salmonella (sc-52224; Santa Cruz) at 4°C overnight. Sam-
ples were then incubated with sheep anti-goat Alexa Fluor 594
(A11058; Life Technologies) or goat anti-mouse Alexa Fluor 488
(A-11029; Life Technologies) and DAPI (D1306; Life Technologies)
for 1 h at room temperature. Tissues were mounted with SlowFade
(s2828; Life Technologies) and covered by a coverslip, and the edges
were sealed to prevent drying. Specimens were examined with a Zeiss
laser scanning microscope (LSM) 710.

Paneth cells counting. Paneth cells in mouse ileal cells were
counted after anti-lysozyme immunofluorescence staining. Paneth
cells were counted according to published methods (2, 42).

Salmonella-induced mouse cytokines. Mouse blood samples were
collected by cardiac puncture and placed in tubes containing EDTA
(10 mg/ml). Mouse cytokines were measured using a mouse cytokine
10-Plex Panel kit (LMC0001; Life Technologies) according to the
manufacturer’s instructions. The cytokines included IL-12, IL4, IFN�,
and TNF	. Cytokines were analyzed with the Luminex detection
system (PerkinElmer CS1000 Autoplex Analyzer).

VDR protein expression transcriptional activity. Cells were grown
in triplicate and transfected with Cignal Vitamin D Reporter (luc) Kit
(SABiosciences, Frederick, MD) using Surefect reagent (SABiosci-
ences). The plasmid for the VDR Reporter is a combination of an
inducible Vitamin D-responsive firefly luciferase construct and a
constitutively expressing Renilla luciferase construct (40:1). The neg-
ative control is a combination of a noninducible firefly luciferase
construct and a constitutively expressing Renilla luciferase construct
(40:1). After transfection for 24 h, cells were colonized with Salmo-
nella for 30 min, washed, and incubated in DMEM with gentamicin
(500 �g/ml) for 12 h or 16 h. Luciferase activity was determined using
the Dual Luciferase Reporter Assay System (Promega) with a TD-
20/20 luminometer (Turner Designs, Sunnyvale, CA).

Quantitative real-time PCR analysis. Total RNA was extracted
from cells using TRIzol reagent (Invitrogen, Carlsbad, CA). The RT
cDNA reaction products were subjected to quantitative real-time PCR
using the MyiQ single-color real-time PCR detection system (Bio-
Rad) and iQ SYBR green supermix (Bio-Rad) according to the
manufacturer’s directions (43). All expression levels were normalized
to the �-actin levels of the same sample. Percent expression was
calculated as the ratio of the normalized value of each sample to that
of the corresponding untreated control cells. All real-time PCR reac-
tions were performed in triplicate, as previous described (40, 42). PCR
primers are listed in Table 1.

Statistical analysis. Data are expressed as means 
 SD. Differ-
ences between two samples were analyzed by Student’s t-test. P �
0.05 was considered significant. Differences among three or more
groups were analyzed using ANOVA (SAS 9.3 version; SAS Institute,
Cary, NC).
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RESULTS

VDR level is elevated by LGG and LP in vitro. We assessed
the effect of probiotics on VDR expression in various epithelial

cell models. We chose the probiotic strains LGG and LP as
they have been utilized in the treatment of IBD patients (4, 5,
22, 28). VDR protein expression was increased in probiotics-
treated cells in vitro (Fig. 1). We found that VDR expression
was significantly increased in LGG- and LP-treated mouse
rectum epithelial CMT-93 cells (Fig. 1, A and B). Human
epithelial HCT116 cells have a low expression of VDR at the
basal level. In HCT 116 cells, we can clearly see the probiotics-
induced VDR after probiotic treatment. We also observed
consistently increased VDR protein induced by the culture
medium of LGG and LP in a time-dependent manner (Fig. 1,
C and D).

