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a b s t r a c t

Glucocorticoids are widely used for the management of inflammatory bowel disease, albeit with known
limitations for long-term use and relevant adverse effects. In turn, they have harmful effects in experi-
mental colitis. We aimed to explore the mechanism and possible implications of this phenomenon.
Regular and microbiota depleted C57BL/6 mice were exposed to dextran sulfate sodium (DSS) to induce
colitis and treated with budesonide. Colonic inflammation and animal status were compared. In vitro
epithelial models of wound healing were used to confirm the effects of glucocorticoids. Budesonide
was also tested in lymphocyte transfer colitis. Budesonide (1–60 lg/day) exerted substantial colonic anti-
inflammatory effects in DSS colitis. At the same time, it aggravated body weight loss, increased rectal
bleeding, and induced general deterioration of animal status, bacterial translocation and endotoxemia.
As a result, there was an associated increase in parameters of sepsis, such as plasma NOx, IL-1b, IL-6, lung
myeloperoxidase and iNOS, as well as significant hypothermia. Budesonide also enhanced DSS induced
colonic damage in microbiota depleted mice. These effects were correlated with antiproliferative effects
at the epithelial level, which are expected to impair wound healing. In contrast, budesonide had signif-
icant but greatly diminished deleterious effects in noncolitic mice or in mice with lymphocyte transfer
colitis. We conclude that budesonide weakens mucosal barrier function by interfering with epithelial
dynamics and dampening the immune response in the context of significant mucosal injury, causing sep-
sis. This may be a contributing factor, at least in part, limiting clinical usefulness of corticoids in inflam-
matory bowel disease.

� 2016 Published by Elsevier Inc.

1. Introduction

Inflammatory bowel disease (IBD), comprising Crohn’s disease
and ulcerative colitis, is a multifactorial disorder characterized by
chronic recurrent inflammation of the gastrointestinal tract. The
molecular pathogenesis of IBD has not been fully elucidated,
although an exacerbated mucosal immune response triggered by
bacteria present in the intestinal flora in genetically susceptible
individuals appears to be a plausible mechanism. To date, it
remains unclear whether a breakdown of the immune tolerance is
the primary cause of these diseases or if the inflammation arises
downstream of an initial defect of the intestinal barrier function [1].

Glucocorticoids (GCs) are the therapy of choice for the treat-
ment of IBD bouts [2]. Upon GC binding, the glucocorticoid recep-
tor modulates gene expression by at least two mechanisms: by
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binding to specific response elements in DNA, and by interference
with other transcription factors [3]. The latter appears to play a
dominant role in the immunosuppressive effects of GCs [4]. How-
ever, some of the anti-inflammatory effects of these molecules
depend, at least in part, on the transactivation-induced expression
of several proteins like glucocorticoid-induced leucine zipper
(GILZ) and mitogen activated protein kinase (MAPK) phosphatase
(MKP-1) [5,6]. Despite their clinical efficacy in IBD, GCs have signif-
icant limitations. The response is fairly heterogeneous, with only
about 40–50% of IBD patients responding adequately to therapy.
Around 20% are nonresponders and the remaining 30% become
GC-dependent [7]. Furthermore, GCs are characterized by severe
and life-threatening side effects that significantly reduce the dura-
tion of its clinical use since they appear in over 50% of patients. In
addition, the fact that GCs are not useful to prolong remission [8],
together with the limitations cited above, justifies the application
of alternative therapeutic tools, such as immunosuppressive drugs
or anti-TNFa biologicals, and current research is directed to finding
new drugs with a better efficacy/risk profile.

GCs have been used as reference antiinflammatory treatments
in animal models of IBD, with the expected benefit in terms of
intestinal antiinflammatory activity. However, we and other
authors have observed worsening in the animal general condition
and even increased mortality in GC treated animals with experi-
mental colitis, namely trinitrobenzenesulfonic acid (TNBS) and
dextran sulfate sodium (DSS) colitis [9–13]. We undertook the pre-
sent study to clarify the mechanism of GC deleterious effects in
experimental colitis, and ultimately to anticipate whether they
may be relevant for IBD management. Our data indicate that GCs
weaken mucosal barrier function in the context of intestinal
inflammation and/or injury, and suggest that this may play a role
clinically by limiting their efficacy and usefulness in IBD patients.

2. Materials and methods

2.1. Reagents

Except where indicated, all reagents and primers were obtained
from Sigma (Barcelona, Spain).

2.2. Animals and in vivo experimental design

Wild type and Rag1�/� C57BL/6 female mice (Jackson Labora-
tory, Sacramento, California) in specific pathogen free (SPF) condi-
tions were used. In some cases, acquired subtotal depletion of
colonic microbiota (pseudogerm free conditions, PGF) was
achieved by the administration of an antibiotic cocktail (see
below). Bacterial depletion was confirmed by total 16 S rDNA
amplification [14] and by standard stool culture.