VDR signaling is elevated by LGG and LP at the transcrip-
tional level. VDR functions as a transcription factor (11). We
next examined whether the probiotic-induced VDR protein
increase is at the transcriptional level. Using the VDR lu-
ciferase reporter vector, we detected increased transcriptional
activity of VDR after only 1 h of probiotic treatment (Fig. 2A).
VDR target genes included Cyp24 and antimicrobial peptides
(AMPs) cathelicidin precursor (6) (also called LL 37). Cyp24
regulates the level of vitamin D3. Our data of real-time PCR
showed LP treatment for 1 h significantly increased the ex-
pression of Cyp24 at the mRNA level. At the 2- and 3-h time
courses, the expression level were lower than the 1 h-treatment
with LP but still remained higher level, compared with the
control cells without LP treatment (Fig. 2B). We also found
that LP and LGG bacteria and conditioned media all signifi-

Table 1. Real-time PCR primers

Gene Name Primer (5=¡3=)

hCathelicidin F TGCCCAGGTCCTCAGCTAC
hCathelicidin R GTGACTGCTGTGTCGTCCT
hCyp24 F GCCTGGCAGAGCTTGAATT
hCyp24 R ACAGTCCGGGTCTTGGGT
h�-Actin F AGAGCAAGAGAGGCATCCTC
h�-Actin R CTCAAACATGATCTGGGTCA
mlyz1 F GAGACCGAAGCACCGACTATG
mlyz1 R CGGTTTTGACATTGTGTTCGC
mlyz2 F ATGGAATGGCTGGCTACTATGG
mlyz2 R ACCAGTATCGGCTATTGATCTGA
mDEFars1 F AGCAGCCATTGTGCGAAGAA
mDEFars1 R TGCTGTGTATTTGGAGCTTGG
mDEF	5 F AGGCTGATCCTATCCACAAAACAG
mDEF	5 R TGAAGAGCAGACCCTTCTTGGC
mDEF	22 F ACCAGGCTGTGTCTGTCTCCTT
mDEF	22 R TGGCCTCAGAGCTGATGGTTGT
mRIP3 g F GGTGAGGAGCATTAGTAACAGC
mRIP3 g R CCAGGGTTTAAGATGGTGGAGG
mVDR F GAATGTGCCTCGGATCTGTGG
mVDR R ATGCGGCAATCTCCATTGAAG
m�-Actin F TGTTACCAACTGGGACGACA
m�-Actin R CTGGGTCATCTTTTCACGGT

F, forward; R, reverse.

Fig. 1. Probiotics Lactobacillus rhamnosus
strain GG (LGG) and Lactobacillus planta-
rum (LP) increased vitamin D receptor
(VDR) protein expression in vitro. A: LGG
increases VDR protein expression in mouse
epithelia CMT-93 cells. B: LP increases
VDR protein expression in CMT-93 cells. C:
LGG conditioned medium (CM) increases
VDR protein expression in human epithelial
HCT116 cells. D: LP CM increases VDR
protein expression in HCT116 cells. Cells
were treated with indicated time course.
Three separate experiments with 3 replicates
each, *P � 0.05, compared with control (C).
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cantly enhanced expression of cathelicidin at the transcrip-
tional level (Fig. 2C). To detect the protective effects of
probiotics, we used LP to treat HCT116 cells after Salmonella
infection. We found that LP treatment significantly decreased
Salmonella invasion in HCT116 cells (Fig. 2D).

Probiotic-induced AMPs depend on the VDR status. We
further examined the effect of one allele of the VDR gene on
the expression of AMPs, using VDR�/� and VDR�/� MEF
cells (41). We chose to use MEF cells because 1) MEF cells
isolated from mice are easy to be established as immortal-
ized cells and contain highly inducible VDR activity; and 2)
we established MEF VDR�/� and VDR�/� cell lines, which
allow us to focus on the role of one vdr allele in regulating
host responses to both pathogenic Salmonella and probiotic
strains. We found that the VDR knockout in MEF cells
showed a significant decrease of AMPS, including Lyz 1,
lyz2, Defa-rs1, defensins 	5 and 	22, and RIP3� (Fig. 2E).

In contrast, one allele of the VDR gene in the VDR�/� MEF
cells was able to significantly increase the expression of
AMPs (Lyz 1, Lyz2, Defa-rs1, defensins 	5 and 	22, and
RIP3�,), compared with the MEF VDR�/� cells (Fig. 2E).
Because cathelicidin is only expressed in cells of human
origin (6), we could not test their expression in MEF cells.
Furthermore, our data (Fig. 2F) showed that Salmonella
invasion was inhibited by LP conditioned media in MEF
VDR�/� cells, whereas probiotic treatment was not able to
protect MEF VDR�/� cells against Salmonella invasion.
These data indicate that probiotic induction of AMPs de-
pends on VDR.

Mice lacking VDR have worse outcomes after pro-
biotic treatment compared with the VDR�/� mice in
Salmonella-colitis. We further hypothesized that VDR is a
cytoprotective factor for the intestine and that mice lacking
VDR would not respond to probiotic treatment. With the use

Fig. 2. Probiotics increased VDR transcription activity and defensin. A: LP increased VDR transcriptional activity in HCT116 cells. Three separate experiments
with 3 replicates each, *P � 0.05. B: LP increased Cyp24 mRNA level in HCT116 cells. C: LP, LP CM, LGG, and LGG CM increased mRNA levels of
cathelicidin in HCT116 cells. D: counting of invaded Salmonella with/without LP in HCT116 cells. Cells were infected by Salmonella for 30 min with/without
LP and then cultured 30 min with gentamycin. E: mRNA levels of antimicrobial peptides in mouse embryonic fibroblasts (MEF) VDR�/� and VDR�/� cells.
F: counting of invaded Salmonella with/without LP CM in MEF VDR�/� and MEF VDR�/� cells. Cells were treated with LP CM for 2 h, then infected by
Salmonella for 30 min, and then cultured 30 min with gentamycin. Cells were treated with indicated time course. CFU, colony-forming units. Three separate
experiments with 3 replicates each, *P � 0.05.

G344 PROBIOTIC PROTECTION DEPENDES ON VDR

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00105.2015 • www.ajpgi.org



of a Salmonella-colitis model in VDR knockout and wild-
type mice, the role of probiotics in regulating VDR signal-
ing was tested. VDR�/� mice lost significantly more body
weight than VDR�/� mice after Salmonella infection. Pro-
biotic treatment did not protect VDR�/� from losing body
weight. (Fig. 3A). Cecum shortening is one of the patholog-
ical features in the Salmonella-colitis model. LP inhibited
cecum shortening in the VDR�/� mice but not in the mice
lacking VDR (Fig. 3B). Probiotic treatment conferred phys-
iologic and histologic protection from Salmonella infection
in VDR�/� mice, whereas probiotics had no protective
effect in the VDR�/� mice (Fig. 3, C and D). Inflammation
scores also indicated that LP inhibited inflammation in
VDR�/� mice but not in the mice lacking VDR.

To investigate the effects on systemic inflammation, we
analyzed cytokines from mouse serum. We found that LP
inhibited Salmonella-induced cytokines IL-12, IL-4, and
IFN� in VDR�/� mice but not in the mice lacking VDR
(Fig. 4).

Less Salmonella invasion occurred in the VDR�/� mice
compared with the VDR�/� mice. Immunofluorescence results
showed that there were more Salmonella in the intestine of

infected VDR�/� mice compared with VDR�/� mice and that
there was no difference in VDR�/� mice with or without LP
treatment (Fig. 5A). To further investigate the protective effects
of LP in Salmonella-infected mice, we also determined Salmo-
nella translocation to the spleen. In the VDR�/� mice, 75% of
the mice had Salmonella translocation to the spleen without LP
treatment and 43% with LP treatment. In VDR�/� mice, 75%
were Salmonella positive in the spleen without LP treatment
and 83% with LP treatment. Quantification of the transferred
Salmonella showed there was significantly more Salmonella in
the spleen of VDR�/� mice compared with the VDR�/� mice.
With LP treatment, the amount of Salmonella in spleen de-
creased in VDR�/� mice, however, there was no changes in
VDR�/� mice (Fig. 5B).

Probiotics recovered functions of Paneth cells in VDR�/�

mice. Paneth cells are specialized intestinal epithelial that
secrete AMPs and play a key role in innate immune responses
and in shaping the gut microbiota (34). In VDR�/� mice,
Salmonella infection reduced the amount of Paneth cells. In
contrast, the amount of Paneth cells was significantly increased
by LP. However, there was no significant change in VDR�/�

mice with Salmonella infection or with LP treatment (Fig. 5C).