In general, at least 3 DSS experiments per experimental protocol
were carried out, so as to confirm reproducibility, and pooled
results are shown. DSS colitis (2.5% in drinking water) was induced
for 6–8 days depending on the experiment. Budesonide (Molekula,
Rimini, Italy) was administered by gavage every day at 9–10 AM
making use of 1% methylcellulose as vehicle. We first aimed to
characterize the dose response to budesonide (1–60 lg/day, exper-
iment DSS1), with the following groups: Control (n = 4), DSS
(n = 5), B1 (n = 4), B3 (n = 4), B6 (n = 5), B12 (n = 5) and B60
(n = 5). In a second experiment, DSS2, two of the doses (3 and
12 lg/day) were then selected to further study the impact of the
GC on barrier function and sepsis. Of note, both doses were assayed
in control and colitic mice, and the experiment was performed
twice. The experimental groups were: Control (n = 6), B3 (n = 6),
B12 (n = 7), DSS (n = 8), DSS + B3 (n = 7) and DSS + B12 (n = 8).

Third, the effect of budesonide (3 lg/day) was studied in mice
administered DSS under PGF conditions, in order to establish the

influence of the microbiota in the deleterious actions of the GC.
The experimental groups were: Control (n = 8), DSS (n = 8) and
DSS + B3 (n = 8), all in PGF conditions, plus two conventional
groups without antibiotics (NoA for No Antibiotics): Control = C-
NoA (n = 8) and DSS-NoA (n = 5).

Lymphocyte transfer colitis was induced as described using
magnetically purified CD4+ CD62L+ T cells (Miltenyi Biotec,
Madrid, Spain) [15,16]. Female wild type C57BL/6 mice were used
as donors and 1.1 million of CD4+ CD62L+ T cells intraperitoneally
injected to Rag1�/� mice recipients (Jackson Laboratory). The non-
colitic control group (No transf, n = 6) featured Rag1�/� mice which
received sterile PBS. Treatment with budesonide (as above) was
always started after colitis was clinically established, 4–6 weeks
after the adoptive cell transfer. The mice were monitored by the
presence of occult blood in feces (Hemoccult-Sensa test, Beckman
Coulter, Madrid, Spain), loss of body weight and general appear-
ance, as we did in precedent studies with the same protocol in
our laboratory. Two groups received budesonide 3 lg/day for
5 days (B3(5d), n = 7) and 12 days (B3(12d), n = 8). The other two
groups were administered budesonide 12 lg/day, also for 5 (B12
(5d), n = 7) and 12 days (B12(12d), n = 8).

All the animals were maintained at the University of Granada
Animal Facility (Biomedical Research Center, University of Granada,
Granada, Spain) under SPF conditions in air-conditioned animal
modules with a 12 h light-dark cycle. Mice were given free access
to autoclaved tap water and standard chow (Harlan-Teklad 2014,
Harlan Ibérica, Barcelona, Spain). All animal procedures in this study
were carried out in accordance with the Guide for the Care and Use
of Laboratory Animals as adopted and promulgated by the U.S.
National Institutes of Health and were approved by the Animal
Experimentation Ethics Committee of the University of Granada
(SAF-2011-22922). The whole blood samples were analyzed with
a hematologic counter (Mythic 22CT, Orpheé, Geneva, Switzerland).
Body temperature was measured before the mice sacrifice with a
specific thermometer for rodents (Bioseb, Vitrolles, France).

2.3. PGF conditions

Acquired depletion of colonic microbiota was achieved in
C57BL/6 mice by the administration of the following antibiotic
cocktail in drinking water: ampicillin 1 g/L, neomycin g/L, metron-
idazole 0.25 g/L and vancomycin 0.5 g/L. Antibiotic treatment was
applied for 4 weeks before DSS challenge and it was maintained
until the end of the experiment. To test significant bacterial load
reduction, DNA from feces was extracted with QIAamp DNA stool
Minikit (Qiagen, Madrid, Spain), quantified, and analyzed for total
16S rDNA by RT-qPCR with a Biorad CFX connect real time PCR
device (Madrid, Spain), using a non-variant amplicon (16S, sense:
TCC TAC GGG AGG CAG CAG T; antisense: GGA CTA CCA GGG
TAT CTA ATC CTG TT). Besides, the absence of viable bacteria in
feces was tested with the culture of stools in MRS agar, Wilkins-
Chalgren, Reinforced Clostridial and MacConkey agar. All these
parameters were negative from the second week of antibiotic
treatment onward.

2.4. Evaluation of colitis

Animal blood was collected from the aorto-femoral segment
with the animals under isoflurane anesthesia. Then, mice were sac-
rificed by cervical dislocation. Different organs were obtained:
colon, ileum, liver, spleen, kidney, lung and mesenteric lymph
nodes (MLN). The entire colon was removed, gently flushed with
pre-cooled PBS and blotted on filter paper, placed on an ice-cold
plate, cleaned of fat and mesentery and longitudinally opened so
as to exhaustively eliminate fecal remains. Each specimen was
weighed and its length measured under a constant load (2 g).
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