Fig. 3. Probiotics LP protected VDR�/� mice from Salmonella (SL)-induced colitis. A: LP protects body weight decrease induced by SL in VDR�/� mice but
not in VDR�/� mice; *P � 0.05 VDP�/� �SL �LP vs. VDP�/� �SL �LP (4 days postinfection). B: LP protects cecum shortening induced by SL in VDR�/�

mice (n � 4; *P � 0.05). Hematoxylin and eosin staining (C) and scores (D) of the mouse intestine with or without Salmonella infection and LP treatment
(n � 4; *P � 0.05).

G345PROBIOTIC PROTECTION DEPENDES ON VDR

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00105.2015 • www.ajpgi.org



We have demonstrated that intestinal VDR deletion leads to
abnormal Paneth cells (43). The probiotics data further indicate
that their protective role is VDR dependent.

DISCUSSION

In the current study, we identified that the VDR pathway is
required for probiotic protection in colitis, using an experimen-
tal Salmonella-colitis model. We investigated the effects of
probiotics in increasing VDR expression and determined the
mechanism by which probiotics enhance VDR signaling at the
transcriptional level. Because VDR is a transcriptional factor,
our data further showed that the transcriptional activity of VDR
was increased and VDR target genes were enhanced after
probiotic treatment.

We report that probiotics increase the expression level of
intestinal VDR and enhance the number of Paneth cells, thus
inhibiting pathogenic bacterial invasion and inflammation.

Our study showed that probiotic treatment increases VDR
signaling pathway activation. We found that the decreased
AMPs in VDR�/� cells may be due to decreased expression of
VDR directly downregulating expression of defensins (38).
Highly expressed defensins and lysozyme in VDR�/� MEF
cells compared with the VDR�/� MEF cells (Fig. 4) indicate
that one vdr allele is able to regulate its target gene defensin
and other related antimicrobial peptides at the mRNA level.
These data also help to explain that highly expressed defensins
and lysozyme contribute to the clearance of bacteria, therefore,
less Salmonella invasion in the VDR�/� MEF cells compared
with the VDR�/� MEF cells. In vivo, one of its consequences
is may be associated with Paneth cells. Our recent Gut article

(42) demonstrated that VDR deletion leads to abnormal Paneth
cells and decreased autophagy, which could alter the ability to
clear bacterial infection and alter mucosal defense. Thus our
findings indicate the effects of VDR on numbers and patterns
of Paneth cells, expression of AMPs, and clearance of patho-
genic bacteria.

We recognized that mice with different VDR status have
microbiota difference and will impact their response to the
probiotics. Our previous studies have demonstrated that
VDR�/� mice and intestinal epithelial VDR conditional
knockout mice had intestinal dysbiosis (8, 40, 42), which may
make them susceptible to bacterial infection. Interestingly, in
the fecal stool from the whole body VDR�/� mice, lactic acid
bacteria Lactobacillus was depleted. For the future study, we
will cohouse VDR�/� and VDR�/� mice for 4 wk and see if
their response to probiotics is transmissible.

Probiotics are not equal. They may use various strategies to
interact with host cells. In IBD patients, the responses to
probiotic treatments and clinic outcomes are inconsistent (4, 5,
22, 28). Our data indicate that the probiotic function of LP and
LGG involves VDR signaling. Our current study showed that
probiotic-induced VDR happened via transcriptional pathway.
Using purified human VDR protein, we pulled down bacterial
proteins from probiotics LGG and LP. The pulled down pro-
teins were subjected to SDS-PAGE using silver staining. We
analyzed the VDR-associated bands by mass spectrometry.
Our unpublished data identified two bacterial surface proteins
binding with VDR. Hence, we will further determine the
interactions among bacterial factors and VDR. The probiotic-
induced VDR may be ligand-stimulated transcription, similar

Fig. 4. Probiotics LP inhibited inflammatory cytokines induced by Salmonella in VDR�/� mice but not in VDR�/� mice. A: LP decreased IL-12 induced by SL
in VDR�/� mice but not in VDR�/� mice. B: LP decreased IL-4 induced by SL in VDR�/� mice but not in VDR�/� mice. C: LP decreased IFNr induced by
SL in VDR�/� mice but not in VDR�/� mice. D: LP decreased TNF	 induced by SL in VDR�/� mice but not in VDR�/� mice (n � 4; *P � 0.05).
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as the vitamin-induced VDR at the transcriptional level. We
also believe that the effect of the probiotics-induced VDR is
not generalized genome wide. It only affects a specific set of
genes. However, at the current stage, we do not know what in
the culture supernatant seems to be working. For the future
study, we plan to characterize the supernatants using different
size filtering, heating, or change in pH. Those studies can give
us an idea about what the factor(s) might be.

It is reported that VSL#3, a mixture of eight probiotic
bacteria, produces soluble factors that inhibit the chymotryp-
sin-like activity of the proteasome in gut epithelial cells (21).
Our unpublished data showed that VDR protein was degraded
with a half-life of �8 h and this rate of degradation was
completely blocked by the proteasome inhibitor MG262. Thus
we speculate that VDR stabilization could also via ubiquitina-
tion/proteasome inhibition by probiotics. On the other hand,
our previous study indicates that wild-type Salmonella in-
creased VDR expression after infection for 6 h (40). Patho-
genic bacteria and probiotics regulate VDR expression differ-
ently.

What remains unknown is how probiotics specifically work
on VDR signaling and effectively play an anti-inflammatory
role. Our previous studies have shown that VDR negatively
regulates the bacteria-induced NF-B activity and attenuates

response to infection. (41). NF-B p65 formed a complex with
VDR in noninfected wild-type mouse intestine. In contrast,
deletion of VDR abolished VDR/P65 binding. The process of
NF-B activation involves degradation of the inhibitory mol-
ecule IB	. VDR also acts as a transcription factor that binds
with the IB	 promoter. (41) A study showed that probiotic
VSL#3 resulted in upregulation of antagonists of NF-B in-
flammatory pathways, including VDR signaling (23). There-
fore, lacking VDR in intestine may lead to downregulation of
antagonists of NF-B inflammatory pathways, thus abolishing
the protective role of probiotics.

Our findings that probiotic function depends on VDR status
may provide an explanation for the inconsistent clinical re-
sponse of some patients with IBD. These data further indicate
the importance of bacteria and VDR interaction in inflamma-
tion. There are different groups with IBD: those with 1)
dysfunctional VDR signaling; 2) vitamin D deficiency; and 3)
dysbiosis (1, 14, 24, 25). However, the current usage of
probiotics is based on a generic, nonspecific approach. Thus a
more personalized approach to the use of probiotics is needed.
Strategies to restore VDR expression in inflamed mucosa may
be important for preventing and treating IBD. In the current
article, we explored the molecular mechanisms behind probi-
otic therapy through VDR signaling. These results may provide

Fig. 5. Probiotics prevent Salmonella invasion and preserve Paneth cells in infected mice. A: LP protects VDR�/� mice from Salmonella invasion in cecum.
Immunofluorescence staining of Salmonella. Green: Salmonella; blue: DAPI. B: counting of Salmonella invaded in spleen. C: antilysozyme staining indicates
Paneth cells in small intestine. Red, lysozyme; blue, DAPI. LP increases the number of Paneth cell in VDR�/� mice (n � 4; *P � 0.05). D: working model
for the VDR-based probiotic protection in inflammation and infection.
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an explanation for the inconsistent results of probiotics in
certain groups and provide insights into individual therapy. We
hope to integrate our findings with other studies and, more
importantly, to understand how probiotics coordinate the ef-
fects of vitamin D/VDR.

In summary, we report that probiotic treatment is able to
enhance VDR expression and activity in the host. In addition to
fundamentally advancing the field of nuclear receptor and
bacterial-host interaction, we will enter the era that clinical
interventions can be custom-tailored to individual patients to
achieve better outcomes (29). Understanding how probiotics
enhance VDR signaling and inhibit inflammation will allow
probiotics to be used effectively. Our studies will provide a
new target for therapeutic interventions for bacterial infection
and chronic inflammation.
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